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FOREWORD 

The XIII th Rencontre de Mor iond was held at Les Ar cs - Savoie 

(France) from March 12 to March 24 , 1 97 8 .  

The f ir st such meeting was at Mor iond in the French Alps in 1966 . 

There, exper imental as well as theoretical physicists , not only shared 

their sc ientif i c  preoccupations but also the household chores . The parti­

cipants at the f ir st meeting were mainly French physicists interested in 

electromagnetic inter actions . In subsequent year s ,  a session on high energy 

strong inter actions was also added . 

The main purpose of these meetings is to di scuss recent developments 

in contemporary physi c s  and to promote effective collaboration between exp�­

rimentalists and theorists in the field of elementary particle phys ics . By 

bringing together a relatively small number of participants , the meeting 

helps to developp better human relations as well as a more thorough and 

detailed d i scus sion of the contr ibutions . 

Thi s  concern for research and exper imentation of new channels of 

communication and d i alogue which from the start animated the Moriond Meeting s ,  

inspired u s ,  starting eight year s ago ,  to organize a simultaneous meeting of 

biologists on Cellular D ifferentiation. Common seminar s are organized to 

study to what extent analytical method s used in phys i cs could be applied to 

biological probl�ms . This year , an introductory talk and a beautiful film 

"The Geneti c  Code" was presented by Professor J. TAVLITZKI (Institute of 

Molecular Biology, Par i s ) , Professor DEDONDER (University of Par is)  gave a 

compr ehensive talk on "Genetic Eng ineering" , and Dr D .  FOURME ( L . U . R . E . ,  

Orsay) described the Orsay storage ring facilities for biology experiments .  

These �onf er ences and lively d i scussions make u s  hope that bi ologi�al pro­

blems, at present so complex , may give birth in the future to new analytical 

method s or new mathematical language s .  

The f irst sess ion o f  the XIII t h  Rencontre de Mor iond (March 12 -

March 18, 1978) was devoted to high energy hadronic interactions. Special 

emphasis was put on the phenomenology of quantum chromodynamics especially 

on lepton pair production , gluon physics and multiquark state s .  
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The second session (March 18 - March 24, 1978) was devoted to high energy 

leptonic interactions . Particular attention was given to e+e- physics and 

recent d i scoveries in neu trino interactions . 

I thank CHAN HONG-MO, G. KANE , TAN CHUNG-I for the fi rst session, 

M. DAVIER, F. HAYOT , F . M .  RENARD and R. TURLAY for the second ses sion and 

the conference secretaries L .  NORRY and N .  CORNIQUEL who have devoted much 

of their time and energy to the success of thi s  Rencontre . 

I am also grateful to Mr TOURAILLE , the hotel Director , Mr MONTEGU 

and Ms FERRANDON , who contributed through their hosp itality and active 

cooperation to the well-being of the partic ipants enabling them to work 

in a relaxed atmosphere . 
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PA RTO N MOD EL ID EA S  A ND QUA NTUM CHRO M OD YNA M ICS 

Co T .  Sachrajda 
CERN, 1 21 1  Geneve 23 

Switzerland 

A B S T R A C T  

We study several hard scattering 
processes  in quantum chromodynamic s for which 
there is no light cone expansion ( e . g . ,  mass­
ive lepton pair production, the inclusive 
production of particl e s  with large transverse 
momenta, etc . ) . The result s  suggest a very 
simple ansatz for calculating hard scattering 
cross-sections in quantum chromodynamics ,  

R E S U M E 

Dans l e  cadre de la chromodynamique 
quantique, nous examinons de s proc e s sus de 
collision violente pour l e squels  il ntexiste 
pas de developpement sur l e  cone de la lumiere 
tels  que la production de paires de leptons a 
grande masse invariants et  la produc tion in­
clusive de particules  a grande impulsion 
transverse ,  Le s resultats suggerent l a  vali­
dite d'une regle simple pour le calcul des 
sections efficac e s  de ces proce s su s ,  
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1 .  - I NTRODUCTIO N 

During the last few years there have been many experiments 

concerning hard scattering processes, processes  in which there are large 

energy and momentum transfers. The data from these  experiments  are usually 

interpreted within the parton picture, in which hadrons are assumed to 

consist of constituents, and it is these constituents which participate in 

the hard scattering 1)-4). To my mind the philosophy of the parton picture 

is that the strong interactions are described by a quantum field theory, 

and that the parton model provides an approximation to this field theory 

for the hard scattering processes .  A t  present, the leading candidate for 

the theory of strong int eractions is quantum c hromodynamic s .  Its property 

of asymptotic freedom provide s an elegant explanation of approximate Bjorken 
5 ),6 ) scaling in deep inelastic lepton-hadron scattering, moreover the 

scaling violations can b e  calculated and are found to agree with the data 

[see 7 )-9) and reference s  therei� . It is therefore important to s e e  

whether our parton model views concerning other proc esses, e . g . ,  massive 

l epton pair production, the inclusive productions of particles with large 

transverse momenta, etc . ,  are also valid in QCD .  Until recently one had 

no means of calculating QCD predictions for the se processes, however, 

during the last few months there has b een considerabl e  progress in under­

standing this problem. It is this progress which I shall review in this 

talk. 

Unfortunately the rigorous predictions of QCD are restricted to 

deep inelastic lepton-hadron scattering aid e+e- annihilatinn. For these  

proc esses, to arrive at the predictions one uses  the powerful theoretical 

tools of the operator product expansion and the renormalization group . 

Unfortunately for the other hard scattering proc esses, in particular for 

those  with two hadrons in the initial state, no light cone techniques have 

b e en developed and one has to make model assumptions . The approach which 

we shall take here, is that hadrons can be described by soft wave functions, 

which cannot be calculated using perturbation theory and which strongly damp 

the invariant masses  and transverse momenta (in the infinite momentum frame, 

for example ) of quarks, gluons and antiquarks .  We assume further that hard 

scattering cross-sections are given by the convolution of these  soft hadron­

ic wave functions together with the cross-sections for hard scattering sub­

proce s s e s  involving only quarks, antiquarks and gluons .  This assumption a 

priori does not provide a useful prescription, since in principle we need to 

18 



calculate the cross-section for the subprocess to all orders of perturbation 
theory, in spite of the presence of a "running coupling constant" [e (Q2) 
where Q represents a typical large momentum transfe:£] . This is so, because, 
although g2(Q2)� ( 1/logQ2) and therefore in appropriate kinematic regions 
will be small, the integral over the loop momentum often gives a factor of 
logQ2 ( this will be explained in detail in subsequent sections). Thus we 
end up with a power series in g2(Q2) log Q2 , in which every term is of the 
same order of magnitude. In order to make QCD predictions we must either be 
able to sum the series ( as in deep inelastic scattering), or to define quan­
tities in which the loop momenta do not give the factor of log Q2• 

An example of a process in which the loop momenta do not give a 
factor of logQ2 is the production of jets in e+e- annihilation 10), 
In this case since we are not looking at an exclusive process, but rather 
at a suitably defined inclusive one, there are no infra-red divergences, 
In addition if we define each jet as all the particles of an event whose 
momenta lie in some cone of non-zero half angle (o, say) and allow for 
a fraction of the energy up to some maximum (e, say) to be carried by 
particles outside of the jets, then the limit in which the masses of the 
quarks are set equal to zero is non-singular. In the limit where these 
mas£es are much smaller than Q2 this will leave us with two mass scales 

Q2 and µ. 2, where µ. is the renormalization point. Any log Q2 terms 
must therefore be of the form log Q2/µ.2, so that by choosing µ.2 to be 
equal to Q2 we end up with a series in g2(Q2) with no log Q2 terms. 
There still remain log and log e terms, so that if the first few 
terms of this series are to represent accurately the je+. cross-section 
and e should not be chosen too small. Explicit examples are given in 
Ref, 10). 

In this talk I shall concentrate on processes in which the log Q2 
factors coming from the loop momenta are present*). One of the most inte­
resting of these processes ·is the inclusive production of a massive lepton 
pair in hadronic collisions, The usual explanation of this process is due 
to Drell and Yan 11) and is that a quark from one of the initial hadrons 
annihilates an antiquark frum the other, the resulting massive photon then 
decays into the observed lepton pair (Fig. 1a). This is represented by 
the formula 

*) In these processes the limit in which the quark masses are set equal to 
zero is singular. These masses provide the scale for the logarithms. 
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(a) 

(c) 

� 
� 

(e) 

(b) 

r/ ---
' 

p 

. 

(d) 

--gluon 
�photon 

--hadron 

--quark 

Fig. 1 Sample diagrams which contribute to massive 
lepton pair production. 

�= � 2: 
d Q2 3n Q quark 

flavours a 

(1) 



where h is the.number of colours and G /h
(x) is the probability of find-q 

ing a quark q in a hadron h with a fract ion x of its longitudinal mo-

mentum. In QCD, however,  in addition to  the simple diagram of Fig . 1 a  there 

exist diagrams such as those of Fig s .  1b , 1 c ,  and naively it would seem 

that these diagrams would spoil the simple probabilistic picture of Eq . (1  ). 

These  d iagrams are of higher order in the coupling constant but each factor 

of g2 is accompanied by a factor of log Q
2 

and so they cannot be  neglect­

ed . We can also ask what is so special about quark-antiquark annihilation. 

For example the subprocesses qg_,,e+,e-x 
*) (Figs . 1 d  and 1 e) and qq_,,e+,e-x 

give equally important contributions (g2 
log  Q2 and g4 log2 Q2

, respect­

ively). Moreover , for the subprocess  qq--> ,e+ i -x we  can use  only valence 

quarks and therefore this subprocess may be expected to  be importanto In 

fact this was the first mechanism suggested for mas sive l epton pair product­

ion 1 2) . In this talk (Section 3) we will discover why the Drell-Yan model 

IJ;q. (1 IJ is  so  special , and why the diagrams of Figs . 1b-1 e ,  or other sub­

processes  do not inval idate ito 

Another int eresting process  is the production of p articles or 

jets with large transverse momenta in hadronic collisions . The usual parton 

model philo sophy 3) concerning these p rocesses  is that an elastic large 

angle scattering take s place between two "constituents" of the initial 

hadrons , one of the resulting constituents then fragments forming the trigger 

particl e .  This is represented b y  Fig. 2 and b y  

Ee da 
(A + B+ CX) 

d3pc 

L: f dxa d� dxc G a/A (x) G b/B (�) � 
a, b : . c, d 0 c 

'" 
Gc/c (xc) 6(s' + t' + u') s' do (ab-+ cd) -7f- dt ' SI x � s a 

t I xa 
xc 

u' 
xb = - u xc 

( 2) 

*) --> 
Throughout this talk q (q) signifies  a quark (antiquark), g signifie s 
a gluon and .i a l epton. 
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Ye . 

c 
d 

B 

Fig, 2 Parton model description of the inclusive 
production of particle with large transverse 
momenta. 

where GC/c(xc) is the probability of constituent c to fragment into 
particle c, C carrying a fraction x0 of the longitudinal momentum of 
c, Dimensional counting rules have been derived from which the asymptotic 
behaviour of the cross -section corresponding to each subprocess (i. e., 
choice of a,b,c,d) can be calculated, We will see (in Section 4 )  that 
within the context of QCD we can predict both the normalization and asymp­
totic behaviour of the cross -section, 

From our studies of the processes mentioned above_, and from some 
other processes (such as the production of massive lepton pairs with large 
transverse momentum, or the production of jets in deep inelastic scattering, 
which will be discussed in Section 5), we conclude that there is a surpri­
singly simple ansatz with which one can adapt the predictions of the parton 
model to those of QCD. This ansatz is presented in Section 6. We start, 
however, by considering a well -understood process, deep inelastic lepton 
hadron scattering, and reproduce the prediction for the violations of Bjerken 
scaling using a technique which can also be used for other hard scattering 
processes, 

2 ,, - DEEP INELASTIC LEPTON -HAllRON SCATTERING 

In the case of deep inelastic lepton-hadron scattering, the use 
of the operator product expansion (OPE) and the renormalization group enable 
us to predict the violations of Bjorken scaling 5),6), In this section we 
will demonstrate that the same predictions can be obtained from the simple 
approach outlined in the Introduction and by keeping the leading logarith­
mic terms in each order of perturbation theory for the hard scattering sub­
process, 
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As an example, let us consider the difference of vw2 for an 
up (u) quark and a down (d) quark, This quantity is particularly simple 
to study within the OPE scheme since each moment with respect to x is 
asymptotically governed by a single operator *), In terms of diagrams, only 
those diagrams in which the electromagnetic current couples directly to the 
valence quark (e, g, , those of Fig, 3a,b,c) do not cancel, since the electro­
magnetic charges of the up and down quarks are different. Diagrams in which 
the electromagnetic current couples to the sea quarks (e, g, , Fig, 3d, e) in 
a way which does not depend on the charge of the valence quark cancel, 

G:8B, ti !{ 
p p (d) (e) 

Fig. 3 A sample set of diagrams which contribute 
to the depp inelastic structure functions 
of a quark. 

From the OPE and the renormalization group 5 ),6 ) we have 

M" (q2) =fa' �Wz 
eu (x,q2) - uWz 

ed (x,q2 � xn-zdx 

(3) 

n g-(·Q2), on th 1 t t C is a calculable power series in is e re evan opera or 

(in this case On=·hn -1 Sf yµ1 :oµ2 . . .  Dµn Ta 1/1 where S is the symmetri­

zation of the Lorentz indices, Ta are the flavour group generators and 

D µ 
is the covariant derivative) and µ is the renormalization point, 

is a calculable constant and is related to the anomalous dimension 
on by 

d n 
of 

---------------------- -------------- ---- -------- ----- -- ---- --------- -------

*) The structure functions themselves involve the mixing �f quark �nd gluon 
operators ; this mixing slightly complicates the techn�cal details but 
does not alter the essential features of the present discussion, For 
simplicity we study here an example without such mixing, 
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n 
d 

yo 
n =rs; (4) 

where 

n n £_ + O(g4) (5) y =y 
O l6TI2 

and 

6 =-sL + O(g5) (6) 
0161!2 

where � is the usual beta funnction, < p j is a quark state with 

momentum p ,  

From Eq, (3) w e  can recover the leading logarithms o f  the p er­

turbation series in g
2(µ2 ), Keeping only leading logarithms [}.e, , ne­

glecting g2(µ 2 ) with respect to g
2(µ 2 )log q

2/µ 2 J we have from the 
5 )  '6) solution of the equation for the running c oupling c onstant 

dn [l+Sog2�µ2) logq/µ2 J (7) 

en is  a power seri e s  in g2( Q2 ) with no logarithms, and therefore in our 

leading logarithm approximation we keep only the first term which is a 

c onstant. 

point µ 

The requirement that Tuf b e  independent of the renormalization 
* ) implies that in the leading logarithm approximation 

dn 

<PI o (
n) lr>=<r I o (njp) Bare [1+S0g2(µ2) logPJµ2 J (8) 

Thus if we calculate 1vf(q2 ) 1 by using ordinary perturbat ion theory in 

g
2(µ2 ) , and keeping the leading logarithms in log g2/µ 2 and log p 2/µ

2 

t o  each order we would obtain for the sum to  all orders �l+6og2(µ2) 1og PJµ2J l+S g2(µ2)log P/µ2 
0 

dn 

(9) 

* ) < p j on J p > in the l eading logarithm approximation can also be evaluated 
directly, 
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Convoluting (9) with the soft hadronic wave function gives 

J' dx 
0 

J' dx 

n-2 [ ep x vw2 (x, 

n-2 [ ep x vw2 (x, 

q2) -vw2en(x,q2) J 
q2)-vw2en(x,q2) J 0 0 

rln -�''"'' J g2(q�) 

(10) 

(where p ,  n signify proton and neutron, respectively ) which is the rigo­

rous result .  We  notice that we  have obtained the c orrec t  result for  the 

violations of Bjerken scaling in spite of neglecting interactions involving 

"spectator quarks". Thus we find that· the first term in the "renormaliza­

tion group improved" perturbation series in g2(Q2) 
is equivalent to sum­

ming the l eading logarithms in the perturbation series  in g2(µ2). 
The 

lead ing logarithms come from the region of integration in which all gluons 

carry a transverse momentum which is much smaller than Q2• 

O f  course , it is only because we have a light cone expansion that 

we can have c omplete confidence in the re sult of summing leading logarithms . 

Nevertheless  even in the absence of a rigorous technique the leading loga­

rithms may still yield the c orrect  asymptotic result. Indeed in the case 

of massive QED, the c orre c t  asymptotic behaviour of the structure functions 

was first derived using leading logarithm techniques by Gribov and Lipatov 1 3 ), 
and only later rederived using the light c one expansion by Christ , Hasslacher 

and Mueller 1 4 ) . Equation (9) has recently been derived by purely diagram­

matical techniques in QCD 1 5 )  Jliee  also Ref . 1 6  lJ. 

In this Section we have seen that in the one case which we can 

study rigorously , the result c an also be obtained by summing the series of 

leading logarithms.  In the remaining sectio ns we will study pro cesses  for 

which there is no clean analysis ,  by calculating diagrams and keeping the 

leading logarithms. 
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3. - MASSIVE LEPTO N PAI R PRO DUCTIO N 

We now consider the inclusive production of a pair of leptons with 
large invariant mass in hadronic collisions , the Drell-Y an process 1 1 )  

Sample diagrams which contribute to this process are shown i n  Fig . 1. 

Let us denote the lowest order contribution to cross-section for 
the subprocess qg � .e,+ .e,-x ( that corresponding to Fig. 1 a )  by cr Then o" 
when all the radiative corrections of order g2 

are calculated (including 
those of Fig. 1b and Fig. 1 c )  in the leading logarithm approximation one 

. 17 ) 18 ) finds ' that these corrections are equal to 

(11) 

where T "' Q2/s. It turns out that a ( T )  is a very significant function, 

it is exactly the same function which appears in the order g2 corrections 

to deep inelastic scattering on a quark . The structure function of a quark 

is proportional to 

(12) 

Thus , to this order at lea�t , it seems that the deviations from the naive 

Drell-Yan picture are intimately related to the violations of B,j orken scaling 

in deep inelastic scattering. In other words,  the diagrams which spoil the 

simple Drell-Yan picture ( such as those of Figs. 1b and 1c ) are related to 

those which are responsible for the violation of Bjorken scaling (such as 

those of Figs . 3b , 3c). In particular to this order we can write a modified 

Drell-Yan formula 
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dcr 4rra2 
W = 3nQ4 quark 

flavours a 

[Gqa/hi (x1,Q2) Gqa/hz (xz,Q2) + Gqa/hi (x1 ,Q2) Gqa/h�x2,Q2)] 
(13) 



where the G distribution functions are the appropriate linear combinations 

of experimentally determined deep inelastic structure functions . 

We now turn our attention to other subprocesses  which contribute 

to  massive lepton pair production. As an example let us consider qg scat­

tering for which some lowest order diagrams are shown in Figs.  1d, 1e . When 

one calculat e s  the contribution to the cross-section for the subprocess from 

the diagrams of Figs . 1 d and 1 e one finds 1 9·) that the result is proportional 

to 

(14) 

Again the coefficient of 
2 

g cr 0 is highly significant . It is the probability 

of finding an antiquark in a gluon with a fraction T of its longitudinal 

momentum
* ) . When the distribution functions are measured in deep inelastic 

scattering, they include the effects of gluons through diagrams such as tho se 

of Fig. 3d, e .  Equation (1 4) implies that the contribution to  the distribu­

tion functions from these diagrams is related to the contribution to the cro ss­

section for lepton p air production from diagrams such as those of Figs .  1d and 

1e . Thus even the se diagrams are included in the right-hand side of Eq, (1 3 ),  

In o ther words the dominant contribution from the subprocess qg� .e+ rx can 

b e  expressed as the probability of finding an antiquark in the gluon times 

the cro s s- section for this antiquark to  annihilate the incident quark • 

.A similar feature has been found in all other subprocesses which 

have b e en studied (e . g . ,  qq�.e+.e-x, gg�.e+.e-x 1 9 )). I n  each case the 

leading logarithmic terms can be absorbed into the distribution functions 

of the incident hadrons, so that the asymp totic b ehaviour of the cro ss- section 

is given by ( 13 ), where the G1s are extracted from linear combinations of 

experimentally measured deep inelastic structure functions . Thus the do minant 

contribution can be repre sented by Fig . 4 where the shaded blocks represent 

these  non-scaling distribution functions . 

* ) The moments of 1 - 2T(1-T ) with re spect to T are thus proportional to 
one of the off diagonal elements in the anomalous dimension matrix of 
the lowest twist quark and gluon op erators . 
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Fig. 4 The dominant contribution to massive lepton 
pair production in QCD. The shaded blobs 
represent, experimentally determined, non­
scaling distribution functions. 

Although this  factorization of the leading logarithms has not b e en 

proved to all orders , no counter examples  have been found so far , and the 

similarity between the diagrams in deep inelastic scattering and massive 

lepton pair production strongly suggest that it may ind e ed be  true . An 

explicit calculation of higher order contributions is  being performed by 

Fishbane and Y an 20) 

We can now understand what is s o  special about the Drell-Yan 

formula. In its modified form ]}:g_. (13 LJ it include s  not only the contri­

butions from g_q annihilation but also the dominant contributions from 

the o ther subprocesses. Since the scaling violations in the distribution 

functions are only logarithmic, the use of the original Drell-Yan formula 

]}:g_. ( 1 IJ over a l imited Q2 range should b e  a go od approximation. 

I would l ike to conclude this section by briefly mentioning the 

correction� to (13). Equation (13) is true only for the leading l�garithmic 

terms Q. . e. ,  fo r the leading term in g2(Q2L], and so there will be loga­

rithmic corrections to it. Whether or not the se correction s  are important 

at presently accessible value s of s and Q2 is an open question. It is  

not  yet  clear whether the se corrections can also b e  calculated in  a similar 

way to the leading terms *) ; in order for this  to be so there would have 

to be a very remarkable factorization of the non-leading logarithms. This 

factorization has not b e en te sted so far. 

* ) 21 ) See, however, the model of Cabibbo and Petronzio 
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4. - INCLUSIVE PRODUCTION OF PARTICLES AND JETS WITH LARGE 

TRANSVERSE MOMENTA 

Deep inelastic scattering and massive lepton pair production both 

involve an off-shell photon, in this section we study a purely strong inter­

action process, the production of particles and jets with large transverse 

momenta in hadronic collisions, The mechanism usually believed to be res­

ponsible for this process has been described in the introduction, and can 

be summarized by Eq, (2) and Fig, 2. To see what, if anything, QCD can teach 

us about this process, let us study a concrete example quark (A) + quark (B) 

� quark (c) + anything, up to order g
6 

in the cross-section and as before 

in the leading logarithm approximation 22), For simplicity we start with the 

case x < 1 , wh!"re x = ( 2Ec/'1 s), in which case only the inelastic diagrams 

of Fig. 5 contribute. We notice that even in this order there are diagrams 

with a three-gluon vertex, 

:c. x } (a) (b) (cl 

xx 
(d) (e) 

Fig, 5 Lowest order inelastic diagrams which 
contribute to the process qq � qX. 

There are a number of kinematic regions which contribute to the 

leading logarithmic behaviour. All these contributions can be interpreted 

in an elegant way. From the region where k is parallel to pA (pB) we 
3 2 2 

obtain a contribution to Ec(da/d pc) of the form log s/pA' (log s/pB) which 

can be interpreted as being the convolution of the probability of finding a 

quark in quark A (B ) ,  and the Born term for quark-quark elastic fixed angle 

scattering (Fig. 6a,b), In other words the coefficient of these logarithms 

is just the function "a" of Eqs. (11) and (12) (in spite of the presence 

of the three-gluon vertex), From the region where k is parallel to Pc• 
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=r: (c) 

(e) 

Fig . 6 Symbolic representation of the dominant 
contribution from the diagrams up to order 
g6 for the process qq __, qX. The shaded 
blobs represent the non-scaling distribution 
and fragmentation functions. 

we obtain a contribution which can be interpreted as the convolution of the 
Born term for q-q elastic fixed angle scattering, and the probability for 
one of the resulting quarks to fragment into the observed one + anything 
(Fig, 6c ) . �he fragmentatioR function is just that which would be calcula­
ted from e+e-

__, qX and is relaty"d to the distribution function (in this order 
at least ) by the Gribov-Lipat-�v reciprocity relations 23). The final domi­
nant contribution comes from the region in which k balances the transverse 
momentum of 
a gluon in quark 

and this can be interpreted as the probability of findi�� 
B with a fraction of the longitudinal momentum of B 

convoluted with the Born term for gq elastic fixed angle scattering 
(Figs. 6d, 6e, 6f ) . 

---------------------------------------------------·----------------------

* ) The moments of this probability are, of course, proportional to an o�f­
diagonal element in the anomalous dimension matrix for the lowest twist 
quark and gluon operators. 
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At x = 1 in addition to the contributions from the diagrams of 
Fig. 5, one must also include the diagrams which contribute to the elastic 
qq scattering amplitude. The leading log s/p2 contributions can also be 
absorbed into the initial distribution and final fragmentation functions. 
In addition to these log s/p2 terms, after renormalization there will 

also be g6(µ2 ) log s/µ2 terms. These terms are exactly those which, 
when combined with the g4(µ2 ) contribution from the Born term give the 

first two terms in the expansion of g4 (s ), the running coupling constant. 

Thus we conclude that the cross-section for qq � qX to order 

in the cross-section and in the leading logarithmic approximation can be 
written in the form (Fig. 6 )  

Ee 
do (A + B+ CX) 
d3p c 

'Lf' dx d"
b a 0 

a,b: c,d 

o(s' + t' + u ' ) s' 
1T + b+c d) 

s' x "], s 
a 

x 
t' 

a t x c 
(15) "], u' = -- u x 

c 

6 g 

where do(B )/dt' is the Born term contribution to the elastic cross-section 

for qg or qq scattering, calculated using the running coupling constant, 
and Q2 represents a typical large invariant mass squared (we assume 
s � t � u � Q2 ). In the leading logarithm approximation we cannot distinguish 
between log s, log t and log u. 

Again we have not proved that this simple factorization will hold 
to all orders and for all subprocesses, nevertheless we feel that the result 
is significant and very suggestive of an ansatz for calculating cross-sec­
tions for inclusive production at large transverse momenta. The ansatz is 
that the cross-section is given by (15) where now we sum over all combina­
tions of quarks and gluons. This is represented in Fig. 7 where t::e dotted 
line represents a quark or a gluon and the shaded blobs represent non-scaling 
distribution or fragmentation functions. The "B" implies we should take 
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(A·B-CX); L 
quarks 
gluons 

Fig. 7 Dominant contribution to Ec (dcr/d3pc ) •  The 
-·-·-·- line represents quarks and gluons, 
the shaded blobs represent non-scaling dis­
tribution and fragmentation functions and the 
"B" implies we take the Born term contribution 
calculated using the running coupling constant. 

the Born term, calculated using the running coupling constanto Similar pres­
criptions have already been used by many authors �.g. ,  Refs. 24 )-2sIJ. Thus 
if we believe we know the distribution and fragmentation functions (including 
those for gluons !) we are able to predict not only the behaviour but also 
the normalization of large PL distributions . 

The above results also suggest that the cross-sections for "jet" 
production at large transverse momenta can be reliably calculated within 
the present framework ; (up to order g6 in qq scattering this is a 

2 simple consequence of the calculation presented above ) .  All the log pA 
2 and log pB terms can be absorbed into the initial distribution functions 

as above, leaving us with a series in g2 (Q2 ) whose coefficients are cal-
culable and depend on the kinematic parameters of the jet. 

5o - SOME MULTIJET PROCESSES 

In the previous sections we have seen several examples of processes 
in which parton model ideas proved to be approximately valid also in QCD . 
Although, unlike in the parton model, transverse momenta are not bounded in 
QCD, the leading logarithms in these processes come from a region of inte­
gration in which all the quarks and gluons have a transverse momentum rela­
tive to the initial particles or trigger particle which is much smaller than 
Q2, a typical large invariant of the process. The only dynamical damping 
in the transverse momentum is due to the propagators, which tend to behave 
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like 1/kI, but even this gentle damping is sufficient to reproduce the 
parton-like results. In this section I would like to present some examples 
where the most naive parton model expectations are not fulfilled, but never­
theless where definite QCD predictions can still be made. 

We start by considering crL' the longitudinal cross-section in 
deep inelastic scattering. It is proportional to the pµpv projection of 
vfv, where vfv is the usual tensor of deep inelastic scattering 2 ), As an example consider the scattering on a quark of momentum p, the diagram 
of lowest order which contributes to crL (in the limit where we neglect 
p2/q2 terms ) is shown in Fig. 8, The numerator of this diagram in the 

Feynman gauge is proportional to (we average over the quark spins) 

�P=r·q-k q 

p-k k 

p 

Fig. 8 Lowest order diagram which contributes to the 
longitudinal cross-section of a quark , 

Tr [�YA (p-�) p (p+�-�) p (p-�)yAJ 
"'[(p-k)2 J2p.(q-k) (16) 

Thus we see that both the factors of 1 /(p-k)2 from the propa­

gators are cancelled and there is no damping of the transverse momentum, 
The usual parton model derivation 1) of the relation between crL and the 
average transverse momentum squared of a quark 

(17) 

relies, among other things, on the assumption that the transverse momentum 
is damped. It is therefore no surprise that (1 7) is not valid in QCD, Even 
in lowest order of perturbation theory it is not valid, since in lowest 
order 
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whereas 

Nevertheless, the invalidity 
being able to make predictions for aL 

calculated using renormalization group 

(18) 

(19) 

of ( 1 7) d�es not prevent us from 
2 or < kL >. aL in fact can be 

techniques 7),9), here we shall 
consider the transverse momentum distribution of a quark jet (which cannot 
be studied by such techniques) , Some sample lowest order diagrams which 
contribute to the production of a quark jet with large transverse momentum 
are shown in Figs . 9a and 9b. From similar considerations to those of the 
previous sections it seems that the dominant contributions from higher order 
diagrams (e , go, from Figs, 9c and 9d) will again be absorbed into the non­
scaling quark and glo.wn distribution functions 29) . Thus we have for the 
transverse momentum distribution of a quark jet 
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Fig. 9 Sample diagrams which contribute to the 
production of a quark jet with large trans­
verse momentum. 



(20) 

where da(o)/dkf and dcr(o) /dkf are the contributions from the lowest 
* * 

order diagrams to the cross-section for qy _, qX and gy _, qX, calculated 
using the running coupling constant. Equation (20 ) is represented picto-
rially in Figo 1 O .  The production of jets with large transverse momentum 
in deep inelastic scattering has been studied using Eqo (20 )  by Altarelli 
and Martinelli 3o) 

Fig . 1 0  The dJminant contribution to the production of 
a quark jet with large transverse momentum. 
The shaded blobs represent non-scaling dis­
tribution functions and the "B" implies we 
take the lowest non-zero contribution for the 
subprocess, calculated using the running 
coupling constant. 

Another interesting process is the inclusive production of mass­
ive lepton pairs with large transverse momenta. The lowest order diagrams 
for this process are shown in Fig. 11 . Again the indications are that the 

higher order corrections can be absorbed into the quark, antiquark or gluon 
distribution functions, so that we have 
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Fig . 11 Dominant contribution to the production of a 
massive lepton pair with large transverse 
momentum. The shaded blobs represent non­
scaling distribution functions. 

(21) 



All the cross-sections are cal<;mla ted using the running coupling constant, 
Equation (21 ) justifies using the shaded blobs in Fig. 1 1  ). An approach 
similar to Eq. (21 ) has been used by many authors 3 1 )-33). Thus, for 

example, the dominant contribution for the process qq--+ ,1,+ .1.-x, where the 
lepton pair has a large transverse momentum, is given by the probability of 
finding a gluon with small transverse mo�entum in one of the initial quarks 
convoluted with the cross-section for this gluon to scatter on the other 
quark . 

There is,. however, no simple relationship between the transverse 
momentum of the lepton pair and the transverse momentum of the quarks in 
deep inelastic sea ttering, For example in qq--+ ,1,+ rx one finds 31) 

(22) 

which should be compared to (18), (19), This is clearly to be expected 
since when the transverse momenta are of the order of q2, even in the 
parton p!.cture the Bj orken x is no longer equal to the fraction of the 
longitudinal momentum carried by the quark. 

The above discussion applies to transverse momenta "lhose dis­
tribution can be calculated perturbatively and which increase with Q

2
• 

In addition there may be a primordial transverse momentum in the hadronic 
wave function, but this should not increase with Q

2
, and we have no way 

of calculating it. From phenom�nological studies it is estimated to be 
about two to three times the "usual" hadronic transverse momentum cut-off 
of 300 MeV 31), and is phenomenologically relevant at present values of Q

2
• 

6. - CONCLUSIONS 

The results presented in this talk suggest that in QCD the correct 
way to calculate the asymptotic behaviour of hard scattering cross-sections 
as Q2--+m (where Q 2 is a typical large invariant of the process ) is 
given by the following simple ansatz 
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1 ) take the parton model hard scattering formula ; 

2 )  replace the scaling distribution and fragmentation functions by  the 
appropriate non-scaling ones ; in the case of quarks and antiquarks 
these are measured in deep inelastic scattering, whereas, for the 
gluon distribution, model assumptions have to be made ; 

3 )  keep only the contribution of lowest order in the coupling constant 
(which is non-zero ) for the hard scattering subprocess, calculated 

using the running coupJing constant, g (Q2 ). 

Whether with this ansatz we can understand the present data on 
hard scattering processes will be discussed in detail during this meeting. 
It is, however, very satisfying that at last we can make QCD predictions 
for these processes with some confidence, and that the beautiful probabi­
listic picture is more general than the parton model , 
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Introduction 
This lecture will be divided, like Gaul ,  into 3 parts : 
1 . Status of Upsilon Data 
2 .  Scaling and XF(cr y) behavior 
3 .  Dilepton Transverse Montenta 

We repeat here for convenience, views of the Fermilab E-288 
apparatus (Fig . l ) and a list of the Columbia-Fermilab-Stony 
Brook team (Table I ) . The most relevant features of the 
apparatus are ( 1 )  the resolution (Fig. 2 ) , the mass acceptance 
(Fig . 3 ) and the fact that same sign pairs are measured in situ 
as a measure of the background . 

We have published data on T and continuum 1 • 2 1 3based on about 
800 hours ( 3 calendar months ) of data taking - this yielded 
2 6 , 000 events above 5 GeV and about 1000 T events . We have 
since multiplied the data by about 6-7 - this from Nov 10 to 
April 1 0 .  The 5 calendar months is equivalent to 1 500 hours 
of data taking ( factor 2 )  and a higher luminosity ( factor 3-4) 
deriving from a thicker target, and a careful study of the 
rate effects in various detectors which resulted in raising 
the incident beam to 8xl0 " PPP • 
( The new sample of data has only been looked at in a pre­
liminary way . ) We have also run at 200 and 300 GeV to study 
scaling properties and, since 10 April ,  in a new arrangement 
designed to improve the resolution from a-v2 % -.- a-v1-11; % 2 

I I  Upsilon Physics 
The status of the data is given in table I I  
Stimulated b y  a request from the PLUTO group a t  DESY we have 
made a careful check of the systematics of the absolute 
energy scale . In late March, we communicated the results : 
m (T ) =9 . 45±. 07 where the error includes 60% of the probability. 
We estimated that there is  only a 10% chance of the mass 
being outside of 9 . 45± . 10 GeV. ( See para . 5 ) We summarize 
the upsilon regime by the following points : 
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Columbia * 

s .w .  Herb 
n . c .  Hom 
L . M. Lederman 
J . C .  Sens 
H. D .  Snyder 
J . K. Yoh 

* N. S . F .  

+ n . o . E .  

TABLE I 

Fermi lab 
E-288 

Fermilab + 

W.R .  Innes 
J . A .  Appel 
B. c . Brown 
c . N. Brown 
K. Ueno 
T.  Yamanuchi 

TABLE I I  

Stony Brook * 

D . M. Kaplan 
A . S .  Ito 
H.  Jostlein 
R . D .  Kephart 

Mass Fit Parameters (a ) , (b ) , ( c )  

200 

< y > 0 . 40 
acceptance 

A nb/GeV 1 0 . 4:1: . 11:1:2 . 2  
b GeV -1 1 . 3 9:!: . 02:!:0 . 02 
x2/DF 42/34 

300 

0 . 21 

2 . 47:1:0. 03:!:0 . 5  
1 . 04:!:0 . 0U0 . 02 

3 5/54 

m (T )  GeV 9 . 46 ( fixed) 9 . 45:1:0 . 02:1:0 . 10 
B do/dy pb 0 . 002:1:0 . 002  0 . 094:1:0 . 01 2  

m (T ' -r l GeV 0 . 6  ( fixed) 0 . 69:1:0 . 05:1:0 . 05 
B do/dy T ' /T 0 . 67:1:0 . 94 0 . 46:1:0 . 09:1:0 . 10 

m (T ' ' -T )  1 . 0  ( fixed ) 1 . 0  ( fixed) 
B do/dy T ' ' IT 0 . 10:1:0 . 55 0 . 00:1:0 . 06 

x2/DF 1 2 . 6/19 1 2 . 1/16 
T/cont . GeV 0 . 1:1: . 0  0 . 67:1:0 . 10 
T ' /cont . GeV 0 . 58:1:0 . 14 
T ' ' /cont . GeV 0 . 00:!:0 . 1 3  

( a)Continuum form: do/dmdy = A e-bm. Cross 
evaluated at y = < Y >acceptance · 

400 

0 . 0 3 

2 . 7 0:1: . 02:1:0 . 5  
o . 97:1:0 . ouo . 02 

78/74 

9 . 46:1:0 . 012:1:0 . 10 
0 . 29:1:0 . 012  

0 . 60:!:0 . 03:!:0 . 05 
0 .  38:1:0 .• 04:1:0 . 10 

0 . 97:1:0 . 10 
0 . 08:1:0 . 04:1:0 . 04 

14. 7/16 
0 . 97:1:0 . 0 5  
0 . 66:!:0 . 08 
0 . 19:!:0 . 1 2 

sections are 

(b ) The first error is statistical and the second is systematic. 
(c ) See Ref .  3 .  
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curve is the µµ I acceptance . This acceptance is 
calcu lated with i sotropic decay. There are � 30% e ffec ts 
due to other di stributions . 



1 )  I." ( 10 . 4 )  appears to be we ll established by a combination 

of our new data . The bulk of this was taken at high intens ity 

and therefore had s lightly worse resolution than our data of 

last summer. The exi stence of I.' ' here i s  very sensitive to 

the spacing o f  the first two peaks . Thus we appeal to our 

most recent running which is designed to improve the re solu­

tion. So far the statistical accuracy at the third peak is 

very small but these data establish the !_-I.' spl itting as 

6 2 1  .±. 40 MeV (preliminary ! ) .  With this fixed the high in­

tensity data finds that a peak at 10 . 4  GeV is required by 5-6 
s tandard deviations . 

2 )  Th e  ratio o f  crS for T : T ' : T ' '  is observed t o  be 
4 

1 :  . 38.±. . 04 :  . 1 2.±. . 04 ,  remarkably c lose to the predicted 

result 1 :  . 3 :  . 15 based upon a qq model with eq = 1/ 3 ,  One 

deduc tion from the ratio of I. and I_' is that T ' �i+2rr mu st be 

strong ly suppressed. ( See Gottfried at Hamburg ) Absolute 

yields , Bda /dy also favors 1/3 charg e .  

3 )  Th e  sp litting between I. and I. '  is not g iven by the linear 

and coulomb potential which is adj usted to charmonium levels . 

However i t  appears that a larg e class of potenti als , including 
Vo "' £nr/ ro can be made cons i stent with both 1\1 and .'.L data . 

Thus we interpre t our sp litting result as g iving strong evi­

dence that the quark forces are remarkably s imi lar - consis­

tent with the flavor independence which is so crucial to QCD. 

4) We can learn some thing about the hadroproduction process 

by comparing the PT and the rapidity, y,  behavior o f  I. and 

the continuum of nearby masse s .  Since these dis tribu tions in 

the Drell-Yan case are characteristic of the annihilating 

quark motions , it would seem obvious that if T were also 

produced by such a proces s ,  its PT and y behavior should be 

s imi lar. The data appear to contradict thi s mechanism 

although we are still s tudying this question. 
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5 )  Recent (May ' 7 8 )  results from Desy ( 5 )  confirm the 
+ -reaction : e +e �.l ( 9 . 46 ) . The integrated cross section 

yields ree = 1 . 2+ . 4  KeV and thi s shows some pre ference for 
Q=l/3 . The observation is completely consistent with the 
QQ = bb interpretation of .!· 
9 . 3 5 and s topped at 9 . 48 . )  

( The Desy search s tarted at 

6) Finally, we see no bumps above the upsilon and the data 
contains -030 events above 1 5  GeV. If we accept the eb=l/3 
interpretation, i . e . Q=b, then we can set a l imit on the mass 
of a hypothetical t ( et=2/3 ) quark . As suming that the hadro­
production of the obj ect tt is at least 4xoS for the 
upsilon ,  preliminary analysis indicates that mt>7-7 . 5  GeV. 

I I I  Scaling 
Before launching into a discu s sion of the dimuon continuum, 
we show in Fig. 4 the behavior of the cross-section with A 
i . e .  a'VA a We note that as the mass increases , a->-1 indicating 
that for � 4 GeV, we are dealing with hard collis ions . Thi s 
i s  a necessary although far from su fficient condition for the 
validity of the Drel l-Yan proces s .  We will see that there are 
a variety of tests of the model - the model never fai ls or 
fails only in its most "naive " form. Thi s  was seen in Prof. 

Pi lcher ' s data on pion induced dimuon production and in our 
scaling tes t .  However,  a complete and rigouous test eludes 
us and will probably continue to do so until the data on 
lepton-nucleon scattering gets much better. 

We have taken data at 200 and 300 GeV to compare with the 400 
GeV running . In a fixed laboratory arrangement, a decrease of 
incident energy implies an acceptance which shifts forward . 
The acceptance in rapidity at 400 GeV is roughly gaussion 
shaped and extends from y=-0 . 3 to y=+0 . 3 .  At v'S = 2 3 . 7GeV, 
the mean rapidity shifts to y=+ . 20 and for 19 . 4  GeV <Y>=0 . 40 .  

Scaling o f  the inclus ive dilepton continuum has an intuitive 
dimensional appeal . It signals the absence of dimensio.nal 
parameters (conventionally energy) comparable to 1; , m. 
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It has practical applications for future accelerators s ince it 
permits prediction of the production rates of higher masses 
coupled to photons , W ' s and hadrons created by the same quark­
antiquark annihi lation process . More recently an extensive 
literature ( and many of the talks presented here) are con­
cerned with i ssues of scale breaking , asymptotic freedom and 
QCD . The se serve to modify the qualitatively successful 
annihilation model .  

Conventionally scaling i s  expressed by 

( 1 )  

In our experiment , we mus t  s tudy the y-behavior first and 
therefore express the scaling condi tion as : 

s = G (T , y) ( 2 )  

Here T = m2/ s. We plot the data i n  bins of I� , a s  a function 
of y.  Fig 5 illu s trates the data . We note firstly that there 
is reasonably good ag reement where the y-intervals overlap . 
We have fit the y-behavior in each h bin with a quadratic 
polynomial and obtained the value of G at y=0 . 2 .  Th i s  i s  
plotted v s  h in Fig 6 t o  illus trate scaling . The raw data 
is given in Fig . 7  and a comparison of these two indicates the 
validity of the scaling hypothes i s .  

One may ask whether violations o f  scaling should i n  fact be 
seen i f  the Drell-Yan model is correct and therefore i f  
G ( T ,  y) has a linear dependence on vw2 -which is known to 

violate scaling i . e .  vw2 r f (x) .  It is easy to see than in the 
interval of x where we have data,  the scaling violations are 
less than our experimentsl errors . 

A g lobal fit to the scaling data is given by: 

G ( T ,  u . 2 )  = 44� 0 . 7 µb Gev2 e - c2s . s� 2) h 
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There is a 2 5% systematic normalization error superposed here . 
This may be used to predict the resu lts of ISR studies 
provided we correct for the fact that ISR observes only pp 
collisions . Having established the validity of scaling at 
least over the limited range of IS from 19 to 27 GeV, we can 
now combine the y s lices as observed by the three energies in 
order to s tudy the behavior of da/dmdy with y.  We first note 
that there is no symmetry around y=O ,  the dis tribu tions tend­
ing to peak near y�0 . 3 .  This corresponds to the fact that we 
have pn collisions (as well as the symme tric pp col lis ions ) .  
Events are peaked forward when the incident proton supplies 
the valence quarks,  backward when the target nucleon does so. 

In the Drell-Yan model we have 

where 

-d2cr . 8na
2 -3/z 

8 -- T G ' (x1 , x2 ) 
d/T dy q 

y 

G ' = 

1 
2 R.n xl/x2 
Np Gpp + 

Nn Gpn 
A A 

0 . 4  Gpp + 0 . 6  Gpn 

( 3 )  

( 4 )  

( 5 )  

for protons on copper 
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GPP = } � (x1 ) S (x2 ) + u (x2 ) S (x1 )] 
+ } [ d(x1 ) S (x2 ) + d (x2 ) S (x1 )] 

Gpn = } [u(x1 ) S(x2 ) + d (x2 ) S (x1 ) 

+ } t <x1 ) S (x2 ) + u(x2) S(x1 )] 



where we have used the relation up = dn so that all quark 

s tructure functions refer to the proton . We have also neg­

lected terms quadratic in S (x) and have taken 

�(x) d(x) s(x) S(x) ( 6 )  

We can study the asymmetry around y=O by defining a normalized 

s lope of dcr/dy near y=O : 

R _ G ' (�y) - G ' (- �y) 
2 �y G(O) 

dy R,n G (y) d 

I y=O 

Experimentally we take 6� 0 . 2  

R = / �y { G<x1) - d(x1 � S(x2 ) - � (x2 ) - u(x2� S(x1 ) } 
x G · 2 u(x) + 3 . 8  d(xJ-l 

where x = /;: From ( 5 ) 
IT e�Y and IT e -�y 

, and for a steeply falling sea 

e . g .  S ( x ) - ( 1-X) 
9 

>> 

a nd the s lope is positive s ince u (x ) >d (x ) . 

The normalized slope is plotted vsh in Fig . 8  u sing a fit to 

400 GeV data at y=O for S (x ) �  ( l -x)
9 

and using simpli fied 

functions for u (x )  and d (x )  taken from vw2 fi t s :  

u(x) 12 . 8  x (1 - x)
4 

d (x) 6 . 29  x (1 - x) 5 

SS 
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We also present pre liminary dat a .  There are two comments : 

( 1 )  The fact that the absolute slopes and the increase of 

s lope with If quali tatively reproduce the data is a new 

check o f  the Drell-Yan model over the domain of variables 

studied . 

( 2 )  I f  the absolute value of the s lope were indeed found to 

be larger than the model predictions , ( a s  Fig • .2_ suggests but 

does not establish) the only fix within the confines of the 

Drell-Yan model is to modify equation ( 6) by setting ;; > d 
This step was actually taken for intuitive reasons by Feynman 

and Field · 
5 

IV Transverse Momentum of Dileptons 

Probably the area of g reates t intere s t  is so far as QCD 

calculati ons are concerned i s in the PT behavior of di leptons . 

The CFS data es tablished a form for the PT behavior which was 

invented for our 400 GeV data but provides a very good fit to 

300 and 200 GeV : 

3 -6 
E � = C ( l  + (PT/ P0 )

2
) 

dp3 ( 7 )  

We present the data on C and P0 i n  table I I I . This fit works 

ou t to the limit of the data in that i f  we calcu late the 

moments : <pT> , <pi> e tc , "We find g ood ag reement whether we 

use equatio n ( 7 )  or i f  we evaluate the averag es directly from 

the data.  This works wel l  up to the 3 rd moment . Our results 

for 400 GeV established ( as can be read from the table ) the 

flatness of <pT> with mas s .  Now this was at first a shock to 

the QCD ' ers because simple considerations predicted that : 
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TABLE III  

pT F i t  Parameters ( a ) , (b) 

-fS (GeV) 19 . 4  

M 

4 . 5 
5 . 5  
6 . 5  
7 . 5  
8 . 5  
9 . 5 

4 . 5  
5 . 5  
6 . 5  
7 . 5  
8 . 5 
9 . 5 

10 . 5  

4 . 5  
5 . 5 
6 . 5  
7 . 5  
8 . 5  
9 . 5 

10 . 5 
11 . 5  

7 169:!:208 
1592:!: 59 

470:!: 21 
121:!: 9 .  9 

26 . 3  :!:4 . 4  
7 .  2 2:1: 2 .  07 

23 . 7  

c 
9006:1:250 
2648:!: 7 9  

842:!: 30 
3 26:!: 16 
104:!:8 . 0  

7 0 .  5:!:5 .  5 
19. 3:!:3 . 0  

27 . 3  

c 
10310:!:419 

2887:!: 5 5  
10 58:1: 2 5  

386:!: 13 
163:1:6 . 4  
130:1: 5 .  6 

41 . 8:!:3 . l  
10. 2:!:1 . 9  

p 
(Ge�) 

2 . 07 :!: . 049 
2 . 34:!:. 0 5 5  
2 . 34:!: . 061 
2 . 19:1:. 099 
2 . 01:1: . 186 
2 . 29:!: . 393 

Po 
2 . 2 5:1: . 05 5  
2 . 41:!: . 044 
2 . 60:!: . 055 
2 . 59:!:. 068 
2 . 53:!:. 097 
2 . 65:1:. 111 
2 . 6 5:1: . 247 

Po 
2 . 62:1: . 09 5  
2 . 1 0:1: . 03 5  
2 . 7 4:1: . 036 
2 . 8 6:1: . 050 
2 . 7 8:1: . 0 58 
3 . 10:!: . 07 5 
2 . 83:!: . 11 2  
2 . 21:1: . 202 

(b) Signi ficant data extend to about 3 GeV/c in PT• See 
Kaplan et al . (Ref.  1 ) . 
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TABLE IV 

Average PT Square With Cu ts 

kbin No Cut >lGeV/c > 1 . 4GeV/c 

400 GeV 

. 18- .  21 2 . 13::1:. 28 3. 57:1:. 48 5 . 12:1:. 7 4  

. 21- . 25 1 .  83:1:. 0 5  2. 97:1: . 08 4 . 12:1: . 12 

. 25- . 30 1 .  98:!:. 07 3 . 24:1: . 11 4 . 45:1:. 15  

. 30- . '33 2 . 08:1: . 12 3 .  27:1: . 17 4 . 39:1: . 24 

. 33-. 38 '1' 2 . 40:1: . 11 3 . 69:1: . 15 4. 9 3 :1:. 21 

. 38- . 45 2 . 13:1: . 37 3 . 57:1: . 61 5 . 00:1: . 91 

300 GeV 

. 18-. 21 1 . 20:1: . 12 2 . 25:1: . 2 3  3 . 09:1: . 37 

. 21- . 25 1 . 3 5:1: . 0 5 2 . 40:1: . 0 9  3 . 38:1: . 13 

. 25- . 30 1 .  68,:1:. 07 2 . 96:1: . 12 4 . 13:1: . 18 

. 30- . 33 1 .  7 6:1: . 18 3 . 15:!: . 33 4 . 56:1: . 52  

. 33- . 38 1 . 52:1: . 10 2 . 54:1:. 15 3 . 51:1: . 23 * 

. 38 - . 4 5  'T' 1 .  7 6:1: . 1 5 2 . 94:1: . 23 4 . 16:1: . 33 

200 GeV 

. 21- . 25 1 . 11:1: . 14 2 . 29:1: . 30 3 . 40:1: . 54 
• 25-. 30  1 .  25:1: . 08 2 . 38:1: . 15 3 . 3 2:1: . 24 
. 30- . 33 1 . 41:1: . 11 2 . 7 4:1: . 21 3 . 90:1: . 33 
. 33- . 38 1 . 19:1: .  07 2 . 27:1:. 13 3 .  38::1:. 21 
. 38-. 34 1 . 27:1: . 16 2 . 4 2:1: .  29 3 . 87:1: . 50 

6 1  



( Since the theory is well covered by the experts in these 
lectures I will not dwell here ) . We have now established that 
the QCD rise is not dampened by some kind of phase space since 
we see the same flattening at 200 and 300 Gev. The lower 
energy data gives us an opportunity to study the behavior of 
<PT> with XF ' or, in our variable of choice, y. Here again 
QCD predictions were strongly stated : <PT> must drop as y 
increases ? We do not see this drop and our 200 GeV data goes 
to y�0 . 6 .  See Fig . 9 .  We have learned that QCD has troubles 
for PT> lGeV and so we have cut our data in order to study the 
behavior of an artificial <PT2 > where we ignore all the data 
below 1 and 1 . 4  GeV/c . The statistics get poor but we see no 
tendency to follow the QCD prediction i . e .  <PT>lGeV> remains 
flat with y and with mass .  This is seen in Table IV. Thus 
the effects are not dominated by low PT events . There is one 
variable that does influence <P� and this provides the first 
evidence in dilepton production of scaling violation. See 
Fig . 10 .  We find that <PT2 >  increases with energy, s .  The 
range of s is small but we find a fit :  

a + bS 

This applies for masses > SGeV. We find 

a=0 . 7 0  GeV2 

and b= . 0018 

( 8 )  

Scale violation i s  implied by the new dimensional constant a .  
The interpretation seems clear : a represents the "primordial " 
quark motion presumably induced by the confining potential . 
It implies a quark momentum of 600-7 00 Mev/c which is con­
sistent with other observation. To confirm the form of 
equation .§_, we need data at ISR but with masses corresponding 
to comparable values of the variable IT f:> o . 1s .  This means , 
for I SR, m i!> 9GeV. Considering that the .I. now interferes , 
it becomes crucial to find �so events above the i to provide 
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the test .  One of the "practical " necessities for this infor­
mation is the search for W which is related to Drell-Yan 
production. I f  we extrapolate to the accelerator that will 
have �5 times the W-energy i . e .  rs "' 500 I we predict 

We close by s tressing that the form of equation .§. is tested 
only between /S 19 and 27 GeV. 

1 . 
2 .  
3 .  
4 .  

s . w. 
W.R.  
D. M. 
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ABSTRACT 

* 
FERMI LAB RESULTS ON LEPTON PAI R  PRODUCTION 

J .  E .  P i l cher 
Enri co Fermi I nsti tute , The Uni vers i ty of Ch i cago 

Chi cago , I l l i nois  60637 U . S . A. 

Recent res u l ts are presented for p f on i nduced µ-pai rs with masses 
above 4 GeV. The data show many of the general features predicted by the 
Drel l -Yan quark-anti quark anni h i l ati on model . The PT dependence of the 
data is di s cussed and compared wi th that for proton i nduced pai rs at a 
s i mi l ar i nc i dent energy. The Feynman-x dependence of p i nduced J/� ' s  i s  
presented and found to be s i mi l ar to p-i nduced events . 

I wi l l  not try to summarize the work of other Fermi l ab experiments 
i n  thi s fiel � .  because Professor Lederman is here to describe the work of 
h i s  own gr� •P · I wi l l  concentrate on new resul ts of the Chi cago-Pri nceton 
col l aboration whi ch j ust fi ni shed a data-taking run in January .  Previ ous 
studi es by thi s group have deal t wi th µ-pa i r  production by protons and 
pi ons for masses up to about 4 Gev. 1 J  Al l studi es have used the Chi cago 
Cycl otron Spectrometer l ocated i n  Fermi l ab ' s  Muon Laboratory .  Th i s  device 
offers rather broad acceptance in the Feynman-x ( XF ) PT and mass of the 
pai r.  The sen s i ti vfty of the measurements i s  l imi ted pri mari l y  by the 
avai l ab l e  beam fl ux whi ch was - 1 06/pul se in earl ier studi es . 

I n  our most recent experiment we have substanti al l y  i mproved the 
sensi t i v i ty of the measurements . A beam fl ux of over 1 07 �-/pulse was 
ava i l abl e and several steps were taken to enhance the acceptance and re­
duce deadtime l osses . The fi nal sens i ti v i ty of thi s  run i s  about thi rty 
t i mes our previ ously publ i s hed work at the same i nc i dent ene rgy of 225 GeV. 
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Fi gure 1 shows a p l an view of the detector.  Four threshol d  Cerenkov 
detectors were used i n  the beam to i dent i fy the i nc i dent parti c le  type . 
Targets of carbon , copper,  and tungsten were used for various parts of 
the experiment as I wi l l  indi cate l ater. An i mportant i mprovement for 
th i s  run was i n  the mul tiwi re proporti onal chambers l ocated j us t  upstream 
of the magnet .  The transverse s i ze of the chambers was doub led ,  compared 
to earl ier  work to enhance the effi c i ency at  smal l val ues of Feynman-x .  
We  were fortunate to  be  ab l e  to  borrow the MWPC ' s  wh i ch the  CERN­
Hei de l berg group used for thei r K-decay studies at CERN . These were added 
to the detector and performed fl awl ess ly .  In total there were three X 
measurements , three Y measurements and a U and V measurement (45 ° )  on each 
track upstream of the magnet .  

The s pectrometer magnet was  operated to  y i ve a transverse momentum 
k ick  of about 1 GeV/c .  Th i s  fi gure i s  wel l be l ow the maximum atta i nable  
and was chosen to retai n  good acceptance for l ow momentum muons wh i ch 
arise from ei ther l ow XF pai rs or very asymmetri c decays of the µ-pai r 
system. 

Downstream of the magnet twel ve spark chamber pl anes measured the 
trajectories . 

The tri gger requi red exactly one partic le  i n  the beam,  unaccompanied 
by any halo parti cl e .  Hodoscopes pl anes J and F were used to constra i n  
the mass o f  the pai r  and hodoscope P was used t o  confi rm the presence o f  
at l east two muons i n  the fi nal state . A speci al ly  bui l t  di gital l og ic  
system used the counter i n formation from the J and  F p l anes , together w i th 
the assumpti on that the pai r ori gi nated i n  the target,  to est i mate the 
effect i ve mass of the pa i r .  Th i s  cal cul ation was done i n  - 150 ns . and an 
arb itrary m i n i mum mass requi rement coul d  be i mposed on the data wi thout 
addi ng to the memory time of the spark chambers . The pa i r-mass ,  esti mated 
i n  th i s  way, was recorded wi th every event to permit  off- l i ne check i ng of 
the hardware for proper operat ion .  I n  addi t ion ,  once every few hours , the 
data acqui s i ti on computer wou l d  test the mass-l og ic  hardware by s ucces­
s i vely sett i ng a l l  pos s i b l e  hodoscope combi nations and reading  back the 
resu l t .  Th i s  · novel , but potent ia l ly dangerous , mass-l ogi c hardware per­
formed wi thout i nc i dent . 
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The acceptance of the detector i s  a functi on of M, X F, PT and the 
decay angl es of the pai r .  Fi gure 2 shows three projections of the 
acceptance funct i on cal cul ated by Monte Carl o methods . The cal cul ati on 
assumes an i sotropi c decay angu l a r  d istri bution for the µ-pai r  system i n  
i ts own rest frame. The absol ute acceptance i s  l arge and fai rl y  smooth 
as i s  requ i red to study production and decay characteristics of the pai rs .  

Fi gure 3 shows the mass spectrum of events produced by a n- beam on 
a variety of targets . I n  th i s  p l ot the data are uncorrected for accep­
tance to permi t a l ook at the raw data . The s i gnal from l i ke-s i gn pai rs 
i s  a l s o  shown . It rema i ns sma l l even after one corrects for the di ffer­
ence i n  detecti on effi ciencies for l i ke-s i gn compared to opposi te-s i gn 
pai rs . We concl ude that n and K decay produce a negl i g i b l e  background i n  
the data.  One shoul d note that these data cover j ust the same range of 
M2/s as  the Col umbi a ,  Fermi l ab ,  Stony B rook data wi th i nc ident 400 GeV 
protons . 2] In  the l atter case IS = 2 7 . 4  GeV whi l e  in our case IS = 20. 6 . 
It i s  remarkab l e  to see hadron i nduced events where hal f the ava i l ab l e  CM 
energy i s  consumed i n  the creati on of a µ-pai r. The mass spectrum shows 
no concl us i ve evi dence for an enhancement at 9 . 5  GeV as has been seen i n  
the CFS experiment . We woul d  probably not be sens i ti ve to a n  enhancement 
i f  the resonance to conti nuum l evel s  were as smal l as the 1 to 1 of the 
CFS measurement wi th i nc i dent protons . 

Fi gure 4 g i ves the effi ciency corrected mass  spectrum. It i s  
i nteresting  to compare the p ion i nduced conti nuum cross secti on w ith the 
proton i nduced cross secti on of the CFS group. 2] For 1 0 < M <1 1 GeV we µµ 
fi nd ( dcr/dM)n/ ( dcr/dM) P-330 .  To make thi s  compari son we have sca l ed the 
CFS data from 400 GeV to 225 GeV usi ng  the hypothes i s  that dcr/dM = 
M- 3f( M2/s ) .  I n  addi ti on the data are i ntegrated over a l l  XF>O us i ng for 
the proton data the Feynman-x d istribution we measure at M=4 GeV .  Our 
own proton i nduced data do not extend to these h i gh masses s i mply because 
the cross secti on i s  so  l ow .  

A very l arge ratio for the p ion i nduced cross secti on compared wi th 
proton i nduced i s  expected i n  producti on mode l s  i n  whi ch the µ-pa i r  i s  
produced through the ann i h i l at i on of a quark and antiquark from the 
i nteractin g  hadrons ( Drel l -Yan mechani sm) . 
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The shape of the conti nuum mass spectrum i s  wel l represented by 
do/dM o: e -o . 97M, Thi.s agrees wel l  w i th the Gol iath experiment at the SPS 
which obtains an exponent of 0 . 88±0. 1 5  at an i nci dent pi on energy of 1 50 
GeV. 3] If the CFS proton i.!lduced spectrum i s  scal ed to 225 GeV i ncident 
energy, the exponent is found to be 1 . 3 .  

Cons i der next the XF and PT dependence of the �- i nduced pai rs . 
Fi gure 5 shows the XF dependence of the data for di fferent mass i nterval s .  
The l owest i nterval i s  for J/w production and the hi gher i nterval s 
correspond to continuum producti on . The data show the stri king effect 
that as the µ-pai r mass becomes l arge the XF spectrum becomes progress i ve­
ly fl atte r .  I t  shoul d be poi nted o u t  that the defi ni ti on of XF used for 

* 
Fi g .  5 takes i nto �ccount the reducti on of Pmax due to the creation of a 

. * 
mass i ve pai r i n  the final s tate . For exampl e ,  at Mµµ= 8 . 5  GeV,  Pmax = 

0 . 8 3..'S/2 . 

Figure 6 shows the mean transverse momentum of the pai rs versus the 
pai r mass . Some of our ol d data at l ower masses are s hown for compari son . 
The mean PT i s  seen to rise with mass unt i l  it reaches a pl ateau val ue of 
about 1 . 2 GeV/c for masses above 4 GeV/c. The data are i ntegrated over 
all XF>O . Al so shown for compari son i n  Fi g .  6 are <Pr> val ues for proton 
i n duced pai rs at an i nc i dent beam energy of 200 GeV� ] These data a l so 
show the pl ateau effect for masses above 4 GeV but the l evel of the 
pl ateau i s  about 200 MeV l ower than seen for pion i nduced pai rs . These 
proton i nduced data are for XF=O . 

To see i f  the di fferent pl ateau hei ghts cou l d  be associ ated with an 
XF dependence of <Pr> we show in Fi g .  7 <Pr> for vari ous ranges of X F and 
Mµµ' W i th a sens i ti v i ty of about 1 00 MeV/ c ,  no vari ation of <Pr> is seen 
as a function of mass or X F. The errors shown in many <Pr> pl ots are 
determi ned by systemati c consi derati ons rather than statistical ones . As 
our d�ta analys i s  advances we expect that the error bars can be reduced . 

The data taken w i th a negative beam has g i ven us a samp l e  of p 
i nduced J/w ' s .  Figure 8 s hows the mass di stri buti on of p i n duced events 
wi th Mµµ>2 GeV .  ThPre are about 1 00 J/w ' s  in thi s  sampl e .  The XF depen­
dence of these J/w events ( 2 . 5  < Mµµ < 3 . 5  GeV)  is shown in Fi g .  9 . The 
curves show the XF dependence of �- and p i nduced J/w ' s  for compari son . 



Fi gure 5 .  

0 .2 .4 , 6  . 8  1 .0 
X F 

Feynman-x distri buti ons for di fferent µ-pai r mass 
i n terval s .  The rel at i ve norma l i zati on of data from 
di fferent mass i n terva l s  i s  arbi trary i n  thi s  p l o t .  
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The observed di stri b ution from p ' s  more cl osely resemb l es the proton 
i nduced shape . 

An i mportant goal of our experiment has been the comparison of TI+ 
and TI- production of µ-pa i rs from an i soscal ar  target.  The i s s ue i s  
whether the pai rs a re produced through a strong o r  el ectromagneti c 
process .  Us ing  a carbon target we compare the cross secti on 
o(TI++C+µ+µ-+ . . .  ) wi th o(TI-+C+µ+µ-+ . . .  ) .  S i nce the reactions are charge 
symmetri c the cross secti ons shou l d  be i dent i cal if the pai rs have a 
strong i nteraction ori g i n .  O n  the other hand, a n  el ectromagneti c ori g in  
coul d l ead to  a viol ati on of charge symmetry and  unequal cross sect i on s .  
One speci fi c el ectromagnetic mode l i s  the Drel l -Yan model or vari ations 
thereof. I n  th i s  pi cture a quark from one of the i nteracti ng hadrons 
anni h i l ates wi th an antiquark of the same fl avor and col or in the second.  
The di fferent ia l  cross section i s  g iven as , 

where the sum i s  over quark fl avors , the f ' s  are the quark di stri bution 
functions in the target (T )  or projecti l e  (P)  hadron , and 

a re the Feynman-x ' s  for the ann i h i l at i ng quarks in the target and projec­
ti l e .  I n  wri t ing th i s  expres s i on ,  transverse momenta have been negl ected. 
Thei r i nc l us i on wou l d  b l ur the rel at ions h i p  between XT , Xp and XF , Mµµ i n  
certain  ki nemati c regi ons . 

Both the project i l e  p ion and target n uc l eon conta i n  antiquarks i n  the 
qq sea at l ow X. For XT and Xp l arge however val ence quarks and antiquarks 
dominate the l epton pai r  producti on .  I n  th is  case the onl y  anti quark i s  
that of the i n c i dent p ion ; name ly ,  a u i n  the case o f  a TI- o r  a Cf i n  the 
case of the TI+ . S i nce the target is carbon i t  conta ins  equal numbers of 
u and d quarks . S i nce u ( X) for the proton i s  equal to d ( X )  for the neutron 
the target is exactly symmetri c in both number and momentum d i stributi ons 
for u and d quarks . Hence ,  changi ng from a TI+ to a TI- beam the only 
change in the production cross section wri tten above is charge of the 
anni h i l at i n g  quark . S i nce the charge of u is ( -2/3) and the charge of Cf 



1 . 0 - - - - - ·  - - - - - - - - - - - - - - - - - - - -

0 . 5 · - t 
2 3 4 5 6 7 

Mµ.µ. (GeV/c2 )  
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i s  1 /3 the ratio cr(rr++C+µ+µ-+ . . .  )/cr(rr-+C+µ+µ-+ . . .  ) s hou l d  be ( l /3) 2/ ( -2/3) 2  
= 1 /4 .  I f ,  however,  the ki nematic reg ion a l l ows the sea  quarks to  contri b­
ute to  the producti on the ratio wi l l  be c l oser to  1 .  S i nce for XF=O, 
XT=Xp=Mµµ/15 we expect that at l arge val ues of Mµµ the cross section ratio 
shoul d approach 1 /4 .  

Fi gure 1 0  shows the observed cross secti on ratio a s  a function of 
mass .  At M=3 . l  GeV the cross secti on is dominated by J/w producti on . Our 
previ ous measurements have shown the cross section rat i o  for J/w production 
is cl ose to unity i ndi cati ng a strong i nteraction mechan i sm for J/w pro­
duction . The data of Fi g .  1 0  a re norma l i zed to un ity at Mµµ= 3 . 1  GeV to 
avoid  norma l i zati on uncertainties at th i s  early stage of analys i s .  The 
res u l ti ng ratio departs from uni ty for Mµµ>3 . l  GeV and appears to approach 
1 /4  as predi cted by the quark-antiquark anni hi l ation mode l . The exact 
approach to 1 /4 depends on the quark d i stri bution functions for the p ion 
and nucl eon . 

In concl us i on ,  we have seen that many features of the data are con­
s i s tent wi th quark-antiquark ann i h i l ation as the source of µ-pai rs with 
Mµµ>4 GeV.  The l a rge ratio for cr( rr-+N+µ+µ-+ . . .  )/cr(p+N+µ+µ-+ . . .  ) at h i gh 
mas s , and the ratio cr{rr++C+µ+µ-+ . . •  } /cr(rr-+C+µ+µ-+ . . .  ) approach i ng 1 /4 are 
two stri k ing general features of the data which are predi cted by the model . 
Another i mportant test i s  the hel i a i ty angu l ar d i stribution for one of the 
muons in the µ-pai r rest frame . Thi s  shou l d be l +cos62 i f  the pa ir  arises 
from the ann i h i l ation of two spi n-1 /2 fermions . Our detector i s  very wel l 
s u i ted for thi s  test and analys i s  i s  now underway . 

Once the quark-anti quark anni h i l ati on mechanism  i s  accepted as the 
domi nant source of hi gh mas s  l epton-pai rs the data can be used to extract 
the p ion ' s  quark di stribution function wh ich  so far, has been onl y  guessed 
at.  Agai n ,  our present data are wel l s u i ted to deduce th i s  functi on . 

We hope to report on these addi tional  measurements i n  the next few 
months .  
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L EP TON PAIR PRODUCTION AND INCLUSIVE n ° PRODUCTION AT 

LARGE TRANSVERSE MOMENTA EXPERIMENTAL RESULTS 

J. TEIGER 

SUMMARY 

DPhPE , Centre d 1 Etudes Nucleaires de Saclay , 
BP 2 ,  91 1 90 Gi£-sur-YVette., France . 

Results on the process pp � e+e- + anything are presented at two 
different !SR energies IS = 53 GeV and IS = 6 3  GeV for masses above 
1 .4 GeV/c2 . The el ectron pairs are detected at lar ge angle with 
respect to the ini ti al proton direction in the center of mass of the 
reaction .  We give also result s  on a measurement of inclusive n ° 
production ,  B � 90 ° from pp collisions at the CERN-I SR .  

RESUME 

Les resultats de la r eaction pp � e+e- + X sont donnes aux 
deux energies des !SR � = 5 3  GeV et .fS = 6 3  GeV pour des masses 
superieures a 1 , 4 GeV/c 2 . Les paires d 1 electrons sont detectees a 
grand angle par rapport a la direction des protons incidents dans 
le centre de mass e  de la reaction . On donne auss i  des resultats de 
la production inclusive des n ° , e � 90 ° dans les collisions pp 
aux anneaux de stockage du CERN . 
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- Introduction 

a )  We report first on mec. suremer.t of i nclu sive �0 production at 
C .M .  energies of 5 3 and 6 3 GeV , e -v 90 °  from p-p col l i sion s  at the 
CERN - ISR . The data are g iven in the range 0 . 2 < XT < 0 .45 , or in the 
range 5 .2 5  < PT ( GeV/c ) < 1 6 . 3 9 .  

b )  Re sul t s  on the process pp -> E: .,.. e- + anything are pre ser.ted al so 
at two different ISR energies /S = 5 3 and 6 3 GeV . The el ectron pairs 
are detected at l arge angle with respect to the in i t ial proton direc­
t ion in the center of mass of the reac t ion . The experimental problem 
is to rej ec t  the very l arge background due to pion product i o n  and 
to provide an arrangement sel ect ing el ectron pairs at the data t aking 
l e·vel with good accept:ance for l OV.' inva:r·iant masses . The hadron 
re j ect ion to a l evel of 1 06 to 1 08 is obtained by a comb ination of 
an air f i l l ed Cerenkov courc.ter and l ead gl a s s  detectors . C onvert ed 
gamma ray s  and D al it z  pairs are el iminated by pul se height measure­
ment . 

2 - �atus 

The detector , shown in f i g . 1 ,  is a bi-spectrometer l ocated on 
each s ide of the ISR interact i on region I7 ; the design is opt im i zed 
for highly sel ect ive electron identification. Each arm spectrometer 
covers a sol i d  angl e of the order of 0 . 6 Sr around e = 90° . It is 
composed of 

- A magnet for momentum measurement of chars·ed part icles 

A l ead gl a s s  Cerenkov array which i s  used t o  detect 
.el ectrons and to mea sure. their energies wi th LIE/E "' 1 2  % *) • 

A twelve cell Cerenkov counter filled wi th air at 
atmospheric pre ssure is embedded in the gap of the analy ziDg magnet 
( Thre shol d for pions is 5 . 6 GeV/c ) .  

- six pl anes of drift chambers on each side of the magnet 
( prec i sion -v o.2mm ) . 

- Three s e t s  of scintill a t ors hodoscopes A .E .F .  

3 - Resul t s  on inclusive n° product ion 1 )  

The invariant cross sect ions are averaged over· a rap idity interval 
of ± 0. 6  uni t . By combining the effects of various ur1cert ainties 
*The heavy part icles de tected are in rest in the crv: , therefore the 

mean momer.tum is of the order of !! "' 1 .5 GeV/c . 
2 
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( luminosities , trigger correction s ,  etc • • •  ) ,  we evaluate a gl obal 
uncertainty of ..:!: 1 7 % on the ab sol u t e  normal i zation . Invariant cross 
sections are displayed i n  fig . 2 versus � = 2PT/ IS .  In thi s 
repre sentat ion they are expected to exh ibit the same dependence 
upon XT at different values of IS the rel ation 

d3 cr E -3- "'  p;n f ( XT ,8 )  
dp 

i s  val id , and their rel ative normal i z at ion provides a direct mea sure 
of n .  In the range 5 <  PT < 1 5 GeV ( in contra st to previous measurements 
at I SR where PT inferior ) 

we find 

with x2 of 1 7 for 1 7 degrees of freedom . While A and m are s trongly 
correlated pararr.eters , n is defined without ambiguity from the rat io 
of the cros s  sect ions measured at both values of IS * ) . 

. d . 2 )  4 - Electron pairs pro uction 

a ) ����2�-��j��!�2� 
The air Cerenkov counter gives a rej ection factor of 1 03 

S imul taneous measurement of the charged part i c l e  
momentum in the magnet and charged part icl e energy in the l ead gl a s s ,  
the rej ect ion f a ctor i s  1 02 by comparing P and E 

- Another rej ect ion factor with the pul se height in the F 
counter h odoscope : 8 5 % of the el ectrons shower in the 2 cm of iron 
in front of thi s counter . 

- Before the magnet , the two electrons of a converted 
gamma ray are very close t ogether . Hence , the pul se height in the A 
counters i s  equivalent to more than 1 . 5  minimum ionising p art icl e .  

- No other h i t  in the front drift chambers i s  in l es s  than 
± 1  cm of the reconstruct ed electron tra c k .  

*When compared t o  t h e  Fermil ab data 3 ) on charged pion in the same range of XT ( n� 8 . 2  to 8 . 5 , m �  9 . 0  to 9 . 9) , this resul t indicates a dec�e�se of n ,  the _ ){,,, dependence not being significantly affected . A similar ob servat ion had abready been made in a l ower XT region at the highe st I SR energies . In the interval o .2 < ){,,, < O .4 the ratio between the average 400 GeV charged pion cros s  sections and the n�esent data corresponds t o n =  7 . 3±0 . 6 .  
86 



j 
0.1 0.2 0.3 0.4 0.5 0.6 

Figure 2 

87 



5 - D a t a  reduc t ion 

An el ectron is def ined a s  a fully reconstructed track with a n  

associated h i t  i n  a Cerenkov ce l l , The e l ect ron energy i s  def ined 

as the energy dep o s i t ed in t he bl ock hit plu s all the adj acent one s . 
With these minimal requirerr.ent s an e l e c tron pair spectrum u s i n g  the 

m omentum or the energy i n  the l e ad g l a s s  shows a cl ear J/1)! signa l . 

( F i g ,  3 a , b )  

The two e l e ctrons are t aken i n  opp o s i t e  arm of the spectrome t er . 

F i g . 3 represent s oppos i t e  e+e- pairs as wel l  as ( e +e+ + e-e- ) pairs 

of same s i gn , this is the bac kground of the data . I n  f ig , 4 ,  we 

repre sent the same dat a but with s tronger cut s , we require : 

- The pul s e  hei ght in the A counters i s  equivalent to l e s s  

than 1 , 5  m inimum i o n i s ing part i c l e  t o  avo id D al i t z  pairs and 't ray 

conver s i ons . 

- No other h i t  in the front dri f t  chambers i s  in l e s s  than 

±. 1 cm of the reconstructed e l ectron track ( s ame purpose than above ) 

- No other track t han the e l ectron i s  in the same Cerenkov 

cell . 

- We require tha t the quant i ty -2 < P-E < 2 
P +E 

- The F counter pul s e  height i s  imp o sed to be above 1 ,4 of 

a minimum ionising part i c l e  ( a  shower h a s  started) 

- I n  conclu s i on , we get a cl ean sampl e  of e+e- pairs with 

l e s s  than 1 0  % background . 

6 - Cro s s  s e c t i on 

EvE: nt s in the m a s s  range 2 . 5  - 3 . 4 GeV are cons idered as J/ ijJ ' s ,  
T o  obtain the cro s s  s e c t i o n  a s  a func t i o n  of PT , the acceptance 

6 y  6cji of our apparatus (y ra p i dity , ¢ a z imuthal angl e )  is cal culated 

by Monte C arl o t echn ic s .  

The invariant cro s s  s e c t i ons shown i n  f i g . 5 are f i t t e d  t o  the set 
of f ormul a e  [T ab l e  1] : 
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"' w 

vs 

dG/dy l y=O 

Ae 
-BpT 

-Bp2 
Ae T 

Ae -
B(mT-ml/') 

30 .6 GeV 

( 6 . 5 8.:!:1 .76 ) 1 0-33 

52 .7  GeV 

( 1  .096.:t0 .041 ) 1 0-
32 

A B 

( 3 .53.:!:0 .23 ) 1 0-33 1 .27.:t0 .06 

( 1 . 99.:!:o . 1 1 ) 1 0-33 0 .52.:!:0 . 04 

( 2 .06.:!:0 . 1 1 ) 1 0-
33 3 .57.:!:o .25 

Table I 

0 .62 .4 GeV 

( 1 .02.:!:0 .07 ) 1 0-3 2 

x 2 2 
A B ;t 

42/1 2 ( 3 .49.:!:0 .35 ) 1 0-33 1 . 32.:!:o . 1  1 3/1 1 

46/1 2 ( 2 . 1 6.:t0 .20) 1 0-33 0 . 58.:t0 . 8  8/1 1 

44/1 2 ( 2 .22.:!:0 .20) 1 0-33 3 . 94.:!:o .50  9/1 1  



In fig . 6 we represent the cro ss section B � I y =O for the J/ 1/! 

at three C .M .  energ ies .fS =  3 0 . 6 , 52 . 7 ,  6 2 .4 GeV , The se resul t s  
t ogether with other resul t s  4)  are plotted o n  the exc i t at i on curve 
at ISR energ ies , a pl ateau h a s  been reached . 

7 - Cont inuum cross section 

For mc.sses bel ow 2 . 5  GeV i t  i s  necessary to apply the t ight 
selection criteri a .  F or masses above 2 .5 GeV , i t  was a lready 
pointed out that it was not necessary . fig . 7 rerresent s the cros s  

. d2o 
I section a:M--ay y=O for two ISR averaged energies ( 5 3 , 6 3 GeV ) as 

a funct i on of the e+e- mass . 

The 1jJ and 1/! ' decay and the cont inuum contri bute to the cro ss 
sect ion . T o extract the l at ter , the 1jJ and 1/! '  sha pe i s  cal cul ated 
by t aking into account the cilamber resolution , the mul t i pl e  
scc:t tering and t;  e bremstrahlung o f  the electron in the I S R  vacuum 
pipe and in the A cour_ters . The el ectron pair spectrum i s  wri t ten 
a s  : �I 

dM dy jy=O 
A + c 1/! ( M )  + D 1/! I ( M )  

MN 

where 1/! ( M ) , 1/! ' ( M )  i s  the 1/! ( 1/! ' )  shape norm al i zed t o  one , 

/ 1/! ( M ) dM = 1 , f 1/! ' (M ) dM = 1  

C c: nd D are in fact B � I y=O cro ss sect ion for 1jJ a nd 1jJ ' 

The fit is shown in fig . 7 

A ( 1 0  :!:.3 . 6 )  x 1 o-32 cm2 

N ( 5 .2±0 . 54 ) 

c ( 1 . 1 :!:. 0 . 04 ) x 1 o-32 cm2 

D ( 0 . 02 1 ± o . 006 ) x 1 o-32 cm2 

From these value s , the ratio of 1/! ' t o  1/! production t imes their 
bra nching ratio is ( 1 . 9:!:.0 . 6 )  x 1 0-2 • 

8 - C ompar i son with other experiments 

We have plotted M3 .; versus the scal ing vari abl e  S/M2 ( fi g .a ) . 
The sol id l ine i s  the Drell Yan model cal cul ation u sing the quark 
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s t ru c ture func t i on 0 . 1 5 ( 1 -x ) 7 S) , Our d a t a  are one order of 
magnitude above the curve of the D r e l l  Yan cal cul a t i on , Let u s  
s t r e s s  t hat t h e  expe1°iment al point s L il l ow a ger"eral smooth t rend 
which n everthel e s s  d i f f e r s  from t he above D r e l l  Yan c orr.pu t a t i on 
whi ch was m a t cl':: ed t o  t h e  l ower energy p o i n t s ,  

9 - Upper l im i t  o n  t he T cro s s  s e c t i o n 

In t h i s  experiment , no event wi t h  e � e c tron p a i r  m a s s  a b ove 6 GeV 
ha s been ob s erved , The t o t a l  i n t e gr a t e c  lwnino s i ty is 1 . 5 x 1 03 7  cm2 

and with the accept ance of the appara t u s  it f o l l ows that t o  90 % 
conf i d ence l evel , the c r o s s  s e c t i o n : 

d u  / ( 0 4 )  2 0 x 1 o-3 6 cm2 
ay y=O ':! · < 

The incr e a s e  of cro s s  s e c t i on b e tween FNA L energy {S = 2 7  GeV and 
ISR energy IS = 5 3  GeV i s  l e s s  than 1 1 0 , 
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ABSTRACT 

we report result* on+an exper�ment designe d  to measure muon pair 
produc tion by 3 9 . 5 GeV/c 11- , K- , p and p beam parti cles incident on a 
copper target using the CERN Omega spectrometer . 

For inc ident 11
-

, the data extend up to M � 5 . 7  GeV/c
2

( L  e M
2

/s � 0 . 4 )  
The resulting scaling cross section M3 dG/dM i s  much flatter than for p-N 
reactions and exceeds the latter by two or three orders o f  magnit�de at 
M2/ s  � 0 . 3  . The p/11- cro ss section ratio i s  around unity . The 11 /11- ratio 
tends to 1 /4 at high values of M2 / s .  

RESUME 

Nous pre sen tons ici l e s  ri2sult-.ats de l ' e§tude de la production 
de paires de muons par interaction de 11± , K± , p et p de 3 9 . 5  GeV/c avec 
une cible de cuivre . Cette experi ence a Ete rEalisEe au CERN avec le s�ec­
tr�metre omega . Le s don::ees s ' Ete ndent j usqu 1 a  une masse M = 5 . 7  GeV/c 
(M /s rv 0 . 4 )  pour les 'IT incidents . La section e fficace O.e " sc aling " 

M3 dG/dM varie beaucoup mains rapidement que celle de s intera�tions p-N 
et depasse celle-ci de deux a trois ordres de grandeur pour M / s  � 0 . 3  
L� r�pport des sections e fficaces p/11- e s t  de l ' ordre de l ' u�ite ; celui de 
11 /11 tend vers une valeur 1 /4 pour les grandes valeurs de M /s . 
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PRODUCTION OF MUON PAIRS IN THE CONTINUUM REGION BY 
+ + -

3 9 . 5  GeV/c n -
' K- , p and p BEAMS INCIDENT ON A COPPER TARGET . 

I NTRODUCTION. 

The aim of the experiment was to study the J/1jJ and the dimuon 

conti nuum production by the six different beam partic l e s .  

Results o n  the J/1/J production have a l ready been publ ished [ 1 ] 

We have seen no extra muon in association with the J/1jJ . Here we report 

on the production of dimuons in the continuum mass region. 

EXPERIMENTAL FEATURES . 

Negative and positive unseparated beams with 3 9 . 5  GeV/c momentum 

from the CERN SPS were incident on a copper target located in the Omega 

spectromete r .  The beam composition was : 

negative beam : n ( 9 3 . 9%)  

positive beam 1T+ ( 7 2 . 2% )  

K ( 3  . 4 % )  
+ 

K ( 3 .  7 % )  

p ( 2 . 7 % )  

p ( 24 . 1 % ) . 

The layout ( F ig . 1 )  has already been described in ref . 1 ;  it was 

des igned to detect muon pairs with high 

above 0 . 0  . Only muon pairs with mass M 

dered in this study; the data extend up 

for incident 1T 

efficiency for Feynman x - values 
2 F 

greater than 1 . 5 GeV/c were consi-

to M = 5 . 7  GeV/c2 ( i . e .  M2/s � 0 . 4 )  

100 
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The criteria for event selection are described in re f . ! ,  but for 

the study of the continuum, we added a further requirement : the demand that 

both muons were in time with the triggering beam particle . This cut does not 

decrease the �-signal but reduces the amount of like sign muon pairs to a 

sma l l  fraction o f µ
+

µ
-

pairs , namely 3 %  around M = 1 . 7  GeV/c
2 

and less 

than 1% above 2 . 7  GeV/c
2

. 

The effect of secondary interactions is more serious and has been 

studied by a Monte-Carlo program 

�-region and is negligible above 

this e ffect averages 1 5 %  below the 

it is assigned a 50% relative error and 

is subtracted in the fol lowing results . 

The good knowledge of longitudinal posi tion of the interaction 

point (± 2 cm) leads to a mass resolution of about 1 5 %  ( FWHM o f  the � 

� 450 MeV/c
2

) in spite of the large multiple scattering in the copper absor­

ber . 

The number of dimuon events is given in table 1 ,  corre sponding to 

a number of incident particles on the target of 4 . 0  x 1 0
1 0  

and 1 . 7  x 1 0
1 0  

for negative and positive beam respectively. 

TABLE 1 : Number o f  dimuons for various mass interva ls (x
F 

> O): unweighted 
+ - + -

µ µ , ( weighted µ µ  number ) , (unweighted like sign µµ number) . 

Incident 
particle 

- + - + -
11 11 K K p p 

8 7 7  1 9 1  3 3  8 2 7  28 
1 . 5  < M < 2 . 7  ( 3 795 ) ( 78 4 )  ( 90) ( 40) ( 90) ( 1 02) - (3 3] [8] (o] (o] (o] (2 ] 

70 8 2 2 
M > ' 3 . 5  ( 1  7 1 )  ( 1 6 ) ( 4 )  0 ( 5 )  0 [1] [o] [o] [o] 

770 1 79 2 2  6 1 9  8 
2 . 7  < M < 3 . 5  ( 1 920) ( 450) ( 5 5 )  ( 2 2 )  ( 5 2 )  

I 
( 2 5 )  - (2] [o] [o] (o] (o] [o] (�) 

Positive/Negative Beam � . 3 5  
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RESULTS 

Fig . 2  shows the dif ferential cross-section per copper nucleus 

dO/dM as a function of the dimuon ma s s ,  for each type of beam particle and 

for x > 0 (a 20% normal ization error i s  not included in the e
'
rror} . The 

F -
principal features are that within our errors the cross-sections are simi-

lar for TI
+ 

and TI
-

, and for K
+ 

and K but are different for p and p. The 

differential cross-section for TI 

a) o TI 

1 00 
Ul 0 l>l ....i u 0 z 
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fal l s  approximately as exp ( - 1 3  M\j� } .  

FIG. 2 

b) K 

2 3 4 

GeV/C2 

2 3 

p 

p 

t 
T 

4 5 

F ig . 3  shows several cross- sections relative to the n - induced 

cross section. The decrease of the TI
+

/ - ratio from � 0. 8 at small mass TI 
(M < 2 .  GeV/c

2 
to � 0 . 2 5  at high mass has already been noticed [ 2] and 

follows the trend expected from the Drell -Yan mechanism; the 9/TI ratio has 

large errors but is neverthe less compatible with one , which implies that 

the numer ical inferiority of antiquarks in TI with respect to the P is com-
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pensated by their flatter x-distribution ; the p/TI ratio is very low 

and seems to decrease as the mass increases (in p-N interactions , the 

antiquarks have to come from the sea and have low x) • 

z 0 
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� J . 50 
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� 1 . 25 
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� I . 
u . 75 

. so 
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FIG. 3 
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FIG. 4 

a) I • 9 <f: M < 2 .  7 

TI 

b) 3 . 5  <M < 5 . 7  

t+ + +TI + +  
. 2  • 6 . s 

The xF-distribution is given for TI and TI in the mass interval 
1 . 9  < M < 2 .  7 GeV/c2 and for JT- only above 3 . 5  GeV/c2 , in Fig . 4  

Error bars are large but we can observe that the main differences occur 

for xF � 0 . 3  . 
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In figure 5 our results for n and proton are plotted in terms of 
3 do 2 the scaling variable M dM 

_
versus M / s .  Also shown are previous n 

results which extend only up to M2/s ;;:: 0 . 04 ,  and proton data obtained at 

3NL [ 3 ] and FNAL [ 4 ] . 

The ratio rr-/p increases with M2/s and becomes about 100 at 

M2 /s ; o. 3 if n are compared to the reanalysed BNL data ( {-
s ;;:: 7 GeV) 

and about 1 000 if compared to the FNAL data (� f::: 28 GeV) . 
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CONCLUS IONS 

We can summarise our results as follows 

the ratio of the TI - to the p - induced cross section changes from 

about unity at small M
2

/ s  to 1 0
2 

- 1 0
3 

at M
2

/s � . 3  

secondly the ratio o f  the p to TI induced cross sections i s  around 

unity. 

thirdly,  the TI
+

/TI
-

ratio tends at high M
2

/s towards the value 1 / 4 .  

These three observations are in agreement with the expectations o f  the 

Drell-Yan mechanism . 

This experiment will be repeated with improved statistics in 

Summer 78 . 
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ABSTRACT 

The production at large transverse momentum of low mass electron pairs 
was inves tigated at the CERN Intersecting Storage Rings using lithium/xenon 
transition radiation detectors and liquid argon calorimeters . Production 
of the vector mesons p0 , w0 , and ¢ was observed with cross-sections con­
sistent with the assumptions that p 0 , w0 , and TIO production are nearly 
equal at large Pt and that ¢ production is suppressed by about an order of 
magnitude relative to p 0 and w0 production. The observed low mass virtual 
photon continuum between masses of 200 and 500 MeV was consistent with 
estimates of Dalitz decays plus predictions of the vector dominance mode l .  
The measured cross-section f o r  virtual photon production enabled a limit of 
(0 . 5±1 . 0) %  to be placed on the ratio o f  direct real photon production to 
TIO production. 

1Permanent address : Nagoya University , Nagoya, Japan 
2Research under the auspices of U . S .  Department of Energy 
3Permanent address : Purdue University , Lafayette , Indiana 4 7907 , USA 
4on leave of absence from the University of Pisa and INFN Sezione di Pisa , 

Italy 
5Permanent address :  University of Tokyo , Tokyo , Japan 
6Now at : Physics Institut e ,  T . H. Aachen , Aachen , Germany 
7Work supported by the National Science Foundation 

107 





MESURES DE LA PRODUCTION DE MESONS VECTORIELS ET DE PHOTONS DIRECTS 
POUR DE GRANDS MOMENTS TRANSVERSES AU CERN ISR 

ABSTRACT 

La production de paires d ' electrons de faible masse pour de grands 
moments transverses a ete etudiee au CERN Intersecting Storage Rings a l '  
aide d e  detecteurs de radiation a transition d e  lithium e t  d e  xenon et a l ' 
aide de calorimetres a argon liquide . La production des mesons vectoriels 
p 0 , w0 , et � a ete observee avec une diffusion en accord avec l ' hypothese 
que les productions de p o ,  WO et TIO , Sont a peu pres egales pour de larges 
valeurs de Pt et que la production de � est reduite d 'a peu pres un ordre 
de .grandeur par rapport aux productions de p0 et w0 Le continuum de 
faible masse de photons virtuels entre les masses de 200 et 300 GeV etait 
en accord avec les estimations des desintegrations de Dalitz et avec les 
predictions du modele du vecteur dominant .  La diffusion mesuree pour la 
production de photons virtuels a permis d' attribuer la limite de (0. 5 ±1 . 0) % 
au rapport de la production directe de photons reels et de la production 
de TI O ,  
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INTRODUCTION 

The central purpose of experiment R806 at the CERN ISR is an investi­

gation of inclusive production of electron-positron pairs . After a brief 

review of the new technique associated with the apparatus , the lower part 

of e+e- invarient mass spectrum is explored . 

1 .  Production o f  vector meson p 0 ,  w and � is reported . The observed cross 

section for p o and w are nearly equal to rr 0  cross sec tion at large pt and 

� production is suppressed by about an order of magnitud e .  

2 .  The expected relation between low mass electron pairs and real photons 

is used to determine the direct hadronic production of photons . The observed 

spectrum is consistent with expectations from the decay of known meson . 

This leads to a limit of ( . 5±1 . ) 1, on the ratio of direct real photon pro­

duction to rr0 production at <IS > = 55 GeV. 

APPARATUS 

The apparatus , composed of four subassemblies known as octants , is 

shown schematically in Fig . la , b .  Each octant covers 45° in azimuth and 

the polar angle interval 45° - 135 ° .  An elec tron emerging from intersect­

ing region and passing through an octant encounters (i) Two low mass PWC ' s  

utilizing charge division readout . These chamber ' s  primary function is 

to provide tracking to the production vertex ; (ii) Two sets of scintilla­

tors . These are used in tracking and provide an important minimum ioniza­

tion selection for electrons ; (iii) Two lithium foil transition radiators 

each followed by a Xe filled PWC with charge division readolltl<r Also used 

for position measurement ,  the PWC pulse height contributes to hadron rej ec­

tion when minimum ionizing electrons are selected ; (iv) The liquid argon 

calorimeter. This device provides position information (o � 5 mm) , electro­

magnetic shower energy measurement (o/E � 12%/IE)  and addit ional hadron 

rej ection , in gddition to its utilization as a basic component of the 

various triggers . The two triggers important to the data under discussion 

require either 

a) local energy deposit (> 1 GeV) characteristic of showers in calor­

imeters of 2 octants (Double  High Trigger) , or 

b) crude track segment correlations formed by the calorimeter hit , 

scintillation counters , and PWC ' s ,  with reduced calorimeter thresholds 

(Double Correlation Trigger) . 

All aspects of octant performance were determined by exposure to elec­

tron and hadron beams at the CERN P . S .  
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Further details regarding the experimental apparatus as well as other 

results not reported here may be found in Reference 1 .  

THE OLD VECTOR MESONS p 0 , w0 , AND ¢ 

The cross sections for the production of the old vector mesons p 0 , 

w0 , and ¢ were determined from event triggers from adj acent octants .  The 

acceptance for this sample was higher than for other octant combinations , 

and the geometrical and trigger efficiency was much less sensitive to 

uncertainties in the trigger thresholds . The integrated luminosity for 

this sample was 9 . 93 x 1036 cm-2 , consisting of 9% running at /S = 30 GeV , 

59% at IS = 52 GeV, and 32% at Is = 62 GeV. 

Backgrounds from charged hadrons were suppressed at the trigger level 

by demanding longitudinal and radial shower development characteristic' of 

elect rons . Residual charged hadrons were eliminated by a requirement on 

the transition radiation signal . Decay photons could cause background by 

converting to electron pairs , or by spatially overlapping with a charged 

track in the detecto r .  These backgrounds were eliminated by strict re­

quirements on pulse height in the scintillator hodoscopes and on geometri­

cal x2 of the track and track-shower fits and by searching the detector 

for another photon which, when combined with an electron candidat e ,  gave 

the �o mas s .  These requirements were made in such a way as to allow the 

stringency of all cuts to be s imultaneously varied , in order to allow 

study of the background contributions to various mass regions . The off­

line requirements chosen for final electron pair identification gave an 

efficiency of 22% for two true electron s .  

Figure 2a shows the electron pair mass distribution after a l l  the re­

quirements were applied . The pealks in the mass spec trum at 775  MeV, 1025 

MeV, and 2 . 95 GeV were associated with the p 0 + w0 + ee, ¢ + ee, and J/w 

+ ee reactions , respectively . The resonance masses and widths were con­

sistent with the known values combined with experimental resolution. Note 
0 that , since opening angles for these pairs are typically about 60 , the pt 

of the observed pairs is approximately equal to their mas s ;  thu s ,  the J/w 

peak corresponds to J/w produced with pt � 3 GeV.  The efficiency of the 

identification requirements was determined from their effect on pairs in 

a sample of J/w events . 

The mass distribution of the background remaining after electron-pair 

identification was assumed to have the same shape as the mass spectrum 

with no identification (not shown) , which was more than 98% background . 
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This shape incorporated the effects of the geometrical and trigger accep­

tance for background and any mild correlations in the background . The 

magnitude of the residual background was determined using two techniques . 

The first method was to leave the magnitude of the background as a free 

parameter when the mass distributions were fit for signal and background . 

The second technique was to first combine an electron candidate from one 

pair with an electron candidate from another pair to create a "fake" pair 

candidate . This recombination was performed for all electron candidates 

in the sample with no identification ; however ,  fake pairs were always 

formed such that the two candidates of the fake pair were in the same 

octants as the candidates of the real pair . In this way , the normalization 

for each octant combination was conserved,  in order t o  maintain some of 

the possible correlations of the real sample . After the pairs were shuf­

fled in this way , the electron-pair identification requirements were ap­

plied . The number of fake pairs which passed the pair-identification re­

quirements was corrected for the presence of real electrons in the sample 

in order to obtain the likelihood o f  a background pair passing the require­

ments .  This likelihood was then used t o  determine the magnitude o f  the 

residual background for that particular level of identification require­

ments .  The magnitude o f  the background determined using this second 

method was approximately 30% lower than that determined by the fit , that 

is , the two methods were consistent within the uncertainties of the f it­

ting procedure . 

The mass distribution of Fig. 2a was fit in the region 400 < mee < 
1150 MeV by two Gaussian peaks of variable magnitude and width, one 

centered at the mean mass ( 7 7 0  MeV) of the p 0 
and w0 and the other centered 

at the mass of the � (1020 MeV ) , plus a background with the shape of the 

sample before identification and with magnitude initially given by the 

procedure described above and then made variable. 

The geometrical and trigger efficiencies for p 0 , w0 , and � produced 

with pt > 1 GeV were determined by the Monte Carlo acceptance program. An 

E-S 
(E2 m2 + p2 ) distribution was assumed to give the p t dependence for T T t 

production of each particl e .  The program also computed the efficiency of 

the. TR requirement ,  since that requirement was not applied in an energy­

independent way . The trigger acceptance in adj acent octants was maximum 

at approximately 1 . 1 GeV . Thus , the � mass was near the peak of the 

acceptanc e ;  whereas the p 0 and w0 masses were on the fairly steep 

threshold for acceptanc e ,  with acceptance approximately half that of the � .  
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The measured cross-sections for P o + 0 w -> ee and ¢ -> ee , computed 

from the weighted average of the two fits (with and without background 

level fixed) were 

B �ilo + B �o� ( 1 . 19 ± 0 . 58) x 10
32 2 

cm p->ee w->ee dy 0 w 

B¢->ee [�i] 
( 2 .  57  1 . 26)  x lo-33 2 

± cm . 

<P 
Based on the branching ratios for p 0 , wo , and ¢ determined in + -e e storage 

rings and assuming equal p 0 and w0 
production cross-sections , the cross­

sections determined for production of p 0 , w 0 , and ¢ were 

�lo ( 1 .  00 ± 0 . 5 1 )  x 10
-28 2 

cm 

[�i]<P ( 8 .  03 ± 3 . 9 7 )  x lo-30 2 
cm . 

These cross-sections give the ratio , in which most of the systematic un­

certainties of the absolute cross-section determination are eliminated , 

of p 0 
production to <P production as 

12 . 4  ± 2 . 9 .  

DIRECT PHOTON PRODUCTION 

Copious production of real photons at high transverse momentum by 

direct ,  hadronic processes has been suggested by theoretical models ( 2) 

and some experimental results . (3)  For example , direct photon production 

at the level of (20 ± 6 ) %  of rr0 production qas been reported for 2 . 8  < Pr 
< 3 . 8  GeV and IS = 45 GeV and 53 GeV at the CERN ISR. The accuracy of such 

measurements of photon production is limited by large subtractions of photons 

f 1To and h d · d 0 b k d f 1 ram ot er meson ecays , an:i-neutron an Ki, ac groun s o poor y 

known magnitude , and sensitivity to the nonlinearity of the energy response 

of the detector . 
<4)  If real photons are produced hadronically, there should 

be a corresponding production of virtual photons which appear as electron 

pairs . For low electron pair masses , probably measured by the scale of m
p

, 

the relationship between real and virtual photons (Eq . 1 below) should be 

accurate, allowing an estimate of photon production while avoiding the 
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above limitations . The measurements are made relative to the production of 

electron pairs from 

energy response are 

p0 ,and w0 decay s .  Detector 

similar for y . 1 + e
+

e
­

virtua 

acceptance , backgrounds , and 

and p0 + w0 + e
+

e
-

samples . 

Moreover ,  direct virtual photons are distinguishable from virtual photons 

from meson decays ( i . e . Dalitz pairs ) by the mass spectrum of the electron 

pairs . In an appropriate mass region subtractions of Dalitz contributions 

from the virtual photon spectrum are smal l .  

For this analysis , electron pairs with invariant masses between 200 and 

500 MeV are used . Below 200 MeV the electron pair spectrum is dominated by 

Dalitz pairs from meson decay s ,  especially from rr
0 

decays at masses below 

the rr
0 

mass .  The p0 + w
0 + e

+
e

-
signal observed with the same trigger 

and electron pair identification verifies the effectiveness of the detection 

and identification procedure and provides a normalization for the data . 

The above mentioned trigger b selected events with two showers each having 

the energy greater than approximately 1 GeV. Two correlated tracks were 

required within the same detector module but separated in azimuth by at 

least SY,0 • For these events,  analog signals from all planes of the detec­

tor modules were recorded for off-line reconstruction of tracks and showers 

and identification of electron pairs . The resolution of the detector al­

lowed showers to be separated down to a minimum separation of about 3° . 
The invariant mass distribution of the observed direct elect ron pairs from 

the same octant is shown in Fig . 2b for pairs with Pr > 2 . 0  GeV. The spec­

trum peaks at the mass of the p0 and w0 , and the width of the peak is con­

sistent with Monte Carlo estimates of the p0 mass width combined with the 

experimental resolution. The mass distribution of Fig. 2b also shows an 

elect ron pair signal at masses below the p 0 and w
0 

This low mass signal, 

however , is smaller than the p0 and w0 signal and lies in a mass region with 

50% more acceptance than at the p0 and , w0 mas s .  There is no significant 

continuum signal at masses larger than the p
0 

and w
0

• 

Studies showed that the level of background suppression in the final 

sample of electron pairs was similar in the low mass region (200 < m
ee < 

500 MeV) and the p0 and w0 mass region (575 < m < 950 MeV ) . Background ee 
contributed at most 10% of the p0 and w0 peak and at most 20% of the low 

mass pair s .  

F o r  ' . O < P r  < 3 . 0  GeV the observed yield of low mass electron pairs 

is shown i� Fig. 3a relative to the number observed in the p 0 and w
0 

region . 

Dalitz pairs from n° + ye
+

e
-

, w0 + rr0e
+

e
-

, and n '  (958) + ye
+

e
-

decays con­

tribute significantly to the observed yield of low mass electron pairs . 
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Assuming that at large Pr (i)  n° production is 55% of n° production (l5) , 

(ii} n ' production is equal to n
° 

production, (iii) w0 production is equal 

to p
0 production, and (iv) all particle production follows an ET-S (Ei 

m
2 + p

T
2

) distribution (6) , the overall Dalitz contribution to the low mass 

spectrum is shown by the continuous line in Fig . 3a . The n° + ye
+

e
-

contri-

bution is the mos t  significant ; however, w0 + n°e
+

e- decays are also impor­

tant at all masses . At masses near 500 MeV n
°

, n ' , and w0 Dalitz contribu-

tions are approximately equal . 

Additional corrections were made for the observed electron pair yields : 

(i)  n ' + ye
+

e
-

contributions in the p 0 + w0 region , (ii) electron pairs from 

the low mass tail of the p 0 which were observed with m < 500 MeV due to 
ee 

finite mass resolution of the detectors , �nd (iii) continuum contributions 

to the p0 and w0 region based on the continuum signal in the low mass region . 

Figure 2b shows the yield of low mass electron pairs in terms of p0 + w0 

+ e
+

e
-

after these corrections . 

The production of electron pairs from virtual photons expected for a 

given level of photon production is 

do (y + ee) 

d\ dm2 = � (__y) 
2nm n° 

where we have assumed � scaling and the invariant n° cross section for 

given q and m
2 

by the relations 
2 2 2 PL = q

L 
and p

T = q
T 

+ m 

(1)  

The ratio of direct photon production to n° production (y /n°
) and has a Pr 

0 2 depender-ce which is between Pr and Pr in most model s .  The Pr dependence is 

not significant for a small Pr interval such as 2 . 0  < p
T 

< 3 . 0  GeV. The 

line in Fig. 3b shows the spectrum, including detector acceptance ,  expected 

for y/n° = 10% in this p
T 

interval .  The curve is seen to lie consistently 

higher than the observed spectrum. For the entire mass region 200 < m
ee 

< 

500 MeV, the expected y + e
+

e-/p0 + w0 + e+e- ratio is 2 . 41 if y/n° 
= 10% ; 

whereas , the observed ratio is 0 . 13 ± 0 . 2 2 ,  where the error includes system­

atic uncertainties . The expected spectrum is also significantly higher 

than the observed spectrum even before Dalitz subtractions . 

Interpreting the observed y + e
+

e-/p0 + w0 + e
+e- ratio in terms of 

direct photon production gives y/n° < ( 0 . 55 ± 0 . 9 2 ) %  for 2 . 0  < PT < 3 . 0  GeV. 

Similar analysis for all p
T 

> 2 . 0  GeV results in slightly smaller y/n° 

limi t's .  If direct photon production falls more s lowly with increasing Pr 
than the n° production, the estimate o f  y/n° would be reduced . The 
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extrapolated y/n° ratio , based on the observed virtual photon rate after 
subtraction of Dalitz contributions , is  O (a) , contrary to the predictions 
of models suggesting copious production of s ingle photons . 
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Preliminary results are presented on the � and �' production in a 140 GeV/c 
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combinations for hadrons associated with � are shown . 
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* ) On leave from Michigan State University, East Lansing, Michigan, USA. 

121 



1 .  INTRODUCTION 
The aim of the �xperiment is to look at the hadronic states associated with_ 

the W production in the reaction TI-N + wx at 140 GeV/c.  The basis of the trigger 
is to ask for the two-muon decay of the W ·  

2 .  THE SET-UP (Fig . 1) 

The beam hits three beryllium targets in front of the Goliath magnet .  The 
outgoing particles are detected in 11 proportional chambers immersed in a magnetic 
field of 1 . 5  Tm (Fl ,  F2 , PCl to 9 ) . PCl to 9 have 4 planes of sense wires with 2 mm 

spacing and 1 . 8  x 0 . 74 m useful area1 ) . The particle identification is achieved 
by a 28-cell ,  2 m long Cerenkov counter filled with C02 at atmospheric pressure.  
It is  located outside the magnetic field , before the iron filter . Its thresholds 
are 5 GeV/c for TI, 17 GeV/c for K,  and 33 GeV/c for p .  

The forward lever arm, also used for the trigger , i s  composed of 

- 2 big proportional chambers (LCl and LC2 , 3 . 2  x 2 . 2  m ,  4 planes , 3 mm spacing), 

- a calorimeter and a chamber (LC3) for e and y detection , 

- horizontal and vertical hodoscopes (HlH, H3H, H3V) defining 4 quadrants and 
an iron filter for µ identification. 

3 .  TRIGGER PRINCIPLE 

To be able to measure the particles associated with the w, we need a big 
length (8 . 2  m) between the target and the iron shield . This implies a lot of 
background due to TI + µ decay . To get partially rid of it at the trigger leve l ,  
we use the fact that the W mass i s  big with respect t o  the "background mass" • 

.. 

The w mass is roughly given by M2 � Pµ 1 Pµ2 8� 1µ2 To reinforce the W signal , 
the following conditions are required : 

- big µ angles - vertical gap of 40 cm centred on the medium horizontal plane ; 

- big µ momenta - low momenta (< 5 GeV/c) swept out by Goliath or dying in the 
iron; 

- oppos ite charged µ 1 s  - trigger on diagonally opposite quadrants ; 

- µ halo elimination - veto counter before the magnet ;  
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- hits in a small interaction counter just behind the 
targets ; 

- a correlation between horizontal slabs of HlH and H3H 
requires the µ to point towards the target in the vertical 
plane . 
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4 .  THE ANALYSIS 

The events were taken between March and December 1977 and correspond to almost 
all the present statistics . We show preliminary results with the µ+µ- trigger only .  
A calorimeter for electron and photon identification, constructed by Imperial 
College , has recently been added to this set-up . The e+e- trigger and the identi­
fication of e and y is under way . 

For the µµ trigger , the trigger rate was 6 x 10-6 and the � production rate 
about 0 . 35 x 10-8 • The complete analysis was done only for events with Mµµ > 2 GeV/c2 • 
The µ+µ- acceptance is rather good (Fig . 2 ) and about 15% at the � mas s .  

The raw µ+µ- mass spectrum (Fig . 3 ) contains 1650 � with low background in 
spite of TI decays . This is due to the strong constraint of the )J ' s  having to join 
with the main vertex. The precision obtained on the mass is CT� = ±49 MeV/c 
(cf. 45 11eV/c expected by Monte Carlo) . 

In the same log scale plot (Fig . 4) we see the µ+µ- decay of the � ' . The 
subtraction of background , taken as the sum of two exponentials , and the correction 
for mass acceptance,  give : 

B µµ CT� , CT� 1 
(2 ± 0 . 5 ) % hence ( 15 ± 4 . 25 ) % Bµµ CT� CT� 

taking into account the present µµ branching ratio2 l . For comparison with other 
experiments , our cross-sections dCT/dy [ are given as dots in Fig . 5 .  They are y=o 
given in nb/nucleon assuming a linear A dependence .  The dashed line i s  a hand-
drawn fit of the cross-sections induced by protons . 

For the � production , we obtain an x Feynman distribution (corrected for 
acceptance) centred at x � 0 . 18 and not at zero (Fig . 6 ) . 

The raw mass spectrum above 4 GeV/c2 (Fig . 7 ) is almost  free from TITI + µµ 
background ; after correction for acceptance , it can be fitted by an exponential 
e-aM with a slope a = 0 . 88 ± 0 . 15 .  The comparison of our data for M3 (dCT/dM) as 
a function of ;;;M with other experiments in TI and p beams is shown in Fig . 8 .  
The simple quark annihilation picture implies a scaling o f  this quantity.  

The pattern reconstruction program reconstructs the associated hadron tracks 
coming from the main vertex or from v0 (Fig . 9) and we use the Cerenkov counter 
to identify the charged ones . The mean charged multiplicity at the main vertex 
is 7 . 5 .  

The first mass combination done was �TI+TI- to look for the decay of �' , It is  
shown in Fig . 10 with partial s tatistics corres?onding to 980 � .  To remove back­
ground we made the cut 3 l 0 . 4  < MTITI < 0 . 6 GeV/c2 and , to improve the signal , we 
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added rapidity cuts between the TITI system and the � and between each TI and the � 
(the variation of the number of � ' with this cut is shown in Fig . 10) . The number 
of �' obtained in �TI+1r- is in good agreement with the number of �'  in µ+µ- , taking 
into account the respective branching ratios and the geometrical efficiencies . 

We also tried to see particular mass combinations associated with the � :  an 
interesting one is K+TI-TI- (expected decay mode of the D-) or K-TI+TI+ (from D+) which 
are exotic for hadrons composed of u, d and s quarks only.  The spectrum is shown 
in Fig . 1 1 .  With rapidity cuts between each TI and the K and between the � and 
the KTITI system, we obtain 4 K+TI-TI- and 3 K-TI+TI+ at the D mass . They are all pro­
duced near xF = 0 .  

For comparison we give i n  Fig . 12 the non-exotic spectrum K+TI-TI+ and K-TI+TI­

The background is much higher owing to combinatory effects between pious . With 
the same rapidity cuts ( lower curve Fig.  12) , we see no particular enhancement at 
the D mass .  

Another possible decay mode i s  D+ + K0n+ or D- + K 0 n- ;  the raw K� TI+ and K�TI­

spectra (Fig . 13)  contain very few events ;  but , with the same rapidity cuts as 
before, there remain nevertheless 1 K�rr+ and 1 K� TI- events at the D mass over a 
null background . 

All these Kn and Knrr spectra are statistically weak . Further data will be 
taken in May 1978 . 
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ABSTRACT 

We shortly review to which extent the QCD asymptotic 
perturbative expansion can be  applied to processes  which 
are not light-cone dominated , The transverse momentum 
distribution of large mass muon pairs produced in hadron­
hadron collisions is a very good test of these ideas . At 
present energie s ,  however,  non-perturbative effects like 
the presence of an intrinsic PL of partons are still 
relevant.  

Nous donnons une rapide revue des  limites d 1 appli­
cation du developpement asymptotique en perturbation de 
QCD pour des processus qui ne sont pas domine s par le 
light-cone . La distribution en moment transverse des 
paires de  muons de grande masse produits dans des  colli­
sions hadron-hadron est un tres bon t e st de  cette  appro­
che . Toutefoi s ,  aux energie s  actuelles ,  des effets  non 
perturbatifs ,  par exemple la presence d ' un PL intrin­
seque des  partons , j ouent encore un rCle significatif . 
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INTJWDUCT I OlJ 

Promp t lepton pair production in hadron-hadron collisions has a 

very simple de scription , in the framework of the parton model ; acc ording 

to the Drell-Yan picture 1 )  it is based on the annihilation of a parton­
antiparton pair into a massive photon. However , the simple scaling laws 
predic ted by the naive parton model are experimentally slightly violated 
this is a manife station of interac tions among partons .  The scaling behaviour 

of the structure func ti ons of deep inelastic lepton-hadron scat tering (DIS ) 
can be in fact related , through the operator product expansion technique , to  
an underlying field theory of strong interac tions in the deep Euclidean 
region where the mass of the incoming virtual photon q2 becomes large and 
negat ive . The best candidates for reproducing the ob served approximate 

scaling behaviour of structure functions are the asymptotically free gauge 
theories (AFGT ) 2 ) . They predict  logarithmic c orrections to exact scal ing 
which are c omputable perturbatively in the effective strong coupling c ons­

tant a 8 (Q2 ) . 

The predictions obtained by the op erator produc t expansion (OPE ) 

are , however, restricted to tho se processes  which are light- cone dominated ; 
this is not the case for the Drell-Yan process .  The hope is then to repro ­

duce all the results of the OPE in an alternative language , based directly 

on the parton model , which still remain valid outside the light c one . This 
can be implemented through the identification of partons with quarks and 
gluons which interac t according to an SU( 3 )  non-Abelian ,  asympto tically 
free , gauge theory of strong interactions . 

Within this new language , we discuss in Section 1 the corrections 

to  the lowe st order predictions of the naive parton model . Section 2 is  
devoted to the analysis of the large transverse momentum distributions of 
muon pairs produced in hadron-hadron collision s  which is an application of 
the general ideas discussed in the first section. 

LEADING CORRECTIONS TO NAIVE PARTON MODEL 

The aim of this section is to analyze the c orrec tions , for hard 

processe s ,  to the naive parton model , under the assumption (which will be  
briefly discussed at the end ) that unknown c onfinement forces which bind 
partons inside hadrons will not  spoil the basic results  of this analysis . 
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The corrections are calculated in a specific renormalizable field theory ; 

then, for a given parton cross-section o depending for simplicity on one 
external momentum Q, the invariance with respect to different choices of 
a renormalization mass µ

2 gives : 

(1) 

where m is a parton mass and as is the running coupling constant . If 
E has a smooth limit when the parton mass goes to zero, asymptotically it 
\vill depend on Q2 only through the effective coupling constant as (Q2 ). 
If, as in an asymptotically free theory, as decreases when Q2 grows, 
one can make a perturbative expansion in powers of as (Q2 ) . 

In general, however, the zero-mass limit is not regular because 

of the presence of logarithms of parton masses . They arise froro kinematical 
configurations where hard gluons , real or virtual, ars emitted parallel to 
external, both initial and final, quark or gluon legs. These singularities 

are called mass singularities : they are different from the usual infra-red 
(IR) singularities generated by massless soft gluons exchanged in radiative 
corrections 3 ) , 4 ) _ The latter cancel in QED between real and virtual emis­
sions : I assume the same mechanism of cancellation of IR singularities in 
QCD, even if it has not been proved in general, but only in several parti­
cular cases 5) 

In QED the cancellation of IR singularities occurs for a suitable 
inclusive final state, with an energy uncertainty equal to the resolution of 

the detector. The definition of a more inclusive final state with an energy 
and an angular uncertainty, the QCD jet, allows to eliminate also the mass 
singularities associated with external final legs. Therefore, for a cross­
section without partons in the initial state, one can make a perturbative 
expansion in a (Q2 ) provided the final state is expressed in terms of jets, s 
This is the case for e+e- annihilation in two or more QCD jets as it has 
been shown recently by Sterman and Weinberg 6 )  

For other processes where the parton model can be applied, like 
deep inelastic lepton-hadron scattering, Drell-Yan processes or large p� 
hadron scattering , which have partons in the initial state, one cannot avoid 
the pre ;ence of mass singularities. These could spoil the usefulness of a 
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small a (Q2 ) and would make the final result dependent on effective parton s 
masses which are presumably determined by the unknown large distance beha-
viour of the theory. 

Physical processes, however, involve hadrons and, for the final 
predictions, parton cross-sections must be convoluted with appropriate dis­
tribution functions. If it is possible to reabsorb mass singularities into 
the definition of parton densities, the final cross-section expressed in 

terms of these "renormalized" distributions will have a smooth zero mass 
limit. In this case, one can compute the asymptotic behaviour with the Born 
cross-section calculated with the running coupling constant a (Q2 ) .  The s 
evolution with Q2 of parton distributions which enter into the convolution 
of the elementary cross-section will be governed by "anomalous dimensions" 
which reflect the presence of mass singularities before the redefinition of 
parton densities. 

The above possibility has been demonstrated to be true to the 
lowest order of radiative corrections for different hard processes 7 ) -9 )  

10) recently it has been proved for every hard parton process The argu-

ment runs in two steps. 

The first one results in the universality of leading corrections. 

Indeed, the corrections of first order in as to a given process described 

by a cross-section cr ( {pi}, {qi } ), with incoming quarks of momenta pi and 
jets in the final state, take the form : 

a(l ) ( { p . } , { q . } ) 1 1 (2) 

where cr 0  is the Born cross-section with rescaled incoming momenta and q 
is a universal function of x .  and Q2 , which contains all the leading 

J 
mass singularities : it represents the quark structure function . For a 

free valence quark, it is : 

1 3 2  

Cl 1 
o ( l-x) + t� in Q2/M2 f dy 

0 
� i :  ;jG <Y - x) - o ( l - xJ 

(3)  



The above form is the f irst order solution of the Altarelli-Parisi equation 1 1 ) 
for the valence quark density which is known to reproduce the results of OPE 

in deep inelastic scattering. The sea quarks and gluons have different 

structure functions corresponding to the order as solution of the respect­

ive evolution equations.  One can analyze the cross-section directly as a 

function of the fraction of momenta xi carried by the partons , by fixing 

appropriate external kinematical variables : in the case of to tal DIS this 
2 can be done by fixing the well-known Bj erken variable xB = ( Q  /2p • q )  or ,  

if  more j ets  are observed in the final stat e ,  a generalized variable 

(Q2 + M2 )/2p • q , where M2 is the invariant mass produced by the photon­

parton system in the current fragmentat ion region. 

As the function q ( x , Q2/M2 ) is  proportional to the total DIS 

cro ss-section, it  satisfies by itself a renormalization group equation : 

as a consequence ,  the same will be true for cr 0 ( { xj pi} , { q1} ) . Hence , cr 0 
will depend on Q2 only through as (Q2 ) and q ( x , Q2/M) through as ( Q2 ) 

and �n Q2/M2
• 

Equation ( 2 )  allows to form ratios of cross-sections , at the 

same Q2 and { xi} ,  with the same initial stat e ,  but with different number 

of j ets in the final state , where the universal func tion q ( xi , Q2 ) drops 

out .  These ratios are free from mass s ingularities and can be expanded in 

power of as ( Q2 ) .  

T o  relate the same cro ss-sec tion at different values of Q2 , i . e . , 

to calculate the scaling violations , a second step is needed . The structure 

function of the initial parton must be factorized into a function of Q2/µ 2 

and a function of M2/µ 2 , µ 2 being a suitable normalization mas s .  Then 

the latter function can be re-absorbed , independently of Q 2 , in a redefi-

nition of the corresponding parton distribution inside the hadron predict-

ions made by the redefined distributions will be free from mass singularities 

and computable p erturbatively. This requirement is trivially satisfied at 

the lowest order because of a well-known property of the logarithm : the 

moments of the function q ( x , Q2/M2 ) have the general form 

1 
J dx xn-2 q (x , Q2/M2) (4) 

0 
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and , up to higher order terms in as '  can b e  rewritten as 

(5) 

To  higher order, the factorization holds true , provided the pro­

perty of universality of corrections in the form expressed in Eq.  ( 2 ) is 

preserved . In fac t ,  in the case of total DIS - in all cases , if the correct­

ions are universal - the f actorization of the func tion q (x , Q 2 ) is guaranteed 

by the OPE applied to the partons . The light-cone expansion is a s tatement 

about a factori zation of the Q2 dependence - contained in the coefficient s -

with respect to the M dep endence - contained in the matrix elements of the 

local operators . The value s  of parton distribution measured at a definite 

Q
2 includ e all the infra-red stuff . At a different Q2 they will be  deter­o 

mined by the anomalous dimensions which are reminiscent of the exorciza-
tion of mass s ingularities and enter into the renormalization group equation .  

The discussi on develop ed in this secti on provides  a recipe for the 

computation of a parton cross-section to the leading log approximation with an 

arbitrary number of j ets  in the final stat e .  First , calculate the Born 

cross- section with the effective coupling constant as (Q2 ) ; second , do 

the convolution with parton densities which have the same Q2 evolution of 

the distributions measured J.n DIS .  The experimental test of the predictions 

which are accessible by QCD perturbative calculation depends heavily on the 

possibility of detect ing QCD j et s .  I want to  stress  that they are quite 

different from usual hadron j ets  : while the latter have a typical cut-off 

of transverse momenta ,  the QCD j ets  keep the opening angle fixed when the 

energy increases ,  without any cut-off on transverse momenta. The rec ons­

truction of the kinematical propertie s of a QCD j et is  a hard experimental 

task : the large transverse momentum of prompt muon pairs produced in hadron­

hadron c ollisions , which will be discussed in the next section , is a direct 

measure of the transverse momentum of a QCD j et .  I n  the parton model ( see 

Fig. 1 ) , it  represents the kinematical balance of the transverse momentum 

of a rec oiling parton which will originate a QCD j et .  

TRANSVERSE MOMENTUM OF MUON PAIRS IN DRELL-YAN PROCESSES 

In the first section , we have analyzed the theoretical bases for 

a perturbative analysis of large transverse momentum muon pairs produced in 
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( b )  

Fig. 1 Lowest order diagr8Jlls for : 
a ) quark + antiquark -> gluon + µ+µ - , and 
b )  gluon + quark ( antiquark ) -> quark ( antiquark ) + µ+µ - . 

135 



hadron-hadron collisions. The basic ingredients are the cross-sections for 
the elementary reactions qq -. g µ+f.L- and q(q ) + g-. q(q) + µµ -. The corres-
ponding diagrams are depicted in Fig. 1 and the cross-sections are 

(a) 
da qq 

dQ2 d cos8 

(b) da qg 
dQ2 d cos 8 

sa2 a s 
� e2� { 1 + cos2 8 + 4 � 2} 

82 s in28 (8 - Q ) 

{ 28 8 - Q2 2 202 } -- + -2-8- (1-cos 8) - -8- (1 + cos 8)  
8 - Q2 

( 6 )  

where Q is the centre-of-mass scattering angle between the initial quark 
(gluon) and the final gluon (quark ), Q2 is the invariant mass squared of 
the muon pair and S is the total squared energy of the partons. The kf 
of the muon pair is given by 

(8 - Q2/ 2 
4 8 sin 8 (7 ) 

The above cross-sections develop a singularity in the forward direction : it 
is, however, related to the very low kL region where the perturbative re­
sults fail. One expects that the unknown presumably non-perturbative pheno­
mena at small kL will regularize the singularity leaving with smooth dis­
tributions. 

2 12) If one is interested to compute the < kL > the result of 
the perturbative calculation will no t be divergent, even if th.e absolute 
value of the final answer will be wrong due to the incorrect treatment of 
the low k� region. According to the general discussion developed in 
Section 1 ,  the .expression for the < kf > is given, to the leading log 
approximation, by a convolution of "improved 11 parton densities (which have 
the same Q2 evolution of those which enter in the description of DIS) 
with the Born cross-section evaluated with the running coupling constant 
as(Q2) 
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(8) 

� (l=T/x;x-2>
+ 
1 -

:
/Xlx2 - 2T/X1X� I 

where the label P means "perturbative contribution " and (Q2 (dcr/dQ2 ) )DY 
is the Drell-Yan 

� da
� = 

dQ
2 

DY 

total cross-section and is given by 

2 1 
4na f dx1 9S 0 

1 

f dx2 0 
O (x1x2- T ) Li 2 hi 2 _hz 2 � l ei qi (x1 , Q ) qi (x2 , Q ) + ( 1+->- 2 ) 

flavours 

with S 

T = Q2/S . 

(9) 

the total energy squared of the flavour hadron-hadron system and 

Equation ( s )  has the following structure 

( 10) 

where f ( T ,as (Q2 ) )  
2

is a positive function of T that vanishes at T = 1  

[at least as ( 1 -T )  as implied by Eq.  ( 7l] and at T = 0 /!ts T .en T 

if , at x � 0 ,  xq . (x) , xG( x )  � constanfil . As a consequence < kf > will ]_ 2 
p 

grow almost linearly with S ( or Q ) only at fixed T if the exp eri-

ments are not done holding T fixed , the variation of < kf >p with Q2 

2 or S will depend in general on the actual form of the function f ( T ,as (Q ) ,  

For the explicit evaluat ion of this function we have used the scaling parton 

distributions of Ref . 1 3 ) for the val ence ; the gluon distribution has the 

form 

xG (x) A (1 - x)
n 

n (11) 

where An is f ixed by momentum c onservation and n = 5 .  For the sea d is tri­

bution we introduced the Q2 dependence of leading scaling violation , to the 

first order : 

137 



S (x) 

(12 )  

where µ 2 = 1 00 GeV2 and xS(x ) = 0 . 54x (1 -x ) 1 0  have b,een found to fit the 
continuum cross-section 1 4 ) The correction due to the gluon density to 
the scaling distribution of the sea is needed in the region of large T 

(large x for the sea density) where it becomes more important than the 

scaling contribution . This prevents the function f (T,as (Q2 ) )  to take 
unreasonable values in the large T region where the diagram b of Fig. 1 , 

which depends on the gluon distribution, dominates. In Fig. 2, the function 
f (T,as (Q2 ) )  is presented for both proton-antiproton and proton-proton cases. 
The proton-proton prediction depends crucially on the exponent n of the 
gluon distribution, while that for proton-antiproton is almost insensitive 
to changes in that exponent. For T sufficiently small, up to 0 . 1 5, the 
values of f -PP and fpp are comparable, while for large T ,  

f overcomes f - .  PP PP 

of order 0 . 5, 

The < kf > for proton-proton collisions is compared in Fig. 3 to p 
the mean experimental value . As expected, its value does not agree with that 
observed because of the incorrect treatment of the low kL region. The gap 
of order GeV2 between the perturbative calculation and the experimental 
result can be attributed to the presence of a non-perturbative component of 
par tons kL : the "intrinsic 11 kL . This is related to the Fermi motion of 
parton inside the proton. I will assume the following characteristics for 
this component : i) it is independent of Q2 ; ii) it depends on a typical 
hadron scale which is related to the cut-off of transverse momenta of par­
ticles produced in hadronic collisions . 

The soft, non-perturbative, component of kL produces a smearing 
of the distributions calculated perturbatively and can be used to regularize 
them at low kL • The form of regularization proposed is the following 1 5 )  : 
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n=4  

""o 

Fig. 2 The functions f (T , as ) ,  defined in Eq . (8 ) ,  are plotted for both 
pp (dashed line s )  and pN ( full lines ) .  In each case the 
dependence of the power n of the gluon distribution is shown for 
n =  4 , 6  (pp ) and n =  4 , 5 , 6  ( pN ) .  
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Fig. 3 The hard component of the <kf::, of the muon pair as a function of 
their invariant mass is c ompared with the mean experimental value 
taken from Ref . 1 4 )  for three different powers n = 4, 5 ,  6 of the 
gluon distribution. 
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The function 

T ,  
2K..L) 
IS 

de/ 
2 dQ dpl. dy 

is the p erturbative cro ss-section ; even if it diverges ,  as we will see below, 

as 1 /k} when k.L goes to zero , the singularity is removed by the c onvolu­

tion with the func tion f (p} ) which is meant to represent the intrinsic P.L 

distribution of partons inside hadrons and is normalized according to 

J� d p}f (p} ) = 1 .  The above regularization has the following properties 

i ) 

ii ) 

where 

f d 2 2 reg 2 2 
P.i. p.L. CJ (Q , T , p.i_) 

f 2 reg 2 2 dp.L CJ (Q , T, p...l.) 

f 2 2 2 dpJ. P.L f(p.L) 
f 2 2 dp.1 f (p.t! 

dcr - dQ dy 

and < pf > is the perturbative contribution already discussed . p 

( 14 ) 

(15) 

iii ) At intermadiate values of S the difference betwenn a reg and a 

as function of x.L = ( 2p.L/V S )  i s  given by : 

t' (x ) �< i>f (<p1>f) 
+ p l. + cr" (x ) __J_ + a ---X.J. p J. S $2 

(16) 

The sharpness of the function a ( x.L ) p makes the corrections , which d epend 

on its derivative , rather large and important in the present e:x:perimen';al 

range of p} and s .  
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x 

+ l flavours 

+ l 
flavours 

where 

�� 

t� 

hl 2 (qi (xl ' Q ) 

hl 2 (qi (xl , Q  ) 

hl 2 + qi (xl , Q  ) 

hl 2 + qi (xl , Q  ) 

4T + � x 

+ 

G�2 (x2 , Q2) + ( l+-+2� s FqG (x1x2 ,T , x.J + 

h2 2 G (x2 , Q  ) - ( l+-+2] a F qG (x1 , x2 , T ,x.L) 

3 
2 ---3

-
8 x.l (x1x2) 

(17 ) 

( 1 8 )  

The function 
2 

2 2 A 2 
f (pL ) used is : f < PL > =  A exp- PL which implies 

< PL >f = 1 /A .  It is independent of Q2 and it contains a scale A which 

has to be fitted from the experiment : a possible dependenc e on T has been 

neglected for simplicity. The theoretical fit to experimental data taken 

from Ref . 1 4 ) is given in Fig . 4. It corre sponds to A =  1 Gev-2 and confirms 

the value of about 1 Gev2 for the intrinsic < pf > estimated before . In 

Fig . 5 ,  the way different terms of Eq. ( 1 6 )  contribute to cr reg is displayed . 

Raising the exponent of gluon distribution in Eq. ( 1 1 )  from 5 to 7 ,  the curve 

becomes steeper : at PL = 4 GeV the effect is to reduce the cross-section by 

about a factor three .  

142 



0 

,.--< QIM
Q. 

M"Q "Q 
� 

10' 

103 

10 

5-6  

0 2 3 4 5 
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of R e f , 1 4 ) f o r  P nuc l e u s  c o l l i s i o n s , 
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Fig . 5 
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While s � (do
p
/dQdpidy) would be independent of S at fixed T 

and x� , neglecting logarithmic scaling violations , the regularized cross­

section will have scale breaking effects  of order 1 /AS because of the scale 

introduced by the intrinsic transverse momentum, These  effects ,  as displayed 

in Fig. 6 ,  extend up to rather large values of S ,  

A crucial test o f  the picture presented above is the variation of 

transverse momentum of muon pairs with energy , The discussion will be based 

on preliminary experimental results 1 6 )  which give the following fits to the 

p� distributions at different energie s  

- 6  

A(m) . E + (a  P_J� 

For EP = 400 , 300 and 200 GeV , a =  0 . 36 ,  0 . 38 ,  0 , 43 + 0 , 44 ,  respectively , 

at mean values of rap idity o ,  0 . 1 7 ,  0 , 36 ,  

The c orre sp onding < pf > are : 1 . 9 3 , 1 , 73 and 1 , 35 ,  I shall 

c0nsider these values to be true for the three different energies at a 

fixed T ::;;: 0 . 1 this assumption is supported by the rather flat spectrum 

observed . Subtracting the same intrinsic < pf > of GeV2 from the expe-

rimental values ,  

0 . 73 , 0 , 35  GeV2
• 

one find s the size of the pe rturbative contributions : 0, 9 3 , 
Equation ( 1 0 )  states  that the ratios  of p�rtubative < pf >,  

at  fixed T ,  are in  the ratios of  t otal energie s  squared , neglecting loga­

rithmic correc tions and difference s  due to different mean rapidities ,  The 

"exp erimental " values of these ratios  are 

E =300 GeV E =200 GeV 
2 p 

2 p 
< P.L > < p.L >p 

2 Ep=400 GeV . 78 
E - 400 GeV . 38 

< 2 
> 

p < P..1- > p p.L p 

and the ratios  of energies 0 . 75 and 0 , 5 , resp ectively, 

One can proceed with the analysis by looking at the shape of p� 

distributions at E = 300 and p 
following quantity 

R (PJ.) 

This is done by c omparing the 

fixed Q and Y 

0 
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The Table refers to Q = 6 ,  5 GeV and the aP.propria te rapiditie s .  

Exp Th Exp � R ( 1 ) 0 . 44 0 , 47 0 , 35 0 

i 
R ( 2 )  0 , 065 0 . 06 2  0 , 034 0 , 043 

R ( 3 )  0 . 007 0 , 0053  0 . 0026 0 , 0023 

R (4 )  0-:00076 0 . 00075 0 . 00023 0 . 0001 8 

Ep = 300 GeV , y '.;:; 0 ,  1 7  Ep = 200 GeV , y � 0 . 36 

The comparison being performed at fixed M, the release of the 

assumption of an independenc e on T of the intrinsic p� c ould affe c t  the 

lowest  energy re sults  for low value s of Pi •  

CONCLUSIVE REMARKS 

The above analysis is a test  of QCD predi�tions representing a 

comparison- of cross-sections with a different number of j e ts in the final 

state : in fact the parton distributions , suitably normalized to fit to the 

continuum totally inclusive cro ss-sec tion , have been used to predict  the 

p� distribution of the semi-inclusive one-j e t  c ro ss-section . 

The comparison' among different pro cesses  depends on the possi­

bility of using the same parton structure functions in different reactions . 

For a world made of partons only , this has been demonstrated to the le ading 

log approximation the next-to-leading terms , however,  modify by correct-

ions of order as the leading distributions of valenc e ,  gluons and sea.  

In the latter case , they might play a crucial r8le : the distribution 

S (x , Q2 ) obtained by the leading log approximation will presumably change 

into  S (x , Q2 ) + C (x ) as (Q2 ) x G(x , Q2 ) + " , ,  where G(x , Q2 ) is the gluon den­

sity to the leading log approximation and dots  stand for less relevant c or­

rections . Because of the difference b etween gluon and sea densities ,  the 

next-to -leading correction might b e ,  in thi s case , as big al:l the leading one , 

In addition the coefficient C (x ) i s  no longer process-independent , the 
latter being a property restricted to dominant ( leading log ) corrections , 
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As a consequence ,  the distribution of the effective sea measured exp eriment­

ally , for example in the DIS of neutrinos off hadrons , can be very different 

from the one measured in lepton pai� producti on. This fact represents a 

problem for the comparison of data referring to very massive lepton pairs 

to data extracted from DIS experiments at relatively low Q2 which are 

boosted to high Q2 through the evolution equations which embody only the 

leading log approximation 1 7 ) .  Under this respect , a part of next-to-lead­

ing corrections are automatically included in the parton distributions 

obtained by fitting the total Drell-Yan cross-section and used to evaluate 

the PL distributions in the same range of Q2
• 

The main source of uncertainty in the identification of parton 

densities of different processes comes from interactions inside the hadrons 

with spectator quarks which do not participate in the elementary hard scat­

tering process . They should not affect the Q2 evolution of parton densi­

ties , but could modify the absolute normalization : an analysis of �ass 

singularities of interactions with spectators might give an indication on 

the universality of the absolute normalization. A definitL answer to this 

problem is strictly connected to the unsolved problem of the large di stance 

structure of the theory. The comparison of experimental data with the per­

turbative < PI > indicates the presence of a non-perturbative component . p 
The analysis of PL distributions requires some phenomenological ansatz on 

this component ; the predictions are consistent with the pattern of exp eri­

mental result s ,  but show that , at present energie s ,  perturbative contributions 

are still masked by non-perturbative effects . The presence of an intrinsic 

PL is one of them : it gives rise to  sizeable scale breaking effects  which, 

in Drell-Yan processes or large PL hadron scattering l B ) ,  could change 

drastically , up to rather large energies , the approximate scaling behaviour 

of QCD . 
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HADRON JETS PRODUCED AWAY FROM A LARGE QT MASSIVE LEPTON 
PAIR TRIGGER 

D . Schiff 
Laboratoire de Physique Theori.que et Hautes Energies 

Universite de Paris-Sud , 9 1 4 0 5  Orsay , France . 

ABSTRACT 
It has been proposed to explain the l arge QT tail of massive 

lepton pair distribution via a 2 + 2 hard scattering subprocess 
winning over the Drell-Yan mechanism .  We show that the observation 
of a hadron j et away from the large QT pair is a c lear test of this 
hypothesis and the j et quantum number is a specific s ignature of the 
subprocess ,  especially of perturbative QCD . 

RESUME 
I l  a ete propose d ' expliquer la partie a grand QT de la distri­

bution des paires de leptons mas sives en termes d ' un sous-processus 
dur 2 + 2 qui l ' emporte sur le mecanisme de Drell-Yan . Nous montrons 
qu ' un test clair de cette hypothAse reside dans l ' observation d ' un 
jet  de hadrons oppose a la paire de leptons a grand QT et que le 
contenu en nombres quantiques du j et est une signature specifique 
du sous-processus , specialement de QCD perturbati f .  
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The mean transverse momentum of massive µ+ µ pairs produced in 
hadronic collisions has recently been measured 1 )  and found to be 
large : < QT > � 1 . 2  GeV/c in proton-nucleus collisions . In the frame­
work of the Drell-Yan model , this implies parton transverse momenta 
much larger than the usual limited momentum assumed in the parton 
model . Thus , the idea has emerged that apart from the Drell-Yan 
proces s ,  with parton Fermi motion taken into account , a new mecha­
nism sets in at large QT . It is indeed more economical that the 
virtual photon large transverse momentum be balanced by a s ingle 
parton , a s  the result of a 2 � 2 hard scattering (Fig . lb ) , in 
contradistinction with the Drell-Yan mechanism where the recoil is 
taken coherently by all the spectators (Fig . l a ) . 

A a B 

( a ) 

x 

A B 
y 

Fig . 1  
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In the QCD approach2 • 3 )  the partons entering in the hard scattering 
subprocess are either quarks or gluons : q + q + y * + g and q + g + 
+ y * + g subprocesses have been considered . On the other hand , the 
fol lowing C IM subproc esses have a l so been cons idered4 ) : q + M + q +y *  
( qq) + q + q + y *  . Both pictures lead t o  satis factory fits of 

do/dQT . There are , however ,  ambiguities connected in particular with 
the relative weight of the soft (Dre l l-Yan ) and hard ( QCD or C IM) 
components and possibil ity o f  double counting between them3 ) . In 
thi s  contribution5 ) , we want to show that the obs ervation of hadrons 
in correlation with a large QT lepton pair al lows to clearly deter­
mine whether mechanism ( b )  in Fig . I  i s  really at work . More prec i se­
ly one expec ts , within this picture , to see a j et of hadrons 
recoiling against the lepton pair and thus to obs erve a striking 
increase o f  the large pT hadron mul tiplic ity in the central region 
( as observed in hadronic large pT phenomena )  . The analysis of the 

quantum number content of the j et is moreover a way to distinguish 
QCD from C IM .  In the case of mechanism ( a ) , on the contrary , the pair 
transverse momentum is balanced by the spectators : they travel 
coherently in the forward and backward direc tions with a transverse 
momentum of the order QT/2 , which leads to obs ervation of large pT 
hadrons mainly in the large xF region . 

For c larity , we shall present detailed results o f  the QCD 
approach and summari z e  the conclus ions for the C IM ,  emphasiz ing 
striking dif ferences in particular for particle ratios .  

Let us turn to a quantitative study of mechanism ( b ) . We shall 
give predictions for the multiplicity dN/dYdz o f  hadr0ns with 

+ 
rapidity Y ,  momentum p observed in corre lation with a mass ive lepton 
pair with mas s  /02 , transverse momentum QT , rapidity y ;  z is the 
fraction of the jet momentum QT taken away : z=px/Qx 

( * ) . dN/dYdz i s  
de fined as : 

dN do < 2 ) 
( 1 )  

dYdz dQ 2 dQT dydYdz 

( * ) The xO z p lane is the scattering plane defined by the beam axi s  
along O z  and the virtual y *  momentum . 
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The double inclusive cross -section is straightforwardly written under 
the form : 

( 2 )  
dO 4 ( -2- ) 2 l l ( - Tµ 

)J
) Ga/A (xa) Gb/B (xb ) Dh ( z ) 

dQ 2 dQ dy dY dz 3 2 11 2 Q2 c 
T s xaxb 

( 2 ) 
where Ga/A (xa) i s  the probabil ity to f ind a parton a in hadron A 
with longitudinal momentum fraction x . Dh ( z ) is the probability a c 
that parton fragments into hadron h which takes away a fraction z 
of the j et momentum . T)Jµ l: 'lr?Y m  * with m)J be ing the matrix 

jJ * jJ element o f  the subproces s a + b + y  + c .  Py ( hadron momentum compo-
nent � to the production plane ) has been integr�ted upon and 

x a b 

Q ( ± ) + Q e ±Y 
����- T'--� With 

rs 
s = 

The s ingl e  inclus ive cross-section is simply given by 

dO ( i ) 

d Q 2 dQ dy T 

G a /A ( x a ) G b / B ( xb ) 

x a xb 

and thus dN/dYdz i s  c learly normalized to f 

Typical values for kinematics are 18=20 GeV , y=O , Q2= 1 6Gev2 , 
Q T= 2 GeV/c for which we may expect a large enough counting rate . 
We expect that for this value of QT , processus ( b )  a lready domi­
nates ( a ) . This is true in the calculation by Altarel l i  et al . , 3 l 

with intrinsic parton momenta as sumed to be o f  the order of 6 0 0MeV/c .  
We shall ma inly discuss the results for 11 

are discus sed �lsewhere 5 1 6 ) ) .  
i )  * q + g + y  + q  

beams ( p  and p 

The virtua l photon inc lusive distribution has already been calcula­
ted by many authors . We use the fol lowing expressions for the various 
s tructure and fragmentation functions which enter in ( 2 ) . 

gluon structure function . 

Gg/h (x)  
k ls.!:.! ( 1 -x )  

2 x 
( 3 )  

as suming that gluons carry half the hadron momentum and dimensional 
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. 4  

.2 

0 

counting which predicts k to be 3-5  and 5 -7 for h=pion and proton 
respectively . We take k=3 ( 6 )  for the pion (proton ) . 

Quark structure function . 

for Gq/p (x )  we use a fit due to Gunion7 )  and Gq/n (x )  is taken under 
the expression 

Gq/n (x ) = 2x ( l-x) + . 7 2 ( 1 -x) 3/ x + . 1 5 ( 1 -x ) 5/x ( 4 ) 

a lready used in calculations of large p reactions with pion beams8 )  
T 

Quark fragmentation into charged hadrons 

1 -z 
( 5 )  

z 

assuming dimensional counting and that the momentum taken away by 
charged hadrons is half the jet momentum . 

d N ch 

d y dz 

-2 
. . . 

-1 

gluon from proton , subprocess i )  
gluon from pion , 
sum of both contribution 

' \ 
' ' 

\ 
\ 

. . . . . . . 

0 
F i g . 2 

i i )  

: estimated background 
(ref . 6 )  

\ 
\ 

\ 

1 

\ 
\ 

2 
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The resul ting charged multiplicity ( z=l/2 ) is shown in Fig . 2  where 
separate contributions for the two pos sibil ities where the g luon 
comes ei ther from the rr or from the proton are shown . The asymmetry 
of the rapidity di stribution in the latter case reflects the fast 
decrease of the g luon structure function in the proton when x + 1 
compared wi th the quark in the pion . 

i i )  q + q + y*+  g 
The gluon fragmentation into charged hadrons has to be specified : 

2 ( 1 - z ) 3 
( 6 )  

z 

assuming that gluon j e ts are simi lar9 ) to quark jets and fol low 
dimensional counting and that charged hadrons take hal f the gluon 
momentum . The results ( z = l / 2 )  are shown in Fig . 2 .  QCD predicts the 
relative normalization of subproce s s  ( i ) and ( ii )  but in a model -
dependent way in parti cular wi th 
ture and fragmentation functions 
With ( 3 )  and ( 6 )  we f ind that 

regards to choices of g luon struc ­
which are es sentially unknown . 

aa ( 2 ) 1 . h "  
dQ2dQ d y  d Y  d z  

are equa wit in 
T 

3 0% for z = l /2 and Y=O for i )  and i i ) . 

As we shall  see in the fol lowing , experimental data on the 
quantum number content of the away j et wi l l  determine which of i )  
and i i l  domi nates , i f  any . 

The quantum number content of the away j et may be described in 
terms of the ratio o f  the multiplicities at given Y and z o f  hadrons 
h 1 and h2 . In case i )  

a ( 2 ) (Y) (§ Dhl (z ) +� Dh l ( z )) + 0 ( 2 ) ( �  D�1 (z )  + - Dh l (z ) ) ..'.:.i. = aNhl/dYdz _g_lrr ______ 9 ___ u _____ 9 ___ a _______ g_f_P ___ 9 __ u ________ 9 __ a __ � 

h2 aNh2/dYdz 
(7) 

where o ( 2 ) i s  straightforwardly taken from ( 2 )  with D � ( z )  and the 
charge factor divided out . For P.xample in fig . 3 we show the ratio 

K+/K- (Y , z ) us ing Feynman Fieldl O ) quark fragmentation functions in 
( 7 ) . The Y dependence of K+/K- comes from differences in the Y varia­
tions o f  0 < 2 l and 0 < 2 l • In the case i i ) h /h is independent of g/rr g/p 1 2 Y and z and equal to 1 so that in each case i )  and i i ) , h

1
/h

2 
i s  a 

c lear signature o f  the subprocess . Summing both subprocesses 
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+ + 3 K- 1 TI - 1 ..Ll..:]j (assuming Dg= 2 Dg = 3 z ) leads to the result shown in fig . 3  
for K+/K- which i s  closer to 1 than with i )  only . 

3 

2 

.6 
-

1 .4 

-1 .S  -1 .  - .5 

subprocess i )  

subprocess i i ) + i ) : 

each curve is labelled by the value 

of z for which it is calculated . 

-
-- - � -- ---

- -. ----::... ...... I -
I 

0 
Fi g . 3  

. s  1 .  1 .5 y 
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Let us contrast this situation with the results of  the C IM 
approach which we shall sum up . (A detailed description may be 
found in ( 5 ) ) .  

a )  M + q + y*+ q 
where M is essentially the initial rr- . The valence d quark of the 
rr - takes the recoil and since it has a large longitudinal momentum 
the multiplicity distribution of its fragments is strongly peaked 
at large Y and negligible around Y =O .  

S l (qql + q + y�+ q 
(qq) comes from the proton . The multiplicity distribution i s  roughly 
symmetric . The recoiling jet  is a u or a d quark and the ratio 
h /h should depend only slightly on Y. Moreover , the ratio K+/K-

1 2 
should be very large at large enough z since it i s  difficult to 
produce a K- from a u or a d quark . 
These features are very distinctive from the above listed for QCD . 
To summari ze , from correlation data , one will learn whether mecha­
nism (b )  and especially perturbative QCD is at work . 
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DECAY DI STRIBUTIONS FOR LEPTON PAIRS AND QUARK TRANSVERSE MOMENTUM 

J . T .  DONOHUE 

Lab o r at o i re de Phys i qu e  The o r i qu e  
Uni vers i t e  d e  Bordeaux I 

The d ec ay ang u l ar d i s t r i but i o n  for hadron produced l ep t o n  p a i r s  i s  
computed i n  a Drel l - Yan model g eneral i z ed t o  i nc l ud e  t ransv erse momentum 
for the quark- partons . An exc e e d i ng l y  s i mp l e  b ehav i o r  is found i f  the 
Co l l i ns - Soper cho i c e  of axes is mad e .  

L a  d i s t r i but i o n  angu l ai re d e  cte compo s i t i o n  pour d e s  p a i res d e  l eptons 
produ i t es dans l es re ac t i ons hadroni ques est cal cul e e  pour un rnod€ l e  du 
t yp e  Dre l l - Yan , mai s g e neral i s e  pour t en i r  comp t e  du moment t ransverse des 
quarks - p artons . U n  comport ement t re s  s i mp l e  est t rouve pourvu que 1 1 o n 
emp l o i e  l e  s y s t eme d ' axes propo s e  par Co l l i ns et Soper . 
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The Drel l - Yan mod e l  for mas s i v e  l epton p a i r  produ c t i o n  i n  t h e  r e ac t i o n  

a + b � 
+ -

e e + X r e l a t e s  t h e  d i ffer ent i al c ro s s - s e c t i o n  for prod ucing a 

p a i r  o f  mass M and c . m .  rap i d i t y  y to the probab i l i t y  o f  f i nd i ng quarks and 

ant i -qu arks i n  t h e  hadrons a and b .  The s t andard formu l a  may be wr i t t en 

MJ d
2

0' alr0!2 
x

a
x

b t e� { qi ( x
a

) qi
( xb

) + qi
( xa

) q
i

( x
b

) } ( 1 )  
dMdy 9 

where x 
a 

( M/Vs) e
y 

x
b 

( M/Vs )  e
-y 

and q
i

( x
a

) represents t h e  probab i l i t y  of f i nd i ng a quark of f l avor i hav i n g  

a frac t i on x
a 

o f  t h e  momentum o f  hadron a .  T h e  s ame quark and ant i -qu ark 

d i s t r i bu t i o n  may be measured in d e e p - i n e l a s t i c  l epton s c at t e r i ng , a l t hough 

in pract i c e  t h e  ant i - quark ( or equ i v a l ent l y  t h e  s ea-quark) d i s t r i bu t i ons 

are not we l l -det erm i ned . As is d i scussed e l s ewhere in t h e s e  Proceed i ng s , 

t he pred i c t i ons o f  t h e  Drel l - Yan model are i n  g eneral agreement w i t h  t h e  

d at a .  O n e  a s p e c t  o f  l ep t o n  p a i r  produc t i o n ,  whi ch i s  somewhat unexp e c t ed , 

i s  t hat t h e  t r ansverse momentum o f  t h e  p a i r  i s  sub st ant i al , wi t h  

< P� > � 1 GeV . An i mport ant que s t i o n  i s  t h e  o r i g i n  o f  t h i s  t r ansverse 

moment um , and , as is d i s cussed e l s ewhere in these Pro c e ed i ngs , att emp t s  

h a v e  b e e n  m a d e  to c a l c u l a t e  t h e  Pi dep endenc e u s i ng Q . C . D  • •  Here we shal l 

t ake a d i f f erent appro ach , and g eneral i z e  t h e  form of eq . ( 1 )  t o  i nc l ud e  

i nt r i ns i c  quark t ransverse momentum k
T

. N o w  s i nc e  t h e  i nt roduct i o n  o f  a 

t r ansverse momentum d i s t r i hut i o n  wi l l  necessar i l y  i ncreas e  t h e  number o f  

paramet ers avai l ab l e ,  i t  b ecomes i nt erest i ng t o  cons i d e r  t h e  d e c ay angul ar 

d i s t r i but i o n  of t h e  l epton p ai rs . 

The g eneral ang ular d i s t r i but i o n  for a mas s i v e pho ton d ec ay i ng into 

l ept ons is 

w(0 ,cp ) 
where K 

1 b + K \(1o 4!r 2 
( M2-4µ2 ) / ( M2 +2'-!2 ) 

+ 2  
'!: t� n�0(cp ,e , o ) }  

N= - 2  
( 2 ) 

2 µ i s  t h e  l epton mass , D
NO 

are t h e  usual Wigner rot at i o n  func t i o ns , and the 

t� are t h e  mu l t i p o l e  paramet ers d e s c r i b i ng t h e  v i rt u al pho t o n  p o l ar i z at i o n .  

I f  t h e  i ni t i al hadrons are unpo l ar i z ed , and p ar i t y  i s  cons erved i n  t h e  

produ c t i o n  proces s , t hen t h e  t� are r e al a n d  s at i s fy t� ( - 1 )
N 

t; N 
pro­

vided the quant i z at i o n  axi s  l i es in the produc t i o n  p l ane . Obs ervat i o n  o f  

t h e  p a i r  d e c ay d i s t r i b ut i o n  t hus pro v i des , i n  add i t i o n  t o  acr , three new 
N 

quant i t i es ,  dCT t
2

, wi t h  N = -0 ,  1 and 2 .  

I n  exp eri ments hav i ng a l ar g e  ang u l ar acc ept anc e ,  i t  i s  pos s i b l e  t o  

measure d i r ect l y  t h e  dO' t� as func t i ons o f  s ,  M,  y ,  P
i 

e t c  • •  I n  exp eri ment s 
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having a more restri cted acceptanc e ,  a direct measurement is not feasib le ,  
N . and one is obl iged to postulat e a form for the t2 in order to obtain the 

"true" cross-section from the "observed" cross-section. In  both cases i t  is 

of interest to have an estimate of the possible effects of an intrinsic  

quark transverse momentum . 

In  ref. 1 )  a specific general ization of the Drel l-Yan model to include 

�T was proposed , namely ,  for p + p ->  µ +µ
- + X 

{ G . / ( x
1

, kT ) G.,./ ( x2 ,k
T )O" (q . +q . -> µ +µ -

) } { 1 , D!0 (R ) Mo} ( J ) i p  
1 

i p  2 1 1 

where R denotes a rotation from the qq l i ne-of-fl i ght to the quanti zation 

axis , and the quark distributions were of  the form 

O ( x , k,l • { :;' x O (x )  <Ck,J 

2 2 

x > 0 

x < 0 

( 4a) 

( 4b )  

where xR denot es ( x  +4kT
/s ) .  I n  expl icit  calculations the Field and 

Feynmann2)  choice  for G ( x) was used . As for the kT cut-off , f was normal i-

zed to  

( 5 )  

and various tri al forms ( gaussian ,  exponent ial , power-behaved) were 

studied .  It  should be remarked that the smearing in k
T 

destroys the one­

to-one rel at ionship between ( M , y ) and ( x1 , x2 ) .  

In order to comput e quant i t ies of  experimental int erest , one must 

choose quant ization axes in the pai r rest-frame . Popular choices are the 

t-channel or Gott fri ed-Jackson axes , ( where z li es along the beam direc­

tion) , and the s-channel or helicity axes . In ref. 1 )  it was found that the 

s-channel axes were i l l -suit ed , since the t� displayed a rather strong 

vari ati'on as functions of the kinemat i c  vari ables .  Recent ly Col l ins and 

SoperJ )  have studi ed the same question ,  and they have proposed a set of  

axes which treats the b eam and target directions symmetrically.  With this 

choice of axes , the beam and target momenta have the form ( in the pair 

rest-frame) 
-> 1-;al ( - 'IJt '1t e pa sin e + cos z ) ( 6a) x 
-> l ;e. I  < - 'IJt " 'it " Pb sin - cos z ) ( 6b )  x 

as depi ct ed in  Fi g .  1 . The ang l e  '1t between the Col l ins-Soper z-axes and 

the beam direction is given by,  ( neglect ing beam and target masses) 

t an 'llt/2 = :i_IM ( 7 )  
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Fi g .  1 

O. !  

0. 2 

0. 1 

0 

- 0 . 1 

Fi g .  2 

162 

Ori entation of beam and target momenta in the l epton pai r rest­
frame , using the Col l ins-Soper choice for the z-axis . The 
t -channel or Gott fri ed-Jackson axi s points along the beam 
direction ( y  axis rising out of page ) . 

- - - - - -

M 5 Gev M = 9 G ev 

M 
The multipole  moments t2 as functions of P� ( in  GeV/c ) for pair 

masses of  5 and 9 GeV, in p p � £ +£- + X , at �00 GeV/c and y � O ,  
cal culated using a gaussian cut -off i n  kT . The solid curves refer 
to t -channel axes , the dashed curves to the Col l ins-Soper choi ce , 

. 1 2 . . t F . for which t 1 and t2 are negli gible  and no drawn. or compari son 

the standard Drell-Yan prediction for kT = 0 is t� = 1/{10 , 

t; t� = 0 . 



N 
Our expl i c i t  c a l c u l at i ons for t he t

2 
u s i ng b o t h  t h e  t - channel and C o l l i ns -

Soper axes a r e  shown i n  Fi g .  2 ,  a s  a func t i o n  o f  P� , f o r  two val ues o f  t h e  

pai r-mas s .  The k
T 

cut - o f f  was g aus s i an ,  and t h e  c a l c u l at i o n was done f0r 

y � O. We o b s erve t hat for the C o l l i ns -Soper c ho i c e  the t� �re i ndependent 

f p " t  t
1 � t

2 0 .l '  Wl h 
2 2 

O ,  whereas t h e r e  i s  s t i l l  some s i g n i f i cant P.L 

b ehav i our i n  t h e  G - J  axes . A l t ho u g h  t h ere i s  some s l i g ht d ependence on t h e  

exp l i c i t  f o r m  o f  t h e  k
T 

cut - o f f ,  such a b eh av i o r  i s  a g eneral pred i c t i o n  

o f  o u r  appro ac h .  Hence i t  wo u l d  b e  o f  great i nt erest t o  exp eriment a l l y  

c o n f i rm o r  d i s p rove t h i s predi c t i o n .  
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LEPTON PAIR PRODUCTION IN HADRON REACTIONS­

PHENOMENOLOGICAL ASPECTS 

D. Schildknecht 

Department of Theoretical Physics 

University of Bielefeld 

Germany 

Abstract 

A recently proposed model for lepton pair production based on hadronlike 

production characteris tics is reviewed . 
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I. Introduction 

Mos t  theorists , and sometimes also experimentalists , s tart their talk on 

lepton pair production in hadron reactions by showing the by now well known dia­

gram f irst suggested by Drell and Yan 1 ) , and more recently supplemented by QCD 

gluon contributions . My talk will be quite differen t .  

I will s tar t from the hypothesis that lepton pair production i n  hadron re­

actions is not much different from ordinary inclus ive hadron production. Thus I 
will use hadronic concepts , functions and parameters throughout . While such an 

approach may be most controversial for lepton pair masses of 5 GeV or more (at 

present energies) , it 3eems certainly appropriate at lower lepton pair masses, 

where resonances ( e . g .  p,p' ,p" 
• • •  ) play an important role and where the DY 

approach is known to yield a cross section which is too low by about an order of 

magnitude , 

The work I am going to talk about has been done
2 • 3 • 4) in collaboration with 

H. de Groot ,  K. Kinoshita, M. Kuroda and H. Satz . Section II will contain the 

!IK)del description and i ts test in the low mass region (Mµ+µ- ;:, 4 GeV) , essenti­

ally discus sing the pi' p
11

, s and M
µ

+
µ

- - dependenc e .  In section III the model 

will be confronted with the data in the high mass region, Mµ+µ- � 4 GeV . Some 

concluding remarks will be contained in section IV . 

II . Low Mass Region 

As mentioned , we will start from the regularities observed in inclusive 

hadron production and extend them to inclusive lepton pair produc tion by essen­

tially replacing the hadron mass by the lepton pair mass . Such a procedure may 

be motivated within a picture in which hadronic clusters of spin I are formed, 

which with a cer tain probability decay into lepton pairs via an intermediate 

massive timelike virtual photon.  

II . I  p�-Dependence 

We start by looking at the transverse momentum (pi) dependence.  It has 

been well known for a long time that various hadron inclus ive spectra may be 

described in a universal way, if the transverse kinetic energy Ei is introduced 

instead of pi, 

with 
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do i( do) 
dpY dPI pi=o 

f (o) 

( I )  

(2) 



As seen in Fig. I ,  inclusive spectra for pp ... (n,K,p) +X are fitted well in the 
low pi region by f (Ei) = exp (- Ei) with A = 6 GeV- I (corresponding to an average 
pi for pions of 333 MeV) . 

0 
II 
>-

"({" 
,, 
>­,, ...... 
b 

,, 

0 0.2 0 .4 

VS = 31 GeV 

0 p 
. .. . 
"' K " 

exp ( - 6 Er l  

0 .6 0.8 Er(GeVl 

Fig. I :  Data (ref . S ) on pp ... (p,n+ ,K+)+X at 90° compared with 
exp (-6Ei) 

Assuming that hadrons at high energies are produced in a statistically indepen­
dent emission process ( "uncorrelated jet model " 6) , "independent emission model") 
in which the production is essentially determined by phase space with a trans­
verse kinetic energy cut-off , eqs .  ( I ) and ( 2 )  mus t actually be replaced by 
(ref - 3 , 7  , 8 , 9 )  

( 3 )  

The additional factor appearing in ( 3 )  i s a kinematic correction term due to 
transverse momentum balance in the hadronic final state. It is equal to the pro­
bability that the hadronic system X, consisting on the average of <n>(s) pions , 
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has the same absolute value of the transverse momentum as the observed hadron h . 
2 (<pi>oo is the average transverse momentum at infinite energy of the produced 

hadrons ) .  As seen in Fig. 2 3> 

:0 
E 

100 

' ' ' ' ' ' 

pp ...... :rr- +  x 
lfS = 31 GeV 
--- exp I - 6 Ei )  
- - - - - ex p ( - 6 E1 - P,_Y< n> <pl' >m )  

\ ' ' 

�: The Pi distribution 
of pions (ref. 1 0) ,  showing 
the relatively small effect 
of the Gaussian transverse 
momentum balance factor in 
(3)  and the well known devia­
tions from "low pi physics 11 
for Pi ;:::, I GeV. 

...... 
'; 

0.1 \ 
\ � " . 
\ . 

" . ' ' 
' 

\, ' \ 

QOOl'--..._....__.___.._'---'--'--'---'-'---'--'--'-�-� 
0 o� 0.8 1.2 1.6 2.0 

E1 = VIJ.'- m�-m� [ GeV J 

the additional factor has but a minor effect for production of low mass hadrons 
(n,p) , where exp (-6Ei) is dominating. The additional factor in (3) is important, 
however , for very high masses of the produced secondary, as will be discussed in 
sec ti on III . 

Generalizing eqs .  ( I ) ,  (2) to the case of lepton pairs, we expect (with 
� -+  m(µ\i.-) )  

do (do ) [ (le 2 + - 2' + - )] 
dql 

I 
<iqI 

=o = exp -6 qi+m(µ µ ) - m(µ µ ) 
qi 

(4) 

In fact, as seen in Fig. 3 ,  for various resonant and non resonant mass bins in­
cluding the J/w, we obtain2) one universal curve, which moreover agrees with the 
hadronic one . (The correction factor from eq . (3) is still fairly unimportant 
in this mass range and yields a correc tion, which is within the experimental 
error bars . 
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II . 2 The p11 and energy dependence 

Fig. 3 :  Data (ref . 1 1 ) on pp -> 
µ+µ-+X for various mass bins 
Q=m(µ+µ-) compared with 
exp (-6El.) 

2p 2p0 The well known scaling behaviour in X_=� or X =--- of inclusive hadron 
-.. Vs' 0 Vs' 

spectra may most s imply be obtained from phase space with transverse energy 
cut-off ,  In the uncorrelated jet model one has 

Xe do °r.Ps( (P-p)Z) 
0- dX_ � f (El.) n__ (PZ) tot -,. "'"Ll'S 

( 5 )  

where p is the four momentum of the observed secondary, and P is the total four 
momentum, P2=s . As longitudinal phase space grows powerlike, one obtains from 
( 5 )  

with 

2 a � � 
� f (E ) 

(Mx,long.) ';;: f (E ) atot d� l. s l. 

x 0 l/s 

mz for - -> o s 
2 2 for pll<< m 

(6 ) 

(7) 
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With this formula we have an immediate connectioh be.tween the scaling behaviour 
in x0';;� as observed in the P n dependence of low ma.ss inclusive hadron production 
(power a) and the energy dependence of the production of high mass hadronic 
s tates of mass � at small P u (power 2a) . In pp � n°+x, the power a is found 1 2) 

to be a �  3 . 5 .  Assuming hadronlike behaviour for lepton pair production and re­
placing the hadron mass � by the lepton pair mass M(µ+µ- ) , we obtain two pre­
dic tions : 
I )  the p 11 distributions of lepton pairs in pp scattering should lie on a univer­
sal curve , when plotted against X0 rather than � ·  The universal curve should 
agree with ( l -X0) 3 · � 
2) The energy dependence for large mass lepton pairs should follow the behaviour ( 1 -�)7 • Both predictions are in agreement with the data, as seen in Figs .  4 and 
5 .  (A universal behaviour for the P n dependence does not hold, if � is used in­
stead of X0 (ref .  1 1 ) ) . 
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lepton pair masses compared with the hadronlike pre­
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�: J/� production 
data (ref . 1 3) at va­
rious energies compared 
with the theoretical 
prediction from (5) . 

Let me finally add the remark that the power a is beam dependent and significant­
ly lower4) for np -> (µ+µ-)+X, where a � 1 . 2 to 1 . 5 .  This has important conse­
quences4) for the np/pp ratio . 

II . 3  The mass dependence 

As the p lf' p .L and s dependence for lepton pair production has thus been ob­
tained by using hadronic functions and the parameters A and a determined in had­
ron physics , the only remaining freedom is a purely mass dependent function . In­
tegrating the lepton pair distribution over transverse momentum and specializing 
to y=o, we have 

(8) 

i .e .  a generalized scaling law1 4) in the sense of a factorizing mass and m/l/S' 
dependence . To specify g(m) , duality considerations between continuum and vector 
meson produc tion should be appropriate, the absolute normalization of the cross­
section then being fixed by the production of the low lying vector mesons 

1 7 1  



(p0 ,w,�) . For simplicity we have fitted g(m) by a power law ansatz and found 
that 

( ) cons t g m = � , ( 9) 

with f3o=5 yields an adequate representation of the data .for lepton pair masses 
M(µ+µ-) < 4 GeV . For the comparison with experiment I refer to the original pub­
licationZ) . Let me remind you, however, that we heard from Teiger this morning 
that the CERN-CEN-SACLAY-ZURICH collaboration at the ISR has found �-5 . 2,!0,54 for 

+ -M(µ µ ) � 5 . 5  GeV in agreement with our result obtained by fitting data at lower 
energies .  

III . The High Mass Region (M(µ+µ-) > 5 GeV) , 

The hadronlike model for lepton pair production developed in the last 
section will now be compared with the experimental data for large lepton pair 
masses M(µ+µ-) _:: 5 GeV. As data in the high mass region have so far been taken 
at energies up to vs ';;;' 27 GeV only, the kinematical s ituation is such that ••M/l/i. 
becomes fairly large for large M(µ+µ-) ,  If one considers the hadronlike model as 
a consequence of uncorrelated production of heavy clusters subsequently decaying 
into lepton pairs , one is clearly testing the model under fairly extreme condi­
tions·, as soon as • becomes large and an appreciable fraction of the primary 
energy is converted into a lepton pair. Never theless , it is important to know, 
which of the hadronlike production features survive under these extreme condi­
tions of large •, e . g. • >'> 0. 1 .  

III . I The transverse momentum dependence 

For large masses M(µ+µ-) >> 3 GeV, we may expand the exponent in (3) to 
yield a Gaussian dependence on qL 

3) 

• exp(- (> .. /2M 
+ 

_+ l /<n><p2>,.,)q�) 
q =o µ µ 

L 
• exp(-a (M, Vs ) qi) · 

( 1 0) 

In this expression, A•6Gev- I from hadron physics . The energy available for the 
hadronic system X produced in conjunction with. the lepton pair of mass !\.i+µ- at 
rapidity y� is approximately given by VS'-!\.i+µ- · The average particle multipli­
city <n> in ( 1 0) i s  thus to be taken as the mul tiplicity of a hadronic system of 
en;rgy l/i-!\.i+µ- .  The value Am6GeV

- l  implies <pi>-00=0. 1 9  Gev2 for pions and 
<pL>.,,=0. 43 Gev2 for nucleons . Both these values enter the evaluation of ( 1 0) ,  as 

2 2 the expression <n><pL>.,, has to be unders tood as f<ni><pLi>oo , where the sum runs 
over all different par ticle types . 
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The parameter free prediction ( 1 0) for the qi distribution is compared with 

recent CFS data in Figures 6
3) and 73) . Both Figures show good agreement of the 

Gaussian prediction ( 1 0) with experiment as long as qi is not too large . Just 

as in inclusive hadron production at large qi the cross section (for lepton 

pair produc tion) is larger than the one predicted from a universal transverse 

energy law. Thus , if one discriminates "low pi" and "large pi" physics in 

inclusive hadron production, one should also do so in massive lepton pair pro­

duction. 

173 



1 74 

o • " nucleon"-µ• µ·· ). 
Vs =  27.4 GeV 

\ 5 GeV < M < 6 GeV 

6 GeV< M< 7 GeV 

7 GeV < M < 8 GeV 

9 G e V < M<lO.S Gev•l 

10 

•> cross setion multiplied by 1/ 3 .  

1 o���l���A��.�6�'--.8±--'-�1���.._..,.1.�2-'---,>1Ao--�1�.6,..._,.._,..1.8. 

2.0 

u 1.0 

q: r Gev 2 1 

+ CF S ,  VS =  27, 4  G e V  
� C P  

VS(GeV) 

:Jr:t-:i--:?=� - - - - - - Gno 
Q / - - - -

- 27.4 
¢,., ,;;-:.-::::- - - - - - - - - - - - - - - - - -

1
9

.
4 

<I'°O,,Y 
,';.." 

Q L-.L--'--'--'-__.__.___.___.___.___.___.__,.__.__� .......... 
0 2 4 6 8 10 12 14 16 

Mµ-µ- [ GeV ] 

�: The low trans­
verse momentum distri­
bution for different 
mass intervals as mea­
sured by the CFS colla­
boration (ref . 16 )  com­
pared with the uncorre­
lated jet model predic­
tion ( J O) . 

�: The average 
transverse momentum of 
lepton pairs (ref . 1 6) 
as a function of the 
lepton pair mass compar­
ed with the predictions 
from ( 1 0) and ( I I ) .  



Fig. s3) shows the data for the average transverse momentum <qJ? compared 
with the prediction from ( J O) 

<q > = l/fi' --r==l==--.L 2 Ji (M, Vs') ( 1 1 ) 

The flattening of <q.L> as a function of M + - for sufficiently large M + - at any µ µ µ µ 
finite energy l/S' is a consequence of the transversely limited phase space of the 
other produced particles . At any finite l/S', for sufficiently large Mµ+µ-• the 
limi ted number of secondaries <n> (which number even decreases substantially as 
M increases ) produced in conjunction with the lepton pair can provide the necess­
ary momentum balance only at the cos t  of a considerable damping of the cross 
section .  Conversely ,  from the flat behaviour of <q.L> with mass, we expect that 
the hadrons produced in conjunction with a lepton pair of transverse momentum 
q.L ;::, 1 . 5 GeV show the transverse momentum behaviour usually observed in hadron 
physics . 

III . 2  Mass and energy dependence 

1 65 
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Fig. 9 :  Data 1 7 )  on lepton 
pair production for M(µ+µ-) 
> 3 GeV compared with the 
prediction (8)  and (9) . 
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Fig. 92 )  shows that the mas s  dependence as measured by CFs l 7 )  at 400 GeV 

laboratory energy is cons istent with the prediction from (8 )  and (9)  with 2a.=7 

as obtained from hadron physics . For comparison a predic tion based on the Drell 

Yan mechanism is also indica ted . While (8) and ( 9 )  agree with data in the whole 

mass range from Mµ+µ- = nP to Mµ+µ- = 15 GeV the Drell Yan prediction is too low 

by an order of magnitude in the region of very low masses 

c 0 .. 
u 
" ::>  
z 
> .. 
Cl 
.0 
E 

0 
" 

·B 
1 0  

>.. -10 
_ 1 0 bli " "  

6 

C F S  

C P I 1� ' 

8 

27.4 GeV 
23.8 
1 9.4 

. 1 7  1 8 ) �: Data ' on lep ton pair 
produc tion for different energies 
compared with predic tion (8) , (9) . 

Fig.  1 0  s·hows that the data at different energies ,  which have been pub lished 

so far , do not al low a discrimination of the two forms , i . e .  s ca ling of m5dcr/dmdy 

is not ruled out versus scaling of m3dcr/dmdy, which latter form is suggested by 

teh D . Y .  formula and naive dimens ional analysis . The CFS data at 200 and 300 GeV 

shown by Ledermann 1 9) at this meeting, however , seem to favor s caling of m3dcr/ 

dmdy in the high mass region. The power � in m�dcr/dmdy should actua l ly be trea­

ted as a fit parameter , jus t as the power of l /p
� 

in large p
� 

physics . Provided 

m3dcr/dmdy at present energies VS' ,.,  20 and M + ->5 GeV shows approximate scaling 
µ µ � 

as a function of T = m/ l/S', it wil l  be an important question to be answered at 

!SR energies , which variable actually de termines the scaling region, i . e .  is  it 

11µ+µ- � M0 ';;: 5 GeV or is it T � T0 (with e . g. 'o "" 0 .  I)  which defines the scaling 

region? 

Let me add a remark at this point on the beam ratio np/pp . As mentioned, 
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whereas for pp the power of ( l -M/Vs) is 2a'::.7 , for np this power is significantly 
lower , 2a-;;;2 , 5 . This difference yields a beam ratio, which is strongly increasing 
with increasing lepton pair masses4> ,  np/pp >> I .  

IV. Concluding Remarks 

I have discussed a hadronlike mode12 • 3) for lepton pair production in hadron 
collisions based on 

x dcr (M�)a 2 2 o - c - b exp (->..E .L - q.L/ <n><p .L> co) • 
dXFdqfdm - ;JI s ( 1 2 ) 

This ansatz has been motivated by the independent emission model for inclusive 
hadron production . (In ( 12 ) , b is chosen such that b • exp is normalized to I 
upon integration over qi) · The values of a (a';;:3 . 5 for pp, a';;:l , 5 for n:p) and 
A=6 GeV-I have been taken from hadron physics , while c is essentially determined 
by normalizing to low mass vector meson (p0 ,w,�) production. The power a;:'5 has 
been fitted in the low mass region (M

µ+µ- ,:s 4 GeV) . 
We have found that the q.L dependence (for q.L ,:s 1 . 5 GeV) is described by ( 1 2) 

in the whole mass range, which has so far been explored, Mµ+µ- ,:s 1 5 GeV (Vs�27 
GeV) . The q 11 and s-dependence in the low mass region (Mµ+µ-.:54 GeV) is well re­
presented by ( 12 ) . As yet unpublished data of the CFS collaboration indicate 
that the mass and energy dependence in the high mass region (or the high •=Mµ+µ­
/VS' region ? )  may be different from ( 1 2) with a=3 . 5 and 13=5 . As for beam ratios, 
due to the fact that for Ttp scattering 13';;:5 , but a';;:l , 2 , we expect4) a strong in­
crease of Ttp/pp with increasing lepton pair mass , Ttp/pp >> I .  
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DILEPTON PRODUCTION AT LARGE TRANSVERSE MOMENTUM 

C .  Michael and T .  Weiler 
Department of Applied Mathematics and Theoretical Physics 

Univers ity of Liverpool 
Liverpool L69 3BX, U .K .  

(presented by  C .  Michael) 

Abstract :  Data o n  the hadronic production of a massive lepton pair at large 
transverse momentum are compared directly with a QCD perturbation theory 
estimate . 

Resume : Les donnees experimentales concernant la production hadronique des 
dileptons massives a grand transfert sont comparees directement a une 
evaluation de la theorie de perturbation de QCD . 
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INTRODUCTION 
The production of mas s ive di leptons is well  studied experimentally and 

provides a testing ground for the ideas of quantum chromodynamics (QCD) . The 
expectation l )  in a QCD framework is that the dominant contribution comes from 
quark antiquark fusion to form a mas sive photon . We wish to study in detail 
the dis tribution of the transvexsemomentum (kT) of the produced dilepton . 

- + -The sum over all kT will be reproduced by the Drell-Yan mechanism of qq->-µ µ 
as mentioned above . At large kT , however, particular subprocesses may 
dominate and we consider 

� 
q G 

� + :u q G q '! µ-

•M $-l5+ :VrJ G q G q 
where G refers to a gluon. Here the final state G or q can balance the large 

+ -kT carried by the µ µ pair . Such processes will dominate provided a QCD 
perturbation theory approach is valid and the effective coupling constant 
is small enough . At large enough kT' this should be the case .  It  has been 
shown that a QCD perturbation theory treatment can be j ustif ied l) provided 
scale breaking s tructure functions are used and the "running" coupling con-

+ - + -s tant "s is used . We shall evalute the subprocesses qq->µ µ G and qG->µ µ q 
and compare with data 2) on hadronic µ +µ- production at large kT . The formu-

1.ae are given in the Appendix .  See refs . ( 3) and (4) for other evaluations . 
We avoid the divergence of these  expressions at kT=O by concentrating 
attention on data for large kT . 

EVALUATIONS 
The "running" coupling constant is taken from the fit 5) to scale 

breaking in deep inelastic scattering data which yields A=0 .5 GeV . For 
the valence quark distributions in proton and neutron (the data is for 
proton-nucleus collisions ) we take a conventional form for small Q2 values 6) 
together with a parametrization ?) of the observed scale breaking effects 
at large Q2 as (Q2/Q5) • 25-x . Q5=2+1 2x2 provides a good description of the 
data fit in ref . 6 .  The sea or antiquark dis tribution is required for x>0 , 2  
and is taken from a qq->µ +µ- subprocess applied to the data integrated over 
kT . This yields 2) GuN (x) =GdN(x) =0 . 5 ( 1-x)9 /x when the scale breaking of the 
valence distribution is taken into account . The remaining uncertainty is 
the gluon distribution. ' Unfortunately the qG->µ +µ-q mechanism gives a larger 
contribution than the qq->µ+µ-G so that a knowledge of the gluon distribution 
is essential . The main constraint on the gluon distribution is that approxi-
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mately 50% of the momentum of a proton is carried by glue . Using a dependence, 
like ( 1-x) n then gives a distribution GGN(x) =0 . 5 ( 1-x)n ( l +n) /x and n=5 is a 
conventional choice . The evaluation is sensitive to the gluon dis tribution 
for x>0 . 2 .  A larger value in this region can be obtained by using a less 
simple x-dependence . 

One such expression is ( 1 3 . 50 + 
1 . 07 /x) ( l -x) which results from 
normalizing a typical glue distribu­
tion of ref . 5 to 50% of the nucleon 
momentum. This broad dis tribution 
'and the conventional glue dis tribu­
tion are shown in fig . 1 .  

XG(X) 
1 .  

Fig . Gluon dis tribution 
Comparison with data is shown in fig . 2 .  With the conventional glue 

and nonscaling quark distributions , the QCD perturba�ion theory result lies 
below the data even at kT�4 GeV and Q=8 . 5  GeV . The result is insensitive 
to the sea distribution s ince the qG->µ +µ -q mechanism dominates . However , 
the broader gluon distribution does give a reasonable representation of the 
data for kT;.2 . 5  GeV . Since the scale breaking parametrization we use was 
obtained from a fit 7l to 1 GeV2� l q2 1 �40 GeV2 leptoproduction data, the 
extrapolation to Q=8 . 5  requires some faith . To display the sens itivity of 
our results to scale breaking, an optimized solution of broad glue and no 
s cale breaking is also shown for the Q=8 . 5  data . Clearly the uncertainty 
in the shape of the glue and in the exact nature of scale breaking allows 
model fits to the large kT data. 

DISCUSSION 
This is a situation very reminiscent of that in large pT hadron produc­

tion where the QCD perturbation theory result is smaller than data and has 
a flatter pT dependence . There agreement is possible for values of pT�6 GeV, 
however .8) The inclusion of "primordial" parton kT makes a substantial 
improv• nent at smal ler values of pT . A s imilar approach has been tried in 
large KT dilepton production Z) and introducing an ad-hoc "primordial" 
parton kT distribution gives better agreement at small  kT . One possible 
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worry is that anomalous nuclear rescattering effects are present for large Pr 
hadronic production and similar effects should be investigated experimentally 
in large kT dilepton production of nuclei . Higher order QCD diagrams can 
also be important since as is 0 . 25-0 . 30 for the evaluations shown in the 
figure . One may conclude that detailed predictions of QCD perturbation 
theory must await a determination of the gluon distribution from other 
experiments . Qualitatively the theory gives a re.asonable estimate of the 
large kT tail but is not adequate to des cribe the complete kT dependence of 
present data . Comparison with data on the fraction of events n (2) with 
kT>2 GeV rather than with <kT> or <k¥> would be preferable when statistics 
are too low to give the full distribution . 

Let us discuss how this fraction n (2) might be expected to depend on 
other variables such as incoming energy IS, incoming beam, rapidity y of the 
µ+µ- pair , etc .  The tail at large kT will  get progressively flatter with 
increasing IS and thus n ( 2) will  increase with IS. The details of the 
increase depend on structure functions, etc . Data do show that <k�> increases 
as IS varies from 19 to 27 GeV . 

Comp�rison of data from differing incident beams provides a potentially 
clean test of the QCD mechanisms . In pN s cattering , the lowest order Drell­
Yan mechanism is suppressed due to the sea nature of the antiquarks . Thus 
the large � tail is relatively enhanced and n (2) should reflect the 
qG->µ+µ-q subprocess .  However , with n or p beams , valence antiquarks enhance 

- + -Lowes t order Drell-Yan and give qq->µ µ G as the dominant large kT subprocess . 
Since the large kT tail from n or p scattering is insensitive to the 
gluon component, and s ince the continuum data fixes the q and q distributions , 
nN or pN data will  allow a clean test of QCD . Preliminary data 2) suggest 
that <kT> is greater for nN than for pN at the same s and Q values . 
However , the "primordial" low kT distributions of the constituents of the 
pion may differ from those of the proton, so that n ( 2) rather than <kT> is 
the relevant observable for a QCD tes t .  

Further , the y dependence o f  n ( 2 )  i s  completely predictive in the QCD 
context . Preliminary evidence 2) favors a <kT> roughly independent of 

4) rapidity , which contradicts a theoretical es timate obtained by folding the 
QCD kT tail with a primordial kT dis tribution . Since the calculation 
requires a rather arbitrary regularization of infinities at small kT we 
emphasize again the importance of n (2)  as the observable directly applicable 
to QCD . 
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APPENDIX 
The contributions of the subprocesses a+b->-µ +µ -+d to the inclusive 

dilepton invariant cross section A+B->-µ +µ-+X is given by 

I 
ab 

/u ds 21; 
SL rrs ( i;-T l 2 l cos 8 1 

where the a b centre of mass scattering angle of the dilepton with respect 
to the incoming constituent a is given by 

I 
cos@ ± { ( i;-T) 2 - 4i;K} 2 / ( l;-T) 

where T 

I 
xa ( s + x�) 2 ± xR b 

with If • h [ - • h-1 « s-T) CosB ) ]  xR = � sin y s in 2,rs- .rr+K . 

The limits are � 
by xa< l  and xb< l . For y 

T+2K + 2 l(T+K)K and the upper limit on s is given 
0, S = ( .IT+K-T) / ( 1 -v'T+K) .  

For 

For 

- + -qq->-µ µ +G: 

+ -qG->-µ µ +q : 
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QUANTUM CHROMODYNAMI C S  AND LARGE PT HADRON PRODUCT I ON ( + }  

A . P .  Contogour i s  

Department o f  Phys i c s , Mc G i l l  Univer s i t y ,  Mon tr e a l , Queb e c , C a nada 

Abstra c t :  W i t h  quark and gluon d i s t r ibutions d e t ermined from e x a c t  

r e qu i r ements o f  Quantum C hromodynami c s  ( QC D )  and partons c arrying 

transve r s e  momentum , i n c lu s ive m e s o n  production a t  large PT i s  

s tu d i e d . I t  is c o n c luded that w i th i n  p r e s ent theo r e t i c a l  and 

experimental u n c e r t a i n t i e s  this appr o a c h  o f f e r s  a fair a c count for 

the data . A l s o , i t  o f f e r s  an app l i c a t i o n  o f  very r e c e n t l y  advan c e d  

QCD i de a s .  

O n  e t u d i e  l a  produc t i o n  i n c l u s i v e  d e s  m e s o n s  a grand pT 
a p a r t i r  d e s  d i s tributions d e s  qua r k s  et d e s  gluons determin e e s  par 

d e s  c o n d i t ions e x a c t e s  d e  C hromodynami que Qu a n t i que et des par tons 

avec moment t r a n sv e r s e .  E ta n t  d o nne les i n c e r t itudes the o r i qu e s  

e t  experime n t a l e s  a c t u e l l e s ,  o n  c o n c lut que c et t e  methode donne 

une d e s c r ip t i o n  des expe r i e n c e s  a s s e z  s a t i s f a i san t e .  E l l e  fournit 

aus s i  une app l i c at i o n  des idees d e  C D Q  d e v e l oppe e s  tres r e c emmen t .  

(+) S uppor t e d  by t h e  N a t i o n a l  Re s e a r c h  Counc i i  o f  C a nada and the 

Qu e b e c  D epartment o f  E du ca t i o n . 
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We c o n s i d e r  i n c l u s iv e  p r o d u c t i o n  o f  a hadron C { e . g .  p i o n )  a t  

l a r g e  transver s e  momentum p in the co l l i s ion o f  t h e  h a d r o n s  A , B .  W e  T ( 1 ) a s s ume that it t a k e s  p l a c e  v i a  the m e c hani sm o f  F i g .  l a  • T h e n  the 

inc l u s ive c ro s s - s e c t i o n  f o r  AB+c+x i s  o f  the form (6  = 9 0 ° ) : 

( 1 )  d<J E -3- ( pT , s )  'V l: 
d p a , b , c  

F { x  ) 
f f  d d a/A a x a xb x a 

cm 

T h e  probab i l i t y  f u n c t i o n  F a/A i s  d e t ermined from the d i s tr ib u t i o n  o f  

the parton a i n s i d e  the hadron A { s im i l ar l y  F b/B ) and GC / c  i s  the 

f r a gmen t a t ion f u n c t i o n  f o r  the parton c to prod u c e  c .  
A 

S uppo s e  that the c r o s s - s e c t i o n  d<J/d t  is g i v e n  by quark-quark 

s c a t t e r i n g  { qq )  via s i n g l e  gluon e x c hange { l ) { s ubpro c e s s  o f  F i g .  lb)  
A - 2  - 4  Then da/dt "-' s "-' pT and i f  F a/A ' F b/B and GC / c  s c a l e e x a c tly we 

o b t a i n  

{ 2 )  

E x p e r imental s i tuat i o n : 

f o l lows : 

P a r ame t r i z e  pp+rr 0+x 

( 3 )  

D a t a  o f  ! S R  and F NAL 

E� "-' -1- ( 1 - x  ) m 

d 3 p n T 
PT 

i n  t h e  range 2 � PT 
n " 8 . 3 5 m 8 , 5 

� 7 G eV 

+ -
{ o r .:iL.±.1L + x )  2 

g iv e : 

Howev e r ,  v e ry r e c ent ! S R  data f o r  5 , 2 5 $ pT $ 1 6 , 4  g i v e  ( 2 )  

( 4 )  n = 6 , 6 ± , 8  m = 9 .  6 ±1 . 0 

a s  

I t  c a n  b e  s a i d  that the h i g h e s t  pT d a t a  favor n< 8 ;  but , anyway , n> 4 .  

T h e r e  i s  a numb e r  o f  e f f e c t s ,  howe v e r , r e l a t e d  i n  one way o r  

another w i t h  Q u antum C hr omodynamic s { Q C D )  : 

{ A ) . N o n s c a l ing d i s tr i b u t i on s . 

P r e s ent d a t a  on ep+e+x , µp+µ +x and Vp+µ +x i nd i c a t e  c l e a r  

s c a l e  v i o l a t i o n s  and , i n  f a c t , with the p a t t e r n  p r e d i c t e d  b y  QCD < 3 l  

T h i s  imp l i e s  that i n  ( 1 ) w e  m u s t  r ep l a c e  

{ 5 )  

where Q the 4 -mom e n t um o f  the exchanged g l u o n  { F i g .  l b ) , I t  c a n  b e  

s e en < 4 l that , roughly , mo s t  o f  the contribut ion to the i n t e g r a l  i n  

( 1 ) c omes f r o m  i n t e g r a t i n g  n e a r  

{ 6 ) xa
'Vxb

'VxT 

then the k i n ema t i c s  o f  F i g .  1 imp l i e s { 4 ) Q 2"-' 2 p� . F o r  m o s t  o f  
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2 2 o f  int e r e s t ,  QCD p r e d i c t s  that F a/A ( xa , Q  l ,  Fb/B ( xb , Q ) d e c r e a s e  w i th 

Q 2 • Thus in E q .  ( 2 )  QCD s c a l e  v i o l a t i on i n c r e a s e s  the e f f e c t i v e  

exponent o f  l/pT b e yo n d  t h e  v a l u e  n= 4 . < 4 l ( S )  

F i e l d  t h e o r e t i c  arguments sugge s t  that the 
2 should a l s o  b e  r ep l a c e d : GC / c ( z ) + GC / c ( z , Q  ) ; 

in R e f s . 4 a n d  6 . However , w i th r e s p e c t  to t h i s  

f ragmenta t i o n  f u n c t i on 

th i s  was a l s o  done 

p o i n t ,  the e x p e r i -

m e n t a l  s i tu a t io n  ( a n a ly s e s  o f  d a t a  o n  e N  + eh+X and V N  + µ h+ X )  i s  

l e s s  c l e a r . 

( B )  • QCD running c o upl ing c o n s tant . 

The a s ympt o t i c a l l y f r e e  nature o f  QCD i s  man i f e s t  in the 

use for qua rk - g luon c o up l ing : 

l 2'TT 

( 7 )  

2 q -s - A • 3'V . 5 G eV 
4')[ 

T h i s  further i n c r e a s e s  t h e  e f f e c t i v e  e xpon e n t  o f  l/pT . 

S i n c e  long ago C 5 l C 4 l ( 6 ) the e f f e c t s  ( A) and ( B )  have b e e n  

e xp l o i t e d  to s t r e s s  t h e  fundame n t a l  imp o r t a n c e  o f  s c a l in g  v i o l a t i o n s  

i n  u nd e r s t and i n g  l a r g e  pT hadron produ c t i o n  whi l e  p r e s e r v i n g  t h e  

e s s e n t i a l  i n gr e d i e nts o f  the B BK m e c h a n i s m ( l ) , and i n  p a r t i c u l a r  

without having to r e so r t  to a r b i t r a r y  f o rm s  l i k e C 7 l do/d� 'V l /��3 • 

S p e c i f i c a l ly ,  a model C 4 l s a t i s fy i n g  a numb e r  o f  Q C D  r e qu i r ements and 

l e a d i n g  to l o g a r i thm i c  d e c r e a s e  of the mom e n t s  o f  the s t r u c tu r e  

func t i o n s  h a s  b e e n  shown to a c count f o r  a l l  the e s s e nt i a l  d a t a  o n  

pp+h+X w i th h ='TT
±

, 'TT 0 ,  K
± C 4 l , a s  w e l l  a s  on l a r g e  pT c o r r e l a t i o n s ( 6 ) 

( s ame - s i d e  a n d  oppo s i t e - s i d e  momentum c o r r e l a t i o n s , oppo s it e - s i d e  

r a p i d i ty d i s t r i b u t i o n s  and t r a n s v e r s e  momentum s h a r i n g  x e 
d i s tr ibu t i o n s ) . ( S )  

I t  mu s t  b e  s t r e s s e d  that very r e c ent work i n  p e r tu r b a t i v e  

QCD ( g ) - ( l l )  i s  now p r o v i d i n g  impo rtant t h eo r e t i c a l  j u s t i f i c a t i o n  f o r  

the r e p l a c ements o f  E q .  ( 5 )  u s e d  i n  R e f s . 4 - 6 and he r e .  

( C ) . G luon e f f e c t s . 

In QCD g l uon and qua r k  d i s t r ib u t i o n s  a r e  g e n e r a l l y .  

i n s eparabl e .  M o r e  r e c ently s u c h  d i s t r ib u t i o n s  s a t i s f y i n g  e x a c t  Q C D  

r e qu i r em e n t s  b e c ame a v a i l a b l e  i n  t r a c t a b l e  and transparent form < 1 2 >  

Then a s t r a i ght forwa r d  exten s i on o f  the B B K  m e c h a n i s m  r e qu i r e s  the 

i n c l u s i o n  of quark-gluon ( qg )  and g l u o n - g l u o n  ( g g )  s c a t t e r i n g  s ub­

pro c e s s e s  ( e . g .  F i g s . l e , l d ) . T he s e  a r e  a l s o  of o r d e r  a ( Q 2 ) and s 
c o n t r i bute s i g n i f i c antly to the i n c l u s i v e  c r o s s - s e c t ion , i n  

( 1 3 )  part i c u l a r  a t  mod e r a t e  PT • 
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( D ) . Quark and g lu o n  tran s v e r s e  mome n tum . 

I t  i s  now c l ear that t h e  t r a n s v e r s e  momen tum kT of the 

i n i t i a l  qu a r k s  o r  g lu o n s w i th r e s p e c t  to t h e  hadrons s h o u l d  not be 

n e g l e c t e d . T h i s  further r e qu ir e s  r ep l a c i ng 

2 F ->- F ( x , Q  ; kT ) 

U su a l  phenom e n o l o g y  pro c e e d s  w i t h  a f a c t o r a b l e  f o rm F ->- F ( x , Q 2 ) D ( k'I'
) 

W e  p r e s e nt c a l c u l a t i o n s  w i th an expo n e n t i a l  D ( k ) � exp ( - b kT ) 
( 1 4 )  T 

c o r r e.s p o n d i n g  to < kT> = 2 / b  = c o n s t . U s e  o f  a gau s s i a n  D ( kT ) 

not s i g n i f i c a n t l y  a l ter the r e s u l t s . 

GC / c ( z , Q 2 ) D ( k� ) .  

A l s o  we r e p l a c e  GC / c  
... 

d o e s  

W e  d e t ermine F ( x , Q 2 ) i n  terms o f  t h e  qua r k  a n d  g lu o n  d i s t r i bu t ions 

O f  R e f . 1 2 . A s  s ta t e d ,  the s e  h a v e  b e e n  d e t e r m i n e d  v i a  e x a c t  QCD 

r e q u i r em e nt s ,  a s  w e l l  a s  via d e t a i l e d  f i t s  to o ld and new data on 

nuc l e o n  s t ruc ture f u n c t i o n s . The f r a gm e nt a t i o n  fun c t i o n s  GC / c  are 

a l s o  d e t ermi n e d  i n  t e rms of data o n  e l e c t r o - and n e u t r i no-pr oduc t i o n  

o f  h a d r o n s  a s  w e l l  a s  sum- r u l e  r e qu i r eme nt s . ( l 4 l  

d i s t r ib u t i o n  i s  o f  t h e  form 

T h e  gluon 

( 8 )  � ( 1 - x )  y+ S ( s ) l o g ( Q 2/ /\ 2 ) 10 g -�--'""='---=-
1 o g ( Q 2 //\ 2 ) 

QCD comp l e t e l y  s p e c i f i e s  t h e  f u n c t i o n  S ( s )  but not tR e c o n s tant 'Y · 
F rom R e f , 1 2 :  /\= . 3  and Q 2 = 1 . 8  G eV 2 T h u s  in our c a l c u l a t i o n  0 
t h e r e  a r e  o n ly two f r e e  p ar am e t er s :  y and < kT > . ( l S )  

" s tandard " v a l u e  y= s ,  but p r e s e nt r e s u l t s  for other 

W e  c h o o s e  the 

y a s  w e l l .  ( l 4 )  

F i na l ly , w e  t a k e  

i n  t h i s  c h o i c e  w e  a r e  g u i d e d  b y  the s e c o n d  o f  R e f . 7 and by o t h e r  

s im i l a r  c a l cu l at i o n s . ( l 6 )  

N o t i c e  that the ab s o lu t e  m a g n i t u d e  o f  Edcr/d 3 p i s  f u l l y  s p e c i f i e d  
from a ( Q 2 ) .  T h i s  h a s  b e e n  s t r e s s e d  r p p e a t e d ly ( 4 ) - ( 6 )  a n d  s t ands i n  S A A A 3 c l e a r  c o n tra s t  to the dcr/dt � l / s t  appro a c h , in wh i c h  not o n l y  the 
pT - d ep e n d e n c e  but a l s o  the m a g n i t u d e  of the i n c l u s i v e  c r o s s - s e c t i o n  

i s  i n t r o d u c e d  b y  h and . ( 7 )  

Our c o n c l u s io n s  c o n c e r n i n g  g l u o n  e f f e c t s  a r e  summar i z e d  i n  F i g . � 

C l e a r l y  the qg and gg subproc e s s e s  d o m i n a t e  at pT = 2� 4  G eV . 
i n c r e a s e s , however , t h e y  drop f a s ter than qq . A r g u i n g  on th e b a s i s  

o f  E q .  ( 6 ) , t h i s  i s  d u e  to t h e  r e l a t i v e l y  l a r g e  y = S ;  but a l s o  t o  the 

fact tha t ,  at l e a s t  i n  R e f .  1 2 ,  the e x p o n e n t  $ (s} i n c r e a s e s  � i th Q 2 

f a s ter than the c o r r e s p o n d i n g  QCD expone n t s  of the qua r k  v a l enc e .  
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a r e  

C o n c e r n in g  p a r t o n  k - e f f e c t s  ( F i g s . 
. T ( 7 )  ( 1 6 )  v e r y  impo r t a n t  at pT � 2�4 .  ( b )  

2 ,  3 )  we c onc l ud e : ( a )  They 

d e c r e a s i n g  s t h e  k e f f e c t s  s i g n i f i c a n t l y  T 3 

A t  f i x e d  p , w i th 

i n c r ea s e ;  ( l 1; ) ( ? ) t h i s  i s  

d u e  t o  the s t e ep e r  E dCJ/d p a t  l o w e r  s .  ( c )  T h e y  a r e  v e r y  imp o r t a n t  

for qg and gg d u e  to the s t e ep g ( x , Q 2 ) .  

+ F � g .  3 shows t h e  comp a r i s o n  w i t h  e x p e r i m e n t s  f o r  pp+TI 0 + X  and 
TI +TI + x . I S R  d a t a  a r e  w e l l  a c c o u n t e d  f o r . When our c a l c u l a t i o n s  2 ( 1 4 ) w e r e  p e r f o rmed o n l y  d a t a  up to pT � 1 2  GeV we r e  a v a i l ab l e . T h u s  

beyond t h i s  v a l u e  the c u r v e s  o f  F i g . 3 c o n s t i t u t e  p r e d i c t i o n s  o f  
QCD . ( l 4 l  H e r e  w e  have a d d e d  the v e r y  r e c e n t  h i g h e s t  pT d a t a ; ( 2 )  

a s  f a r  a s  w e  c a n  s a y  ( l a r g e  e r r o r s ) , t h e y  a r e  i n  a g r e em e nt . 
W i th < kT > = . 5  FNAL d a t a  c rs  = 1 9 . 4 ) a r e  l e s s  we l l  a c c o u n t e d  

for . H ow e v e r  i t  i s  e v i d e n t  ( po i n t  ( b )  a b o v e )  tha t  i n c r e a s i ng < kT > 

a f f e c t s  mo r e  the p r e d i c t i o n s  a t  l ow rs a n d  imp r o v e s  a g r e ement w i th 

FNA L . ( l ? ) The p r e d i c t i o n  i s  a l s o s omewhat s en s i t i v e  to the e x a c t  

v a l u e  o f  y ;  lower y ( = 3 )  improv e s  t h e  a g r e em e n t  ( F i g .  3 ) . 

h a s  

V e r y  r e c e n t l y  R . D .  F i e l d ,  imp l i c i t ly d e noun c i ng p r e v i o u s  w o r k ( ? ) 

p r o d u c e d  s im i l a r  c a l c u l a t io n s . ( 1 8 )  H e  u s e s  the r e l a t i o n  

( 9 )  < k  > = .. !_ < q  > + -
T /2 T IJ IJ 

whe r e  < q  > + - t h e  m e a n  t r a n s v e r s e  momentum o f  muon p a i r s  i n  
+ - T µ µ  ( 2 0 )  pp+µ µ + X .  W i th < qT > 11

+
11

- 1 . 2  he o b t a i n s  

< k  > T . 8 4 8  GeV 

F u r t h e r , h e  u s e s  the parton d i s tr i b u t i o n s  o f  R e f . 1 9 ,  i n  wh i c h ,  

appa r e n t l y , t h e  g l u o n s  c o nt r i b u t e  g e ne r a i ly s tr o n g e r  than i n  R e f . 1 2 .  

H e  a l s o u s e s  f r a gme n t a t i o n  func t i o n s  n o n z ero a t  z = l ,  ( ? ) wh i ch 
v i o l a t e  the B r o d s k y - F a r r a r  c o u n t i n g  r u l e s  a n d  the D r e l l - Y a n -W e s t  

r e l a t i o n  ( v i a  t h e  Gr ibo v- L i p a t o v  r e c ip r o c i t y ) , b u t  appear n e c e s s a r y  
i f  one w i s h e s  to o b t a i n  < z >  = p / < p , > � . 8 5 ( 2 l )  I n  t h i s  way h e  TI J e t 
shows for b o th I S R  a n d  F NAL d a t a  a p e r f e c t  f i t . 

R et u r n i n g  to o u r  work , ( l 4 l  w e  may i n t e rpo l a t e  t h e  r e s u l t s  o f  

o u r  c a l c u l a t i o n s  by the p a rame t r i z a t i o n  o f  E q . ( 3 )  for the s am e  

r a n g e  o f  pT and rs o f  R e f . 2 ( i . e .  5 . 2 5 � pT� l 6 . 4  and 5 3  $ rs $  6 3 )  

W e  o b t a i n  the e f f e c t i v e  v a l u e s :  
( 1 0 ) n = 6 . 3 4  m 9 .  4 5  
t o  b e  comp a r e d  w i th E q .  ( 4 ) . 

Th e  mo d e l  app e a r s  to have no p a r t i c u l ar d i f f i c u l ty to a c c o u n t  

f o r  the c o r r e l a t i o n  d a t a  ( c a l c u l a t i o n s  u n d e r  way)  . The s am e - s id e  
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and oppo s i t e - s id e  momen tum c o r r e l a t i o n s  and t h e  oppo s i t e - s i d e  

a n d  the x -e rap i d i ty d i s t r i b u t i o n s  m u c h  r e s emb l e  tho s e  o f  R e f . 6 ;  

d i s t r ibut i o n s  a r e  r e a s o nab l e , i f  the s p e c t a t o r  p a r t o n s  

a c c o u n t . ( 2 l )  ( 5 )  
a r e  t a k e n  i n t o  

I n  c o n c l u s i o n ,  i t  c a n  b e  s a i d  t ha t ,  w i t h i n  p r e s e n t  t h e o r e t i c a l  

a n d  e x p e r i m e n t a l  u n c e r t a i n t i e s ,  Q C D  a c c o u n t s  f o r  l a r g e  pT m e s o n  

p r odu c t i o n  r e a s o n a b l y  we l l ,  c er t a i n l y  a t  I S R  e n e r g i e s . Our o v e r a l l  

e f fo r t  c a n , probab ly , b e  c o n s id e r e d  a s  a u s e f u l  app l i c a t i o n  o f  v e ry 
. ( 1 0 )  ( 9 )  ( 2 2 )  r e c e n t l y  adva n c e d  i d e a s  b a s e d  o n  p e r tu r b a t i v e  QCD . 
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production of lepton pairs in hadron collisions are reviewed. With emphasis 
on the interplay between theory and experimen t ,  the relevance of theoretical 
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The Dreil-Yan mechanism is found to be phenomenologically dominant provided 
that the parton distribution functions contain effects of gluon radiation in 
a narrow cone . Explicit QCD perturbative calculations of the non-Drell-Yan 
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picture in the parton model is sketched . Further experiments to probe the 
basic mechanism are suggested . 
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PREAMBLE 

The contents of this review are influenced s trongly by the experimental 

papers presented during the lepton-pair session and by the recent theoretical 

development in the framework of QCD. No effort toward CQmpleteness has been 

attempted . On the whole this review covers the development of the subject 

since summer 1 97 7 .  For earlier work and for basic kinematics , reference to , 

for example,  the review articles I ) of Shochet (experimental )  and Craigie 

(theoretical) is sugge s ted . Detail s  of important recent data and theoretical 

investigations relevant to our argument s  in this paper are to be found in the 

articles by Pilcher , Lederman, and Sachraj da,  contained in these proceedings . 

I .  INTRODUCTION 

Lepton pair production in hadronic coll isions has recently been the subject 

of intensive investigation both experimentally and theoretically. Whi le 

many reasons can be given for the high level of interest in the subj ect , one 

single underlying theme seems to be that through the detection of dileptons 

in hadronic coll isions one is given a direct access to a picture of the 

constituent structure of the hadrons . Deep inelastic leptoproduction has 

been the standard approach for nearly a decade , but it is l imited to the 

nucleons and is hard to reach high-momentum-transfers .  Semi-inclusive lepto­

production can provide some more information about the constituents but at 

the price of involving the quark fragmentation functions . Similar drawback 

is present in large-pr inclusive reaction s ,  while in small-pr processes there 

are other complications that are not wel l  understood . In lepton pair produc­

tion many kinematical variables are readily accessible to experimental control , 

which can therefore be tuned to map out the parton distribution functions . 

Theoretically, it is also a fertile ground for testing the predictions of 

quantum chromodynamics (QCD) . Indeed , i t  i s  the possibility of a high degree 

of interplay between theory and experiment that has perhaps stimulated the 

recen t activities in this subject . 

An inclusive reaction in hadron-hadron collisions in which only a pair of 

leptons is detected depends in total seven independent variables . They are 

( I )  the initial c . m. energy squared s ;  (2)  the invariant mass of the lepton 

pair M; (3) the rapidity y or Feynman variable xF of the lepton pair ; 

(4) the transverse momentum qT of the lepton pair; (5) the angle e of the 
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leptons in the lepton rest frame in either the Gottfried-Jackson or helicity 

coordinate system; (6)  nature of the beam particle ; and (7 )  nature of the 

target .  A complete description of the inclusive cross section would require 

the use of a multidimensional space . However ,  most of the e ssential features 

of the lep ton-pair production (LPP) process  can be conveyed by the description 

of how da/dMdy and <qT> separately depend on M, s ,  and y. This is a 2 x 3 

matrix of data presentation which we shall go through systematically in this 

review. We shall separately discuss the beam and target dependences first.  

Angular distribution in 8 as well as other topics wil l  be considered at the 

very end . 

Contrasting da/dMdy against <qT> , it should be remarked that the former 

is an inclusive cros s  section integrated over qT and therefore represents 

the bulk of the cros s  section. On the other hand, <qT> ' or more exp l icitly, 

da/dMdydqT , contains information pertaining to the rarer events at large qT . 

As i s  common in hadronic reactions , certain dynamical features that are 

manifest in rare events are washed out in the integrated results so that the 

mechanism responsible for the dominant features may be quite different from 

the physics governing the reactions in some fringe regions of phase space. 

For that reason we shall separate the discuss ion of the bulk cross sections 

from that of the qT dependence . As it turns out ,  the former is far less 

controversial ; consequently, we shall be brief . I t  is the latter that will 

occupy most of our attention. 

Theoretical understanding of the LPP process is not on firm ground because 

many of the well-tested techniques useful in deep inelastic scattering, such 

as short-distance expansion and · l ight-cone dominance , Z) are not applicable 

to LPP . The quark-antiquark annihilation mechanism of Drell and Yan J) has 

been amazingly successful even though the reason for its success has been 

unclear , at least no t until very recently. The Drell-Yan mechanism is con­

structed in the framework of the naive quark-parton model ,  4) which in i ts 

own right is in need of modification to account for such effects as scaling 

violation. Some progress has been made in the past few months to elucidate 

the dominance of the Drell-Yan mechanism in the context of QCD, which is the 

only candidate theory of strong interaction at the constituent leve l .  While 

many QCD diagrams are found in perturbative calculations to fall into the 

general category of Drell-Yan type annihilation proce s s ,  there are kinematical 

regions in which they remain distinctly as non-Drell-Yan type diagrams . Since 

QCD itself, having no intrinsic scale , cannot specify those regions a prior i ,  

199 



only phenomenology can determine where certain QCD diagrams are important . It 

is one of the aims of this review to make that phenomenological analysis and 

assess to what extent QCD has been tested in LPP . 

There are , of course, a number of other model s  which claim to fit the LPP 

data . One of them is based on the constituent interchange model 5) (CIM) , 

whose results agree remarkably well with all the data considered, when para­

meters determined in large-pT reactions are used . Whether the agreement is 

maintained in view of the recent changes of the data both in LPP G) and in 

large-pT processes 7 ) remains to be seen. Although the success of CIM in 

LPP processes should not be overlooked , it will not be pursued further in 

this review. Interested readers are referred to Ref .  5) . Another model 

discussed at this meeting S) is thermodynamic in character and emphasizes 

the relationship between the production of hadrons and dileptons . Because 

it de-emphasizes the role played by the virtual photon , one expects it to 

have difficulty explaining the charge-dependent data, such as the n+ to n 

beam ratio at high mass LPP . Again , we shall not return to this model in 

the remainder of this review. 

Except for the next section where we shall discuss the theoretical basis 

for the Drell-Yan mechanism, attempts will be made in ali subsequent sections 

to maximize the interplay between theory and experiment . Not all data will 

be discussed, obviously. We shall selectively present only the data that are 

relevant to some theoretical issues .  On the whole we shall follow an outline 

which goes through the 2 x 3 matrix of data presentation mentioned earlier . 

II,  THE DRELL-YAN MECHANISM 

How much can we believe in the Drell-Yan mechanism )) as the dominant 

process in LPP? If this is a theoretical question , it can be answered only 

within the framework of some theory, and QCD is the only one available , which 

is what wil l  be discussed below. If i t  is a phenomenological question, then 

the answer resides in checking whether the parton momentum distributions in 

LPP assuming the Drell-Yan mechanism are consistent with those in DIS (deep 

inelastic scattering) . This aspect of the quark parton model wil l  be con­

sidered in Section VII , after the theoretical and other phenomenological 

questions about LPP are settled . 
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Present technology in QCD is inadequate to answer fully the question of 

Drell-Yan dominance . One outstanding difficulty is the question of 

interact ion among the spectator partons of the two hadrons . There must be 

such interactions at some level if the final state hadrons are all colour 

singlets . The initial and final state interactions can ruin Drell-Yan ' s  

factorizable form for direct quark-antiquark annihilation . The problem is 

difficult to handle in QCD because the hadronic wave functions are involved 

which cannot be treated precisely so far . In Regge theory some statement 

can be made : 9) all the Pomeron exchange terms cancel . Its relevance to 

the parton picture i s ,  however ,  not at all clear . In the literature on 

partons and QCD all complications related to the spectator interactions have 

been ignored, as they were in the original work of Drell and Yan . 3) 

What one can do in QCD is to calculate perturbatively the gluon correc­

tions to the Drell-Yan process . Some of the low-order diagrams are shown 

in Fig. 2 . 1 .  

FIG. 2 . 1  

In these diagrams the heavy, l ight ,  dashed,  and wavy l ines represent hadrons ,  

quarks (q) [or antiquarks (q) ] ,  gluons (g) , and virtual photon s ,  respectively. 

The bubbles represent the intrinsic parton dis tributions in the hadrons ,  

containing all the low Q
2 

confinement effects ( such a s  the Fermi motion of 

the partons) that are not calculable in perturbation theory in QCD. It was 

shown by Politzer l O) (for the initial partons being qq) and by Sachrajda l l ) 

(for the partons being qg, qq,  and gg) in the leading log q
2 

calculations 
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that two important phenomena occur at high Q2 . One is that the contribution 

of all the diagrams in Fig. 2 . 1 to LPP can be put in a factorizable form so 

that the Q2 dependence can be absorbed into the hadronic structure function 

as shown in Fig . 2 . 2 . Thus in the leading log approximation the Drell-Yan 

FIG. 2 . 2 

form is recovered . 1 2) Moreover , the log Q2 dependence of the structure 

functions in Fig. 2 . 2 (indicated by the cross-hatched bubbles) is exactly 

the same as that for electroproduction (in le�ding log) with Q2 = l q2 1 in 

both case s .  These features of QCD contribute partially t o  an explanation 

of why the Drell-Yan mechanism seems to work better than one would naively 

expect , as we shall see in the following sections . 

The calculations referred to above are done by s tudying low order 

diagrams in perturbation theory. One could with good reasons ask about the 

importance of the higher-order gluon-correction terms . Such contributions 

are hard to calculate even in leading log approximation, since it involves 

power series in g2 (Q2) log Q2 where g2 (Q2) is the square of the running 

coupling constant l 3) l 4 )  that varies inversely as log Q2 ; thus each order 

in perturbation theory gives a comparable contribution to the correction 

Am • • 
d 

. l S )  h d 1 d h d f terms . ati , Petronzio an Veneziano ave eve ope a met o or 

studying the problem, which promises to be able to generalize the Politzer­

Sachraj da result to higher orders . 

There is then also the question of non-leading log terms . It should 

be recognized that a power of log q2 is developed each time an internal line 

of a tree diagram (with vertex and propagator insertions) is nearly on mass 

shell .  1 6 )  It means that for hard gluon radiation the quark and emitted 

gluon must be nearly collinear . Thus in the leading log approximation all 

quarks and hard gluons must be restricted to a forward cone with a small half-
* 

angle o .  I n  other words , the transverse momenta kT of the partons are 

"'
we shall refer to this in the following as the "narrow" gluon correction. 
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limited: < (2 . I )  

where e i s  a fixed small number. This inequality arises becasue in an 
integration of dki/ki from p2 to Q2 it is the lower portion from p2 to eQ2 

that gives rise to log Q2/p2 Indeed , for a related reason, the jet structure 
in e+e- annihilation is also described in terms of cones .  1 7) Now, if a 
parton (quark or gluon) in a certain QCD diagram is forced to have a large 
kT' such as in a process in which a large qT dilepton is detected, then one 
of the internal lines must be far off shell , and one loses a power of log Q2• 
Such terms are not included in the leading log computation, and one must 
calculate separately and explicitly hard-scattering diagrams . There can, 
of course, still be further gluon corrections to the basic hard-scattering 
subprocess .  Again, in leading log approximation (i . e .  collinear gluon 
emission) of low-order diagrams Sachrajda shows in a separate paper 1 8) that 
the effects of narrow gluon corrections to a hard-scattering process are 
also factorizable and can be absorbed into the distribution (or fragmentation) 
functions for the initial (or final) partons undergoing the hard col lision. 
The implication for LPP is then that when a detected lepton-pair has a large 
qi , say, of order Q2 , one should calculate explicitly the Born diagrams , i . e .  
second t o  fifth, in Fig. 2 . 1 with the bubbles cross-hatched a s  in  Fig. 2 . 2 
so that the Q2 and small kT dependences due to the narrow gluon corrections 
can be taken into account . The last three diagrams of Fig. 2 . 1  are thereby 
automatically taken into account if the gluons are near mass shell. 

In the investigation of the 'factorization question in perturbation 
theory l O) l l ) l S) l 8) it is the integrated cross section (integrated over � of 
all narrow gluon corrections) that is s tudied . The resulting Q2 dependence 
of the structure function is then found to be the same (in leading log) as 
for vw2 . It has not been possible to determine what the kT dependence is 

2 of the distribution function G (x, kT' Q ) before the integration over kT . 
That dependence is , of course , of crucial importance to the calculation of 

<qT> especially for the direct qq annihilation process of Drell-Yan . In the 
absence of any definitive prediction in QCD and in anticipation of the 
phenomenology to follow, let me identify two components of parton � in 
G(x, kT ' Q2) ,  the meaningfulness of which is only a conjecture at this point. 
One is the intrinsic component <kT>o usually taken to the roughly 300 MeV/c . 
It is due to the Fermi motion or binding effects in the hadron, probably 
independent of Q2 but may depend on x. 1 9) 20) The other component, 
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<kT>narrow' is due to hard gluon bremsstrahlung in a narrow cone ; it can be 
q2 dependent but at most to the extent of ( 2 . 1 ) . How small E is or how 
narrow the cone is cannot be answered within QCD . An estimate of 1 0° to 1 5° 
by Sten1an and Weinberg l ?) for j ets in e + e- annihilation is not unreasonable 
here . The two components collectively form the hadronic ·<kT>had which is an 
estimate of the total transverse spread of the momenta of the partons in a 
hadron with gluon interactions as probed by deep inelastic scattering . The 
corresponding distribution function G (x, kT ' Q2) is to be used in any parton­
model calculation that needs a description of tr·� �upply of partons in a 
hadron. 

For LPP with " small" values of qT ' i . e .  not much greater
2 
than <kT>had ' 

Drell-Yan picture applies , provided that the above G (x, kT ' Q ) is used .  
For significantly "larger" qT the Drell-Yan mechanism cannot b e  trusted, so 
explicit non-Drell-Yan type diagrams must  be calculated . Indeed, to test 
some clean predictions of QCD it is  necessary to go outside the hadronic 
("small") regi" on . S · OdD · · t lf d t · d th f <k2> ince , in i se oes no provi e e range o T had ' 
only phenomenology can determine where "small" qT ends and where "large" 
qT begins . A significant portion of our discussion later on will  be 
addressed to this problem. 

For now we need some theoretical framework in which to begin discussing 
the data. Since the qT distribution of the dilepton cross section falls  off 
rapidly with increasing q� , the bulk of the cross section at present energies 

L 

is in the region where the hadronic kT is mainly responsible for the qT . 
(Some aspect of the phenomenological conclusion to be reached later on has 
been used in making the last statemen t . )  Thus we shall adopt a s  our working 
hypothesis that for the integrated (over qT) cross section , do/dMdy , the 
Drell-Yan mechanism dominates .  For <qT> '  ou the other hand , or more 

2 particularly for do/dMdydqT ' we leave it as an open question to be examined 
in detail .  

For later use let  us  collect here some equations expressing the Drell­
Yan process  in various ways . He include the color factor 1 /3 ,  and use 
G� ' f  (p ,k ,q) to denote the distribution function for a quark (or antiquark) 
of flavor f (or f) in a hadron h .  It depends on the invariants built out 

2 1 )  of the momenta o f  the hadron p ,  parton k,  and photon q .  The inclusive 
cross section in the Drell-Yan approximation is  
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( 2 .  2) 

where ef is the charge of the quark of flavor f in unit of e .  I f  kT is 
_,. 

ignored and q integrated, then (2 . 2) yields 

where 

x .  i q2 /2p . • q  i f G! 'f (q2=M
2) d2kT 

Finally, if the l epton pair is detected at y = O ,  we have 

da I dMdy 

y=O 

41TCl 2 2 � f 2) f 2) ( -)
J -�3- E ef 

F
h (x,M Fh (x,M + f++f 

9M f I 2 

where x IT . 

III . TARGET AND BEAM DEPENDENCES 

( 2 .  3) 

( 2 . 4) 

( 2 . 5) 

( 2 . 6) 

( 2 .  7 )  

Mos t  experiments o n  LPP are done using nuclear targets . The dependence 

of the cross section on the atomic number of the target may be parametrized 

as 

(3 . I )  

The variation o f  a (M) with M is shown in Fig. 3 . 1 with data from various 
. 22)-27)  . b h d . . . experiments using ot proton an pion beams . I t  is evident that 

for M � 3 GeV the dependence on A is nearly linear , signifying incoherence 

of scatterings from individual nucleons . Under such circumstances one can 

admit the possibility of the Drell-Yan mechanism to work since impulse 
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approximation cannot be ruled out . But for M � 3 GeV, a deviates significantly 
from one , so the nuclear coherence and rescattering effects are not negligible . 
The impulse approximation needed for the parton model is then not j ustified . 
Thus the Drell-Yan mechanism should not be applied to LPP with M S 3 GeV; 
failure of the Drell-Yan formula to account for do/dM in that region is 
therefore not unexpected . 28) • 29) In the following we shall not attempt to 
interpret the data for M S 3 GeV when nuclear targets are used. We await 

. h . h 1 30) . h . • 1 wit great interest t e resu ts from ISR in t at mass region, especial y 
when the statistics can be improved. 

The dependence on the beam type is  as dramatic as i t  is  effective in 
illustrating the utility of the simple quark-parton model and the general 
validity of the Drell-Yan mechanism. Gonsider the cross sections for anti­
proton vs .  proton beams . An antiproton has much more antiquarks at large x 
than does a proton, so the qq annihilation process at large T (thus involving 
large x partons) is much more enhanced for the p as compared to the p beams . 
One therefore expects o (p) /o(p) to increase significantly with T .  The beam 
dump experiment at CERN SPS with Q spectrometer verifies this increase 
despite their poor statistics . 3 1 )  Similar situ�tion is true for o (�) when 
compared to o (p) , as shown in Fig .  3 . 2 ; 3 1 ) 32) a ratio of 330 was reported 
by Pilcher 26) for M = 1 0 . S  GeV at pbeam = 225 GeV/c . 

1 .0 �1---t-1 
a(M)  ( 

0.5 x Rel 22 
0 Ref 23 
D Ref 24 
• Ref. 25 

0 
I 2 4 6 8 10 

M ( GeV) 

FIG . 3 . 1 
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Another aspect of the quark-parton model (QPM) concerning the charges 

of the constituents is also tes ted in LPP if one examines the cr (TI
+

) /a (TI
-) 

ratio for isoscalar targets . The valence quarks of TI
+ 

are ud , while those 

of TI are d;; . The annihilation of the antiquarks with the corresponding 

quarks in a nucleon at large x should lead to a ratio of the squares of the 
2 2 + -

charges e
d

/e . Thus one expects cr (TI ) /cr (TI ) to approach 1 /4 as T + 1 .  This 
u 25 ) 26 ) 3 1 )  

is veri fied by the recent data ' ' as shown in Fig.  3 .  3 .  

One must conclude here th?t the Drell-Yan mechanism i s  operative for 

the maj or part of the integrated cross section s .  

1 2 5  
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0 75 
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0 
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M (GeV) 
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IV. THE INCLUSIVE CROSS SECTION dcr/dMdy 

j 
7 

We now consider the bulk o f  the cross section d; /dMdy ( integrated over 

qT) and discuss i t s  dependences on M ,  s and y in that order .  As we have 

argued in Section II , for the integrated cross section we shal l think in 

the framework of the Drell-Yan process whenever neces sary. We shall see that 

the data offer no critical tes t o f  the model and can be readily accommodated 

by i t .  

A t  fixed y ,  particularly at y = O ,  the dependence o f  the <!ross section 

on M has been wel l  measured up to M o  1 4  GeV both for proton 
6 )

•
27)  and 

pion beams . 26 ) Because o f  the unknowns contained in (2 . 7) , the data by 

themselves cannot provide a precise check on the validity o f  the Drel l-Yan 
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process . In fact,  the CFS data 6) have been used in conjunction with vw
2 

to 
determine the antiquark distrib,ution ; depending on what is used , a number of 
fits are possible . 6) , 33) , 34) Based on the q and q distributions of the proton 

. ld ' 26) . so determined, one cou then use the �p data to map out the parton dist-
ributions of the pion, a result that will surely be forthcoming before long . 

The dependence on the beam energy has also been studied by both the CP 
24) 27 )  . 27) and CFS groups . ' Fig .  4 . 1 shows the result for proton beam at y O .  

To exhibit scaling the data at y = 0 . 2 have been plotted in  terms of the dimen­
sionless quBJ!tity M2d /dlrdy versus IT, as in Fig . 4 . 2 . One sees that the 
data satisfy scaling amazingly well  - in fact ,  almost too well for comfort . 
According to (2 . 7) and disregarding the small value of y, the quantity plotted 
should be a function only of IT, or x ,  except for the scaling violating M2 

dependences (hence s dependences for fixed T) of the parton distribution 
functions , which are not negligible for the range of s explored . However,  

10 12 14 
M (GeV) 
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that the scaling 
violation of the structure function has a pivotal point at x � 0 . 2 and that 
for x > 0 . 2 it decreases with increasing Q2 • Qualitatively, this feature is  
preserved in  the data shown in  Fig .  4 . 2 if  one i dentifies x = IT ,  although 
an exact parallel is not expected since the qua;k and antiquark distributions 
(having different behaviours. of scaling violation at large x) appear multip­
licatively in tPP but additively in DIS (deep inelastic scattering) . 

There are also some data from ISR 36) at IS from 28 to 62 GeV , 
Although the error bars are large , their values for M3dcr/dMdy at y = 0 for IT 
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from 0 . 08 to 0 . 25 are in general agreement with the CFS data . Thus on the 

whole one can say that scaling seems to work rather wel l  in LPP . 

The y or xF dependence of the cros s  section for various bins of M values 

greater than 3 GeV is now also known from the CP and CFS experiments . 26) • 27) 

Because of the extra q content in the pion, the xF dependences are expected to 

be quite different for the n and p induced cross sections . The new CP data 

ought to be able to put enough constraints on the Drell-Yan formula (2 . 2) to 

determine the parton distribution functions for the pion . 

In using the large � data one mus t  be careful about kinematical 

limitations since the annihilating quarks and antiquarks may not originate 

from separate hadrons as in the usual Drell-Yan picture, but from the same 

hadron . 37) In that case the qq annihilation proces s  i s  then closely related 

to the qq recombination process 38) responsible for the production of mesons 

at l arge xF . 39>-42) The ratio of lepton-pair to n° or p0 production at large 

� with nucleon target should then provide a direct clue to the recomb ination 

function . 

The CFS data also show the y distribution for both positive and negative 

values of y. The asymmetry shown in Fig.  4 . 3  for /:r between 0 . 2  and 0 . 25 is 

at first sight larger than is anticipated from the use of nuclear targets . 
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However, a quick estimate can be made if,  for extreme simpl icity, we assume 

that all quark distributions are alike in protons as wel l  as in neutrons, and 

similarly for all antiquark dis tribution s .  Since no asymmetry can arise when 

the beam proton strikes a proton in the targe t ,  we need only consider the pn 

coll ision . Counting the squares of the charges only, on the proton side uud 

leads to (4+4+ 1 ) /9 ,  while on the neutron side udd leads to (4+1 + 1 ) /9 .  Assuming 

equal proportions of p and n in the target nucleus , we see that the excess 

on the beam side is 3 out of 1 8 ,  which is not negligible . This es timate is 

extremely crude but is sufficient to infer that the observed asymmetry presents 

no puzzle .  A quantitative calculation in the Drell-Yan p icture is straight­

forward . 

V .  TRANSVERSE MOMENTUM O F  THE LEPTON PAIR 

There are two aspects about the average transverse momentum <qT> o f  

the dileptons that are noteworthy . The CFS data 6) at 400 GeV shown in 

Fig. 5 . 1  serve to i llustrate the s i tuation. First,  the value of <qT> is 

about 1 . 2 GeV/c for M � 4 GeV, a value much higher than is naively expected . 

Secondly,  over the same range in M it is remarkably flat except for the T point,  

a phenomenon that needs explanation. The data have stimulated a great deal 

of theoretical activities because model calculations can be made on the subject 

with predictions that can be compared with data. There have also been hopes 

that QCD can be tested . Since there are a number of methods of treating the 
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problem even within the context of QCD, I shall organize the discussion by 

first identifying two distinc� approache s ,  commenting on the difficulties in 
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each, and then making a conclusion based on phenomenological fact . In order 

to be relevant to the data available now or forthcoming, it is important to 

bear in mind what is calculable and what i s  not, and to distinguish the two 

at present energies . 

A .  BACKDOOR APPROACH 

This is the approach along the avenue o f  space-like q2 • Calculate the 

average parton transverse momentum <kT> and then infer the dilepton' s  <qT> ,  

Ref .  43)-46) are examples o f  considerations along this l ine . Schematically, 

the steps followed are: 

It is in the last step that the Drell-Yan mechanism is assumed and the backdoor 

crossed. In Ref .  46) steps (b) and (c) are short-circuited. We remark now 

on each of the step s .  

(a) QCD ---->- DIS 

. 1 3) 14) QCD, being an asymptotically free gauge theory, ' has been 

successfully applied to DIS where operator product expansion and light-cone 

ideas are usefu l .  2)  
Scaling violations o f  the moments o f  the structure 

fucntion can be calculated using renormalization group method and they are 

not inconsistent with the present data, 47> although one cannot claim on that 

basis that QCD has been successfully tested. 

(b) DIS ____,. R 

Here R is 

C\ 
( I  v2 w2 

FL ( 5 .  I )  R + -)- - - FT aT Q2 w1 

This ratio is zero in the lowest order and requires a calculation of the one­

loop corrections to the Wilson coefficients . 4s) -50) Because the latter are 

related to the moments of the st.·ucture functions, an inversion to FL and FT 
themselves results in an integral relation, 5 1 )  which in the lowest order 

for FT is 

2 FL(w,Q ) (5 . 2) 
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where w = 1 /x, and c2 (R) is the quadratic Casimir operator evaluated in the 
representation R for the quarks . Eq.  (5 •. 2) is given here mainly to show that 
the relationship between FL and FT is not simple . In the limit ut>-1 , the 
integral is approximated by a linear dependence on w- 1 , and one obtains 

R "' C 1 - x 
logQ2/A2 

x + l (5 . 3) 

where the log factor appears because of the running coupling constant. g2 • 
Among other things the constant C depends on the rate at which FT vanishes 
as w ' + 1 .  For lack of a more reliable but simple formula, (5 . 3) has been 
used as a QCD description of R for the entire range of x from 0 to 1 .  The 
value of C is therefore devoid of precise meaning . Depending upon the user 
of (5 . 3) or other considerations , various values have been assigned to it: 
C = 1 6/25 in Ref .  43) , 1 /2 in Ref . 45) and later 1 /"4" in Ref .  52) . The 
prediction of QCD as expressed in (5 . 3) is thus unreliable in both normaliza­
tion and x dependence . 

More careful numerical calculations of R have been carried out 50) , 53) 

in the framework of QCD and renormalization group techniques .  The results 
are consistently and significantly lower than the old data 54) ,55) particularly 
at high x. The new data 56) give an even higher value of R (0 . 25 ± 0 . 1 0 when 
averaged with the R value using the old data) , so that the discrepancy is 
even worse . To account for the difference Nachtmann47) found that a fit of 
the old data would require the addition of a component attributable to the 
intrinsic transverse momenta of the partons , which he took to be 

0 .5x (GeV/c) 2 (5 . 4) 

Note the x dependence . The new data on R would require an even larger <k2> T o 
which should not vanish at x=O . *) 

and the 
The discussion innnediately 

R 

k2 . . h parton < T> ' which in t e 

4<ki> 
7 

above refers to a relationship between R 
naive quark-parton model (QPM) is 4) 

(5 . 5) 

*) According to Quirk (private connnunication) the CHIO group has measured in 
deep inelastic muoproduction a value of R = 0 .5±0 . 2 at x=0 . 025 for Q2 in the 
range 1-4 (GeV/c) 2 . 
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2 where the quark confinement effects are included in <k-f> . Combining with (5 . 3) 
one has 52 ) 

c 
4 

( I - x) 
logQ2 I t.2 

( 5 . 6) 

The validity of this expression depends not only on how good (5 . 3) is as an 
approximation for R, but also on (5 . 5 )  which is good only if <ki> is very 
small, as is usually assumed in QPM. Indeed , on the basis of (5 . 5) one 
ordinarily expects R to vanish at high Q2 • However, if R shows no decisive 
dependence on q2 , as is  apparent in the data, 56) or depends on Q2 only very 

. . (5 ) k2 . . h 2 h . mildly as in . 3 , then < T> must increase wit Q , contrary to t e assumption 
in QPM. The validity 0£ (5 . 5) is then called into question .  Indeed, the 
description of the QPM itself would need serious modification . In QCD the 
relationship between R and <ki> i s  not well understood . 

(d) 

In this last step Drell-Yan mechanism is the key link between the parton 
kT and the dilepton ' s  qT . According to the results of Politzer I O) and 
Sachrajda I I ) discussed in Section II , the Drell-Yan formula is  made more 
acceptable if the parton distributions contain the Q2 dependences due to gluon 
corrections,  same as in DIS . How much kT is allowed in the same parton 
distributions as a result is not clear, except that in the leading log 
calculations only "small" kT in the narrow cone satisfying (2 . 1 )  is included.  

To apply the parton <k� , as calculated in step (c) above , to the Drell-Yan 
formalism and then to infer the dilepton ' s <qi> is  a procedure based on the 
assumption that the calculated <ki> is indeed "small" . Diagrams in which some 
parton propagators are far off shell do not contribute to the leading log terms ; 
their effects on LPP are not factorizable and thus not re-expressible in the 
Drell-Yan form. If one examines the calculations leading to ( 5 . 2) and there­
fore to the determination of R, 1 6 ) ,  43) -5 ! ) one finds that it  is precisely 
the non-leading log terms that are responsible for the answer , i . e .  the parton 
� is not restricted to the narrow cone . Hence , it is in principle inconsistent 
to apply the Drell-Yan picture to the component <ki>R [ the first term on the 
r .h . s .  of (5 . 6 ) ]  obtained from R. However,  in practice, it may be loosely 
regarded as an approximate way of estimating <qi> from renormalization-group­
improved perturbative calculation of R. 
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Overlooktng the above reservation we proceed to a discussion of what 
2 has been obtained for <qT > .  The Drell-Yan formula, given in (2 . 2) ,  involves 

in general ,  a rather comp licated convolution of the transverse momenta of the 

annihilating partons over the surface of an ellipsoid . If kT is infinitesimal 

(which is not the case at hand) , the convolution integral can be simplified 

and the f�llowing approximate relation obtains 

2 <q:r> 2 <k ! T > + 2 <k2T > ( 5 .  7) 

where the two terms on the r . h . s .  ref e r  to the <ki > for the two hadrons at the 

appropda_te x values .  For the lepton pair at xF=O , and for identical hadrons ,  

i t  reduceS- to 

( 5 .  8) 

We stress that this formula is valid only for infinitesimal <kT> ' and that 

significant departure from it actually prevails 33) for the kinematical range 

of available data. 

Comparisons with data have been made on the basis of (5 . 61 and (5 . 8) . 
. 2 2 h In Fig.  5 . 2  

dashed line 

for c = 1 /4 

are shown two theoretical curves assuming <qT> = <qT> : t e 
43) is for c 
and 2 <kT>O 

FIG. 5 . 2  

2 = 1 6 /25 and <kT> 
2 2° (0 . 3) (GeV/c) . 

1 5  

0.5 

O, while the solid line 
52) is 

The agreement is not outstanding. 
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As we have seen above , the predictive power of QCD in this approach 

is weakened by various uncertainties , not the leas t of which are: (i) the 
2 value of C ,  ( ii) the x dependence of R, (iii)  the size of <kT> o , (iv) the x 

dependence of �kT
2> , (v) the validity of (5 . 5 ) , and (vi) the departure from 0 47) (5 . 8 ) . If we take seriously Nachtmann ' s  attempt to make up for the 

difference between the calculated R in Ref .  50) and the data, but do it for 

the new value , 56) then we would conclude that the part calculable in QCD is 
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2 overwhelmed by the part due to the hadronic component <kT>had that is not 
calculable . In that case one might as well fit the data out right . This is 
not to say th&t QCD is ·at fault .  It merely means that at present energies 
the kinematical variables do not extend to the region where the part calculable 
dominates over that which is not . 

Lam and Yan 46) circumvent the issue of R by generalizing the evolution 
equation of Altarelli and Parisi 5 7> and studying the generation of the parton 
� in the same way that scaling violation is generated by the renormalization 
group method. This ought to be the proper way of investigating the problem in 
QCD if the Drell-Yan mechanism is assumed. There are questions of uniqueness 
of the generalized master equation (particularly about the kernel) that requires 
further investigation. Assuming a simple form for the kernel and using an 
intrinsic <kT>o of 300 MeV/c, 58) a reasonable fit of the data can be obtained 
upon applying (5 . 8) to infer <qT> , 

It should be mentioned that Soper 59> also followed the backdoor 
approach but in a very different way. Working in a renormalizable field theory 
that is not exactly asymptotically fr�, he studied the large kT behaviour of 
the parton distribution function using light-cone techniques in operator-
product analysis .  -2 -4 -2 Terms falling off as kT and � are found, whereupon qT -4 and qT behaviour are inferred for the lepton pair . Whether these behaviours 
attributed to the Drell-Yan mechanism are distinct from the non-Drell-Yan 
processes at large qT is not clear . 

B .  FRONTDOOR APPROACH 

Having reviewed the backdoor approach, it should come as no surprise 
that on� could also approach the subj�ct of <qT> directly, keeping q

2 time-like 
throughout . By studying some low-order perturbation diagrams , one can, in fact, 
calculate dcr /dMdydq� . Comparison with the data on qT distributions would be 
a far more stringent test of QCD than that with <qr> · �esides, the Born term 
calculations are clean and not too difficult to do . Although one should bear 
in mind that cleanliness is no guarantee for relevance, they certainly should 
be done , The idea did not occur to just one or two , but has led to a multitude 
of papers , Ref. 60) to 64) being only a few examples of the collection . 

The diagrams to be considered are those shown in Fig. 2 . 1 , although 
in actuality only the calculations to the lowest nontrivial order in g have 
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been done, i . e .  the second to fifth diagrams of Fig. 2 . 1 . We recall that all 
the diagrams in that figure can be put in the Drell-Yan form, Fig . 2 . 2 , in 
the leading log Q2 approximation, l O) , l l ) which means "small" kT and qT . To 
put Q2 dependent distribution functions in the diagrams of Fig. 2 . 1 would be 
double counting for small qT . However ,  if one is only interested in large qT ' 

2 then the distribution functions should include Q and " small" kT dependences . 
Calculating in that way for large qT it is hoped that the second to fifth 
diagrams of Fig. 2 . 1 give clean predictions of QCD that can be compared with 
experiment .  

Clearly, the two approaches are distinctively different. The backdoor 
approach depends on the Drell-Yan mechanism, while the frontdoor approach is  
mainly interested in  the non-Drell-Yan processes . The two are actually 
complementary. On the other hand, if <ki>R is recognized as basically non­
Drell-Yan in origin as we have discussed, then that part of the contribution 
in the backdoor approach is not unrelated to the calculation in the present 
approach. 

We now examine more closely the issues involved in the perturbative 
calculations of the non-Drell-Yan processe s .  What has thus far been done is 
to assume no kT for the initial partons of the subprocesses (qq annihilation 
and qg "Compton scattering") , and then to convolute the computed cross 
sections of the subprocesses with the appropriate parton distribution functions , 
whose x dependences are partly inferred from DIS and partly guessed . All 
calculations suffer from the trouble at small qT where, owing to the massless­
ness of the quarks and gluons,  the cross section do/dMdydqi diverges as 

2 
l /qT ' as qT + O . It is a reflection of the fact that a massless quark can 
emit or absorb a massless gluon collinearly without violating energy­
momentum conservation . Since in reality the cross section does not diverge, 
and for reasons already stated regarding Drell-Yan, the result is not to be 
trusted at small qT . However,  it has been hoped 60) -64) that the calculation 
gives a fair description of LPP at large qT ' in both normalization and shape. 
Fig. 5 . 3 shows the comparison of the theoretical predictions with data 6) at 
y = O; it  is  taken from Ref .  63) ,  and is typical of results obtained also 
by others . 60 )-62) • 64) The agreement is regarded as a significant and 
favourable test of  QCD. However , this may be an over-optimistic view, as 
I shall present arguments later to the contrary. 
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Because of the divergence at qT = O ,  computation of <qi' is meaningless . 
To emphasize the high qT portion of the distribution one should consider at 
least the second moment <qi> , for which the role of the divergence is 
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suppressed . The computed result which we denote by < qi>pert turns out to be 
too small compared to data. 62) • 63) To fit the data a hadronic <k2> T had ' 
discussed in Section II ,  must be added, i . e .  

+ ( 5 . 9) 

where (5 . 8) and the idea of Drell-Yan has been used.  If <ki>had is allowed 
to have a dependen�e on x or Q2 , which is unknown, then perturbative calcula­
tion in QCD has no predictive power o�3

;qi> .  Assuming a constant <k� had the 
data in Fig . 5 . 1 can be fitted using 

0 .4 (GeV/c) 2 (5 . I 0) 

This is significantly larger than <k2 > (0 . 3) 2 (GeV/c) 2 used by Politzer 52)  
T o 

in connection with Fig . 5 . 2  or by Lam and Yan. 58) It is consistent with the 
conclusion reached toward the end of the previous subsection . Thus we find 
here the first indication of a phenomenological support for the conj ecture we 
made in Section II that <ki>had includes not only the intrinsic <ki> 

0 
but 

also a "narrow" component <ki>narrow associated with the scaling violation of 
the parton distribution . The component calculated through R in the last 

2 subsection is over and above <kT>had ' j ust  l ike the contribution of the 
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perturbative calculation in the present approach . 

Because the two terms on the r . h . s .  of ( 5 . 9 ) are comparable in 
magnitudes at present energies ,  that procedure of determining <qi> is 
unsatisfactory, except for the merit of rendering a very quick and rough 
estimate of the two effects . The narrow divergence at qT = 0 cannot be 
ignored .  I t  does not get cancelled b y  contributions from other diagrams as 
in the case of the "soft" divergences . 65 ) • 66) 

The only work that has given 
attention to the problem (by giving a regularization procedure) is described 
in the second paper of Altarelli , Parisi and Petronzio.  62 ) Because the 
implication of the regularization is relevant to our discussion below,  we 
give here the essence of their procedure . 

do/dqr
2 1 be the qT distribution determined in pert 

perturbative calculation . It is s ingular at qT 
= O .  The integrated cross 

section, cr = J00 F t (qT) dqT
2, is  therefore infinite . However, the true pert o per 

2 (regularized) distribution F (qT) do/dqr l has no singularity at reg reg 
qT = O ,  and the corresponding integrated cross section crreg is finite . If  
one believes that the only disease with Fpert is  at small qT' and that its 
large qT behaviour is a faithful statement of reality,  then a procedure of 
subtracting out the diseased small  qT part ought to yield Freg Suppose that 
the realistic, but uncalculable, small qT component,  which arises out of the 
kT distribution in the hadron, and which is responsible for the first term 
on the r .h . s .  of ( 5 . 9) ,  is described by f (qT) '  suitably normalized . Then, 
consider 

fdq ' i Fpert (qT) f (qT - qT) - 0pert f (qT) (5 • l l ) 

The first term is a convolution which installs  the proper small qT behaviour 
but carries the wrong normalization; the second has the same characteristics 
by construction. The two are both infinite quantities but the difference is  
finite . If f (qT) falls off faster than Fpert (qT) ,  then (5 . 1 1 )  has the same 
large qT behaviour as Fpert (q

T) .  These are just the properties that one wants 
to ascribe to the realistic quantities in the combination 

(5 . 1 2 ) 

Hence , the identification of (5 . 1 1 ) with (5 . 1 2 ) defines Freg (qT) .  This 
regularization procedure has been used to fit the data with f (qT) being an 
arbitrary function. Assuming f (qT) to be a Gaussian with a mean 

< qi>had 0 . 8  GeV/c, corresponding to 67) 
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0 . 66 GeV/c (5 . 1 3) 

62) . . h d . 'b . 6 )  
APP II obtained a good fit of t e ata on qT distri utions . The 
hadronic "small" kT component needed is very close to that found in (5 . 1 0) . 

The goodness of fit of the data has no great significance since an arbitrary 
function is at one ' s  disposal, but the M dependence of the data seems to be 
well described by F (qT) without the necessity of invoking an M dependence reg 

The regularization procedure leads to the conclusion that the 
non-Drell-Yan type perturbative calculations in QCD can at present energies 
account for a portion of the qT effects in agreement with the rough estimate 
made earlier. In quantitative terms it apparently accounts for approximately 

2 2 half of <qi' and for the part of dcr/dqT with qT > 2 GeV/c. If it is true , 
then one ought to ( 1 )  come to terms with the conclusion made toward the end 
of the previous subsection regarding the Drell-Yan picture and (2) seek other 
phenomenological tests that are sensitive to the non-Drell-Yan component .  The 
latter will be considered in the next section with results damaging to the 
conclusion just made . We shall attempt to show that the resolution of the 
dilemma will at the same time allow a co-existence between the two approaches 
considered in this section .  

Before leaving this discussion, let us locate the loop hole in the 
argument that led to the conclusion of the regularization procedure, which 
incidentally is not unique, but is accepted here for argument ' s  sake . The 
expression in (5 . 1 2) contains all the essential ingredients. The first 
term is the data, and the second is the hadronic component uncalculable in 
perturbation theory . The difference, identified with (5 . 1 1 ) ,  is then the 
contribution from the non-Drell-Yan terms calculated . In APP II 62) f (qT) 
was assumed to be a Gaussian with an adjustable width. But it could just as 
well have been a power-law fall-off with a tail resembling the data. The 
point is that the more the second term of '(5 . 1 2) resembles the data over a 
wider range of "small" qT' the more the non-Drell-Yan contributipn is pushed 
out to "larger" qT . With an arbitrary function f (qT) to adjust, the data 
can be fitted in an infinite number of ways, especially since the parton 
distribution needed for the calculation of Fpert are mostly still adjustable 
also . At present there is no way a priori to determine where the "small" qT 
range stops and the effects of the perturbative calculations emerge . The 
demarkation may even change with energy . Only phenomenology can give us 
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further clues - at present and future energie s .  

VI . FURTHER PROPERTIES OF < q'.["'_ 

In the preceding section we have dwelt mainly on the theoretical 
issues related to <qr> •  They have not been resolved by the confrontation 

· I 2 · b . b with data on <qT> or do dqT as functions of M. We now ring to ear on 
the problem other phenomenological facts , viz . their dependences on the beam 

26) , 2 7 )  . . 1 type , X,. , and s .  The data are all very new and provide a time y 
hint toward a more complete picture . 

Let me first summarize the findings of the last section . In the back­
door approach one identifies 

( 6 .  I )  

2 . b . where <kT>R is o tained 
h . . . 2 

through the QCD calculation of R, and 
(0 . 3)2 (GeV/c) 2 • While <ki>had 

2 <kT>had is more 
than t e intrinsic <kT> 

0 
<k2> is  T o 

assumed in Fig . 5 . 2 ,  a sizeable difference between them is needed to fit the 
experimental value of R .  In  the frontdoor approach one has 

+ ( 6 . 2) 

< 2> . . . . where qT pert is obtained by perturbative calculation of explicit non-Drell-
2 Yan diagrams . It i s  not clear to what extent <qT>pert can be identified 

with 2<ki>R' but they must  in some way be related .  Their difference is to 
be absorbed by the uncalculable <ki>had in the two cases . Phenomenology 
discussed so far infers that <ki>had is roughly 0 . 4  (GeV/c) 2 in both case s .  
According t o  our discussion in Section I I ,  <ki>had can be further decomposed 
into two components which we express here in a naive additive form as 

+ <k2 
r> narrow (6 . 3) 

While <ki> 0 is identified with the static property of the hadron at low Q2 , 
<ki>narrow is associated with the transverse momentum in the parton 
distribution confined to a "narrow" cone arising from gluon radiation. It 
is the parton ' s  transverse spread in a jet ,  whether it be quarks in a hadron 

2 2 or hadrons in a quark (or gluon) jet .  <kT>narrow may depend on Q but should 
satisfy ( 2 .  I ) .  
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Since the frontdoor approach is more direct and transparent , our 

discussion on the QCD results in the following wil l  refer only to that type 

of perturbative calculation s .  Although the low-order calculation i n  pertur­

bation theory is unambiguous , the procedure to e liminate the divergence at 

qT = 0 is not ,  resulting in an uncertainty in the estimation of the actual 

contribution from the non-Drel l-Yan proce s s . The situation can best be 

illustrated by the s chematic plots of two possibilities shown in Fig . 6 .  I 
(a) and (b) . The open regions under the curves represent the contributions 

( a )  ( b) 

FIG, 6 ,  I 
2 from the hadronic "small component <kT>had' the part described by f (qT) .  The 

shaded regions represent the effects of the non-Drell-Yan terms at " large" qT . 

Data fi tted by the overall (solid) curves admit the possibility of f (qT) 

being either (a) a Gaussian with smaller <ki>had ' or (b} a powerlaw fall-off 
2 with a larger <kT>had ' The conclusions of Ref .  62 to 64 sugges t  case (a) , 

in which the shaded region contributes a significant fraction (roughly half) 
2 of <qT> .  Case (b) is not ruled out , but we proceed with our discussion 

assuming (a) to be the case . 

C ' d  h d d f b Pi' lcher 26) showed onsi er now t e epen ence o <qT> on eam typ e .  

the CP data o n  TI beam a t  2 2 5  GeV and compared with the CFS data o n  p beam at 

200 GeV. As can be seen from Fig. 6 . 2 ,  <qT> TI 1 . 2 GeV/c while 

<qT>p 1 . 0 GeV/c in the flat region. One does not know whether the 

difference of 0 . 2  GeV/c should be attributed to the hadronic <kT>had or the 

perturbative <qT> parts of the beam particles , or both . The difference 
2 TI 2 pert . . . <q > - <q >p can in principle be calculated if the parton T pert T pert 

distributions in the pion is known , and if <ki>�ad <ki>�ad ' It mus t  

be posi tive because the contributions t o  <qi> pert from the diagrams in 

Fig. 2 . 1  are enhanced by the excess antiquark in the pion . Thus the least 

one can conclude is that <qi> 
pert ought to be larger than <qi>�ert ' but 

probably not as much as the entire difference implied by Fig. 6 . 2  since 
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since <kT>�ad may be larger than <kT>�ad too . 
We now see, for both <q2>P and 2 � h t  2 p,� d 2 k2 p,� T <qT> ' t a <qT> pert an < ---r>had 

share roughly equal proportions according to the argument above and the 
conclusion of the perturbative calculations discussed in Section V . -B . We 
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0 Tt 225 Ref. 25 
a Tt" 225 Ref. 26 

� 1 . 4 " p  200 Ref.27 > 
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g 
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t 

4 

f 
+ 

6 
M (GeV) 

FIG. 6 . 2 

+ 
t j ! 
f t 

8 10 

come .next to the y or xF dependence of < qT> . Both Lederman 27) and Pilcher 26) 

showed data on that dependence and indicated that within errors they are 
essentially constant . (See Fig. 6 . 3 . ) This is highly significant, especially 
f h · 26) · h " d  f Th ' d d or t e pion data since t ey cover a wi er range o � ·  e in epen ence 

. . . h 2 . . of <qT> on xF contradicts the earlier conclusion ;:t at <qT> t is an important 
2 2 per 

part of <q
�
> because it has been shown that <qT>pert decreases dramatically 

with xF . 6 ) This is shown in Fig. 6 . 4 .  This behaviour may be understood as 
1t"N (225 G<V) Ref.26 1 .5 

M = 9 GeV 1 .2 t t t ./S t t 2.5 ( M < J.5 N = 27 GeV 
1 .0 u Ref. 63 > 

t t .. ' 
1.2 i t t H < M (  • 5 8 1.0 ' 

ii: ' Tt:"P � "' \ \ 1.0 N >- \ 
t t er \ 

t t 4.5 ( M ( 6.5 v \ t ' 1.2 \ 0.5 pp ' 
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' 
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FIG. 6 . 3  FIG. 6 . 4  
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a reflection of the fact that the subprocesses of the lower order non-Drell­
Yan diagrams in Fig . 2 . 1  are all two-body scatterings . The two-body kinematics 
implies that large-angle scattering (hence large qT) yields dileptons mainly 
at small xF while small-angle scattering ( small qT) leads to dileptons at 
large xF . There are complications due to convolution over the parton momenta; 
however ,  the dominance of do/dMdxF at small xF makes this physical picture a 
reasonable interpretation of the numerical result 63) shown in Fig. 6 . 4 .  

From the contradiction between Figs . 6 . 3 and 6 . 4  one concludes that 
2 . . . 2 h " 1 . ld b <qT>pert cannot be a s ignificant part of <qT > . T is  cone usion wou e 

even more inevitable if Fig. 6 . 3 were a 2 plot of <�>rather than < qT> ,  al though 
2 I doubt that the constancy of <qT> does not reflect the same for <qT> .  In 

order that <qT
2 > be negligible at present energies , thereby negating the pert 

earlier conclusion, it  is  necessary to regard case (a) in Fig . 6 . 1  as 
unrealistic.  That is ,  the "small" qT component described by f (qT) need not 
fall off sharply as in a Gaussian .  Assuming that it  is  damped more s lowly 
like in a power law so that the observed qT distribution follows closely 
f (qT) over most of the qT range explored, as in case (b) in Fig. 6 . 1 ,  the 
region where the perturbative calculations are relevant is then pushed out 

of qT not yet measured . One then has to higher values 

< 2> qT 2 <ki\ad (6 . 4) 

The question is whether this is  compatible wi th the independence on xF . 

The last question cannot be answered in the context of QCD since it is  
the uncalculable component . However, it  arises due to the Drell-Yan mechanism. 
Recall from Fig .  5 . 1  that <qi> is independent of T at xF = 0 where 
x1 = x2 = IT. Thus <qi> is insensi tive to which x regions of the parton 
distribution functions that �ontribute to the formation of the lepton pair. 
As � increases different x1 and x2 regions are probed . The insensitivity 
mentioned above then implies the approximate independence of <qi> on xF . 

Comparing (6 . 4) to ( 6 . 1 )  infers that <ki> R is negligible also.  This is  
not inconsistent with our discussion in Section V . -A. The calculated 

50) 53) 54) , 55}  values ' of R are small compared to the old experimental values 
of R, let alone the new one . 56) 

In light of ( 6 . 4) the .value of <ki>had must now be  revised upward . This 
brings us to the question of s dependence . The CFS data 27) shown in Fig. 6 . 5  
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exhibit an increase in <qT> as Plab ranges from 200 to 400 GeV/c ,  For the 
flat region the following parametrization is given 

0 . 7  + 0 . 00 ! 8s (GeV/c) 2 ( 6 . 5) 

If <qi>pert were important, one would naturally associate with it  the s 
dependent term above , s ince i t  can be shown from perturbative calculation 
that 6 1 ) -63) 

< 2> qT pert 

.;; > .. 
� 
� 
<T v 

a (Q2 ) s s h ( T , rtS ) 

1 . 4  

1 . 2  

1 . 0 

++ + 0 8  
•• 
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10 12 

( 6 .  6) 

14 

where the scaling function h (T ,a s) does not depend on "' s at the lowest non­
trivial order. Quantitatively, for the range of values of M currently 
explored, ( 6 . 6) is in the general vicinity of the second term in ( 6 . 5) . It 
is unfortunate that this association cannot be made on account of the xF 
independence . The burden is then on < k} had to produce the correct s 
dependence . 

Recalling (6 . 3) we note that whi le <k} is some fixed number indepen-
2 2> 2 

° 
dent of Q ,  <kT narrow can depend on Q ,  hence ,  s for fixed T ,  Here we are 
relying on the conical structure of the jet (partons in a hadron) to allow <kT2> to increase with energy, s ince a conical distribution has no narrow 
inherent scale . Quantitative results have been ob tained in a model study and 
are in agreement with the data. They will be discussed in the next section . 
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The conclusion we draw in this section is that the l epton pairs detected 

so far in hadron-hadron colli sions are mainly p roduced by the direct 

annihilation of quarks and antiquarks in the parton j ets of the incident 

particles . In consequence, the dileptons have an average <qT> that is 

independent of xF . In COT1tras t ,  the p erturbative calculations in QCD 

essentially s tudy four j et events, two of which are remnants of the incident 

hadrons,  the third is the lepton pair at a large angle ,  and the last one is 

the quark or gluon jet recoiling against the dilepton . The <qT
> of such 

processes are naturally sensitive to xF . The four-j et events will no doubt 

emerge at high energy and should be looked for to check QCD. However, they 

constitute an insignifican t  portion of the events detected now. The situation 

is analogous to the large-pr physics for pion p roduction. Dis tinct QCD 
-4 7 )  features such a s  Pr have not yet appeared. For Pr 

< 5 GeV/c the parton 

transverse momentum p lays an important part in the shape of the inclusive 

distribution . Similarly, in LPP one mus t also focus on the tail of the qT 
distribution and s tudy correlation between opposite jets to isolate the 

simple QCD effects s tudied in perturbative calculations . 

VII . QUARK PARTON MODEL WITHOUT NEGLECTING PARTON kT 

Phenomenology of LPP at present energies has forced us to the view that 

the Drell-Yan mechanism is dominant and is repsonsible for almost the entire 

range of qT measured . Thus the qT of the dilepton owes its origin to the 

parton kT in the distribution functions . The component of kT due to quark 

binding cannot be reliably calculated; the other component due to gluon 

corrections in a narrow cone at high Q2 should, in principle,  be calculable 

in QCD just like the effects of scaling violat ion . 46) However, at  present 

there are no unambiguous resul ts free from adjustable parameters . In the 

absence of any definitive description of the kT dependence of the dis tribution 

functions G(x,kT , Q2) in QCD, the problem of LPP can only be dealt with in a 

phenomenological investigation in the framework of QPM suitably generalized 

to account for non-negligible kT . Thi s ,  of course , would not be very 

meaningful if the Drell-Yan mechanism is found not to be dominant.  The 

object of the investigation would then change from making predictions in QCD 

to checking consistency among all processes to which QPM is relevant and on 

which data are avail ab l e .  This has been done i n  Refs.  3 3 )  and 68) ; we give 

here some of the resu l ts of Ref .  33) . 
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Since G (x,kT ,Q2 ) includes only the hadronic kT components indicated in 
(6 . 3) , the partons are all nearly on shell .  It is only when a gluon is  
emitted with a large kT tj:lat the associated quark goes off  mass shell and a 
power of log Q2 is lost in the calculation of the structure function. Thus 
in the generalization of the QPM we continue to use the usual as sumptions that 
partons are on mass shell and impulse approximation applies.  However, we 
let kT to be non-negligible , while keeping it within the bound of 

< ( 7 .  I )  

This inequality i s ,  o f  course, not very precise for our purpose here since 
E is undetermined and Q2 may not be very large . Its origin [ cf .  discussion 
following (2 . 1) ] follows from the mathematical properties of divergent 
integrals as Q2 -+ "'· For finite values of Q2 , E need not be infinitesimal 
to keep the parton from going significantly off mass shel l .  Thus at  " low" 
2 2 2 2 M , say 20 (GeV/c)  , <kT>had may well  be as large as the observed I (GeV/c) • 

The general ized QPM has been extended to include that region. 

Because kT is not negligible,  a number of new features arise that are 
absent in the naive QPM. The Bjorken variable x is not necessarily the 
parton ' s  longitudinal-momentum fraction, which in itself is no longer a 
Lorentz invariant .  A new scaling variable z is  needed to describe the 
transverse degree of freedom. Through z DIS and LPP can be kinematically 
related and unified by a common parton distribution function . In recognition 
of the conical structure of the kT dependence,  the distribution function G 
has been parametrized in terms of a radial scaling variable and an angle . 
It is found that in terms of a single G function (with appropriate separation 
of quark and antiquark components) all data on DIS and LPP can be s imul­
taneously fitted; more specifically, they are vw2 , R, dO/dHdy at y = O ,  and 
<qT> vs . M. 

It is also discovered that significant and interesting departure from 
(5 . 8) occurs for a wide range of M where data exist .  This is shown in Fig. 
7 . 1 .  It  is a manifestation of the fact that kT is  not negligible and that 
the convolution in ( 2 . 2 )  over an ellipsoidal surface introduces the dis­
crepancy between <kT> and <qT> //2. Note that where <qT> is flat in accor­
dance to the data, <kT> increases with M, a behaviour remini�cent of Fig.  5 . 2 .  

Thus in that figure the agreement with data i s  actually better than meets 
the eye . 
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FIG. 7 .  I 
Since the parametrization of G has no scale , the calculated <qr> must 

increase with IS for fixed T .  It is found that the value in the flat ,  plateau 
region behaves as 

o . 042 IS ( 7 .  2) 

at large s .  This result was obtained before the data 27) on energy dependence 
became known . It agrees with (6 . 5) rather wel l .  

The conical structure o f  the parton distribution in a hadron can best 
be described in the Breit frame for DIS ,  which is  free of the constraint 
between x and q2 in LPP . In that frame � = Q/2 and x = kL/P , P being the 
momentum of the hadron . In a schematic drawing that exaggerates the 
transverse scale, the parton dis tributions for various values of P 
(P 1 < P2 

< P3) may look like : 
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Apart from the kinematical tum-over at high kL the relationship between < kr" 
and � is basically conical . Plotted against x, " kr" exhibits a "flying" 
sea-gull effect in that at fixed x it increaS'es with Q. The independence of 
the dilepton ' s  <qT> on M is to be understood through the difference between 
<kT> and <qT>/12 as shown in Fig .  7 . 1 .  The increase with IS is self-evident . 
It is anticipated that the same properties are possessed by the j et structure 
of parton decay into hadrons . 

VIII .  OTHER TESTS O F  THE DRELL-YAN MECHANISM 

In previous sections we have discussed how well the Drell-Yan mechanism 
works in LPP when all available data on the process are collectively taken into 
account. In this section we mention three possible tests to check the mechanism 
further .  Corresponding experiments t o  carry out the tests are therefore 
suggested . 

A. SUM RULES 

So far in applying the Drell-Yan mechanism some adjustable functions 
describing the quark and antiquark distributions must  be assumed to fit the 
data. Thus there are always some free parameters in the model .  However ,  if 
the Drell-Yan formula is strictly correct , exact sum r�les can be derived from 
it that are free from any adjustable parameters. 69) Confrontation with data 
can then provide a clean test of the dominance of the mechanism. 

To be free from the uncertainties related to the distribution functions 
G�'f in (2 . 2) , we recall the exact sum rules well-known in leptoproduction 

fd
k

3k [ f -f ] Gp - Gp 
0 { � for f { : (8 .  I )  

and other similar ones for different hadrons . In order to make use o f  them 
in LPP , we consider the integral ( for fixed M2) 

I ( 8 . 2) 

where h 1 and h2 stand for the beam and target hadrons ,  and h 1 is the anti­
particle of h 1 . Substituting ( 2 . 3) into (8 . 2) , one obtains 
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I 

where C 

l 2 f f f 
C ef (Nh - Nh ) (Nh f I I 2 

- N
f 
h 2 

47fa2/9 and Nf , f 
h 

Jc! •£ d\/k0 • 

(8.  3) 

Now equations such as ( 8 .  I )  

can be used for various h 1 and h2 , yielding the following table for I :  

(h i ,h i ) 

-p , p  

- + 7f , 7f 

- + 
K , K  

h2 = p h2 = n 

JJ.c 9 � 9 

� 9 � 9 

� 9 � 9 

These sum rules are independent of the details about the G functions , and of 

the value of M provided that it is high enough to warrant the Drell-Yan picture . 

The integration in (8 . 2) is over T for fixed M2 ; thus it is e ffectively 

over s ,  which is not easy to do experimentally. If we neglect scaling violation 

which is not unreasonable in view of Fig. 4 . 2 ,  (8 . 2) may be re-expressed in 

terms of an integral over M2 for fixed s 

I f s 
dM2 M2 [�(h h ) - �(h h )] 

dM
2 I 2 

dM2 I 2 
0 

( 8 . 4) 

Here the two terms inside the square bracket mus t cancel at small M2 since 

they diverge individually . If they do not cancel in the l imit M2 + O ,  i t  

means that the observed dcr/dM2 differs from the prediction of the Drell-Yan 

formula in a way which is not invariant under charge conjugation of the beam 

hadron; in that case the identi fication of ( 8 . 4) with ( 8 . 2) , and consequently 

with the values in the above table,  is invali d ,  and one is then forced back 

to the use of ( 8 . 2) . 

Verification of the sum rules provides an unambiguous affirmation of 

the applicability o f  the Drell-Yan mechanism. 

B .  ANGULAR DISTRIBUTION O F  THE LEPTONS 

One can also learn about the LPP mechanism by studying the angular 

dis tribution of the leptons in the rest frame o f  the lepton pair rel ative to 
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some axi s .  70)-73) If that axis is along one of the incident hadrons , then it 

specifies the Gottfried-Jackson angle e , which we use here for definiteness . 

In a Drell-Yan picture if the annihilating quark and antiquark have no trans­

verse momentum relative to the incident hadrons,  then the Gottfried-Jackson 

frame is the same as the c . m .  system of the subprocess q; + y* + µ+µ- wich the 

z axis along the initial parton s .  Hence , one expects 

dcr 
dcos8 0) ( 8 . 5) 

On the other hand , if the parton transverse momenta are nonzero, it can be 

shown that ( 8 . 5 )  is modified to 

dcr 
dcos e ( 8 . 6) 

where the coefficient A is less than one and depends on other kinematical 

variables of LPP . It is in the character o f  A that one hopes to find 

indications of the nature of the production mechanism. 

If in a direct qq annihilation o f  the Drell-Yan type the only transverse 

momenta of the partons are " intrinsic" and fixed, e . g .  <kT >0
, then A decreases 

with increasing M2 and is therefore nonscaling. 7 i > , 72> On the other hand, i f  

the production mechanism i s  of the explicitly non-Drell-Yan type that involves 

hard gluon emission with l arge kT ' then A scales apart from logarithms 73> , 74> 

i . e .  it is a function of � and T. However, there is the intermediate region 

corresponding to kT being in the narrow cone, the situation which we have 

argued to be the predominant one . There is no explicit statement of the 

behaviour of A in that case.  Further work is needed to map out the behaviours 

of A (in both normalization and shape) as functions of M2, � and T for all 

three cases mentioned above . Experiment s  on the angular distribution remain 

to be done . 

C .  HADRON PRODUCTION WITH DILEPTON TRIGGER 

Another way to learn about the LPP mechanism is to use LPP as a trigger 
75) in studying the production of hadrons at low Pr but large x .  A meaningful 

prediction about this type of correlation relies on a sensible model for 

hadron production in the fragmentation region, The parton recombination model 
38) has been successful 39 > -42> • 76) in giving a quantitative unders tanding 

of the meson inclusive distributions at low Pr · In that model a meson at 
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at large x is produced by a fas t valence quark of the incident hadron recom­

b ining with an antiquark from the sea of the same hadron . Thus if the s ame 

fast valence quark i s  needed for the dilepton trigger, then the meson dis­

tribution wi l l  obvious ly be seriously affected. 

In Ref .  75) , the Drel l-Yan mechanism is assumed for LPP and the ratios 

of the semi-inclusive cross sections for the production of n+ and n are 

calculated for various beam particles and for various values 

dilepton trigger . The most dramatic feature predicted is in 

for n+p collision . As IT increases from 0 to 0 . 4 ,  the ratio 

of -r of the 
+ -cr (n ) /cr (n ) 

at x = 0 . 5  

vs . T 

increases by more than a factor 2 .  This is to be understood as follows . The 

n
+ beam particle has a d valence quark which is highly efficient in depleting 

the d valence quark of the target proton in forming a high T lepton pai r .  The 

remaining valence quarks of the proton are both u-type which can readily 

produce n+ at large x but not n- . 

Ref .  75)  does not address itself to the question of testing the 

difference between Drell-Yan and non-Drell-Yan mechanisms . In the l ight of 

our discuss ion in Section VI it is not difficulty to extend their argument to 

provide such a tes t .  Since the non-Drell-Yan processes are expected to be 

important only at large qT ' one should s tudy, for example,  the ratio cr (n+) /cr (n-) 

in n+p collisions mentioned above as a fun �tion of qT for some fixed large 

x and large -r .  As qT increases ,  i f  the "Compton" subprocess d + g -+  d + y* 
at large angle becomes important,  the a quark in the proton is not annihilated 

a good fraction of the t ime ; consequently the ratio should decrease accordingly. 

The dependence of the ratio on qT is therefore a good measure of the extent to 

which the " Compton" subprocess plays an important rol e .  According to pertur­

bative calculations in QCD 62) -64) it is dominant at high qT ; the proposed 

experiment would determine how high is "high" . 

IX . CONCLUSION 

We have reviewed the recent data on LPP and used them to examine and 

interpret the many theoretical papers that have been written on the subjec t .  

Our emphasis h a s  been t o  extract from the theoretical results their phys ical 

relevance to the phenomenology of LPP at present energie s .  On the whole we 

have found that the Drell-Yan mechanism works extremely well ;  in fact,  we have 

found no signifi cant confl ict with any data. Theoretically, QCD explains why 

i t  works better than one should naively expect .  
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QCD, however, al so predicts that there are distinctly non-Drell-Yan 

processes which should become important at high qT . Phenomenology has led 

us to conclude that the kinematical region in which it is dominant has not 

yet been reached at present energie s .  Thus we are in the unfortunate 

s i tuation where what is needed theoretically to describe LPP ( i . e .  the parton 

distribution functions) cannot be calculated in QCD by perturbative or other 

means . 

In the absence of meaningful and quantitative QCD predictions about 

the data available now, one turns to phenomenological analyses of the data 

in the framework of the QPM. One finds that a consistent picture can be 

given, in which the partons in a hadron have a jet-like distribution . That 

i s ,  in addition to an intrinsic kT component reflecting the binding effects 

at low Q2 , there is also a "conical" component of kT the mean value of which 

grows slowly with the hadron momentum. The latter component is due to hard 

gluon radiation in a narrow cone, the same mechanism
.
that gives rise to 

scaling violation. It is also the non-Drell-Yan type effects which can be 

factorized and absorbed into the dis tribution functions with the consequence 

that the Drell-Yan mechanism is thereby restored. 

Experiments are sugges ted to reveal further the basic mechanism for 

LPP . If they confirm the picture outlined above , then the distribution of 

partons in a hadron holds the key to most of the properties of LPP , and the 

urgency for a theoretical understanding of it becomes all the more press ing. 

But then that is,  after all , one of the primary reasons for doing experiments 

on LPP in the first place . 
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BARYONIUMS AND RELATED STATES 

Chan Hong-Mo 
Rutherford Laboratory, 

Chilton, Didcot , Oxon, OX l l  OQX, England 

ABSTRACT : A brief introduction is given to current theoretical ideas on 
baryonium states with particular emphasis on their interpretation as ' colour 
molecules ' .  It is argued that baryonium spectroscopy provides a valuable test 
for colour as a new degree of freedom. 
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BARYONIUMS AND RELATED STATES 

I .  Preamble 

Initially, Tran Thanh Vanh has asked me for a theoretical review, but 
because of both the present unsettled state of the subj ect and my own limited 
acquaintance with it ,  I have decided to give instead an i ntroduction. This 
seems to me more appropriate since there are quite a few experts speaking after 
me at this meeting who can describe to you some aspects of the subject much 
better than I can. Therefore , I shall make it  my j ob only to help you appreciate 
their later presentations , and to fill in some gaps which I, as co-ordinator,  
know that they will not have time to cover. 

The name 'baryonium' was suggested first, I believe, by Geoff Chew, for 
a group of resonance states recently discovered in the BB channel .  The name 
carries with it  a fair amount of theoretical prejudice , and may not be entirely 
appropriate . However,  as many other labels invented by Chew, this one has 
also stuck . I shall therefore follow the convention and refer to these states 
as 'baryoniums ' ,  although I shall attempt to free myself from the theoretical 
prejudices that the name entails .  

There are now about a dozen such states reported in  the literature with 
masses ranging from below NN threshold to about 3 GeV. The experimental 
evidence for their existence is fairly convincing in some cases but highly 
controversial in others .  Later on , Lucien Montanet will  give you a ful l ,  
expert ' s  review of the experimental situation. In addition there will  be talks 
by Tony Carter, Bernard French and Jules Six on several states of particular 
interes t .  

There are several outstanding properties which make these states 
interesting : - I )  

(A) They show a particular reluctance for decaying into meson channels  in 
spite of the favourable phase space available.  Most of them have so far been 
seen only in channels containing a BB pair. In those few cases where mesonic 
decays have been observed, the partial widths are only of the order of a few 
MeV. 

(B) The widths of these resonances vary greatly. In the same mass range , 
2 - 3 GeV, some are broad [ e . g .  T (2 . 1 5 ) , U (2 . 3 1 ) ,  V(2 . 48) ] with widths around 
J OO - 200 MeV which seem normal for hadronic decays in this mass range , while 
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others are narrow [e . g .  2 . 020,  2 . 204 , 2 . 85 ,  2 . 95 ]  with widths within the 
experimental resolution, r � 20 MeV. All the narrow ones except S ( I . 936) near 
threshold, have been seen so far only in production experiments . At least one 
of them, 2 . 204 , has been looked for in formation and not found. This indicates 
perhaps that there are two types of baryonium states with widely different 
couplings to baryon-antibaryon . 

(C) The quantum members of these are in most cases unknown . All known cases 
have moderately high spins [T (Jp = 3-) ,  U (Jp = 4+) ,  V(Jp = 5-) ] .  

Because of their unusual affinity to the baryon-antibaryon system, it is 
generally believed that they are not ordinary qq mesons . The two possib le 
alternatives suggested are : -
(i) Baryon-antibaryon resonances held together by nuclear forces . 2) 3) The 
physical mechanism here is very similar to the binding of a proton with a 
neutron to form a deuteron, except that the forces here are known to be more 
attractive and therefore capable of binding more states .  We shall refer to 
them in future as 'nuclear molecules ' .  

(ii) Diquark-antidiquark hadron states held together by colour confining 
forces , in much the same (unknown) way as a qq pair is bound to form the 
ordinary mesons . We shall call these ' colour molecules ' for distinction. 

On the surface , at leas t ,  these two possibilities represent two distinct sets 
of states .  There seems no reason to me why they cannot exist together. 

A feature connnon to the two alternatives is that they both require 
baryonium states to have high spins . The reason for this is the following.  
Naively , without introducing a new, ad hoc, and therefore unsatisfactory, 
selection rule (such as ' junction conservation ' proposed by some authors 4l 5) ) 
one does not see in general why the quarks in either (i) or (ii) cannot 
rearrange or annihilate as in Fig. 1 leading to purely mesonic final states 
with large widths , in contradiction to experimental observation (A) . However, 
all the processes in Fig. 1, require the transfer of quarks between the two 
portions of the molecule . So long as the two portions are separated by a 
high angular momentum L ,  then such processes will be inhibited by the angular 
momentum barrier. This is a solution subscribed to by most authors either 
explicitly or implicitly in models of both types.  Now, as noted already in 
(C) , J is indeed quite high for those experimental states for which JP is 
known at present . If it turns out , however ,  that some baryoniums are later 
shown to have low spins , then most existent models in both categories could 
be in trouble. 
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The main qualitative difference between tlre alternatives {i) and (ii) 
is that the nuclear forces responsible for binding the molecules in (i) are 
short-ranged so that one does not expect stable states with high angular 
momentum to exist high above the NN threshold. On the other hand, the colour 
confining forces in (ii) are believed to increase in strength with increasing 
distance. It should therefore be possible to have metastable states even at 
very high mass and angular momentum. Thus if the narrow states reported around 
3 GeV were established and shown to have high spin J ,  they are more likely 
' colour molecules '  than 'nuclear molecules ' .  Of course , in order to make a 
clear identification in either case ,  one would need to perform detailed 
calculations so as to predict both the spectrum and the properties of the 
resonances . 

Since Vinh Mau is here to show you how this is done for the nuclear 
bound states in (i) , I shall concentrate here on the ' colour molecules ' .  
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II. 11Diquoniums'1 

The colour molecules formed from a diquark qq and an antidiquark qq is 
similar to a charmonium state formed from a c and a c .  We shall therefore call 
these states , by analogy, ' diquoniums ' .  For reasons already stated , we shall 

r.11, 
restrict ourselves only to diquonium states in which the diquark is separated 
from the antidiquark by an orbital angular momentum L > O. Those states with 
L = O G) are themselves also very interesting and will be discussed later in 
the session by Bob Jaffe and Alan Martin . 

A special interest in diquonium spectroscopy is that it may prove to be 
a valuable testing ground for the concept of colour. 7) As you all know, it 
is nowadays popularly believed (and indeed , amply documented in this meeting) 
that colour is the source of all strong interactions , and if so it is as 
fundamental to nature at least as electric charge. In spite of its general 
appeal however, its main success has so far only been in rationalising existing 
models which were already found to be successful. Apart from the much quoted 
examples of the ratio R = o (e+e- + x) /o (e+e- + µ+µ-) in e+e- annihilation and 
the decay rate of �0 + yy, colour has given us as yet hardly any new predictions 
which can be tested directly against experiment .  Instead , if colour were as 
basic as it claims to be one has the right to expect a whole new class of 
phenomena quite distinct from those of a colourless world. 

Now one obvious place to look for manifestations of colour is in hadron 
spectroscopy, where because of the new degree of freedom so introduc�d cr�e 
expects an additional richness of states to occur. However, it is not entirely 
straightforward, since hadrons are all supposed to be colour singlets so that 
to distinguish colours, one has to go to subhadronic levels . Also, it is not 
enough to study just the ordinary qq mesons and qqq baryons since in order 
to obtain a colour singlet qqq state , the diquark qq in a baryon must be in a 
3 representation of colour SU(3) , same as q in a qq meson. For more colourful 
consequences , one must investigate some more complicated systems , and the next 
simplest is qqqq , i . e .  diquonium. 

II. l 8)9)  Their Spectrum 

A quark q is a triplet 3 in colour, a doublet 2 in spin and a triplet l 
in flavour , which we denote by (3 ,2 ,l) . A diquark qq can then be 3 x 3 = 3 + 6 

in colour, 2 x 2 = 1 + 3 in quark spin , and l x l = } + i in flavour. In what 
follows we shall mostly be interested in a diquark in the ground state which 
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we assume to be purely s-wave. In that case, because of the Pauli Principle , 
only the following combinations of colour, spin and flavour for qq are 
admissible : 

(3, 1 ,]) , (3 , 3 ,_�) , ( 6 , 1 ,£.) , ( 6 , 3 ,1) (1) 

Similarly, an antidiquark has the conjugate representations : 

(3 ,  l,_l) , (3 , 3 ,� (6 , 1 ,�) , (6 ,3,_l) (2) 

Combining a diquark with an antidiquark to form a diquonium, one then has the 
following possibilities : 

(3, 1 ,}) x (_l, l ,_l) ( 1 , 1 ,2_) 
(3 , 1 ,}) x ( 3 , 3 ,§_) ( 1 , 3 , 18) 
(3 ,3 ,�) x ( 3 , 1 ,l) (1 ,  3 '  18) 
(3, 3 ,�) x ( 3 , 3 ,.§.) ( 1 , 1 , 36) "T" 
(3 , 3 ,�) x ( 3 , 3 ,§.) ( 1 , 3 , 36) 
(3 , 3 ,�) x ( 3 , 3 ,§.) ( 1 , 5 , 36) 

( 3) 
(6 , 1 ,�) x (6, 1 ,�) ( 1 , 1 , 36) 
( 6 , 1&) x (6 ,3 ,_l) ( 1 , 3 , 18) 
(6 , 3 ,}) x (6 , 1 ,� (1 , 3 , 18) 
(6 , 3 ,}) x (6 ,3 ,_l) ( 1 , 1 ,2_) 

"M" 

(6 ,3 ,]) x (6 ,3 .1) (1 , 3 ,2_) 
( 6 , 3 ,}) x (6 ,3 ,_l) ( 1 , 5 ,2_) 

One sees indeed a doubling of the number of states due to colour as expected. 
We denote the two sets of states formed from colour 3 and 6 diquarks by T and 
M respectively. 

Since the colour of a diquark is not necessarily diagonal in the total 
diquonium Hamiltonian , the two sets of states T and H will in general mix, for 
example by gluon exchange between the two portions . We claim, however, that 
the mixing will vanish when the two portions become separated by a high orbital 
angular momentum, namely for those configurations we wish to associate with 
baryonium. 9) The basis for this claim is the following. A gluon carries no 
flavour - it can therefore only mix diquark states with the same flavour. 
From (1) , one sees that one cannot then flip the colour of a diquark without 
also flipping its spin. Now if the interaction between quarks were indeed 
due to gluon exchange as stipulated then by analogy with Coulomb forces · in 
QED the spin-dependent part of the interaction is short-ranged and should 
vanish when the distance between the quarks increases . That this is indeed 
the case can be demonstrated directly in phenomenology by plotting the mass 
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differences between the spin-triplet and singlet states along a qq meson 
trajectory as a ftmction of the orbital angular momentum L .  This mass 
difference is due exactly to the spin-dependent part of the interaction 
between qq and should thus vanish for increasing L if our stipulation is 
correct. In Fig. 2 , we show the mass differences (p - n ,  A

2 
- B , g - A3) * ** *** 

and (K - K, K - QB ' K - L) along two meson trajectories and they do 
decrease rapidly with increasing L as expected, We claim therefore that for 
sufficiently high L, the two types o;f diquonium states T and M will become 
approximate eigenstates of the total Hamiltonian • 

. 7 
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FIGUR!£.l_: Mass differences between resonances on the p - n and K
* 

- K 
trajectories as a function of the orbital angular momentum L 
between the quark and the antiquark. 

For finite L, of course , the s tates will mix. At each L, one can 
estimate the mixing between them as follows . From perturbation theory, the 
mixing angle e is of the order: 

tan e � <T \v \M>/�E (4)  

where V is the mixing interaction and �E the mass difference between the 
states . Now the colour magnetic splitting alone bet�en the colour 3 and 6 
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s-wave diquarks is of the order of mp - mn ' In addition there is in general 
further mass  splitting due to colour electric forces ,  both within the diquark 
and between the two portions of diquonium. On the other hand, the mixing 
interaction strength V due to colour magnetic forces between the portions of 
diquonium. On the other hand , the mixing interaction strength V due to 
colour magnetic forces between the portions is measured by the splitting 
between spin triplet and singlet states at a given L value , e . g .  mA - � 
at L = I and mg - mAJ at L = 2 .  Hence, from Fig . 2 ,  we obtain the �stimates 
tan 8 $ . 2  and . I  at L = and 2 respectively. We see therefore that 
except for L = 0, the mixing is quite small and we may regard T and M as 
belonging to distinct families for mos t  practical purposes . 

Next, we proceed to estimate the masses of diquoniums . For the present , 
let us ignore entirely the spin-dependent interactions between the diquark and 
the antidiquark in a diquonium. Then , within each family and for each value 
of L, the masses of the different spin states l isted in (3) are split only by 
the diquark mass differences due to the colour magnetic introduction between 
the 2 quarks . Since this interaction i s  short-ranged, we argue by asymptotic 
freedom that it  is sufficient to treat this perturbatively and approximate it 
by one-gluon exchange . J O) For s-wave diquarks,  only the spin-spin term is 
relevant, which is  of  the form: 6) 

v - c (5) 
a=I, .• ., 8 

where C is proportional to the gluon coupling as ' and depends on the overlap 
of the quark wave-function with the potential . We can estimate the value of 
C by calculating mass differences between N and �. or n and p, for example , 
in terms of (5) . This gives C a  value of about 20 MeV between ordinary 
quarks n and p ,  consistently from several different estimations . 9) The mass 
splittings between diquark spin s tates are then trivially given by diagonal­
ising (5) , explicitly: 

- SC, 8 3C· 4C, - �  3 (6)  

for the diquarks in (2) respectively. Hence, the mass splitting between 
diquoniums of the same family and the same value of L is entirely calculable . 

To estimate the dependence of diquonium masses on the orbital angular 
momentum L requires a more explicit model for confinement .  At present the 
only model capable of doing so is the MIT bag mode l .  Within that framework, 
Johnson and Thorn J I )  have s tudied the problem of high L states in general . 
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They showed that for high L a hadron bag becomes elongated , taking on the 
shape of a long thin tube . The quarks inside aggregate at either end of the 
tube and are held together by colour flux lines confined inside the tube, as 
illustrated in Fig . 3 .  Asymptotically, the Regge trajectory becomes linear, 
namely, 

L (7)  

The slope a ' is  shown to depend only on the total colour charge x of the quark 
aggregates at either end, explicitly:  

a ' � 1 //6 x x (8) 

where & x is the value of  the quadratic Casimir operator for the colour x.  
One sees then that for T-diquonium with x = 3 ,  the Regge slope a ' is asymp­
totically the same as that for ordinary meson and baryon trajectories ,  whereas 
for M-diquonium, we have 

FIGURE 3 :  Bag model of high spin state 

(9) 

Assuming that the trajectories are linear even for small L values as 
apparently they are for ordinary meson and baryon traj ectories , we have then 
determined the spectrum of T- and M-diquonium each up to only one parameter, 
namely the effective intercepts of the trajectories . These last parameters 
are not easy to estimate theoretically but may be fitted phenomenologically 
to identified baryonium states .  The spectra for diquoniums containing only 
n ,p  quarks corresponding to one particular choice of intercepts are shown 
in Fig . 4 .  

II . 2  Their Decay 

The angular momentum barrier argument mentioned above applies to both 
"T" and "M"-diquoniums and suggests that both families have suppressed decays 
into meson channel s .  Their decays into baryon-antibaryon pairs however are 
governed by very different mechanisms . The decay of "T"-diquonium into BB 
can be effected by cutting a colour 3 bag and creating one qq pair to seal 
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off the exposed colour lines ,  as illustrated in Fig . 5 (a) . This being similar 
* to ordinary hadronic decays such as N + N in Fig. 6 one expects T-diquoniums 

to have normal widths, say r � 100 MeV, for masses around 2 - 3 GeV. On the 
other hand , the same mechanism is not available to M-diquonium s ince to 
neutralise a colour 6 flux, at least two qq pairs have to be created. As 
illustrated in Fig . S (b) , the result is then not a BB pair as for T-diquonium, 
but two new "M"-diquoniums . Beside s ,  since two quark pairs have to be created, 
such a decay mode is  expected to be suppressed in any case at high resonance 
masses.  In order to decay into a BB pair, an M-diquonium has to undergo 
some gymnastics, either by annihilating or exchanging quarks as for mesonic 
decays , or, more profitably, by first mixing with T-diquonium. Since this 
mixing is small for L > O, the coupling of M-diquonium to BB is suppressed: l) 

r ("M" + BB) � tan2e x r ("T" + BB) 
� . 04 x 1 00 MeV � 4 MeV ! ( I  0) 

One sees therefore that M-diquoniums decay into BB essentially only by default 
of the other modes .  
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A more likely mode for M-diquonium decay is a cascade via meson emission 
' 7) ' 1 1  . . 7 E h '  into a resonance o f  the same type, as i ustrated in Fig . . ven t is ,  
however, is considerably more difficult than a normal cascade of an ordinary qq 
meson or qqq baryon . 1 2) These latter decays can be effected simply by lopping 
off a small section of a colour 3 tube creating one quark pair as illustrated 
in Fig.  6 .  The same straightforward cascade i s  again not available t o  an 

B 

FIGURE 6 :  Decay of ordinary qqq baryon 

M-diquonium. The outcome is that one expects an M-diquonium to be narrow in 
general , and a T-diquonium to be broad . The situation would be qualitatively 
very similar to what is  seen in experiment as indicated in (B) above . 

6 � 6  
"M " "M" -----< 6 6 

� 1 M 

FIGURE 7 : Cascade decay of M-diquonium 

The cascade patterns of M-diquoniums if known can be a very useful sig­
nature for their identification . Now it has long been realised that cascade 
decays of resonances on leading Regge trajectories are mainly governed by 
kinematics, 1 3) l 4 ) l S )  because of  the scarcity of final states available, they 
are highly constrained by the angular momentum barrier, preferring those 
channels  in which a light particle (�-meson) is  emitted leaving a product 
resonance whose angular momentum J '  and mass  M' are such that the difference 
from the decaying s tates 6J = J - J '  is small and 6M = M - M' is large . One 
sees therefore that it is much easier for a resonance on a low-lying Regge 
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trajectory to cascade to a resonance on a high-lying one than the other way 
round. For example,  in Fig . 4 ,  one expects bigger widths for the .cascade : 

( 1 , 3 ,�) -+ ( 1 , 5 ,2_) + 11 
than for 

( 1 , 5 , 9 )  _,. ( 1 , 3 ,�) + 11 

( I  I )  

( 1 2) 

Moreover, using the existing(mainly kinematical) models in the literature fo1 
cascade decays l 4) l 5 ) , one can even estimate their relative rates ,  and hence 
predict the general decay pattern of various M-diquoniums . Such a study has 
been done and suggests,  for example, that the most  prominent final states for 
resonances on the ( 1 , 5 ,2.) and ( 1 , 3 ,� trajectories are : 9) 

( 1 , 5 ,2_) -+ BB 

( 1 , 3 ,� -+ BB11 

(1 3) 
( 1 4 )  

Predictions like these, though only qualitative, can be very useful for the 
experimental identification of M-diquonium. 

II . 3  Production 

Since T-diquoniums are strongly coupled to the BB channel they are most 
easily found in formation experiments in NN collisions . Indeed, most of the 
likely candidates existing for T-diquoniums , such as S ( l , 936) , T (Z . 1 50) , U (Z . 3 1 0) 
and V(2 . 48) are so discovered .  l ) _  Since the resonances are in general broad 
and the spectrum rich, detailed experiments capable of a full amplitude analysis 
are usually required for their identification . By a judicial selection of the 
final state , one can select out certain states in the spectrum for study. A 

good example is provided in this meeting by Tony Carter ' s  analysis 1 6 )  of the 
reaction pp -+ K+K- to be reported later in this session. 

M-diquoniums , on the other hand, are supposed to have suppressed 
couplings to BB and will therefore give only weak signals in similar formation 
experiments .  Indeed , sicne their couplings to mesons are suppressed also, it 
may be questioned how they can even be observed .  Notice however that this 
suppression in couplings is due not to any selection rule but, we believe , only 
to angular momentum barrier effects . Thus ,  for example, the colour mixing 
between T- and M-diquoniums though very small at high L, becomes so large for 
L = 0 that it no longer makes sense to distinguish the two families .  Imagine 
now that we produce a diquonium s tate via the exchange of a qqqq trajectory, 
as illustrated in Fig . 8 .  The exchanged reggeon a t  t < 0 has a component with 
L = 0 between the diquarks for whcih colour i s  interchangeable,  It appears 
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FIGURE 8 :  Production of M-diquonium 

therefore that M-diquoniums would be as easily produced in this case as are 
T-diquoniums . 7) 9) The situation here is quite similar to the more familiar 
case of J/$ , which decays into hadrons with a width of only � keV, yet couples 
sufficiently strongly in scattering to normal hadrons to yield a crT (J/$ p) of 
� mb . This phenomenon was readily explained in dual unitarisation by the 
mass dependence of the mixing angle between the cc and qq systems, which, 
though sizeable in the scattering region for t m2 '< O, becomes very small on 
the resonance mass-shell when t = mj/w>O , t 7) 

This interpretation, if correct, gives yet another valuable signature 
for identifying M-diquoniums - they can be easily produced but not so easily 
formed. It may be significant , therefore, that all the narrow baryoniums 
reported experimentally (except S near threshold) have been found only in 
production. Among these , the states at 2 . 020 and 2 . 204 are known to have for­
mation cross sections in elastic scattering of < . 3 mb as compared with 4-7 mb 
for T-diquonium candidates such as S ( l . 936) , T (2 . I S) and U(2 . 3 1 ) . I ) 

Of course , the production of diquonium states need not always proceed 
via qqqq exchange as indicated in Fig. 8, otherwise the cross section would be 
very small at high energy. They can be produced as well by baryon exchange , 
and in some cases even diffractivley through the mixing between the Pomeron 
and the qqqq trajectories. Also, diquoniums need not always be produced 
directly in the ' ground ' state where the two quarks in a diquark and in a 
relative s-wave . If an excited level is produced where the two quarks are in 
a p-wave, say, it will quickly de-excite , emitting a pion, for example, and 
drop down to one of the ' ground ' states we have been considering. The inclusive 
cross section for producing M-diquonium could thus be in the range of � I µb, 
and be readily observable in the present generation of track chamber 
experiments . 9) 
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The phenomenology of diquonium resonances ··based on these premises is 
already quite developed 8)9) ! 8)  and its comparison with experiment reasonably 
encouraging. Some of the results will be discussed later, I hope, by Holstein 
H�gaasen and Bob Jaffe . 

The weakest link in the whole theoretical structure is probably its 
reliance at certain points on the MIT bag model . Previously, some attempts 
have been made by Rossi and Veneziano S) to understand the confinement of 
multiquark states in terms of a topological expansion of QCD, somewhat 
analogous to ' t  Hooft ' s  l /Nc expansion. The result is closely related to a 
naive string picture in which the strings themselves do not interact .  There 
is then no possibility of obtaining a stable configuration corresponding to 
M-diquoniums . 1 2) These considerations are extended again recently by Konishi 
and Hansson 19 ) to include such configurations . Unfortuantely all these QCD 
models are amenable to calculations at present only in 2-dimensions and are 
therefore unlikely to yield concrete phenomenological results in the near 
future . 

III . Discussion 

We have considered two . interpretations of baryonium states as respec­
tively 'nuclear' and ' colour' molecules . Off-hand, there seems no reason vhy 
the two types cannot exist side by side . As matters stand at present, there 
is room enough for both in the experimental spectrum. It is then up to the 
theoreticians to refine their predictions so as to identify their favourite 
states if and when they are finally observed. 

Though perhaps equally uncertain, the two interpretations carry with 
them different bonuses . The discovery of a nuclear molecule would be 
moderately interesting. It would confirm our belief that we know something 
about nucleon-nucleon forces at long and medium range and teach us something 
about annihilation at short distances .  We may then proceed to analyse similar 

*-* 
systems such as the possible D D nuclear molecule corresponding to the peak 
in R at 4 . 028 seen in e+e- annihilation. 20) 

The discovery of T- and M-diquoniums , on the other hand, would have 
implications of a different magnitude . It would establish colour as a new 
degree of freedom, enhance our hope for quantum chromodynamics, and open up a 
whole new dimension in hadron spectroscopy. 



Indeed, if the picture I described in the last section is correct, it is  
obvious that diquoniums are but special cases of a large class of metastable 
colour molecules . The following are some immediate generalisations :  
(qq)�S�(qq) ,  (qq)�S�(qqq) , (qq)�(qqq) ,  (qqq)_Jl_J_C?___(qqq) , etc, some of 
which will be considered later by Halstein H�gaasen and Masataka Fukugita. 
They share the common property of having two quark aggregates of non-zero 
charge ( i . e .  non-colour-singlets) linked together by tubes of colour flux which 
neutralise their colours .  They are therefore vaguely similar to an electrical­
chemical system such as Na+------{;1- in which two charged ions are linked by an 
electrovalent band, and may conveniently be described by borrowing some of the 
chemists ' concepts and terminology . By analogy then, let us call our coloured 
quark aggregates ' ions ' ,  and the colour flux tubes linking them ' chromovalent ' 
bonds . Because of the different group structure , however , ' chromovalent ' 
bQnds can be of several types and have very different properties from their 
electrical counterpart s .  For example,  they cannot break except by the creation 
of quark-antiquark pairs and are expected to increase in stability for 
increasing l��gth . Neutral atoms do not form ' chromovalent ' bonds with one 
another but they may still be bonded by e . g . ' Van der Waals '  forces ,  to form 
molecules .  This then is the interpretation in our ]l1'.'eSent language of the 
deuteron and of Vinh Mau' s baryoniums , if they exist .  ·lpl'l_ 

-- ' Now, in ordinary chemistry, one has the experience that much would. be 
known about a molecule once one knows the properties of its component bonds and 
ions . A great s implification of concept is thereby attained by reducing the 
study of a multitude of molecules to that of a much smaller number of ions and 
of bonds . It  seems likely that in colour chemistry also a similar simplification 
is possible .  At  present, we have only a very crude knowledge of chromovalent 
bonds and of coloured ions , but one can well imagine that , as in ordinary 
chemistry, one may design experiments and theoretical calculations specifically 
to measure their propertie s .  By compiling then a list Z l )  of bonds and ions , 
we should be able to construct molecules to our own specifications and to 
predict their general properties from those of their components .  One need 
not be restricted only to the ' diatomic '  molecules so far considered . One 
may attempt,  for example, to construct analogues for the long linear chain or 
something s imilar to the benzene ring as indicated in Fig .  9. Many of  these 
molecules will  have very bizarre properties . Apart from serving as sensitive 
probes for testing colour dynamics ,  it is amusing to imagine that one day in 
the far distant future they might even serve some practical purpose. 
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FIGURE 9 :  Examples of complex colour molecules 

I am deeply grateful to Tran Thanh Vanh for inviting me to this meeting 
which has been both instructive and enjoyable. 
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We are all familiar with the succes s of the quark model in the 
realm of meson and baryon spectroscopy . 1 ) Quark and antiquark make 
a meson . Three quarks make a baryon . This simple scheme has re­
ceived striking confirmation with the discovery of the charmonium 
system ,  charmed mesons and perhaps charmed baryons . 2 )  The next few 
years promise to bring an extension of this spectroscopy to the T 
and its brethren reported by the Columbia-Stony Brook-Fermilab 
group . 3 l 

I am going to refer to all of this  as " o  spectroscopy" . We 
have a fair idea of what to expect from QQ anu o3 systems , based on 
phenomenological adaptations of QCD such as potential models4 )  and 
the bag . 5 )  

However QCD seems to promise a much richer spectrum than has 
yet been observed . There are at least three maj or spectroscopic 
families beyond mesons and baryons to be expected in simple models� ) 

First are multiquark states : color singlet hadrons made of more than 
three quarks or antiquarks . Some of these have exotic quantum num­
bers , but others (crypto-exotics )  may masquerade as ordinary QQ 
mesons or Q3 baryons . Second are hadrons containing gluons either 
exclusively ( " glueballs " )  or in conj unction with quarks .  Third are 
so-called Type II exotics : mesons with JPC not accessible to non­
relativistic QQ systems ( 0

-- and O+- , 1-+ , 2+- , etc . )  or baryons 
with certain pecul iar SU ( 6 ) quantum numbers .  Type II exotics may 
be found among the hadrons of the first two families or may have an 
independent origin . A fourth family � liberated quarks and gluons 
� with an extraordinarily rich spectrum � will be present if con­
finement is not perfect.  

Among the states of this new spectroscopy the ones most acces­
sible to experiment appear to be the multiquark states . Glueballs  
and gluon-quark combinations do  not have distinctive signatures . 7 )  

Type II  exotic mesons , if  they exist ,  have the nasty habit of de­
caying only into rather complicated multi-meson final states . 8 )  

Multiquark states have the twin virtues of clear signature : some 
possess exotic quantum numbers ,  other have conventional quantum num­
bers but peculiar decay patterns ; and prominence :  they appear to be 
very important in S-wave meson-meson scattering and may generate 
strong and/or narrow resonances in the baryon-antibaryon system. In 
light of this I will spend the remainder of my talk discussing mul­
tiquark hadrons and in particular the mesons constructed of two­
quarks and two-antiquarks .  
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The aim of these studies is to look for tests of QCD . To ap­
preciate the possibilities notice that Q2Q2 is the least compl ica­
ted system with any freedom in its internal color wavefunction .  
There is only one color singlet QQ-wavefunction . Likewise there is 
only one color singlet baryon (Q 3 ) wavefunction . Although two 
quarks could be either synunetric or antisynunetric in color : 

( 1 )  

( the 3 is  antisynunetri c ;  the � synunetric) only the antisynunetric 
state can combine with the third quark to give a color singlet1 2 )  

6 © 3 

3 0 3 

Q2Cj2 is richer . 
either to a "1 or 
either a 3 or 6 . 
from the 3 and 3 

8 ED 1 0  

= 1 © 8 

According to 
6 . Likewise 

From these , 
according to 

Eq . 
the 
two 
Eq . 

( 2 )  

( 3 )  

( 1 )  the two quarks may b e  coupled 
two antiquarks may be coupled to 
singlets may be constructed : one 
( 2 ) ; the other from the 6 and 6 

according to the Clebsch-Gordon series : 

6 © 6 = 1 ED 8 ED 2 7  ( 4 )  

Many o f  the distinctive signatures expected of the Q2Q2 system can 
be traced to the existence of two types of color singlets . Finding 
these would argue strongly for color and QCD . 

Historically Q2Q2 mesons have been an embarrassment for quark 
models and dual models alike . The first modern discussion ( ie cog­
nizant of color) of multiquark 
states was given by Nambu in 
1 9 6 6 . 1 3 )  He pointed out that 
Coulomb- like color forces , propor­
tional to A • ' A · (A . are the 8 co-- i  - J - J. 
lor-SU ( 3 )  matrices of the ith 
quark) , saturate with the forma­
tion of singlets . So color- sing­
let mesons and baryons do not at­
tract each other with strong con­
fining forces . [We shall shortly 
see that this is only half the 
story . ]  In 1968  Rosner1 4 )  rea­
lized Q2Q2-resonances posed a pro­
blem for duality . According to 

t 
• 

s-0 C 

Q2Q2 resonances in S-channel , 
dual to QQ exchange in the t­
channel .  
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the duality diagram on the last page , Q 2Q 2 configurations should 
produce the prominent resonances in BB elastic scattering , dual to 
ordinary meson exchange . This led to the expectation of exotics at 
relatively low mas s . 14 1 15 )  Experimentalists were unable to find any 
and the situation remained confused for many year s .  

Times have cha11ged . We now have a theory o f  interquark forces : 
QCD ; and several models for the way color-interactions bind quarks 
to form hadrons . We also have more reasons to believe in quarks 
and perhaps more courage to face up to former embarrassments . In 
the bag· model the Q 2 Q 2 system i s  not qualitatively different from 
QQ and Q 3  hadrons . Approximations developed to study the QQ and Q 3 
sectors can be applied to the Q 2Q 2 sector with few if any additional 
parameters . There are two limits in which the bag model is known to 
simplify : at low angular momentum, where hadrons are roughly spher­
ical ;  and at high angular momentum for deformed hadrons on the 
leading Regge traj ectory . I propose to discuss the Q2 Q 2  system in 
these limits . 

I .  Spherical Q 2 Q 2 States : Color-magnetism 
and the Meson-Meson S-wave 

A .  The Spectrum 
The generators of color SU ( 3 )  annihilate the singlet : 

( 5 )  

a a* h '  ( A j ( -Ak ) are the 8 color matrices of the quarks (antiquarks ) ) .  T is 
is the origin of Nambu ' s  remark that 
with confining forces . However , 
to lowest order in QCD two color 
s inglet mesons can exchange a 
transverse gluon becoming color 
octets , which may then bind 
strongly . The overall color state 
remains , of course , a singlet .  
The coupling is  proportional to 
the product of each quark ' s  spin 
and color matrices which , in gen-

color singlets do not attract 

i 8 

! l  ) ! 
f § 

eral , does not annihilate a color singlet . Thi s i s  the van der Waals 
force of QCD . It is expected to be short range . In fac t ,  in the 
bag model it operates only when the quarks are all in the same bag . 
In the non-relativistic limit this would be a magnetic force be-
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tween quarks hence "color magnetism" . 
Color magnetism accounts for the maj or SU ( 6 )  violations among 

. 1 6 )  4 5 )  ordinary s-wave mesons and baryons . ' It splits the p from the 
TI ,  the � from the nucleon and the E from the A ,  all in the right di­
!ection and by roughly the right amount . What does color magnetism 
do in the Q2Q2 sector? Remarkably , it elevates the mas ses of states 
with exotic quantum numbers and lowers the masses of some crypto­
exotic s ,  17 • 18 )  which may i n  part explain the experimental absence of 
low mas s  exotic s .  This result is  more general than the bag model in 
which it was discovered . It follows from the color and spin tensor 
s tructure of the lowest order color magnetic interaction between 
quarks . S ince the derivation has 
been given several times in the 
literature , 1 9 )  I won ' t  repeat it 
here . 

The ground state of Q 2Q2 turns 
out6 )  to be a flavor-SU ( 3 )  nonet 
with JPC=O++ . The quark content 
of the nonet is shown in Figure 1 .  
The masses and decay couplings in 
the limit of no OZI-violation are 
illustrated schematically in Fig­
ure 2 .  Notice the unusual pat­
terns.  In the QQ sector we expect 
a degenerate i sovector and iso-
scalar (eg . , p and w or f and A2 ) ,  

A. 1  Cl· - I 

C o lor Mag n et i c  Interaction 
between Q uarks i a nd j 

degenerate because they contain only ordinary ( u  and d) quarks . An 
ss isosinglet lies at a heavier mass (eg . ¢ or f ' )  and betrays its 
quark content by its anomalous coupling to KK. In contrast the 
Q2Q2 nonet has a l ighter , isolated isosinglet (uudd) which does not 
couple to KK. The dege�erate isosinglet and isovector contain a 
hidden ss pair . C0nsequently the second i sosinglet couples a�omal­
ously to KK. 

The O++ mesons have always been a problem for the quark model . 
In 1 9 7 4  Morgan made a heroic attempt to gather the E ,  S * ,  o and K 

into a nonet . 2 0 >  The fit was awkward . It  requires large and OZ I 
violating singlet-octet mixing , accidental degeneracies and ignores 
threshold enhancements in (TITI) I=O and ( TIK) I=� s-waves . I believe a 
case can be made for classifying the light a++ mesons as (predomi­
nantly) a Q2Q2 nonet . Since the case for this may be found in the 
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Figure 1 :  SU (3) -flavor weight diagram and Figure 2 :  Masses and OZI allowed decays of a++ 
quark content for Q2Q2 nonet . Q2Q2 meson nonet in the bag model .  



literature17 l I won ' t  repeat it here .  
++ - o++ 

If the light O mesons are Q2Q2 states , where are the [QQ] L=l 
states? Presumably heavier . A fundamental prediction of this 
scheme is  the presence of more O++ mesons : At least one other nonet 

- o++ -
� for the [QQ] L=l states � and perhaps more Q2 Q 2 multiplets ( to 
say nothing of QQG and so forth) . The other known L=l QQ states 
(eg .  the 2++ mesons )  have masses ranging upward from about 1 2 0 0  MeV. 

At these energies we must expect additional O++ states . These are 
likely to mix with the lowest Q2Q2 states , breaking degeneracies and 
foiling selection rules .  However the basic observation remains : 
there should be (at least) two of everything . 

Alan Martin discusses the possibility of two nonets of O++ 

mesons in detail in his contribution to these proceeding s , 2 1 )  so I 
will be brief .  The most exciting new development is the recent evi­
dence for a second isovector O++ state at about 1 2 7 0  MeV. The " first" 
isovector , the 6 ( 9 8 0 ) , is  one of the best substantiated scalar me­
sons . For several years there has been evidence for some resonant 
S-wave behavior near 1 3 0 0  MeV in K°K0 and K+K- . 2 2 • 2 3 )  The isospin s s ) has been controversial . Recent University of Geneva data2 4  on rr p 
+K-K0p at 10  GeV/c shows an S-wave enhancement at 1 2 7 0  Mev2 5 )  in s 
K-K� (which is uniquely isovector) . Perhaps one of these two iso-
vectors is  the first of the long sought Q2Q2 mesons . A speculative 
identification of both scalar nonets is given in the Table below. 

Two 0++ Nonets? Predominant 
I so spin Name Mass l '  Coup inas-Comments * Quark Content 

0 E: ( 7 0 0 )  broad ; rrrr> >KK ,  6 < 9 0 °  uddu 
0 8* ( 9 9 3 ) + narrow ; KK> > rrrr 1//2 ss ( uu+dd) 
1 6 ( 9 8 0 ) + medium ; KK , rrn ; nearly de- udss 

generate with S* 
,, K ( 8 0 0-1100 )  broad ; rrK , 6 < 6 0 °  usdd 

0 €: ' ( 1 3 0 0 ) + medium; rrrr 1/12 (uu+d'dl * -0 s '  ( ? )  ? S S  
1 6 ' ( 12 7 0 ) + medium; KK ud 
,, K ' ( l 4 0 0 ) + medium; Krr -us 

! Rather well established 
Including channels in which it ' s  seen 

Notice that I have associated Q2Q2 states with broad , non-resonant 
enhancements in the rrrr and rrK s-waves .  Otherwise there would be 
insufficient structure ( in say the rrrr S-wave) to accommodate 3 reso-
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nances :  the E ( 7 0 0 ) , 5* ( 9 9 3 )  and 
E ' ( l 3 0 0 ) . 

It has always been thought 
that quark states should show up 
as conventional resonances in par­
tial wave analyses . This is not 
at all clear for multiquark states . 
In the limit that quark pair cre­
ation is " turned off"  QQ and Q 3  
resonances l ike the p ,  A2 and 6 

become stable (poles on the real 
axis ) . They then move continu­
ously off into the complex plane 
as pair creation is turned on . I=O S-wave TITI-Amplitude 

There is no similar l imit for Q2Q2 resonances . They must be con-
s idered intrinsically as phenomena in the open QQ--QQ channels to 
which they coup l e .  Recently Francis Low and I have undertaken to 
study Q2Q2 bag " states " in this manner . We find that Q2Q2 (and other 
multiquark) bag configurations need not be manifest as conventional 
resonances in meson-meson phase shifts . 2 6 )  I will give a brief ac­
count of this work.  

B.  Dynamics 
we2 6 )  consider bag states as approximate e igenstates of a 

quark colored-gluon Hamiltonian subj ect to boundary conditions . In 
the spherical cavity approximation2 7 )  the boundary condition amounts 
to the requirement that the density of hadronic matter vanish out­
s ide of a sphere of radius R . 2 8 )  Consider QQ and Q 3  sta tes and 
suppress pair creation . Because confinement prevents quarks from 
separating the spectrum calculated with a boundary condition approx­
imates the physical spectrum. I n  contrast try the same approach to 
the non-relativistic dynamics of a point proton and neutron whose 
interactions are finite range .  Eigenstates subj ect to the boundary 
condition that the wavefunction vanish outside some separation b 
are not d irectly related to the actual spectrum o f  bound and con­
tinuum states of the p-n sys tem. 

In the Q2Q2 system two types of QQ-QQ channels are present : 
color 8-8 in which the forces are long-range and confining , and 
color 1-1 in which the forces are short-range and do not confine . 
The bag calculation imposes the same boundary cond ition in all  chan-
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nels . This is a poor approximation to the actual wavefunction in 
the unconfined channel s .  However this approach has the advantage 
that treating all  channels similar ly ,  the inbernal ( QCD) dynamics 
can be separated from the external meson-meson scattering state s .  

The situation is reminiscent of Wigner ' s  R-matrix approach to 
S-wave resonances of the compound nuc leus . 2 9 • 3 0 >  Wigner idealized 
particle- nucleus scattering by taking the compound nucleus to be a 
region o f  radius b outside which no interaction takes plac e .  He 
observed that at resonance the s lope of  the external wavefunction 
vanishes at r=b : 3 1 )  

�r (rijJ (r ) ) I =0 
r=b 

( 6 )  

and parameterized the exterior scattering wavefunction a s  follows : 

o . .  R . .  (E )  
ijJ • .  (r , E ) o:-2:2 s ink . (r-b) + �

k
1

. r cosk
J
. (r-b) ( 7 )  iJ r J J 

Here i and j label external channels ( k . : 12µ . E ,  µ . being the 
J J J 

reduced mass in channel j ) . Then Eq . ( 6 )  wil l  be satisfied when 
Rij (E )  has a pol e .  From R (E )  it is possible to obtain the S-matrix : 

5 = e- ikb l+i lkRlk e- ikb 
1-ilkRlk 

( 8 )  

The advantage o f  this approach is  that R depends only on the 
dynamics inside r=b . For example , poles in R occur at energies 
{En } which are solutions to the interior Hamiltonian problem 

d/dr I r'!' n ( r ) ] =O  
r=b 

r<b 

( 9 )  

H describes the dynamic s inside r=b . This finesses the difficult 
dynamical question of how the pro j ectile and nucleus couple to the 
compound nuclear state s .  

The bag provides a different set of information . Inside the 
bag , quarks and gluons are the dynamical variables . The amplitude 
assoc iated with the QQ-QQ relative separation vanishes outside some 
radius b which is related to the bag radius R.  We  interpret the 
eigenenergies of the spherical bag calculation as the energies {En } 
for which the meson-meson wavefunction vanishes at some radius , b .  
Imitating Wigner w e  parameterize  the exterior scattering wave i n  the 
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meson-meson center of mass by 

( 1 0 )  

Therefore the bag calculations y ield the energies of  poles in  the 
real symmetric matrix P . .  ( E ) . It is also possible to extract infor­
mation about the pole r��idues from the bag model calculation . 26 ) 

From Pij (E )  we construct the S-matrix : 
1- i ! p ! 

lk lk s - ikb -e 

l+i ! p ! 
lk lk 

- ikb e ( 11 )  

Low and I have studied some o f  the formal properties of  the P­
matrix and have attempted to fit the s-wave (pseudoscalar) meson­
meson phase shifts in this manner . 2 6 )  We find that broad non-reso­
nant enhancements are expected of  this dynamics when 0202 bag states 
are near but above dominant decay thresholds (as is the case in 
( rr rr ) I=O and (rrK) I=� ) .  We f ind narrow resonances when 0202 bag 
states are at or below dominant decay thresholds (as is the case in 
(KK) I=O , l ) .  And finally we find slowly falling negative phase 
shifts followed by enhancements in channels where the lowest 0202 
states are far above dominant thresholds .  Remembering that exotic 
02Q2 configurations are made heavier by color-magnetic interactions 
it is apparent that they fall into this last category . This work 
is still in progress and will be more fully reported elsewhere . 26 )  

I I .  High Angular Momentum Q2Q2 States : 
Color and Baryonium 

The Harari Rosner diagram for baryon-antibafyon � reproduced 
here with some color indices added � serves to emphasize the spe­
cial role of Q2Q2 resonances in the 
baryon-antibaryon system. For many 
years the failure to find 
exotic mesons discouraged attempts 
to use the quark model to classify 
BB resonances . Meanwhile poten­
tial models 3 2 )  and dual models3 3 )  

o f  the BB system were developed . 
The bag model and color magnetic 
forces now provide some under­
standing of the absence of low 
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mass exotics . Also Johnson and Thorn3 4 l  haye developed a semi­
quantitative model of high angular momentum states of arbitrary 
(color singlet) collections of colored quanta . It is now possible 
to begin enumerating the Q 2Q 2 states ( their quantum numbers , masses 
and partial widths ) expected to couple to baryon antibaryon chan­
nels .  First steps in this  program were taken last summer by my­
self35 l  and by Chan and H¢gaason . 3 6 ) I wil l  spend the remainder of 
my time describing the qualitative features of this work . 

The lightest Q 2 Q 2 states are at about 1 GeV . By BB threshold 
we are already dealing with a complex system with lots of internal 
excitation energy . An arbitrary Q2 Q2 state bears no particular re­
lation to the BB system. I f ,  however , the diquark (Q 2 ) and antidi­
quark (Q 2 ) are separated by an angular momentum barrier then this 
barrier inhibits decay into purely 
mesonic states . Such a configura­
tion may decay into baryon-anti­
baryon or by meson cascade to a 
similar state . 

Johnson and Thorn3 4 )  showed 
that the bag states shown at right 
lie on linear Regge traj ectories 
whose slope may be calculated in 
terms of the color representation 
of the quanta at either end : 

Q 2Q2 state on Leading 
Regge Traj ectory 

( 1 2 )  

1/4 Here B is the bag constant (B =145  MeV) and ac is the QCD fine 
structure constant (ac= . 5 5 ) . C 2 is the quadratic Casimir operator 
of the color representation on either end of the elongated bag . For 
meson (QQ)  and baryon (Q 3 )  traj ectories the color configuration is 
always l-i (ie . color anti-triplet on one end , color triplet on the 
other ) . In this case C 2 =16/3 and a ' = . 9  GeV- 2 • Two color configura­
ations occur among the Q 2 Q2 states which couple to BB : l-l and 6-6 . 
The former have ordinary Regge s lopes ( a ' = . 9  GeV- 2 ) ,  whi le the lat­
ter lie on traj ectories with anomalous slope : a '  (�-�) = . 56 GeV- 2  

This was first pointed out b y  Johnson and Thorn . 
Any pair of quarks in a baryon are always in a color 3 (See 

Eqs ,  ( 2 )  and ( 3 ) ) .  I t  is tempting to argue from this that the 3-3 
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Q2Q2 states couple strongly to BB while the color i-i Q2Q2 states do 
not. This is an important conjecture . Much of the systematic clas­
sification of Refs . 3 5 and 36 rests on it. Assuming this , the 6-6 
states would likely be anomously narrow3 5 • 3 6 )  since they have o�l; 
cascade meson emission available . 3 6 )  These would be the first ex­
amples of a new class of hadrons which are stable because of their 
internal color structure . To borrow from nuc lear physics we might 
call them "color- isomers" . A catalogue of i-i Q2Q2 states may be 
found in Ref .  3 6 .  The 3-3 Q2Q2 states are enumerated in Ref .  35 .  

Why should the i-i Q2Q2 states decouple from baryon-antibaryon? 
The argument rests on the way color forces are thought to fall off 
with distanc e .  In the bag model only the color-electric monopole 
( " Coulomb" ) force remains constant independent of distance.  All 
spin dependent and color- flip3 7 )  forces fall with separation of co­
lor sources j ust l ike in free spac e . 3 8 )  I n  the picture o f  Johnson 
and Thorn , as a hadron elongates forces which f lip color or spin die 
off . At large J the color and spin of the quarks on either end of 
the cigar-shaped hadron are good quantum numbers . There is some evi­
dence for this effect in the meson spectrum . 3 6 )  

Suppose we accept that a t  high-J the i-i Q2Q2 states have little 
admixture of 3-3 .  The selection rule (i-il fBB requires in addition 
that the Q2 or Q2 color is not flipped during the decay. A typical 
color flip decay which violates 
the selection rule is shown at 
right . I t  is possible that the 
rapid fall off of color-flip forces 
with distance suppresses these de-
cays . But I know of no model cal­
culation to support the conj ecture 
and therefore have no estimate of 
the minimum angular momentum above 
which these decays are suppressed . 
So the selection rule i-ifBB is  
still  on shaky ground . 

6 { �-------- } � 

§ {--: :-_-=: h 

In fact this type of selection rule is already wel l  known in 
the quark model .  Long ago Micu3 9 )  proposed that QQ-pairs created or 
destroyed in a quark-line diagram carry vacuum quantum numbers and 
have no effect on the pre-existing quarks and anti-quarks . The se­
lection rule we have been discussing is a special case of this . The 
arguments put forth to justify the special case (�. color , spin 
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and flavor flip forces fall rapidly with distance) would also suf­
fice to derive the more general rule . This rule has been indepen­
dently rediscovered by several groups40 > and is known in the litera­
ture under several names : QPC-model ( for quark pair creation ) ,  3P

0
-

model ( for the non-relativistic quark configuration required for 
vacuum ( O++) quantum numbers ) , and so forth . The model has been 
successful in describing ordinary baryon and meson decays . 

I mention the QPC-mode l because of its implications for the 
quark model treatment of BB systems . It leads to some remarkable 
selection rule s . 35 l  If these selection . rules were violated it would 
be very hard to understand why �-1_ Q2Q2  should not decay to BB . 
This would forbid a specific color flip matrix element while allow­
ing various other color , spin and flavor information to be trans­
ferred from the created pair to the pre-existing quarks . The most 
striking selection rules are L=i±l and s-l<S<s+l where i (L)  and s (S )  - -

2 - 2 -are the orbital and spin angular momentum of the Q Q (BB) system. 
These selection rules can already help us classify state s .  Con­

sider, for example , the series of resonances seen by Carter et a 1 . 4 1 l 

in the reaction NN+�+�- . These must be coupled to the NN spin trip­
let with J=L±l .  Carter et a1 . 4 1 l find J=L-1 predominates . These 
resonances coincide with the familiar elastic NN resonances known as 
the T and U mesons . It is tempting to put them on the " leading " 
Q2Q2 trajectory , the one with J=i+2 . In fact this was proposed in 
Ref .  36 . However this violates a QPC selection rule since L=i+3 .  
Instead we must look for a traj ectory with J= i .  Not by chance the 
QPC predicts J=i trajectories to be very strongly coupled to the 
J=L-1 channel of NN .  In any event the assignment o f  Carter e t  al . ' s 
resonances to a J=i+2 traj ectory is inconsistent with the usual argu­
ment3 6 l used to rule out 6""'"6+BB . 

In addition to selection rules the QPC model · also yields quan­
titative information about which Q2Q2 states couple to which BB 
channels .  A casual glance at Refs . 35 and 36 is depressing . There 
are a myriad of Q2Q2  traj ectories .  Other things being equal the ex­
perimentalist would appear to be lost in a sea of overlapping reso­
nances . According to QPC calculations , 35 )  however , only a handful 
of Q2Q2  trajectories are expected to couple strongly to NN . These 
may be prominent elastic NN resonances .  Of the remainder only the 
potentially .narrow �-� states seem interesting . 

The QPC model is very crude . It allows us to hope that the 
6-6 states wi ll be narrow and that the 3-3 states can be sorted out . 
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What is really needed here is what neither the quark model nor du­
ality has ever provided : a dynamical theory of resonance production 
( and decay) in terms of quark degrees of freedom . 
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BARYONIUM AS BARYON ANTIBARYON BOUND STATES AND RESONANCES 
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Abstract : A brief review of the general properties of the 
nucleon-antinucleon interaction and their relationships with 
better known hadronic processes is given. Difficulties connected 
with the large annihilation cross section and the existence o f  
narrow resonances are discussed and a possible remedy propo sed . 

Resume : Les proprietes generales de l ' interaction nucleon­
antinucleon et leurs relations avec des systemes hadroniques 
mieux connus sont passees en revue . Les difficultes due s  a 
l ' existence des etats de largeur etroite et a la grande section 
efficace d ' annihilation experimentalement observee sont discu­
tees et une solution possible proposee . 

+Laboratoire a ssocie au C . N . R . S .  
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In thi s talk ,  I would like to review some aspects of 

baryonium related to what is  referred to by H . M. Chan as " nuclear 
molecul es " . Those a spects can be somehow considered as compl emen­
tary to the qqqq a spects described at this meeting by H . M .  Chan 
and R . L .  Jaf f e .  As a matter of fac t ,  if a strict analogy with 
the well  known positronium is  to be retained , the name baryonium 
rather suggests the following definition : 

baryonium baryon-antibaryon (NN , Nn , In 
states or resonances 

etc . . .  ) bound 

This definition implies the assumption that the subhadro­
nic constituent degrees of freedom are frozen but as a counter­
part , one ought to deal with realistic baryon-antibaryon forces 
and therefore with real nuclear force s .  

At present , most of the experimental information refer to 
the nucleon-antinucleon sector . I shall  therefore l imit myself 
to this sector and from what I j ust said , a careful study of the 
nucleon-antinucleon interaction and its relationship with real 
nucleon nucleon forces is  to be made 

As far as the experimental situation is concerned , we are 
now getting u sed to the narrow bound states and resonant states 
which have been abundantly discussed during the last few months 
(Cf . ,  for example , L. Montanet talk at this meeting ) . However , I 
wish to recall that , besides these bound and resonant states , 
there exist also more ancient experimental results on the NN 
scattering and annihilation into ordinary mesons ,  one preeminent 
result is that aannih. / aelast . � 1 . 5  - 2 for a rather wide energy 
range . This feature has been puzz ling in the past , it could be 
even more puzzl ing in the light of thf newly discovered narrow 
states and any real i stic theoretical model should be able to cope 
with all those results ( i . e .  strong annihilation cross section 
and narrow resonances)  . 

General properties o f  the NN and NN interactions 

The unitary condition in the t c hannel is 
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Im<n 1 n 2 [ T [ P 1P2 > = I: <n1 n 2 [ T+ [ a><a [ T [ p 1P2 > 
a 

for the NN interaction and 

Im<n1n2 [ T [ p 1i?2 > = I: <n 1n2 [ T+ [ S> < S [ T [ p 1P2 > 
B 

for the NN interaction . 
The s channels are defined as p 1 +n 1 +� 2 +n 2 for the NN case and as 
p 1 +n 1 +p2+n2  in the NN case.  

These relations can be expressed diagrammatically as 

1 )  

+ + ·  . . + etc ... 

for the NN interaction and 

+ + + · · · + 

+ + 

annihilation interaction 

for the NN interaction. 

These conditions give us the absorptive part of the NN 
and NN interactions from which one gets the interactions them­
selves via di spersion relations . 

2 )  

+ e tc ... 

275 



Al so , from the same unitarity conditions one can see that , 
in addition to the " scattering graphs" which exist in both NN and 
NN cases, the NN case contains " annihilation graphs " . Therefore ,  
the NN interaction o r  potential can be expressed a s  : 

where UNN refers to the scattering part and WNN to the annihila­
tion part o f  a complex potential VNN. This complex potential is 
endowed with the following two properties : 

1 )  UNN = G UNN 

where G refers to the G parity of the intermediate state occuring 
in the scattering graphs of relation 2 ) . For example G = 7 1 for 

the TI , G = + 1 for two pions , etc . . . .  This G parity rule connects 
the NN scattering part UNN to the NN potential UNN " 

2 )  UNN has a much 

WNN 'the range of which i s  

1 1 longer range (� ,  -2� , mTI mTI 
1 at most 2m = 0 . 1 0 fm. 

etc . . •  ) than 

These two general properties can be proved quite rigorous­
ly but are also apparent from the unitarity relation 2 )  . They 
are very important theoretical guiding principles and should be 
always kept in mind. The G parity rule connects t�e NN forces to 
the NN forces , however , it can be applied only to the situation 
where the NN forces are due to particle exchanges and it i s  
unapplicable t o  the purely phenomenological N N  interactions .  We 
shall  accordingly consider only the particle exchange NN poten­
tials which fit well all relevant nuclear data.  

Particle exchange NN potentials 

1)  The One Boson Exchange ( OBE) Potentials 

The simplest particle exchange model to the NN forces is 
the one boson exchange model due to the exchange of the TI , p , w , a ,  
etc • . •  mesons considered a s  stable particles .  This model has been 
studied extensively by various groups and the different versions 
come from different values for the coupling constant s .  One defect 
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of the OBE potentials i s  that some of the exchange mesons are not 
physical , the low mass scalar and i so scalar a meson needed i s  
rather fictitious since the corresponding observed resonance i s  
broad and has a rather high mas s .  We shall  consider the Bryan­
Scott version l ) which yields ,  via the G parity rule , the Bryan­
Phill ips 2 )  NN potential . 

2 )  Particle Exchadge Potentia l s  derived from dispersion 
relation dynamics 

In this approach,  the long range forces are due to the 
one pion exchange which is wel l  known and well e stablished , the 
next longest range forces are due to the two pion exchange . This 
two pion exchange contribution has been carefully calculated3 ) 

from the TIN scattering amplitude and the TITI interaction via 
analyticity, unitarity and crossing properties of  the S matrix .  
I n  this way ,  effects of  the TI TI  S and P wave resonances ( E  and p 
mesons) as well  as nucleonic resonances ( �3 3 , P 1 1 , etc • . .  ) are 
automatically and realistically taken into account . Adding to 
this the w exchange contribution as part of  the three pion 
exchange one gets the (TI + 2 TI + w) exchange potential -the 
Paris potential- which has been s hown to g ive a good description 
of the long and medium range ( LR and MR) part of the NN forces 
( internucleon distances r � 0 . 8  fm) . 

One can note that if the following approximations are 
made , namely, effects of  the nucleonic resonance s  are ignored 
(their contributions are actually significant ) ,  the TITI S and 

P wave resonances are treated in the z ero width approximation , 
one recovers the OBE mode l s .  

I n  fig . I ,  we display,  for comp ar i son, the central compo­
nent of the ( TI + 2TI + w) exchange Paris NN potential denoted by 
UP and the One Boson exchange NN potential considered by Bryan 
and Phill ips denoted by uBP . As it can be seen , the attraction 
is weaker in the Paris potential than in the Bryan Phillips 
potential . The reason i s  that in the NN case this OBE model needs 
a strong w exchange repulsion ( g2 /4TI  = 2 3 . 7 ) to partly w 
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compensate for the a exchange attraction . I n  the Paris potential , 
one doe s  not need such a strong w coupling (g2/4n i s  only 9 . 5 ) . w 

NN Bound States and Resonances 

I n  the early calculations 4 l , attempts were made to repro­
duce ,  from the OBE potential s ,  the ordinary mesons like n , p , w , cr  
etc . . .  a s  level s o f  the NN spectrum . This bootstrap viewpoint has 
several drawback s ,  the main one being that binding energies are 
very large so that the potential concept might be dubious.  We do 
not consider this viewpoint but instead the one whic h  was intro­
duced fir st by I . S .  Shapiro and collaborators 5 l . According to 
this view, one expects the existence of quasinuclear ( deuteron 
like) NN states where the nucleon and antinucleon are separated 
by distance s  � 1 fm, large compared with the range of the annihi­
lation interaction . 

Since the ( n  + 2n +w) exchange potential UNN provides 
a good description of the LR + MR nuc leon nucleon forces (r)0 . 8  
fm) and since the annihilation potential WNN i s  very short ranged , 

we expects the co=esp:mding lk� p::itential to be a reliable for distances 
r � 0 . 8  fm. Thi s  means that our attention should be directed to 
the bound states and resonance s  lying near threshold 
2m = 1 8 7 8  MeV and having high angular momentum values .  It  is then 
expected that the masses of the bound states and resonance s  of 
this type are mostly due to the LR + MR part of the interaction 
and remain unaffected by the annihilation component of the 
interactio n .  

For illustration , w e  show in Table I the results obtained 
with the simple prescription G )  

for 

for 

r > r c 
r .;  re 

with 0 • 6 fm < r < 0 .  8 fm c 
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Table I 

The C . M . S .  energies (with respect to threshold) 
in MeV for the NN bound states and resonances calculated with 
re = 0 . 7  fm . The notation i s  ( 2 I+ l , 2S+lLJ) .  

3 15 
0 

3 lp 1 

3 3p 1 

335  _3 3D 1 1 

3 1D 2 

3 3D 2 

3 3F 
3 

- 2 6 2  

5 5  

- 1 1 6  

- 2 0 2  

1 6 5  

8 5  

> 2 0 0  

1 3p (n=O) 0 (n= l )  

1 3s - 1 3n ( n= O )  1 1 

1 3s _ 1 3D (n= l )  1 1 

1 3p - 1 3F ( n=O )  2 2 

1 30 _ 1 3G 
3 3 

1 3F _ 1 3H 
4 4 

1 3G _ 1 3I 5 5 

< - 8 0 0  
- 1 0 2  

< - 8 0 0  

3 9 

- 7 8 8  

- 4 5 7  

8 9  

3 0 7  

It  i s  amaz ing to notice ,  in  passing , that for 
re 0 . 6 7 5  fm one gets the following states 

33D 2 at m 1 9 3 3  MeV 

3 1D 2 at m 1 9 9 3 MeV 

l lp 1 at m 1 7 8 7  MeV 

which can be compared with the experimental ones at 1 9 3 2 MeV, 
2 0 0 0  MeV, 1 7 9 4  MeV. 

The calculations also show that 

i) tensor forces are very important , not only because of 
t.heir diagonal matrix elements but a l so because of their non diagonal 
ones e specially in the isospin I = 0 states .  

280 



ii )  the results are quantitatively sensitive to variations 
of the core parameter re , however these variations do not alter 
the spectroscopic order of t he leve l s .  

The annihilation potential 

At present , there exi st s  no theoretical model for the 
annihilation interaction . Long ago , in  order to fit the cross  
section s ,  Bryan and Phillips chose a phenomenological Woods-Saxon 
form 

Although the range parameter ra was c ho sen such that W is short 
ranged ( ra = 0 . 1 7 fm) , they need values of G "- ( 2 0-65  GeV) to 
fit the cro ss  sections .  This makes the effects of WNN important 
even at large distances ( several hundred MeV at 1 fm) and 
therefore all  partial waves are affected . It was found 7l recently , 
that such an absorption destroys the resonances and bound states 
produced by the real part of the potential . However , for distances 
as smal l  as 0 . 1-0 . 2  fm, there is no reason to believe that the 
interaction is local and energy independent . One would rather 
expect a state dependent ( energy and angular momentum dependent) 
absorptive potential WNN ( .Q. , E ; r ) . It may be then r:ossible to reconcile 
large annihilation cross sections with narrow resonances by 
a ssuming for example ,  W ( .Q. , E ; r ) to be large for ,Q, < ,Q, • and min 

�(£)  
F ig . 2  

small for ,Q, > ,Q,min so that it absorbs mainly 
the low partial waves and only slightly the 
higher waves leaving still room for narrow 
bound states and resonance s .  A first appro­
ximation towards such a model i s  provided 
by annihilation graphs of the type shown in 
f ig . 2 where,  remembering that annihilation 
into 4 pions is dominant , one keeps only as 
intermediate states the 4 pion states appro­
x imated themselves by the p - £ , £ - £ , p - p  

one s .  Clearly,  the absorptive potential aris ing from these dia­
grams are energy and angular momentum dependent . Work along this 
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8 )  l ine i s  currently under progress Of cour s e ,  in this model , the 
bound states and resonances wil l  have high angular momentum values 
( say L > 2 ) . However , it should be pointed out that all existing 

model s of baryonium ( bag , dual , QCD or BB model s )  possess this 
common feature . This i s  not surpri sing since the arguments leading 
to the narrow widths ,  even though they are formulated very diffe­
rently in different model s ,  are ultimately related to centrifugal 
barrier effects . 

Exotic states 

It is sometimes argued that in contrast with the quasi­
nuclear NN model the qqqq model can predict exotic states with 
high i sospin values ( I  > 2) , a feature which would provide a 
definite way to decide between the two approache s .  However , at 
higher energies the NN system can be coupled to fiN and nX 
system s ,  the thresholds of which being respectively m + mfi 
2 2 0 0  MeV and 2mfi 2 7 0 0  MeV. Of cours e ,  such a coupling gives 
rise to higher spin and higher i so spin states . 

Concluding remarks 

In this talk, I have tried to show the intimate connec-
tions between the NN system and the NN , TIN and TITI system s .  
Our knowledge o n  these latter systems i s  now sufficiently accu­
rate to provide a good understanding for the long and intermediate 
range NN forces � . The problem sti l l  remains unsolved for the anni­
hilation forces .  In any case , an ultimate subhadronic " theory" 
should meet most of the properties described here . 

I wish to express many thanks to M .  Lacombe and 

J . M . Richard with whom most of the work described here has been 
done . 
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EXPERIMENTAL REVIEW ON BARYOMIUM CANDIDATES 

L. Montanet 
CERN, Geneva, Switzerland 

Abstract : Experimental evidences for baryon-antibaryon bound or resonant states 
are reviewed . 

Resume : Bref expose des resultats experimentaux suggerant l ' existence d ' etats 
lies OU resonants du systeme baryon-antibaryon. 



1 .  INTRODUCTION 

The discovery of charmonium resonances in November 19 74 has stimulated a 
wealth of experimental searches for baryonium states , i . e .  s tates mainly coupled 
to the nucleon-antinucleon system. We shall briefly review here the results of 
these activities , leaving aside the theoretical interpretations 1) . 

To avoid repetition ,  we shall assume that the reader is familiar with the 
. . h f . 19 2) review given at t e EMS Con erence ,  Boston ,  April 77 , and shall therefore 

present this review as an up-dating of our knowledges since AJril 19 7 7 .  

2 .  TOTAL ELASTIC AND CHARGE-EXCHANGE CROSS SECTIONS 

There are no new experimental results on pp total cross section since 1976 ,  
3) the most relevant information for our purpose coming from Abrams et al . , 

Carroll et al . 4) and Chaloupka et al . 5 ) . The pp elastic scattering data of 
Eisenhandler et al . 6 ) have now been matched with the differential cross section 
at o0 

do (Oo ) do 
k2 2 

2 a2 (1 + p ) ' tot TI 

3) 4) using the total cross section as measured by Abrams and Carroll and the ratio 

p 
Real A _  pp 
Im A -pp 

as recently measured by Jenni et al . 7 ) and Kaseno et al . 8) . It results from this 
(Coupland et al . 9 ) ) a better determination of the total elastic cross section 
which leads to a new determination of the mass ,  width and height of the two broad 
bumps observed in the mass range accessible to this experiment (fig.  1) . 

Altogether, from threshold (M = 1878 MeV) to M � 2500 MeV, three bumps have 
been observed in pp total and elastic cross sections . Their characteristics are 
summarized in table 1 .  A comparison o f  pp t o  p d  total cross section suggests 
that the S bump4) is a mixture of I = 0 and I =  1 states , as well as the U bump3) . 

The charge exchange cross section pp � �n shows no bump in the S mass 
regionS , lO) and much smaller enhancements in the T and U mass regionll) than 
those observed in elastic scattering (table 1 ) . 
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TABLE 1 

s T u 

Mass (MeV) 1936 ± 1 2185 ± 5 2355 ± 5 
Width (MeV) 8 - 4 130 ± 30 180 ± 20 
at (mb) 10 . 6  ± 2 . 4  5 . 0  3 . 1  
Isospin 1 (0) 1 0 and 1 
0el (mb) 7 . 0  ± 1 . 4  2 . 9  2 . 8  
a CE (mb) 0 . 3  ± 0 . 3  1 . 2  0 . 4  

Coupland e t  al . 9 )  have determined the mass , width , and height o f  the T and 
U enhancements c�served in total , elastic and charge exchange cross sections , 
using a uniform parametrization to allow a more reliable comparison of these 
three cross sections . Their results are given in table 1 .  

One possible explanation of the differences observed between the elastic 
scattering and charge exchange cross sections is the presence of s trong interference 
effects with the background12 • 13) . Another explanation is the presence of pairs 
of resonances , with I = 0 and I = 1 ,  in the vicinity of the S ,  T and U enhancements . 
As mentioned above , pp and pd total cross sections show already some support for 
this last hypothesis for the S and U enhanc�ment s .  Additional support comes for 
the S from a detailed s tudy of the annihilation channels14) (fig.  2) . The study 
of pp annihilations near threshold shows an excess in the 5TI annihilation channel 
which can be parametrized by a Breit-Wigner shape with M = 1940 MeV and r = 60 MeV 
(t:,a = 6 mb for the 2TI + 2TI -TI0 final s tate) . n· has been shown that this 5TI 
enhancement can be attributed, to a large extent ,  to the final state p0w0 , giving 
Ic 

= l+ . Moreover , an analysis of the density matrix elements of this final 
state leads to the conclusion that JP = 2+ or 4+ . These results on pp annihilations 
. 5 b d b 1 . . 24) h . 1 1 . into TI can e compare to a recent pu ication w ere a partia wave ana ysis 
of the annihilation channel 

- - + pn TI TI TI 

is performed between 1 . 9  and 2 . 07  GeV (cm energy) . A large contribution (� 15%) 
is attributed to the JP = 2+ Ic l+ · s tate . 
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. f b k d 1 . . l 7 ) 1 h f An analysis o the pp ac war e astic scattering a so suggests t e presence o 
a JPC 

= 2++ or 4++ state of 60 MeV width in the 1 . 9  to 2 . 0  GeV mass range.  Adding 
to these observations the conclusions of A. Carter18) who presented some arguments  
based on the observation of the zeroes of the pp  elas tic scattering differential 
cross section , supporting the spin-parity assignment JPC = 2++ for S ( l936) , one 
is tempted to conclude that the S ( l936) enhancement consists of two resonances ,  
with JPC 

= 2++, I =  O and I 1 ,  the isovector having a width o f  6 0  MeV , whereas 
the isoscalar could be 4 to 8 MeV wide . The elasticity of these resonances could 
be rather large , x � 0 . 3  (x r_ /r , i . e .  2 x = r- /r ) . pp tot NN tot 

No similar analysis is available for the T and U enhancements . See, however , 
- + - 0 0  + -the results on pp + TI TI , TI TI and K K which will be discussed below. 

3 .  PP 
Carter et a1 . 19 ) have made a detailed amplitude analys is of the annihilations 

pp + TI+TI- in the 2 . 0  - 2 . 6  GeV mass range . Their results provide strong evidence 
for three resonances with spin 3, 4, 5 ( table 2) . The evidence for an 
isoscalar resonance with JP = 4+ near 2300 MeV is confirmed by another experiment ,  
studying the annihilations pp + TI0TI0 in the same mass  range20) but this TI0TI0 
experiment reveals large interference effects between J = 2 and J = 4 below 
200 MeV which may affect the overall analysis for these annihilation channel s .  
A complete and simultaneous analysis o f  the TI+TI- and TI0TI0 data is therefore 
necessary before drawing firm conclusions . 

A method for understanding the structures in differential cross sections in 
regions of energy and angle where it is dominated by a single partial wave has 

21 ) 22) been given by Carter and has been applied to the process NN + TITI • In 
contrast to TIN scattering , where JP states can each be described by a s ingle 
partial wave, there are two initial angular momentum states for triplet NN 
scattering that may couple to a TITI state of spin J :  the ratio of helicity 
amplitudes [ fJ [ / [ fJ [ is not known a priori and depends upon the dynamics of the ++ +- * reaction. If one calls  a this ratio,  one can draw loci in the cos8 complex 
plane for the zeroes of the differential cross sections of pure spin s tates J .  

Between Pinc = 0 . 8  and 1 . 2  GeV/c, the experimental + -pp + TI TI points cluster 
on the J = 3 locus , the position on this locus corresponding to a small ( large 
spin flip amplitude) . Then, as the incident momentum increases , the experimental 
points tend to cluster on the J = 4 locus with a large value of a,  between 1 . 6  and 
2 . 0  GeV/c. Finally , the experimental points reach the J = 5 locus in the 2 . 0  -
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2 . 4  GeV/c incident momentum range , a being again small .  The observations agree 
qualitatively wel l  with the results of the amplitude analysis given in table 2 .  

Table 2 

/C IG Mass (MeV) Width (MeV) 

-- + 2150 200 3 1 

4++ + 2310 210 0 
-- l+ 2480 280 5 

At this conference ,  A .  Carter has presented an extension of his method to 
the analysis of the channel + -PP ->- K K + - experimental data19 , 23) The K K are not 

+ - + -as detailed as for TI TI and the number of s tates opened to K K is twice as much 
as for TI+TI- . The conclusions can therefore only be tentative but they indicate 
very interesting regularities . 

The behaviour of the zero loops suggest the dominance of J = 3 ,  4 ,  5 in the 
vicinity of 2 . 15 ,  2 . 30 and 2 . 50 GeV respectively but with a ratio of spin flip 
£1 to non-spin flip amplitude fJ which is small  for the entire c .m. energy 
+- ++ range . This last observation suggests the dominance of I 0 states rather than 

+ -I = 1 as observed for J = 3 and 5 for the TI TI final state .  

Combining the results o f  this analysis for the TI+TI- and K+K- final s tates , 
one is led to conclude that there is a strong evidence for J 3 states with 
I = 0 and I = 1 at 2 . 15 GeV . The J = 4 I = O already observed in TI+TI- and TI0TI0 
is confirmed by the Carter ' s  analysis of the K+K- system. Above 2 . 40 GeV , J = 5 
seems to dominate, both I = 0 and I = 1 being possi�ly ,pr�sent. 

4 . EVIriNCE FOR NARROW BOUND STATES RELATED TO THE pp SYSTEM 

T .  Kalogeropoulos25 ) has shown how the use of off-mass shell  neutrinos in 
deuterium could give interesting results on NN resonances and bound s tates near 
threshold.  No new results have been reported in this field .  The observation of 
the y ray spectrum associated to pp annihilations at rest allowed P . Pavlopoulos 
et al . 26 ) to present some evidence for three pp bound s tates with the properties 
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given in table 3 and fig.  3 .  This experiment was performed in a low energy p 
beam at Cern, the antiprotons being stopped in a hydrogen target and the gamma 
rays being detected in a large Na I spectrometer. The three peaks are not 
observed when a helium target is used . The energy calibration is controlled 
with the TI-p radiative capture line at 129 MeV which is fitted to be 132 ± 6 MeV. 

TABLE 3 

Mass Width Yield per 
(MeV) (MeV) annihilation 

1693 ± 7 19 ( 7 . 2  ± 1 . 7 ) x 10-3 

1660 ± 9 21 ( 6 . 0  ± 1 .  9 ) x 10-3 
1456 ± 34 34 ( 8 . 5  ± 2 . 0) x 10-3 

5 .  PRODUCTION EXPER!MENTS 

Three groups have reported new results in the last twelve months . 

J .  Six27) has reported new results on the 2020 and 2200 MeV peaks observed 
in a baryon exchange experiment performed at CERN with a TI beam of 9 and 12 GeV/c, 
using the Omega spectrometer28) . The analysis has now been extended to TI+p 
reactions 

where pf means a forward proton with a momentum l"rger than pinc/2 .  

The ratios of cross sections for TI+ to  TI incident particle are 

a la 
+ -

5 . 2  ± 2 . 7  for the 2020 MeV enhancement ,  

5 . 0  ± 4 . 0  for the 2200 MeV . 

We expect 9 for I = 1/2 exchange and 2 . 25 for I = 3/2 .  

Other "decay modes" of the pp  enhancements have been looked for . No signal 
is reported for TI+TI- , K+K- , and PPrro final states , given upper limits (at 90% CL) 

of 15% , 15% and 35% for TI+TI-/pp , K+K-/pp , ppTI0/pp , respectively .  
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Charged enhancements (ppTI- , pn) have also been looked for, in association or not 
0 * with 6 , N , pf . No significant signal is observed . The absence of a signal in 

the reaction 

which is pure I 

reaction 
3/2 exchange ,  may indicate that the signals observed in the 

are dominated by I = 1/2 exchanges . 

The observation of pp enhancements which seem to correspond to "nucleon" 
exchanges raises the problem of its comparison to on-shell pp elastic scattering . 
A direct comparison of on-shell  to off-shell pp production had been attempted in2) . 
Following a suggestion of � Flatte29 ) , we have also estimated this ratio using 
the p meson analogy as sketched in fig. 4. Taking 10 and 20 nb for the production 
cross section of the 2020 and 2200 MeV pp enhancements , respectively , we should 
observe on-shell pp scattering enhancements of 2 to 8 mb . The experimental upper 
limits are of the order of 0 . 4  mb30) . Similarly , an enhancement in the charge 
exchange cross section should show up with the same magnitude 

pp + nn, 

if dealing with a pure isotopic spin state and if no important interferences are 
present . Upper experimental limits of 0 . 1  mb can be assigned for charge exchange 
excess at 2020 and 2200 MeV , using the published results of M, Alston-Garnj ostlO) 

and D. Cuttsll) , respectively. 

Moreover , on-shell  pp elastic scattering enhancements can be parametrised 
in terms of the relative pp motion wave length A, the spin J and elasticity x 

TI A2 ( 2J + 1) 2 x • 

leading to an enhancement in the total pp cross section of 

6 TI A2 ( 2J + 1 ) x.  tot 
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If we assume the maximum elasticity x = 0 . 5  for these pp obj ects , one 
should observe enhancements of several millibarns in the total pp cross section . 
One experiment31 )  has been performed with a mass resolution which is good enough 
to allow a useful comparison in the 2200 MeV mass region. No narrow enhancement 
is observed , and , assuming a width of 16 MeV, an upper limit of 0 . 5  mb can be 
given at 90% CL . 

Finally, Peaslee et al . 32) have measured the G-parity excess in the pp 
annihilations around 2200 MeV . An anomaly at 2200 MeV could be the indication 
for the presence of an obj ect of well  defined G-parity . No sign for such an 
excess is observed . 

Evangelista et al . 33) , studying the forward production of the (ppf TI ) system 
in a 16 GeV/c TI-p experiment using the Omega spectrometer at CERN , have reported 
the observation of an enhancement at 2950 MeV (5 to 6 s . d . ) with a width of 
20 ± 5 MeV , consistent with the mass resolution of the experiment (fig.  5 ) . 
The total mass spectrum yields an observable cross section (multiplied by the 
branching ratio) of the order of 1 µb . There is some evidence that this 2950 MeV 
enhancement decays into substates where the pp mass spectrum shows an excess at 
2200 MeV , one of the two mass values where Benkheri et al . 28) have observed a pp 
enhancement.  The same collaboration is now repeating this experiment with 
statistics s ignificantly improved .  

The narrow (K03rr) enhancement , observed in p p  annihilation with M = 2600 MeV 
and r < 18 Mev34 ) has not been confirmed by another bubble chamber experiment 
perform on the same channel with similar s tatistics34) . It seems that the 
difference in mass resolution of these two experiments could not explain the 
absence of the 2600 MeV enhancement in the second one .  

Final results o n  the 1 2  GeV/c K+p experiment,  performed a t  CERN with the 
Om . h . f . . 36) ega spectrometer, wit a trigger on ast outgoing antiprotons are not yet 
available .  The strong AN threshold enhancement observed at the early stage of 
the experiment2 ) is one of the striking results of this experiment.  

6 .  CONCLUSIONS 

The S ( l936 ) presents all the features expected for a good baryonium candidate . 
There are evidences that two resonances ,  with I = 0 and I = 1 ,  are simultaneously 
present in this mass region. Further experiments should clarify this point . 
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The analysis of the annihilation channels pp + TI
+

TI- and pp + K+
K

-
suggests 

that the broad enhancements observed at 2150 MeV in total and elastic pp �ro\s 

sections could be related to another doublet of isospin, I = 0 and I = 1 ,  with 

J
P

= 3-
. 

A spin parity 4
+ 

broad resonance is observed in pp 

2330 MeV. It may be related to the isospin 0 component of the second broad 

enhancement observed in pp total and elas tic cross section . 

Above 2400 MeV , J = 5 seems to dominate, both I = 0 and I 1 being poss ibly 

present . 

It is not proven , of course ,  that these J = 3 ,  4 ,  5 resonances are genuine 

baryonium states . In particular, very l ittle is known on a possible 4TI decay 

mode . 

For the time being, the two narrow pp peaks observed at 2020 and 2200 MeV 

at two different incident energies , remain the best evidence for production of 

baryonium states . 

REFERENCES 

1) See for instance the reports of Chan Hong-Mo , H. Hogasen, Vinh Hau at this 
conference .  

2 )  L .  Montanet,  5th International conference o n  experimental meson spectroscopy, 
Boston, 29-30 April 19 7 7 ,  preprint CE� EP/PHYS 77-22 . 

3) R . J .  Abrams et al . ,  Phys . Rev . Dl ( 1970) 19 1 7 .  

4 )  A . S .  Carroll e t  al . ,  Phys . Rev . Lett .  32 ( 1 9 74 )  2 4 7 .  

5)  V .  Chaloupka et al . ,  Phys . Let t .  6 1B (1976)  487 . 

6)  E .  Eisenhandler et al . , Nuc l .  Phys . Bll3 (1976)  1 .  

7 )  P .  Jenni e t  al . ,  Nucl . Phys . B94 (1975)  1 .  

8) H .  Kasenc et al . ,  Phys . Lett . 61B (1976) 203 and 68B (1977)  487 . 

9) M .  Coupland et al . ,  RHEL report - RL- 7 7-098/A. 

10) M .  Alston-Garnj ost et al . ,  Phys . Rev . Lett . 35 ( 1975)  1685 . 

11)  D .  Cutts et al . ,  Phys . Rev . Dl7 (1978)  16 . 

12)  R . L .  Kelly and R . J . N .  Phillips , RHEL report RL-76-053/T . 

298 



REFERENCES (Cont ' d) 

1 3 )  E .  Eisenhandler, Proceedings of the 3rd European symposium on antinucleon­
nucleon interactions , Pergamon Press , Oxford and N . Y .  19 7 7 .  

14) Ch . Defoix et al . ,  Col lege de France , LPC 75-04 and private communication 
(Feb . 1978) , 

15)  G .  Kalbfleisch et al . ,  Nucl . Phys . B30 ( 1 9 7 1 )  4 6 6 .  

16) D . L .  Parker e t  al . ,  Nuc l .  Phys , B 3 2  ( 19 7 1 )  29 . 

17)  Ch . d ' Andlau et al . ,  Phys . Let t .  58B ( 1975)  223 , 

18)  A . A .  Carter, Nucl . Phys . Bl32 (1978)  1 7 6 . 

19) A . A. Carter et al . ,  Phys , Let t ,  67B ( 1 9 7 7 )  1 1 7 .  

20) De Marzo et al . ,  Bari-Brown-MIT Col laboration (work in progres s ) . 

21)  A . A .  Carter, Journal of Physics G ,  Nucl . Phys . 3 ( 1 9 7 7 )  1215 .  

22) A . A. Carter , Phys . Let t .  67B (1977)  1 2 2 .  

2 3 )  H .  Nicholson e t  al . ,  Phys . Rev , Lett,  23 ( 1969)  603. 

24) S . N .  Tovey et al . ,  The reaction pn � rr-rr-rr+ 
at incident momenta below 

1 GeV/c,  UM-P-77/43 . 

25)  T .  Kalogeropoulos and G .  Tzanakos ,  Search for NN resonances and bound states 
near threshol d .  Antinuclear-nucleon interactions , Proceedings of the 3rd 
European symposium, The Wenner-Gren center , Stockholm, 1976 (Pergamon Pres s ) . 

26) P . G .  Pavlopoulos et al . ,  Phys . Let t ,  72B (19 78) 415 . 

2 7 )  J .  S i x ,  CEHN , College d e  France - Ecole poly techniques Orsay col laboration, 
See the communication given by J. Six at this conference. 

28) P .  Benkheri et al . ,  Phys . Lett , 68B ( 1 9 7 7 )  483.  

29)  S .  F latte , Boston 1977 , private communication and S . D .  Protopopescu et al . ,  
Phys , Rev . D7 (1973)  127 9 .  

30) E .  Eisenhandler e t  al . ,  Nucl . Phy s .  1 1 3  (1976)  1 .  

3 1 )  D . C .  Peaslee e t  al . ,  Phys . Lett ,  5 7 B  ( 19 7 5 )  189 , 

32)  D . C .  Peaslee et al . ,  Phys . Lett . 73B ( 19 7 8) 385 , 

33) C .  Evangelista et al . ,  Phys . Let t .  72B ( 19 7 7 )  139 . 

34) A. Apos tolakis et al . ,  Phys . Let t .  66B ( 19 7 7 )  185 . 

35)  G .W.  van Apeldoorn et al . ,  Phys . Lett . 72B ( 1 9 78) 487,  

36)  T .  Armstrong et al . ,  University of Glasgow. 

299 





ABSTRACT 

RESULTS ON NN STATES IN BARYON EXCHANGE REACTIONS 

FROM EXPERIMENTS IN Q SPECTROMETER 

J. SIX 

Laboratoire de l 'Accelerateur Lineaire 

Universite Paris-Sud - Centre d ' Orsay 

9 1 405 - ORSAY (France) 

Results coming from experiments made on baryon exchange reactions in 
the Omega spectrometer by a CERN-College de France-Ecole Polytechnique-Orsay 
collaboration* are given. Results concerning the narrow pp resonances at 2020 
and 2204 MeV are reviewed. New results are given, in particular upper limit cross 
sections for a M-_s tate �t 2020 and 2204 MeV decaying in pn state and produced 
in the reaction TI p + pFpn. 

RESUME 

Des resul tats sont donnes concernant des experiences d ' echanges de 
baryons faites avec le spectrometre Omega par une collaboration CERN-College de 
France-Ecole Polytechnique-Orsay* . Les resultats concernant les resonances 
etroites pp a 2020 et 2204 MeV sont rappeles . De nouveaux resultats sont donnes , 
en particulier des sections efficaces maximum pour la production d ' etats 
� + pn a 2020 e t  2204 MeV dans la reaction n-p + pFpn .  

* P •  Benkheir i ,  J .  Boucrot ,  B .  Bouquet ,  P .  Briandet ,  B .  d 'Almagne , C .  Dang Vu, 
B. Eisenstein, A .  Ferrer , P .  Fleury , B. Grossetete , G. Irwin , A. Jacholkowski , 
A. Lahellec , H. Nguyen, P .  Petroff, F .  Richard ,  P .  Rivet,  G .  de Rosny , P .  Roudeau, 
A. Rouge , M .  Rump f ,  J. Six, J .M .  Thenard , D .  Treil le ,  A. Volte , D .  Yaffe , 
T . P .  Yiou, H. Yoshida. 
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I .  Introduction 

Since our discovery of two new narrow pp resonances at 2020 and 
2204 MeV ( I ) , we have investigated in our experi�ents some reactions which can be 
compared to the reaction TI p + pFppTI where the M0 (2020) and M0 (2204) appeared . 
Here  is a presentation of these results . Except if it is specified , the results 
concern all the statistics available . 

2 .  Summary of the experiments 

The experimental set up of these experiments is shown in fig . l .  All 
experimental details  can be found in various published papers on these data (2-S) . 
Her e is given only a summary of each experiment with its sensitivity (see 
table I ) . The so-called "fast proton" experiment used a fas t forward proton 

Experiment Number of sensitivity for 
triggers x 1 06 four prong events 

-
9 GeV/c TI�p + PF X 1 . 65 "' 2 evt/nb 

"fast proton" -1 2  GeV/c TI p + PF X I .  I "' I . 3  evt/nb 
experiment 

9 GeV/c + PF X 0 . 2  "' 0 . 1  evt/nb TI p + 

"exotic" 1 2  GeV/c TI D 

+ 

�
--} 0 . 75 "' 0 . 6 evt/ (nbxnucleon) experiinent 

Table l Summary of the statistics of the experiments 

trigger (momentum pF > pb 12 , eb < ± 1 5-0 mrad) . This wide trigger earn eam-pF ± 
allowed the study of various exchange baryon reactions initiated by TI nucleon 
reactions . The so-called "exotic" experiment used a more restrictive trigger 
(fast proton + two negative particles) specially conceived for the search of an 
exotic ppTI TI state produced in the reaction TI n + pFppTI-TI- . The negative 
result has been already reported(2) . 

3 ,  Summary of the pub lished results ( l )  on M0 (2020) and M0 (�204) resonances 

These new narrow pp resonances were seen at 9 and 1 2  GeV/c in the 
reaction TI p + pFppTI (isolated by a 4C fit) in particular in association with 
a �0 ( 1 232) or a N° ( 1 520) decaying in pFTI • The significance of the peaks are 
more than 6 s . d ,  The data suggest strongly a simple two body reaction mediated 
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by a baryon exchange mechanism. 

The background accompanying this reaction comes mainly from meson or pomeron ex­

change mechanism giving a r at the upper vertex. This is seen in the strong peaking 

of the p decay angular distribution computed in the pp rest system. Cutting one 

half of the cos 8 distribution we obtain a better s ignal/noise ratio for the pp 

resonances . This is seen in fig.  2 where the first peak may be associated to the 

well known 8 ( 1 936)  res onance . 

Mass 

(MeV) 

1 930 
assumed 

2020 ± 3 

2204 ± 5 

Tab le 2 

Natural width cross sect ion for cross section for 
A0 ( 1 232) M0 N° ( l  520) M0 

(MeV) L P"- L r"- L P"- L pp 

J O  -- --

assumed 9 ± 5 nb 7 ± 5 nb 

24 ± 1 2  1 8  ± 5 nb 30 ± 1 2  nb 

I O  ± 4 nb 2 6  ± 8 nb 

1 6  + 20 
1 7  ± 5 nb 1 6  

--
-

2 1  ± 5 nb --

Mass, width of the pp resonances and their cross sections 
found in the reaction *-P + � 0 ( 1 232)  or N° ( 1 520) + M0 
(first line at 9 GeV / c ,  second line at 1 2  GeV/c) . 

Table 2 gives the numerical results for mas s ,  width and cross sections 

obtained for these resonances . No indication of spin, isotopic spin and type of 

baryon exchange process may b e  obtained with the data on this reaction 

1T p + pFpp11 

4 .  Study of the reaction 11+p 

This reaction isolated by a 4C fit shows a production of a �++ ( 1 232)  in 
+ + p11 and PF" combinations . The pp invariant mass dis tribution associated to the 
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Fig . 2 The distribution of the pp invariant mass with a 6° selection, 
I I 75 < M{pF11 

-
) < I 300 MeV and cos e < 0 for the two samples 9 and 

1 2  GeV/c 11-p + pFpp11-. e is the_Jackson angle between the target 
proton and the outgoing p in the pp rest frame . 
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6++ ( 1 232) + PFTI+ is shown in fig. 3. Despite the small statistics available (see 
table I ) the data are compatible with the presence of the M0 (2020) and M0 (2204) 
resonances . Comparing the cross sect�s o_ for the reaction TI-p + 6° (+ pTI-)M0 and 
o
+ 

for the reaction TI+p + 6++(+ pTI+)M� we obtain the ratios o
+
/o_ = 5 . 2  ± 2 . 7 and 

o
+
/o_ = 5 . 0  ± 4 .3 for the M0 (2020) and M0 (2204) respectively. These results are 

compatible with a two body reaction mediated by an I = 1 /2 (o
+
/o_ = 9) or an 

I = 3/2 (o
+
/o_ = 9/4) baryon exchange mechanisms . 

5 .  Search for decay modes of M0 resonances 
- + - -In the same experiment, the 4C fit reactions TI p + pFTI TI TI and 

- + - - (6 8 )  - - 0 -TI p + pFK K TI have been studied ' • The I C  fit reaction TI p + pFppTI TI has been 
also investigated (2) . No enhancement is seen in the M0 (2020) or M0 (2204) regions . 
The comparison with the reaction TI p + pFppTI allowed to compute upper limits for 
branching ratios . These are given in table 3 .  

Mo + 2E 
Mo total 

M0 (2020) > 1 4  % 

M0 (2204) > 1 6  % 

Mo + + -TI TI 

M0 + PP 

< 1 5  % 

< 1 7  % 

Mo + -+ K K  Mo + EETIO 
Mo + pp Mo + pp 

< I I  % --

< 1 6  % < 35 % 

Table 3 Upper limit ( 90 % C . L . )  for the branching ratios of the 
M0 resonances . The given values are given from the total 
statistics except the ppTI0 mode which is derived from the 
1 2  GeV/c run only . 

An inclusive study of the reaction TI p + pFTI
-X has been made . No 

enhancement is seen in the invariant mass distribution in the 6° ( 1 232) or 
N° ( 1 520) but this can be explained by the poor resolution in the calculated 
invariant missing mass �quared (� 0 . 2 GeV2) . These distributions allowed to calcu-

Mo + p-late a lower limit for the ratio E given in table 3 .  
M0 total 

M0 � nti If M0 resonances are simple ones , one should have ���- = I and thus 
Mo + pp 

the results given in table 3 are compatible with a large NN branching ratio , 
which is waited in various baryonium models . However it can be noted that in the 
model of Chan Hong Mo and H�gaasen( 9) , the narrowness of the states are explained 
by a "mock" baryonium which can have substantial mesonic· decay modes ,  
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6 .  Search for a state M + PPTI 

The ppTI- invariant mass has been investigated in the reactions 
TI p + p

F
ppTI and t-n + p

F
ppTI-TI- . In particular from this last channel , the 

reaction TI-n + �0 (+ p
F
TI-)ppTI- can be compared to the reaction TI-P + �0 (+ PF

TI-)pp . 
No enhancement in the ppTI- invariant mass is seen between 2 and 3 GeV. The 
M0 (2020) is just at the threshold of the ppTI- mass and thus in table 4 we give 
only the cross sections upper limits obtained for a M-(2204) + ppTI • However , 
the main decay mode of an hypothetical M- should be probably the pn system. 

7. Search of a state M- + pn 

This state was looked for in the reaction TI p + p
F
pn. From the two 

prong events the missing mass spectrum to the p
F
p hypothesis exhibits a clear 

peak at the neutron mass and the corresponding reaction was constrained by a I C  

fit . For these events , in the Jackson frame , the p decay angular distribution of 
the pn system exhibits two peaks as seen in fig . 4 . The backward peak is explained 
by mesonic exchange giving a fast p

F
p system. The less important forward peak is 

due to the baryon exchange process which we are interested in. No significant 
peak exists in the pn invariant mass as can be seen in fig. 5 &nd 6 .  At 1 2  GeV/c 
where more phase space is available we see clearly the shape of the pn mass for 
the two competing processes , baryon exchange (slow pn masses) and mesonic exchange 
(high pn masses) . Assuming the width of the M0 resonances as given in table 2 and 
taking into account the experimental resolution (� ± 7 MeV on pn mass) and the 
corrections and normalisation factors , we extracted upper limits cross sections 
given in table 4 . 

2020 

2204 

-TI p + P·rf( TI-p + P-rf!-- TI-N + �· + M 
Lpn LPPTI- LPF

TI-

{': nb -- --

nb -- --

f ' nb 5 nb --

30 nb 4 nb 1 2  nb 

Table 4 Upper limits .(90 % C . L . )  for the production cross 
sections of a possible state M- in pn or ppTI- modes . 
(first line at 9 GeV/c and second line at 1 2  GeV/c) . 

4pTI-
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The upper limits cross sections can be compared to those obtained for 
the reactions TI p + 6° ( 1 232) or N° ( 1 520) + M0 (+ pp) (see table 2) and also for 
the reactions TI p + 6 ° ( 1 232) or N° ( 1 520) + p 0 (or TI 0 )  and TI p + pFp (or TI 
measured in this experiment (3 • 4 • 5 • 8) . Cross sections productions of M and p 
(or TI) can b e  compared for reactions involving a same upper vertex in a baryon 
exchange mechanism production. For reactions involving a 6++ exchange, we have 

cr (TI-p + pFM- (+ pn) 
the following ratio 

o (TI-p + pFP-) 
< 0 . 007 or < 0 . 0 1 4  for a M- (2020) or a 

M- (2204 ) respectively . For measured reactions involving a 6+ or P exchange , we 

have � 0 . 06 ± 0 . 02 for the M0 (2020) and M0 (2204) . 

It is difficult to derive a definitive statement for the comparison of 
these very different ratios . However two simple explanations exist 

� The M0 resonances have isotopic spin 0 
2 - The M resonances are strongly coupled to the NN sys tem and weakly 

coupled to the 6N system. In that case ,  the reactions TI-P + 6° (or N°)M0 
are dominated by a nucleon exchange . In the first hypothesis the 6 
exchange is impossible . 
In the second hypothesis , the M resonances can have isotopic spin 1 but 

it is perhaps better to search the corresponding M- state in reactions involving 
a nucleon exchange . 
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A NEW INTERPRETATION OF THE REACTIONS 

pp + TI-TI
+ 

AND PP + K-K
+ 

BETWEEN 2 . 0  AND 2 . 6  GeV 

A.A.  Carter , 

Department of Phys ics , Queen Mary College , London. 

Abstract : An amplitude analysis of the reaction pp + n-n
+ 

between 2 . 0  and 
2 . 6  GeV has revealed resonances with JPCIG = 3--1+ , 4+�0+ , 5:-l+

• and widths 
�150-200MeV . The differential cross section zeros of pp + K K confirm these 
results and provide evidence for new states with JP = 3- , 5- with I=O , at masses 
close to those of the I=l states . 

�sum� : Une analyse d ' amplitude de la react ion pp + n-n+ entre 2 . 0  et 
2 . 6 GeV a revele des resonances ayant JPCrG= 3--1+ , 4++0+ , 5--1+ , et des 
largeurs comprises entre 150 et 200MeV . Les zeros des sections efficaces 
differentielles de la reaction PP + K-K

+ 
confirment ces resultats et montrent 

l ' existance de nouveaux etats ayant JP = 3- , 5- avec I=O , et dont la mas se est 
proche de celle des e tats I=l . 
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1 .  Introduction 

In an amplitude analysis  of the reaction pp + TI-TI+ in the energy range 
2 . 0  to 2 . 6  GeV1) we have previous ly shown evidence for the formation of 
convent ional width mesons , r � 150-200 MeV , with JPCIG = 3--1+ , 4++0+ , 5--1+ at 
masses of 2 . 15 , 2 . 3 1 and 2 . 48 GeV/c2 . The quantitative results confirmed the 
properties initially indicated by the zeros of the differential cross sections2 ) . 
This reaction allows a complete determination of the quantum numbers of a state 
once the spin is known, s ince even and odd J are in I=O, I=l respectively . 
However , both isospin values are permitted for all values of J in the pp + K-K+ 

channel .  Although differential cross section and polarization dataJ) , 4) , 5 )  
exis t  for this reaction, n o  amplitude analys is has so far been carried out , and 
indeed one would not be possible unless some s implifying assumpt ions were made .  
However , the process should be investigated in  order to compare with the 
proposed properties of the TI-TI+ channel .  Its potentially rich spectrum of states 
could also extend our present understanding of multiquark systems . Here we 
summarise the results previously obtained from the dipion reaction and compare 
them with new results from a zeros ' analysis of the K-K+ channel . These suggest 
the presence of I=O mesons with JP = 3- , 5 at masses close to those of their 
1=1 partners . 

2 .  Method of Zeros for Spin (! + j )  + Spin (O + O) 

This process can be described in terms of two helicity amplitudes , F++ • F+-
where 

F +-
1 
Zp 

with z the cos ine of the c .m. scattering angle and p the c .m.  momentum of the 
initial system. The isospin decompositions for the diboson reactions in pp 
scattering are given by :-

(i) pp + 

312  

- + TI TI > 
J 1 J f 

= /6 fl=O for J even 



An individual spin state , J ,  will then have a cross section 

[J+ l]2 { 1 J 1 2ri ] 2 1 
zr;-- f++ L� Cz) + J CJ+1 ) 

which provides its own characteristic pattern of zeros in the complex z-plane . 
However , the ratio between l f:+ I and l f:_ I  is not known a priori ,  and is 
determined by the dynamics of the reaction . It is thus convenient to construct 
loci of the characteristic zeros of pure spin states as a function of their 
l f:+ l 2  : l f:_ l 2  ratio2 ) . A comparison of the energy dependent zeros ' 
traj ectories of experimental data with these loci can then demonstrate the 
energy regions dominated by a state of well defined spin and constant helicity 
amplitude ratio.  

In the analysis experimental differential cross sections are fitted ,  at 
each energy, to a series expansion in Legendre ' s  polynomials ; this is then 
solved for the zeros as a function of complex z .  For the reactions we are 
considering interference effects between adj acent spin states manifest 
themselves in the data as contributions antisymmetric in sign under the 
interchange z + -z .  To eliminate these terms we present results that correspond 
to the data having been folded about Re (z)=O .  

The trajectories o f  zeros are shown in fig . 1 ,  together with the 
characteristic loci for pure J=2 , 3 ,  4 and 5 states . We see that below an 
energy of �2 . 18 GeV. only one zero is present and this remains in the region 
of the single zero required by a J=3 state with l fl+ 1 2  : l f;_ 1 2  = �0 . 4  : 1 ,  
from 2 . 1  t o  2 .16 GeV. As the energy increases an additional zero enters from 
Re (z) =l and at �2 . 33 to 2 . 36 GeV both zeros cross the appropriate J=4 loci at 
values corresponding to l f�_ l 2 : l f�+ l 2  = �O . l-0 . 4 : 1 .  When the energy 
approaches 2 . 5  GeV both experimental trajectories indicate the presence of the 
zeros needed for a J=5 state with l f�+ l 2  : l f�_ l 2  = �0 . 4  : 1 .  The detailed 
analysis in reference (1) , incorporating polarization results ,  confirmed the 
presence of these dominant amplitudes and suggested the existence of 
resonances with JPI=3-l ,  4+0 ,  5-1 at masses �2 . 15 ,  2 . 31 , 2 . 48 GeV/c2 with 
widths �150-200MeV . 
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Fig . l .  shows the trajectories of experimental zeros in the z-plane for pp->-'IT-n+ , 
for 2016 < Ec.m.  < 2578 MeV , together with the loci for pure spin states with 
J:2 , 3, 4 and 5 .  The values of the l fi 1 2  : l fi_ l 2 ratios are indicated by open 
circles at 0 . 1  intervals between 0 and ! .  The values of the inverse ratio , also 
between 0 and 1, are indicated by dots .  Their properties on the Re (z ):O axis 
are not shown . 

4 . Results for pp - + -.. K K 

The zeros ' trajectories are given in figs . 2 ,  3 and 4 and can be 
interpreted through the following three consecutive energy regions : 

(1) 2 . 0  to 2 . 25 GeV . Fig 2a shows the trajectories from the data of 
Eisenhandler et a13) , together with the loci of pure J:2 and 3 state s .  The 
corresponding results using the combined data of Fong et al and Nicholson et al4) 

are shown in fig 2b . The two sets of results are seen to be in good quanti­
tative agreement . 

Below 2 . 075  GeV the data have only one zero .  This moves rapidly through the 
J:2 locus at an energy near 2 . 04 GeV and remains near a fixed point on the 
backward branch of the J:3 locus throughout the energy range 2 . 08 to 2 . 16 GeV. 
In the same range the corresponding zero exists on the Re (z):O branch of the 
J:3 locus , with the same l f!_ l 2  : l f!

+
l 2  ratio of approximately 0 . 8  : 1. The 

trajectory for the pp -.. n-n+ reaction, shown in f ig 1 ,  also indicated a 
dominant J:3 state which we interpreted as a resonance . In that reaction l f!_ I 
is seen to be much larger than l f!

+
I whereas in the K-K+ channel both 

amplitudes are significant . A straightforward explanation of the identical 
energy dependence in the two reactions , but with different amplitude ratios , can 
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Fig.2a.  shows the zeros ' trajectories for pp + K-K+ in the range 2016 < E  < 2254 
MeV for the data of ref . (3) , together with the loci for pure J=2 and 3 sEWtes . 
The notation is the same as given previously . 
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Fig .2b .  shows the zeros ' trajectories for pp + K
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K+ for the data of ref . (4) 
in the range 1992 <Ecm< 2229 MeV . 
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be given in terms of nearly mass degenerate resonances existing in both the I=l 

and I=O states . Only the former can couple to pp + n-n+ whereas both may exist 

in the K-K+ channel . As the helicity amplitudes of the diboson channels 

correspond explicitly to coupling eigenstates of the tensor force6) we can see 
that these results may indicate the importance of the tensor force in the 

antinucleon-nucleon interaction. Indeed , they suggest that I=O and 1 states are 
associated predominantly with f

++ 
and f

+- amplitudes respectively . 

Figs . 2a and 2b both show that the data take a rapid excursion away from 

the J=3 loci onto those of a spin 4 state between 2 . 18 and 2 . 2  GeV , and then 
return close to the previous J=3 positions . This phenomenon could be explained 

by the dominant J=3 amplitudes below 2 . 18 GeV interfering destructively with an 
additional spin 3 state to reveal the J=4 state that itself resonates at higher 

energy . It is to be noted that this effect is observed close to the energy of 

one of the narrow enhancements seen in the pp effective mass distribution in the 
- 7) 

production reaction TI p + PFPP n 

(2) 2 . 2S to 2 . 43 GeV. This region is shown in fig. 3 ,  where between 2 . 3  and 

2 . 38 GeV the trajectories correspond to a dominant J=4 state . This is in 
agreement with the resonant Jp=4+ , I=O state at 2 . 31 GeV seen in the pp + n-n+ 
analysis , with a similar [ f�+ I : [ f�_ [ ratio.  However ,  a comparison of that 

analysis with the data for pp + n°n° B) , where only even spin states are allowed, 
indicates that we overestimated the contribution of the broad resonant amplitude 

and obtained a central mass value that may be �30 MeV too low. 

(3)  2 . 43 to 2 . S8 GeV. The results are given in f ig . 4 ,  where the initial 

single zero at Re (z)�0 . 6  splits into the three zeros of a dominant J=S state at 

2 . 47 GeV. This agrees well in mass with the JP=S- , I=l resonance seen in 
- + pp + n TI at 2 . 48 GeV. However , there the f�- amplitude dominates , whereas now 

we have an additional significant contribution from f�
+

· Again this contrast in 

the helicity amplitude couplings between the two channels may be explained by the 
presence of nearly mass degenerate JP= S- resonances in both I=O and I=l states 

close to 2 . S  GeV. 

S .  The Integrated Cross Sections 

Fig.  S .  shows data3)8)  for the integrated cross sections of the three 

diboson channels ,  pp + n-n+ , pp + K-K+ and pp + n°n° . All show structure 
indicative of the 4 resonance behaviour in the region 2 . 3  to 2 . 38 GeV. The 

3- , S- states cannot occur in the n°n° channel , but their existence is supported 

by the enhancements seen in the cross sections in figs . Sa and Sb . In table 1 
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100 we sunnnarise the properties of the 
(a l proposed meson resonances of convention-

� 80 1 ' 1 
I ' al width, r "' 150 MeV,  that result from I 

� 
&o I 1 1  our analyses of the charged di boson � I "" I 

E channels . 
·�" " " 

• I I I 
.. 6 .  Conclusions 
·� t 20 � -!'- An understanding of the anti-

2·0 2·1 2·2 2·3 2·4 2·5 2-6 nucleon-nucleon interaction from the 
C M ENERGY fGeV I properties of multiquark states has 

recently been proposed by Chan and 
26 

H�gassen and by Jaffe9 ) . 

I 
( b l  Such models 

2 4  provide a unifying picture of the 

22 I 1 1 1 
resonances that couple strongly to the .- I I ,,. elastic channel but also weakly to the 

e 20 

I 1 1 1 , 
, , , 

� diboson final states . The general ,_ 

.. a.� 
. .  features of their predicted resonance 

! 18 1 spectra are certainly compatible with 
·� j j t the present experimental data on PP It 14 
2 formation processes . Our previous 

12 
,.., 2.1 2.2 2.J 2·' 2·5 2-6 zeros ' analysis of the elastic channellO) 

CM ENERGY I GeV  1 
indicated the presence of high spin 
states that support the conclusions from 

I 1 1 1 �I 
- + data .  The (c l the 71 71 results presented 

here for pp + K-K+ provide evidence for 

;; 10 isospin doublet resonances with Jp=3- , 
� 5 at masses 'V2 . 14 and 'V2 . S  GeV/c2 • In e ,

, 
� 

addition they indicate a 4+ "" state at 
E 

I /Iii 1 1  !1 'V2 , 34 GeV/c2 with I=O, -� which may be the 

'lo isospin partner of the I=l enhancement 
� /I seen in the total cross section11) at t 
..,1t 

the same energy . 
0 
2-0 2.1 2.2 2·3 2·4 2.5 2-6 

CM ENERGY I Ge YI 

[ig. 5 .  shows the integrated cross section times th� c .m . _m�mentum_squar�d
+

in the 
pp system as a function of the c .m. e�ergy for (a) pp + 71 71 , (b) pp + K K , both 
using the data of Eisenhandler et a13 J ,  and (c) pp + 71°71° using the data of 
De Marzo et a18) . 
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Table 1 gives a summary of the evidence for resonant states seen in the 
zeros ' analyses of the reactions pp + charged dibosons . 

- - + - - + JP MASS 
(GeV/c2 )  pp + 'If  'If I pp + K K 'Jf'lf 

-
3 2 • 10+2 · 18 f3 +- >> f 3 ++ 1 f3 +- < 

4+ 2 • 30+2 •38 f" << f�+ 0 f" < +- +-

- f5 f5 f5 5 2 • 47+2 • 5 1  > >  1 +- ++ +-
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SUMMARY 

EXPERIMENTAL REVIEW OF STRANGE DIBARYONS 

E .  PAULI 
DPhPE , Centre d 'Etudes Nucleaires de Saclay, 
BP 2 ,  91 1 90 Gif-sur-Yvette , France . 

The long history of the experimental strange dibaryons research is sunnnarized . 
There are only a few reasonable candidates. The most recent one in the Ap system 
at M = 2 1 29 MeV/c2 , looks rather convincing . 

RESUME 

La longue histoire de la recherche experimentale de dibaryons etranges 
est brievement resumee . Il n 'y a que quelques candidats raisonablement valables . 
Le plus recent , qui est observe dans le syteme Ap a une masse de 2 1 29 MeV/c2 , 
semble tres convaincant . 
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Introduction 

This contribution presents a short ,  selective review of the experimental 

investigation of the S = - 1 , -2 dibaryon systems . Nevertheless , the references 

which are given and the references therein represent a rather complete biblio­

graphy of the subj ect . 

The strange dibaryons have mostly been looked for in the Ap system. But 

a few other channels have been studied . This research started in the early 
sixties in low statistics bubble chamber experiments .  One of their by-products 

has been the possible exi stence of these exotic states . 

Based on the confinement theory,  recent predictions of n > 3 quarks states 

are made ! ) , specially dibaryons . They could be one mean to see colour. Therefore , 

a new excitement has reached this experimental area. 

Due to specific problems in each category of reactions , I divided this 
review into three sections : 

direct A-proton scattering 
interactions on hydrogen and deuterium 

- interactions on nuclei . 

In each section, the experiments are ordered , in principle , by increased 

sensitivity. 

l - A-proton scattering 

- G. ALEXANDER et al . 2) have studied 378 A-p elastic scattering events in 

the 8 1  cm Hz bubble chamber in a stopping K- experiment of 200 000 pictures , 
equivalent to 0 . 5  event per millibarn. The differential and total cross sections , 

measured in several momentum intervals between 1 20-320 MeV/c,  are consistent 

with predominantly S-wave scattering . No significant indication for the existence 
of a low-energy A-p resonance has been found . 

- J .M. HAUPTMAN et al . 3) looked for the following reactions 

A +  p ... A + P (584 events) 

A +  p ... + + 1T+ i:- + p 
A + A + P + + 

p ... Tr + Tr 

A +  p ... Lo + p 
and various �0 p interactions (25 events) . 

The incident A flux was produced by the exposure of a platinum target 

mounted inside the SLAG 82-inch bubble chamber to a 12 GeV/c K- beam. The mean 

momentum of the A was 2 GeV/c. 

They have no evidence for a cusp-like or a resonant behaviour near the 
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threshold A + p + �· + p .  

These two papers are given a s  examples . Many other authors have studied 

this subj ect.  No resonance was found . 

2 - Interactions on hydrogen and deuterium 

a) p + p reactions 
The most important reaction in this section is p + p + hyperon + K + nucleon. 

- M. FIREBAUGH et al . 4)  have done a systematic survey of strange-particle final 

states produced by 8 GeV/ c protons in the BNL 80-in. hydrogen bubble chamber . 

With a sensitivity of I event per microbarn, no strong strange dibaryon reso­

nance was observed . 

- E .  BIERMAN et al . S) have carried out a search for dibaryon states in p-p 
collisions at 5 GeV/c in the 80-in . Brookhaven bubble chamber with 4 events per 

microbarn. The analysis concludes that the data are consi stent with the one-pion­

exchange model . 

- W. CHINOWSKY et al . 6) have obtained 1 746 examples of the reaction p + p + 

hyperon + K + nucleon in a 20 events per microbarn LRL 72-in . hydrogen bubble 

chamber experiment at 6 GeV/c. Strong N* production is observed in all channels .  
The data are always consi stent with a production process dominated by a single­

pion exchange mechanism. No evidence is found for a dibaryon state in either the 

A-proton or �-nucleon system. 

- A. G .  MELISSINOS et al . 7) and J . T .  REED et al . 8) analyzed the spectrum of K+ 

mesons produced in p-p collisions at 2 . 85 and 2 . 4  GeV/c. This counter experiment 

was performed at the Brookhaven Cosmotron and three spectrometer channels were 

established at 0° , 1 7 ° ,  and 32° . The dcr/d� was less than 6µb/ster in the labo­

ratory both at 0° and 1 7 ° .  The upper end of the K+ spectrum was perfec�ly fitted 

with an effective-range formalism and therefore no evidence for a resonant Ap 

state is reported. 

- V .L .  FITCH, T .F .  KYCIA et al . 9) very recently studied the reaction 

p + p + K+ + K+ + missing mass 

between � and 6 GeV/c in a double arm spectrometer at Brookhaven . They obtained a 

sensi tivity of 0 . 2  event/nanobarn with AGS dedicated time , Until now, no evidence 
for a double strange dibaryon system is claimed in this experiment .  Their preli­
minary results establish a 90 % c . l .  upper limit of � 30 nb for any narrow states 

produced in this reaction ( see figure 1 ) . 
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b) K d reactions 
Looking at the results , it seems that these reactions correspond to the most 

promising initial state . 

- TAI HO TAN IO) studied the Ap system in the reaction K- + d + TI + p + A at rest 
in the Columbia-Brookhaven 30-in. deuterium bubble chamber with 2 events per 

microbarn . Two resonances are found to be necessary to describe the Ap mass 

spectrum (Figure 2 ) 
2 M1 2 1 28 . 7  .!_ 0 . 2  MeV/c 
2 2 138 . 8  .!_ 0 . 7  MeV/c 

2 7 . 0  .!_ 0. 6 MeV/c 
2 9 . 1 .!_ 2 . 4  MeV/c 

The closeness of the first peak to the E+n thresfiold makes it impossible to 

distinguish between a possible genuine Ap resonant state that may exist a fraction 

of an MeV below the EN threshold from a threshold cusp effect . The observed peak 

may be a superposition of both . 

- The same peak at 2 1 2 9  MeV/c2 was observed by D .  EASTWOOD et al . I I ) in a 8 1  cm 

Saclay deuterium bubble chamber experiment at � 1 . 5  GeV/c with a sensitivity of 

3 events per microbarn and by 0 .  BRAUN et al . 1 2) in the reaction 

K- + d + A  p TI-

at � 750 MeV/c in the same bubble chamber with 7 events per microbarn . By selec-
TI -, they observe a very nice peak (Figure 3 ) at a 

and a width r = 6 MeV/c2 • 

ting the very forward going 

mass of M = 2 1 2 9  MeV/c2 

This peak has also been seen 

by G. ALEXANDER et al . 1 4) . 

at 400 MeV/c by D .  CLINE et al . 1 3) and at 1 000 MeV/c 

- The analysis of this peak by H .G .  DOSCH and V. HEPP 15) shows that the enhan­

cement of the (Ap) invariant mass at 2 1 29  MeV/c2 cannot be explained by a cusp 

due to deuteron dynamics . Their conclusion is that the data indicate the exis­

tence of a Ap resonance at this energy and a EN bound state decaying into Ap . 

3 - Interactions on nuclei 

When these interactions are studied in bubble chambers ,  there are always 

severe experimental problems of combinations in the mass spectra , idencification 
of the protons in one event ,  short tracks , etc • •  : 

a) Ap mass spectrum. 

- P .A.  PIROUE1 6) studied the K+ spectrum at 30° in p - Be interactions at 3 GeV/c 

at the Princeton-Penn Accelerator , in a beam servey experiment . It was found 

that the K+ momentum spectrum exhibits a rather large deviation from the expected 
phase space . One possible explanation given by the author is the existence of 

a strange dibaryon resonance at 2 . 36 GeV/c2 • But this peak was not seen in pp 

interactions by 7) and 8) 
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- T. BURAN1 7) plotted all the Ap mass combinations in an experiment of the 
Ecole Polytechnique heavy liquid bubble chamber filled with CF3Br using K- at 

.rest .  They observe an enhancement at 2220 MeV/c2 . The width is � 20 MeV/c2 • 

- P .  BEILLIERE et al .  18) have no evidence for any enhancement in the Ap mass 
spectrum in a RHEL/UCL heavy liquid (propane + freon) bubble chamber experiment 

with incident K of 2 .  1 GeV/c .  Their conclusion is that such effects already 

observed in other experiments ,  are difficult to observe in more complex nuclei . 

- B .A .  SHAHBAZIAN et al . 1 9) in the JINR 55 cm propane bubble chamber have taken 

1 50 000 pictures with 7 GeV/c neutrons and 1 20 000 pictures with 4 GeV/c �-. 

They have scanned the pictures for all the interactions containing V0 particles 

and they observed 3 peaks (Figure 4 ) . The two first peaks at 2058 MeV/c2 and 

2 1 27  MeV/c2 are interpreted as effects of a negative Ap and Lp scattering length, 

respectively. The third peak is explained by the existence of a Ap resonance 

with M = 2252 MeV/c2 and I' =  2 1 MeV/c2 • 

b) An mass spectrum 
H .O .  COHN et al. 20) have produced L at rest in the Northwestern University 

helium bubble chamber using K at res t .  Then , they have studied the reaction 

They observe a peak in the triton momentum spectrum (Figure 5 ) .  A best fit is 

obtained with an admixture of the impulse model and a Breit-Wigner shaped reso­
nance M = 2098 MeV/c2 and r = 20 MeV/c2 . 

c) AA and �-p mass 

B .A. SHAHBAZIAN et al .  1 9) , in the same experiment described earlier , claim also 

a resonance in the AA system at M = 2365 MeV/c2 and r = 47 MeV/c2 . Another 

enhancement in this AA mass spectrum is thought to be due to a negative AA scat­

tering length. 

- G.A. WILQUET et al . 2 1 ) have rescanned the 2 . 1 GeV/c K- experiment in the 

RL/UCL heavy liquid bubble chamber . No significant AA structure is observed . 

They do not confirm the 2 . 3 7  GeV/c2 peak previously reported by the same group 

and also seen by B.A.  SHAHBAZIAN et a1 . 1 9) . 

- Finally, J .G .  GUY et al . 22) observe no enhancement in the AA and �-p mass combi­

nations produced by 12 GeV/c K- interactions in a platinum plate in the SLAC/LBL 

82 in. hydrogen bubble  chamber .  
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Conclusion 

Several structures have been observed in the strange dibaryon systems . In 

the discussion of these experimental results , one has always to decide whether 

the peak observed corresponds to a bound state , or a resonance , a cusp-effect , 

a S-wave scattering, or a 6-quarks bag . One state in one channel cannot easily 
solve the problem. The theoretical background of these systems will be much better 

understood only when a reasonable spectroscopy of well established states will  
exist .  

Experimentally, scattering experiments seem to  be  the most direct method 

for the observation of strange dibaryons . But , there is an absence of low-energy 
hyperon beams (and naturally also hyperon targets) . 

Then one has to look for narrow (f < 50 MeV/c2) resonances .  

The nucleon-nucleon interactions between 5 and 8 GeV/c can be useful , but 

there is an important background , for example in the 2050-2300 MeV Ap mass 

spectrum. Also , the cross sections , due to baryon exchange,  will be very low. 

Interactions of K- of different momenta with light nuclei seem to be more 

fruitful (problems increase with the target atomic number) . One has to analyse 
carefully the multiple scattering of the primary and secondary particles on the 

moving nucleons in the target .  Kinematical enhancements due to known Y* , N* have 

also to be subtracted . Otherwise,  these interactions have certainly given the 
most interesting results , if not promises . 

A summary of the results reported here i s  given in table I • 
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Table 1 

Interactions Channel Mas s ,  width Reference Cannnents (MeV /c2) 

M = 2 1 29  ' [ I 0] , [ 1 1 ] , [ 1 2 ] 
A P r = 6 [ 1 3] , [ 1 4] 

K-d 

A P M = 2 1 39  [ JO] To be confirmed 
= 9 

M =  2252 [ 1 9] To be confirmed A P r = 2 1  

A P M = 2360 [ 1 6]  Not seen in pp 
[ 7 ] , [8]  

On Nuclei 
M = 2098 

A n r = 20 [ 20] To be confirmed 

A A M = 2365 [ 1 9]  Not confirmed 
r = 47  by [2 1 ]  

" A A 
,, p p M � 2200 [9 ]  < 3 standard 

deviation effects 
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D I BARYON RESONANCES : DO THEY EXI ST ? 

P . KROLL 
Department of Physics , University of Wuppertal 

Germany 

Abstract : 
Pos s ible candidates for ( non-strange) dibaryon 
resonances are discussed . It will turn out that 
at present there are only two good candidates .  

Resume : 
On discute des candidats pos s ibles pour des 
resonances dibaryon (non-etranges) • Il  se  montre 
que maintenant il n ' y a que deux hons candidats . 
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1 • INTRODUCTION 

For many years it was believed that every resonance is built 
up of 3 quarks (baryons ) or of qq pairs (mesons ) . Exotic states 
made of more quarks should not exist . This believe , of course , 
was born out of the experimental situation in the late Sixties , 
early Seventies : no convincing experimental evidence for the 
existence of exotic resonances had been found . 

Now, recently the situation has changed both theoretically and 
experimentally . Jaffe 1 ) , for example , found that in the MIT bag 
model the same force which produces the spectrum of the ordinary 
hadrons , generates also exotic states . Experimentally , states have 

2 - 2 been found which may be considered as candidates for q q mesons . 

These results have revived the interest in the old question 
whether dibaryon resonances exist .  During the last twenty years or 
so several enhancements have been reported which in principle could 
be due to dibaryons but have been explained by nonresonant mechanisms , 
mostly only on the qualitative level . More recently howeve r ,  a few 
bumps have been found which seem to be rather serious candidates for 
dibaryons . Still other explanations ( e . g . strong inelastic thresholds , 
cusps or final state interactions ) are not completely excluded and 
the discussion of the various ways out of the resonance interpre­
tation wil l  be the main subj ect of this contribution . 

2 .  PROTON-PROTON ELASTIC SCATTERING 

With the polarized beam and target total cross-section in pure 
spin s tates have been measured at Argonne . The cross-sec tions are 
related to the s-channel helicity amplitudes by 

0tot = l ( cr  (t ) +cr (t) ) 2 /iT  Im ( qi 1 +qi 3 l I t=o ( 1 )  2 

ll crT cr ( H )  - cr ( t t )  - 4  liT Im qi 2 1 t=o ( 2 )  

ll crL cr (t) - cr (t) 4 lif Im ( qi 1 - qi 3 ) I t=O ( 3 )  

Instead of showing the experimental results of these cross-sections 
separately I present in fig . 1 combinations of them which project 
out certain groups of partial waves 
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Fig . 1 :  Combinations of total cross-sections . Data taken from 
ref . 3- 5 ) . Solid l imes are values reconstructed from phase shifts 6 )  
dashed lines are drawn t o  guide the eyes .  

+ 

I I 

-

-

+ 

I I 

1 .5 2.0 pL (GeV) 
Fig . 3 :  The spin co0relation 
parameter �Lat 9o • Data 
raken from ref . 5 ) . 
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_!;;. I' ( ) � L l 2J+ 1 Im RJ q J ( even ) 
( 4 )  

( 5 )  

i\ aT - 1\ a L  = }- L ( 2J+ 1 ) RJJ - l coupled triplets ( 6 )  
J ( odd ) 

where q being the cm momentum and Ri the partial waves in the 
notation of Scotti and Wong . 2 )  

Al l three combinations show strong threshold e ffects due to 
n -production but in add it ion there is a very pronounced bump in 
i\ aT - i\ a L  at around pL = 1 . 5 GeV and - with less evidence - another 
bump in the spin s inglet s tates RJ at around 2 GeV . It is tempting 
to ident i fy these bumps with pp re sonances in an uncoupled triplet 
s tate RJJ ( the bump i s  pos itive ) and in a s inglet state . 

Another hint at a resonance behaviour comes from a d ispersion 
analysis 7 ) of all three forward ampl itudes , which is now made 
feas ible by the new Argonne data : the bumps are related to circles 
o f  the corresponding amplitudes in an Argand plot (compare f ig . 2 ) . 

Let us assume that both the structures are resonances . Fitting 
Breit-Wigner formulae to the ampl i tudes , one obtains 

RJ : m = 2 3 90 MeV r "  1 00 MeV 

RJJ : 2 3 20 MeV 2 80 MeV ( 7 ) 

Both resonances are strongly inelastic ( note the diameter of the 
circle in f ig . 2 i s  equal to ( 2J+ 1 )  r el / r J  . 

The pos s ible existence of a RJJ s tate has first been mentioned 
by Hidaka et a1 . 8 l . They studied the energy dependence of the 
coef f ic i ents of a Legendre polynomial expans ion of d a /dt and the 
polarization and came to the conc lus ion that this resonance i s  
very l ikely in the 3F3 wave . A recent phase s h i f t  analys i s  performed 
by Hoshi zaki 9 )  is not inconsistent with this assignment .  

Further support for the re sonance interpretation o f  the structure 
in the RJJ waves is obtained from measurements 5 )  of the spin 
correlation parameter ALL at large angles . From fig . 3 where the ALL 

0 data at 9o are shown , one sees that ALL develops a bump at about 
the same pos i tion as i\ a L .  

A l l  these arguments in fav?ur of a re sonance interpretation , even 
if they are quite convinc ing , do not yet rule out the possibil ity 
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that these effects are reflections of the ( non-resonant) dynamics 
of the open inelastic channels . In order to discus s this the cross­
sections are separated into their e lastic and inelastic parts 

6 = 6a el + 6 in 
0L L 0L ( 8 )  

The inelastic parts have been calculated from unitarity , taking 
into account only the NNn intermediate states and us ing spec ific 
models for s ingle pion production . So , for example , Berger et al . 1 0) 

performed a Deck model calculation , others 1 1 )  used the fact that 
n -production goes mainly via N6 and constructed an OBE model for 
this reaction . Also a coupled channel three body calculation was 
carr ied out 1 2 ) . The basic dynamical input in all these models i s  
one pion exchange and it i s  therefore no surprise that the results 
essent�ally agrees w�th each other : 6 aT i s  more or less saturated 
by 6 aT

in whereas 6 aLin comes out pos it ively j us t  above threshold 
but experimentally 6 aL i s  negative . In some models 6 aLin changes 
s ign between pL = 1 . 5 and 2 GeV . 

From the existing ALL data 5 ) , interpolating smoothly between them 
d h f d 1 k f h d . . 1 . 7 )  a n  t e o rwar va ues t a  e n  rom t e ispers ion ana ys is , one 

can estimate the elastic part of 6 aL 

( 9 )  

el At pL = 1 . 4 7  GeV one f inds for 6 aL a value between - 6 and -Bmb . 
e l  in So , 6 a L and 6 aL from pion exchange do not saturate the experi-

mental value of 6 aL ( = - 1 7  mb at 1 . 4 7  GeV) . Thi s  result is con­
s istent with the interpretation thctt the structure being a strongly 
inelastic re sonance , its contribution to pion production is not 
taken into account in 6 aLin . Lack of data does not al low a s imilar 

el estimate of 6 aT . 

From the above cons iderations one may conclude that at least 
3 the F3 bump seems to be a genuine resonance . The RJ enhancement 

needs confirmation . 

3 . OTHER DIBARYON RESONANCES 

Besides elastic proton-proton scatter ing s everal other bumps 
which could be due to ( non- s trange)  d ibaryon resonances have been 
reported ( compare table ) . 
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Table :  Enhancements in deuteron reactions 

m r reaction ref . 
(MeV) (MeV) 

2 1 70 3 5  . . •  So crtot ( yd+pn) 1 3  

m (pp) I m ( Tid)  I • • • • •  1 4  
dcr 
dt ' crtot0f pp + d TI+ 1 5  

2 900 
3 600 dcr (pp + dTI+ ) 1 5  dt 

2 3 80 1 00 . . •  200 polarization of yd + pn at 9o0 1 6  

The general belief is  that these bumps are not dibaryon reso­
nances but due to particularities of the deuteron dynamics . For 
example , Yao 1 7 l tried to explain the bumps seen in pp+dTI + by the 
graph shown . Going through the kinematics one can assure oneself 

p 

that forward production of the 
deuteron is control led by backward 
TIN scattering - the TIN resonances 
should show up in pp+dTI+ . However , 
this model fails quantitatively . 
It i s ,  of course ,  not c lear 
whether this idea is fundamentally 
wrong or the failure is only a 
consequence of the usual technical 
problems with the deuteron , as for 
example unknown off-shell correc-

tions , neglect of the D wave 
deuteron and so on . So , the 

situation for the enhancements at 2 900 and 3 600 MeV remains unc lear . 
Only the 2 1 70 MeV bump , the so-called d* , can be quantitatively ex-
plained as a final state interaction with an intermediate � .  So , at 
present there is  no reason to consider it as a candidate for a 
dibaryon resonance . On the other hand the enhancement at 2 3 80 MeV 
seen in the photodisintegration of the deuteron seems to be a 
proper candidate . 
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4 .  CONCLUSIONS 

Dibaryon resonances - i f  they exist at a l l  - seem to be rather 
rare obj ects . At pre sent , there are only two s tructures which are 
probably non-strange dibaryon re sonances . One or two states are 
known in the s trange sector . However , future experiments spec ifi­
cally de s igned for the search of dibaryons may change the situatio n .  
Production and formation experiments with polar i z ed beams and tar­
gets ( e . g . pp�nNN , n+d )  may be particularly helpful . 

From the theoretical point of view it should be noted that one 
has here the same problem as for the new mesons . It is by no means 
c l ear that these states are s ingle bag states with 6 quarks in the 
bag 1 ) , states which may be call ed colour molecules . But they may 
be equal ly wel l  two bag states bound by van der Waals type forces 
( nuclear potentials ) ,  that means they may be states very s imilar to 

the deuteron . So , for example ,  Kamae and Fuj ita 1 8 ) , have shown that 
a s tandard OBE potential for �� has some deeply bound states (order 
of 1 00 MeV) one of which may be the 2 3 80 MeV enhancement . 
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Abstract 

Re sume 

We review the prominent e ffect s  suppo sed to be 
a ssoc iated with the exchange of exotic baryonium 
Regge traj ectories . The experimental pre sence of 
all expected e ffec t s  l eads us to suggest that the 
baryonium exchange mechan i sm  is a correct phenome­
nological picture and that mesons with i so spin 2 or 
3/2 or with strangenes s  2 ,  strongly c oupled to the 
baryon-antibaryon c hannel s ,  must be observed . 

Nous montrons que tous les effets as soc ie s  a 
l ' echange du baryonium sont ef fectivement presents 
dans les donnees experimentales . Notre analyse 
suggere ! ' exi stence de me sons d ' isospin 2 ou 3/2 
ou d ' etrangete 2 ,  fortement c oupl es aux voies 
baryon-antibaryon . 

+Laboratoire associ� au C . N . R . S .  
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I .  INTRODUCT ION 

Let me begin by making a trivial , but important remark . 
The ex i stence of " true " exotic mesons ( i . e .  mesons who se quan­
tum numbers cannot be obtained from a qq system but only from 
a multiquark system) is c ruc ial for all ex isting theoretical 
schemes of baryonium l ) . Even in the baryonium model s ( e . g . ,  
the bag model 2 ' > in which the role o f  colour i s  very much 
emphas ized compared with the role of flavour , the exi stence 
of the " true " exotic s is a nece s sary condition for the val i­
d ity of these model s .  Of course , the " true " exotic states are 
expected , for variou s reasons , to decouple from the meson­
meson channel s .  However , no analogou s argument has ,been given 
for their sy stematic decoupling from the baryon-antibaryon 
channel s ,  and in fac t one expects them to be strongly c oupled 
to the se c hannels 3 > • 

In spite of the present prol iferation of the meson sta­
te s which are good c andidate s for being member s of the baryonium 
family 4 > ,  for the moment only few o f  them c ould be " true " 
exotic s .  In fac t there are only three candidates for the " true" 
exot ic s : one I=2 meson strongly coupled to the NNTI c hannel 5 l  

- ++ """"i+ and two I= 3/2 mesons strongly c oupled to the An or Y p chan-
nel s  6 )  . Their ex i stences are not wel l e stab l i shed ; the c orres­
ponding experimental data are e ither controversial 5 l , ? )  or 
very prel iminary 6 l . 

However , we can already extract some important informa­
tion concerning the se " true " exotic baryonium states from the 
data involving their exchange as Regge pol e s  B l . The short review 
I present here wil l be devoted to the answering of the fol lowing 
que stions : 1 )  is there some phenomenolog ical evidence for the 
existence of exotic baryonium a s  Regge pole exchange ? 2 )  if 
these exotic baryonium Regge po les are indeed present in the 
dat a ,  what are their main properties ? 
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I I .  ARGUMENTS FOR THE EXISTENCE OF EXOTIC BARYONIUM EXCHANGES 

Si nce the " cryptoexotic " baryonium contribution i s  mixed 
with the ord inary meson contribution , the separation of the 
baryonium contribution wil l  be , in general , de l ic ate and ambi­
guou s .  Therefore , in order to make cruc ial tests of the exi sten­
ce of the baryon ium exchange , one mu st l ook at the spec ial class  
o f  reactions involving pure baryonium ( i . e .  , "true" exotic ) t­
channel s .  

The react ions i nvolving pure baryonium t-channel s studied 
in this section 9 l - l 3 ) are of the fol lowing type s : 

B 1 B 2 
B B -+ 
B 1 B 1 
M1 B 1 

and 

M1 B 1 

-+ D 1 
i5 D 
-+ B 2 
-+ M 2 

-+ M2 

D 2 

B 2 
D 2 

B 2 

( 1 )  
( 2 )  
( 3 ) 
( 4 )  

( 5 )  

where M denotes mesons belonging to the 0 octet , B denotes 
baryons bel onging to the 1/2+ octet , and D denotes baryons belon­
ging to the 3/2 + decupl et . 

In fac t ,  we wil l focus our d iscu s s ion on the reactions of 
the type ( 1 ) , ( 2 )  and ( 4 )  involving produc tion of 3 /2+ decuplet 
baryons . The rea son s for this restr ic t ion are both theoret ical 
and prac t ical . 

It is wel l  known that empirically there i s  an important 
suppression of the reactions ( 3 )  and ( 5 ) i nvolving production of 
1/2+ octet baryons when compared with the reactions of the type 
( 1 ) , ( 2 )  or ( 4 ) . For exampl e ,  at pL= 4 . 2  GeV/c the forward d i f fe­
rential cross section for K-p-+n+Y£- i s  ten time s l arger then the 
one for K-p-+n +Z - l Ok )  , l 3 l  

Theoret ica l l y ,  as was shown by Hoyer and Quigg 1 4 )  one 
can understand thi s suppres sion u s ing the tr iple-Regge expansion 
at f ixed s and d i f ferent (ma s s ) 2 of the produced baryo n .  The 
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expl icit (ma s s ) 2 dependence of cross sec tions impl ies that the 
larger the mass of the produced re sonance - the l arger the " for­
bidden" cros s sect ion . For some particular cases the suppre ssion 
o f  octet f inal st;tes i s  reinforced by SU ( 6 )  C lebsc h-Gordan 
coeffic ient s .  For example , the coupl ing of pYx- to baryonium i s  
4 /2  that o f  p� - 1 5 )  

On a practical l evel , the above discu s sed suppre s sion 
implies that the detect ion of the experimental effects in the 
pure baryonium c hannels for the reactions ( 3 )  and ( 5 )  is po s sible 
only in high prec i s ion exper iment s ,  which unfortunately are rare 
at the pre sent t ime . 

The particular reactions u sed in our analysis ar e the 
fol lowing : 

i )  pure I=2 baryonium channel 9a ) -h )  ( corre spond ing , e . g . , 
to a u u a a exchang e )  

and 

7r p + TI+.6 -

or 
TI+n + TI-.6++ 

( 7 ) 

ii )  pure I=3/2 baryonium c hannel 9c l -d )  ' l Oa )  -k) (corres­
ponding , e . g . ,  to s d u u or s u d d exchanges ) 

and 

- ::!!+ �-pp -T y y 

7f p 

( 8 )  

( 9 )  

( 1 0 )  

iii)  pure S= 2 baryonium c hannel 9 c ) -d ) , l Oh ) , l l a ) -b) 

(corre sponding ,  e . g . ,  to s s u u, s s d d or s s u d  exchanges ) 

( There is no data for the interesting reaction pp + z�+zx- ) . 
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Let us notice that the 1= 3/2 and the S= 2 baryonium chan­
nel s  can al so be reached from the corre sponding reactions invol­
ving the produc tion o f  1/2 + octet baryons . There i s  some s ignifi­
cant data 1 2 )  , l 3 )  for reactions l ike 

pp -7 I + I - ( 1 2 )  

and 

( 1 3 )  

which wi l l  also be used in our analysi s .  

One must note that the quality o f  the exi sting data for 
the reactions ( 1 ) , ( 2 )  and ( 4 ) do not allow a very detailed quan­
tat ive Regge ana lysi s  ; however , there is a relative ly large 
number of data points in the medium energy region (pL� 2 - 1 0  GeV/c ) 
and the ir precis ion i s  su f f icient to test the maj or qual itat ive 
e ffec ts expected from the exchange of baryonium traj ectorie s .  

One must a l so remark that much o f  the ex isting data in the 
med ium energy region is concentrated at the lower end of thi s  
energy range (pL� 2 - 4 GeV/ c )  where a Regge expansion i s  not accura­
tely val id . Howeve r ,  thi s fact is not e s sential for the pre s ent 
purpose which is to look for generic and not for detailed quanti­
tative features as sociated with the exchange of baryonium . There­
fore we expect that our basic conclus ion s wi l l  not be altered by 
a more accurate treatment . 

1 )  The exis tence o f  forward peaks in the pure baryon ium channel s .  

This sub j ect received some attention in the early 1 9 7 0 ' s ,  
after the di scovery of " forbidden " peaks in the reactions ( 6 ) - ( 1 1 ) , 
where the d i f fe rential cross section shows a typical decrease of 
one order o f  magnitude in the forward hemi sphere ( see f ig s . l a ) - f )  
for some examples ) . A comprehensive review of the experimental 
situat ion at that time was g iven by Ro sner l S ) . The exc itement 
provoked by thi s  di scovery was soon dul led by skepticism, due to 
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the following three fundamental obj ections : 
a) the lack o f  evidence for forward peaks in octet-produc­

tion reactions 
b)  the possibil ity of simu lating forward peak s in decu­

plet- production reactions by " kinematical " re flections , as first 
suggested by Berger 1 6 )  or of producing them by double-reggeon 
exchange 1 7 l  

c )  the spectro scopic absence o f  baryonium states . 

This skeptical attitude persi sted unti l  last year . Howe ­
ver ,  now the experimental situation i s  rather drastically 
changed . 

First , forward peaks in octet-product ion reactions are 
observed . For example , high statistic s experimental data showing 
the de finite confirmation of a forward peak in K-p + TI+L - at 
pL=4 . 2  GeV/c were publ i shed last year 1 3 ) . Al so , there is evidence 

- - + - 1 2 )  o f  a forward peak in pp + L L at pL=3 . 6  GeV/c . A s  w e  explai-
ned above , the fact that it is so d i fficult to observe the 
expected e ffects in the octet-production react ion s must not be 
con s idered surpr i s ing , due to the natural suppre s sion o f  lower­
mass produced baryon s in the c lass of react ions involving pure 
baryon ium channel s .  

Secondly , the "kinematical " reflect ion s ( see f ig . 2  for an 
example)  which are surely a possible process , cannot account 
quantitatively for the forward peaks in the react ions ( 6 ) - ( 1 1 ) , 
as wa s d i scussed exten sively in the l i terature ( see e . g .  Re fs . 
9b ) , 9d) , l O :e ,  l Ok ) ) . Moreover , the "kinematical " refl ections obvious­
ly cannot occur in the reactions involving stable particl e  f inal 
state s ,  l ike K-p + TI  +L - , where the forward peaks are nevertheless 
observed . Therefore the "kinemat ic al " re f l ections cannot be the 
g eneral mechanism g iving forward peaks in the pure baryonium 
channel s .  

The alternative mechanism of double-Regge exchange can ,  
o f  course , account qua l itatively for all the ob served " forbidden "  
forward peaks . However ,  at the quantitative l eve l ,  the ex i sting 
mode l s  l 7 l - 2 0 )  show a tendency of giving too low values f o r  the 
forward cro s s  section s . For exampl e ,  they predict for K-p+TI+ L - , 
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at pL� 4  GeV/c ,a value of �O . lµb/Gev2 or even smal ler , while the 
experimental value is 1 0  times larger . 

Finally,  narrow-width mesons which are good candidates 
for being baryonium states were rec ently di scovered 4 l . It is 
true that these mesons have the u sual quantum numbers ( i . e .  they 
can be considered only as "cryptoexotic s " )  but in the baryonium 
scheme they appear on the same footing as the I=2 or 3/2 or 8=2 
mesons . 

In conclusion , the main objections against the descrip­
t ion of the " forbidden " forward peaks as resulting from baryonium 
exchange seem now to weaken . 

2 )  The change of the energy v�riation regime from the low energy 
to t he medium energy region . 

The fast decrease of the cross sections with the energy 
( �s- 9  -s- 1 0 ) below 2 GeV/c is common to many inelastic reactions ,  
involving or not pure baryonium c hannel s .  After 2 GeV/c there is  
known to be a break in the energy dependence ,  showing the transi­
tion to a Regge regime , not only in the reactions involving the 
u sual meson exchanges but al so in the octet-product ion reactions 
( 3 )  and ( 5 ) 1 7 ) . Here we will show that the same break , in agree­

ment with the Regge-pole behavior , occurs in the decuplet-produc­
tion reactions ( 1 ) , ( 2 )  and ( 4 ) . In order to extract the Regge 
intercepts corresponding to the baryonium traj ectories , we will 
u se the data on the integrated c ross section in the forward direc­
t ion , crf , which ,  in the Regge pole model ,  has the approximate 
form : 

( 1 4 )  

( here K i s  a constant and s 0  i s  fixed at the standard value 

so = l  GeV2 ) .  In fig . 3 we pre sent a compilation of the world-data 
for the reactions ( 6 ) - ( 1 1 ) . By plotting the quantity crf . �n s  as a 
function of s one can directly extract from the data the baryonium 
intercepts .  
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i) I=2 ( S=O ) baryonium 

f ig . 4a) ) 

a J3 ( I=2 )  ( O )  -0 . 75 ± 0 . 2 ( 1 5 )  

The data o n  pn+� -�++ are in agreement with the corre spon­
ding energy variation �s-3 • 5 ( f ig .  4a) ) .  

This value ( 1 5 ) of the iso spin 2 baryonium intercept is  
in agreement with a recent theoretical estimate in the framework 
of S-Matrix theory . Namely,  u sing a simple planar self-consistent 
multiper ipheral model with a finite-energy sum-rule constraint 
one generates , without any free parameter s ,  an infinitely-rising 
baryonium tra j ectory , dual to vector exchange 2 1 ) . This traj ecto­
ry ( see fig . 5 ) satisf ies to a high degree of accuracy the isosp in 
I=O , 1 ,  2 degeneracy property and at t=O i s  consistent with the 
value ( 1 5 ) . 

Obviou s ly ,  due to the arbitrary assignment of the diffe­
rent quantum number s and in particular of the spin, we by no means 
claim that all the experimental states shown in fig . 5 l ie on our 
baryonium trajectory . However ,  the agreement between , on one side , 
the predicted and the experimental mass spectrum of baryonium 
states and , on the o�her s ide , the theoretical and the experimen­
tal intercept i s  rather impressive and strongly suggests the 
existence of iso spin 2 baryonium states . 

ii )  I=3/2 ( S= l )  baryonium . 

From the data on n-p+K+Y�- or K-p+n+Y�- , one obtains ( see 
fig . 4b) ) 

a � ( I=3/2)  (0 )  "' - 1 . 2  ± 0 . 2  ( 1 6 )  

The data on pp+Y*+ Y*- are in agreement with the corres­
ponding energy variation �s- 4 • 4 . 
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One notes the relative suppression of the S=l pure 
baryonium channel s compared with the S=O one s .  For example ,  

- + it- 9d ) Gf {TI  p+K y ) = 4 . 74 ± 1 . 6 6  µb at PL = 3 GeV/c ' whi le 
- + -af {TI  p+TI 6 l = 50 . 1  ± 1 2 . 2  µb at a similar value of 

9d ) - it+ it-GeV/c ) ; at PL "' 3 .  7 GeV/c , Gf {pp+Y Y ) = 8 ± 
- ++ 9a)  while af {pn+L 6 ) = 55 0 ± 200 µb 

One can also note the difference in 
- + it- - + _ _  it- - + it-K p+TI y and TI p+K y-- : Gf { K  p+TI y ) i s  

magnitude between 
systematically higher 

- + jf-than af { TI  p+K Y ) . For example , at pL "' 4 
l Ok) - + � -

- + it-GeV/c , Gf { K  p+TI y ) = 
1 µb l Og) . This diffe-= 2 . 8  ± 0 . 5  µb ' while Gf {TI  p+K y ) z 

rence in magnitude , which results from the l ine-reversal symmetry 
breaking , is a similar phenomenon to that observed in the analo­
gous reactions involving u sual meson exchanges ,  for example 
K-p+TI-L+ and TI+p+K+z+ 2 2 l . 

Let u s  finally remark that , as suming the universal slope 
and the approximate isospin 1/2 and 3/2 degeneracy ,  one obtains 
also a rich spectrum of the strange baryonium state s .  For example ,  
one expects a narrow-width spin 3 particle  near the Nf threshold , 
a narrow-width spin 4 particle  near the NYit threshJld , and a 
narrow-width spin 5 particle near m "'  2 5 0 0  MeV . The spin 5 recur­
rence is not far from the region of mass {m "' 2 4 6 0  MeV) in which 
a narrow { f  < 20  MeV) isospin 3/2 meson seems to be observed 6 ) 

iii )  S=2 baryonium . 

There is not a sufficient number of data on K-p+K+zit- in 
order to make a prec ise evaluation of  the corresponding baryonium 
intercept . However , from fig .  4b)  one can deduce that 

a � { S=2 ) { O )  � a j3{ I=3/2)  { O )  - 1 . 2  ± 0 . 2  { 1 7 )  

One may also observe the relative suppression o f  the S=2 
pure baryonium channel s compared with the S=l one s .  For example ,  

- + it- - + jf-a t pL=3 GeV/c , Gf {K  p+K z ) = 2 ± 2 µ b ,  while Gf {K  p+TI y ) = 
1 2  ± 2 µb l Oh)  . Concerning the mass spectrum of the S=2 baryonium 
states ,  one expects from ( 1 7 )  and the assumed universal slope , 
that it will be rather similar to that of S=l baryonium states . 
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One must note that the above di scu ssed energy dependence 
of the " forbidden" peaks is not in obvious contradiction with the 
double-Regge model ,  which is very flexible in its prediction s .  
For example ,  i n  n-p+K+Yx- a p-K� cut wil l corre spond t o  a ( O ) �-o . 3 ,  
while a n -K cut will corre spond to a ( 0 ) � -1 . 2 5 ,  the phenomenologi­
cal value of the intercept being a ( 0 ) �- 1 . 2 .  

However ,  the consistency between the information on the 
baryonium Regge traj ectory , extracted from the negative t region , 
and the new mesons , which are possibly Regge recurrence s corres­
ponding to the same traj ectory i s  indeed an attract ive feature of 
the baryonium scheme . The alternative mechanism ,  that of Regge 
cut s ,  cannot provide , by its very nature , any connection with the 
observed new mesons . 

3 )  The slopes of the forward " forbidden" peak s .  

At f ixed s ,  the t-dependence of the forward peaks corres­
ponding to the exchange of baryonium will be  much sharper than 
the t-dependence corresponding to the Regqe-Regge cut .  Thi s  fact 
i s  a direc t  consequence of the relation between the Regge slopes 
( a '  � 1;2 a '  ) and of the hypothesis  of approximately cons-cut pole 
tant Regge residues near the forward direction . 

As an example ,  in the table g iven below , we compare the 
available experimental slopes of the forward peaks in TI -p+K+Yx­

and K-p+n+Yx- (corresponding , as u sual , to an exponential parame­
trization ) wi"tJl the slopes due to the baryonium Regge pole exchan­
ge (with a • � i GeV- 2 ) .  

PL'  

Table Ia)  Sbopes �fx�he forward peaks in 
TI p + K Y  ( Ref . 9d ) ) .  

GeV/c 2 3 

Experimental slope , 3 . 2  ± 0 . 8  4 ± 1 
GeV-2 

2 a '  ins ( a ' � l GeV-2 ) � 3 . 1  � 3 . 8  

4 

5 . 4  ± 2 

� 4 . 3 
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Table Ib)  Slope s � f*�he forward peaks in 
K p + IT  Y (Refs . 9d )  and l Ok ) ) .  

GeV/c 2 .  1 2 . 6  

Experimental s lope , 
GeV-2 2 . 2  ± 0 . 8  3 ± 1 

2 a ' 9.ns (a ' " 1 GeV-2 ) " 3 . 3  " 3 . 6  

4 . 2  

5 . 7  ± 0 . 5 

" 4 . 4  

One can note the general agreement between the predicted 
s lopes and the experimental s lopes . The s lopes due to the Regge 
cut exchange are systematically lower (by " 5 0 % )  than the experi­
mental slopes . 

One can conclude that not only the s -dependenc e ,  but al so 
the t-dependence of the forward " forbidden" peak s seems to be 
consi stent with the baryon ium Regge pole exchange mechan i sm .  

III . SOME PROPERTIES OF THE EXOTIC BARYONIUM COUPLINGS . 

1 )  The coupling o f  baryonium to the meson-meson channe l . 

An interesting regu larity in the data i s  the smallness o f  
cross -sections i n  the reactions ( 4 ) - ( 5 ) ( involving the coupl ing 
of baryonium to both baryon-antibaryon and meson-meson channel s ) , 
as compared with those in the reactions ( 1 ) - ( 3 )  ( involving the 
coupling of baryonium only to baryon-antibaryon channels ) .  

For example , a s suming that , for I=2 baryonium exchange , 

and ( 1 8 )  
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one obtains from the existing data on these reactions 

( 1 9 )  

( see fig . 6 ,  which corre sponds t o  K 1 /K 2 � 3 8 ) . 

By comparing ( in the case of I=3/2 baryon ium exchange) 

( 2 0 )  

and 

( 2 1 )  

with the data one obtains a l so a relat ively l arge ratio 

K 3/K 4 � 5 - 1 0  ( 2 2 )  

( see f ig . 6 ,  which corresponds to K 3 /K4 7 . 5 ) • 

I t  is interesting to note that a large value of the ratio 
of the coupl ings can a l so be obtained by comparing the octet-

- - + -production reactions ( 3 )  and ( 5 ) .  For example , o f (pp + Z Z ) = 
2 1 2 )  - � -5 . 9  ± 1 . 1  µb at s=S . 7 6 GeV , while o f ( K  p+n Z ) =0 . 6 ± 0 . 1  µb 

at s=9 . 0 6 Gev2 1 3 ) , and these values correspond to a ratio o f  
the coupl ing s o f  the order � 1 0 . 

The above mentioned regularity was already interpreted 2al 

as due to a spin e f fect . However , in order to check this inter­
pretation one needs , e . g .  in the case of I=2 baryonium exchange , 
data involving p production , data which are not available now . 

Another possible interpretation , obvious ly l es s  attrac ­
tive on theoretical grounds , is that the select ion rule respon si­
ble fnr the sma l l  widths o f  the baryonium state s 3 l 1 2 3 ) , is not 
too ,,adly violated in go ing from the positive t to the small 
negative t region . 
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2) A possible enhancement of the baryonium exchange in the case 
of baryon decuplet production . 

A striking feature of the experimental data is  the fact 
that the pure baryonium channel cross sections (a !IJ ) for the 
decuplet-production is quite comparable with those corresponding 
to the u sual mesonic Regge exchanges ( crR) . From the assumed Regge 
behavior of the cross  sections one has 

s2 [ a.Je ( O )  -a.R ( O ) ] ( 2 3 )  

where S denotes the respective Regge residue . 

Because of the relatively l a�ge gap between the Regge 
intercepts one expects large suppression factors to occur . For 
example ,  if 0 � a.R ( O )  � 1/2 and if S�/Sja � 1 ,  one expects at 
s � 10 Gev2 a suppression factor � J./30 - 1/300 for the I=2 baryo­
nium cross sections , and a suppression factor � 1/250 - 1/2500 for 
the I=3/2 baryonium cross s ections . 

The experimental ratios a� /crR are in fact much larger 
than these values expected from the naive Regge arguments .  For 

- ++ ++ - 2 9a) example crf (pn+� � ) /crf (pn+� � ) � 1/2 at s=8 . 9 4  GeV and 
(dcr/dt) ( K-p+rr+Y*- J / (dcr/dt) ( K-p+rr-Y*+ J � 1/6 at s=9 . 0 6 GeV2 and 
near the forward direction !Ok)  • One is therefore forced to draw 
the rather surprising conclusion that , for decuplet-production 
reactions , 

( 2 4 )  

I n  particular , the baryonium coupling to the baryon-antibaryon 
channel is much stronger than the u sual meson coupl ing . (Obvious­
ly this conclusion depends critically on the assumption , which we 
regard as  reasonable , that the scale factor s 0  � 1 Gev2 J .  There­
fore one has a much weaker suppression of the pure baryonium 
channels than that expected on the basis of the rather large gap 
between the reggeon intercepts .  
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In order to te st this effect as be ing a true dynamical 
effect and not a spurious one as due to a dip in the forward di-
rection in the usual Regge exchange reactions ,  one needs much more 
data on the corresponding pair of reactions . 

One mu st note that , at comparabl e energies , there i s  a 
much stronger suppression of the pure baryonium channels for the 
baryon octet produc tion . For example ,  (dcr/dt) (K-p+n+E -) / (dcr/dt) 
(K-p+n-E+ ) � 1/700 at s�9 . 0 6  GeV2 and near the forward direc­
tion 1 3 ) . This value of the suppression factor is in the range 
given by the above discussed naive Regge arguments .  

IV . CONCLUSIONS 

In the present talk we have reviewed the major experimen­
tal effects supposed to be assoc iated with the exchange of exotic 
baryonium trajectorie s .  

The presence of all expected prominent effects , strongly 
suggests that the baryonium exchange mechanism is a correct pheno­
menological picture and that mesons with i sospin 2 or 3/2 or with 
strangeness 2 ,  coupled essential ly to the baryon-antibaryon chan­
nel , must be observed . 

Of course , the double-Regge exchange mechanism can explain 
some of the effects observed in the pure baryonium channel s and 
therefore thi s alternative scheme cannot be completely ruled out 
at the present time . We think that the only crucial test in order 
to choose between the baryonium scheme and Regge-Regge cut scheme 
is  provided by the existence or non-existence of the " true " exo­
tic mesons , strongly coupled to the baryon-antibaryon channel .  
Thi s test i s  not yet performed . However , the recent discovery of 
narrow-width mesons which can be interpreted as  baryonium states , 
the tendency of all exi sting double-Regge models to give too low 
cross-sections for K-p+n+L - , as well as the systematic trends in 
the s and t-dependence of the forward " forbidden " peaks favor , in 
our opinion , the baryonium exchange mechanism . The non-exi stence 
of the " true " exotic baryonium states would therefore be highly 
surprising . 
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DO MULTIQUARK STATES EXIST AMONG THE 0++ MESONS? 

A. D .  Martin 
Department of Physics , University of Durham, England . 

Abstrac t :  
I t  has been proposed that , in addition t o  the conventional 

- ++ ++ P wave qq nonet of 0 mesons,  there should be a second 0 nonet 
composed of qqqq states nearby in mass . This nonet contains the 
lightest multiquark states and is therefore particularly suitable 
for experimental investigation . We review the status of O++ 
mesons in the light of this proposal.  

Precis : 
Il a ete propose que, par surcroit au P wave qq nonet normal 

des O++ meson s ,  il y a  besoin d ' un deuxieme O++ nonet compose des 
qqqq etats proche en masse .  Ce nonet contient les etats multi­
quark les plus legers et done c ' est particulierement convenable 
pour l ' investigation experimentale.  Nous passons en revue 
l ' etat des O++ mesons du point de vue de cette proposition .  
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The JPC = O++ mesons are of unusual importance in meson spectr�scopy. 
However , they continue to be a centre of controversy, both theoretically and 
phenomenologically. The reasons are clear . On the theoretical s ide we may 
expect , in the quark-gluon approach to strong interactions , a rich spectrum of 
O++ states below about 1 . 4  GeV. First we have the conventional P wave qq nonet 
of O++ mesons.  In addition, there is also the possibility of qqqq states . The 
apparent spectroscopic absence of such multiquark hadrons could be because the 
mass of the hadron increases roughly linearly with the number of quarks . Jaffel) 

has studied the S wave qqqq states and ,  with the magnetic gluon interaction for 
the mass splitting2) , finds the. lowest lying multiquark states belong to a O++ 

nonet . Interestingly, an explicit quark-bag model calculati�nl) estimates the 
mass  of such s tates to be about 1 GeV or less . So if multiquark states exist ,  
w e  expect two O++ nonets below about 1 . 4  GeV. A third possibil�ty for O++ mesons 
are states built entirely from gluons (glueballs) . The expectations here are 
hard to quantify and we will not consider this further . However , it should be 
borne in mind that an (I=O) O++ two-gluon state could exist as low as 1 GeV3) . 

On the phenomenological s ide the identification of O++ mesons has been far 
from easy. This is true despite their strong coupling to the readily accessible 
0 0 channel s ,  such as rrrr , rrK, KK. The resonances either appear very broad, or 
near the KK threshold, or hidden under the leading peripheral 2++ states . In 
each case they are prone to ambiguity. 

To establish notation for the members of a O++ nonet , we denote the iso­
triplet by o ,  the isodoublets by K and K, the isosinglets by £ and s .  I f  the 
nonet satisfies magic mixing we take S to contain an ss pair, and £ to be built 
entirely of non-strange quarks . Suppose 
that the S and £ mix magically in the 
conventional qq nonet , then £ and o will 
be degenerate in mass with the S state 
at higher mas s .  On the oth�r hand , i f  
the S and £ states are magically mixed 
in the qqqq nonet , then the quark content 
is as shown in Fig . 1 .  That is , the S 
and o are degenerate in mass and the £ 
lies at lower mas s .  The resulting mass 

d l utl ul dd 

dti sl 

spectrum for the two nonets is  sketched in Fig. 2. It was the approximate 
degeneracy of  the observed S* (990) and 0 (970)' which prompted Jaffe to assign 
these states to the qqqq nonet , together with broad £ (rrrr) and K(Krr) states . 
Indeed, the only obvious problem with this identification is the observed width 
of the o-+rrn decay; s ince qqqq -+- qq + qq are "fall apart" decays , it should be 
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much broader . Of course this approach raises the problem of observing another 
nearby O++ nonet ( £ ' , o ' ,  K 1 ,  S '  of Fig. 2) . 

The spectrum described above represents an idealized situation . There will 
be complications . First the members of the two nonets can mix by gluon exchange , 
as shown in Fig.  2 .  Second we expect some violation of magic mixing. For 
example, in a qqqq state one qq pair spends a fraction of the t ime in a colour 
octet state1) or in a 0- state. In either case this will lead to violations of 
magic mixing.  

Now let us review the observed spectrum so that we may compare it  with the 
above expectations . The 8 (970) is clearly established in the nn channel . The 
S* (990) is seen both in the TITI and KK channels , though with some flexibility in 
the couplings . The O++ partial waves extracted in TITI and Kn phase shift analyses 

1 = 0  tttt phase ! : 1 12 Ktt phase 

are shown in Fig. 3 .  These represent the general trend o f  almost a l l  solutions , 
though the solutions differ in detail .  In both cases the phases rise slowly to 
90° and then rotate rapidly anticlockwise in the region of 1 . 45 GeV. It is 
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conceivable that this behaviour can accommodate the broadt E ,  K and the E ' ,  K 1  
states , though clearly without definitive identification . 

So far the situation is much as Morgan5) studied in 1974 . He found the 
observed decays E ,  s* + 1rn ,KK; o + 1111,KK ; K+K11 could be made compatible with a qq 

non-magically mixed nonet (mixing angle about 70°) , provided the states were 
taken to be S* (980) , 8 (970) , K (l200) , E ( l 300) . Also the E (l300) was an elastic 
'Tl"rr resonance. 

Recent developments have occurred in the KK channel s .  The processes 
studied are of the type 11N+KKN . Here KK production in the I=O S wave state 
( E , S) proceeds dominantly via 1T exchange , whereas I=l S wave production ( o )  
proceeds via B or Z exchange. Z is used to denote a possible 2 exchange 
traj ectory which couples to helicity non-flip at the nucleon vertex, whereas 
both 11 and B exchange couple to helicity flip . 

The S wave KK mass spectrum obtained from K°K0 and K+K- production data6 • 7) 
s s . . . 6) show a s ignificant bump near 1 . 3  GeV. This structure was originally attributed 

to a state in the I=l KK channel , but a more recent analysis8) favours an I=O 

assignment . To help unravel the I=O and I=l KK effects the ANL group7 • 8) 

studied both 11 p+K-K+n and 11+n+K-K+p .  In Fig. 4 we plot the S wave contribution 

S WAVE K• K- PRODUCTION (ANL 6 GP//c DATA) 

-t<Q08 Gev2 008<-t<0.2 02<-t <Q4 

300 150 75 

200 

( ls,.I' • I S,,f · l s,I' ) 
50 

-2 Re( s,,s:> 

1.0 1.2 1.4 ID 1.2 1.4 ID 1.2 1.4 
M,, GeV 

Fig . 4  
isolated from the sum and from the difference of these data for three different 
t intervals . For the sum we use the moments <Y� ' 2> ,  <Y�> and <Yg> to isolate 

tSee ref . 4  for a model for the phase behaviour of  these states . 
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l s l 2 = I s  1 2 + I s  1 2 + I s  1 2 • For the difference we simply plot - <Y0
°> ,  since 

'IT B Z * the higher moments indicate that this is essentially S wave, namely -2Re (S'ITS8) ;  
s2 does not contribute to this I=O , l  interference if  we assume A1 quantum number 
exchange is negligible compared to 'IT exchange . The effect of the S* (990) is 
clearly visible  in the sum, l s l 2 , with a t  dependence characteristic of 'IT 
exchange . On the other hand the structure at 1 . 3  GeV does not have 'IT exchange 
t dependence which is expected for I=O KK production . 

Independent information on S wave KK production has recently been obtained 
from an analysis of University of Geneva 10 GeV/c 'IT-p + K-Kop data9) . The 

9a) relevant results , Fig.  5 ,  show evidence for an S wave structure just below 
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Fig . 5  

1 . 3  GeV . Here it  must be  I=l , that is  l s0 1 2 = l sB l 2 
+ l sz l 2 . Moreover , the 

t dependence9b) of the S wave indicates that Z exchange dominates for 
-t�0 . 15 GeV2 . This correlates nicely with the behaviour of Re (S s*) of Fig. 4 ,  'IT B 
which suggests SB becomes relatively more important at larger l t l . 

If the resonance identification, 0 1 (1270) , of this I=l structure is 
confirmed, this will be  clear evidence for the existence of the two O++ nonets 
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Moreover, this structure cannot account for the entire S wave bump in the K+K­

data ; there is a res idual I=O S wave effect , perhaps arising from the £ 1 •  

However, for the moment we must conclude the existence of multiquark states 
remains an open quest ion. ++ On the other hand , we have seen the low mass 0 
states offer a good testing ground. Investigation of TI TI ,  KK channels in other 
charge configurat ions , or of the nn channel , would be invaluable in this respect .  
This ,  together with a quantitative analysis o f  the observed couplings , should 
settle the issue. 
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PHENOMENOLOGY WITH MULTIQUARK STATES 

H. H6gaasen 

CERN -- Geneva 
and 

University of Oslo 

ABSTRACT 

We show some s imple aspects of spectroscopic 
consequences and expected exchange mechanisms 
in the colour isomer multiquark model . 

Quelques aspects simples concernant les con­
sequences spectroscopiques ainsi que les me­
canismes d ' echange attendus sont etudies dans 
les systemes isomeres de couleur a plus de 
trois quarks . 
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In this talk I shall describe some of the whys and hows of multiquark spec­
troscopy in the colour isomer approach . 

The why is (for me) obvious : previously in physics , when a new degree of 
freedom has been established, it has shown itself in spectroscopy through an in­
crease in the number of states . The spatial ext�nsion of molecules and nuclei 
shows up in vibrational and rotational s tates ; the spin of nucleons and leptons 
is seen in the Zeeman splitting of atomic levels .  Extra flavours , such as strange­
ness  and charm of quarks , show up both in hidden (¢ , ¢ ' , � . � ' )  and naked forms 
(K, A , D ,  F) . 

Today, we are all excited by the possibility that Quantum Chromodynamics 
gives a key to the understanding of hadron physics . In this theory, colour plays 
the same role for strong interactions as electric charge for electrodynamics . 
Therefore , it would be of the greatest importance to find direct spectroscopic 
evidence for the colour degree of freedom. In qq mesons and qqq baryons , this 
degree of freedom i s ,  however ,  completely frozen : there is one , and only one , 
way of combining q and q or three quarks to a colour s inglet . 

The simplest meson systems that can show extra states due to colour are 
qqqq states , the simplest baryons with this property must  be made of qqqqq . In 
the talks given by Chan and Jaffe at this meeting , the theory of such states is 
well discussed ;  I shall add something about phenomenology . 

Is there any evidence for such multiquark states? Being careful , I would 
rather say that there is no evidence to the contrary, and we indeed hope that 
colour isomers have already been found in the qqqq system. For the true bary­
onium states which are bound by a colour triplet bond between qq and qq (and 
which should have the property of being much more strongly coupled to -BB than 
to mesons) there are many candidates seen in pp formation experimentsl) , 2) . 
This is , however , the type of state predicted in dual models3) , 4) and in s tring 
models and they were expected to exist long before the colour charge was taken 
seriously by the majority of physicists . 

The other family of qqqq states ,  namely the ones where qq (qq) is  in a 
colour 6 (G) state5) should really be the proof of the existence of colour iso­
mers . They should be weakly coupled both to mesons and - to baryons and have a 
tendency to decay in cascade . 

In December 1977 ,  Chan , Tsou and myself,  were convinced that the colour 6 
bound states existed6) . However ,  there are now some clouds in the sky because 
the s ix standard-deviation effects at 2 . 95 GeV in the PP7T 
reconfirmed . This has been reported by French . 
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In spite of this ,  I shall describe what made us so optimistic because it can 
serve as an example of the predictive power of the model ,  even if it is still in 
its infancy . 

The slope of the Regge traj ectory of the states bound by an elongated tube of 
lines is  in the MIT bag proportional to the square root of the 
CN of the N dimensional representation7) -lO) . With the nor-

colour N field 
Casimir operator 
malization C 3 = 16/3,  one has c6 = 40/3 and Ca = 12 .  The slope I of a O.E; 
colour 6 bound s tate is then 

where 

I �6 I 0.6 = - 0.3 C s 

o.; 0 . 9  - 1 (GeV/c) 2 

and the slope o.8 of a colour 8 bound s tate is  

o.� = _re; = 3- o.; "c; 3 

The orbital excitations � corresponding to an angular momentum L between two 
quark clusters , each with colour N (N) is supposed to be given by 

For a given orbital angular momentum, the maximal spin is J 

S1 �nd S2 are the spins of the · two clusters . 

The s tates with the same L are degenerate in this approximation, this de­
generacy is then partly lifted by the colour-magnetic interaction inside each of 
the two clusters at the ends of the colour-electric tube .  

To  fix the spins and masses of all  the multiplets of such a system, we need 
then only to know o.O ,N " One established s tate will give us o.O ,N 
are then (approximately) determined . 

and all others 

Let us now show what happens if we [like Chan et al . 5)] suppose that the 
2 . 95 GeV ppTI s tate of Evangelista et al . is a JP 

= 4- s tate of qqqq with a 
colour sextet bond . Additional s tates are then predicted ( shown by arrows in 
Fig . 1) . 

These s tates are all in the non-s trange sector of the qqqq system. Tsou11) 

wondered where the I = �. S +l s tates on the leading s trange trajectory would 
lie ; she calculated this in a completely parameter-free manner and compared the 
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so predicted states with preliminary data12) on K-p � App ,  App11° and - + Ap11 n at 
12 GeV . The mass of her predicted s tates is shown by arrows on Fig . 2 .  I would 
not say that these figures confirm the existence of colour 6 bound states but 
clearly they do not contradict them either . 

If there is little evidence for narrow high-mass baryonium states there are 
still less states that could be convincing representatives for narrow qqqqq 
states . The only ones could .be the narrow A11+11- and J\+11-11+ states with mas­
ses 2 . 13 and 2 . 26 GeV 13) . Their production cross-section is , however , so high 
that our present understandingS) , l4) , lS) of multiquark production gives us trouble 
with their interpretation . The masses , however , fall in the region where octet­
bound (qqq) (qq) states would lielS) . Fukugita will tell more about colour 6 
bonds between qqq and qq . Here I shall tell some of the results15) coming 
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from work by Paul Sorba and myself which concerns curvature of Regge traj ectories . 
We have solved the problem of calculating the �plitting of the s wave states due 
to the colour-magnetic interaction -- the results would , in the MIT bag model ,  

16) be inside .he bounds found for such s tates by Jaffe • As in the diquonium case 
the effect ,,f the s wave binding has quite interesting consequences for the shape 
of the Regge traj ectories . There , the very s trong attraction in the s wave of 
the lowest-lying nonet would suggest a fairly high-lying trajectory with very 
small slope at t = 0 .  Nicolescu17) wonders if this could be what is called the 
effective p '  trajectory known from pi-nucleon charge exchange . 

In the qqqqq system the same phenomena happens for an exotic trajectory, 
namely the one containing the Y 

tion of this traj ectory to M2 

* 
��� 

2 Z (I = 0) state . Any reasonable extrapola-
0 will  give an intercept above -1 .  This would 
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mean that K-n backward scattering should be almost as slowly varying with energy 
as processes that involve normal hyperon exchanges . This is shown in Fig . 3 .  

This corresponds t o  (approximately) the lower limit where the * 
Z (I O)  states , 

marked with crosses , can be found . Unhappi ly ,  there are no data on backward K-n 
* scattering . For the Z (I = 1) the curvature is opposite , the repulsion due to 

the colour-magnetic interaction is greater in the ground state than for L excited 
states . We therefore have no problem in understanding why K-p backward scatter­
ing has such fast decrease with energy . 

A possible Regge trajectory for Z*( 1=0) exchange 

10 

FIG. 3 
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MULTIQUARK STATES 

RL-78-053 
T . 222 

FURTHER POSSIBILITIES OF OBSERVATION 

M. Fukugita 
Rutherford Laboratory, Chilton, Didcot ,  Oxon , England 

ABSTRACT 

We consider two possible places for observing mul!iquark state s :  
(i) The BBB channel in which bound states of qq with_ qqq might be observed 
and (ii) e+e- annihilation as an additional means of seeing four quark 
state s .  Possible spectra and decay systematics are presented.  
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New families of resonances have been reported in BB channels and in 
channels  associated with BB l )  They are naturally regarded as candidates 
for the so-called baryonium configurations ,  bound states of a diquark and 
antidiquark. In this report we shall consider two possible places where 
multiquark states can be observed other than the channel associated with BB: 
(i) one might look for 4q + l q states in BBB channel - such bound states 
of qq with qqq form an analogue of baryonium but with baryon number B = 1 ;  
(ii) secondly, one might look for 2q + 2q states in e+e- annihilation 
experiment ,  especially below the BB threshold.  

Mode l .  We take a model originally proposed b y  Chan and H�gaasen for 
the · baryonium 2) The baryonium configurations are bound states of a diquark 
and an antidiquark confined in a kind of bag and separated by an orbital 
angular momentum centrifugal barrier , which inhibits the baryonium from 
dissociating into two qq pair s .  In other words , baryonium is a string-like 

FIG. I 

obj ect with (qq) and (qq) at the two ends (Fig .  1 ) . The diquark (antidiquark) 
is assumed to stay in an S-wave . 

We have two kinds of baryonia, depending on whether the diquark 
(antidiquark) forms 1* <1) or 2_(2_*) representation of colour SU(3) . We call 
them T- and M-baryonia (or T- and M-diquonia) . The T-baryonium can be cut 
at the middle of the string and is expected to have a normal decay width into 
a baryon-antibaryon. pair . Candidates for this kind of baryonia are T (2 .  1 8) , 
U(2 . 3 1 )  and V(2 . 48) l , )) The M-baryonium cannot simply be split  into a BB 
pair because of a colour 6 flux passing 
which have been reported at 2 .02 , 2 . 20 
candidates b . t t for M-type aryonia. The 

along the 
4) 2 . 95 . 

decay of 

tube . The narrow states 
5) etc . are obvious ' 

baryonium into mesons is also 
shown to be suppressed from the viewpoint of duality .  The extension of the 

6) model to more general multiquark states is  straightforward For B = O, 
we have (qq) 8 - (qq) 8 ' (qqq) 8 - (qqq) 8 ' (qqq) l O - (qqq) 1 0* • (qq) 3* - (qqqq) 3 
etc.  in addition to the baryonia : (qq) 3* - (qq) 3 , (qq) 6 - (qq) 6* " 

t It is of prime importance to establish their exis tence beyond doubt .  

t·i·A doubt is being thrown on the exis tence of 2 .  95 5> 
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( 1 )  q q  - qqq states ("Pseudobaryon " )  
7) 

We have two kinds of five quark configurations for B = J : a bound 
state of qq (colour .!?_) with qqq (colour .!?_) ,  and a compound of qq with qqq . 
We call the former "mesobaryon" and the latter "pseudobaryon" (see Fig .  2) . 

FIG. 2 

The pseudobaryon is the B = J analogue of baryonium (diquonium) in the sense 
that it is obtained by replacing an antiquark in the baryonium with a diquark . 
It is further divided into two classes according to whether the two clusters 
form colour triplet or sextet representation (T- and M-pseudobaryons) . Some 
of the M-pseudobaryons will  have narrow decay widths , while T-pseudobaryon 
configurations wil l  have normal width into a baryon plus mesons . Hereafter 
we shall concentrate on the M-pseudobaryon , which is more interesting from 
the viewpoint of observability .  

Spectrum. The M-pseudobaryon is classified into six families 
according to the spin content of its constituent clusters : 

colour SU(3) , spin total quark spin flavour SU(3) 
qq x qqq qq x qqq 

I Ci,_!.) x <i* .'}) J /2 6 x <2 @ � 
II Ci,_!.) x Ci* ,f:) 3/2 6 x (2 ED _!2) 
III Ci,_!.) x <i* ·D I J /2 6 x (2 ED i*) 
IV <i.2) x <i* ,±_) J /2 ,  3/2 3* x (2 ED J S) 
v <i.2) x Ci* ,!:_) J /2 ,  3/2 , S /2 3* x (2 ED J S) 
VI <i.2) x <i* ·D I J /2 ,  3/2 6 x (2 ED i*) 

In order to get a mass  spectrum, we assume (i)  linear rising trajec­
tories with a Regge slope proportional to the inverse of colour flux in the 
tube S) ; (ii) a mass for the ground state (extrapolation to L = O) given 
by the sum of effective quark masses involved and an interaction energy 
proportional to the colour SU(3) Casimir operator for the clusters ; and (iii) 
a colour-magnetic hyperfine interaction 9- J J ) among quarks (and/or antiquarks) 
in the S-wave , which gives rise to a mass splitting among states in different 
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colour-spin representations . The spectrum (for L >, I )  is shown in Fig. 3 .  
(The orbital angular momentum and parity are shown a s  LP) .  
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FIG. 3 

Decay. As in M-baryonia, M-pseudobaryons (we denote it as '13 )  cannot 
be split into a baryon and a baryonium( J\f ) . A dominant decay mode would 
appear to be by cascade , i . e . ,  by emission of a meson or a baryon from one 
of the clusters : 

+ 1T 

+ L__,. d3 "  
L_ 

1T + 1T 

l___, · · · (BB) 

When the final s tate d?, '  (or vi{' ) has the same orbital angular momentum L 

as the initial state tJ3 ,  i . e . , 6L = O ,  no suppression mechanism works and 
the decay has a normal width provided that the phase space is sufficient . 
On the other hand, cascade decays changing L (6L # 0) require a quantum fluc­
tuation followed by an emission of 11 (N) and they may be relatively suppressed .  
A prime candidate for 6L # 0 cascade decay is  given by X ( 2 . 95)�X(2 . 20 )+11 S) , 
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where X(2 . 95)  and X(2 . 20) are assigned to JPC = 4-- (1=3) and 3-- (L=l ) , respec­
tively 2) Taking � + NTI as an example of �L = 0 cascade,we have the suppres­
sion factor r [X(2 . 95 )  + X' (2 . 20)+ TI ] (roitp3) I r [� + N + TI ] (mz!p3) ::: 1/50 .  

In Fig.  4 we show an estimate of the total width and branching ratio 
to N + baryonium (L i 0) for the parent pseudobaryons in the typical mass  
region 11  � M2 � 14  (GeV) 2 (L  3 � 5) . 

I 

II 
IV 

v 

III 

f tot (MeV) BR (%) 

1 50-300 5-20 

30-80 <20 
200-400 5-30 

20-60 5-40 

20-40 < 1 0  

J L + 1 /2 

J L + 3/2 
J L + 3/2 

J L + 5/2 

J L + 1 /2 

VI 5- 1 5  1 0-30 J = L + 3/2 

FIG . 4 

The result shows that the states II ,  III ,  V, VI listed above should be 
seen as narrow peaks . Of these the state V (rtot 
tial branching 'ratio ( 1 0-30%) for the mode O!, + N 

$ 20 MeV) has a subs tan-
+ Jl1 (L >, 1 ) .  The state 

V has similar properties (r tot $ 50 MeV, BR = 25 � 
L+ BB 

40%) . Although the non-
strange members of the states IV(V) have non-exotic isospin and may appear 
as an ordinary baryon (crypto-exotic) l l ) ,  a clear signature of the pseudo­
baryon will  be given by a characteristic decay pattern a cascade into ppp 
with pp forming one of the narrow baryonium states X(2 . 0) , X(2 . 2) , etc. 

Mesobaryon . Some of the mesobaryon state s ,  if they exist,  may have 
narrow total widths . The mesobaryons ,  however,  are distinguished from the 
pseudobaryon by their decay mode s .  The former decays into another mesobaryon 
by emitting TI or into mesonium by emitting N and finally it decays into a 
nucleon + multipicns.  In the decay of the pseudobaryon an NNN mode can be 
significant . 

Production . We expect that the pseudobaryon is produced diffractively 
in the proton fragmentation region as pp + i.8 + anything.  This is  quite 

L (ppp) forward 
analogous to the diffractive production of baryonium TI p + fl[ + anything 

L(pp-) forward 
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Both productions go through the mixing between qq and qqqq states in the 
Pomeron (see Fig . 5) .  Ignoring mass effects , we may expect 

o (pp -+ if3 + anything) I o (rrp -+ A{ + anything) :::: oT (pp) I oT (rrp) . 

FIG. 5 

Using an empirical production 
cross section o (rr-p-+X(2 . 95 ) + 
+ anything) · B (2 . 95 -+ pp + rr) ::; 

� I µb S) , we estimate 
o (pp -+ B + anything) B (US -+ ppp) � 

:::: . I µb . 

(2) Multiquark states in e
+

e
-

reactions 
12) 

Electron-positron annihilation seems to give us a good place to study 
multiquark states at low energies due to the restrictive nature of the one 
photon process . Let us confine ourselves to the low energy re5ion such as 
W $ 2 GeV. The only baryonia couple to e+e- in this mass reigon have L = I .  
(Note that parity p = (-) 1 . ) 

We have to take account of the L•S force for baryonia with L = I ,  which 
has been ignored so far . (The L•S force gives z 300 MeV mass splitting in the 
L = I ordinary mesons . )  We estimate the L•S force in baryonia, by assuming a 
formula suggested from one gluon exchange interaction and setting the scale 
from the A2 , A1 , o mass splitting . We f.ix the overall spectra for T-baryonia 

PC -- PC -- t by T (2 . 1 5 ,  J = 3 ) and for M-baryonia by X(2 . 2 , J = 3 ) , both of which 
are assigned as members of L = I multiplets . We have found that this 
prescription explains the fine structure of narrow peaks in pp system 
(rr-p pp + • • •  ) in the mass region 2-2 . 22 GeV. 4) We present in Fig. 6 the 
spectrum of baryonium (L = I )  for M � 2 GeV) . 

Decay. T-baryonia decay into pp with a normal width (r � 1 00 MeV) , if  
they are above threshold. In M-baryonia and in T-baryonia below the pp 
threshold,  the following suppressed decay modes are competing: (i)  Cascade 
decays between T-(M-) baryonia with 61 = 0 (shown in Fig. 6) (ii) Decays 
into rrrr (or rrp) due to a rearrangement of a qq pair or an annihilation 

t Recent observation in a pp -+ K+K- analysis suggests the assignment 
JPC = 3--(IG = 0) for X(2 . 2) 3) 
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20 8 
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0 

l 
0 
0 

0 

followed by a creation of a qq pair. A suppression of this mechanism is  
suggested by dual unitarization scheme 2), A suppression factor l o \ 2 

= I / 30 
is estimated from r (T + 11+11-) I r (T + pp) � I / I 2 I ) ; (iii) Cascade decays 
into L = 0 baryonia ( L = I ) .  A typical width is estimated to be r � (a few) 
x I O  MeV. (iv) M-baryonia may decay into pp above threshold due to colour 
3* - � mixing .  

An estimate of widths is given in Fig. 6 .  We predict that some of the 
baryonium states have narrow widths r $ several x I OOMeV. This value should 
be compared with the width of ordinary meson r � several x IO MeV. The 
decay (i)  and ( iv) may give good signals for baryonia. 

Production of baryonia. The production includes a vertex which is  
forbidden by the generalized OZI rule or Freund-Walz-Rosner rule I 3) (Fig . 7) . 

FIG. 7 

Assuming a suppression factor o for a 
forbidden production (annihilation) of 
a qq pair, we have the following 
suppression: 

Consideration of various OZI rule forbidden processes suggests that 
l o l 2 

� (0 . 05 ) 2 1 4) From this we obtain l o l 2' � I /20 in agreement with the 
estimate I o  1 2 � I /30 from T + 1111 / T + pp . Thus we predict that the production 
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cross secfiion of baryonia is 20-30 times smaller than that of ordinary vector 
mesons . 

qther multiquark state s ,  We can also hope t o  observe "mesonium" con-
- - + -figuratU.ons (qq) 8 - (qq) 8 in e e annihilation. In mesonia an I = 1 state is 

always degenerate with an I = 0 state , while only I = 0 states appear in the 
lower levels of the baryonium spectrum. The systematics of decay i s  essentially 
the same as for baryonia. 

The above considerations extend to configurations with even more quarks 
and suggest  that one might be able to observe narrow multiquark states with more 
than 6 quarks even at low energies (due to a possible big hyperfine energy in 
some cluster states 6) ) .  It turns out, however , that such states are generally 
unstable against  dissociation of a qq pair from one of the clusters (super­
allowed decay) . Baryonia and mesonia appear to be the only multiquark states of 
narrow width which one would expect to observe in e+e- annihilation for W < 2GeV. 
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WHAT IS GLUE GOOD FOR? or GLUONS COME OUT OF THE CLOSET 

Abstract 

S .  D .  Ellis t 
Department of Physics 

University of Washington 
Seattle , Washington , U . S . A .  9 8 19 5  

The possible role of gluons in  hadronic processes as suggested 
by the quark-parton mode l and QCD is discussed and evaluated . 
Attention is  focused on heavy (e . g . , charmed) hadron production , 
large pT hadronic physics , and massive lepton pair production at 
large pT . A discussion of more rigorous tests of QCD and the 
role of gluons in e+e- annihi lation is also given . 
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Introduction 

The most dramatic and encouraging deve lopment in Strong Inter­
action physics in the past few years has been the emergence of a 
candidate field theory to describe these interactions . Thi s situ­
ation is in sharp contrast to that which obtained ten years ago 
when , at least at one we ll known institution of higher learning , it 
was "taught " that field theory was irrelevant to Strong Interac­
tions 1 l . It is important to keep in mind this rapid rate of recent 
developments when asses sing the value of the physics discussed be­
low . In particular , while quarks have now become well established 
as important (and valid ) phenomenological and theoretical entities 
(albeit after a rather checkered early history) , it is  only with 
the recent emergence of a pos sibly correct theory of interacting 
quarks and vector gluons , Quantum Chromo-Dynamics (QCD ) , that a 
simi lar role has been thrust upon gluons . Crudely stated , if the 
gluons are present inside hadrons , then it is important to consider 
in what fashion the gluons make their presence explicitly felt in 
the interaction of hadrons . Skepticism about the role of gluons 
should be considered in the light of earlier skepticism about the 
role of quarks , a skepticism which has now largely vanished in the 
face of repeated successe s .  

This talk is  intended a s  a partial review2 )  o f  recent pro­
gress in the study of the role of gluons in hadronic interactions . 
The general outline is to proceed from highly phenomenological 
(i . e . , conjectural ) topics to more rigorous applications of gluon 

physics which are explicitly re lated to the basic field theory . 
In particular , the last section of the talk i s  devoted to one 
attempt to define experimental tests of the basic properties of 
QCD and gluons which can be unambiguously calculated in perturba­
tion theory . 

Quarks and Gluons in QCD 

Within the context of QCD the gluons (which form an octet 
under "color " transformations )  serve to mediate the interactions 
between the quarks and among the gluons themselve s . These inter­
actions exhibit strong infrared divergences and it is presumed 
that the long distance interactions are sufficiently strong to 
insure the "confinement " of all color nonsinglet state s .  At the 
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other end of the spectrum the non-Abe lian character of the theory 
( and the gluons)  insures that the effective "runnning " coupling is 
small at short distances and vani shes in the limit of zero separa­
tion3 ) . This feature of the theory is generally accepted as the 
explanation of the apparent succes s  (or more precisely , near 
success )  of the naive quark-parton model as applied to processes 
involving interactions at "short distances " .  Within the naive 
model the quarks are treated as free at short distances while the 
distributions of quarks within a hadron (which involve long 
distance , confinement physics ) are as sumed to depend only on the 
fraction of the total momentum carried by the quark ( scaling) • A 
simi lar assumption is made concerning the distribution of final 
state hadrons which arise from the evolution of the scattered 
quark . In this  case the scaling i s  in terms of the fraction of the 
quark ' s  momentum carried by the hadron and the distribution is  
referred to as the distribution of hadrons in a jet .  In  situations 
where some rigor is possible , e . g . , e+e-+ hadrons and ep + ex { see 
fig . la and lb ) , the corrections to thi s  naive picture which result 

·x: e- q 

( a ) 

( c )  

Fig . 1 Simple quark processes : a )  
b )  
c )  
d )  

e 

( b )  

( d ) 
+ -e e + hadrons ; 

ep + eX i 
Drell-:Yan i 
large pT . 

q 

387 



from the interactions inherent in QCD are found to be rather 
sma113 l . Cross sections do not scale precisely but rather moments 
of the cross sections vary as prescribed powers of the logarithm 
of the relevant large kinematic variable , a behavior in good 
agreement with the data . The application of the naive quark model 
to more complex proces ses involving two initial hadrons , e . g . , the 
Drell-Yan process 4 l consisting of quark-antiquark anni hilation into 
a massive virtual photon ( see fig . le ) ,  or large pT hadronic pro­
duction5 )  involving large angle quark-quark scattering ( see 
fig . ld ) , was accomplished by the assumption that these processes 
can be described by the incoherent convolution of up to three com­
ponents as suggested in fig . 1 .  For the large pT example the 
three components are : 1 ) the distributions of quarks in the ini­
tial hadrons , taken , for example , from single hadron processes 
like ep + ex ; 2) the quark-quark scattering proces s  in lowes t  
order ; 3 )  the hadron distribution i n  the produced large pT j e t ,  
taken , for example , from e+e- + nX.  More explicitly thi s struc­
ture , for the process A +  B + C + X ,  can be expressed as 

d3cr I E d3p 
A+B+C+X 

J d;c d2kCDC/c < zc.'kc l � o ( s  + t + u )  
z c 

( 1 ) 

where Fa/A is the distribution of quark a in hadron A (xa = pa/PA 
and ka is a transverse momentum variable ) ,  DC/c is the dis­
tribution of had�on C in the jet initiated by quark c ( zC/c 
Pc/Pe l , and dcr/dt is the quark-quark scattering cross section ( A 

refers to quark-quark variables ) .  That this naive extension to 
more complex processes is appropriate in the context of QCD has 
yet to be fully demonstrated but early indications6 l are that the 
naive model is , in fac t ,  the correct starting point . 

Hadronic Production of Heavy Hadrons 

Having set the stage with the phenomenological applications of 
quarks , as illustrated in fig . 1 , the phenomenological applications 
of gluons arise simply by replacing quarks with gluons in these 
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figures . Perhaps the first direct discussion of the possible role 
of gluons was in the hadronic production of hadrons containing 
charmed quarks7 1 8 ) . The idea was to replace the qq pair in fig . le 
by gluons and the mass ive photon by the n0 , the pseudoscalar 
partner of the �/J partic le , as shown in fig . 2a . To calculate one 

"le 

( a ) 

"11J 

( d )  

c c 

( b )  ( c )  
"1/J 

+ 

( e )  
Fig . 2 Simple gluon processes : a )  n2 production ; 

b )  cc production ; 
c )  �/J + y production ; 
d )  and e )  �/J + g!uon production . 

need only make an assumption as to the form of the gluon distribu­
tion in protons ( the total momentum in glue is known to be about 
50 % ) , about which there are various theoretical biases (e . g . , 
fg "' ( 1  - x) 5 , x = pg/ph ) and an assumption as to the n0 -+- gg 
coupling . One can also estimate in this  model total hadronic pro­
duction of charm via the gluonic production of an unconstrained cc 
pair as in the diagrams of fig . 2b . Such estimates can easily 
account for the 10-lO O µb charm production cross section suggested 
by the recent "beam dump " experiments discuss�d in thi s  meeting9 ) . 
The best measured cross section involving the production of the new 
heavy particles is for �/J production . It was suggested7 )  that 
production might occur via the gluonic production of the x0 states 
which would then electromagnetically decay to yield a �/J and a y 
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as in fig . 2c .  Recent data on w/J-y coincidences suggest that 
this process may indeed account for part of the observed w/J 
signallO ) . Note that this mechanism al lows a simple explanation of 

·the suppression of w '  production (but not T '  production ) since the 
x0 ' states are above the threshold for hadronic decays (while the 
corresponding states for the T '  are presumably not) . 

More recent theoretical studies8 ) have included consideration 
of the gluonic or qq production of color octet states which then 
decay into the w/J via gluon emission as in fig . 2d and 2e (we are 
explicitly ignoring the small 3 gluon coupling of w/J to qq and the 
role of charmed quarks in the hadronic sea ) . Analyses8 ) involving 
a mix of these processes seem to allow a good explanation of the 
existing data including the sizeable ratio of pp + w/J + x I 
pp + w/J + X which would be unity in a gluon dominated model .  How­
ever , as x = Mw/J/./i becomes small in larger s data one does expect 
gluon dominance for most model gluon distributions and it wi ll be 
interesting to see if this ratio approaches one . 

Another important test is to compare the excitation curves 
(a C s ) ) for the �/J (M2 � 10 GeV2 ) with that for the T CM2 � 

100  Gev2 ) to look for the predicted differences due to QCD scaling 
violation effects in the gluon distributions . Overall hadronic 
production of heavy particles appears to be a good place to test 
our phenomenological ideas about the role of gluons . At present 
the data are certainly consistent with expectations , including 
gluon distributions bemaving essentially as ( 1 - x ) 5 . 

Gluons in Large pT Physics 

The most promising arena for the observation of the character­
istics of individual hadronic constituents in purely hadronic pro­
cesses is the inclusive production of hadrons at large pTS ) . As 
illustrated in fig . ld this is conjectured to occur via the large 
angle scattering of two constituents11 l . In order to calculate 
this process within the context of QCD ,  even assuming the simple 
factorized form of fig . ld and eq . ( 1 ) ,  one must di scuss not only 
the standard quark-quark scattering term (fig .  3a)  but also in­
clude the possibi lity of gluon-quark scattering (fig . 3b) , and the 
possibility of 2 gluons in (fig . 3c)  or out (i . e . , qq + gg , 
fig . 3d) or both12 1 13 )  (fig . 3e) . As in the previous section the 
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Fig . 3 Simple scattering : a )  qq i d )  qq + gg i 
b) qg i _ e ) gg + gg . 
c )  gg + qq i 
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gluon distributions are presumed to be sharply peaked at small 
x = pg/ph . Furthermore , since a gluon must ftrst fragment into 
quarks before it can start to produce hadrons , a jet  initiated 
by a gluon is presumed to produce more hadrons with smaller average 
z = ph/pg than a corresponding quark initiated j e t .  Thus the domi­
nant effect of the inclusion of gluons in large pT physics is to 
increase the cross section at small xT = 2pT/IS' which i s  particu­
larly useful in fitting the higher s data from the ISR12 1 1 3 )  

O f  course one must also include the effects of gluons a s  they 
are realized in the nonscaling behavior of the quark , gluon and jet 
distributions . Several parameteri zations of this momentum depen­
dence are available14 • 15 )  which are fairly similar for the experi­
mentally re latively "well" determined quark di stributions but 
differ considerably in the less we ll specified gluon distributions 
as noted below . These di fferences appear to ari se from differing 
assumptions about the input shape of the gluon distribution [e . g . , 
( a + bx) ( 1 - x) 4 instead of ( 1  - x ) 5 J .  Finally , even for lowest 
order scattering , account must be taken of the feature of QCD that 
the effective coupling is a decreasing function of pT

2 • The result 
of the convolution of all these effects is to produce an inclusive 
cross section Ed3o/d3p which , at large pT and fixed xT ' exhibits a 
behavior much more like the observed pT

- B behavior than the naively 
expected p�4 form12 • 1 3 ) . In fact,  with the inclusion of some 
internal transverse momentum for the constituents within the ini ­
tial hadrons , one can achieve a quite acceptable fit to the 
observed data over a wide energy range 12 • 13 l . Unfortunately 
detai led fits within the presently accessible pT range depend 
strongly on the assumed shape of the constituents ' internal pT dis­
tributions . At best one can only argue for the consistency of QCD 
and the simple factorizing picture with the data . To actually 
test the predictions of QCD wi ll require data at considerably 
larger pT ' s  (pT >> 4 GeV/c ) where the cross section should exhibit 
a slower fall off at fixed xT . There is  actually some evidence 
that this is the case 16 ) . 

Returning to the explicit role of gluons in large pT physics , 
the results of ref .  13  (the reader is referred also to the talk of 
A. P. Contogouris e lsewhere in these proceedings ) suggest a 
sizable role indeed . For example in the process pp + n° + X at 9 0 °  
with IS' =  19 . 4  GeV and a t  pT = 1 . 9 4 GeV/c 4 6 %  o f  the triggers 
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are found to arise from glue jets while at pT = 6 GeV/c the frac­
tion is only 3 % .  At IS =  53 GeV and pT ' s  of 2 and 9 the correspond­
ing fractions are 4 3 %  and 7 % .  However the reader i s  warned that 
these results presumably are sensitive to using the gluon distribu­
tions of ref .  15 which have a larger density of intermediate x 
gluons than is generally assumed [ i . e . , an input shape like 
(a + bx) (1 - x) 4 rather than (1 - x ) 5 J .  It would be informative to 
test this distribution in the hadronic production calculations of 
the previous section . As noted above the large gluon induced con­
tribution at small xT is  very he lpful in explaining the shape and 
magnitude of the exi sting data on single particle inclusive produc­
tion . 

A perhaps more striking result is the role of gluon induced 
j e ts for the particle s  produced opposite the large pT trigger 
partic le . Since gluon induced j ets are assumed to be les s  
efficient than quark jets a t  giving a large fraction o f  momentum to 
a single hadron , their  role is  re latively suppressed on the trigger 
side . However ,  in the calculations of ref .  13 , the quark-gluon 
scattering term ( fig . 3b) leads to a dominant contribution of gluon 
jets opposite the trigger.  The fraction of opposite j ets which are 
one gluon induced for the process pp + rr0 + h± . + X are 7 6 %  opposite 
and 4 3 %  at PTrigger = 1 . 9 4  GeV/c and 6 GeV/c at IS = 19 . 4  GeV and 

6 9 %  and 51%  at pTrigger = 2 GeV/c and 9 GeV/c at IS =  5 3  GeV. Thi s  

large gluon j et contribution tends t o  reduce the number o f  large pT 
( i . e . , large xE=ph/pT . ) hadrons opposite the trigger relative to rigger 
a pure quark-quark model ,  an effect useful in order to understand 
the data 1 3 ) . Also the inclusion of even a small fraction of gluon 
induced jets on the trigger side wi ll lead to a smaller average 
hadron momentum within an average j e t .  This means that for calori­
meter (i . e . , jet )  triggers17 l , the ratio prediction for the rate of 
jet  versus single hadron triggers at a fixed pT will increase as a 
result of the inclusion of gluons , an apparently desirable effect 
although the experimental situation is  far from clear . In summary 
the gluons appear to play an essential role i f  one is to under­
stand large pT physics in terms of elementary constituent scatter­
ing18 l At the same time the results of this area of study are not 
of sufficient rigor to actually be able to test QCD here . 
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Glue as a Source of Large pT in the Drell-Yan Process 

Since this question is  discussed in detail elsewhere in these 
proceedings19 l , the present discussion will be brief . The Drell­
Yan process4 ) , fig . le , is  viewed as the source of the large mass 
lepton pairs observed in pp collisions 20 l .  Since these pairs are 
seen to exhibit sizable average pT (<pT> � 8 0 0  MeV/c ) with respect 
to the beam direction , gluon emission , as i llustrated in fig . 4a , 

q�g y • 
q .I. 

1 g�q y • 

q 
1 

:1 g�q y• 

q .4 
I 

( a ) ( b )  ( c )  

Fig . 4 Large pT Drell-Yan : a )  g emission ;  
b )  and c )  g incident and q emission . 

has been discussed2 1 l as a possible source . Of course it was also 
noted21 l that gluons can participate as one of the incident con­
stituents as i llustrated in fig . 4b and 4c . The central difficulty 
in exploring the gluon emission contribution is that the diagram 
involved behaves as 

( 2 )  

i . e . , i t  exhibits an infrared divergence . Various methods have 
been proposed to handle this question including putting in an 
explicit quark mass or simply cutting off the distribution at small 
pT . While it is likely that gluon physics plays an important role 
in the Drell-Yan process , it seems clear that simple gluon emission 
cannot explain all of the observed pT of the lepton pair .  Thus , at 
present energies , nonperturbative ( i . e . , noncalculable ) sources of 
pT are sti ll important . Hence this is not the process to precisely 
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test out understanding of gluons and QCD . Thus while gluons are 
certainly an important part of the phenomenological understanding 
of various hadronic processes , this connection cannot yet be in­
verted to actually check whether QCD i s  the correct theory of 
Strong Interactions . One attempt to define processes which can 
provide precise tests is discus sed in the next section . 

Gluons in Precise Calculations 

From the discussions of the previous sections it should be 
apparent that at least part of the difficulty of defining experi­
mental tests of whether QCD is the correct theory arises from the 
presence of hadrons in the initial state with their attendant con­
stituent distribution functions . Essentially the only reliable 
tool available for calculation is perturbation theory . Even when 
augmented by the simultaneous application of renormalization group 
techniques , one can , at present , only calculate the large momentum 
transfer behavior of these distribution functions , taking the low 
momentum behavior from the (presently rather incomplete ) data . To 
attack the full hadron�hadron problem starting from first princi­
ples , i . e . , the QCD Lagrangian , is at present impossible . A 
natural response to thi s situation is to study e•e- annihilation 
into hadrons which removes the problem of initial state hadronic 
wave function s .  Furthermore , one must avoid introducing noncalcu­
lable quantities via the specification of the final state . For 
example , the single pion inclusive cross section is not calculable 
in perturbation theory alone . However , it does appear possible to 
calculate the total e+e- annihi lation cross section in perturbation 
theory . The procedure is to calculate the cross section for the 
production of massless quarks and gluons in renormalized perturba­
tion theory and then , using the renormalization group , replace the 
fixed renormalized coupling with the effective running coupling 
constant which behaves at large total energy W as 

( 3 )  

where Nf i s  the number of quark " flavors " and µ defines the renor­
malization point . The parameter µ is generally chosen22 l to have a 
value around 5 0 0  MeV in order to minimize the ( lnW/µ ) -2 corrections 
to the leading behavior of eq . ( 3 ) . The result of this 
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perturbative calculation of atot is in exact agreement with the 
results of the more rigorous scheme of studying the absorptive part 
of the photon propagator . The success of thi s  asymptotically free 
perturbation calculation for atot suggests2 3 l the possibi lity of 
the existence of an heriarchy of partial cross sections for the 
e+e- annihi lation process which are both preci sely calculable and 
accessible experimentally .  Furthermore , since the validity of the 
perturbation calculation res ts on the exi stence of a massless limit 
so that the renormalization group can be employed to put all non­
trivial W dependence into the running coupling of eq . ( 3 ) , one can 
interrogate the theory itself as to which quantities are appropri4te 
to calculate in this fashion . In particular , within this  scheme 
those quantities which exhibit explicit infrared singularities can­
not be reliably calculated . For example , if a mass m i s  intro­
duced for the gluon (or quark ) to provide an infrared cutoff , some 
cross sections wi ll be calculated as a power series in the quantity 
(g2lnW/m) which is not well behaved in the W + oo or m + 0 limit . 
Thi s  situation i s  interpreted as an indication that such cross 
sections cannot be reliably calculated in perturbation theory and 
therefore it is not possible to obtain intuition about these pro­
cesses by considering simple perturbation diagrams . However , 
other quantities ,  like the total cross section , are free of such 
divergences and can be precisely calculated in perturbation 
theory2 4 l and should be directly comparable to experiment . This 
discussion is , of course ,  only relevant far from any explicit quark 
thresholds . 

Cross sections of the nature discussed above are presently 
being studied2 5 )  at the University of Washington . The basic idea 
is to consider inclusive processes which measure energy deposition 
in a fixed angular region . Such quantities should be insensitive 
to soft gluon emission or the branching of quarks into quarks and 
gluons , the usual sources of infrared divergences .  Also it should 
be feasible to compare energy deposition calculated as if it occurs 
via quarks and gluons to experiment where it occurs in the form of 
hadrons . As demonstrated by low order calculations25 1 2 6 l these 
cross sections have a well defined perturbation expansion in the 
limit of zero quark and gluon mas s .  Thus the renormali zation 
group can be used to replace g2 by gw2 where all the nontrivial W 
dependence, is in gw 2 Hence for large enough W ,  the series 
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expansion is always rapidly convergent .  The simplest such cross 
section is  the "antenna pattern" dl:/drl defined to be the hadronic 
power radiated into solid angle an divided by the energy flux in 
the e+e- beams . Considering the case of e+e- beams polari zed 
transverse to the beam direction and defining a polar angle 1jJ 
measured from the polarization direction , the order g2 result is25 ) 

dl: a2 2 G . 2 gw 2 
2� 

drl = -2 l 3Qf sin 1jJ + -2 cos iµ 
2W f 211  

( 4 )  

where a i s  the fine structure constant ( �  1/13 7 )  and Qf are the 
electric charges of the various quark flavors in units of the elec­
tron charge . The relevant perturbation diagrams are displayed in 
fig . 5 .  

( a )  ( b )  ( c ) 

Fig . 5 e+e- � hadrons : a )  qg ; 
b )  virtual gluon ; 
c )  gluon emission (+ crossed case ) . 

Thi s  calculation does not include corrections due to the 
fragmentation of the quarks and gluons into hadrons which are of 
order m/W compared to the logarithmic terms calculated above . 
These power corrections can be estimated2 5 )  by assuming that the 
hadronic distribution within a jet i s  a function of the longitudi­
nal momentum fraction times a rapidly cutoff transverse momentum 
distribution . This  quark fragmentation effect modifies the basic 
order (g2 ) 0 cross section to read 

�� (frag · ) = 
2
�� � 3Q/ Gin2iµ + i < sin2n> ( 3cos2iµ - lJ ( 5 ) 
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The quantity < sin2 n >  is  essentially the energy weighted average 
(over the hadrons in the j·et)  opening angle of the jet  induced by 
the fragmentation process ( i . e . , it is not a perturbative effect ) . 
With the above assumptions it has the form 

' 2 < sin n>  

where <hT> is the average transverse momentum in  a jet 
(<hT> � 300  MeV in the data ) and C is  the coefficient of the lnW 

dependence of the total multiplicity in e+e- annihi lation 
(<n> � C in W + constant ) .  

Comparison of eqs .  ( 4 )  and ( 5 )  suggests the definition of a 
total jet opening angle 

' 2 < s in n>TOTAL 

( 6 ) 

( 7 )  

where both the perturbative (precise)  and nonperturbative 
(phenomenological-confinement) contributions are explicitly dis­

played . Whi le this  simple additive approach is  certainly overly 
naive it probably does afford a reasonable estimate of the rela­
tive sizes  of the two effects . With Nf = 4 ,  C = 2 ,  <hT> = 3 0 0  MeV , 
and µ (eq . 3 )  = 5 0 0  MeV , the perturbation contribution already 
dominates by a factor 3 at w = 30  GeV . The "full " cros s section 
to order g2 and additively corrected for quark fragmentation i s  

The relative shape and size o f  thi s quantity with the parameter 
values given above is plotted for various energies in fig . 6 .  

While the prediction of eq . ( 8 )  is most directly tested with 
a calorimeter experiment (assuming that correction is made for 
heavy lepton production ) , making the assumption that the energy in 
neutral hadrons has the same angular distribution as that in 
charged hadrons and ignoring the caveat that one is to be far from 
thresholds , allows a compari son with existing charged hadron data . 
The resulting agreement is remarkably good25 ) . 
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Fig . 6 Antenna pattern . 

It is important to note that the individual contributions to 
eq . ( 4 )  arising from the energy in quarks and the energy in gluons 
separate ly exhibit infrared divergences .  It is only the total 
energy cross section which is a meaningful quantity to study per­
turbatively . This point also applies to the question of looking at 
the energy and electric charge weighted cross section in order to 
see whether ,  on average , fractional charge resides near the edge of 
phase space as an indication of "quarkine ss " . Since the glue does 
not contribute to this cross section , it will exhibit infrared 
singularities and not be calculable perturbatively . Hence one 
should not anticipate that the expectations which ari se from con­
sideration of the simple perturbative diagrams of fig . 5 wi ll be 
relevant . Also , whi le at order g2 the quark production cross sec­
tion ( i . e . , with no energy factor ) is  not divergent , it  is  found2 6 )  

to b e  divergent at order g4 i n  keeping with the phi losophy that the 
theory should not give sensible perturbative results for nonsensi­
ble quantities . Work is  continuing26 ) to study the form of higher 
order contributions to d�/dn and to i lluminate the structure of 
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more complicated correlations in the heirarchy of perturbatively 
calculable cross sections . 

Summary 

Progress in the understanding of the role of glue in Strong 
Interactions is progressing on several fronts .  Phenomenological 
studies of large pT , Dre ll-Yan , and heavy particle production 
physics give strong,  if somewhat ··peripheral , indications that gluons 
are indeed present in hadrons and with distributions consistent 
with naive expectations . At the same time more rigorous studies of 
the implications of gluons and QCD give every indication that con­
firmation that this is the correct theory is near at hand . 
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Introduction 

It is generally recognized that gluons play an essential role in many 
aspects of high energy collisions . This talk will emphas ize certain features 
of gluon physics which are crucial phenomenologically. We wil l  concen-
trate on two distinct types of gluons : 

a) Those which are an intrinsic virtual component of the Fack space 
of a color singlet hadron; and 

b) Those which are radiated as a result of enforced color separation 
as in the q - q f inal state of e+e- annihilation. 

In particular we shall focus on the distribution of soft gluons in 
phase  space and how these distributions influence various phenomena . Our 
approach will be based on lowest order perturbation theory. In QED the 
lowest order photon emission graph combined with the knowledge that soft 
photon graphs exponentiate in a Poisson mannerl )  is  sufficient to calculate 
quantities of interest ; in particular the number distribution � y ql. (where y, the photon fractional ( l ight-cone) momentum and ql., the photon 
transverse momentum, are defined relative to the underlying photon source) 
is given directly by the lowest order real emission graph. We wil l  pre­
sume that this applies also to gl.uons in QCD2)  -- calculations so far 3) 
indicate that if one thinks in terms of gluon bundles the appropriate ex-
ponentiation does occur . In any case the general features which we will 
discover from our low order calculations may have more general validity .  

Virtual Gluons in  a Color Singlet Bound State 

We begin by inv estigating the gluon distribution predicted for a meson 
bound stat.e of equal mass  quarks by the lowest order graphs of Fig .  1 .  4 ' S) 
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a 

----le fUo--
c 

Fig .  1 .  Gluon emission graphs for a meson bound state .  

b 

d 

Defining y = (q0 + q3) / (p0 + p3) ( p = hadron momentum, q = gluon momen­
tum , p.l = O) and x = (k0 + k3 ) / (p0 + p3 ) (k is the quark momentum) we 
obtain 

J
l 

dN y+O 4 as 1 1 -;. 
� = - - - -::-z- dx [ 2  G - (x p) - 2G - (x ,q ) ]  (1)  dy dq.l 3 1T y q.L 0 qq ' qq .L 

Here G - (x ,q ) is simply related to the form factor of the meson qq .l 
l 

F (q.l
2) = ( e  + e - ) J  dx G -(x , (1-x)q ) q q qq .l 

0 

with F (O) = Q the total meson charge ,  so that Jdx G (x , O) = 1. The trans­
verse momenta of the quarks has been integrated over in the above.  The 2 
.po.sitive terms in Eq . (1) come from the (a) and (b) graphs diagonal in the 
quarks while the 2 negative terms arise from the cross-term graphs (c) and 
{d) in which the q.L of the gluon is forced through the hadron wave function. 
In a dimensional counting6iramework the qq form factor is monopole behaved 
at high momentum transfer , q� -;. 00; if we also assume that the most import­
and x value is � } for equal q and q masses we may introduce the parame-
te' J.Zation 

QG ( 1 1 ) "' Q 
_qq 2• 2 q.l 1 + q2/t.2 .L v 

(3)  
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which is correctly normalized at q2 = O. Using these approximations in (1) .L 
we obtain 

dN y+O _! _!  
dy = y 3 

" 4 2 Max qJ. ; -2 log (1 + 
-=ll�v�-

2 Max Here q.L is determined by the kinematical limits in a particular sit-
uation; for example 

(4) 

f (5) 
[s

2

hadron scattering 

Q (w-1) deep inelastic scattering 

The fraction f (< . 5 ) corresponds to applying our results only to soft 
gluons . 

We now wish to examine the general features of these simple results :  
dN 4 )  (1)  � is intrinsically finite in the limit q + 0 because of y q

± dN .L 2  the color sing et cancellation. dy exhibits the logarithmic q.L behavior 
typical of asymptotic freedom with a mass regulation determined by the 
hadron size. 

(2) Quark counting applies5> . The meson factor 2[Gqq 
(x , O) -

G - (x , q  ) ]  is replaced by 3 [G (x , O) - Gqq (x , qJ.) ]  (x is a fraction of qq .L qq 
a diquark momentum in this latter instance for a baryon 3 quark state) . 
The functions G and G - both of which describe a 2 quark "communication" , qq qq ) are very similar in any simple theory obeying dimensional counting ;5 thus 
the number of virtual gluons in a hadron color singlet is proportional 
to the number of source quarks . 

( 3) 1 There is a distinct possibility that the hadron size, � , 
v is smaller for 

fl2 < fl 2 < fl 2 < p <j> 141 

hadrons composed of heavier quark types , e .g .  
ll 2 • 5) This would in turn lead to progressively smaller T 

numbers of gluons in these bound states. Whether or not the vector meson 
sizes really are proportional to the inverse vector meson masses themselves 
fl� « � (as might be guessed from monopole behavior combined with vector 
dominance) is a matter of speculation. Bag models exhibit little change 
in size with changing quark mass while linear potential models, with 
V = kr ,  have a size <r 2> � (k m )-2/3 which also decreases relatively q 
rapidly with increasing quark mass. Taking the vector dominance 
determination as an example we would obtain gluon densities in the ratio 
6 : 5 . 3 : 3 . 1 : 1 . 1 for p : <j> : 14J : T ,  at q� Max =  50 GeV2• Possible consequences 
will be discussed shortly. 

(4) The momentum carried by soft gluons in our approximation is4) 
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"'· 5 

J dy p g 

At 2 Max 50 , . 4  (for q l. 
a " s 

dN 4 as 
y - 'U  . 5  3 -;  (2 log 

dy 

soft gluons ) ,  

p " • 5 g 

and A2 
v 

4q .L 
2 Max 

(1 + )) AV 
M2 

p ' we obtain 

consistent with most estimations of the gluon momentum fraction in l ight 

hadrons . This indicates that our QED based approach of using a lower 

order perturbative calculation plus presumed Poisson exponentiation i s ,  

a t  least , consistent. 

2 7) Real Gluon Emission Through Enforced Color Separation ' 

(6) 

( 7 )  

Once again we will use the lowest order calculation a s  a guide. Con­

sider the case of e
+

e- annihilation in which the f inal state consists of 

a separating quar k (  3 of color) and anti-quark (3 of color ) .  As is well 

known these must radiate soft gluons (in a so called inside-outside 

cascade) which will eventually make qq pairs which in turn form into 

hadrons , see Fig . 2 .  

F ig .  2 .  Gluon emission i n  color separation followed by hadron 
production. 

The observed number of hadrons will thus ref lect the underlying number of 

soft gluons--perhaps being nearly ident ical as in the pair creation picture 

of F ig .  2 .  To calculate the number o f  soft gluons we consider the diagrams 

of F ig .  3 .  
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x + 

Fig .  3 .  Lowest order gluon emission diagrams.  

def ining 8 as  the angle between the emitted gluon and the color triplet 
quark in the q-q center of mas s .  If q is  the total gluon energy we f ind 
for q substantially less than the quark energy 

dN 
dqdcose 

2 as .!. (s3 + S3) 2 (1-cos2e) 
3 --;  q (1-s3 cos8 ) 2 (1+S3 cos8 )2  

) 

(8) 

��J log (9)  

Here s33 is the relative velocity of the qua rk and antiquark. Integrating 
from some minimum value of q determined by the fact that gluons cannot be 
effective when their wavelength is  longer than a typical (light) hadron 
size, we obtain in the limit p3 • p3 + 00 

<Il/iadr�n 

2p3 " P3 
(log -2-- + c1 ) + c2 ) (10) 

�in 
Of course m3 and m3 are presumably . also replaced by hadron masses when 
confinement is taken into account. Let u3 now examine the general features 
of these results .  

(1 ) There is a double logarithmic growth in multiplicity--it arises 
from a "collision" of the log which comes from the soft dq/q spectrum and 
one which arises from the light- cone angular singularity according to which 
the emitted gluon prefers to travel in the direction of one or the other 
of the source quarks . 8) The double logarithmic portion arises entirely 
from the region of integration in which the gluon momentum ( in particular , 
transverse  momentum) remains finite. 

(2) The typical transverse momentum of the gluon may be obtained 
by examining the angular form which yields 
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(11) 

implying -1.9. 6qT � qM � m3 /"S = m3 xL (12) 

where xL is the momentum fraction the gluon carries with respect to the 
quark source ,  

( 3 )  The amount o f  g luon radiation (especially the ln2s term) is 
proportional to the effective charge squared of the 3 and 3 ,  directly 

4 If one were to repeat the calculation for enderlying octet sources 
gluons) one would obtain radiation proportional to 3o:2) ; the 

3 o:s . 
( e .g . s 
effective charge of a color 8 is 3/2 that of a color 3 or 3 .  One should 
note that only in a vector gluon theory is a g luon source expected to 
radiate gluons in a manner l ike that of a quark source;  in particular a 
scalar gluon would tend to break into secondary gluons carrying equal 
momenta whereas .a vector gluon 
secondary vector g luons due to 
a vector gluon theory. 

wil l  radiate ,  primarily , much sof ter 
the ig, type emission spectra typical of q 

(4)  The soft g luon radiation from a given quark type vanishes at the 
threshold for production of that quark. This is because s33 , the rel­
ative 3-3 velocity, vanishes at threshold . 9) 

Implications for Observable Phenomena 
A. Enforced Color Separation 

Let us first focus on enforced color separation. We have seen that 
in e+e- annihilation one may expect gluon radiation (followed by sub­
sequent hadron formation) which is proportional to the 3 - 3 charge and a 
function of the invariant 3 - 3 energy, Color separation also occurs in a 
variety of other situations . 

(a) In deep inelastic scattering the incident v irtual photon strikes 
a quark (or antiquark) out of the target hadron leaving behind a 3 (or 3 )  
system .  In a strong coupling l imit and for long wave l ength, sof t ,  gluons 
it is reasonable to presume that this remaining 3 (or 3) system radiates 
as a single unit. Thu s ,  as far as soft gluon radiation is  concerned , the 
final state consists of a separating 3 and 3 with invariant energy w4 

q2•(w-l ) .  Because the physical situation is the same as in the e+e- f inal 
state we have 

<n> oi> = <n> + - (s  D I  e e 
at least for the centrally produced slow hadrons . 

(13) 
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(b) In e
+

e- + HX the hadron H is the fragment of a quark, q + Hq ' .  

Def ining z � pH/pq the lef t over color triplet quark, q ' ,  carries reduced 

momentum (l- z) /;/ 2  The antiquark 3 and this remaining 3 have invariant 

energy (1- z) s  and their enforced separation produces a hadronic multiplic­

ity. 

<n> + - (M2 
= (1-z ) s )  = < n>+ - (s = M2) e e + HX X e e  X (14) 

C_c )  I n  p p  + µ 
+

µ -X a q from one proton and q f rom the other annihilate 

·to form the µ-pair . Separating 3 and 3 systems are l ef t  behind with 
2 invariant energy MX . Thus 

<n> + - (M2) = <n> + - (s � M 2) pp+µ µ X X e e X (15)  

Again we remind the reader that this "universality" applies only to the 

centrally produced multipl icit y ,  i . e .  the height of the (rising) central 

plateau , and that f inite,  energy independent, fragmentation multiplicity 

diff erences between processes can be expected . 

(d) What about hadronic interactions? 

Hadron-hadron collisions can proceed via either one of two simple QCD 

interaction mechanisms--wee(i . e .  slow) quark exchange or annihil iation2 • ? )  

(closely analogous to µ+µ-pair production) ; or gluon exchange .
IO) 

(See F ig s .  4a and 4b . )  

� H  
1 x 

a 

F ig .  4 .  Models for a hadron-hadron collision: a) ·"wee" q-q 
annihilation; (b) "wee" gluon exchange or annihilation. 
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(I} in the first case the annihilating q and q are very slow and 
essentially the entire energy of the incoming beams is retained by the 
separating 3 and 3 systems. Again, if- these 3 and 3 systems radiate 
as coherent units ,  the multiplicity will be universally related to that in 
e+e- annihilation 

<n> (s) = <n> + - ( s) pp+X e e (16) 

aside from finite fragmentation effects. Even these fragmentation pieces 
should be very similar to those seen in µ+µ- pair production when 
• = M2 + -Is is small. In fact if this first , quark annihilation, mecha­
nism d�e� in fact dominate pp collisions , a close comparison to µ+µ- pair 
production at small • should yield many similarities. 
(II) If gluon exchange dominates, the separating systems, in the final 
state, are color octets .  One would then expect for the central multiplic­
ity 

9 <n> (s) = -4 <n> + - x<s) pp+X e e -+-

In both the models ,  I and II,  the cross section is obtained by 
folding together two distribution functions e.g.  for I 

(17) 

(18) 

If both G (x) ' s  exhibit the Feynman dx spectrum, corresponding to Pomeron x 
behavior or to the creation of wee quark pairs from a dx/x gluon distri-
bution, then the total cross section a will ultimately grow as lns. If 
the G (x) ' s  contain the logarithms typical of sluw particle emission 
in a vector gluon theory (Equation (4) ) , the cross section could grow as 
fast as ln3s. 

Whether or not universality of the central multiplicity does in 
fact obtain is still controversial. Albini et . al . ll) find their best 
fit to the pp multiplicity, over the entire energy range, requires both 
a lns and ln2s term . The ln2s form is consistent with our theoretical 
ideas and the coefficient of ln2s implies a value as � . 4  in Eq. ( 10) . 
When they overlay this best fit on the multiplicity curves for the other 
reactions (a) - (c) and for e+e- annihilation (correcting for finite 
fragmentation effects by using an "available energy" variable) , they 
obtain essentially perfect agreement--implying that multiplicity univer­
sality does hold and that mechanism (I) dominates in hadron collisions. 

41 1 



A single log , a + blns , f it to the different set s of data,  pp v s .  
+ -

e e , 

does yield bpp > be
+

e- but largely because of the diff erent energy ranges 

covered ;  in addition the f it to the overall pp multiplicity curve performed 

in this way has a very low x2 Another way of making the pp and e
+

e
­

universality apparent is by plotting e
+

e
-

and pp mult iplicities v s .  lns 
12) . 

on the same graph. The curves are seen to rise in parallel separated by 

a constant (fragmentation) multiplicity diff erence.  A more direct compar­

ison of central plateau heights has been attempted
13 ) ; the e

+
e

-
plateau 

height , :� (charged) n = 0 (n = rapidity) , is � 1 at an energy for which 

the pp plateau height is "' 1 .  35 . However a trigger requirement in the 

e
+

e- cross section and multiplicity {one particle with x > . 5) makes direct 

comparison somewhat unreliable .  I n  any case more data and additional 

independent tests are required. 

We have suggested 
7

•
1 4

•
15) 

that the power laws associated with the 

production of fast fragments in pp and other hadronic collisions provide 

a second independent test of which of the two mechanisms I or II dominates . 
dN For example consider di""" (pp + TI X) .  Here xTI is (strictly) the light cone 

momentum fraction carrild by the Ti relative to its underlying source j et ,  but 

it may be approximated by the radial scaling variable E / ETI = xTI which 
TI �x R 

also vanishes at the phase space boundary. Of course at high �nergies 
TI TI TI (ISR is sufficient) xTI � xR � � wher e xF is the usual Feynman long itudi-

nal momentum f raction. In the annihilation model , I, the most favorable 

situation occurs when a 5-quark Fack state of the proton is considered. 

The TI is then part of a 4-quark j et ,  see Fig .  5 a ,  one 

p; �TT 
p 

q ......... 
x q2 1 ...._"' \p 

__,,__ _____ �TT 

a b 

Fig .  5 .  Single particle f ragmentation in p p  collisions : a )  qq 
annihilation model ; b) gluon exchange model . 
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of the q ' s  having participated in the annihilation. The 4-quark-j et 
fragments into the 11 leaving behind ns = 2 spectators .  Dimensional count­
ing for fragmentation functions then predict s (See Ref . 14 and references 
therein. ) 

� "' (1-x ) 2ns-1"'(1-x )3 • (19) dx 11 11 11 
In the gluon exchange model, II,  the 5th quark of the minimal 5 quark 
Feck state is not absorbed by the interact ion (Fig . S�) ; thus the 11 

fragmentation leaves ns = 3 spectator quarks behind implying 

dN 5 � "'  (l-x11) • 

11 
Experimentally the best data is that of Sens et . al. 16)  from ISR which 
shows � 'V (1-x ) 3 • 5; 3• 1 over the x11 = . 3 7 . 8 range. Related pre-dx 11 

(20 ) 

dictions11for K- , A and A are also possible. For instance fragmentation 
of a K- , which has no quarks in common with the valence proton state, 

requires that one begin with a 7-quark proton Feck state ( uudssu�) . The 
number of spectators to K fragmentation is then ns = 4 and ns = 5 for 
models I and II respectively. Thus the powers in (19) and (20)  are each 

dN 16) raised by 4 in going to d- . Again experiment prefers the annihi:-
dN xK-lation power -- "' (1-x -)7 • Similar agreement is obtained for A and A.  dxic K 

For x > . 9  the two oppositely directed j et s  of Fig. 5 become intermingled ; 
the fragment absorbs so much momentum from the one forward (say) j et 
that the remaining spectators are slow moving and become confused .with the 
oppositely directed j et .  In this region one can expect Triple Regge 
phenomenology to become applicable. At low energies this intermingling 
occurs even at moderate x ,  making applicat ion of these ideas below FNAL 
energies unreliable . Other important checks are the 11 beam fragmentation 
reactions, particularly 11+p->-pX. In the models of Ref .  15 the fragment ,  
p ,  follows the valence quark distribution, (l-x)1 for the 11 beam, 
while in the present approach 11+p-+pX and pp->-11+X should exhibit the same 
power behavior. Available FNAL data16 yields the expected similarity 
when examined in terms of � but the analysis should be redone in terms 
of xR. 

An especially critical test of model I vs .  model II is the pre­
d iction14) obtained in I for pp + 111 11; X where the two pions travel in 
opposite directions along the center of mass beam direction. From Fig. 6 
one obtains 
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p 

Fig . 6 Double rr fragmentation , pp + rr1 + rr2 + X ,  in the qq 
annihilat ion model - (1-x ) < <  (1-x ) rr 1 rrz 

(21) 

for (1-x ) << (1-x ); a beam-target synnnetric t erm with 1++2 makes ex-rr1 rrz 
perimental tests difficult without very high statistics data over sub-

s tantial xrr ranges . The above form indicates a long range c orrelation 

between the two pions which is absent in the gluon exchange model and 

in the Triple Regge phenomeno logy . 

Of course, one cannot exclude the possibility that both mechanisms-­

quark annihilation, I, and gluon exchange, II--contribute to the total 

hadron cross sect ion--let us say with equal weight . The observat ion of 

a single fast fragment clearly favors the annihilation contribution (I) 
because of its lower fragmentat ion power . The double fragmentat ion 

s ituation is less clear ; if (1-x ) 3 
(1-x ) 7 

is numerically smaller then . 5 5 rr1 rrz 
(1-x ) (1-x ) then gluon exchange will again be a significant rr1 rrz 2 
contribution. One would clearly require quite small (1-x ) in order rr1 
to achieve a clean separation, but in order to avoid the Triple Regge 

region x
rr 1 

< . 9  is required . T lru s  . 9  � x
rr 1 

> . 7  high statist ics data 

is necessary. 

Indeed t here is one type of observed long range correlation which 

favors the idea that contributions from both gluon exchange and quark ex­

change are present . Recalling that there is a higher multiplicity associ­

ated with the gluon exchange mechanism it is clear that if one looks for 

events with high multiplicity on one side of the rapidity ax is , n > 0--
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tlrus magnifying the gluon exchange contribution--one will also obtain 
above average multiplicity on the other side, n < O. This effect seems 
to have been observed at both ISR17 ahd FNAL18 energies19• 

The observant reader will by this t:lme have noticed that several other 
collision mechanisms are possible at a s:lmple quark level . These include 
q (2q) , quark-diquark , annihilation to a slow baryon ; and two s:lmultaneous 
qq annihilations. These intuitively seem less probable to us but we have 
not attempted to systematically normalize them relative to the s:lmple 

dN choices I and II. Both, however , would lead to � � (1-x� ) in the 
� 

single fragmentation exper:lment . 
We also remark that whatever the mechanism for hadronic collisions , 

even if it is gluon exchange, the final state jets have a pr:lmarily quark­
like character. None of the above mechanisms succeed in isolating a lone 
gluon j et source. 

Several of the other general features of hadron production through en­

forced color separation are also possibly observable. In e+e- annihi� 
lation one certainly passes the c-c , charm threshold . At this point 
the centrally produced multiplicity should exhibit a dip . This is due to 
the fact that the additional cross section from this new contribution 
rises rapidly above threshold without as rapid a rise in the associated 
gluon (i. e. hadron) multiplicity--initially this new channel yields zero 
soft gluon multiplicity because of the low relative velocity of the 
separating c and c. Unfortunately this dip is easily obscured by the 
higher finite fragmentation (or decay) multiplicity of D and D, or 

"' 
D and D etc . , which are produced at this threshold, compared to particles 
produced below charm threshold . 23 ) 

The final general feature mentioned in the earlier section is that 
the <qT> of gluons and, hence, of particles produced centrally can be 
expected to rise with the momentum fraction they carry 

(22) 

This effect is now thoroughly established in both deep inelastic and 
hadron collisions ; it is termed the "sea gull" effect . 21) 

B. Virtual gluon distributions 

Turning now to the experimental implications of the virtual gluons 
associated with a color singlet bound state, there are only two easily 
observable consequences of the general features discussed . First we 
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note that for either of the hadronic collision mechanisms , quark or 

gluon exchange, total cross sections should exhibit quark counting re­

lationships (when the type of quark involved is held fixed) .
4

•
5) In 

the gluon exchange case this is a direct result
s) 

of the proportionality 

of the number of virtual gluons to the number of quarks. In the quark ex­

change case one imagines that the annihilating wee quark from each bound 

state has arisen from a soft virtual gluon. The number of wee quarks in 

a bound s t at e  is then directly proport ional to the number of soft gluons 

and again quark counting obt ains . One also sees that any extraction of 

quark momentum fractions for a pion bound state should indicate that a 

smaller fraction of the pion's total momentum should be carried by gluons 

than in the case of a proton state. 

The second immediate observat ion is that total hadron cross sect ions 

(again for either the gluon or the quark exchange mechanism) should be 

sensitive t o  the effective sizes o f  the colliding hadrons
4

•
5)

. For vector 

meson proton scat tering , the larger � ( i . e .  the smaller the s iz e  of the 

vector meson V) the fewer the number of gluons and hence the smal ler the 

cross section .  As discussed, at least two models yield increasing A� 
with vector meson mass (A2 < A2 < A 2 < A2) resulting in decreas ing p • � T 
cross sections 

cr (�p ) < cr (. p )  < cr (p p )  � )  

Ex:periment ally
22) 

the cross sec tions appear t o  decrease SOITlewhat more 

rapidly than any of th� models predict . The logarithmic f orm of the 

functional dependence on � suggests that the effect should be largest 

(in terms of a ratio or percentage) at low energy (low q
2 Max) and L 

should decrease continuously as the collis ion energy increases . This 

will be intere s t ing to tes t .  

This decrease o f  a gluon ' s  coupling strength to a hadron a s  the 

hadron mass increases would also be reflected in a smaller probability 

for heavy quark hadron produc tion as opposed to light hadron production 

from the soft--long wavelength--gluons produced in the final state of, 

for example, e
+

e
-

annihilation in response to 3-3 separation. This 

he�vy-quark-hadron suppression would persist even after all threshold 

mass effects ha<l become unimport ant . Thus persistent dominance of 

light hadron production in final states at asymptotic energies may be 

observed experiment ally . 
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How to isolate a gluon 

So far we have seen no way to isolate a gluon jet on its own. How 

can we get rid of accompanying quarks ? Various ways have been suggested in 

the literature such as trusting the picture that the � and T decay via 

emission of 3 gluons;  gluon j et physics would then be apparent there . 23) 

Here I will concentrate on high transverse momentum approaches to isolating 

a gluon. As usual we imagine the production of a high transverse momentum 

particle in a hadron-hadron collision as proceeding via the scatt ering of 

two low transverse momentum secondary particles (e. g .  q , g  or q , M  or g , g  or 

. • •  ) of the primary beams into oppositely directed high transverse momentum 

particles one of which is either directly observed or fragments into the 

observed particle. The scattering process of the s econdaries is t ermed the 

fixed angle "subprocess" . This separation is sket ched in Fig. 7 .  

c 

a b 

Fig. 7 .  A +  B + C + X via subprocess a +  b + c + d .  

Basically one would like t o  achieve dominance of the gluon gluon + gluon 
-4 

gluon pT scaling subprocess over other contribut ion s .  In particular one 

must achieve a situation in which cons tituent interchange subprocesses 
-4 

(such as qM + qM) and other pT subproces ses (such as qq + qq) are un-

important . An excellent way to achieve this is by t riggering on a p at 

high transverse momentum. First the constit�ent interchange (CIM) con­

tributions t o p production, deriving mainly from the q B + q B subprocess , 
12 , are not l arge and are damped as l/pT at fixed xT = 2pT/•s . Estimates 

2 4 )  -are that at pT ' s  as low as 5 GeV/c , for the p trigger, CIM contributions 
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are small . For Pr > 5 GeV/c the produc tion of p ' s  
-4 

in pp collis ions is 

dominated by the Pr subprocesses gg + g
!(. p 

and gq + gq ,_ qq + qq _ 
4 p 4 p 

being unimportant . (Here the 4 indicates which final particle of the 

subprocess fragments to the p . ) For E = 1 -xT > • 7 the gg + gg _ 

contribut ion dominates the other ; the j et opposin g ,  or balanc in1� the 

observed p is then a gluon and the p itself is also the fragment of a gluon 

j et .  Indeed, at ISR, the evidence of a larger than usual "same side" 

momentum in association with the highest Pr p triggers25 ) ( i . e .  momentum 

carried by particles traveling in the same direction as the trigger p 

and hence part of the source j e t ) is suggestive of the higher gluon 

multiplicity . 

One other possible production process f or high transverse momentum 

gluon j et s  in hadron-hadron collis ions involves the subprocess qM + gq 

analogous to the photon production process based on qM +yq .  The observed 

high Pr photons at ISR probably arise from this latter2 6 • 2 7 ) ; it also 

certainly controls the exclusive reaction yN + TIN ,  where it is combined 

with the nucleoh form factor to predict the observed l /s7 b ehavior o f  :� (yN + TIN) . Using the normalization obtainedZ? ) f rom yN + TIN f or 

the qM + yq cross section and making the replacement a + i as for y + g ,  

one obtains astronomical gluon production cross sections in pp + gX. 

Unfortunately (or fortunately for the sake of existing interpretations 

of high Pr phenomenology) there is ZB) an extra "gauge invariance" in­

duced cancellat ion , in going from the color s inglet photon in Mq + yq t o  

the color octet gluon i n  Mq + g q ,  which dramatically suppresses the gluon 

production from this sourc e .  

Conclus ion 

It is clear that the effec t s  of gluons in hadron collisions are every­

wher e .  They influence low transverse momentum phenemonology in a myriad 

of interest ing ways but are hard to isolate on their own in that realm. 

Only at high momentum transfer do we see a distinct possib il ity for truly 

isolat ing a gluon j et and even there one must resort to specialized 

triggers and particular kinematic domains . 
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ABSTRACT 

ways are d iscussed in which g luons can b e  

atud ied exper imentlly , with emph a s is o n  non­

perturbative method s . Some pos s ib i l i ties a r 2  

hadron mult ip l ic i t ies , centra l reg ion partic le 

rat ios , 0T , gluon resonances . It is arg_ued that 

quark j ets and g l uon j ets w i l l  behave qua l itativel� 

d i fferently . 

* Re s earch s upported in part by US Department o f  Energy 

tThis talk is b ased on work done in co l l aborat ion with 
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I .  INTRODUCT ION 

It is b e l ieved today that Quantum Chromodyna mics
1 ) ( QCD) 

is a good candid ate for a theory o f  strong interact ions . QCD 

is a theory of colored quarks interact ing with co lored g luons . 

The m a j or new features o f  the theory, and the ones which are 

cr uc i a l  for the theory to have des irable propert ies s uch a s  

asymptotic freedom and confinement , d epend o n  t h e  nature o f  

t h e  g l uons and the ir int eract ions . 

The g l uons and their properties may be extremely d i ffi­

cult to study .  They are thought not to interact with l epton 

or photon beams , so these probes will not help d irectly . 

Although an e legant theoretica l  e d i fice has been erected 

aro und QCD, add itional exper iment a l  tests and experimenta l  

st imulation are desirable . 

It is the purpo s e  of this paper to argue tha t ,  und er 

certain cond itions , a large part of the d ata from ord inary 

hadron high energy interact ions may be interpretab l e  in 

terms of g l uon interact ions , and may provide extens ive 

experimental tests of QCD .  I n  add ition, w e  a rgue that hard 

g l uon j ets may not occur ; instea d ,  a finite fract ion o f  the 

energy may go into part icl e  ma s s es and inc r ea s ed multiplic ity . 

I I .  GLUON PROPERT IES 

In this s ection we wil l  s ummar i z e  the relevant properties 

that g l uons are expected to have , in two parts . The first 

inc l ud es stand a r d ,  r e l a t ively wel l  known ones , and the s econd 
l 

set are more spec ulative, based part ial ly on rec ent work ) 

by Chang and Yao . 
A .  The most important s ingl e  result is from the 

momentum sum rul e : only about h a l f  of the momentum o f  a 

proton is c arried by const ituents which interact with weak 

and e lectromagnetic c urrents ( in e and v react ions ) ,  and the 

r est is interpreted a s  b eing carr ied by g l uons . Thus we are 

a s s ur ed that in all high energy c o l l is ions a s iz e ab l e  frac­

t ion or the hadron cons i s ts of g luons which w i l l  int er act 

s trongly . 
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�nother important property of gl uons is that they are 

completely flavor-neutral . They do not d ist inguish charge, 

isospin, strangeness , etc . When g l uons mater i a l ize into 

color less mesons , apart from correct ions for mas ses , the 

populat ion of d i fferent mesons should be independent of a l l  

quantum numbers .  

S inc e gl uons do not recogn ize the ex is tenc e  o f  leptons,  

they can only be s t ud ied ind irectly at machines with lepton 

beams , either through d ecays of cha rmonium or add itiona l 

heavy quarkonium states2 ) , or through g l uon brems strahlung 

from a s t ruck quark3 ) . 

The d istrib ut ion of gl uons in x ( th e  fract ion of the 

proton momentum that they carry )  should be int ermed iate 

b etween that of the qq sea (which is concentrated at very 

sma l l  x) and that of the valenc e quarks (which extends to 

x = 1 ) . This is b eca use the gluons will coup l e  s trongly 

to the qq s e a ,  but many of them will originate by brems­

strahlung from the va lenc e  quarks and carry a s igni ficant 

fraction of the valence quark ' s  moment u m .  Two rec ent 

phenomenological analyses o f  the g l uon d is tr ib ut ion in x ,  

G (x ) , are given i n  Re f .  4 .  

It i s  important to emphas iz e  that the g l uons are not 

the s ame as the qq s e a ,  a l though c learly a sharp d i s t inct ion 

between them is not pos s ib l e .  For examp l e ,  the s e a  interacts 

with l epton probes whi l e  the g l uons do not . At any instant,  

o f  ord er ha l f  o f  the proton momentum is carried by states 

which are neither va l ence nor sea quarks i the s e a  quarks 

carry only a few percent of th e momentum. Ind eed , s inc e 

the g luons c a rry an order of magnitude more momentum than the 

sea , whi l e  the x d istrib ut ions are not u s u a l ly thought to b e  

too d i fferent ( t he g l uons having a l arger t a i l  a t  l arger x ) , 

probably at every x the sea can be neglected for o ur pres ent 

purpose of s t udying s trong interact ions a nd hadron product ion . 

We a re ass uming , o f  course,  that production o f  fina l state 

hadrons can b e  interpreted a s  coming from g l uons i this s eems 

to be cons is tent with their role in strong interact ions . 
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B. Now we turn to even more speculative properties o f  
gluons and gluon interactions . 

Consider gluon-gluon scattering . There will be resonances 
(often called glue balls ) . These are discussed in ref.  5-10,  
and reviewed in ref.  11.  All authors expect resonances in 
the 1-2 GeV mass region, with a var iety of quantum numbers . 

These states must show up, i f  QcD is va lid ; or an 
explanation must be  given as to why they do not .  I f  they lie 
at higher mass  an explanation must be given as to why the 
qq ( and qq qq etc ) states lie lower . 

Some of the glue b a l l  s tates have exotic quantum numbers 
relative to qq, such as JPC = 1- + .  This is one way to find 
them. �11 of them, of course, have IG 

= O+ . In general 
they give an extra mult iplicity of states of  each set of 
quantum numbers . 

At least qualitatively, because of a "Zweig-rule " kind 
of argument , when states of glue go into qq mesons we expect 
a suppress ion, so there will not be wide states ; large 
widths cannot be used as an excus e  for not finding them. 
They will mix with qq states . 

In general ,  attempts at QCD solutions will have predic­
tions for the gluon-gluo)l cross section , crgg ' at low and at 
high energies . These will  b e  intrins ica lly non-perturbative. 
Perhaps , as  discussed below, these c an be  related to 
obs ervables such as multiplic it ies , central region c lusters , 
particle ratios , crtot' etc . 

For trying to decide how gluons will behave, probably 
the most important gluon property is the existence of strong 
three-gluon and four-gluon sel f-couplings . Because of these,  
one gluon rapidly multiplies into a cascade of several 
gluons . The probabil ity of obta ining more gluons is enhanced 
when some have appeared ; further , b ecaus e of asymptotic 
freedom the coupling is expected to be stronger for softer 
gluons . Theoretica l ly this "gluon splitting "  may l:.e 
fundamental for confinement.  

Phenomenologica lly, gluon splitting suggests that 
gluon " j ets " may be much different from quark j ets . While 
the quark j ets are expected to b e  hard, with much of the 
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momentum o f  the struck quark in the j et momentum, when a 
hard gluon is emitted there will be a cascade into a relatively 
large number of softer gluons , Which eventua lly convert into 
hadrons . Consequently, we expect much more of the energy o f  
a hard gluon t o  be converted into hadron mass  than would 

happen for a quark j et .  
This implies two important results : 
( 1 )  The multiplicity as soc ia ted with g luons will  be 

higher than for quarks . 
( 2 )  There may not b e  any hard " gluon j ets " analogous 

to quark j ets . Instead,  g luon j ets will be characterized 
by high multiplicity swarms o f  hadrons that are tota lly 
flavor-neutra l .  

Other workers who have studied gluon properties and 
discussed how to look for them have instead ass umed that 
g luon j ets would be s imilar to quark j ets , although no 
compelling reasons have been g iven . An experimental choice 
between these approaches would be o f  great help in getting 
further ins ight into the theory . Note that for us the two 
results o f  high multiplic ity and no hard gluon j ets go together . 

We should remark that the behavior o f  quark j ets is 
what is normally expected . They remain hard for severa l 
reasons . The first is that quark masses keep intermediate 
states away from strong infrared s ingularities , and at the 
same time cause the running coupl ing constant to have an 
upper bound , with a scale set by the quark mass ; this does 
not allow a quark to have much gluon bremsstrahlung compared 
to a gluon . 

Another difference between quark and gluon interaction 
is that at a qqg vertex one can define a quark convection 
current, while at a ggg vertex the color doesn ' t  know which 
way to go . So one can imagine differences aris ing in j et 
behavior . Chang and Yao ( re f  1 )  have shown that the most 
probab le d issoc iation for a scalar gluon in �3 theory in 6 

dimens ions is into two gluons each with hal f  the mass ,  
whereas '  a quark will tend to emit soft gluons . I f  this is 
relevant to QCD it g ives another important difference .  Yao 
(private communication) ha s shown in an SU ( 2 ) , non-Abelian, 
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leading w c a l c u l a t ion that for quarks one w i l l  get exponent ia­

t ion as in OED for the cross s ection for emiss ion of soft 

gluons , but for g l uons emit t ing soft g l uons th e comb inato r ies 

are d i fferent and qu ite a d i fferent answer comes out . Al l 

this s uggests as wel l  that one s hould not use QED a rguments 

for g l uon propert ies . 

I I I .  RE INTERPRETAT IONS AND PREDICT IONS 

Now we turn to d iscuss spec i fic hadronic experiment a l  

quant ities a nd how w e  might use them t o  l earn ab out g l uon 

properties and interactions . This l i s t  of pos s ib i l ities 

inc l udes the tota l cros s s ec tion, the real part of the 

forward a mplitud e ,  the elas tic d i fferentia l cross s ec tion , 

centra l reg ion c l usters and th eir propert ies , multip l i c i ties 

and partic u l a r ly the growth in multiplic ity at very high 

energies , pa rticle rat ios , doub l e  Pomeron exchang e ,  and 

inc l us ive pol a r i z a t ions . Our mos t  important result is 

probab ly the pos s ib i l ity tha t the behavior of particle 

ra t ios will permit a meas urement of the gl uon d is tribut ion 

func t ion . 

A .  The Total cross S ect ion 

Let us adopt the point of view12 l d ec r ibed in S ec tion 

I I  tha t  in a h igh energy co l l is ion the va lenc e quarks a r e  

forwa rd scattered a n d  g ive r is e  to fragmenta t ion region 

products , while the g l uons inter act . If the kinema t ic a l 

cond itions are r ight , s evera l pairs of g l uons could b e  

exc ited . S uppos e t h e  g luon-gluon c ross s ec tion is l arge in 

the kinema t i c a l  reg ion 

s = s gg 0 

where we guess s0 � 4 Gev2 . Ass ume the average momentum 

carried by a g l uon is x = 0 . 1 5 ( e . g . , wi th a d i s tr ib ut ion 

xG � ( l-x ) 5 ) and for s impl icity l et a l l  gl uons have the 

average x .  

Then for protons o f  momentum p the tota l energy s quared 

is s 4p
2

, a nd the g luon p a ir s ub energy is 
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Pres umab ly the strong g luon-gl uon interaction w i l l  cause the 

total cross s ection to ris e ;  for our gues ses it should b egin 

to show this e ffect at 

s s /x2 = lso Gev2 
gg 

or at pL � 90 GeV, a r easonab l e  es tima te of where the r is e  

actually b eg ins . 

This es timate is very crud e ,  but i l l us trates the b a s ic 

idea : perhaps the r i s e  in QT � be interpreted a s  d ue to 

g l uon interactions . Of course , we cannot prove thi s ,  b ut 

we c an s how that i f it were correct it wou ld b e  very fruitfu l ,  

and that i t  i s  consistent with s evera l other aspects o f  

hadron interactions . 

We a lso cannot s how that pa irwise g l uon interact ions 

w i l l  domina t e ,  a l though it is r easonab l e  that they s hould b e  

important . However , i f  g l uons interact s trong ly, when one 

hadron emits a pa ir they w i l l  s e l f- interact , perhaps 

effectively forming a mass ive obj ec t ,  g iving a shorter range 

and less important effec t .  cons equent ly, our approximation 

might be a good one . 

A better c a lculation would b eg in by wr iting 

CJ� = J dx1 dx2 G (x1 ) G ( x2 ) CJgg ( Sgg ) ( 1 )  

where CJ� is the part o f  CJT due to pairwis e g l uon interact ions , 

sgg x1x2 s ,  G ( x1 ) is the g l uon d istrib ut ion function g iving 

the probab i l ity of finding a g l uon with momentum fraction 

x 1 ( and s imilarly for x2 ) and CJ
gg 

is the g l uon-gluon cross 

s ection . If we c an d etermine the shape o f  G ( x )  from part icle 

ratio data ( s ee b elow) and its norma l ization from the momentum 

sum rule,  this would a lready g ive a us e fu l  constra int on CJ gg 
In particular,  the way in which CJ changes with s gg gg 

w i l l  be refl ected in the s d ependence of CJT . Any theory or 

s o l ut ion o f  QCD c an test its d is tr ib ut ion function and cross 

s ection her e .  The presenc e o f  a threshold or resonanc es in 

g luon-gluon scattering , the s ize o f  CJgg ' and the h igh energy 

b ehavior of CJgg w i l l  a l l  have an e ffect . One could even 

imagine rel at ively local variations in the energy d ependence 

of CJT . 
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There are of course too many unknowns to determine any­
thing uniquely at present .  But knowledge from other obser­
vables reflects back on these same quant ities ( see below) and 
theoretical knowledge will increas ingly constrain them too . 

If G (x )  behaves (as  expected } as l/x, and if  0 has a 
1+ 8 gg 

threshold behavior s with 8 � 0 ( again,  as expected ) ,  then gg 
for 0 � constant as s � m the asymptotic rise of CTT is gg2 gg 
like iJn s ,  while if 0 falls as a power of s the asymptotic gg gg 
rise of 0T is iJns . Thus the QCD b ehavior can be tested . 

If the rise is due to gluon interactions it would have 
to be the same for meson-b aryon and baryon-baryon interactions , 
while i f  it were due to flavor carrying constituents it should 
differ for d ifferent reactions since the appropriate distri­
butions would have di fferent powers . While this cannot yet 
be tested clearly becasue there is no unique way to separate 
the Reggeon contribut ions , at higher energies it will be a 
useful check. 

What about deta ils?  To be specific , we can take a model 
G for 0gg and ca lculate with the above formula for aT . I f  we 

use a gluon distribution xG (x )  = 3 ( 1-x }
5

, and a s ingle s-wave 
resonance of mass  = 2 GeV, r = 2 00 MeV, which saturates its 
unitarity limit, we indeed find { absolutely normalized)  
reasonable numbers , with a� � 10 mb at s = 1000 Gev2 , and 
rising as iJns above about 1000 Gev2 . This ind icates that 
more sophis ticated calculations would be cons istent with 
actual data for the r is e .  

In this section we have speculated that the phys ical 
origin of  the rise in 0T is the onset of gluon-gluon inter­
actions . Perhaps by adopting this viewpoint it will b e  
poss ible to say why and i n  precisely what way 0T rises,  and 
to test QCD calculat ions as well . 

B .  central Region clusters 
Van Hove and Pokorski have sugges ted12 ) that inelastic , 

central region, hadrons arise from gluons . They review the 
experimenta l evidence and propose that the clusters , in 
terms of which the data are interpreted , originate as gluons . 

Ochs has observed 13 ) that particle ratios are not unity 
even at small x, implying that the Van Hove- Pokorski suggestion 
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cannot be the whole story at pres ent energ ies . Nevertheless ,  
we cons ider i t  a use ful hypothes is and one which we expec t 
will become more correct at higher energ ies . I f  it is 
basically correct,  studying the clus ters may lead to informa­
tion about gluon properties . 

We envisage a mechanism along the following lines . 
Valence quarks undergoing scattering will emit hard gluons . 
These will  undergo splitting into a number of softer gluons 
which will convert into hadrons when they reach some 
minimum momentum and a sufficiencly strong coupling . As 
the energy increases , the number of cl us ters (hard gluons ) 
will rise as more gluons are emitted , and ind ividua l clusters 
only to re flect each gluon having a larger amount of momentum. 
It is poss ible,  in princ iple,  to calculate the number of 
clusters,  the c luster multiplicity ,  and the cluster mass  
d istribution ( threshold behavior, peak, resonances , high 
mass  fall off) in QCD.  Further complications will occur 
due to scattering of hard gluons . Although the s i tuation 
will be very complicated , it seems fair to be optimistic 
that the ma in qualitative features of QcD in this area 
will be testable by studying cluster properties . 

c .  Particle Ra tios and the Gluon Distribution Function 
When gluons turn into hadrons we expect complete 

independence of flavor quantum numbers . In practice there 
will be corrections due to mass  breaking , both in phase 
space and in effective coupling . 

Particle ratios s uch as rr-/rr+, K-/K+, p/p will not 
need mass corrections . These should be unity at any x 
where gluons dominat e .  A s  d iscus s ed above, Ochs has observed 
that except at sma l l  x these ratios are not unity at present 
energ ies . Thus our strongest predict ion is that � energy 
increases ,  particle ratios (rr-/rr+ , K-/K+, p/p ) should 
approach one in � region of � where .s.luons dominate . As 
mentioned in the d iscuss ion o f  OT, at !SR energies the gluon 
contribution � 1/4 of the tota l so it is reasonable that the 
particle ratios are not one .  But by high ISABELLE energies 
there should be a rapid approach of the particle ratios to 
one in the region 0 � x � 1/3 . 
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Pr es ent data go in this d irect ton at p = 0 . 4  (where the 
14 ) . bl . -:- ) d ata is mos t  favora e to our interpr etation . For 

Vs <: 23 GeV and x � 0 . 1 the o+/"- ratio is cons istent with 

unity . For K+/K- the ratio d ecreases from about 4 at x=0 . 3 5 

to be cons istent with l at x = 0 . 1 . For p/p the ratio is not 

l at any observed s , x  but it appears to extrapolate to l a t  

x = 0 a t  Vs <= 2 3  GeV . The energy d ependenc�5 )  a t  x = O 

is cons is tent with our expec tat ions a ls o .  For o+/o- at 

vs = 6 . 84 GeV one has "+;"- = 1 . 5 , wh i l e  for �s 2 1 9 . 6  GeV 

"+;"- 1 .  At �s = 2 3  GeV K+/K- 1 . 3 ,  whi l e  for �s 6 3 GeV, 

K+/K- � 1. For p/p even at Vs 6 3  GeV the ratio is 1 . 6 .  
I f  this approach to unity is observed to happen there 

is a con s id erable bonus , namely it a utoma t ica l ly provides 

informat ion about the s hape o f  the gl uon d istribut ion 

func t ion . Normal ly the g l uon d i s t r ibut ion function is not 

d i rectly meas ureab l e  s ince it c a nnot be probed with l epton 

or photon beams . It is d ed uced from the energy-momentum 

s um r u l e  by a s s uming that whatever momentum is not carried 

by qua rks a t  a g iven x is carr ied by g luons . The s um r u l e  

provides only o n e  moment howeve r ,  a n d  there is cons iderable 

freedom in how the momentum is d is tributed between sea , 

v a l ence quarks and g l uons for x � 1/3 .  

S uppos e the particle ratios a t  h igh energies go to unity 

in a cert a in x region, and then d eviate increas ingly from 

unity as x increa s es . For x P 0 . 1 5 we know from l epton­

prod uction that the qq s ea is neg l ig ib l e ,  a nd we know 

approximate ly the va l ence quark d is tr ib ut ion . Should the 

partic l e  r a tios go to unity in the reg ion x P 0 . 1 5 ,  we w i l l  

know that the gl uon d is trib ut ion domina tes the va l enc e 

quarks , and where the particle ra tios r is e  from unity, the 

g l uon and val ence quark d is tribut ions are comparable . 

Depend ing on the form the partic l e  ratio data takes , i t  

;nay b e  pos s ib l e  to d etermine s evera l parameters i n  a 

• functiona l form chosen for the g l uon distribut ion . In 

particul a r ,  it should be pos s ible to f ind out if the g l uon 

d is trib ut ion extends to l arger x than is commonly thought 

( e . g . , to x P 0 . 5 ) . 

430 



D .  Mul t iplic ity at High Energ ies 

One of the main imp l ications of the importance of g l uon 

spl itt ing is that a hard g luon has a h igh prob ab i l ity o f  

cascading into a number of s o ft g l uons . The s e ,  being 

confined , wi l l  have to convert into had rons . A large part 

o f  the energy o f  a hard g l uon will end up in hadron masses , 

so the multiplic ity o f  hadrons wi l l  be large.  

I f  a non-vanishing frac t ion o f  the g l uon energy a lways 

ends up in masses , then the multiplic ity wi l l  g row as a power 

of the energy r a ther than as wE . Pos s ib ly th is is the �c s  

d 1 · h · · 1 · d  h
16 l 1 · l "  · un er ying � inc reas ing y � growt of �t ip ic i ty 

a t  cosmic � energies . 

We can try to estimate how the multiplic ity should grow 

a t  energ ies where g l uons provide a s igni ficant p a rt of the 

cross s ect ion . 

Let us accept the premise that onc e a g l uon is formed , 

it w i l l  continue to s p l i t  in s uch a way that a finite 

fract ion o f  the original energy goes into making mass for 

the d a ught ers . ( This fraction wo uld have b een unity , had 

there b een no hadron i z ation . )  

Let r be the average number o f  daught er s  into which 

each p arent can spl it ,  and l et e be the ratio of each 

d aug.hter ' s mass to her parent ' s .  From energy conservat ion 

Let �s be the ma ss of a c l us ter, then a fter s ucc e s s ive 

spl itting s ,  e ach d a ughter has 

m - �s 0 
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This splitt ing terminates after n steps in mn commeasures 
a hadronic mass ,  say mrr' i . e . , 

or 
n = en (vs/mrrl / en ( l/ E: ) ( 2 )  

Pres umably after the nth step there are only pions left,  
so the multiplicity is 

- c ( r ) n � c ( r )en (vs/�) /en ( l/E: ) = c (vs/m )enr/en l/E:  
rr 

which shows that the multiplic ity has power dependence on 
the cluster energy Ifs. Reasonable guesses might be c=l ,  

. 1- . max ( r=2 , E:=l/4, � s=2 GeV . These g ive Prr =0 . 9  GeV, nrr )=3 . 78,  
1 . l "  . h l/4 h . . . and a mu t ip ic ity growt of s . T e main point is that 

( 3 )  

eventually these quantities can be  obtained as QcD prediction . 
The main difference from models which give a power of  

ens for the multiplicity growth comes from the bas ic property .. . 
of  what fraction of the initial mas s  goes into particle 
masses . If  the ratio of  the daughter masses � to the original 
mass m

0 
= vs stays non zero as m

0 
+ = ,  then the multiplicity 

grows as a power . If mI1m
0 

+ 0 as m
0 

+ =, then the multi­
plic ity grows as a power of ens .  

E .  Inc lus ive Polarization 

Heller1 7 l has suggested the model shown in Fig . 1 as 
a way to generate large inclus ive polarization . All conven­
tional models predicted quite small polarizations , while 
what is observed lB)  is large, of order 2 5%, for the A polar­
ization perpendicular to the hp plane . If such a mechanism 
can be shown to dominate in certa in kinematical regions it 
would give useful checks on the gluon spin, the effective 
quark-gluon coupling ,  and effective quark and gluon masses 
in interactions . 

The spin of  the h will be the spin of the s-quark in a 
constituent quark approximat ion, s ince the (ud ) pair are an 
isos inglet and a spin s inglet . We have ca lculated the 
expected polarization us ing j ust the -darker lines of Fig . 1 
to s ee if  we can find some criteria to test whether this 

432 



mechanism is reasonable.  

Figure 1 

We find that polarization is indeed generated, and 
the effect could be large . How large depends on making a 
model for the unknown initial quark-quark scattering, 
which must give a complex, spin-dependent scattering . The 
only c lear prediction we can make is that the result must 
have as a factor the mass of the polarized quark s ince for 
zero mass quarks their spin is in the direction o f  motion 
and cannot give polarization perpendicular to the scattering 
plane .  This allows the prediction that the polarization in 
inc lus ive muc leon prod uction and the A production are in the 
ratio of the nonstrange and strange constituent quark 
masses ,  mu/ms � 0 . 62 .  Heller gives a correction factor 
of 17/19 for neutron and 2/3 for proton, due to the extent 
to which one quark carries the spin of the hadron in an 
SU ( 6 ) wave function . combining these,  we predict that 

P (pp:r>x) "' 0 . 42 
P ( pp+Ax) 

P (pp+nx ) "" 0 . 
5 5  

P ( pp+Ax) 

(which is cons istent with recent prel iminary data from FNAL) . 

IV .  C ONC LUS IONS 

We have argued for the point of view that much may be 
learned about gluon interactions from hadron data . While 
this is admittedly optimist ic ,  some of the arguments are 
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s t rong enough to take s erious ly, a nd th e inc r e a s ed know l edge 

ava i l ab le if our approach were correct seems more than s u f­

ficient to j us t i fy c a re fu l  cons iderat ion of the ideas . 

We have s uggested that the phy s i c a l  origin of the r i s e  

o f  CT T  is g l uon interact ions , a n d  that d et a i l ed proper ties 

o f  th e rise c a n  b e  r e l a ted to b a s i c  asp ects o f  QcD . s i mi l a r  

r e s u l t s  h o l d  for c entral reg ion c l us t ers . We b e l ieve that 

QCD predicts that p a r t i c l e  mul t ip l ic i t i es grow a s  a power of 

s a t  large s rather than a s  !'ms ; this may expl a in e f fects in 

cosmic ray d a t a . We pred ict an important feature of partic l e  

rat ios a t  h igher energies w i l l  be a r apid approach to unity 

over the reg ion in x where the gl uon d is t r ibut ion function 

dominates ; if this is observed it may a l l ow the experimenta l  

d eterminat ion o f  the g l uon d is trib ution func t ion . S ince 

g l uons d o  not inte r a c t  d irec tly with leptons or photons this 

may b e  the mo s t  d irect way to me a s ur e  the d i s t r ib u t ion 

func t io n .  

W e  a l s o  s uggest that g l uon j ets w i l l  n o t  be h a r d  l ike 

quark j ets , b ut w i l l  convert mos t  of their energy into 

hadron ma s s es , g iving high mu l t ip l ic ity, fl avor-neutra l ,  

s lowly mov ing groups o f  h adrons . 

Even i f  not a l l  of our s pec u l a t ions a r e  borne out , we 

hope that the pos s ib i l ity o f  add it ional exper imenta l tests 

o f  QCD i s  s u ffici ent j us t i ficat ion for purs uing these 

que s t ions . 
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GLUE BALLS , Q UARKS , AND THE POMERON-f 
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F-13274  MARSEI LLE CEDEX 2 ,  FRANCE 

ABSTRACT 

I present three i ss ues rel a ted to s-channel uni tari ty whi ch argue i n  
favor of  the P-f i denti ty model o f  di ffracti on o f  Chew , Rosenzwei g ,  and Chan , 
and whi ch argue agai nst the tradi ti onal P+f model . These are ( 1 )  The vi ol a ti on 
of two component dual i ty i n  modern P+f fi ts , ( 2 )  Threshol d effects due to 
strangeness , charm ,  and baryon production ( fl avori ng) , and ( 3 )  Quark-l oop renor­
mal i zation of the QCD gl uebal l ,  consi stent wi th observed hadron mul ti p l i ci ti es 
and domi nant short range orde r .  I a l so revi ew P -f i denti ty phenomenol ogy . 

Je vous presente des con s i derati ons ayant pour ori g i ne 1 ' uni tari te dans 
l a  vo i e  s , qui favori sent le mode l e  de di ffracti on i ncorporant 1 ' i denti te P-f 
et qui posent des probl emes ai gus pour l e  model e  a deux composantes P+f . 
Seront trai tes ( 1) l a  dua l i te a deux composante s ,  ( 2 )  l es probl emes l i es aux 
seui l s  pour l a  producti on de parfums ( fl avori ng ) , et ( 3 )  1 ' un i tari sati on de l a  
g l ueba l l de QCD,  d ' une fa�on compati b l e  avec l es mul ti p l i c i tes de hadrons 
observees et avec 1 ' o rdre a courte portee . Je rappel l e  aussi  l a  phenomenol ogi e  
basee sur 1 ' i denti te P-f .  
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I • r nTRODUCTI ON 

I t  has become habi tual  to associ ate the concept of di ffracti on wi th 

the two component Pomeron ( P )  + f mode l . The Harari -Freund l) notion of two­

component dual i ty and the theoreti cal poss i bi l i ty of quark l ess exci tati ons 

(QCD g l uebal l ,  dual cl osed stri ng )  i s  often c i ted as evi dence for the separate 

exi stence of a Pomeron and f. The Pomeron , dual to the background , is supposed 

to be the gl ueba l l  or cl osed stri n g .  The f, dual to resonances , is supposed to 

be nearl y exchange degenerate , i deal l y  mi xed , and p l anar .  More recently a di ffer­

ent i dea has deve l oped ,  due to Chew , Rosenzwe i g  
2 ) , Chan 3 ) , and others , ca l l ed 

the "Pomeron-f i denti ty " .  Here there is on ly  one h i gh - l yi ng trajectory- the P-f.  

The P-f trajectory goes through the f-meson and is curved in t in a manner 

whi ch i nvol ves the trans i t i on to a nearly pl anar ampl i tude at timel i ke t from 

a domi nantl y cyl i ndri cal ampl i tude at t = 0. These b10 schemes cl earl y di ffer 

i n  concept , and my purpose here wi l l  be to contrast them on a phenomenol ogi cal 

l e vel . The crucia l  aspect wi l l  be s-channel un i tari ty . 

I 11i l l  focus on three poi nts whi ch a rg ue strongly i n  favor of the 

P-f i de nti ty and agai nst the tradi ti onal P+f model 4 ) 
( 1 ) .  Two component dual i ty ,  i n  contrast to the s i tuati on i n  1969 , i s  

badly v i o l ated . Typical l y  the f pol e amp l i tude from P+f modern fi ts i s  dual 

to the re sonances pl us  one- hal f the backgrou n d .  

( 2 ) .  T h e  P-f i denti ty i s  qui te successful i n  descri bi ng data . I t  not 

on ly has passed a l l  i mportant phenomenol ogical  tests ( i ncl udi ng several speci fi c  

cha l l e nges di rected agai nst i t ) , but i t  works better than the P+f model i n  one 

very i mportant respect.  The poi nt can on l y  be seen i f  one tri es to bui l d  up the 

di ffracti ve ampl i tude us i ng s -channel uni tari ty . Cal l ed "f l a vori ng" 5 ) ,  the 

effect i s  due to the succes s i ve exci tati on of parti c l e s  wi th di fferent quantum 

numbers ( fl avors - strangeness , charm ; and baryon numbe r) i n  i nel astic  states . 

Wi thi n a domi nant short range order pi cture , as exi sts at current energi es , these 

threshol d effects must " renormal i ze the Pomeron " .  Th i s  means that the bare 

Pomeron sea 1 i ng 1 aw changes from s � ( t) 
to s 0( ( t) 

wi th 0( > � i n  a we 1 1 -
defi ned way , both mathemati cal l y  and phenomeno l og i cal l y .  

Fl avori ng renormal i zati on i s  anal ogous t o  the change i n  the sca l i ng l aw 

on ei ther s i de of a thresho 1 d for exc i ti ng a new quantum n umber i n  e + 
e -_.. hadrons .  

The detai l s  are di ffere n t ,  but
'
the effects are just  a s  dramati c .  

Actual l y ,  the "co rrect "  theory o f  di ffracti on , bui l t  up as i t  i s  by 

uni tari ty , must be consi stent wi th the obse rved mu l ti p l i ci ties  < ni ) ( i  = KR , 
BB , . . .  ) of i nd i vi dual speci es of -hadron s .  That i s ,  fl a vori ng i s  not so much 
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a compl i cati on as a constrai nt on any model of di ffracti on that c l a i ms to be 

righ t .  

The reason that I have s o  s trongly emphasi zed thi s poi nt here i s  that 

the P-f i denti ty i s  in fact cons i s tent wi th thi s  i mportant aspect of uni tari ty 

and s hort range orde r .  F l avori ng i s  a necessary 

phenomenol ogy 5 ) . I n  contra s t ,  the tradi ti onal 

thi s tes t .  

i ngredi ent i n  a s uccessful P - f  

P+f model mos t  probably fai l s  

( 3 ) . The l as t  poi nt i nvol ve s  the common i dea o f  the associ ati on of 

a g l  ueba 1 1  at o<. i<= 1 with the Pomeron separate from the f . I wi 1 1  argue 

tha t ,  on the contrary ,  the exi s tence of an o1 i<= 1 gl uebal l i n  quark l e s s  QCD 

does not i mply the s tandard P+f scheme . I ndee d ,  I shal l argue that once q uark­

l oop uni tari zation of such an object i s  i ncl ude d ,  the P-f i denti ty is favored 

over the P+f mode l . The t-channel content of the Pomeron-f i s  made of qq . 

Any pos s i bl e  t-channel g l ue content of the output Pomeron wi 1 1  be s hown to be 

neg l i gi b l e . 

I I  . THE FAI LURE OF TWO COMPONENT DUAL I TY 

The reason why the s i tuati on now i s  di fferent from what i t  used to be 

i s  the di s covery that total cross  secti on s  ri se . Roughly,  ri s i ng <J means 

that the P part <J
P 

ri ses , i . e .  cS p decreases as we go to l ower energ i e s . 

But then the f part 0-
f 

= cS - <S"p i s  bi gger at l ower energies  that i t  

woul d  be i f  Cfp were con stant .  The bi gger <i f now tends to be too h i g h  to 

average the re sonances . 

I n  Fi g .  1 I exhi bi t the experi mental I
t = 0 'ff N ampl i tude 

ImA ' + ( V ,  0) correspondi ng to the re sonance s ,  and al so to the resonances 

pl us one-hal f the background . Here ImA '
+ ( v ,  O) = �( v 2- m

2 )'/• (t; + rr c. 1f 11+p n-p 
where 11 = E

l ab . Al s o  p l o tted are the t = 0 abs orpti ve f pole amp l i tudes 

taken from several " conventi onal " P+f publ i s hed fi ts 6 ) performed after 1g74 _ 
By a "conventi onal " fi t I mean that the P i s  basi cal l y  a pol e p l us smal l cuts 

at t = 0 , cons i stent  wi th domi nant short range orde r .  Al though the authors of 

these fi ts di ffer i n  thei r ph i l osophy toward exchange degeneracy , the res u l t s  

are qui te uni form . I t  i s  c l e a r  tha t ,  i ns tead of averagi ng t h e  res onances , the 

.f actual ly averages the re sonances pl us one-hal f of the background , in contra­

di ction to the i dea of two component dual i ty .  

439 



""" """ 
0 

i 
N 

� 50 
(.!) 
..0 
E -
0 
>' -

+ 
'<x: 

E -
> 

f'1 
,_ ' 

I ' I 
I -

/ 

Resonances + � Background  
Reso n a n c es 
f po l e  from "convent i onal " 
P+ f f i t s  after 1 9 74 

, , ... -,,. ,,, 
I I / 

I I 

'- I 
_ _  , 

I 
I 

,,, ........... 
/ ' 

I ' 
I ' -

,' 
------, 

I 

' 

I 
', 

I 
' 

F I G .  1 

' .. �........ 
, ' , , , , ' , , , , ' � v ( GeV)  i.....-i:= .J" I I I I I I 

1 
1 )  The absorpti ve 'Ir N i sosca l ar ampl i tude for the resonances ( dashed l i ne ) , 

the resonances p lus  one-hal f the background ( s o l i d  l i ne ) , and the absorpti ve 
f-pol e ampl i tude s from four recent conventi onal P+f fi ts . See ref . ( 6 ) . 

2 



The fa i l ure of the P+f model to sati sfy i ts own "postul ate " i s  not 
shared by the P-f i denti ty .  A model dependent te st of two-component dual i ty 
wi thi n the P-f i denti ty of the fo rm Im T ( p l anar) � ( Im ( resonances)/ , 
Im T ( cy l i nder) � <rm ( background)> has been performed . The reader i s  referred 
to Re f .  ( 4 )  for a descri pti on of thi s as wel l as more detai l s  fo r the P+f case . 

I I I  . THE P-f IDENT I TY 

The P-f i dentity i s  based on a speci fi c rea l i zation of Venez i ano ' s  
topol ogi cal expans i on ? )  . To the p l anar + cyl i nde r l evel , the I t = O ,  C = + 
amp l i tude T can be wri tten as T = TP l  + TCyl as i n  the P+f model . I n  
contras t ,  howeve r ,  t h e  parti al  wave ampl i tude T .  on ly  h a s  o n e  h igh  lyi ng pole 
i ns tead of two . (Thi s statement wi l l  be refi ned � n a moment when we di scuss 
fl avori ng ) . The pl anar f , a pole  in T� 1 at j = o( P l

-:= i ,  i s  shi fted upward 
by the cyl i nder amp l i t ude accord i ng to the part i al wave equation 

( 1 )  

The cyl i nde r kernel Cj i s  taken a s  a nons i ngu l ar function o f  j 
near j 1 . Thi s i s  qui te sens i bl e .  In Regge mode l s  3 ) , the l eadi ng Cj s i ngu­
l ari ty i s  a Regge-Regge cut at j � 0 , as shown bel ow : 

THE NONS I NGULAR CYL I N DER  KERNEL  Cj OF EQ . 

Upon i terati ng eq . ( 1 ) , the Cj kernel changes the di recti on of ci r­
cul ati on of the q uark l oops between nei ghbori ng p l anar ampl i tudes . That i s ,  the 
cyl i nder kernel produces trans i t i ons between the "back " and " fron t"  of the cyl i n­
der on whi ch qu ark l oops ci rcul ate i n  opposi te di recti on s .  Note that every t­
channel cut ( verti cal l i ne )  on the cyl i nder cuts through q uarks . Pi ctori al l y  Tj 
i s  g i ven by the i terati on 
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THE PARTIAL WAVE AMPLI TUDE Tj OF THE P-f I DENTI TY 

The sol uti on of eq . ( 1 ) i s  e l ementary , 

( 2 ) 

The fact that Cj i s  nons i ngul a r near j = 1 means that there i s  onl y  one h igh  
lyi ng pol e ,  the P-f .  Thi s i s  the  P-f  i denti ty 2 ) . 

I V  . FLAVORING 

I next di scuss fl avori n g ,  whi ch as menti oned earl i e r ,  p l ays a most 
important rol e  i n  di stingu i s h i ng the P-f i denti ty from the conventi onal P+f 
model . Here I can only menti on the h i g h l i ghts ; the reader i s  referred to 
re f .  5 for a compl ete re v i ew .  

The bas i c  i dea fol l ows the ol d observati on that the ri se i n  () seems 
corre l ated wi th the ri se of BB producti on , wh i ch i s  an obvi ous threshol d-l i ke 
effect.  Thi s same sort of behavior  i s  al s o  observed for KR producti on , though 
at somewhat l ower energ i es { the effecti ve threshol d i s  around s = 30 GeV2 ) .  
Charm and pos s i b l e  other new fl avors c l early wi l l  a l s o  exh i b i t  such behavi or at 
l a rge s , though at pre sent energies  these effects are negl i g i b l e .  The experi ­
mental fact that the mu l ti pl i ci ti es < ni) (i = KR ,  BB , . . .  ) exhi b i t  strong 
threshol d- l i ke behavi or produces the fl avori ng effect on di ffract i on through 
s -channel uni tari ty . 

I n  genera l uni tari ty constrai nts are ve ry di ffi cul t to i mp l ement.  
Here we are fortunate . The exi stence of domi nant s hort range order at present 
energies  al l ows us to concl ude that the domi nant producti on amp l i tudes are mul ti ­
peri pheral , probably i n  cl uste rs .  Now any mul ti peri pheral model with � ki nema­
ti cs properly treated conta i n s  tmi n effects for producti on of KR  , BB , . . .  
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pai rs . Independent of detai l s ,  one al ways obta i ns partia l  wave ampl i tudes of the 
fol l owing ( strong-coupl i ng )  form S )  : 

[ " 2 -b Kj 2 -bBj J- I  T j = � j j - <1.. - g K e - g8 e - . . . ( 3 )  

The decaying  exp ( -bj ) exponenti al s are j ust the k i n d  that ari se from 
the Froi ssart-Gri bov formu l a  due to threshol ds i n  s-channel di sconti nui ti es at 
l n  s = b. These terms do two thi ngs . They produce smooth threshol d modi fi cati ons 
of cross secti on behavior  (wh i ch , contrary to l ore need not be osc i l l atory ) .  
They al so renormal i ze the Pomeron ( j -pl ane descri pti on ) . Denote 

A 
= unfl avored pomeron P 

A 
Tj = Tj ( gK = g8 = 0 ) . 

/\ /\ 
i ntercept . L P = pole i n  Tj J 

where 

cl. = fl avored Pomeron P i ntercept ( P  = l eadi ng pole  i n  Tj ) 

f\ 
The unfl avored P i s  bui l t  up from pion producti on a l one . I t  i s  a pole i n  the 
" unfl avored"  p arti al  wave amp l i tude Tj . It 1 s  an a uxi l i ary , though extremel y  
useful object . The fl avored Pomeron P i s  the l eadi ng po le  i n  the ful l partia l  
wave ampl i tude Tj . I t  i s  the bare Pomeron of the  Reggeon Fi e l d  Theory .  The 
reader shoul d note careful l y  that there are no "energy dependent trajectori es " .  

A 

""- and e>< are numbers ( or at t f 0 functi ons of t ) . Further the fl avored 
i ntercept « is ca l cu l ated from knowi ng the unfl avored i ntercept � and the thres­
hol d parameters which are fi xed  by data . 

Now by ( a )  expandi ng Tj i n  a seri es i n  gk , g8 ; or ( b )  by 
pi cki ng up the pol e s  of Tj i n  the Sommerfe l d-Watson transform , one i s  l ead to 
two compl ete l y  eq ui valent descri pti ons of ..!I:__. 

" 
� 

s oi.-1  � + z= 
i =K , B ,  . . .  

g� f . (s )  9 ( l n s - b . ) + 1 1 1 

() = f""" 00 ( 4 )  
f3 o( -1  22 ( comp l ex pole  terms ) o r  s + 

1"; 1  
" 

� Note that at l ow s , er i s  gi ven s imp ly  by the unfl avored P scal i ng 
°" - 1  l aw s . A t  h i g h  s , Cf i s  g i ven s i mp l y  by the fl avored P scal i ng l aw 

sOI. - l  . Th i s  i s  the fl avori ng renorma l i zation of the ( bare )  Pome ron . Thi s  i s  
shown pi ctori a l l y  be l ow for the s i mp l e  case o f  one XX fl avori ng threshol d : 
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FLAVORING RENORMAL I ZATION EFFECT ON CS- BY XX PRODUCTION 

Here s _ i s  around BNL ( FNAL) energies  for KR ( B B )  producti on , 
xx 

and i s  determi ned by the experimental poi nt  at whi ch XX production " takes off " .  

I s tress aga i n  that the fl avori ng renormal i zati on o f  the Pomeron i s  

not model dependent .  I t  occurs because ( 1 ) threshol d- l i ke behavior  of KR, BB , . . .  

producti on exi sts , and ( 2 )  domi nant short range order i n  rap id i ty exi s ts .  

The exi s tence of fl avori ng  i n  hadron scatteri ng i s  rather l i ke the 

�ow-fami l i ar i dea that the famous rati o R in e+e- anni hi l ati on approximate ly 

obeys one scal i ng l aw ( !  Q� ) be l ow the threshol d for exc i t i ng a new fl avor 

and a di fferent scal i ng l aw ( �' Q� ) above that threshol d ,  wi th a comp l i cated 

transi t i on reg i on in between ( e . g .  the 'If fami l y  at the charm threshol d ) . 

Of course there are dynamical  di fference s .  I n  hadron phys i cs the exci tati on 

threshol ds are k i nemati cal l y  del ayed . Moreover baryon number counts as a "fl avor" 

because no q2 -ii> <><> argument  is around to break up the qqq system . P i cto­

ri al l y  e+e- � h fl avori ng due to a new XX fl avor exci tati on l ooks l i ke 
th i s  : 
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The sea 1 i ng 1 aw change from 'L Q� to :[ / qf i n  R i s  ana 1 ogous 
to the fl avori ng renormal i zation of the bare Pomeron scal i ng l aw from s� to 
s « i n  hadron-hadron scatteri ng . 

Numeri cal ly ,  fl avori ng i n  hadron-hadron scatteri ng i s  a very important 
effect . A detai l ed analysi s yie l ds 5 l 

A 
o<. - o( z 0 . 2  ( 5 )  

A s  we shal l see i n  the next secti on thi s  has q u i te important conse-
q uences . 

V . P-f I DENTITY PHENOMENOLOGY 

Here I s ha l l l i st i mportant phenomenol ogical resul ts wi thi n the P-f 
i denti ty framework , concentrati ng only on t �  0 phys i cs .  

A .  THE DUAL UN I TARIZAT I ON PROGRAM OF CHAN 

The comprehensi ve dual uni tari zati on program of Hong-Mo Chan and 
col l aborators 3)  has al l been carri ed out within  the context of the P-f i den­
ti ty .  Thi s was not ,  however , recogn i zed at the outset . 

B .  TWO-BODY PHENOMENOLOGY 

( 1 ) . The fi rst major work i ncorporati ng the P-f i de�ti ty was �ef .  8 
whi ch contains  one of the two exi sti ng g l obal fits to a l l  0- i _,,,.. 0- i data 
at  and bel ow BNL energ ies . Thi s was done wi th  what i s  now recogni zed to be the 

A � � unfl avored bare Pomeron P , and the unfl avored P i ntercept <>< was taken at  
I\ 
ol. = 0 . 85 .  The exi stence of a separate i deal l y  mi xed "f"  was al l owed for i n  the 

A 
fi t ,  but i ts i ntercept was consi stent onl y  wi th a val ue of around zero . The P 
i ntercept bel ow one sol ves the eni gmati c "phase prob l em "  of absorpti on model s ,  
known to two-body phenomenol ogi sts , i n  an el egant way. Standard P+f treatments 
s uffer from the probl em that Regge-Regge cuts shou l d  van i sh in an exchange-dege­
nerate worl d ,  which g i ves i ncorrect phases if the P i s  a pol e around 1 p l us 
sma 1 1  cuts . 

445 



( 2 ) . Ri si ng cross secti ons above BNL energies are qui te consi stent 
wi th the P-f i denti ty and the above g l obal fi t .  As menti oned several times , 
fl avoring p l ays the key rol e .  The fl avored P has the cal cul ated i ntercept 
o< = l . 08 .  Usi ng the same fl avori ng i n  ir N , KN , and NN scatteri ng  produces 

the correct shapes  of a l l these cross secti ons through FNAL-ISR  energies  5 ) .  

( 3 ) . Spec i fi c  chal l enges to the P-f i denti ty have al l i gnored the 
crucia l  aspect of fl avori ng . These i ncl ude 5a ) the observed i ncreasi ng beha-
vi or of 2 () KN - cr-'1\" N and the rati o of forward real to i magi nary amp l i tudes9 ) . 

These data are wel l descri bed wi th i n  the P-f i denti ty ,  as shown i n  ref .  5 . 

( 4 ) . Inel asti c two body reacti ons have not been systematica l l y  analy­
zed ,  other than the 0- j+ � 0- j+ case . The asserti on lOa }  that K� produc­
tion poses a seri ous probl em for the P-f i denti ty has been reanalyzed by 
Tan , Tow , and Tran Than Van lOb ) and shown to be fal se . However a comp lete 
ana lys i s  of vector meson producti on as we 1 1  as reacti ons l i ke np � pn where 
di ffract i on enters through absorpti on sti l l  needs to be performed .  

C .  MULTIPARTI CLE  PHENOMENOLOGY 

( 1 ) . Mue l ler  analys i s  i s  di fferent i n  the P-f i denti ty because at 
A 

subenerg i es s i wh i ch are be l ow fl avori ng thresho�ds i t  i s  the unfl avoredA P A 
which control s the leadi ng si dependence as s i o< I n  aqditi on the P x P 
cut and unfl avored j � 0 s i ngul ari ti es can be present , as i n  the g l oba l 

8) """ 
fi t . Tri pl e-Regge pp _,,. pX and ir p  � Xp phenomenol ogy u s i ng tri p l e  PPP 

A A 
and 1T 1T  P terms was performed i n  ref .  1 1 ,  where the P was fi rst i ntroduced .  
The exi sti ng data were i ndeed cons i stent wi th th i s  descri pti on . However newer 
data exi s t  that shou l d  be analyzed , w i th appropri ate attention to fl avori ng 
renorma l i zat ion i n  subenergies . 

( 2 ) . The ri s i ng rap i d i ty p l ateau has been analyzed by Jones 12 ) , who 
concl udes that fl avori ng may be a key i s sue here too . F l avori ng can i ntroduce 
new Mue l l er coup l i ngs whi ch can make the ri�e of d u/dy occur at the same s 
as d" , i nstead of l ater .  Further work a l ong thi s  l i ne wou l d  be we l come . 

( 3 ) . Al l fl avori ng phenomenol ogy has been performed us i ng the 
pp � KKX , ppX tabu l ation 13 ) , assum i ng that the fl avori ng renorma l i zation 
i s  uni versal for ap scatteri ng ( a  = p ,  ir, K) as i t  shou l d  be i n  a short range 
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order framework . Thi s s hou l d  be checked expl i ci tly by tabu l ati ng 
etc . data . 

1T p ..,... KKX ' 

The overal l concl u s i on i s  that the P-f i denti ty ,  whi l e  not exhausti ­
vely tested , has passed al l major phenomeno l ogi cal tests as wel l as a number of 
mi nor tests . The P-f i dent i ty moreover has the advantage of be i ng consi stent 
wi th flavori ng .  

On the other han d ,  the l arge flavori ng effect i s  cl early i nconsi stent 
wi th the tradi t ional P+f pi cture , at least wi th i n  the conventional framework . 
For examp l e ,  the fl avori ng renormal i zati on of 0 . 2  requi red by the data for 

- - " 
KK and BB production wou l d  renormal i ze an unfl avored Pomeron P at one to 
a fl avored P with i ntercept 1 . 2 ,  whi ch i s  much too h igh  to fi t total cross 
secti ons . Conversel y ,  the comp l ex pol es in the fl avori ng-renormal i zed spectrum 
of T .  ( eq . ( 3 ) )  cannot approximate the f of the P+f mode l . Thi s  i s  because J 1 ( 1 ) the compl ex pol es are comp lex , and anyway nowhere near 2 , and ( 2 ) they 
conta i n  substanti a l  strange ss and diquark qq qq components , whereas the 
standard f i s  i deal ly  mi xed ; i . e .  i t  supposedl y  contai ns onl y  uu and dd 
components . 

VI . WHY THE POSS IBLE EXISTENCE OF A GLUEBALL W ITH I NTERCEPT ONE DOES NOT 
IMPLY THE P+f MODEL 

The major theoretical  moti vati on for the P+f pi cture has been taken 
from the poss i bi l i ty of new quark l ess  effects ; a g l uebal l i n  quarkless  QCD 
14 • 15 l or a cl osed stri ng i n  dual model s ,  whi ch coul d  produce a pol e with i nter­
cept one . It i s  important fi rst of a l l to remi nd the reader that thi s  pos s i bi l i ­
ty suggesti ve as i t  may be , i s  unproven 14 ) . However ,  what I wi sh  to poi nt out 
i s ,  eve� gi ven the exi stence of such an object , the demonstrati on of the stan­
dard P+f pi cture is by no means guaranteed . The gl ueba l l  concept , formul ated 
as i t  i s  in a worl d wi thout q uarks , vi ol ates uni tari ty . The i mpos i ti on of uni ta­
ri ty by addi ng quarks l oops can s ubstanti a l l y  modi fy what one mi ght naively 
bel i eve to be  the case . Speci fica l l y ,  I wi l l  s how that 

( 1 ) . The P-f i denti ty i s  i n  fact cons i stent wi th the exi stence of 
a g l ueba l l  i n  quark less  QCD , even wi th i ntercept one ; 

( 2 ) . The P-f i denti ty i s  not only a con s i stent resu l t  but the 
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preferred resu lt  over a pos s i b l e  P+f res u l t .  Th i s  wi l l  fol low on l y  from foter­
nal consi stency , short range order and the total parti c l e  mu l ti p l i ci ty < n > 
whi ch i ncreases roughly l i ke a l n  s , where a i s  a b i g  number ( a ;:::; 3) . 
The P+f model resu l ts general l y  i mply 16 ) part i c l e  mul ti pl i ci ties < n >  whi ch 
i ncrease l i ke f l n  s , where E is a sma l l number ( e . g .  E z 1/6 ) .  

I beg i n  by consi deri ng the standard p i cture for the QCD g l uebal l 
Pomeron , fi rst i ntroduced by Low and Nussi nov lS ) .  There are no quarks at thi s 
stage , other than the external quarks . ( Techni cal l y ,  the number of col ors Nc 
has been taken to i nfi ni ty ) : 

G l ue b a l l 

THE f-DOMINATED GLUEBALL POMERON I N  QUARKLESS QCD 

The two external quark l oops fi t on a cyl i nder topol ogi ca l l y  s i nce 
they ci rcul ate i n  oppos i te di recti ons . They produce a double p l anar f pole 
( f-domi nated res i d ues ) , and tr.ey exchange col ored gl uons to produce the g l uebal l. 
The two gl uons i n  the above drawi ng are only suggest i ve .  Actual 1y we expect the 
fu l l  content of quark l ess QCD to enter and , i n  an as yet unknown way , perhaps 
lead to the j-p l ane resul t 

with � * 

c .g l ue 
J 

11_ 
j - o( * 

( 6 ) 

or at l east someth ing  cl ose to one . The t-channel d i s conti nui ty 
away from the external q uarks cuts through on l y  g l ue .  

Now the s-channel di sconti nui ty of th i s  amp l i tude i s  obta i ned by 
consi deri ng the two gl uons i n  the fi gure as the s-channel di sconti nui ty l i ne .  
Cl early only two qq pai rs are present , and i n  fact each has a "mass"  on the 
order of s112 . Th i s  unphysi ca l  res u l t  i s  because the dynami cs has not yet been 
regarded as i ncl uding q uark l oops , whi ch produce qq pai rs i n  the s-channel 
uni tari ty sum. However ,  even at th i s  stage , one sees a h i nt  of what is to come . 
Any exp 1 i c it  gl ueba 1 1  ( associ ated wi th a t-channe 1 di sconti nui ty tha·c does not 
cut through quarks ) wi l l  produce � l arge rapi d ity gap and l ead to � l ack of 
.9..9. pai rs . Thi s wi l l  u l ti mately produce probl ems wi th hadron mul t ip l i ci ties for 
the P+f model , though not for the P-f i denti ty .  
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When quark l oops are added , the cyl i nder topol ogy wi l l  sti l l  domi nate . 
Thi s  i s  because h i gher order topol ogies generate j -pl ane cuts , which are sma l l  
effects . Because o f  short range orde r ,  there i s  a mu l ti peri pheral structure on 
the cyl i nder .  Movi ng al ong the cyl i nder ,  a p l anar amp l i tude wi th quark l oops 
ci rcu l ati ng i n  one di rection on the "back"  of the cyl i nder undergoes a tran s i ­
ti on by means of a "cyl i nder kernel " to another pl anar amp l i tude wi th q uark 
l oops ci rcul ati ng i n  the other di recti on on the "front" of the cyl i nder ( and 
conversely ) . I terati ons of p l anar-cyl i nder-p lanar . . .  transi ti ons  al ong the 
cyl i nder generate the mul ti peri pheral structure ,  consi stent wi th a j -p l ane 
pole  output . (Techni cal l y ,  nonsense zeros k i l l  the cuts ) .  So far I have done 
noth i n g  unconventi onal , and i n  fact I am mere ly  fol l owi ng Venez iano ' s  suggesti on 
that each of the ori gi nal h i gh "mass"  qq pai rs "decays " i nto a pl anar jet l? )  
To  go further I have to  speci fy the "cyl i nder kernel " .  

Suppose that the cyl i nder kernel is chosen as Cj , the nons i ngul ar 
functi on of eq . ( 1 ) . Then the multi peri pheral equati on for the cyl i nder ,  wi th 
the p lanar amp l i tude added , i s  exactly eq . ( 1 ) . Every t-channel cut goes through 
quark s .  S i nce eq . ( 1 ) i s  the equati on that generates the P-f i dent i ty ,  I have 
shown my fi rst c l a i m .  THE POMERON-f I DENTITY � CONS I STENT W ITH THE EXISTENCE 
OF � GLUEBALL .!Ji QUARKLESS QCD.  What has happened i s  that the uni tari zati on of 
thi s g l uebal l has been chosen in such a way as  to produce the P-f i denti ty .  
Speci fi ca l l y ,  the u n i tari zati on of the cyl i nder turns the double  p l anar f pol e  
due t o  the f-domi nated res i dues o f  the ori gi nal g l uebal l Pomeron i nto a p l anar 
f pol e wi th a negati ve resi due , whi ch cancel s the p l anar f i n  T�1 . Tech­
ni cal l y ,  one shou l d  take note of the fact that i t  i s  the phys i cal  s-channel 
di s conti nui ty whi ch bui l ds up the phys i cal j -p l ane amp l i tude through the 
Froi ssart-Gri bov formul a .  Because the non-uni tari zed and uni tari zed cyl i nder 
di s conti nui t ies are di fferent ( conta i n i ng two qq pai rs and many qq pai rs , 
respecti ve ly ) , the non-uni tari zed gl ueba l l  parti al wave amp l i tude i s  di fferent 
from the phys i ca l  parti a l  wave amp l i tude Tj . Thus there are i mportant detai l s  
wh i ch must depend on the quark l oop dynami cs , l i ke the above negati ve resi due 
p l anar pole i n  the cyl i nder .  Another examp l e  i s  fl avori ng , whi ch I have argued 
must occur and i s  c learly a quark-mass  dependent effect . Those who wou l d  l i ke 
to use col or confi nement to argue that the l eadi ng cyl i nder j -pl ane pole i nter­
cept shoul dn ' t  change much under uni tari zati on have a bui l t- i n  argument for 
sayi ng that the P-f i ntercept shou l d  be around one . I do not bel i eve that 
argument is a-pri ori reasonabl e ,  s i mp l y  from the above observati on regard i ng 
the Fro i s sart-Gri bov formul a .  Therefore I must re ly on counti ng arguments l i ke 
those of H .  Lee and Venezi ano or the more sophi sti cated computer cal cul ati ons 
of Chan et a l . 3) to say that the output P-f i ntercept shou l d  be around one , 
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the detai l s  bei ng fi xed by the necessi ty of be i ng cons i s tent wi th both l ow 

energy BNL data S) and with  fl avori ng S )  as descri bed i n  the previ ous secti on 

on P-f phenomenol ogy . 

So far I have shown that one can have the QCD g l uebal l i n  one l i mi t , 

the nonun i tari zed quark l ess l i mi t ,  and the P-f i denti ty i n  the real  worl d 
once q uarks are added .  I wi l l  now argue that thi s i s  i n  fact the most reason­

able sol uti on . Whi l e it is formal ly  poss i b l e  to construct sol uti ons that l ook 

rather l i ke the P+f model , I wi l l  show that somethi ng a lways goes wrong -
part i c l e  mul ti p l i c i ti es are too sma l l ,  the f does not have the p roperti es 

that wou l d  be expected i n  the P+f model , short range order is v io l ate d ,  or 

double  counti ng errors are commi tted . 

To construct a sol uti on that l ooks l i ke the P+f model i s  at fi rst 

gl ance easy . I n stead of choos i ng the cyl i nder kernel as the non s i ngu l a r  Cj 
kernel wh i ch generates the P-f i denti ty ,  one chooses to have the poss i bi l i ty 
that some tran s i t i ons between p l anar ampl i tudes on the cyl i nder take p l ace 

through the i ntermedi ary of g l uebal l tran s i t i ons across the appropri ate sub­

energ ies , l eadi ng to t-channe l cuts through g l ue .  To avo i d  confu s i on i n  termi ­

nol ogy ,  I wi l l  cal l these tran s i ti ons subgl uebal l trans i ti ons . By cons i stency , 

the parti a l  wave projecti on of each subgl ueba l l trans i t i on i s  just  Cj
gl ue 

wi th i ts pol e at j = o{x • The re l evant part i a l  wave equati on i s  now 

T · J 
T .  = T� l 

J J 
P l  + T j ( g Cj 

Upon i terati on T .  J 

.......__..., 

) ( + 
......--... 

g l ue + gg l ue Cj ) Tj 

now l ooks l i ke thi s 

Subglueba l l  [ �· 
THE AMPL ITUDE Tj OF THE S INGULAR EQUAT I ON ( 7 )  

( 

I t  i s  tri v ia l  to see that Tj i ndeed has two h i g h  l y i ng pol e s .  

( 7 )  

The g l uebal l has been i terated through subgl ueba l l tran s i ti ons i nterspersed 

between non s i ngu l a r  Cj trans i t i ons , and the  resul t is  j ust a sp l i tti ng of  
the  two i nput g l uebal l and p l anar pol es to form two output pol es that  one 

may be tempted to cal l the P and f. Thi s  possi bi l i ty ,  rai sed by a number 
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of outhors , i s  formal ly  s imi l ar to the o l d  Schi zophrenic  Pomeron model of Chew 
and Sn ider 18) . We now poi nt out the probl ems associ ated wi th thi s poi nt of 

• v i ew .  

P+f PROBLEM ONE  : THE  HADRON MULTI PU C ITY I S  TOO SMALL I F  ol. * = 1 .  

Suppose that the g l uebal l - and subgl uebal l - i ntercept of. �  i s  one 
(or  around one ) . The problem , as h i nted at before , i s  that each subgl ueba l l  
transi ti on requi res a l ot o f  phase space . G i ven the total cross sect i on 

ol - 1  tJ" :::: 13 s , i t  i s  easy to  see that the average number of subgl ueba l l  
transi ti ons < nsgb ) sati sfies 

< nsgb ) � ( o<  - o( * )  l n  s < l/10 ln s ( 8) 

where I have used the experimental i nformati on that o<. < l . 1 .  Thus at 
present energ ies , i nternal cons i stency and the total cross secti on requi res 
there to be mostly only one ( ! )  subgl ueba l l , which generates a l arge rap i d i ty 
gap across the enti re ki nemati c reg i on .  Thus , l i ttl e phase space i s  avai lable 
to produce qq pai rs on ei ther s i de of the subgl ueba l l  trans i ti on .  This  means 
that the hadron mul ti p l i ci ty < n > i s  much too smal l ,  i . e .  < n > ;::>;::. <= l n  s 
where E < <  3 , the experimental val ue . 

There are at l east three examp l es of thi s  of which I am aware . 
The fi rs t i s  the Schi zophren i c  Pomeron model 18 ) , where the subg l ueba l l formal ly 
i s  a l ogari thmi c cut near j = 1 .  Many cal cul ati ons were done , typi cal l y  produc­
i ng < n) / l ns � i 18 • 19 ) . A second exampl e  i s  the QED - based model of 
Cheng , Wu , and Wa l ker 20 l . Here the g l uebal l is composed of two photon s .  
Hence o<.. � = l ,  there are two hadrons between each subgl ueba 1 1  , o( = 1 .  08 , 
and so < n ) / l ns ;;::; 1/6 . A thi rd exampl e  16 ) i s  the phenomenal ogy done 
by Pi nsky and Snider 2 1 ) , who fi t <r usi ng eq . ( 7 ) wi th g = O .  If we take 
one parti cl e between subgl uebal l transi ti ons , then < n >  / l ns � 1/ 7 .  
I n  this  l ast examp l e  the subgl uebal l i ntercept was we l l  be l ow one ( 0(  * = 0 . 85 ) , 
but even so the parti c le  mul ti p l i ci ty i s  too smal l .  F i na l l y ,  Nussi nov ' s  
"dressi ng-up of the Pomeron " 15 ) i s  al so gi ven by eq . ( 7 ) , but as he di d not 
bother to cal cul ate mul ti p l i ci ties , he di d not see the probl em .  

Thi s <n> prob l em shows that the t-channel uni tari ty content o f  the 
Pomeron cannot conta i n  any s�nfui pure-g l ue component i f  o<.* � 1 ,

- ;sis 
the case for the P+f model . I nstead , the t-channel content of di ffracti on 
must be made up predomi nate ly of quarks , as is t he case i n  the P-f i denti ty .  
Ca l cul ati ons 3 )  show that n o  ( n )  di ffi cul ties are encountered i n  the P-f 
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i denti ty .  

P+f PROBLEM TWO : The f DOES NOT LOOK L I KE THE f OF THE P+f MODEL .  

Th i s  problem ari ses under the fol l owi ng hypotheses . One i magi nes , 
that regardless of the poss i b l e  val ue c(.K = 1 of the ori gi nal gl uebal l ,  
the subgl ueba l l i ntercept i s  not 1 , but l ess than one . Thi s may occur , 
because there may be add i t i onal renorma l i zation effects of the quark l ess 
QCD gl uebal l due to quark l oops whi ch are not cut by the s-channel di sconti ­
nui ty 22 ) , and so have not been exp l i ci tl y�c l uded so far .  How b i g  thi s 
effect can be i s  a matter of conjecture i n  one sense , but we can be pretty 
sure from the above argument about mul t ip l i ci ties  that i f  the subgl ueba l l real ly  
exists as a separate cyl i nder kernel i ts i n tercept r.;ust be  oi....,,_ < i· Sti l 1 eq . ( 7 ) 
generates two pol e s .  Now , howeve r ,  the Pomercn i s  mostly the shi fted pl anar f 
shi fted usi ng Cj as i n  the P7f i denti ty and i s  �ostly made up of quarks i n  
the t-channel , whi le  the putati ve output "f"  wi l l  have a l arge g l ue compo­
nent 17) 

However ,  an "f"  wi th a l a rge gl ue component has al l the wrong 
properti es . The f of the P+f mode l i s  supposed to be pl anar and i dea l ly 
mi xed to a good approx i mation . However gl ue i s  i nherently a cyl i ndri cal concept 
and a fl avor s i ng l e t .  It i s  a l so worth poi nti ng out that an output "f"  i nter­
cept near i woul d ,  under the ci rcumstances , be acci dental . Actua l l y  i t  i s  
qu i te unl i kely s i nce the i nput pl anar pole  i n  T .P 1 a t  i wi l l  repel any 
output pol e  i n  Tj we l l  away from i J 

I n  fact I bel i eve that the only sensi b le  resu l t of thi s k i nd i s  an 
output gl uebal l trajectory , after qua rk mix i ng , wi th i n tercept bel ow zero . 
Thi s  i s  then qui te cons i stent wi th the P-f i denti ty .  

P+F PROBLEM THREE SHORT RANGE ORDER IS V IOLATED OR MULTI PLE COUNT I NG ERRORS 
ARE COMMITTED .  

These errors are t o  be found i n  at l east  two papers 23 • 24) 
Fi rs t ,  i magine that what I have cal l ed a "subgl ueba l l  " ,  composed only 

of g l ue ( and perhaps uncut quark l oops ) is  actual ly  an i ntermedi ate quant i ty 
l i ke a b i g  "g l ueba l l  resonance " whi ch " l ater"  decays i n to quark pai rs wh i ch 
appear i n  the s-channel uni tari ty sum. Such a "decay" wi l l  of course have to 
be mul ti peri pheral and cyl i ndri cal topol ogi cal l y  i n  order to reta i n  s hort 
range order .  Hence , "subgl ueba 1 1  decay" i s  i ndi sti ngui sh  ab le  in character 
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from the mul ti peri pheral cyl i ndri cal structure whi ch came from the ori gi nal 
gl ueba l l and on wh ich  I have been bas i ng the whol e di scuss i on .  Thus one obta i ns 
noth i ng new by l etti ng subgl ueba l l s  "decay" . I f  subgl uebal l s  "decay" i nto 
i terates of Cj then al l fi nal states are obtai ned by i terati ng Cj , and 
th i s  s i mply produces eq . ( 1 ) and the P-f i denti ty.  If subgl ueba l l decays 
al so i ncl ude g l ue ( a s  "sub-subgl ueba l l s " ) , one merely  obtai ns eq . ( 7 ) as generat­
i ng a l l fi nal states . Hence there i s  real l y  noth ing  to di scuss ; the earl ier  
treatment is  comp l ete .  

However ,  ref . ( 23) imagi nes al l ot *  :::: 1 subg l uebal l decays to occur 
nonmul tiperipheral ly , and so i rreduc i bly wi th respect to Cj i terati ons . 
Th i s  i s  accomp l i shed techn ica l l y  wi th the a i d  of a "mi n imum rap i d i ty l ength " 
whi ch stretches across the subgl uebal l ,  and i s  i ntroduced to avo i d  doubl e 
counti ng . Doub l e  counti ng i s  i ndeed avoi ded . Howeve r ,  because each subg l uebal l 
uses up so much phase space , the assumed nonmu l ti peri phera 1 subgl ueba l l  decay 
i mmedi ate ly resul ts i n  a l l  fi nal states bei ng domi nated by non-mul ti peri pheral 
confi gurati ons . But nonmul ti peri pheral fi nal states are tantamount to domi nant 
l ong range orde r ,  viol ati ng the data . 

A second ( and re l ated ) way that short range order can be vi ol ated 
i s  not to recogni ze that topo l og ies  of  h i gher order than the cyl i nder generate 
j -p l ane cuts . These h i gher order topol ogies are a l so respon s i b l e  for produc i ng 
al l the correct analyti c i ty properti e s  of mul ti parti c l e  ampl i tudes , but domi nant 
short range order ( and the topol ogi cal  expan s i on ) tel l s  us that these are sma l l  
effects a t  current energ i es . Cl early , i f  one i s  i nvesti gating the properti es 
of the bare Pomeron pol e  before addi ng cuts ( as  we are ) , one shoul d make sure 
not to i ncl ude these hi gher topol ogi es . 

I cl ose wi th a di scuss i on of mul ti p l e  counti ng errors . These occur 
under the fol l owi ng s i tuati on . Imagi ne starti ng wi th fi nal states on the cyl i n­
der ,  al l generated by Cj i terati on . As I have sai d ,  th i s  produces eq . ( 1 ) and 
the P-f i denti ty . However ,  ref . ( 24 ) effecti ve ly tries to reorganize these 
fi nal states � if they ori gi nated from e>t* � 1 subgl ueba l l decays , whi ch 
makes eq . ( 7 ) and a P+f sol uti on l ook rel evant .  The point i s ,  th i s  i denti fi ca­
ti on cannot be done uni quely ,  and mul ti p l e  counti ng errors are thus commi tted . 
Techni cal l y ,  ref . ( 24 ) di vi des  C .  i nto contri butions from l ow and h i gh rap i di -J 
ty gaps i n  i ts defi ni ng Froi ssart-Gri bov i ntegral , but thi s  does not prevent 
the mu l ti pl e  counti ng errors . The poi nt i s  s i mp l e .  A nons i ngul ar equati on 
l i ke eq . ( 1 ) cannot generate sol uti ons to a s i ngul ar equati on l i ke eq . ( 7 ) 
regardless  of how one tri es to rearrange thi ngs . 
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SUMMARY OF SECT ION V I  

There may i ndeed be  a g l uebal l i n  quark l ess QCD  wi th i n tercept one . 
However,  because of uni tari ty the fi nal resul t for the di ffracti ve amp l i tude 
can be di fferent from what one might  expec t .  I have argued that after uni tari ­
zati on due to quark l oops that  a poss i bl e  res u l t  -and the most p l aus i ble res u l t­
i s  the P-f i denti ty ,  and not the tradi t i onal P+f mode l . 

VI I .  CONCLUS IONS 

QCD may or may not provi de the fundamental theory of strong i nter­
acti ons . Unfortunate ly ,  present techniques precl ude a rea l i st i c  QCD cal cul ati on 
of di ffracti on scatteri ng .  Regardl ess , the u l t i mate character of di ffract i on 
must pass  the test of uni tari ty . Whi l e  thi s i s  notori ously di ffi cul t to i ncor­
porate , a major step forward has been taken with the topol ogi cal expansi on .  

I have argued that the model o f  di ffracti on best cons i stent wi th 
uni tari ty is the Pomeron-f identi ty mode l . The quark l oop un itari zati on of 
a QCD g l ueba l l  i s  forma l ly consi stent wi th the P-f i dent i ty .  Phenomenol ogi ­
cal ly , the P-f i denti ty i s  i n  good shape . An especi al ly  i mportant poi nt i n  
th i s  regard i s  the fl avori ng renorma l i zati on o f  the P-f , wh i ch ari ses from 
the requi rement of cons i stency through uni tari ty wi th i ne l asti c producti on 
of part i c l es wi th di fferent quantum numbers . 

The P+f model , though steeped i n  tradi t ion , suffers from three 
major fl aws . These are ( 1 ) Modern P+f fi ts strongly viol ate two component 
dual i ty ,  ( 2 )  The usual  P+f model i s  i ncompa t i b l e  wi th fl avori ng , and 
( 3) Quark-l oop uni tari zation of a QCD g l uebal l probably cannot produce the 
P+f model (wi th the P conta i n i ng g l ue i n  the t-channel ) and be consi stent 
with  short range order and wi th observed hadron mul ti p l i ci ti e s .  

have concentrated i n  thi s paper o n  the short range order amp l i tude , 
whose j -pl ane projecti on i s  pol e  domi nated . J-pl ane cut correcti ons , provi ded 
by the Reggeon Fiel d Theory ,  are sma l l effects at access i bl e  accel erator ener­
gies . At superasymptoti c  energies  where l ocal scal e s ,  l i ke the fl avori ng 
sca les , become neg l i gi b l e  the RFT scal i ng l aws cou l d  become appl i cabl e .  
However,  we shoul d avo i d  comp l acency . H i nts o f  b i g  surpri ses a t  cosmic  ray 
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energies exi s t .  I t  may be that a l l present concepts of di ffracti on scatteri ng 
are rel evant only i n  a l imi ted energy reg ime 25 ) 
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DI FFRACTI VE HADRON DISSOC IAT I ON 

K .  Goul i anos 
The Rockefel ler Uni vers i ty 

New York , N . Y .  1 0021 

Abstract : Some s impl e general features of the d i ffractive 
hadron di ssoc i at ion process are d i scussed w i th emphasi s on  
i ts rel ati on to  el as t i c  s cattering and the total cross 
section of hadrons .  
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I n  the past few years , the di ffraction d i s soc i ation process 
h + A + X + A at l ow t ( 1 )  

has been studi ed for h ,A = p± , �± , K± and a l so for pd + Xd .  The  di ffer­
ential producti on cross secti on 

d2cr/dtdM 2 = f (s t M 2 )  ( 2 )  x h ,A ' ' x 
has been found to exh i b i t  certa i n  s impl e features . I n  th i s  report , we 
review these features and exami ne some properties of hadron cross sections 
that can be derived from them . Specifi cal l y ,  we di scuss : 

( i )  The s , t ,  and Mx2 dependence of the d i ffractive cross sections , 
( i i )  the factorization of the diffract i ve vertex , 

( i i i )  the fi rst moment fi n i te mass sum rul e ( FMSR) and the l ow mass 
enhancements of the di ffracti ve cross section , 

( i v)  a comment on the s-dependence of the di ffracti on d i s soc i ation 
cros s section , 

( v )  a rel ationsh i p  between the el ast ic  and the total cross section 
of hadrons , and 

( v i )  the total cross section of the d i ffracti ve mass X w i th the 
nucl eon -- and why the accepted method for extracting this  
cross section may be wrong ! 

Wi th the except i on of resu l ts from the Rockefel l er experiment E-396 at 
Fermi l ab ,  al l the experimental resul ts referred to in th i s  report are pub-
1 i shed. However ,  s i nce th i s  i s  not a summary of resul ts but a review 
focus i ng on the el uci dation of the poi nts mentioned above , not al l the 
publ i s hed resu l ts on reaction ( 1 )  are quoted here. 

H igh  energ ies (s � 1 00 GeV2 ) are essent i al for observing  a d i ffraction  
di ssoc i ation s i g nal  above the non-di ffracti ve "background" from central 
col l i s ions . Thi s  i s  i l l ustrated in F i g .  l for pp + Xp. The cross secti on 

* * 
da/dx ( x  = �' /Pmax � l - Mx2/s )  wh ich i s  approximately fl at i n  the central 
x reg ion i ncreases dramatica l l y  with decreas i ng l - x i n  the reg ion  
1 -x � O .  l .  This  i ncrease of the cross section is  due to the di ffraction 
dissociation of the proton wh i ch fo l l ows a 1 / ( 1 -x )  l aw .  For a g i ven s, as 
1 -x � M//s  decreases , the val ue of M/ enters the " resonance region"  
(Mx2 � 5 GeV 2 )  and  final l y  reaches the pion  production thres hol d  where the 
cross secti on must come down to zero . The h igher the s ,  the l ower the val ue 
of 1 - x  correspondi ng to a g i ven mass Mx '  and the h igher the i nvari ant da/dx 
cross section for the di ffracti ve production of thi s  mas s .  Thus , l arge 
diffractive masses can be " seen " above background only at appropri ately h i gh 
val ues of s .  Th is  po i n t  i s  di scussed quanti tati vely i n  Part I bel ow .  
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F IG .  l - The i nvari ant di fferentia l  cross secti on d2cr/dtd ( Mx2/s )  
for pp � Xp at t = - 0 . 042 (GeV/ c ) 2  and  s from 1 3  to  500 Gev 2 •  

I .  The s ,  t ,  and M/ dependence of the di ffractive cross  section -

In the reg ion  Mx 2 � 5 GeV 2 ,  ! t i  $ O .  l ( GeV/c) 2 a nd 1 -x $ O .  l ,  the 
di fferentia l  cross secti on for hA � XA i s  found experimental l y  to be des­
cri bed by the s impl e formul a 5 •6 • 7 )  

d2cr Ai ( l +B/s )  b t b t 
dtdx = -�l�--x- e i + Az ( l -x)  e z ( 3 )  

where the cons tants A1 , B ,  b 1 , A z  a n d  bz depend o n  the parti c les  h and A .  
The f i rs t  term on the right hand s i de i s  i denti fied wi th the di ffractive 
cross section wh i l e  the second term i s  presumably due to non-di ffractive 
processes . Th i s  v iew i s  supported by the fact that the first term fol l ows 
s impl e factori zation rul es as d i scussed i n  Part I I  bel ow ,  wh i l e  the second 
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term does not fol l ow these rul es . 
The t-dependence is exponenti al as  
expected from a nai ve d i ffractive 
pi cture and the 1 /1 -x behavior i s  
respons i b l e for the i ncrease o f  the 
cross section at  sma l l  1 -x .  For 
pp + Xp, the constants in Eq . ( 3) are 
approximately5 •6 ) A 1  � 4 mb • ( GeV/c) -2 , 
B � 65 ± 25 GeV2 ( i ncl ud i ng estimated 
systemat ic  errors ) ,  Az/A1 � 1 00 ,  and 
b1 � bz � 7 (GeV/c) -2 . Thus ,  at 1 -x 
O .  l the di ffractive and non-d iffrac­
t i ve terms are approximately equal 
wh i l e  at 1 -x = 0 . 03 the d iffracti ve 
term i s  respons ib le  for about 90% of 
the i ncl us ive cross section . 

As Mx2 decreases to va l ues smal l er 
than 5 GeV2 , the s l ope b i ncreases 
thus caus i ng a l ow mass enhancement at 
l ow t val ues . However ,  it i s  impor­
tant to observe that the i ntegral of 
the cross section over t behaves 
very smoothly over the ent i re mass  
reg ion,  as  i l l ustrated4 l i n  F i g .  2 .  
T h i s  behav ior i s  j u s t  what i s  necessary 
to sati s fy the FMSR as d i scussed under 
Part I I I  bel ow .  
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FIG.  2 - Val ues for pp + Xp vs Mx2 ,  extracted from pd + Xd at 275 GeV/c .  
( a )  The s l ope parameter ,  b ( Mx2 ) .  ( b) d2a/dtdMx2 mul tipl i ed by 
Mx2 and extrapo lated to t = O us i ng b ( Mx2 ) . ( c ) Val ues of 
( b) above , d i v i ded by val ues of ( a ) : Mx2 ( da/dMx2 ) . 



I I .  The factori zati on of the di ffractive vertex -
I t  has been determined experimenta l l y5 • 7 • 9 )  that at l ow t and smal l 

Mx2/s the diffract ive vertex factorizes as fol l ows : 

(4 )  

As  a consequence of  this  factori zation rul e ,  the cross sections for a 
hadron di ssociating on di fferent targets sca l e  as the correspondi ng e lastic  
cross sections5 • 7 ) , wh i l e  the cross sections for different hadrons di ssoci­
ati ng on  the same target scale as the corresponding total cross sections9 ) . 

a) Proton di ssociation on di fferent targets A :  
This  has  been studied for7 ) A =  p± , rr± , K± ( S i ng l e  Ann Spectrom­

eter) and for S) A= d ( USA-USSR Col l aboration) . The di agram for el astic  
scattering anal ogous to  (4 )  is  

t ( 5 )  

gAA (t) 
Comparing ( 5) w ith ( 4 ) , factori zation impl ies that 

( 6) 

i . e . , at g iven s ,  x and t, the ratio  of the di ffracti ve to the elastic cross 
secti on of a hadron h interacting with a target partic le  A is a constant 
i ndependent of the target parti c le .  As menti oned in Part I ,  it is the fi rst 
term in Eq. ( 3 )  that factorizes in  this manner wh i l e  the second tenn ( non­
di ffracti ve) does not factorize5) . F i g .  3 i l l ustrates a test of thi s fac­
tori zation rul e  for proton dissociation on p and d targets5) . I t  i s  
important to notice that the test i s  performed a t  the same s-val ue and 
therefore at different i nc ident proton momenta in  the l aboratory . 
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b ) D i fferent hadrons h di ssociating on the same target partic l e  A :  
Th i s  has been checked recently for

9 )  
h = p± , rr± , K± and A =  p 

( Rockefel l er experiment E-396 at Fermi l ab ) . From the di agrams bel ow 

( 7 )  

a:tot = 

4 62 

p 
one concl udes that 

( 8) 

i . e . , the ratio of the di ffracti ve to the total cross section of di fferent 

hadrons dissociating on a proton is the same for al l hadrons . Prel imi nary 

res u l ts of the Rockefel l er experiment are g i ven bel ow: 



Test of factori zation 
( h  + p +  X + p at 1 00 GeV/c)  

h R ( arbi trary norma l i zation ) 

p 1 . 00 ± 0 . 04 
p 

+ TT 
0 . 92 ± 0 . 1 1  R = ( d2cr/dtdx ) / crtot 
l . 1 0  ± 0 . 05 
l . 1 2  ± 0 . 03 � . 0 2  < l t i  < 0 . 1  ( GoV/o)� 
0 . 86 ± 0 . 2 1  0 . 02 < 1 -x < 0 . 05 
l . 1 5 ± 0 . 1 4  
The agreement among the val ues o f  R for the , various 
hadrons s tudied in this experiment i s  reasonably good .  

Eq .  (8 )  impl ies further that , for gi ven s and x,  the t di stri bution of al l 
hadrons di ssociating on a proton shou l d  be the same . Th i s  aspect of the 
factori zation rul e has not been checked yet . 

I I I .  The first moment fin ite mass sum rul e  ( FMSR)  and the low mass 
enhancements of the di ffractive cross sections -
The FMSR is an extens ion of the fi n i te energy sum rul e for total cross 

sections . I t  deri ves from the hypothes i s  that the di ffractive cross sections 
can be descri bed ei ther by s-channel resonance or by t-channel reggeon ex­
changes .  Schematical l y ,  

R (M� ) 

L 
R 

It i s  presumed that at h igh  Mx2 overl apping resonances res u l t  i n  a smooth 
behavior of the cross section described by di agrams on the right hand s i de 
of E q .  ( 9) . This  behavior, extrapol ated to l ow Mx2 ,  shou l d  average over 
the non-smooth behavior caused by widely spaced resonances contributing to 
the l eft hand s i de of ( 9 ) . Quantitatively,  us i ng analyti c ity and cros s i ng 
symmetry , one derivesl O ) the fi rst moment FMSR 

(d2a
'). d = !Vo\) rd2a ] d {functi�n Obtai ned} 

F v Ldtdv .;:.__ from h igh  v 

where v = Mx2 - Mh2 = t i s  the cross-symmetric vari abl e . 

( 1 0 )  
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Th i s  rul e has many far reachi ng consequences .  Two o f  these conse­
quences are described in Parts IV  and V l ater on .  Here we  present the 
experimental tests of the rul e  and comment on i ts impl i cations on the be­
havior of the l ow ma ss enha ncements of the d i ffract i ve cross secti ons . 

A very accurate tes t of the rul e  was f irst performed4 ) on pd + Xd . 
F i g .  4 shows th i s  test  at f t [  = 0 . 035 (GeV/c) 2 •  

l\J 
I 

u 
" 
> 
Q) 

(!) 

.D 
E 

4 

3 

2 

ll d2a- 2 / ( p+ d -- X + d ) / Fd 
dt d M x l t l = 0.035 

( PLAB = 275 G eV/c ) 

'••!I ! t ! :! f / 

M / - ( G e V )2 

FIG . 4 - Jes t  of the firs t-moment FMSR: Val ues of v (d 2o/dtdMx2)  vs Mx2 
for Pl ab = 275 GeV/c and [ t i = 0 . 035 ( GeV/c) 2 •  

The rul e  was tested for other t-val ues i n  the range J t J < O . l  ( GeV/c) 2  and 
was found to hol d  equa l l y  wel l  ( to a few % accuracy ) . As t + 0 , the term 
j t f  doe£/dt + O · and therefore the l ow Mx2 reg i on must have a l arge b-sl ope 
i.n order for the ru le  t.o continue to ho l d  at  smal l t- val ues 1 1 l .  Thi s i s  
what i s  actua l l y  happening ( s ee F i g .  2) . In fact,  as was menti oned b efore , 
the i ntegral over t behaves approximately as l !M/ even i n  the " resonance" 
reg ion where it gradual ly drops w i th decreas i ng mass to become zero at the 
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pion production thresho l d .  I n  th i s  l ow mass region the b-sl ope increases 
with decreasing Mx2 in such a manner as to sati sfy the FMSR. This behavior 
of continuously i ncreas ing b-s lope as one enters the low mass region has 
been observed al so in pion and kaon di ssociation8) . In al l cases , the sl ope 
of the low mass enhancement is about twice as l arge as the s lope of the 
correspondi ng el astic scatteri ng.  These enhancements are the N*( l 400) for 
pp + Xp, the A1 ( 1 1 00)  for TIP + Xp, and the 0( 1 300) for Kp + Xp.  None i s  
establ i shed a s  a resonance. Thei r behavior suggests that their  production 
is of the same nature as the high mass d iffractive d issoci ation and there­
fore i t  shoul d have the same s-dependence and fol l ow the same scal i ng rul es 
d iscussed i n  Part I I  above. 

Prel imi nary resul ts from the Rockefel l er experiment E-396 at Fermi l ab 
testing the FMSR are shown on the Table  below: 

_h_ 

p 
p 
+ TI 

Test of the , st moment FMSR 
( h  + p X + p at 1 00 GeV/c)  

R 

1 . 04 ± 0 . 05 
o. 74 ± o. 1 4  
1 . 05 ± 0 . 06 
0 . 98 ± 0 . 03 
1 . 62 ± 0 . 49 
0 . 97 ± o. 1 5  

f 4 GeV2 

[ t i dcret 
+ v ( d2cr ) dv 

R = dt CffOv 14 GeV2 �d2crJ dv lfunction extrapol ated} v dtdv from the region 
� 4 < v < 1 0  GeV2 

The val ues of R are compatibl e with unity 
as pred i cted by the FMSR. 

IV . A comment on the s-dependence of the di ffraction d issociation cross 
section -

The s-dependence of the h igh mass di ffractive cross section has the form 
given i n  Eq .  ( 3) ,  l + B/s ,  wi th B � 65 ± 25 GeV2 for pp + Xp. I t  was argued 
in Part I I I  that the i ntegral over t of the l ow mass d iffractive production 
shoul d have the same s-dependence as that of the h igh mass production if the 
resul t displ ayed i n  F ig .  3 i . e . , the val id ity of the l /Mx2 l aw a l l  the way 
down i nto the " resonance reg ion" were to hol d  at al l s-val ues . From the FMSR,  
Eq.  ( 1 0 ) , one then obta ins the resu lt  that the s-dependence of the di ffractive 
cross section i s  the same as that of the i ntegral fo00 [ t i ( dcret/dt) dt. For 
pp + Xp, dcret/dt � ( 1 84/s ) e2 · 8t + 51 e9 · 2t + 23 e1 9t ( ref. 1 2) , wh ich mul ti­
pl ied by [ t i  and  i ntegrated over t yiel ds 0 . 67 ( l  + 35/s ) .  Th is  s-dependence 
is not statistical ly very di fferent from the measured l + ( 65 ± 25)/s . 
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V .  A rel ationship between the el astic  and the total cross section o f  hadrons-
In Part I I b it was shown that the high mass diffractive cross section 

for hp + Xp sca l es as the total cross section,  hp + anyth i ng .  Furthermore , 
i t  was argued i n  Part I I I that the integral over t of the l ow mass diffrac­
tive production shou ld  sca l e  as that of the high  mass production if the 
l /Mx2 l aw was to be true for every hadron h d i ssociati ng on a proton. I t  
then fo l l ows that the i ntegral over t of the high mass term minus that of 
the l ow mass term in the FMSR E q .  ( 1 0 ) shoul d be proportional to the total 
cross section,  atot ·  

Thus , atot "' f l .t i  ( dcre2/dt) dt = ae2/be£ ' where i n  deri v ing the l ast 

step we assumed an ebe£t form for dcre2/dt. Us ing "the optical theorem at 
high energies where the ratio of the real to the imag i nary part of the 
forward nucl ear scattering ampl i tude ( p-val ue) is cl ose to zero , 
dae2/dt � (crtot2/l 6�) ebe2t , one obtai ns further the resul t ! l t l ( dcre2/dt) dt "' 

0tot2/be22 • Thus , 0tot "' 0e2/be2 "' 0tot2/be22 , which yi elds the rel ationsh i ps 
be2/ latot = C ( s )  ( 1 1 ) 

a ;a 3 /2 = C '  ( s )  ( 1 2) e£ tot 
where C ( s )  and C '  ( s )  are uni versal functions of s which are the same 
for al l hadrons i nteracti ng with a proton1 3l . 

0 

3. 5

1 
� ( b l  
�- 3.0 f l_ T I � f---_.......-r-Hf 11-----.I�I � 2.5 

FIG.  5 - ( a )  The e l astic  cross 
section versus crtot 3/2 for various 
hadrons interacting with a proton 
at 1 00 GeV/c .  ( b)  The ratio  

:0 
E 

� 

a (al  

6 

I 4 
b"'t; 

2 

0 
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Fig . 5 shows crei as a function of crtot3 '2 for various hadrons i nter­
acti ng with a proton at 1 00 GeV/c .  The ratio crei/crtot3 '2 is remarkably 
constant for an hadrons in  agreement w i th our resul t ( 1 2) . Resul t ( 1 1 )  
fol l ows di rectly from ( 1 2) using the opti cal theorem. From Fig .  5 ,  one 
now understands why the wN el astic  cross section i s  so sma l l  ( about 30 µb 
f�r a l  mb wN total cross section) . 

VI . The total cross section of the diffractive mass X with the nucl eon -
In proton dissociation on a deuterium target , the poss i b i l i ty exi sts 

for the di ssociation to occur on one nucl eon producing the parti c le  X 
wh ich then scatters e lastical ly  from the second nucleon , as fol l ows : 

: ___ r:r:: ( 1 3) 

The forward el astic sc�tteri ng of X i s  proportional to the X-nucl eon 
total cross secti on , crXN . Us i ng the Gl auber theory , one then cal cul ates the 
ratio of diffractive to elastic scattering for pp to that for pd to be (d2cr/dtdx ) 

R =: -�d_cr_
ei

_l_d_t�P�P­h2cr/dtdx) \ dcrei /dt pd 

( 1 4 )  

where the p p  and pd cross sections are compared at the same i nci dent 
proton momentum in the l aboratory .  Fig .  6 shows thi s  ratio as  a function 
of 1 -x for two val ues of i ncident proton momentum4l . In the coherence region 
( sma l l  1 -x) , R tends to a constant corresponding to crXN 

= 28 ± 10 mb . 

1 .8 

1 .6 

R 1.4 

1 . 2  

1 .0 

ltl= 0.05 
• P0 =154 GeV/c ¢ � o P, � 372 Gew, f,, -�_..t'r 
?_H--1----* 1 

0.8 '--'---'--'----�-������� 
001 0.02 0.05 0.10 

1 - X  

FIG.  6 -

The ratio  R = [ (�2cr/dtdx) /( doei/dt) ]pp,,!' 
[ (d2cr/dtdx ) / ( dcre /dt) ]pd versus 1 -x 
for i ncident proton momenta of 1 54 
and 372 GeV/c . 
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We wou l d  l i ke to argue here tha t th i s  l ong accepted method for deter­

m i n i ng the total cross section of an i ntermed i a te state X w i th the nucl eon 

may not be val i d .  The argument goes as fol l ows : We have shown that at the 

same s � 2m
target 

P
l ab 

the rat i o  of the d i ffracti ve to the elasti c cross 

secti on i s  the same for pp and pd , i . e . , R = 1 ( see F i g .  3 ) . This is a 

consequence of the factori zation rul e d i s cussed i n  Part I l a .  I f  i t  were not 

for the s - dependence of the d i ffracti ve cross section ( see Eq . 3 ) , R wou l d  

s ti l l  b e  equal t o  u n i ty when eva l uated at the same i nc i dent proton momentum. 

But in Part IV we argued that the s - dependence of the d i ffractive cross 

section is t i ed up to that of el as t i c  scatteri ng through the FMS R .  Thus , 

factori zation of the di ffracti ve vertex and the val i d i ty of the FMSR com­

pl etely determine the val ue of R and consequently the val ue of cr
XN

. A t  

h i gh energ i es , as t h e  s -dependence o f  the d i ffractive cross section d i es 

out ( except for pos s i b l e  ins terms ) , cr
XN 

as cal cul ated from ( 1 4) goes to 

zero . One sees al ready in Fi g .  6 the trend of decreas i ng cr
XN 

as the energy 

i ncreases . Th i s  behavior l eads us to ques t i on the i n terpretation that R i s  

rel a ted t o  cr
XN 

through E q .  ( 1 4 ) . 
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p-p SCATTE R I N G  POLAR I ZAT I ON EXPERIMENTS AT H I GH ENERGY 

Fr anco Bradamante 
I s ti tu t o  di F i s i c a  de l l ' Univers i t a ,  T r i e s t e , 

and I N FN , S e z i one di T r i e s t e  

ABSTRACT 

Recent d a t a  on the p o l ar i z at i on of A ' s  and p ' s  inc l u s i v e l y  
produced in p -p c o l l i s i ons , and on the p o l a r i z at i on p ar ameter i n  
e l a s t i c  p - p  s c at t e ring , a r e  reviewed . N ew d a t a  at 1 5 0  G eV/ c from 
the CERN - P adova- T r i e s te-Vi enna exp e r iment at the SPS are pres ented . 
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INTRODUC T I ON 

I n  th i s  talk I w i l l  rev i ew the mos t rec ent results  ob tained on 

spin effects in p-p s c a t t er ing at h i gh energy , and in particu l ar 

w i l l  report on the p o l ar i zat ion exp er iment which i s  carr i e d  out at 

the CERN SPS . 

I w i l l  f i r s t  talk about s ome new data on the p o l ar i z a t i on o f  

inclusive A and pro ton p roduct i o n .  wi l l  then ment i on s ome r e s u l t s  

coming form Argonne o n  t h e  p o l ar i z at i on and o n  t h e  spin  corre l at i on 

parame t er s  in e l as t i c  pp s cat tering at 1 1 . 7 5  GeV/ c .  F inal ly I w i l l  

talk about the three exper iments measuring the p o l ar i z a t ion parame t e r  

in pp e l as t i c  s cattering at h i gh energy , name ly at t h e  CERN SPS and 

at Fermi l ab .  

As you w i l l  s e e , a few unexp ected phenomena have been revealed , 

s o  that I hope to convince you that this f i e l d  o f  res e arch , on which 

at p r e s ent j us t  a few " amateurs"  are act ive , might turn out t o  be  

qu i t e  interes t ing . 

INCLUS IVE REACTIONS 

About thr e e  years ago the neutral hyperon gr oup 1 ) at  FNAL d i s ­

covered that 3 0 0  GeV prot ons p roduced p o l ari z ed A ' s  o n  b er i l l ium . 

The degree of po lari zat i on increased w i th the t ransverse  momentum , 

and was as h i gh as 3 0 %  at PT � 1 .  5 G eV/ c .  The mechanism resp ons i b l e  

f o r  th i s  unexpected phenomenon h a s  n o t  yet been  unders tood , b u t  i t  

h a s  been  shown to  be  f a i r l y  independent o f  energy . A n  analy s i s 2 ) 

performed on the data from the z 0  l i fetime exp e r iment done at CERN 

in 1 9 7 4  has g iven , at 2 4  GeV , e s s en t i a l l y  the s ame r e s u l t  found at 

FNAL , as c an b e  s e en in F i g . 1 ,  wh ere the two s et s  of  data are c om­

pared . 

I t  is interes t ing to note that pre l im inary data3 ) on inclus ive 

produc t ion of rr 0 by 2 4  GeV/ c pro tons on a polar i z ed proton target at 

CERN a l s o  s eem to indicate  a l arge p o l ar i z at i o n , again at  var i ance 

w i th the s imp l e  expectation of no p o l ar i zat ion , due to  the presence  

of a large numb er of contribut ing channe l s . 

The p o l a r i z a t i o n  o f  inclus ive pro tons pr oduced in pp s c attering 

i s  b e ing measured at FNAL by a group from Indiana Univers i ty" ) . They 
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Fig . � P o l ar i z at i on of A ' s  inc lusively produced on B e  by 3 0 0  
pro tons ( Re f .  1 ) and o n  Pt  b y  2 4  G eV pro tons (Ref . 2 ) . 
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F i g .  2 Pre l iminary � o l ar i z at i on data for pro tons 
produced i n  P-C interact i ons ( Re f . S ) . inclus ive ly 
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are us i n g  the s ame app aratus wh i ch i s  u s e d  to me asure the p o l ar i z a t i on 

in e l a s t i c  pp s c a t t e r i n g , n am e l y  as t a r g e t  a hyd o r g e n  g a s  j e t ,  pump­

e d  through the c i r cu l a t ing FNAL b e am ,  p l us a sup e r c o n du c t ing s p e c t r o ­

m e t e r  to d e t e c t  t h e  r e c o i l  p r o ton , and a c a r b o n  p o l ar i m e t e r  to m e a s u r e  

the p r o t o n  p o l a r i z a t i on .  P r e l iminary d a t a , a t  1 . 1  G eV/ c t r ans v e r s e  

momen tum , and v a r i ous ener g i e s , a r e  quo t e d  i n  t h e  revi ew a r t i c l e  b y  

H.  S p i n k a 5 ) , and a r e  r e p r o d u c e d  i n  F i g . 2 .  T h e  p o l a r i z a t i o n turns 

out t o  b e  l a r g e , of the order of 1 0 % , and , as i n  the c a s e of the A 
p o l ar i z a t i o n , e s s e n t i a l l y  independent o f  the i n c i de n t  p r o t on energy . 

A g a i n ,  i t  d o e s  n o t  s e em to b e  e a s y  to f i n d  an exp l an a t i on for the s e  

s i z e ab l e  s p i n  e f f e c t s . 

3 .  RE SULTS FROM ARGONNE 

The p o l ar i z e d b e am a t  the A r g onne Z G S  g i v e s  t h i s  l ab o r a t o ry 

a unique fa c i l i ty t o  p r o b e  s p i n  e f f e c t s  in the pp s y s t e m .  I w i J l 

n o t  t a l k  ab out mo s t  o f  the re s u l t s j u s t  b e c aus e t h e y  are at " l ow e n e r gy" 

I w i l l  o n l y  l i s t  t ho s e w h i ch app e ar e d  o v e r  the p a s t  y e a r , e i t h e r  a s  

pub l i c a t i ons o r  i n  s ome p r e l imin ary f o rm : 

a )  D a t a  o n  t o t a l  c r o s s - s e c t i on d i f f e r e n c e s  f o r  l ong i tu d i n a l l y  

p o l ar i z e d  b e am and t a r g e t ,  up t o  6 G eV / c  i n c i d ent p r o t o n  

momen tum6 • 7 ) . 

b )  More d a t a  o n  t o t a l  c ro s s - s e c t i on d i f f e r e n c e s  f o r  t r ansver s e l y  

p o l ar i z e d b e am and t ar g e t ,  i n  t h e  r ange 1 - 3  G eV/ c i n c i d e n t  

p r o t o n  momen tum 0 ) . 

c )  M e a s ur ement o f  c11 , t h e  s p in c o r r e l at i on p a r ame t e r  f o r  l on g ­

i tud i n a l l y  p o l ar i z e d  b e am a n d  t a r g e t  a t  6 G eV/ c i n c i d en t  p r o t o n  

momentum , i n  the four-momen tum t r ans f e r  l t l  range from 0 . 1  � o  

0 . 8  ( G eV/ c ) 2 1 ) . 

d )  M e a s ur ement o f  t h e  p o l ar i z a t i on p a rame t e r  i n  pp and pn s c a t t e r ing 

a t  1 1 . 8  GeV/ c ,  i n  the l t l  i n t e r v a l  from 0 . 1 5 t o  0 . 9  ( G eV / c ) 2 9 ) . 

T h e  only r e s u l t  I want t o  p r e s ent f r o m  Argonne c on c e rn s  t h e  s p i n  

c o r� e l a t i on p a r am e t e r  C f o r  e l as t i c  p p  s c a t t e r in g  a t  1 1 . 7 5  GeV/ c 
nn 

i n c i de n t  pro t on momentum . T h e  exp e r iment i s  a c o n t i nu a t i o n  o f  t h e  one 

w h i c h  A . D .  Kr i s ch d e s c r i b e d  four y e a r s  ago in M € r ib e l 1 0 ) . The 

e x t r a c t e d  p o l ar i z e d  p r o t o n  b e am ,  ab o u t  1 0 1 0 p r o t ons p e r  4 . 3  s e c  pu l s e ,  
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was s ent on a polar i z�d proton target , and the e l a s t i c a l ly s cattered 

events were dete cted by two spectrome ters . Both the b e am and the 
target polar i zat i ons PB �nd P1 respectively were ab out 7 0 % , and were 
o r i ented normal to the hor i z ont al p l ane ( the s catter ing p l ane) . Data 

were tak en in the four initial  spin s t ates ( t t ) , ( t + ) , ( H )  and ( H ) , 
s o  that the spin-spin corre l at ion parameter 

c nn 
1 

PBPT 

and the s p in- orb i t  polar i z ati on parame ter 

A 2 
PB+PT 

could b e  obtained from the four measured norma l i zed e l a s t ic event 
rates N . . . The results  of  this exper iment 1 1 ) are shown in F i g . 3 .  iJ 

Where the data overlap with ex i s t ing ones , the known t rend of 
the polar i zation parameter A ,  name ly the doub le - z ero  at l t l � 
0 . 6  ( GeV/ c) 2 and the bump in the inter fer ence region , i s  confirmed . 
I n  the large transvers e  momentum reg ion , however , there i s  j us t  a 
smooth decreas e to very low value s , which means that the spin- oro i t  
forces are sma l l . I n  t h i s  l arge transve rse  momentum region Cnn data  
look  qu i t e  interes t ing : whi l e  for l ower Pr tne b ehav iour o f  Cnn i s  
s im i l ar to that o f  A ,  f o r  p12 = 3 . 6  ( GeV/ c ) 2 Cnn s uddenly increases  
and attains a value of  3 0 %  at  p1 2 = 4 ( GeV/ c ) 2 • T h i s  me ans that  at  

this Pr the  sp in-par a l l e l  cro s s - s e ction i s  a factor  o f  two l arger 
than the ant i -p ara l l e l , as shown in  Fig . 4 ,  wh ich g ives the pur e - s p in 

cro s s - s ections 

< do> [ l  + ZA + C ] dt  nn 

As pointed out  by the  authors , the  l arge-p1 cros s -s e c t i on already at  

this energy exh i b i t s  the  ( scal ed) pT dep endence whi ch i s  typ i ca l  of  

4 75 



0.2 

A 

0.1 

0.3 

0.2 
Ccm 

0.1 

0 

• This exp. Abe et al. 
Miettinen et al. 

t:. Kramer et al. 

o Bryant et al 12.33 GeV/c 

- -

p+ p - p+p 

11.75 GfNk 

o Borghini et al.10 & 14 GeV/c 
averaged 

4 5 

FIG. 3 

F i g . 3 The po l ar i z at i on parame t er A ,  and the spin  corre l a t i on 
parame ter C from e l as t i c  p-p s c att ering at 1 1 . 7 5 G eV/ c 
( R e f .  1 1 ) . nn Earl i er results  from other experiments are 
a l s o  shown for comp l e t enes s .  
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F i g .  4 E l a s t i c  pp di fferent ial  cros s - s ections at 1 1 . 7 5 GeV/ c for 
the three pure spin s tates ( t t ) , ( t + ) , and ( + + ) , normal to 
the s catter ing p l ane , as from Ref .  1 1 . A l s o  shown are the 
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the I SR energy . The fact that thi s  cro s s - s ection i s  dominated by the 
par a l l e l - s p i n  interact i on migh t  imply therefore that in  general the 

hard scattering comp onent is dominated by the paral l e l - sp in interact i on .  
O f  cour s e , i t  would b e  extremely intere s t ing t o  know the Pr b ehavi our 
of the p ar a l l e l  and antipar a l l e l  components for h i gher values of Pr · 
New C data for pp s cat tering at 9 0° C . M .  exi s t ,  but extend only up nn 
to 5 . 5  G eV/ c inci dent proton momentum , so there  i s  no overl ap with 
the s e  dat a .  

4 .  POLARI ZATI ON I N  H I GH-ENERGY ELAS T I C  pp SCATTERING 

The activ i ty wh i ch i s  going on in  Argonne i s  uni que because  o f  
the ava i l ab i l i ty o f  a p o l ar i zed  pro ton b eam . Although the s i tuat i on 
might change in the future ( there are propo s a l s , both at CERN 1 3 ) , 
and at FNAL 1 4 ) , to cons truct high- energy polar i z ed proton b e ams , or 

to us e a polar i z ed j e t target 1 5 ) pumped through the CERN SPS c i r culat ing 
b e am .) at present  the only avai l ab l e  information on spin e ffects in  
h igh energy elas t i c  pp s cattering i s  provided by three  experiments 
whi ch measure the P o l ar i z ation Parame ter A .  

The f i r s t  i s  the Expe riment 3 1 3 , carried out at  FNAL b y  the 

Indiana Univer s i ty team whom I already mentioned in  Section 2 ,  when 
reporting their result on the p o l ar i z ation o f  inclus ively p roduced 
pro tons . Their aim i s  to me asure the p o l ar i z ation p arame ter in  e l a s t ic 
pp s cattering from 2 0  to 2 0 0  GeV/ c ,  at fix€d t-values , in the re g i on 

0 . 3  < l t l < 1 .  ( GeV/ c) 2 ,  us ing the hydrogen gas j et target  technique 
I have already menti oned . Prel iminary results 1 6 ) at l t l = 0 . 3 ( GeV/ c ) 2 
and at l t l = 0 . 8  ( GeV/ c ) 2 are shown versus s ,  the s quared C . M .  energy , 
in F i g . 5 .  The s ame figure s hows a l s o  s ome earl ier  data at l ower 
energ i e s , as we l l  as s ome prel iminary data from the s e cond p o l ar i z a t i on 
experiment at Ferm i l ab ( E 6 1 ) , which I wi l l  des cribe  next . The d ata 

at l t l = 0 . 3 ( GeV/ c ) 2 exhib i t  a very fas t decreas e with s in  the lower 
energy region , up to s � 20 G eV2 • For h i gher ener g i e s , the polar i z a t i on 
j us t  remains very smal l ,  at the one per cent l eve l . The data at 
J t l  = 0 . 8  ( GeV/ c) 2 ,  on the contrary , sugges t  that  the �5% negative 
polar i z at ion observed at  S erpukhuv 1 7 ) might pers i s t  up to the highes t 
energy inve s t i gated . Such a l arge p o l ar i z ation canno t e as i ly b e  ex­
p lained as interference b e tween the Pomeron and a conventional Regge 

term1 8 ) . A large polar i zat ion ( s o lid  l ines in  F i g . 5 )  i s  predicted 
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F i g . 5 Pre l iminary p o l ar i z at ion r e s u l t s  for e l as t i c  p-p s c atter i ng at l t l = 0 . 3  and 0 . 8  (GeV/ c) 2 from the Exper iment 3 1 3  at FNAL . The s o l i d  l ines are the pred i ct i ons of  the mod e l  in Ref .  1 9 . 
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for ins tance ,  by the unconventional model  of Ref .  !9 , whi ch gives up 
the as sumpt ion of the .Pomeron having the quantum numb ers identical 

to the vacuum , and computes a Pomeron exch ange f l ip amp l i tude from 
the two-pion exchange cut in the t- channel .  Although the pre l iminary 
data of this exper iment do not s ugges t a s -dependence at l arge s ,  
they are compatib l e ,  within the quoted errors , with the one sugges ted 
by the mode l .  

The s econd polar i z at ion experiment running at FNAL i s  carried 
out by an Argonne- Berke l ey- Fermil ab-Harward- Suffo lk and Yale co l l ab ­
oration . The incident b e am ,  the Ml beam in the Meson L aboratory , 
s catters on an 8 cm l ong ethyl ene glycol polar i z ed target , with a 
free proton polar i z at ion of �8 0 % . Two spectrometer arms detect the 
scattered and the reco i l  part i c l e s , and two Cerenkov counters i dent i fy 
the s cattered partic l e . Resul t s  for the polar i z at ion parameter in 

+ -
TI p and TI p e l a s t i c  s cattering at 1 0 0  GeV/ c have already been pub -
l i shed2 � .  Pre l iminary data at 1 0 0  and 3 0 0  G eV/ c for pp s cattering5 l 

are presented in Fig . 6 ,  which shows for comparis on s ome l ower energy 
data ( low- J t J 2 1 l and pre l iminary high- t 2 2 ) data at 2 4  GeV/ c ,  and the 
Serpukhov results at 4 5  G eV/ c ) , and the prel iminary results o f  the 
CENR experiment which had b een communicated at Budapest  last  year2 3 l . 
A l l  the data look s im i l ar for J t J  < 0 . 5 ,  showing polar i zation values 
decreas ing s omewhat with increas ing J t J . For J t J  b etween 0 . 5  and 0 . 9  
only the Serpukhov and the CERN data s e em to suggest  a negative-going 
polar i z ation . For J t J  l arger than 1 ( GeV/ c ) 2 the s ta t i s tical  errors 
are such that i t  is difficult to ident i fy a high energy trend in the 
data . 

5 .  THE WA6 EXPERIMENT AT THE CERN SPS 

wi l l  now describe the experiment which a CERN-Padova-Tri es te­
Vi enna col l aborat i on i s  performing in the Wes t Area of the CERN SPS 
( experiment WA6 )  and present some final results we have on pp s cat­
ter ing at 1 5 0  GeV/ c2 4 } . 

The people  par t i c ipating in the experiment are G .  F idecaro , 

M .  F ide caro , S .  Nurushev
* ) , Ch . Poyer , V .  Solov i anov

* ) and A .  Vas cotto* * ) 

from CERN ; F .  Gaspar ini , M .  Posocco and C .  Voci from the I s t i tuto di 

* ) Vis i tor from the Ins t i tute for High Energy Phys ics , Serpukhov , USSR 

* * ) On l e ave from INFN , Tries t e , I t aly . 
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(higher l t l  data are pre l iminary2 2 ) ) , 4 5  �eV/ c 1 7 ) , 
1 0 0  GeV/c5 J (prel iminary) , 1 5 0  GeV/c2 3 ) (prel iminary) and 
3 0 0  GeV/c5 ) (prel iminary) . 
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F i s i c a  d e l l ' Unive r s i t a  and INFN , P adova ; R .  B i r s a ,  M .  G iorgi , 

L .  L ancer i ,  A .  P en z a , L .  P i emont e s e , P .  Schi avon and A .  V i l l ari from 

�he I s t i tuto di F i s ica de l l ' Univer s i t a  and IN FN , T r i es t e ; and W .  Bartl , 

R .  Frlihw i r th , C h .  G o t t fr i ed , G .  L eder , W .  Maj erotto , G .  Neuhofe r , 

M .  Pernicka , M .  Reg l e r , M .  S t euer and H .  S t radner from the I n s t i tut 

flir Hochener g i ephy s i k  der O s t erre ich i s chen Akademie der Wi s s ens ch aften , 

Vienna , a l l  of whom I want to thank for permi s s i on to show our d a t a  

b e fore they a r e  pub l i sh e d .  

The apparatus , s im i l ar t o  t h e  one of Experiment 6 1  at  FNAL , 

is shown in F i g . ? .  The H3  b e am , 0 . 5  mrad produc t i o n  ang l e , 0 . 1 6 mrad 

hori zontal divergence , 0 . 2  mrad v e r t i c a l  divergence , p rovided about 

2 . 5  x 1 0 7 protons per bur s t  ( about 1 s ec )  on a 14 cm l ong p ropane d i o l  

p o l ar i z e d  pro t on t a r g e t  ( ab out 9 0 %  f r e e  p r o t o n s  p o l ar i z at i on) . Two 

spe ctrome t e r s  d e t e c t ed the s c attered and the reco i l  p r o t ons w i th 

s c int i l l a t ion count e r  hodo s copes and M . W . P . C .  ' s ,  in the l t l int erval 

b e tween 0 .  3 and .3 . ( G eV / c )  2 • D a t a  were taken s imul t aneou s l y  over the 

who l e  t - range , where the di fferen t i a l  cros s - s e c t i o n  var i ed b y  more than 

five orders of magn i tude . To w r i t e  an event on t ap e  we requi red : 

a)  at  the counter l e ve l , an angul ar corr e l a t ion b e tween the forward 

and the b a ckward hodoscope count ers , 

b )  at  the M . W . P . C .  l eve l ,  s eparate corre l a t i ons b e tween p a i r s  o f  

chamb e rs in the forward and in the b ackward t e l e s cope s , s o  that only 

even t s  w i th candidates  w i th rough ly the corre c t  momentum and coming 

fr om the t arge t were accep ted in the two arms . 

The overal l t r i gg e r i ng rate was finally reduced by sui t ab ly s ca l ing 

down the l ow- I t i tr igger s . In ten d ays of running we col l e c t ed s ome 

two m i l l ion event s .  The e l a s t ic p-p events were s e l e c t ed on the b as i s  

o f  the x2  given by a kinemat i c a l  4 - C  f i t :  the incident p r o t on dire c t i on 

and momentum in the f i t  were j us t  the corre sponding b e am p ar ame t ers , 

averaged run per run . The qua l i ty of the s i gnal and the level of the 

b ackground a t  l ow x2 �vents were f i n a l l y  accepted b y  a cut around 9 ,  
wh i ch corresponded t o  a 6 %  C . L . )  can b e  e s t ima ted from the d i s t r i ­

b u t i ons shown for p a r t  o f  t h e  dat a in F i g . 8 ,  f o r  t w o  d i fferent l t l 
value s . 
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The polari zat ion data are shown in Fig . 9 .  The p o s i t i6n and 
negative target p o l ar i zation runs have been normal i z ed on the elastic  
events generated on a CH2 dummy targe t ,  1 cm thi ck , l o cated in the 
beam ,  4 cm after the polar i zed  target , so  the overa l l  normal i z at i on 
error is rather smal l ,  about 1 % . A l arge negat ive polar i z ation , 
with the t-dependence sugges ted by the Serpukhov dat a ,  and by the 
pre l iminary data we have pres ented in Budapes t las t year , char acter� 
i z e s  the data o f  Fig . 9 .  After the interference region , the polar ­
i z ation seems to become p o s i tive l to w i thin one s t andard deviation) . 

The angular d i s tributi on o f  our e las t i c  events , corrected by 
the appropriate  efficiency factors , is  shown in Fig . 1 0 . No dip is  
yet vis ib l e  in the  interference region . Adding thi s  result  to the 
exi s t ing FNAL data2 5 ) , which show a deep dip at 2 0 0  GeV/ c incident 
pro ton momentum , one concludes that the interference builds up very 
fas t in energy . C lear ly i t  is of great inter e s t  to spell  out the 
energy dep endence of the dip , and to monitor the behaviour o f  the 
polar i zation when the s tructure deve lopes . We shoul'd run the experi­
ment again in June , and our goal i s  an  order  o f  magni tude improvement 
in the s t at i s t i cs : but we have also  p l ans further on , and we l ike to 
cons ider the results  of F i g .  9 j u s t  a f ir s t  g l imps e  into this high ­
energy domain .  

6 .  CONCLUS I ONS 

.I have shown you s ome data whi ch point at large spin effects in 
pp s cattering at high energy , effects whi ch probab ly one could not 
have expected b e fore the interference dip in the e l as t i c  channe l  was 
dis covered at the I S R .  Ther e  are also  hints that high energy 
b ehavi our already character i z es the large p phenomena at energies  
much l ower than the SPS , especi a l ly i f  one s ingles  out the s cattering 
in s ome definite s p in s tate s . Wi thin one or two years many more 
data should come out from the exper iments I have menti oned , and i t  
w i l l  b e  qui t e  a cha l lenge for the exi s t ing const i tuents mode l s  t o  
unders t and and reproduce tho s e  data . 
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A HIGH STATISTICS SPECTROMETER FOR THE STUDY 

OF ENERGY DEPENDENCE OF RESONANCE PRODUCTION 

M . N .  Kienzle-Focacci 

University of Geneva, Switzerland 

Abstract : The Geneva spectrometer is running at the CERN SPS to obtain 
information on the channels 

+ 
... K°K±p ,  K±p ... K0n±p ,  

+ 
... AK±p ,  n-p p-p 

n±p nKKp , K±p KKKp , + 
_.. pKKp , p-p 

+ 
... 1Tppp ,  K±p App , n-p 

at 50 GeV incident energy , with momentum transfer to the pro­
ton 0 . 05 < ! t i  < 1 (GeV/c ) 2 • 
Preliminary results on the positive 50 GeV data are presented . 
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1 .  INTRODUCTION 

The energy dependence of exclusive two-body reactions is an important feature 

for understanding the dynamics of strong interactions . In the framework of a 

Regge-pole model , all the reactions dominated by the exchange of a Regge tra­

j ectory connecting particles and resonances must decrease rapidly with energy 

(a � p-n
, n = 1-2) . At high energies only the Pomeron exchange , whenever possibl e ,  

wil l  contribute . A study of exclusive channels a t  high energies will then give 

information primarily on the structure of the Pomeron . 

The present group*) performed a high statistics experiment for the reactions 

TI-p + K�K-p ,  K±p + K� TI±p ,  and pp + AK
+

p at 1 0  GeV/c incident momentuml - G ) at the CERN 

PS . The study of the same reactions at higher energies , with comparable statis­

tics , wi ll allow us to define the effective Regge traj ectory of the process and 

to separate the different exchange contributions by amplitude analys i s .  Pre­

l iminary results obtained at 50 GeV/c at the CERN SPS are presented her e .  

2 .  EXPERIMENTAL SE�-UP AND DATA SELECTION 

The system design (Fig . 1) is essentially the same as at the PS experiment 1 ) : 

a beam spectrometer to identify the incident particle and to analyse its direction 

and momentum, a recoil proton arm to measure direction and momentum of the recoil 

proton, and a forward spectrometer to measure the direction of the forward decay 

particles . No forward spectrometer magnet is use d ,  so the momenta of the forward 

particles must be calculated by momentum conservation . We then have two kine­

matical constraints for events with a v0 (v0 
= K� or A0 ) configuration . We choose 

them as the total energy balance and the v0 mass (Fi g .  2) . 

The data acquisition system was improved with respect to the PS experiment 

by seven miniproces sors , which allow a maximum acqui si tion rate of 800 event s / l  sec 

burst and perform the full geometrical analysis of the events during the 8 sec 

interburst .  This allows us also t o  col lect data on channels with three forward 

particles coming from the proton vertex (no v0 ) .  For these events the energy 

balance is the only kinematical constraint (Fig . 3) , and we separate TI from K and 

p with a 16  cell threshold Cerenkov counter in the forward system .  

The complete set o f  channels we may analyse i s  listed in Table 1 ,  where the 

50 and 10 GeV/c statistics are compared . 

*) The SPS experiment is being performed by a Collaboration from Geneva and 
Lausanne Universi ties : B .  Cleland,  ,A. Delfosse,  P . A .  Dorsaz , P .  Extermann , 
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Events 

x M 

K°K+ 
TI 

KOK-

KOTI+ 
K i\p 

K0·rr-
/\p 
/\K+ 

p 
AK-

Table 1 

Statistics of the reactions X p + M p 
[0 . 0 7  � l t l � 1 (GeV/c) 2 , elastic � M � Mrnax 

(Mrnax = 2 . 3 ,  4 . 5  for Pinc = 10 ,  50 GeV/c)] 

with two kinematical constraints Events with one kinematical constraint 

Pinc = 10 GeV/c Pinc = 50 GeV/c M Pinc = 10 GeV/c Pinc = 50 GeV/c 

(nKK)+ - 200 000 
- 24 000 (npp) + - 20 000 

40 000 (40 000) (nKK)- 80 000 (200 000) 
(npp)- - (20 000) 

46 000 10 000 (KKK)+ 10  000 5 000 
1 000 

18 000 (10 000) (KKK)- 4 000 (5 000) 
(1 000) 

1 2  000 15 000 pKK 9 000 20 000 
- ( 7  000) pKK - ( 10  000) 

Note : 10 GeV/c data have already been published 1 - 6 ) ,  50 GeV/c p o s i t ive data are under 
analysis . We are at present running on a 50 GeV / c negative beam. The numb.ers in 
parentheses are an est imate of the final sample we will have . 

3 .  DATA ANALYSIS 

The small background contamination (� 5%) and good mass resolution 
(a � 10 MeV) give clean mass spectra (Fig. 4a) . The forward system does not de­
form appreciably the angular acceptance , as one can see from the raw data angular 
distributions in K* (890) and K* (l420) regions (Figs . 4b and 4c) . 

The analysis of the positive data is in progress :  Fig . 5 shows the moments 
of the K+ angular distribution in the Gottfried-Jackson system for the channel 
n+p + K°K+p (about 1 /3  of the full sample) .  The moments have been corrected 
for acceptance with the method described in Ref . 1 .  The ratio between M = 2 and 
M = 0 even moments (J = 4 and J = 2) in the A2 regitn show that the data may well 
be described by n+ only . At higher masses only the signal of the 4+ wave5 ) 
(mass � 1950 MeV) is still present . 
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PRO B I NG PARTON STRUCTURES W I TH REAL PHOTONS * 

C l emens A . Heusch 
Univers ity of  C a l i fo r n i a  

Santa Cruz , Ca l i f .  

Ab s tract 

We discuss the i n forma t ion that is  l ik e l y  t o  o e come ava i l -

ab l e  from a me a s ureme n t  o f  h i gh - p1 s in g l e - ph o t on produc t i on 

in dee p l y  ine l a s t i c  p ho ton- ha dron co l l i s ions , and i t s  imp l i c a -

t io n  for the p arton p i c ture o f  hadron i c  i n t e r ac t ions . 
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I n  this  l e c ture , I w i l l  pres ent s ome ideas on the 

informat ion that is about to b e  obt ained in a prog ram of 

scattering o f  energy- tagged pho t ons up to  Ey 200 GeV , at the 

F ermi National Acc e l e r ator Lab orat ory . 1 )  In  part icular , I 

wi l l  s t r e s s  the que s t ions these experiments may answer w i th 

respect to the parton model of the hadron s .  

Much attention in this  Conference i s  be ing focus ed on the 

Dre l l - Yan mechan i sm
2 ) for the produc t ion o f  charged l epton 

pairs  in hadron- hadron col l i s ions . Whi l e  some o f  the obs erved 

features o f  e + e - and µ
+

µ
- product ion agree we l l  with the bas ic 

t enets o f  this  mod el 3 ) -in part icular , the difference between 

pp and n p - initia ted reac t i ons and certain s ca l ing prope r t ie s­

it is certain that a s tudy of the p r e s ently ava i l a b l e  d i ­

l epton data i s  f a r  r emov ed from providing a s t r ingent t e s t  o f  

t h e  parton hypo t he s i s  v i a  the Dre l l - Yan proc e s s . The hadron ­

hadron i c  interaction c l e ar l y  appears to have too many compl i ­

cat ing features t o  s erve a s  a bas ic t e s t  c as e ,  and you have 

heard of many attempt s  at  this meet ing to make the exchang e 

and emi s s ion o f  g l uons d e s c r i b e  s ome o f  them . 

Recal l ,  however , that the o r ig inal p o s tulate  o f  the 

parton s t ructure o f  hadrons was motivated by the scal ing 

b ehav ior ob s erved in the scatter ing of photons , a l b e i t  v ir tual 

one s , off hadrons . The l o cal ity o f  the photon coup l ing pro ­

vides the d e c i s ive ing redient o f  the us e fulness  of the g raph 

N 

but enters only in the final s t a t e  in the Dre l l -Yan g raph . 

The sal i ent d i fferenc e is that in l epton scatter ing , the 

measured s t ructure funct ions sum over all hadronic ( final ­

s t a t e )  channel s ,  wh ereas the Drel l - Yan graph picks individual 

hadronic two - b o dy chann e l s  as  in- s tates . B j o rken and Paschos 4 )  

have early o n  pointed out the po s s i b i l ity o f  a more s t r ingent 

t e s t  of the quark- parton model i f  we introduce photons not 
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only in the  i n i t i a l , but a l s o  in the final  s t a t e  o f  the reac ­
t i on . They sug g e s t e d  the s tudy o f  the p r o c e s s  

y N  � y + h adrons , 

where the f inal - s t a t e  photon should carry a l arge transver s e  
momentum . F o r  l arge p� , the f i na l - s t a t e  photon c a n  then 
tentat ive l y  b e  ident i f i ed a s  be ing produced in a pro c e s s  of 
the type 

y ( k) 
�----� 

y ( k ' ) 

N ( p ) 

Th i s  g r ap h , i f  i t  can b e  expe r imental ly s eparated , i s  c ap ab l e  
o f  y i e l di ng imp o r t ant i nforma t i o n  o n  the bas i c  tenets  o f  the 
parton mode l , invented fo r the  interp r e t a t io n  o f  the s c a l ing 
of the w1 , vw2 funct ions of e l e c tro - produc t i o n : the l a t t e r  
can b e  exp r e s s e d  as 

with the P ( N) the l ik e l ihood o f  f i nding an N - p arton conf igura­
t ion ins ide the target p ar t i c l e ,  p or  n,  fN (x) t h e i r  d i s t r i -

2 
but ion in x = � and Q i the quark char g e s  ( = photon coup l ings 
to  the p o i n t  cons t i tuents ) , v i s the  l aboratory energy l o s s  of 
l epton or  pho t o n ,  respect ive l y ;  Q 2 i s  the  negat ive mas s 
s quared o f  the v i rtual photon . I n  comp l e t e  ana l o gy , the 
ine l a s t i c  Compton g raph l eads t o  a s t ructure funct ion that 
incorpo r a t e s  the p arton char g e s  twi c e , and can therefore be 
w r i t t en as 

vW y p , y n  
= I P CN) x fN (x ) 2 N 

The imme d i a t e  app l i c a t i o n ,  s ug g e s ted by B j erken and P a s chos , 

<I Q . 4 > . 1 
is a measur ement o f  the  r a t i o  R 1 p , n  t hrough the  - <zQi

2
> 

1 p , n  
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d 2(J I obs ervab l e s dQ ' dk '  = 
vW 

I I t  w i l l  c l early g ive 
,Q,N 

an ind i c a t i o n  o f  the parton charg e s . The r a t i o  R obvious ly 
e qua l s  one for i n t eg r a l l y  charged partons . For frac t i ona l ly 
charged G e l l - Mann - - Zwe i g  quarks , the exact r a t i o  is obvious ­
ly dep endent upon the numb er o f  s e a  quark - an t i quark p a i r s  
t h a t  c o n t r i b u t e  to vW2

. I n  the absence o f  a c o l o r  degree o f  
freedom , Bj orken and Pas chos e s t imated the ex i s t ence o f  bounds 

1 
3 5 9 for ident i c a l  k i n em a t i c  r e g i ons . I n  a f a i r l y  

det a i l ed analys i s  o f  e l e c t roproduc t ion dat a , Go swami and 
Ma j umda r5 l  derived a numb e r  of inequal i t i e s , bounds and s um 
rul e s  f o r  yp and y n  co l l i s i ons ; they t e s t  n o t  only the parton 
concept � � '  but a l s o  contain imp l i c a t i ons for the numb er 
of sea quarks/partons as we l l  as the parton d i s t r i bu t i o n  
func t i on . Subs e quen tl y ,  Chanow i t z 6 ) analyzed the imp l i c a t ions 
of ident i fy ing the partons with the c o l ored quarks of e i ther 
the Han- Nambu var i ety or  the G e l l - Mann - Fr it z s c h  sch eme . W i t h  

t h e  introduc t i o n  o f  t h e  c o l o r  d e g r e e  o f  fre edom , t h e  e l ectro ­
magne t i c  cur r en t  a c qu i r e s  a c o l o r  o c t e t  p i e c e  that can change 
the c o l o r  l ab e l  o f  quarks : 

J e . m .  = J l , 8 + J8 , l  
(wh e r e  t h e  f i r s t  index r e fers  t o  f l avor , the s econd to c o l o r ) . 
For a s i ng l e - photon p r o c e s s  t h i s  can b e  o f  imp o r t ance only 
above color thresho l d .  The 2 - ph o t o n  pro c e s s  yN + y + x ,  
however ,  contains a s ingl et p ro j e c t ion o f  J 1  8 · J 1 8 , and may 
therefore s how c o l o r  e f f e c t s  even b e l ow c o l o �  thr�sho l d .  

Chanow i t z  demons trated that , t o  the extent that the 
s c a l ing prop e r t i es of t h e  s t ructure func t ions prove correc t ,  
i n t eg r a l l y  charged c o l o r ed Han- Nambu quarks w i l l  s t i l l  y i e l d  a 
rat i o  R= l ,  w i t h  c e r t a i n  gauge mode l s  y i e l d ing even l arger 
values . For fract ional l y  charged c o l ored quarks , the p r e ­
d i c t ed bounds remain unchanged f rom the c o l o r l e s s  cas e . 

Wha t ,  then , i s  the inhe rent imp o r t ance o f  a measurement 
of th i s  i ne l a s t i c  Comp ton graph , if i t  can be exp e r iment a l l y  
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i s o l a t e d ?  I t  does s everal rather un i que t h i ng s : 
1 )  I t  t e s t s  the p o i n t - parton hypo th es i s  c r i t ical ly : 

i n i t i a l  and fina l - s t a t e  part i c l e s  are connected by 
one parton l i ne ; the parton propagator enters the 
cro s s - s e c t i on expl i c i t ly . 7 l 

2 ]  I t  provides  a t e s t  o f  the parton model that can g ive 
inform a t i o n  on such param e t e r s  as  momentum d i s t r i b u ­
t ions o f  p ar t on s  and t h e i r  mean numb er ins i de t h e  
nuc l eon . 5 ) 

3 ) I f  s c a l ing i s  o b s erved to hold for vw2Y N , i t  a l l ows 
a new d e t e rminat i on of average parton charge p a r a ­
m e t er s , a n d  ther eby o f  the parton- quark ident i f ic a ­
t ion . S )  

O f  t h e s e  p o int s ,  t h e  f i r s t  h a s  the mo s t  fundamental importanc e :  
i t  g iv e s  a c a l cu l ab l e  l ev e l  a t  wh i c h  a phy s i c a l  pro c e s s  mu s t  
be obs erved m i n ima l ly . F a i l ing tha t ,  the quark- parton model 
as  we know i t  to day is in s er ious j eopardy . 

G iven the impo r t an c e  o f  the in forma t i o n  that can thus b e  
obta ined , I w i l l  now d i s cus s the l i ke l ihood t h a t  t h e  ine l a s t i c  
Comp ton g raph c an i n  f a c t  b e  i s o la t e d  and o b s e rved . L e t  us 
d i scuss  t h i s  ques t i on from two ang l e s : F ir s t ,  a s s uming the 
ident i f i ab i l ity of s ing l e  photons as  oppo s ed to photons 
s t emm ing f rom Zy , 3y , . . . decay s  of mes ons , what c o n f i d ence can 
we h ave i n  th e i r  coming from the i ne l a s t i c  Comp ton graph? 

It was n o t i c e d  e ar l y  on th a t ,  i n  order t o  make the 
c a l cu l a t i on s  o f  Bj orken and Paschos app l i c ab l e , the o r i g in o f  
the f in a l - s t a t e  photon mus t  b e  c e r t a i n  t o  b e  the parton 
o r ig ina l ly s t ruck , 

y � '  

>-< 
-0·========== 

rather than 
y ( 

�� ·-E_ 

C l earl y ,  the s t ruck parton mu s t  prop a g a t e  for a t ime short 
w . r . t . the parton - p ar ton intera c t i o n  t ime . T h i s  cond i t i o n  

I 

501 



comes more e a s i l y  true , t h e  l arger Q 2 . In the l im i t  we have 
the "swal l ow - t a i l  d i agram" , wh i ch g ives  no contr ibut ion from 
s p in - �  partons . However , l et us note  that the momentum trans fer 
needed to have t h e  fina l - s ta t e  pho ton emi tted by a parton 
other than the one that absorbed the incoming photon , tends 
t o  d i s p e r s e  the ava i l a b l e  p L among the proton ' s  cons t i tuents , 
so that the  Bj orken - Pa s ch o s  g r ap h  should pr edominate at the 
higher p L values . 

To g a in a fu l l er p i c ture o f  s ing l e  photon inc lus ive 
y i e l ds , we rec a l l  the general  s cheme worked out by B l anken ­
becker , Brodsky , and c o l l abora t o r s 9 ) for hadronic interac t i ons , 
wh ich adds qua rk-meson and quark - b aryon interact ions to t h e  
b a s i c  quark- quark proce s s . I n  t h i s  context , the p L charac ­
t e r i s t ics  are d i c t a ted by the numbe r  of e l ement ary f i e l d s  
i nvolved i n  t h e  intera c t ion . They s howed that , unde r  t h e  
a s sumpt ion t h a t  g eneral B j orken s c a l ing h o l d ,  t h e  graphs o f  
t h e  "Cons t i tuent I n t erchang e Mode l "  ( C I M) a r e  char ac t e r i z ed 
by a transverse momentum dep endenc e :  

do n -m  
ap 2 "' E: p L 

L 

Here , e: n = ( 1 - x )
n s t ands for t h e  s c a l ing func t io n  (�vw2 } ,  and 

m i s g iven by the number of bas ic f i e l ds . In t h i s  p i cture , 
the i ne l as t ic Comp ton graph w i l l  b e  char ac t e r i z e d  by 

do 3 - 4 
crp ,t  E: 

p
_._ 

3 whi c h  is � ( 1 - x ) p L- 4 in the r eg ime where vw2 de crease s .  
I nc lus ive pho ton produc t io n ,  on the o ther hand , can b e  due t o  
a mul t i tude of  g r aphs w h e r e  one or  s ev e r a l  quarks /partons a s  
we l l  a s  g l uons are  b e ing interchang e d .  I n  s harp contrast  to  
the above behav io r ,  a "vec tor - dominanc e - t yp e "  g raph l ike 

e t c . 
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l eads to a behavior 

wh ereas many other g raphs invo lving var i ous exchanges o f  
hadronic const ituents l ead to  int ermed i a t e  p J. behav i o r . We 
note here that 

� the more comp l i c a t ed the exchang e ,  the more the 
ava i l a b l e  pJ. will be diluted among final - s tate 
p a r t ic l es . Only the inelas t i c Comp t o n  g raph l eads 

-4 to as ' g ent l e ' a p J. fal l - o ff a s  p J. 
b as we get  c l o s er to the edge o f  phase spac e , x + 1 ,  

£ bec omes small and may w e l l  dominate the obs erved 
cros s - s e c t i o n .  

The only pub l i s hed inve s t i g at ion of  inclus ive pho ton production 
from yp c o l l i s ions l O )  ind i cates  that a s i z ab l e  y i e l d  may b e  
found at SLAC energ i e s . Within t h e  l arge e r r o r s  o f  t h e  
resul t s , the l i ke l i e s t  interp r e t a t ion i s  t h a t  of  a C I M  
c o ng lomerat e .  We should , howev e r ,  n o t e  that , fo r t h i s  exper i ­
ment , the E N t e rm t ends t o  s upp r e s s  the i ne l a s t ic Comp ton 
graph s evere l y . Higher energ i e s  are c l ea r l y  needed to e s t ab ­
l i s h  i t s  e x i s t ence and pro per t i e s .  

Cons equent l y ,  i n  a n  upcoming exp e r iment a t  Ferm i l ab , 1 ) 
the Santa Cruz group w i l l  a t tempt to i s o l at e  the i ne l a s t ic 
Comp t o n  graph by measur ing yp+ s ing l e  photons p l us any t h ing 
over a l arge s o l i d  ang l e ,  at p J. values o f  1 to 3 GeV .  The 
imp l i c a t ion for the s eparab i l ity o f  a behav ior accord ing to  
the transverse momentum dependence is , for the parame ters  

t p J.2 ; � to 9 ( G eV/ c ) 2 } 
v - E E ; 1 0  to 6 0 GeV y y 
x ; 2�v 0 . 0 1 to . 2 

I n  t h i s  x rang e ,  however , the s c a l ing func t i o n  vW 2
(x ) i s  

e s s e n t i a l l y  const ant . 8 ) I f  a measurement of the p J. dependence 
can b e  perfo rmed w i th suff i c i ent accuracy to  te l l  the power 
behavior c l eanly apar t ,  the E n dependence w i l l  thus not 
f a l s ify or  h i de i t . Even with mode s t  s t a t i s t i cs , the 
d i fference b e tween the two extreme terms ment ioned , p - 4 vs . J. 
p J.- 1 2 , should b e  e a s i l y  d i s t ingu ished over th i s  ava i l a b l e  
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p J. rang e ! 
S e c o nd , we a s k : is a credib l e  s eparat ion o f  s in g l e - photon 

y i e l ds from the t o t a l ity of  final - s t ate p ar t i c l e s  conta ining 
n° , ri 0 ,  w0 , . • .  and their decay photons possible? Present indications are 
that th i s  can inde ed b e  achi eved if  we l im i t  our s el ve s  t o  
k ' / k values > 0 . 3 .  

To unders tand th i s  p o i n t , l e t  us take  a b r i e f  g l imps e  at  
the exp e r imental s e tup curre n t l y  in the tune - up s t ages at  
Ferm i l ab : 

F i g . 1 s hows the bas i c  s e tup : t a g g ed photons w i t h  we l l ­
def ined ener g i e s  up t o  � z o o  GeV imp inge on a 8 0  cm long 
l iquid hydr o g e n  t a r g e t  at  a r a t e  o f  � 1 0

5
- 1 0

6 per machine 
burs t .  The det e c t i o n  apparatus con s i s t s  of  two b a s i c  un i t s : 
a forward dete c t o r , surrounding the beam ax i s  w i t h  an 
ape rture defined by i t s  1 . 5 0 m transve r s e  dimens ion and i t s  
pos i t ion that c a n  b e  var i e d  b e tween � s  m and � 3 0  m ( i t  moves 
on a s e t  o f  rai l s ) ; and a reco i l  d e t e c t o r  that surrounds the 
targ e t  a t  l aborat o ry ang l es b e tween 4 5 ° and 9 0 ° . 

I n  order to k e ep al l e l e c t romagn e t i c b ackgrounds at a 
min imum , there i s  no magnet in the s y s t em .  The forward 
d e t e c t o r  measures the energy and traj ec t o ry o f  a l l  s hower ing 
p art i c l e s  w i th an accuracy that can b e  g l eaned from F ig .  2 : 
Za s hows a pul s e - h e ight d i s t r i bu t i on for a 1 3 5  GeV e l ectron 
b e am inc ident o n  t h e  forward det ect o r :  t h e  energy i s  s een 

control k<l 
atrnv�pli<.:rc 

I .  �O er� iic�cu<l J.yJrogc;i target 

b. llx0 2nJ shoh'Cl" S<'�mcnt 

3. ToF CVlU'ltc.s 7 .  vertical ho<loscupc-

.;. multipl ic ity cotmtcr S. !:orizont.11 t:odo,,copc 

Fi gure 1 :  
9 ,  cent r..i l "plug" �-vl.ntcr, :!Ox ..:i 

Layout fo r E - 1 5 2 a t  Fe rmi l ab . 
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to be measured to an accuracy defined by o � 1 . 6 % .  The 
s howe r l o c a t i on is me asured by a f ine - g r a in l ow - grade 
s c in t i l l at o r  hodo s co p e ; F i g .  Z b  g iv e s  transve r s e  pul s eheight 
dis t r i bu t ion s , b i nned by t h e  w i d t h  o f  the hodo s c ope 
e l emen t s . The  g i s t  of t h i s  information i s  that ( 1 )  h i g h ­
energy s howe r s  d u e  to photons or e l ec t rons c a n  be l o c a t e d  
t o  a n  accur acy o f � 0 . 5  cm ; a n d  t h a t  ( 2 )  s ing l e - photon events 
can b e  s eparat ed from their worst " contaminan t s " , s ymme t r i c a l ­
ly decaying IT O  o f ,  s ay , 1 0 0  GeV , at  the perc ent l eve l . ( The 
two s hower s from 1 0 0  GeV ITO decay are  s eparated by 8 . 4  cm at  
3 0  m d i s t anc e . )  The  l o s s  due to very asymme t r i c a l l y  decay ing 
IT o or  n °  i s  not s e r ious . 

Wh i l e  the f o rward d e t e c t o r  cons i s t s  o f  t o t a l  a b s o r p t i o n  
coun t e r s  i n t e r s p e r s e d  w i t h  a h odoscop e , the r e c o i l  d e t e c t o r  
i s  a mul t i - dr i f t - chamber device that s ee s  l arg e - ang l e  tracks 
and i s  not v i t a l  for t h e s e  measurement s .  
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F i gure ZA : B l own­
up pul s e he i ght 
spec trum for 135  GeV 
e l e c tron in s hower 
b ank of forwa rd 
de t e c to r .  

I n  a n  exp e r i men t a l  r un extending thro ugh spring  and s umme� 

s e ve r a l  thousand e ven t s  at pi va l ue s  > 1 a re due to be co l -

l e cte d .  fe e l  confide n t  that our know l e dge o f  b a s i c fac t s  on 

the p a rton s t ruc ture of the h adrons w i l l  b e  con s i de r ab ly de ep ­

ened by the l eve l o f  the i r  o b s e r va t i o n . 
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F i gure Z B : Transve rse  
s i z e o f  showe rs in 
h o do s cope l o c a t i o n :  
b i ns  a r e  3 cm.  e ach . 
E l e ctron energie s :  
3 0  GeV,  1 3 5  GeV . 

A c le an t e s t  o f  the quark - p a r ton p i c ture o f  the hadroni c  

inte r a c t i on app e a r s  to b e  imminent ly ava i l ab le from the Santa 

Cruz Expe r iment 1 5 2  at Fe rmi l ab .  Wh i l e  for the sma l l  momen-

tum- t rans fe r  p r o ce s s  yp + yp ( e l as t i c  Comp t on s ca t t e r in g ), the 

hadroni c  s tructure o f  the photon is t e s t e d  as i n  the ve ctor 

domi nance p i c t ure , h i gh - pL photon s c a t t e r in g , yp + y + hadrons , 

has a uni que way o f  providing i n forma t i o n  on the s truc ture o f  

the target hadron . This two - photon p r oc e s s  i s  thus e xp e c t e d  

to comp l e ment the somewhat con fus i n g  present  evidence o n  the 

p ar ton p i cture g le an e d  fr om recent e xp e r imen t s  on lep ton p a i r  

p ro duc t ion i n  h adron- hadron co l l i s i on s . 



1 )  Fe rmi l ab Expe riment 1 5 2 .  Exp e rimen t e rs : A .  Breaks tone , 

D .  Dorfa n ,  S .  P l a t te ' ,  A .  Gr i l lo ,  C .  Heusch , V .  P a l l adino , 

T .  Scha l k , A .  S e i den , D .  Smith . 

2 )  S .  D .  Dre l l ,  T .  M .  Yan , P . R . L . � , 3 1 6  ( 1 9 7 0 ) ; A nn . Phy s .  

(N.  Y . ) �, 5 7 8  ( 1 9 7 1 ) . 

3) J .  P i l che r ,  the se  p ro ceedings . L .  Le derman , these p ro ­

ceedings . 

4 )  

5 )  

6 )  

7 )  

J .  D .  Bj orken , E .  A .  P a s cho s , PR .!..§2, 1 9  7 5  ( 19 6 9 ) . 

D .  N .  Go swami , D .  P .  Maj umdar , P R .  D4 , 2 0 9 0  ( 1 9 7 1 ) . 

M .  s .  Chan ow i  t z ,  LBL preprint 5 3 1 2  ( 1 9 7 6 ) . 

s .  J .  Brods ky and P .  Roy ,  P . R . D 3 , 2 9 1 4  ( 1 9 7 1 )  po i n t e d  

l i m i t a t ions of  fi e l d - the o r e t i c a l  j us t i f i c a t i ons o f  the 

Bj o rken- Paschos  me chan i s m .  

out 

8) J. K. Kim ( th e s e  p ro c e e d ings ) demons t r a t e s  that more com­

p l i c a te d  gauge mode l s  such as the b roken uni f i e d  c o l o r  

gauge theory o f  P a t i  a n d  S a l am  c a n  y i e l d  hi gher pho t on 

rates  due to contribut i ons from c o l ored g l uons . 

9 )  See , e . g . , R .  B l ankenb e c l e r ,  S .  J .  Brodsky , P . R .  Dl O , 

2 9 7 3  ( 1 9 7 4 ) . 

1 0 )  D .  0 .  C a l dw e l l  e t  a l . , P . R . L .  ll_, 8 6 8  ( 1 9 7 4 ) . 
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TESTS OF COLOR EFFECTS IN PATI-SALAM MODEL 

Jae Kwan Kim and Hyun Kyu Lee 

Department of Ba sic Science 

Ko rea Advanced Inst itute of Science 

Seoul , Korea 

Abstract :  In the unified color gauge theory o f  Pati and Salam , 

we show that the color effe c t s  are dominant in deep inelastic 

comp t on scatt ering and the calculat ions from thi s theory fit 

the experimental data very well . 
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Color1 gauge theory is widely used in calculat ing the pro-

c e s s e s  invo lving strong interac t ion at present t ime , However , 

there are two different types of models acc ording to whe ther the 

color symme try is broken or exac t ,  I t  i s  an intere st ing and 

important problem for high energy physi sists to t e st the se two 

different points of' view with experimental dat a ,  I n  thi s art i -

cle , d e e p  inelastic compton scatt ering data is compared with the . 

predictions from the se models and it is shown that the model 

with broken color symmetry by Pa t i  and Salam2 is definitely pre-

ferred , 

The general property of the spontaneously broken unified 

color gauge theory , as proved by Pa ti and saian?anct by Raj asekaran 

and Roy� i s  that the color cannot be brightened with i t s  who le 

strength in lepton-hadron proc e s se s .  In thi s theory electron ( o r  

muon) --hadron interaction pro ceeds through the exchange o f  color 

photon and its orthogonal color gauge partner with the same 

strength . However , be cause of the oppo site s i gn in amplitude s 

between them , the color brightening i s  suppre ssed b y  a fac t or 

.:l.2 = (lq2 1/M2 + lr2 which vanishe s effectively for high momentum trans-

fer lq' l > 4M2• Thus the integer charged quarks in the unified 

color gauge theory would behave as if they are fractionaly charged 

in elec tron ( muon) --hadron interactions asympto t i cally , There-

fore , treating the quarks and color gluons as partons , the color 

contributions appear as small scaling violations (10 to 2 0% of 

flavor contributions ) J , 4 , 5 which are no t inconsistent with the 

present experimental data of deep inelastic electron ( muon) 

hadron scat tering. According to the same cancelling mechanism , 

the color contributions from tne spontaneously broken color 

gauge theory in all lepton hadron interactior:s are no t so differ-
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ent from the small corre c t ions due to the a symptot ically free 
6 theory of exact color symme try that one cannot find any distinc-

tive differences b e tween them at present energy range , 

Hence , it is very important to choose appropriate physical 

pro c e s s e s  in whicc the color suppres sion of the unified color 

gauge theory doesn ' t  appear for the present energy range of ex-

periment s .  Deep inelastic Compton scattering is the typical one , 

where the probing pho ton see the colors with i t s  whole strength 

( integer charged color quarks and color gluons ) . Recent experi­

ment7 on deep inelastic Compton scattering, using 21 GeV brems-

strahlung photon beam ,  shows that the predictions from the con-

ventional non gauge quark model ( even for the integer charged 

quark model ) are too low to fit the experimental data and the 

discrepancie s are too large to be explained by the small correc-

tions from the exa c t  color symme try theory , Thus it has been 

argued that the parton model doe s  no t have much to do with the 

deep inelastic compton scattering pro c e s s e s� However ,  be cause 

of the large color effe c t s  of the unified color gauge theory , 

the situation is quite different from the conventional model s ;  

and the purpo se o f  thi s article i s  t o  explain the experimental 

data by using the unified color gauge theory2 combined with 

parton model . 

In the unified color gauge theory , there are two types of 

partons in the hadrons : color quarks and color gluons with inte-

ger charge s .  The contributions of the quarks to the deep in­

elastic Compton scattering are well known as9 

(1) 

and the contributions o f  the color gluons with mas s  M are cal cu-
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latedlO a s  

Here E0 and E are the energy o f  the incident and the scattered 

photon respe c t iv�ly ; and i ,  a ,  and j refer respectively to the 

type s of flavor ( u ,  d ,  and s ) , three quark color s ,  and c o lor 

gluon o c te t s , The distribution functions of the quarks and the 

color gluons are represented as fi , a (x )  and gj ( x )  with their 

r e spective quantum number s ,  The to tal double differential cro s s  

section i s  given by 

( 3 )  

For convenienc e ,  the color independent di stribution func tions 

are defined as 

be cause the known hadrons are color single t s ,  It can be easily 

seen that the quark contributions in the unified color gauge 

theory are lR rger than the other c onventional models where G(x)=o 

be cause 

( 5 )  
where IC and FC refer t o  the integer charged and t o  the frac-

tional charged quark mode l , r e spectively , 

be come s 

d2a a2 dOdE � 4E02 sin2(ie) 

With Eq , ( 4 ) ,  Eq , ( 3 )  

x (l6,F1 (x)l (E� +-%-)+G(x+ - 2  (i,� +� )+ �[(l)' + (�)']+ 3�2(E0-E)2 sin'e}) . 

( 6 )  

Before integrating Eq , ( 6 )  over the bremss trahlung spectrum 
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to get the experimental cro s s  s e c ti ons , one must spe cify the mas s  

o f  the color gluon and parametrize tbe parton dis tribution func-

tion f i ( x )  and g (x ) , The mo st probab le range of the color gluon 

mas s  was recently found to be about 1 to 2 GeV by Pat i , Sucher ,  

and Woo�1 For the quark distribution func tions fi ( x ) , the para-

metrization obtained from the analysis of leptonic deep-inelastic 

scattering1 2  is used , But there i s  little information on the 

gluon distribution func tions , We a s sume the color gluon di stri-

bution func ti on to be a form o f  sea-quark-like di stribution . 

With this a s sumption the gluon distribution function i s  para-

me trized by the conventional sealike functions a s  

g(x) =A(l -xf/x. ( 7 ) 
The normalization constant A can be obtained from the deep-in-

elastic e l ec tron- or muon-nucleon scattering experiment s in 

which there must be neutral partons carrying about 50% of the 

nuc leon mcmentum, 13 The color gluons are identified as neutral 

partons and the normalization constant is calculated in this a-

nalysis a s  

aJo'xg(x) = 0.5. ( 8 )  
Among the various value s o f  p ,  the calculation with P =  8 fits 

the experimental data b e t ter than the o ther value s o f  p and is 

shown in Fig , l  as solid line s ,  This value o f  p i s  consistent 

with the value s used in various analyses done previously on the 

13 14 basis of the quark-parton mode l , ' The predic t ions from Eq 0 

( 6 )  are found to be insensitive to the mas s  of the color gluon, 

provided M Z l GeV .  Thus the deep-inelastic Compton- scatt ering 

data are consistent with the constraint on M given by Pat i , 

Sucher , and Woo , 11 The conventional quark-model calculations 

are shown in the same figure , The predictions from the frac-
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Fig, l. Double-differential cro ss s e c t ions of the deep­
inela stic Compton scattering per equivalent quantum (Q) for 
four value s of pT : ( a} 1 . 1  GeV/c , (b) l . J  GeV/ c , ( c J  l . 5  
GeV/ c , and ( ct }  l . 7  GeV/c , from Caldwell e t  al , ( Fe f ,  7 ) , 
Solid line s are the predicti ons by the unified color gauge 
theory using Eq . ( 6 }  in the text , Dashed curve s are predic­
tions from the conventional fractionally charged quark model. 
Dotted curves are predictions by the integer-charged model 
(Re f .  7 ) . 



tionally charged q uark model , shown aE. dashed line s ,  are far be­

low the experimental data and the d i s c re panc ies are too large 

to be explained by the small corre ctions from the exact color 

symme try theory, The calculations from the integer-charged quart<: 

model are also shown in the same figure a s  dotted line s ,  The 

re sul t s  are somewhat larger than the frac t ionally charged quru'.k­

model calculations but the value s �re t o o  low to fit the experi­

mental dat a ,  

W e  have pre sented the evidence o f  the c o l o r  brightening o f  

the unified color gauge theory i n  the deep-inelastic Compton-

s cat tering experime nt . The main point to be stre s sed in this 

article is that the charged color gluons are neces sary to fit the 

experimental data of the deep-ine lastic Compton scatt ering. 

Therefore , we ne ed a model in which the co lor effe c t s  can be 

shown to be small correc tions in the lepton-hadron interactions 

but the color effe c t s  are dominant contributions in the pho ton­

hadron interac tions , We would like to conclude that the spon­

t aneously broken unified color gauge theory of Pa ti and Salam2 

sat i sfies b oth of the requirements very well , 

Thi s re search wa s supported by Euisok Research Foundation . 
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RFT AND OTHER THINGS 

P .  Grassberger 
University of Wuppertal , 

Germany 

Abstract : Reggeon field theory is shown to be mathematically equi­
valent to a simple chemical process where a radical can undergo 
diffusion , absorption, autocatalytic production , and recombination . 
Physically, these "radicals " are wee partons . The mathematical 
apparatus of RFT can thus be replaced by a very intuive and physi­
cally simple picture of interacting partons . 

Resume : On montre que la theorie des reggeons est mathematiquement 
equivalent a un processus chimique simple ,  ou un radical peut subir 
la diffusion , ! ' absorption, la reproduction autocatalytique , et la 
recombinaison . Physiquement ,  ces "radicaux" sont des partons mous . 
L ' appareil mathematique de la RFT est done remplace par une image 
intuive et physiquement simple des partons interagissants . 
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The aim of this talk,  based on work by K .  Sundermeyer and my­
self  l ) , is to show that the highly non-trivial mathematical appa­
ratus of reggeon field theory ( RFT) corresponds indeed to a very 
simple physical model . Thus , wh ile the mathematical treatment wi ll 
stay accessible only to experts , non-experts can replace it by their 
physical intuition . 

To start with , let me recall some facts of 

1 .  Reggeon Field Theory 

The basic obj ects we shall study are the k-pomeron amplitudes 
of a g iven state \ <!> ( y )  > , 

( 1 )  

Here , � (b )  is the pomeron field,  and we work evidently in the Schro­
dinger picture where 

d� \ <!> (y ) > = -H \ <!> (y ) > ( 2 )  

I n  practice , \ � (y ) > will b e  produced b y  an external particle with ra­
pidity y ,  whence �k corresponds graphically to the vertex : 

2 

k 

rapidity 
0 y 

For simplicity , we" shall in the following work only in z ero 
transverse dimensions (D = O) , a lthough the results are true in any 
number of dimens ions . In D = O ,  we replace � (b) and �t (b )  by 
ann ihi lation and creation operators a and at , and the theory is de­
fined by the hami ltonian 

H ( 3 )  

Here , ap , r ,  and le are bare parameters , and the quartic coupling has 
been included for reasons which will become evident below . 
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Alternatively , the physical content of the theory is complete­
ly contained in the equations of motion of the amplitudes 

( a.P- 1 ) k¢ k - ir (k-1 ) /k¢ - ir k lk+ 1 �  - -4
\
k (k- 1 )  � k . 2 k-1 2 � k+ 1  � ( 4 ) 

The theory defined by Eqs . ( 3 )  or ( 4 ) and their generalizations 
to D t O has a number of wel l-known features which greatly complicate 
its mathematical analysis : 

- H is not hermitean ; 
in D > 1 there occurs a critical phenomenon at a.P 
to a second order phase transition ; 

a.c s imilar 

for a.P > a.c ' one cannot as in other theories with second order 
transitions build the Hilbert space around a new shifted vacu-
um: both the unperturbed ground state and the shifted vacuum 
seem to be stable ; 

- as there is no unanimity among experts about the latter point , 
there exist c laims both that atot decrease� with energy for 
a.P > a.c 

2 )  , and that atot increases � £n2s ) 

At this point , I shall leave the further discussion to the 
experts , and pass on to my next subj ect which is 

2 . Chemical Reactions 

Instead of j ustifying my interest in this field , I simply ask 
you for some patience : in O£der not to get lost in discussions 
about the underlying physical picture , I shall first present some 
mathematical facts , and give my physical interpretation later . 

We consider radicals called R which are contained in a vessel 
together with other molecules N and M. The number of the latter is 
kept fixed . We assume that we stir well so that the only relevant 
observable is the number of radicals R which can change due to the 
following reactions : 

K 
R + N + 2 R (autocatalysis)  ( Sa)  

µ 

R + M A (absorption) ( Sb) 
K' 

R + R B (recombination) . ( Sc )  
v 
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The molecules A and B are inert . 

If one neglects all fluctuations , one can easily convince one­
self of the "rate equation " 

( 6 )  

Here , n i s  the number of R ,  while nN and nM are the ( fixed) numbers 
of N and M .  Using generating function techniques 1 ) , one can also set 
up the analog equations where all fluctuations are exactly taken into 
account . For the binominal moments 

nk = <n (n- 1 )  . . .  (n-k+ 1 )  > k 1 ,  2 ,  3 ,  • • .  ( 7 )  

one finds , with a = KnN and p 

The crucial observation now is that Eq . ( 8 )  has exactly the same 
structure as Eq . ( 4 ) . More precisely , Eqs . ( 8 )  and ( 4 )  become identi­
cal i f  we identify 

time with rapidity (not with ixrapidity ! )  
reggeon parameters in a suitable way with rate parameters , and 
lkT$k/� 0 with ( i / ( µ /2+v ) / o ) k • nk , i . e .  the k-pomeron amplitude 
with the k-th binomial moment .  

Notice that the equivalence exists only when the quartic coup­
ling is non-zero . Indeed , the usefulness of such a coupling has been 
pointed out also in the standard formulation4 )  , S ) for purely mathe­
matical reasons . 

In order to arrive at RFT with D � 0 ,  one has to replace the 
vessel by the full space of D dimensions . Also , one replaces stirring 
by diffusion , and one assumes that interactions are local . In this 
way one finds in a rigorous way that the k-pomeron amplitudes corres­
pond to the inclusive k-radical densities . 

As a first application of this analogy , let me discuss the 
nature of the phase transition . The 1 -pomeron Green ' s  function 
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G (b ' , b ; y) = < O j  ijJ (b1) e-Hy l/i+ (b ) j o> corresponds in our model to the 
density at point b '  and time t = y ,  provided a single radical was 
implanted at t = o at the point b . Now ap< < 1 corresponds to the 
case of weak autocatalytic production but large absorption 
( cr> > P ;  see Eqs . ( 8 ) , ( 4 ) ) ,  and thus the density will decrease exponen­
tially with time . If we increase ap ( i . e .  enhance production and/or 
suppress absorption) , the decrease of the density will be slower 
and slower until , for ap = ac ' the total number of radicals in­
creases , and for ap > ac even the asymptotic density is non-zero . 
The occurence of this "non-equilibrium phase transition" has first 
been observed by Schlog16 l , who used the rate equation Eq . ( 6 ) . The 
order parameter is thus the asymptotic density which is proportional 
to the asymptotic opacity at finite impact parameter . 

We are thus immediately led to the conclusion that the 
Froissart bound is saturated for ap > ac ' in agreement with Ref . 3 ) . 
This conclusion is based not so much on a sophisticated mathema­
tical analysis (the mathematical methods applied so far to the 
above kind of chemical reactions are rather crude 7-9 ) ) ,  but on 
our physical intuition : the solution suggested by White2 )  would 
mean that , when enhancing the production rate through the critical 
value , the density at large (fixed) time first increases but then 
decreases again . (Notice also that our formulation is non-perturba­
tive , and thus no ambiguity arises as how the theory is to be defined 
for ap > ac ) . 

3 . Physical interpretation 

Up to now, our findings might merely represent a mathematical 
curiosity ,  without any deep physical meaning . But it is not : the 
underlying physics is the parton model ,  and the radicals R are 
nothing but wee partons . 

As stressed by Feynman1 0 ) , the parton density inside a hadron 
of rapidity y reaches from zero to y :  

part on 

L 
� d�•ity 

� rapidity 

0 y 
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I f  partons were non-interacting during a boost of the hadron from y 
to y ' >y ,  their density after the boost would reach down only to y ' -y ,  
i n  contrast t o  the above assumption . For consistency , we must thus 
assume that wee partons are created during the boost : 

par tons 
created 
during 
boost 

0 
> 

y ' -y y '  

Feynman ' s  hypothesis was now that hard partons do not interact , and 
thus only wees can have created new wees by splitting . Including 
possible recombinations , the fo llowing can happen to wee partons 
during a boost : 

-r 
* wee +---- wee + wee 
* wee -r hard 
* wee + wee ------+ hard 

These are exactly the same reactions as in Eq . ( 5 ) , and thus wees 
behave durinq a boost exactly as the above radicals behave during 
time evolution . 

4 .  Discussion and outlook 

Several applications and extensions of the above ideas are 
immediate 1 • 1 1 ) . I have no time to discuss them here . Instead , I 
would l ike to stress the importance of having a physical interpre­
tation of RFT for improving the extremely crude underlying model .  
What I think of in particular are energy conservation 1 2 ) ,  hard 
scattering effects, and a more realistic description of parton 
splitting as e . g .  provided by the Altarel li-Par isi equations in 
QCD 1 3 ) . More fundamental ly , our approach shows clearly that the 
parton model ( and RFT in particular ) is a stoc hastic approximation 
to the underlying basic field theory ( QCD? ) and a basic question 
is how to j ustify such an approximation . 
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FORWARD-BACKWARD MULTIPLICITY CORRELATIONS 

A. Capella 
Laboratoire de Physique Theorique et Particules Elementaires,  

Orsay (France) 

Abstract : The correlation function between the multiplicities in 
the forward and backward center of mass hemispheres measured at 
CERN-ISR are quantitatively reproduced in the framework of the 
reggeon theory in the eikonal approximation , with standard parameters 
determined from elastic scattering data only . 

Resume : Les fonctions de correlation entre les multiplicites dans 
les hemispheres avant et arriere mesurees qU CERN-ISR sent repro­
dui te s  de fa�on quantitative dans le cadre de la theorie de reggeons , 
dans l ' approximation eikonal , avec des parametres standard deter­
mines a partir des seules donnees elastiques .  
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Tne purpose of this talk is to present a brief survey of some re­
sults obtained in collaboration with A. Krzywicki . For details con­
sult ref .  [ 1 l . 

The ef fect1ve hadronic forces have a short range in rapidity 
space and are soft.  Thus one expects no dynamical long-range rapi­
dity correlations in multiparticle final states : short range order 
( SRO) . The useful concept of SRO is related to the idea of repre­
senting diffractive scattering by the exchange of the Pomeron Regge 
pole - the latter resulting from the contribution of f inal states 
obeying short range order in the unitarity equation . However , a 
Regge pole cannot satisfy by itself unitarity and one has to con­
s ider its successive iterations in the s-channel .  It is easy to show 
that the latter violate SRO and introduce long-range rapidity cor­
relations . 

Recently,  an I SR col laboration has measured the correlation 
between the multiplicities in the forward and backward center of 
mas s hemispheres . A s izeable correlation is found which does not 
decrease through the I SR energy range . If such a long-range rapi­
dity correlation is due to the multi-Pomeron-exchange amplitudes ,  
its numerical value puts strong constraints on these amplitudes .  
I t  turns out that the eikonal model ,  with the proton-proton-pomeron 
coupling determined from e lastic scattering data, yields the mea­
sured value of the forward-backward correlation . 

Firs t ,  we are going to obtain the expression of the forward­
backward correlation in a very general frame work , without any dyna­
mical as sumptions regarding the relative strength of the various 
multi-pomeron amplitudes .  

Let N (y )  denote the rapidity density of secondary ( charged) 
particles .  For definitenes s  we work in the c . m . s  ; the total energy 
in this frame is denoted by W .  We assume that N ( y )  is the sum of a 
f luctuating number of "elementary " •densities 

N (y )  
n 
z 
j =l 

N ( j ) (y)  0 

with the following properties 

( 1 )  

( a )  Distinct "elementary " densi ties are stati stically independent 

< N  ( j lv) N ( k )  ( y ' ) > = <N ( j ) (y ) ><N ( k )  (y) > for j f k .  
0 - 0 0 0 

( b )  All " elementary " densities have identical average properties 
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and thus the superscript ( j )  is usually superfluous . 
{ c )  The moment functions<N0 ( y1 ) . . .  N0 ( yk ) >  exhibit short range rapi­

dity corre lations only . 
From eq . ( l )  and properties ( a )  and ( b )  one finds 

< N {y ) > = < n >  < N0 (y ) > ( 2 ) 

< N (y ) N (y ' ) >  = <n>  < N0 (y ) N0 ( y ' ) >  + n (n-1 ) < N0 (y ) > < N0 ( y ' ) >  ( 3 )  

The standard inclusive corre lation function i s  def ined as 

C (y , y ' )  = < N ( y ) N ( y ' ) >  - < N (y ) > <N (y ' ) >  - < N (y ) > 6 (y-y ' )  ( 4 )  

Us ing relations ( 2 )  and ( 3 )  one gets 

C ( y , y ' )  = CSR ( y , y ' )  + x ( O )  < N (y )  > < N (y ' ) >  

where we have introduced the specific symbol 

x ( a ) = < n 2 ( 1 -a ) > I <  n l-a > 2 - 1 
and ( * ) 

CSR ( y , y ' )  

( 5 )  

( 6 )  

i s  j ust < n> times the standard correlation function for a n  " e le­
mentary " density - which , according to condition (c) i s  a short­
range one . Thus , a long-range correlation is present if and only 
if < n2 > � < n> 2 , i . e .  if n f luctuates . 

Let us introduce the forward-backward correlation . In the fol­
lowing NF (NB ) denotes the number of ( charged) secondaries with posi­
tive ( negative ) center of mas s  rapidities 

NF = fay N ( y )  
y > 0 

[ Obviously < NF > 

, NB = I dy N (y )  . 
y < 0 

< NB> = < N>/2 ] .  

( 7 )  

{ * )  The above formula for CSR does not take into account pos s ible 
Bose-Einstein symmetri zation e ffects which are not relevant for 
our di scussion . 
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We are interested in the correlation between NB and NF . More 
precisely , we consider the regression of NB versus NF ' i . e .  the 
dependence of the average backward multiplicity , < NB (NF ) >  on the 
forward multiplicity NF

[ 3 J . As is well known , < NB (NF) >  would be a 
linear function of NF if NB ,F were normally distributed . This linea­
rity is actually expected and is borne out by the data . The linear 
regression is a standard problem in probability theory . We set 
<NB (NF) >  = a +  b NF and we determine the coeficients a and b by 
requiring that < [NB - (a+b NF ) J 2> is as small as possible . The 
result for the slope b is 

or , using eqs . ( 4 )  and ( 7 )  

b = f dy ( dy ' C (y ,y ' ) /{fdy fy ' C (y ,y ' ) +  < NF> } 
y> O}y ' < O y>O y ' >O 

( 8 )  

Eq . ( 8 )  i s  exact and independent o f  any model . With exact SRO , b + O 
when < N> + 00 •  This is obvious from eq . ( 8 ) : the numerator is of order 
0 ( 1 ) , whi le the denominator increases indefinitely . The situation 
changes radically in the presence of long-range correlations 
(x ( O )  f 0 ) . It can be seen from eqs . ( 5 )  and ( 8 )  that in this case 

one expects b + 1 .  This  limit should be approached from below if 
the short-range correlation is positive (this is the case experi­
mentally) . 

In order to perform the integrals in eq . (8 )  one has to know 
c8R ( y , y ' ) . The short range rapidity correlations have been exten­
sively studied . People often fit the shape of c8R ( y , y ' )  with a 
Gaussian 

and find 6 � 0 . 6 [ 4 J . The normalization for y 
tained from eq . ( 5 )  

CSR ( O , O ) = { R ( O )  - x ( O ) } <N ( 0 ) > 2 , 

y '  

( 9 )  

0 can b e  ob-

( 1 0 )  

where R i s  the normalized inclusive correlation function 

R ( O )  '7"' < N ( 0 ) 2> /<N ( 0 ) > 2 - 1 ,  
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which is almost constant through the ISR energy range ( R ( O )  = 0 . 6 )5 ]  

I t  i s  now trivial to compute the numerator o f  eq . ( 8 )  - for 
which eqs . ( 9 )  and ( 1 0 )  can be used . In order to compute the deno-
minator we use : 

fdy fdy ' C (y , y ' )  
y>O y ' >  0 

f2/2 - f  dy {dy ' C (y , y ' ) ,  }y > o k • < O  
( 1 1 )  

where f 2 i s  Mueller ' s  correlation parameter f2 = n2 - < N> which is 
of course , known from experiment . The final result is 

b 
Q 

Q/ { (D/N) 2 - Q } 
x ( 0 ) /2 + 4 < N ( O )  > 2 0 2 { R ( O )  - x ( O ) } < N>2 

( 12a)  
( 1 2b )  

Setting x ( O )  = 0 ,  one can use eq . ( 1 2 )  to  compute the contribution 
to b expected when there are only short-range rapidity correlations . 
At the highest ISR energies , one finds b � 0 . 1  whereas the experi­
mental value is b � 0 . 3 .  It is therefore excluded that the forward­
backward multiplicity correlation results from the short-range cor­
relation . Obviously , in order to compute the contribution to b of 
the long-range correlation one needs a dynamical theory of the 
multi-pomeron amplitudes which , in turn , allow one to compute x ( O ) . 
Before turning to this calculation , we have to emphasize that eq . 
( 1 2 )  is not realistic at present energies . Indeed , the total c .m .  
energy , W  , has to be partitioned among the n " elementary" densities . 
Thus , the energy relevant for one "elementary " density i s ,  in ave­
rage , roughly equal to w/n . This introduces some modifications in 
the derivatidn of eqs . ( 1 2 )  given above . These modifications are 
straightforward if one parametriz e s  <N> and < N ( O ) > by a power of 
W in the ISR energy range . It turns out that < N> = 2 . 1 0 w0 · 4 3 5  and 
< N ( O )  > = 0 . 777w0 · 256  describe the data reasonably well in  this 
energy range . One then obtains instead of eq . ( 12b) 

Q = x ( 0 . 4 35 ) /2 + 4 < N ( 0 ) > 2 o 2{ R ( O )  - x ( 0 . 25 6 ) }/ <N>2 ( 1 2b ' )  

Let us turn next to the calculation of x (a ) . The averaging 
with respect to n involved in this calculation is defined as 

� a na/ E 
n=l n n=l 

an ' 
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where crn is the cross-section for the production of n " elementary" 
densities (n cut pomerons in a regge language ) .  Obviously , crn ' can 
only be obtained in a dynamical framework . we have used perturbative 
reggeon calculus in the eikonal approximation . It turns out that the 
contribution to x ( O )  of the reggeon graphs proportional to the first 
power of the triple pomeron coupling is smaller than 15 % .  (This is 
due to a partial cancellation between those graphs ) .  Thu s ,  the effect 
of inelastic diffraction in the forward-backward correlation is very 
small and we restricted ourselves to the purely eikonal graphs . The 
only parameter is the proton-proton-pomeron coupling which was para­
metrized as g (t)  = a exp (bt) ; the parameters a and b were determined 
from the experimental values of cri;t and crelp ( the ratio of the two­
pomeron cut over the one pomeron exchange is then of the order of 
0 . 3 ) . Thus one can compute crn with no free parameter , using the AKG 
cutting rules [ 6 J . From eqs . ( 1 2a) and ( 1 2b ' )  we obtained then b "  0 . 3  
at the highest ISR energies - in excellent agreement with the expe­
rimental result . It should be pointed out that eqs . ( 1 2a) and ( 1 2b ' ) , 
together with the experimental value of b ,  put a very strong cons­
traint on any model for the multipomeron amplitudes .  It is remar­
kable that the standard eikonal model passes the test (many other 

,models will not) • 

Before concluding , I would like to mention that the above 
mechanism for long-range rapidity correlations predicts a very 
specific violation of the local compensation of charge in multipar­
ticle events : the violation should appear in the 4th order zone 
correlation function , and is absent from the 2nd order correlation 
function - the only one measured until now . 
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SUMMARY TALK - HADRONIC INTERACTION SESS ION 

Steven Frautschi * 
Laboratoire de Phys ique Theorique et Particules El ementaires , * *  

Orsay ( France)  

Abstract :  W e  review the recent work o n  calculating j ets and large 
pT events by perturbative QCD . Sper.ial emphasis is placed on the 
QED origins of the idea s .  We also discuss prompt lepton pairs and 
baryonium. 

Re sume : Nous rendons compte des calculs recents concernant les j ets 
e1:TeS evenements a grand pT dans l e  cadre du chromodynamique 
quantique (QCD)  perturbati f .  Les origines ( e lectrodynamique quant i­
que : QED ) de ces idees sont mises en evidenc e .  Nous discutons aussi 
de la physique des paires de l eptons a grands moments transver ses 
et de la physique du baryonium . 

* On sabbatical l eave from California Institute of Technology 
Pasadena , Cal i fornia 9 1 1 2 5  U . S . A .  

* *  Lat )ratoire associe au C . N . R . S .  Postal address : LPTPE . Bat . 2 1 1  
UnivPr site de Paris-Sud 9 1 4 0 5  Orsay France .  
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Introduction 
In the summary I shall focus on three subjects : calculating 

with QCD in perturbation theory , prompt lepton pairs , and baryonium . 
QCD perturbation theory will be treated in greatest detail because 
I feel it has been the key new theoretical development at the 
conference .  

I .  Calculating Jets and Large p T Events by Perturbative QCD . 
In spite of its beauty , QCD has been frustrating inasmuch as so 

disappointingly little can be derived about the observed hadrons -
for example , one cannot prove that quarks and gluons bind to form 
p ' s  and rr ' s .  The trouble is that while we hope eventually to use 
non-perturbative techniques ,  for example solitons or instantons , the 
only reliable calculational technique available at present is pertur­
bation theory -the expansion in powers of the quark-gluon coupling 
strength g2 

Calculations of the vacuum polarization indicate that 
ak = g�/4 rr ,  the " effective" or " running " coupling constant , varies 
with momentum transfer k in the manner depicted in Fig . I .  At 
k < < 1 GeV , one finds a k .<:, 1 : perturbation theory clearly fails .  
At  k > 1 GeV , the logarithmic falloff of  a k raises the hope that 
perturbation theory can be applied . But unfortunately , as in QED , the 
actual expansion parameter in most practical calculations turns out 
to be akin k/m > l ,  where m is either the quark or the gluon mass , 
so the hope that perturbation theory will converge is frustrated . 

Why does ak commonly appear mul�iplied by ink/m ? A very 
gene�al insight into the phenomenon , based on elementary quantum 
mechanics , was offered by Lee and Nauenberg1 l  in 1 9 64 . Consider the 
Hamiltonian 

H 
with 

In second order perturbation theory we 
{HI ) ni "1n 
E .  - E 1 n 

( 1 )  

( 2 )  

have 

( 3 )  

The key point i s  that large changes occur , even for small a ,  if the 
states are nearly degenerate . 

Suppose , for example , that Wi represents the electron state 
and the wn represent the continuum of e+y states . We let y have 
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Nevertheles s ,  factors such as ak 2nE/mq 2nE/� , of order � 1 ,  
remain . The phenomena of bremsstrahlung in QCD and QED seem so 
closely related that it is natural to try to use the very general 
Lee-Nauenberg analysis to locate experimental quanti�es which are 
free of these logarithms . 

I shall discuss several cases which illustrate the main points 
of the recent work . 

Case A is the reaction 
+ -e e + y + hadrons . ( 1 3 )  

Old application : In e+e- + hadrons the y is colorless and all 
hadronic final states,  degenerate and nondegenerate , are summed 
over . Thus all 2n p/nq and 2n p/mgluon terms should cancel and 
the rate should be expansible in powers of ak . And indeed , one 
finds by explicit calculation 

o (e + - hadrons) e + y + 
2 � R - : E  Qi ( 1 + ( 1 4 )  

o (e + - + - ) i TI e + y + µ µ 

The fact that the second term does not contain a logarithm, and 
is thus only a correction of order 20 % ,  is of course crucial to 
the phenomenological use of R as an indicator of fundamental 
charges . 

New application : While R is very important , the information 
on quark j ets contained in perturbation theory has been lost by 
summing over final states . Sterman and Weinberg3 l  sought to 
retain the information on j ets while obtaining a convergent 
expansion in ak at the same time . For this purpose they considered 
the cross-section 

(e+e- + y + qq + qq gluons + . . .  ) 
for events with all but a fraction E of the energy lying inside a 
pair of opposing cones of half-angle o (Fig . 3 ) . As discussed in the 
photon case , the gluon bremsstrahlung is strongest when k and e 
( the angle between the gluon line and the emitting q or q line) 
are small . .  These are the configurations where the qq gluon state 
is nearly degenerate with the qq state . To sum over all approxi­
mately degenerate states one must integrate not only over small k 
( the upper limit being characterized by E rather than �E in the 
Sterman-Weinberg formalism) but also over e ( i e .  over hard 
collinear gluon�. The dominant correction term is thereby softened 
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a small fictitous mas s  my thus the continuum En begins at 
E0+ my . In this example the sum in ( 3 )  becomes an integral of type 
fdEn/ ( Ei -En ) with lower l imit Ei+my and some high energy cutoff M, 

and the change in state is 

( 4 )  

The diagnosis that the logari thm is caused b y  nearly degenerate 
states immediately suggests the cure : 
To obtain physical quantities expansible in ak rather than ak £nk/m 
one must sum over the nearly degenerate states . 
The logs resulting from mixing among the nearly degenerate states 
then cancel out .  This is  a reflection of what happens in the dege­
nerate l imit where £n my becomes singular . The standard prescription 
for eliminating the singularity is to diagonali z e  HI in the subspace 
of degenerate state s ,  which of course can only be done if we inc lude 
all  the degenerate states together . 

A famous example is the behavior of QED as my + O .  The rate for 
each of the individual processes 

ep + ep 
ep + epy 

( 5 )  

has logari thmic infrared divergences a s  my O .  But when these 
degenerate final states are summed over , one finds that 

with 

is finite . 

I o ( ep + ep + ny ) 
n 

n 
I 

i=O 
( 6 )  

Another example i s  the logari thmic divergence o f  QED as 
me + 0 .  Of course , this example is less famous because me is not 
really zero , and the effective expan sion parameter a £ n  k/me which 
occurs remains substantially less than one for the physical value 
of me . But in QCD we shall  be interested in the analogous expansion 
parameter ak £ nk/mq , which can exceed unity . The £ n me divergence 
arises from the fami l iar property that prems strahlung from a fast­
moving charge is emitted preferentially at small  angles . For 
example in ep + ep y , the amplitude for radiation off the final 
charge l ine (Fig . 2 )  is  proportional to 
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A =  
2 E· p 2 

2 2 (k + p J - me 

(7) 

where E 11 is the photon polarization , and we treat the electron as 
spinless for simplicity . Using the on-shell kinematics k2 =0 , p�=m� 
we find 

E .  P 2  
A 

E .  p 
( 8 )  

k ( E 2 - P2 COS 8 ) 

where e is the angle between p2 and k . At p2 > > me , we have 
E 2 � p2 and ( 8 )  becomes 

E • P2 
A ( 9 )  

m 2 
( 1 -cos e + _e 

__ 

2p� kp2 

which exhibits c learly the pre ferential emiss ion at smal l  angles 
and the role of me in cutting it off . When the energy dominator 
becomes small the e and e Y states become nearly degenerate ; this 
happens in ( 9 )  not only at k + O but also at e + 0 .  When me=O the 
small angle behavior ( l -cos 8) - l  � 8 2 /2 of the denominator is only 
partially compensated by the effect of transverse y polari zation 

+ + in the numerator [ s . p2= -E . p2=-p2 sine � -p2 8 J  ; 
overall the amplitude is of order l/k 8 . Squaring the amplitude and 
integrating over phase space , we f ind that the key factors at small 
k and 8 are 

( 1 0 )  

The integral over k ,  cut o f f  b y  a fictitious photon mas s ,  leads to 
in p2/my ; the integral over e , cut off by me;P2 as we have seen 
in Eq . ( 9 ) , leads to in p2/me . 

In a famil iar case such as the calculation of a ( ep + ep) at 
high energy and large angle , the O ( a ) radiative corrections reduce 
the elastic rate by ( approximately) a factor 
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[ 1 - ac £n E £n me 
E J 
m y 

( 1 1 )  

where c i s  o f  order 1 .  When we add a (ep -+ epy ) with k �ti  E a s  dic­
tated by the experimental conditions , the overall reduction factor 
is softened to the finite value 

[ 1 - £n � ) I ( 1 2 )  

still a substantial reduction because the numerous nearly-degenerate 
final states involving hard (k > L'iE) photons wi�h small e are not 
counted by the experiment . 

In 1 9 5 9  Kinoshita and Sirlin2 )  noted a case where the experimen-
tal conditions imply a sum over all the nearly-degenerate states­

hard , nearly-collinear photons as well as soft photons -with the 
corresponding disappearance of £n me as well as £n my factors . 
Specifically they calculated the order a radiative corrections to 
µ _,. e vv . As usual the virtual-photon correction reduced the rate 
for µ -+e vv by a factor of the form ( 1 1 ) . Adding the rate for 

µ -+ e vvy with k � f,E removed the £n my singularity, leaving 
the standard correction of the form ( 1 2 ) . Finally,  when the total 
rate was calculated including all hard as well as soft photons 
( i . e .  by raising tiE to its kinematics limit)  the remaining in me 
singularity cancelled leaving a small correction of order a . To 
summarize : one finds a divergent [ O (a£n p/me £n p/my) J change 
in the final state (e vv replaced by e vvy and , eventually, multi-
photon states) , a substantial but finite O (a £n p/me) J change 
in electron energy (depletion of large Pe increase in small Pe 
events as the hard collinear photons borrow energy) and a small 

[ O (a ) J change in overall rate . 

With these classic results for QED in mind , it i s  quite easy 
to understand the recent proposals for QCD . Of course ,  QCD differs 
in certain respects,  for example :  
i )  Both gluons and quarks ·are colored so both can radiate bremsstra­
hlung . 
ii )  In confined QCD , hadrons have no overall color, so there are no 
true infrared divergences -all integrals representing color radia­
tion are cut off at a long -wavelength or low- frequency scale set 
by the hadron binding energy mH . 
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from ak 9-n ls/m 9-n ls/m 1 to ak 9-n Ii m e:  • For sufficiently q g uon 
large o and e: (eg .  o = 1 5 °  and e: = 0 . 2 )  the corrections are of 
order ak with no large logarithms . Thus Sterman and Weinberg 
obtain calculable jets characterized by a cone with 

( 1 5 )  

rather than by the usual cylinder characterized by a constant pT 
If they had included in their j ets only pT < PT , gluons would 0 

0 have been emitted copiously at larger pT , ie.  cylindrical j ets 
would not contain most of the events and would be subject to large 
corrections of order ak 9-n /s/pT . 

0 
In summary :  the perturbative QCD corrections 
state by a factor of form 1- ak .Q,n ,ls/mq 9,n 
to 1 00 % ,  largely replacing it by a qq gluon 

reduce the qq final 
, ie . by close 

state , but when the 
two nearly degenerate states are added the overall rate is changed 
by only O (akl .  The original back-to-back momenta of the q and q 
get spread over a distribution that peaks within opposing cones of 
order 1 5 °  ( 2-jet events) with a tail at larger angles ( 3-jet events)  . 

In at�e�pting to verify the Sterman-Weinberg proposal one 
encounters a complication : the non-perturbative. conversion of quarks 
and gluons into hadrons . One assumes (without good theoretical justi­
fication) that this introduces a further contribution of order 350  
Mev to the transverse momentum within a jet .  At  present energies 
( Is  :s 8 GeV) the perturbative contribution pT a ,.S is not suffi­
c iently greater than the non perturbative contribution 350  Mev to 
verify that pT is rising -especially since j ets are not visible 
below about ..S= 4 GeV . However , when Is is increased to the 
20-30 GeV range in the next generation of colliding beams , a clean 
test should be possible . The outcome will be crucial for the theory . 

Case B is typified by the reaction 

p + p + p + p  ( 1 6 )  

a t  large angles such a s  90  ° . A typical subprocess is  qq + qq 
with gluon exchange.  Evidently pp scattering is an exclusive 
process , with nearly-degenerate states not summed in either the 
initial or final state . Therefore , the Lee-Nauenberg type argument 
cannot be employed to justify the use of perturbation theory in this 
case . 

Case C is typified by the reaction 

e + p + e + X .  ( 1 7 )  
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Old application : It is well known that the cross-section 
factors into the known ee " y "  vertex times the absorptive part of the 
forward Compton amplitude for a virtual photon (Fig . 4 ) . 

a ( ep eX) a Im Amp ( "y "p + "y "p; 0 ° )  ( 1 8 )  
This forward Compton amplitude i s  normally studied by means o f  the 
operator product expansion, but it is interesting to look at it 
from the present perspective . The forward amplitude represents an 
important case intermediate between examples A and B .  From one 
point of view, although all final states are summed over , states 
nearly degenerate with the initial state are not summed; therefore 
we expect that the radiative corrections give large logarithms and 
a non-convergent perturbation series . •. 

On the other hand , we are dealing with forward elastic scattering , 
and from QED we expect that if no acceleration of charge (color) 
occurs ,  there should be no radiation . So we have essentially a case 
of oo .  times zero , and closer investigation is required . 

For QED the investigation was made by Kinoshita in a classic 
1 9 6 2  paper4 ) . For QCD , while not everyone is convinced yet , analo­
gous results have been found in low-order perturbation theory and , 
in leading log approximation , to all orders5 )  The Kinoshita 
resul t ,  for forward elastic amplitudes ,  is that large logarithms 
do occur , but only in the form of multipl icative factors associated 
with the charged (colored) external l ines .  These large , factoring 
logarithms refer to the dissociation of e into e+ y , q ii.to q + 
+ gluon , etc . . . .  In our case this implies 
i)  Everything about "y "p  + " y " p  can be calculated in perturbation 
theory except the state 

I P > =  c1 l qqq > + c 2 l ci:q(f gluon > + c3 l qqqqq > ( 1 9 )  

which must be treated by phenomenological " structure functions " .  
ii)  Because of the factorization property , the s�ructure function 
for I P > is independent of the process ; thus once determined in 
" y " p  + " y "p it can be applied to any process one desires . 
iii )  If one attempts to estimate the proton structure functions in 
perturbation theory via diagrams such as Fig . ( 5 ) , one obtains contri-

2 2 butions of order ak Q,n (Q /m
q

) . These are the " scaling violations". 
iv) The qualitative trend of the scal ing violations can be seen as 
follows : radiation of photons (gluons) occurs in response to 
acceleration of the charge (color) and grows with accelerat ion . Thus 
the gluon emission grows with the momentum transfer Q2 received from 
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" y " . But the gluon takes energy from the original parton . Thus , with 
growing Q2 , the distribution of Feynman x in the proton structure 
function will shift to lower values -quarks with large x will be 
depleted and quarks with low x will be enhanced . This is the same 
trend found in work based on renormalization group calculations on 

"moments"  of the distribution function6 ) . 

New application : recently Politzer7 ) , Hinchliffe and Llewellyn­
Smith7 ) , Sachrajda8 ) , and others have extended the method of Case C 
to a class of inclusive reactions which, unlike e-p e X ,  could 
not be treated by previous QCD analyses . An example is the large 
pT behavior of pp + n X .  To reduce this to the previous case I 
use the Mueller relation 

(J (pp + TI X) a Im Amp [ 'IT pp + x + TI pp ; 0° J • ( 2 0 )  

Once again the initial state i s  unsummed and unaccelerated , so the 
Kinoshita analysis implies a factorization , with all aktnE/m 

q 
terms absorbed into I P > structure functions and the I n > fragmen-
tation function . The remaining effects involve only powers of ak 
and are thus calculable . 

Example I (Contogouri s ,  Gaskell and Papadopoulos9 )  ; Fieldl O ) ) .  
The behavior 

( 2 1 )  

expected a t  fixed xT= 2pT/ ..S  has posed a famous problem for QCD . 
Experimentally one has 

8 . 3 , p = 2-6 GeV T n '\. exp ( 2 2 )  
6 . 6 ,  p = T 5-16  GeVl l )  

Theoreticall y ,  estimates in the lowest order [ O (g4 ) J using the 
scattering of valence quarks [ Fig . ( 6 ) ] yield 

( 23 )  

In addition to Fig . ( 6 )  there are also O (g4 ) diagrams involving 
gluon constituents . These have recently been included1 2 ) ; they 
increase the magnitude at low xT without changing the prediction 
nth=4 . 

The new work9 , l O )  modifies the effective value of nth by inclu­
ding the following effects : 
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i )  The logarithmic variation in the "running " coupling constant 
g� ( this occurs in the O (g6 ) and higher corrections to the rate) . 
ii )  9- n pT/llb corrections in the structure and fragmentation functions 
(again thes� occur in the O (g6 ) and higher corrections to the rate) . 
i i i )  " Intrinsic pT" .  
The result is a qualitative succes s ;  each of the new effects increa­
ses the effective value of nth' and each increases nth more at 
intermediate than at high pT , so all effects act to reduce the 
discrepancy between theory and experiment . 

For example ,  the logarithmic variation of the running coupling 
constant is essentially 

( 24 ) 

4 The factor g (pT ) in the rate therefore falls with increasing pT . 
In the present pT range , a 9-n pT variation is approximately 
equivalent to pT L' • ;  thus g4 (pT) "' pT

- 1 1 2 and effect ( i )  contri­
butes a shift 6nth � 1/2 in the power . Evidently this shift falls 
with pT . The logarithmic scaling violations in each structure and 
fragmentation function contribute a similar shift in the effective 
power behavior . Finally , the assumption that the incoming parton 
distribution has an "intrinsic pT spread" makes it easier to achieve 
total pT on the order of 2 or 3 GeV, but of course has l ittle effect 
on reactions with really large PT · 

Quantitatively these effects can add up to change the effective 
nth from 4 to 8 at intermediate pT , but the numerical result is 
sensitive to parameters .  The contribution ( i )  from the running 
coupling constant is reliable but small . The contribution ( ii )  from 
the scaling violations is large but somewhat less reliable : since 
the corrections are large one should go beyond O (g6 ) ;  this can be 
done by means of renormalization group analysis on the moments of 
the distribution but the coefficient of each moment is a parameter 
to be fit ( from deep inelastic scattering in the case of the proton 
structure function ) . Finally the " intrinsic pT" ( iii )  is the 
largest contribution of all , but is completely phenomenologica l .  
Thus i t  cannot b e  said that n=8 is predicted by the theory; rather 
the new theoretical developments appear to have converted a major 
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discrepancy between theory and experiment into a more minor problem 
of understanding detail s .  

Exampl,e I I  ( work reported at thi s meeting by Petronzio 1 3 )  and 
Michae1 1 4 l )  • The cross-section 

do/dpT ( pp + " y " + X )  

L_ µ+µ -

can be treated in the same way as pp + rrx7 • 8 � The order g0 contri­
bution is given by the Drell-Yan diagram (Fig . 7 ) . Even if the quark 
constituents are given a reasonable amount of intrins ic PT ' it i s  
too small t o  explain the several per cent o f  events which have 
pT= 2 to 5 GeV . The O (g 2 ) corrections , for example Fig . ( 8 ) , intro­
duce gluon constituents and are capable of fitting the pT=2 to 5GeV 
events . That brings us to the second ma j or topic of the meeting . 

II . Prompt Lepton Pairs . 
When " prompt " leptons were first studied at large pT , their 

origin was quite unclear . By now a fairly detailed picture has 
+ -emerged . If we plot do ( pp + µ µ X ) /dMµµ versus Mµ µ  (F ig . 9 ) 

we find three regions where different production mechanisms , each 
interesting in its own right , are at work: 
Region I consists of the peaks at Mµ µ  3 and 9 GeV . These peaks 
arise from bas ic ally new physics (charmonium and upsilon production) . 
Region II is the straight part of the curve at Mµ µ > 3 GeV . It is 
interpreted in terms of hard constituent-constituent col l is ions 
such as the Drel l-Yan mechanism ( F ig . 7 ) . We note that the original 
reaction 

p + p + -
µ µ + x ( 2 5 )  

does not , b y  itself , provide a very incisive test o f  the qq+y+µ+µ­

subcolli sion of Drell-Yan ; while the distribution of valence quarks 
in the proton is rather well known from e p + e-X ,  the distribu­
tion of " sea" q' s in the proton is less wel l  determined . 

The more recently studied reaction 

IT + p + )J
+

]J - + X ( 2 6 )  
reported on b y  Pilcher 1 5 )  and Romana 1 6 l has the advantage that it 
can proceed by collision of a valence q from the pion with a valence 
q from the proton . Even without knowing the detailed distribution 
of partons within the pion one can say that 
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+ -+ µ µ 
+ -+ µ µ 

X) 
X )  

1 
4 ( 2 7 )  

a t  large Feynman x (where valence constituents dominate ) , because 
the valence q in + - 2 IT is d (Q d 1/9 ) whereas the valence q in IT 
- 2 u (Q u = 4/9) . This prediction is nicely satisfied by the data 

is 

(Fig . I O ) . That the presence of a valence q in the pion truly 
favors a (ITp + µ

+µ- X) over a (pp + µ+µ - X) at large Feynman x 
is now strikingly verified by the data1 6 l  (Fig . I l l  which shows the 
ratio of these two processes reaching 3 0 0  at large M2 / s. In the µµ 
near future it should be possible to extract the parton distribution 
within the pion from ITP + µ

+µ- X data . 

When it becomes experimentally feasible ,  study of the reaction 

p + p ( 2 8 )  
will also b e  interesting as emphasized b y  Lederman1 7 l . Here the p 
is the source of valence q' s ,  with the same ( relatively well-known) 
x-distribution as the valence q' s  in p .  Thus , knowledge of the 
absolute rate for this reaction would provide one of our few clean 
tests of the color factor of 3 .  

The successful fits to the Drell-Yan model achieved in 
pp + µ+µ- X involve the rates integrated over pT . The model fails 
to describe the small fraction of events in which the pair has large 
pT . Here other processes must be at work , and we have described 
earlier in the talk how gluon constituents and QCD corrections can 
be used to explain the data . In the particular case of pp+µ+µ - X 
with its absence of valence q ' s  it is believed that these corrections 

may be significant even at small pT . 
Region III  refers to M < 3 GeV. The µ+µ- pairs are most numerous 

µµ 
here , and most of the early events which called attention to the 
puzzle of large pT leptons came from this region. Nevertheles s ,  
this region has been less productive of insights into the fundamen­
tal mechanisms involved . The Drell-Yan prediction is typically a 
factor of 1 0  below the data at M

µµ < 3 GeV , and no simple quark 
picture or other comprehensive explanation has worked . It appears 
that here one is in the relatively low-momentum region where pertur­
bative QCD breaks down and the quark dynam�cs  bec6mes more compli­
cated . 

For example ,  M .  Duong-Van1 8 )  reported on a model which makes 
no mention of quarks , but is based on the subprocess ITIT + y + µ+µ-
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(Fig . 1 2 ) . Taking account of the pion form factor in the, tJme-l ike 
region , this SLAC model fits the data well at the P peak and below , 
while fallinq too low at M > 1 GeV (Fig . 1 3 ) . Expressed in quark 

µµ  -language ,  this model would involve soft qq pairs and gluons in a 
compl icated way . 

An alternative explanation of pair production at M
µ µ

< 3 GeV, 
based on quark bremsstrahlung , had been proposed by Farrar and 
Frautschi 1 9 )  and others .  
In addition to the Dalitz µ -pair conversions 
required real y ' s  in copious amounts [ y/rr 

of virtual photons it 
> 10%  at large s , pTJ,  

to us by �ehak20 )  The experiment of the Willis group , reported 
attacked this question by studying µ pairs down to M µµ a couple 
of hundred MeV . They were able to 
without quark bremsstrahlung , and 

account for essentially all µ pairs 
thus [ using the tight connection 

between low-M
µµ 

Dalitz pairs and real y ' s  in a bremsstrahlung 
mechanism J estimate a limit 

Y direct I rr0 < 1 % 
on real y ' s  in a range 
tially higher value was 

p
T

=2 to 3 GeV, 
expected in the 

/s=52 GeV where a substan-
quark bremsstrahlung model . 

III . Baryonium, etc . 
A third major theme of the meeting was baryonium . Strictly 

speaking the name "baryonium" refers to B=O levels with small  
r . Sometimes ,  but not alway s ,  they also have small rt t 1 .  meson 2 1 )  o a 
Recently this subject has flowered forth experimentally to the 
point where there are now on the order of 1 0  levels at M > 2� and 
5 levels at M < 2MN that are candidates for baryonium . 

Baryonium states have long been expected on the basis of NN 
potentials suitably crossed to the NN channe12 2 ) . They are required 
by the quark duality diagrams for NN + NN2 3 ) . More recently , they 
have been extensively treated by Johnson and Thorn , Jaffe , Chan and 
H¢gaasen and others2 4 l  in the MIT bag modPl , where the original 
baryonium states appear as just one example of a whole class of 
multiquark resonances . 

I propose to call the Johnson-Thorn-Jaff e-Chan-H¢gaasen theory 
of these multiquark resonances the "baguette model " in honor of the 
long thin French bread , which resembles the highly streched bags 
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used in the model . The length r � Is of the baguette ensures that 

t = I �  x P l  � Is x ,.S � s ( 2 9 )  
lies a s  high a s  possibl e ,  near the leading Regge traj ectory . The 
high orbital angular momentum plays the essential role of inhibiting 
the decay into mesons via recombination of the q ' s  and q ' s  at the 
ends of the baguette . 

A crucial test of the bag model for multiquark configurations 
such as qqqq is that exotic resonances are also predicted . Why 
complicate in this manner the highly successful qq model of mesons 
when it has predicted exactly the observed states up to now, and 
when no exotic state has ever been well authenticated ? Jaffe24 ) 

and H¢gaasen24 ) have given us the answer : the quarks and gluons of 
QCD provide degrees of freedom that should express themselves in a 
richer spectrum of mesons than is provided by qq alone , and the 
semiphenomenological bag Lagrangian predicts a greatly expanded 
spectrum . 

Let us review from another standpoint some of the reasons why 
multiquark levels are both expected and hard to see . I begin by 
reminding you of the dual-resonance model plot of J versus M2 (Fig . 14 )  
where the degeneracy at a given M2 increases rapidly a s  one proceeds 
from the leading to the daughter traj ectories . The degeneracies of 
lower trajectories are so great that the overall level density 
p (M) in this model increases as 

p (M) � e bM 
-1 

( 3 0 )  
with b of order m 1T 

Next consider the J versus M2 plot from the point of view of 
bag model (Fig . 1 5 ) . This model also predicts p (M) � ebM . On the 

the 

other hand , taking nonexotic mesons as an example ,  the density of 
qq states only rises as a power ,  p (M) � MP . Such states are domi­
nant only at low M or on the leading traj ectory . As the mass is  
increased (or as we proceed down from the leading traj ectory) 
successively more complicated states such as qqqq, qq gluon etc • • •  

are found , and it is the sum over all of these states which grows 
exponentially . 

If we fix our attention on a particular set of quantum numbers 
J , J2 , B , S , I , Q  . • •  , the level density still grows as ebM . The typical 
level width is r > m for most hadron resonances . Thus the - 1T 
spacing between levels rapidly becomes less than r , ie the levels 
overlap above a mass which is on the order of 2 GeV for low J ,  
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somewhat higher for higher J 2 5 )  (Fig . 1 6 ) . In the overlap region, 
ordinary levels do not stand out a s  individual resonance peaks and 
cannot be isolated even by phase shift analysis on a given reaction . 
Thus they are hard to see ; one i s  reduced to looking for statisti­
cal effects such as Eric son fluctuations 2 6 ) . The rel evance for the 
bag model is that most multiquark l evel s are in the overlap reg ion . 

It fol lows that only rather spec ial multiquark states have a 
good chance to stand out experimentally : 
i )  " Baguette" states near the top traj ectory may have r tot « mn , or 
at least have small  r meson ' as discussed earlier.  
ii )  In an exotic channel , the first couple of exotic resonances 
should not overlap even i f  they have rather high masses (as  predic­
ted by Jaffe 24 )  ) and normal widths of order m TI 
But even in these favorabl e  cases , the multiquark states usual ly 
couple rather weakly to "normal " states . Thus theorists should 
furnish not only l i sts of states , but also sugge stions for favorable 
product ion and formation reactions . 

Conclusion 

If there was a common thread running through this meeting , i t  
was a process of taking more seriously the gluons and assoc iated 
quark pairs suggested by the full QCD dynamic s ,  even though the 
solution of QCD remains as elus ive as ever . 

In conc lusion I wish to thank the founder and organi z er of the 
Moriond Conferences , Tran Thanh Van ,  for his efforts towards making 
this meeting so frui tful and pl easant . 
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