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a)

b)

The scope of the talk was determined by two factors:

Owing to considerable overlapping with other Rapporteurs' talks an effort

was made to avoid discussing subjects already covered.

Since the subject is rather broadly defined, many contributions were pre-
sumably to be discussed in this Session. Taking into account that several
review papers presented at Cornell are still up to date, it was decided to
cover some topics hitherto undiscussed in previous symposia, as well as

very new developments.

This choice implies no value judgement; it simply reflects one of the many

viewpoints possible in this rapidly developing field.

The talk is organized as follows:

DUALITY
1.1 Phenomenology of deep inelastic scattering as a function of w
1.1.1 Phenomenological duality and vector dominance

1.2 Theoretical duality

DEEP INELASTIC SCATTERING IN A MODEL
WITH CONSTITUENT AND CURRENT QUARKS

PARTON MODEL
3.1 Theoretical questions
3.2 Parton model calculations
3.2.1 Charge asymmetries
3.2.2 ¢-dependence in inclusive electroproduction
3.2.3 Baryon number distributions
3.2.4 Multiplicities
3.2.5 Scaling in inclusive production
3.2.6 Exclusive channels

3.2.7 1Inclusive u-pair production from real photons

SCALING AND SCALING BREAKING

4.1 Models for scaling breakdown including
field theory calculations of anomalous dimensions

4,2 A Thirring model as a conformal bootstrap

LAST MOVEMENT: PRESTISSIMO



DUALITY

1.1 Phenomenology of deep inelastic scattering
as a function of w

In strong interaction physics and in the energy region where we have photon

experiments, the relevance of duality ideas seems establishedl’z). Not only is

the correlation of amplitudes for large and small v at work and the relation

between s- and t-channel quantum numbers, but recently the presence of duality zeros

)

. . ces 3 .
in T amplitudes has been verified as well ‘, in the expected pattern. Phenomeno-

logically, the duality properties of the imaginary part of the amplitude are hence

)

. e . 1
satisfied though the real parts are more complicated ‘.

In electroproduction the observation that averaging occurs was discussed for

4) 5)

fixed q2 and for fixed w = 2mv/q? . Since form factors are rapidly varying
functions at fixed w, different resonances contribute with varying strengths to

make averaging non-trivial.

Since scaling starts early, using duality, one can show that scaling holds

even for real photonss) with the variable ww
LR

w ¢12=+.ajl

where a = 0.38 * 0.02 GeV? and m; = 1.4 * 0.3 GeV?. This is all known and was
discussed at the Cornell and Oxford Conferences. New results at this Conference
show that the averaging works with the same accuracy for the structure functions

. . . 7 .
of neutron targets. The evidence 1s obtained through sum rules ) and averaging

)

. . 8 .
uses the same parameters for w Using a theoretical model ’, as discussed below,

W
the same conclusions obtain.

Hence, local duality seems to work well in electroproduction. The next step

is to discuss quantum number correlations.

Since both GYP and an are scaling, their difference is also a function of

w This quantity is pure I = 1 in the t-channel, and according to two-component

W
duality it must be, s-channel-wise, only resonances. In this channel only I = 5&
baryon resonances can couple and the difference must be generated by states that

8)

can be excited by isoscalar photons since

Az <YNITIENY = T2UNITI A DLAITIYND  (2)
W

where N stands for nucleon, Yo for isoscalar, and y; isovector virtual photon.

Then
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Hence, in regions below EY " 0.9 GeV, it can be shown that a few exclusive channel

contributions completely build up the difference. Using the Moorhouse-Oberlack

12)

phase-shifts one concludes without any model-dependence but using crucially w

W
that:

a) The averaging over the resonances reproduces the deep inelastic measurements
completely in sign, magnitude, and w dependence. In particular, the presence

of a difference for w " 12 and the flattening of the difference as a function

8)

of llww are fully reproduced
b) The difference is generated by resonant multipolesg)

. . 10,11 : . ..
resonant multipoles, though big, cancel ° ). Hence, no other singularities

only, and all non-

contribute; the standard duality prescription works well in the region
2 <w < 10.

Further extension seems difficult because Eq. (2) becomes untractable due to the

complexity of final states.

Conelusions

Phenomenological duality works very well for virtual Compton scattering,
both for neutrons and protons. Resonances survive the high q? regime, but there
is background as well that contributes only to I = 0 t-channel amplitudes. The
relative importance of I =1 and I = O contributions as a function of q2

unknown.

The observed persistance of R v 0.15 in deep inelastic scattering is what is
. 13 \ .
observed from resonance behaviour also ). In the known w region it seems that
Regge fits do not adequately describe the difference, though the w interval is

quite small.

:
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1.1.1 Phenomenological duality and
vector dominance

Sakurai has discussed the possibility of relating high and small time-like

%)

q? results using generalized sum rules . Assuming scaling one gets the formula:

F{ = 6?1, -H'lextfkj _i%é: ~ 2.5 (?Sr)
07:"0." F*r ‘fﬁ.; /4“'

'l

where fpTTTT is the p coupling constant. Bjorken has discussed this in his talk.

One writes a spectral representation for the cross-section and, assuming
saturation with an infinity of vector mesons with well-defined couplings (a very
strong assumption), one obtains an approximation formula for deep inelastic scat-
tering in terms of photoproduction cross-sections. In the large w region it is

of the form

G{—(%W) ?,M ’] 7p W) @)

One then obtains an identification of this m o, (an effective threshold of the

2 1) .

integral in the spectral representation) with the w,, parameter a in the dif-

fractive region.

14)

Another interesting application is a relation of p production in

p +p~+ p + anything, with heavy mass lepton production. Using duality, one
relates the small lepton masses to the large virtual masses. A generalized Drell-
Yan law is obtained, and the dependence of the scaling function £(S/M?) ~ 1n(S/M?)

is predicted. Numerical predictions for ISR lepton production are also presented.

1.2 Theoretical duality

Theoretical models that satisfy large numbers of constraints are known for

strong interactions, at least in the tree approximation. For currents further

15)

requirements are to be imposed
- conservation laws,
- current algebra restrictions,
- compatibility at vector meson poles with purely hadronic amplitudes,
- a spectrum with no new states coming from photons,
- Bjorken scaling and good ''resonance scaling" (ww),
- power law form factors,

- gauge conditions.
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The problem is difficult since some of the requirements are best expressed
in field theoretical language and there is no really consistent field theoretical

formulation of dual models.

. . 6 .
The most recent efforts are mathematically very beaut1fu11 »17) but are still
far from satisfactory, since Bjorken scaling demands exponential form factors.
In our view the problem requires fresh ideas. The dual models are related to
infinitely dense Feynman diagrams with an exponentially growing number of statesla).
This compositeness is not compatible with the "finite'" compositeness seen by the

19
photon ).

Essentially, the elementarity of photons must appear in the theory in a more
explicit fashion, while present constructions are purely 'vector dominance-like".

Also gauge invariant electric Born modelszo’ZI)

are very successful in the
resonance region and they are not simply related to the known dual models that

satisfy gauge invariance as an infinite conspiracy.

Perhaps the two-component duality ideas must be generalized, and duality
between mass singularities and other structures should be envisaged; fixed poles

are natural candidates since they also are peculiar to elementary external states.

Conclusion

The situation of duality for photon initiated process both time-like and
space-like seems very promising. In contrast to the case for hadron physics, a
Born model for currents is still unavailable. The presence of large real parts

21)

for the y-initiated reactions in the resonance region is imposed by gauge

invariance and will have to be incorporated into dual theory.

DEEP INELASTIC SCATTERING IN A MODEL
WITH CONSTITUENT AND CURRENT QUARKS

There is good evidence that SU(6)W,® 0(3) may finally be a very useful con-
cept for classification, and now there is a revival of its use for transition
operatorszz). Combining these ideas with a parton model in which the consti-
tuents preserve their identity but they themselves are composed of point-like

. 23
constituents has been proposed ).

In this scheme the nucleons are classified in representations that are
mixtures of (56,0) (70,1-), «.. in the infinite momentum frame, but each quark

posseses structure.

The nucleon structure functions are of the form

7‘ “" > [P('t)-l- ?uﬂ]* S ["‘“H'“ ) + Moo+ )‘(X)] C”
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where p(x) is the average number of quarks of type p(x) and similarly for the

other quarks A, n. The function p(x) obeys the equation
' x § %
box = 422[&‘“1@,(1) +he) 8, )J (®
%X

where QAB is the structure function that specifies the number of partons of type
B within A, with fraction x/z of momentum, pg, no are the distribution functions
of the constituents within the proton. In the infinite momentum frame the authors
make a choice of 0(3). This choice, very simple, defines the dynamical model.

.y X., SU(6) quantum] will be written

The physical state VY i %

Born state = function [qL

‘ -k/e T V..V,
Vase = B (Vi 1) e 72 V00 10 (9

where ¢ is an SU(6) eigenstate, the 0(3) acts upon the vectors Vi and the radial
part is parametrized by harmonic oscillator wave functions. The rotation group

chosen in this cylindrical frame demands
Vi = & —‘.'L(QJ."' Q) “hik = 1,20 (10)

where —y .
@L:qul)waxh] (’M)

(m is a parameter) .

The proton is written as

2
P alA>+ bIn> ('2)

where A = | S 6> , 3= ‘q-o > &43)

(b = 0 means no mixing)

For the parton distribution one uses duality and Regge ideas and finally three
parameters are left. These roughly fix the energy dependence, the Pr fall-off of
the oscillator wave functions, and the sea contributions near x v 1 to be small.
The results are seen in Figs. 1 and 2 for the structure functions and their dif-

ference. One can also compute the famous number

= 5 a2~ . @4)
3A/6v sa ~ .82
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5)

. eq e . . 2 .
is the probability for the nucleon being in 56 . The compositeness
26)

where a?

of the constituents drives down the ratio to 1.25 , and in this respect the
scheme differs from the old mixing schemes that gave the full change in terms of
mixing. Qualitatively the approach seems promising. Of course, finding the
exact 0(3), and understanding the dynamics of quark proton scattering will not be

)

easy27 , but if further phenomenological connections are found it will be useful.
The method fails to explain p-pair production, but it is argued that this parti-
cular process is mixed with strong interactions and one should not hope for agree-
ment. The standard parton model sum rules are fulfilled but the parameters of the

)

. . . 2y . . .
sea are not the same as in the Kuti-Weisskopf model since 1n this model the

sea quark concepts are not the same as in Ref. 24. The connection of the para-
2)

. . . . . 2
meters used here and the ones obtained in the three-point function calculations

should be understood, and this may clarify the structure of the theory.

PARTON MODEL

3.1 Theoretical questions

)

The parton model28 has been widely accepted as the natural explanation of

the persistence of large cross—sections in the deep inelastic region.

)

It became apparent that in field theory models®®’ the problem of keeping
constituents with fractional quantum numbers from being produced in final states
is very difficult. One wants to construct a model in which somehow these quark
coordinates are totally absent in asymptotic states. The problem is serious and
beyond simple-minded perturbation theory considerations. This can be seen in

two different ways.

Consider an annihilation graph in which a time-like photon of mass Q* splits
into two partons. A short-range mechanism allows these partons to thermalize and
one hopes to obtain an overlap of these cascades in space-time to annihilate
fractional quantum numbers. The cascade, however, requires time to develop,
proportional to Q?, and since the partons are moving apart the overlap mechanism
failsso). Hence, each jet will inevitably show fractional additive quantum

numbers.
1)

the time argument is not present any more. Nevertheless, one must produce a non-

With long-range forces one could presumably avoid the difficulty3 since
perturbative solution to a model that expresses all physical states in terms of
bound states, to avoid the unwanted quarks.
Two~-dimensional models do indeed show a mechanism that may have some rele-
32 . . . . . 33
vance ). Consider Schwinger's two-dimensional electrodynamics ). One starts

with a theory in terms of fermions that obey
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where

Yy = ¥s e , PeVizo , Vedr=cAr (46

These equations are so simple because of the restricted dimensionality of space-

time.

Compute a typical two-point function in configuration space

<ol g2 Seerd = ).(L"' [e“’ds(o,*7,—-°~£1’: (m,xz')]

o @l (Xt (%)

one finds out that the Wightman functions are exactly given by a free Bose field
that has a mass e?/m. Hence, the fermions have disappeared. At short distances
the current being ju = euv Bv ¢, the singulari:z)of the matrix element is like

a fermion. Such an interpretation is possible , but of course this is peculiar
to the structure of the current in the model, and the dimensionality of space-time.
Physically, the fermi charge has been shielded to infinity, helped by the peculiar
nature of electromagnetism in two dimensions; the potential of which is not
diminished by distance. So, the model gives a physical example of total shielding,

but it is not clear that the mechanism is general. Several questions come to mind:
a) How is the spread avoided in three dimensions?

b) Which long-range forces are effective in nature?

c) How is (b) to be modified if "photon' masses are finite?

A non-trivial model in four dimensions is needed!

. . . . 34 .

Other approaches are field theories with massive quarks ) and thoughts using
. 35 . . . .

gauge theories ), but it seems too early to decide on their effectiveness.

Clearly, if partons are the answer, and if some of them carry quark quantum

numbers a serious problem is still with us.

3,2 Parton model calculations

Let us forget the difficulties and try to calculate with the model. We dis-
cuss some predictions typical for the model and whenever possible discuss the
experimental situation. However, this discussion is not intended to be a complete

list of predictions.



3.2.1 Charge asymmetries

36)

+
Consider the reaction "y" + N - h™ + anything. It is well known that the
value of w = 2m\)/q2 = 1/x is related to x; where x is the fraction of the target

momentum carried by the parton hit by the current.

Consider first w small. One is then testing the large x distribution that
is presumably dominated by valence quarks, the sea being confined to x < 0.3 or
less. If one further looks to X v 1, one is then looking to the pion ejected
from the current and there the neutron quark cannot contribute to ﬂ+ formation or
the proton quark to T formation, since these may require multiple emission steps.
One can immediately write down formulae to express these inclusive production
cross-sections in terms of charges of partons, their x distribution and the

emission probability D of a given m. They read37)
v LS N rt
Y+ —T0t ~ @—') Wx) bu + (3) d <) BJ
_ 1 t "y LV rt
'K+ P —_— @) w) D“ +(§) du; 'Dcl (l?)

- Y -
Y*‘Nﬂ ]‘r+ ~ %)1 dx) bﬁk +t§) W (x) DJ

Tow —>F- ~ @)m 4o b‘:: + (%)1 mt)_D:a

where

5\“*) dee 2 jdu&) de= | UQ)

Hence, from our previous considerations we obtain

P . g‘t‘ ——p O (
Q 7\"‘/,‘- c-'-yiw N Ta 20)

where the notation is self-explanatory. When w -+ « one is testing the wee partons

and everyone predicts

gi+/ﬂ_ - /Q:.,‘R_ —s 1 (24)

38)

Using more sophisticated means it can be shown that for the integrated X dis-

tribution
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- —s = _ O=
Rﬂ.‘/rr‘ Cua?u 5 [‘ —&“SP_((Z)) @,2)

8)

.. . .. 3
a similar formula holding for other additive quantum numbers .

The intermediate w region is even more model-dependent. However, using the

fact that Fep/Fen 2 1, one can predict that

P W »
a) B’T"V’r. > R Ir"/’r.. always, and
. (23)
b) R /e — > 1

after some w and approaches 1 from above. Because of the presence of the sea
one expects the effects to be sharpest at X N 1. Experimentally the situation
is encouraging. There is a net excess of T in the current fragmentation region

that seems to be most marked at small w.

)

. 39 .
The DESY experiments are perhaps too low energy and a conventional
resonance model with pions overflowing into the forward hemisphere and T exchange
may explain the data; the X, dependence is not favourable for partons. SLAC ex-—

0)

periments'+ are perhaps better as a test. The X dependence is not the most
favourable and large w still shows asymmetry. However, the large X neutron data
fall below 1, as expected. This may be an interesting test once errors are
narrowed down. Of course, the total charge asymmetry is a tiny effect. Most
positive charge remains in the target fragmentation region. There are more

1)

y
detailed models for this effect .

3.2.2 ¢-dependence in inclusive electroproduction

In the same experiment one can measure the angle of the hadron with respect
to the plane defined by the photon and the leptons. In the target fragmentation
region it is hard to expect anything but loss of memory of photon polarization.

In the current fragmentation region the helicity cannot be flipped since the
photon hits a parton of at most spin-%& and finite transverse mass, SO one expects
2)

. 4
no ¢ dependence eilther .

43)

One predicts .
\A[3 -~ ‘11/ ) \A(i -~ [;;1] 7&_ (E;Q)

where these are the structure functions appearing as coefficients of cos ¢ and

cos 2¢, respectively. Though early experiments seemed to substantiate this

4) 45,46)

. . . . ..
prediction , results submitted at this Conference seem less promising

-
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3.2.3 Baryon number distributions

Nothing new has been reported; it remains a problem.

3.2.4 Multiplicities

) 8)

In multiperipheral models®’’? and in soft pérton field theories in which
the partons couple to the photon, one expects a multiplicity law log w and a
constituent isolated at the edge of phase space. Bjorkenug) has argued that con-
sistency demands that in the spirit of the theoretical discussion the parton in
the photon fragmentation region also cascades to fill the rapidity gap. One

expects a law .
h ~ o w + 6&-}77’ (‘2!)

where presumably this is the distribution of hadrons and not constituents. a is

0) 1)

. 5 . . 5
expected to be related to the hadronic plateau ‘and b in some naive models

to the annihilation plateau.

. 46
Recent experiments show )
W ~ /&v-a,s

implying a = b. However, since we are in a region of q? and W where hadronic

(20

physics is far from having developed plateaux, I would consider the result of

52)

little relevance . A naive argument based on rapidity length 2 for fragmentation

regions and Wy for connecting w to s illustrates the sad possibility that for

exposing the whole rapidity axis one may require EY ~ 10.000 GeV. Several prob-

3)

. . . . . . 5
lems concerning fractional quantum number migration are discussed by Bjorken .

. . Sk .

There are several models using Mueller analysis ) and more detailed models
for quark structure. Unless something specific is fed about the photon vertex,

nothing new can come out. Nevertheless, as a guide for problems of scaling and

)

. 54
approach to scaling these may be useful .

Finally, though it is not a parton model result it is worth pointing out that

5)

the light-cone does not predict constant multiplicities in annihilation .

The general connection between singularities in the matrix element and the
multiplicity law has been related to the dimension of the source. As expected,
soft theories have constant multiplicities, a result already established

)

5
directly 57,

3.2.5 Scaling in inclusive production

Having a field theory parton model one can study the structure functions ﬁl,z

6)

. . . 5 . .
as a function of four independent variables . In simple models one finds that

one obtains scaling in two independent ratios for fixed values of the other
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. . 56,57) . . . . .
invariants . This scaling cannot be generated by light-cone considerations
and whether it obtains or not is a very interesting problem. Data is as yet
. . s . . ce . 58 )
insufficient to test it and '"non-asymptotic'" modifications ) are not very signi-

ficant. One must wait for further data and a larger span of W and q2.

3.2.6 Exclusive channels

9)

5
Work along these lines exists but is very model-dependent .

3.2.7 Inclusive p-pair production from real photons

0,61)

. 6 . . .
Calculations by parton methods disagree violently with measured pro-

duction (see Bloom's report).

Conelusions

Besides the problems of principle, I think that it is fair to say that there
is little support in the present energy and q? regime for parton model predictions.
Nevertheless, some results may be more general and indeed of fundamental validity.

62) 63)

Good examples are Drell-Yan threshold relations and uU-pair scaling laws .

Anyhow, it is a useful way to think about experiments.

SCALING AND SCALING BREAKING

4.1 Models for scaling breakdown including
field theory calculations of anomalous dimensions

. . . . L

It has become possible to test scaling in a detailed fashion ) and all
information is compatible with no breakdown, though logarithmic terms with small
coefficients are allowed. The rapid onset of scaling is a cause of embarrassement

to the asymptotic arguments which anyhow are never a general proof of scaling.

Renormalization group arguments were first used to predict scaling break-

67)

65 66
down ). Since then field theory models ), parton structure

) 69)

, sound state

models®® , and large Pp hadronic physics have given support to these ideas.

. . 70 ]
In super-renormalizable models scaling can be arranged ) but in renormal-
izable theories one is led to expect anomalous dimensions for some tensors. Only

quantities that must remain canonical do remain so. As a consequence some

observables like the annihilation remain to scale while the integrals71)
o
-J (V\|T)/
J YWo du o 9 A * (11)
1wk I

become functions of q2.
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In some models Ad*, g(lﬁw)2 the anomalous dimensions of tensor operators like
$%, V1 ... Vn¢ can be computed using the elegant € expansion method72). In par-
ticular A¢? in less than four dimensions gives anomalies that are very sma1171).
This would indicate support for small breaking. However, other models (like gluon
models) give large breaking73). Since in any case these theories become trivial
at four dimensions, one should take the results with a grain of salt., This of
course relates to the problem of solving non-trivial theories, since it is well

known that scaling must break down in perturbation theory solutioms.

4,2 A Thirring model as a conformal bootstrap

Another interesting result about scaling, again in two dimensions, concerns

)

a Thirring model with currents that have internal SU(n) symmetry7q . As is well

75)

known ‘°, the Thirring model is.always scale-invariant for any coupling strength

but with anomalous dimensions.

The model with non-abelian currents is still solvable, and if one demands a
scale-invariant solution it turns out that the answer is that only one finite
value of the coupling allows for a solution:gv = 4m/n + 1. This is a sort of
conformal bootstrap. Unfortunately, the peculiar factorization seen in Section 3

plays a crucial role here too and it is difficult to see how general the result is.

LAST MOVEMENT: PRESTISSIMO

Here we discuss a few items briefly. How is scaling built in terms of
exclusive channels? Certainly exclusive channels do not scale, at least not in
the duality sense. Also, diffraction channels are not scaling and in particular
one must consider the possibility that VW, may go to O. The average P, seems to
be increasing and this problem is related to the height of the photon fragmenta-
tion plateau. Finally, there is the problem of connections between inclusive
annihilation and total electroproduction. No continuation is in general pos-
sib1e76). However, in perturbation theory if the amplitude behaves as A(w - 1)P

77)

on one side when w -+ 1, it behaves like A(1 - w)P as a limiting relation on

78)

the other. The Gribov-Lipatov relations relating F(w) to F(1/w) are probably

formal due to the previous argument. They hold as a formal identity in the
leading logarithmic approximation in large classes of renormalizable field

. . . . . 80
theor1es78’79). New bounds have been obtained in deep inelastic processes ).
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Conelusions

The field of photon dynamics is a most fascinating one and it may hold some

of the clues of the hadron structure.

We have very little understanding through models of the behaviour of the
amplitude as a function of q?. Scaling seems to hold quite well, and some hadronic

concepts like duality seem to be at work.

The question of point-like structure is open, and further confirmation of
spectacular findings, like increasing annihilation cross-section, may well give us

the hint to enable us to unravel the mysteries of photons, leptons, and hadroms.

It is a pleasure to acknowledge discussions with G. Altarelli, N. Cabibbo,

J. Ilioupoulos, A. Schwimmer and Y. Zarmi.
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