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Abs tract :  A solution is proposed to  the problem of how 
physics can be abstracted f'om a fundamental quark-g luon 
field theory for hadrons , without having s olved the problem 
of confinement .  

Resume : On propose une solution au p robleme qui cons iste a extraire certaines proprietes physiques des hadrons d ' une 
theorie des champs fondamentale des quarks et des gluons 
s ans avoir a resoudre le probleme du confinement .  
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HOW TO LEARN ABOUT HADRON DYNA.�ICS FROM AN ill�DERLYING QUARK-GLUOrl 
FIELD THEORY 

There is ample evidence that the quark model has something to do with 

nature, as shown by the success of i ts predictions for current algebra,  

hadron spectroscopy and the large t behavior of form factors . However ,  the 

p robl em of actually constructing a theory which has fundamental quark and 

gluon fields , and yet insures that only hadrons are obseJved , remains un-

solved .  Eviden t ly ,  promiscuous use of low-order perturbation theory to 

learn about hadron dynamics is a mistake , since that. neglects the complica-

ted coherent processes that necessarily are present and responsible for con-

finement .  A ques tion thus presents itsel f :  Can we formulate a prescript ion 

as to when perturbation theory may be legitimately used? That is , is there 

a class of phenomena in which the physics responsible for confinement does 

not modify beyond recognition the results of low-order perturbation theory? 

I wish to present a possible answer ,  or partial answer ,  to that ques-

tion .  However ,  it  must b e  stressed that without having solved the problem 

of confinement , the validity of  my proposal cannot be proved theoret ically . 

From a theoretical standpoin t ,  the important issues therefore are its self-

consis tency , reasonableness , and attract iveness . Experiment is the best tes t 

of its validity . 

In order to be specific I wil l  choose what seems to me to be the mos t  

likely candidate for a correct field theory of the hadrons - a non-abelian 

Yang-Mil l s  theory of quarks and vector gluons with an exact SU(3)  co lor 

symmetry .  This theory possesses the desirable feature that the effect ive 

quark-gluon coupling vanishes logarithmically as the momen ta-squared of the 

quarks and gluon become large and spacelike . Furthermore , the interaction of 

very soft gluons is so s ingular that it is conceivable that an infrared 

catas trophe insures confinement .  I wil l  go further and imagine that the 

quark-gluon coupling is sma l l  even for momentum transfers (q
2

) of the order 

of 1 GeV
2

, and is only effectively l arge if very soft processes are occur­

ring
!) 

. 



Thus we should expect that perturbation theory would be a useful tool 

for s tudying processes that selectively probe regimes of small couplin g ,  

f o r  instance large momentum t�ansfer s cattering (inclusive or exclusive) ,  

or reactions necessarily involving quarks o f  very diss imilar momenta , such 

as massive lepton pair production (e . g . , pp + t+t- + X) or the propagation 

of fast s econdaries through nuclear material.  In what follows I will dis-

cuss each o f  these in turn , facing the issue of when bind'ing effects "fac-

torize" and do no t significantly modify the perturbation theory results , 

and when they are crucial . An application of perturbation theory which I 

will not discuss is to the dynamics of bound states of very heavy quarks . 

For ins tance i t  has been conj ectured that , assuming the � is a cc bound 

s tate , i ts relative narrowness is due to a decrease in the quark gluon 

coupling as the quark mass increases
2 )

. A lthough similar in spiri t ,  that 

is not the same as the assump tion of importance to us . 

Let us begin , as a simp le i llustration , with the pion form factor. at 

large q
2 

which is writ ten in �e,ms of Bethe-Salpeter wave functions as : 

Since 

order 

2 
I' 

2 
q • In general the Bethe-Salpeter wave functions are not computable,  

nor will they be until we have solved the problem of confinement .  They 

mus t therefore be taken to be unknown functions . However ,  the wave function 

for those very improbable configurations in which one of the quarks has an 

invariant mass much larger than any natural length scale is computable from 

perturbation theory . Let us introduce some terminology : the "normal" part 

of the wave function is that part in which the quarks have finite momenta-

square d ,  of the ocder of some characteris tic hadronic mass scale such as 

m
p 

2 ;  the "exceptional" p art of the wave function involves at leas t one quark 
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whose momentum-squared is very large on that s cale . In terms of infini te 

momentum wave functions , the normal part has both constituents carrying a 

finite fraction x, 0 < x < 1 ,  of the total momentum and having limited trans-

verse momentum; the exceptional pari involves either large transverse momenta 

or x not in the range 0 < x < 1 .  Given the normal wave function wN , (  ::::J11)- ] 
the exceptional part WE [ � ] can be computed from perturbation theory :  

--�1 
P.:..'J 2. f.21 i.. 

� i  w--
'O (J->c)lf•i, )-x 

p +-'b-

p+n+2g 2 2 2 2 If Tl - xp so that ( 
2 ) - q , then k - q so that our ansatz of g being 

small applies . As mentioned above , this procedure can only be proved to be 

legitimate when detailed information on the properties of wN at large dis-

tances is known . The necessary conditions on �N are discussed in detail in 
Ref .  3 . 

Thus the calculation of the large q2 pion form factor amounts to eval-

uating: 

\ \ 
The q2 dependence is comple tely determined ,  independent of detai ls of the 

normal wave functions . One finds modulo logarithms4) l/q2 for the pion ,  and 
2 2 1 for the proton GE (q ) - GM(q ) - � , consistent with experiment as dis-

q 
cussed in Ref .  3 . In fact , this p rediction of the power with which the 

leading form factor decreases is not specific to the choice of a non-abelian 

gauge theory; it is the same in any renormalizable field theory with small 

coupling constant for q2 > 1 Gev2 . However the result that GE/Gel scales , 

as appears to be the case experimentally , follows only in a theory wi th 

vector gluons3) . 



In the form factor examples , binding simply generates the normal wave 

function and makes no serious modification to the power law ,  assuming the 

wave function is reasonably well behaved . However ,  if we wish to discuss 

hadron-hadron s cat tering the problem is  somewhat more complex. Shown below 

are two possible lowest order diagrams for pp + pp s catterin g :  

Only gluons carrying large q
2 

are shown , and a l l  wave functions shown are 

"normal . "  As pointed out by Landshoff
S )

, the three-gluon exchange diagram is  

dominated by the configuration in  which each gluon carries almost exactly one 

third of the total momentum trans fer,  and gives an asymptotic (large s ,  e
cm 

d 
12 

fixed) behavior 
d
� (pp + pp) - � f1 ( 8 ) . All diagrams involving at leas t 

one qq pair in the 

da 
20 

6 )  s 
t channel , such as the one on the right above , give 

dt 
(pp + pp) 

- � f2
( e ) .  If the e f fects of binding can be ignored here , so 

s 
that perturbation theory can be used,  we would expect that the three gluon 

exchange diagram would dominate . Experimentally that is clearly no t the 

cas e .  The ratio o f  theory t o  experiment with three gluon exchange varies by 

nearly three orders of magnitude between 8 of 30° and 90°
7)

. Furthermore 
cm 

-9 7 ± 0 .  5 B) 
a simple fit to the energy dependence suggests s 

· 

What is the explanation for thi s ?  I propose that it is simple .  Binding 

modifies our field theory diagrams in precisely one way - it replaces free 

quarks , antiquarks , and gluons by hadrons in each physical channel ,  as re-

quired by dispers ion theory . If that can be accomplished without additional 

large momentum transfers , then the field theory result for that diagram is 

unmodified . If not ,  then I argue that the diagram as written does not con-

tribute and the additional large momentum trans fer interactions necessary 
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to give physical particles in the s , t and u channels must be explicit ly in-

eluded. We have no evidence of the existence of hadrons which consist  

exclusively of "hard" glue (epoxyons ) ,  at  least for  masses less  than about 

In fact ,  the narrowness of the �. if it is a cc s tate , can be 

"explained" as due to the absence of any vector epoxyon through which i t  

could mix with a u�, dd  or  s; s tate and hence to ordinary hadron s .  The 

reason that such s tates appear not to bind or at least couple very weakly 

to ordinary hadrons is in this approach an unexplained mys tery of the con-

finement mechanism, which while nice to understand , need not be unders tood 

in order to analyze large Pl s cattering 9) 

I propose then that the expected confinement mechanism eliminates 

Landshoff ' s  diagram, at leas t at present values of t ,  leaving those with at 

least qq or qqq in each channe:J-O ) . It is easily seen that all remaining 

allowed diagrams give the asymptotic behavior3) (modulo logarithms ) 

(1) 

where n is  the total number of e lementary fields in the initial and final 

s tates , including photons , leptons and quarks (e . g . , for pp s cattering 

n = 12) . This is the same result obtained by dimensional analysis  i f  s-l/2 

is the only length s cale in the problem3 •1 1 ) . Equation (1)  can be gener-

alized to 2 + N s cattering such as rrN + rrrrN and s cattering of hadrons with 

non-zero orbital angular momentum. When applied to eh + eh or e+e- + hh 

one obtains for the spin averaged form factor 

1 Fh (t)  - --n-=l , 
t h 

(2) 

where � is  the minimum number of e lementary fields in hadron h. 

These dimensional s caling laws are in good agreement with available 

data3 ) . Nonetheless it is very difficult over the measured ranges o f  s and 

t to experimentally rule out modified exponentials , etc .  A more stringent 

test of the validity o f  this use of perturbation theory , which also 



specifically checks whether the non-abelian color gauge theory is the cor-

rect underlying field theory , is the angular dependence of large s and t 

elas tic s cattering . While the scaling behavior , eq . (1) , is independent of 

the details of the normal wave function , the angular dependence in general is 

not .  However ,  it is often the case that the quark s cattering amplitude is 

sharply peaked at the configuration in which the momenta of the hadrons are 

evenly shared by their constituents , e . g . , in which the q and q of a pion 
each carry half the pion momentum12 ) . If that is generally true , then the 

angular dependence of high energy wide angle elastic s cattering will be in­

sensitive to details of the normal wave functions and thus computable13) . 

The analysis of large Pl inclusive scattering is more difficult than for 

elas tic scattering because the minimal quark s cattering diagrams are not so 

easily identified. Some of the possible diagrams for pp + rr + X are shown 

below .  1f 

: · � . > ·• 

p 
B 

Quark, antiquark and gluon lines which are involved in the large momentum 

transfer are solid ; "spectator" lines are dotted .  Call 11 the amplitude for 

the minimal high Pl s cattering ; then Edcr/d3p 

shows that M - vs 4-n , where n is the number 

1 I 1 z 
. 

3) - -z M . Direct computation 
s 

of quarks and antiquarks in the 

minimal large Pl s cattering . In diagram (A) qq + qq is the minimal large Pl 
2 . 3 4 4 14) scattering so that n = 4 and M - g , giving Edcrfd p - g /p1 f ( 8 ,x) ; in 

diagram (B) which has qq + rrrr as the minimal process , M- g4/s so that 
3 8 8 Edcr/d p - g /pi f (B ,x) .  Naive application of perturbation theory without 

considering the effects of binding indicates that the qq + qq subprocess 

(diagram (A) )  should dominate . It is certainly not dominant experimenta1195 ) . 
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This can be qualitatively accounted for by requiring physical hadrons in each 

channel .  In particular the t channel · in case (A) can be shown to require a 

gluon carrying a large fraction of the t channel momentum. While it is well 

known that roughly half a proton ' s  momentum is carried by glue , there is no 

evidence that any individual gluon carries a substantial fraction of the 

momentum. In fac t ,  the absence of excited baryons with the additional degrees 

of freedom implied by "valence glue" is evidence that known hadrons do not 

contain fas t gluons . (This is not surprising in view of the absence of other 

exotic s tates such as qqqq . The more natural expectation is for the gluon 

distribution to resemble that of antiquarks , which is only non-negligible at 

very small momenta.  I f  we assume that intermediate states in the s , t  and u 

channels which require a gluon to carry an asymptotically finite fraction of 

the momentum are not physically 'allowed ,  then qq + qq is not a possible mini­

mal subprocess and Edo/d
3

p falls faster than Pl-4 · Whether PL
-B

is the lead-

ing allowed power is not yet known . A detailed analysis of .the energy , angle , 

and particle species dependence of inclusive scattering data is underway
lJ) 

which will provide additional tests of these ideas . 

We have assumed above that the elementary quark-gluon coupling is in­

herently small unless very soft processes are occurrin g ,  and have seen that 

we thereby obtain a reasonable picture of large Pl s cattering .  Presumab ly 

low PL s trong interactions are due to the multiple soft interactions of quark 

and antiquark cons tituents of hadrons which have small relative momenta and 

large effective couplings . Quarks which have large relative momenta may be 

assumed to interact very weakly. Thus any hadronic process which s2lectively 

involves fas t quarks should be amenable to analysis . Two examples are the 

nuclear size (A) dependence of large Pl or p 11 inclusive scattering and 

mass ive . lepton pair production in high energy hadron-hadron collis ions . 

From our-analysis of large Pl scattering we have learned that it is well 

described as resulting from a few hard scatterings of constituents , rather 

than multiple soft s catterings . Thus to obtain a hadron of large j Pcm l 



requires a q or q from each initial hadron which has cm momentum � J Pcm J .  

S imilarly to create a lepton pair of large invariant mass /Q2"" at res t in the 

cm, requires a q and q of cm mom�ntum /Q2""/2 . Thus if J Pcm J and /Q2""/2 are 

large , the quarks and antiquarks involved wil l  interact only very weakly 

with the res t  of the hadronic material . Thus in each case we expect an A 

dependence which is A1 (no shadowing) rather than the A213 (shadowing) which 

is seen at low j Pcm J or low /Q2""/ 2 .  The value of J pcm J or /q2/2  at which the 

A1 dependence takes over can be estimated as follows16) : If the incident 

particle is a proton of cm momentum P ,  consider its three fast valence 

quarks . These three bare quarks may be written as a superposition of baryons, 
* 

e . g . , p and N (plus higher s tates which we will  truncate) by cleverly 

arranging their phases . As they propagate their relative phases change , 

s ince they have differeGt masses . After a distance z ,  the relative phase is 
2 2 r�* m J �N� - �P =l-P- - T z 

When the relative phase becomes rarge , s ay > 1 radian , the three fast quarks 

have evolved into a s tate which no longer looks like three bare quarks but 

instead looks like hadrons . That i s ,  the three fast quarks have grown a 

"tail" of quarks , antiquarks and glue with which they can interact hadron-

ically. Thus if P is such that in a distance z ,  �N* - �P < 1 ,  the fas t 

quarks will  interact very weakly (usually not at all) within that distance 

The diameter in the cm of a nucleus of atomic number A is D � A11 3;m P .  z .  11 
Hence requiring J 6� J  < 1 for z < D gives 

[P/1 . 3  > Al/3/m P ]  7f (3) 

For typical nuclei A1 13 
- 4 so P "' 6  GeV/c .  Since the valence quarks in a 

pro ton typically carry 1 / 6  - 1/3  o f  the momentum, we may deduce that quarks 

having p
q > 1-2 cm GeV/c wil l  not be shadowed .  Thus processes involving lepton 

pairs with /Q2"" I 2 > 1-2 GeV or p ions of I P cm l > 1-3 GeV/c will have no shadow-

ing. The latter has been observed experimentally two ways :  Cronin et al�7 ) , 
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measure the A dependence , parameterized by An (pi ) of the inclusive cross 

section for n ' s  produced at 90° in the cm and IS ""  23 GeV . The i r  results 
for n (p1 ) are shown in Fig. 1 .  

1 .3 

1 .2 

I . I 
n 

1 .0 

0.9 

{ • T i / Be  
• W I  B e  

0.8 L-�.....L�-J��..L._�__L��L---_l_� 0 2 3 4 5 6 
P .1.  ( G e V/c ) 

Fig . 1 :  The A dependence o f  high Pl p ion production at plab 
and 8 = 90° taken from Ref .  1 7 .  cm 

300 GeV / c  

The qualitative agreement with our result is remarkable . However our dis--

cuss i on does not explain why n (p1 ) should become larger than 1 ,  as is obser-

ved .  Possible reasons for this are discussed in Ref .  16 . The second obser-

vation is that the mul tiplicity of particles produced forward in the cm in 

p-nucleus collisions is independent of AlS) , as expected from our argument 

but far from obvious in conventional Glauber models19 ) . No measurement has 

been made of the A dependence of pp + µ+µ- + X .  



We can use our analysis of quark propagation through nuclear matter to 

decide when the Drel l-Yan model20 )  for massive lepton pair production is 

applicable .  In  that model the virtual pho ton is  produced by the annihila-

tion of a q from one initial hadron with a q from the other: 

p 

The cross section �s : 

d 
dQ2 ds 

= 

2Q11 
where s = IS 

41Ta 2 (xA�xB) {% XAUA (xA) xBuB (xB) 
3Q4 

and x = l A 2 
� 

+ 
/sz + 4qz;J 

+ l 1 (u +--+ d)+ 9 (u +--+ s )+ 9 1.2._� negligible 

' XB = XA - S ·  The UA (x) 

is the probability of finding an up quark in hadron A with fraction x of 

the momentum, etc .  Taking eq. ( 3) with Al/3 1 ,  gives P�in � . 5-1 GeV . 

c .t 
Thus i f  both xA /S/ 2  and x8 18/2 are > 1/2 - 1 GeV , the distributions u(x) , 

u (x) ' d (x) and d (x) wil l  be j ust those which are measured in electron and 

neutrino deep inelas tic s cattering.  Consequently the theory makes a def-

inite prediction if the q and q distributions are known . Fig . 2 shows such 

a prediction (solid line) for pp + µ+µ- + X based on a particular (reason­

ab le) guess for the antiquark distributions21) , assuming there are three 

colors of quarks . Also shown (circles) is the data of Christenson et a1 . 22) , 

which they extracted from p + U + µ+µ- + X ,  assuming essentially that the 

cross section scales as A21 3 . The triangles show that data "renormalized" 

by using the An (/Q2")dependence from Cronin et a1 . 17) , (Fig .  1 )  for 

/Q2" = 2p1 < 4 GeV and n = 1 for /QL > 4 GeV . In addition the dotted line 

shows their data with the new ·resonances removed23) and renormalized by the 

correct A dependence . The prediction of the theory is within about a factor 
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of three o f  the experiment , which is within the range of the theore tical and 

experimental uncertainties . 

\ f 
'i ! 

' 'i, f ! \� f ! 
\t ,\f t \ 

\ ' \ \ 

2 3 4 
N(GeV ) 

f 
t ± 

' ' f t 
' 

\ 

\ f  ' 

5 6 

Fig. 2 . The cross section (folded with experimental cuts)  for pp� + µ+µ-
+ X 

+ - r.:'r as a function of the µ µ invariant mass ,  vQ� at Plab = 2 8 . 5  GeV/c .  

T o  summarize ,  I have attempted t o  present here a unified description of 

several hadronic phenomena . The basic assumption is that only confinement 

and other soft interactions involve a large effective quark gluon coupling 

constant .  I have proposed that in  large P !  inclusive and exclusive s catter-

ing low order perturbation theory should give a correct description of the 

energy and angle dependence of cross sections , wi th the effect of confine-



ment being to eliminate the contribution of all diagrams which have fast 

gluons in any physical channel.  Theoretical predictions for  angular depen-

dences , except in ep + ep , are not yet available for comparison with the data. 

Exclusive s cattering is  in good agreement with the predicted energy depen-

dence . A complete analysis of inclusive s cattering Pl dependence is not ye t 

available , however absence of a Pl4 falloff is evidence in favor of these 

ideas on the role of confinement.  Further evidence of the fundamen tally 

small s trength of quark-gluon coupling is the absence of shadowing in large 

Pl hadron production from nuclei and the A-independence of the multiplicity 

of forward produced pions . The qualitative agreement of theory and experi­

ment for pp + µ
+

µ- + X, when account is taken of the expected A dependence , 

is an encouraging indication of the consis tency of all of these ideas . The 

most crucial miss ing tests  of the validity of using perturbation theory as 

we propose are : 1) angular distributions for exclusive scattering must be 

predicted and compared with data ; 2) data on the pion form factor at larger 

t and np + np at larger s and t is needed to check the energy scaling behav­

ior of  eq. (l) ; 3)  pp + £+£- + X and the A dependence of pA + £
+

£- + X 
should be measured.  In addition, a complete theoretical analysis of  inclu-

sive high Pl scattering and further experimental exploration of i t  are of 

great importance . 

These ideas presented here have evolved over the past two years as a 

result of collaborations and conversations with a number of people to whom 

I am indebted . They include S .  J .  Brodsky , R .  P .  Feynman , M .  Gell-Mann , 

A. Schwinnner and C .  C .  Wu. 
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