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I. Introduction

I am viewing this talk as a summary of the recent theoretical and experimental
developments in the region of small zp just after first experimental data from HERA
[1](2][3][4]. In the talk I am going to cover the following topics:

e Brief theoretical summary in which [ am going to discuss the status of our
theoretical understanding of new phenomena that we anticipate in the region of low
zg. The selling formula of this section is

“ We do theory right ! ”

e 25 nb-! HERA physics. Here I am going to present the first theoretical
conclusions from HERA data at low 25 and convince you that even data from such
a small integrated luminosity clarified the situation in region of low z5 a lot.. Thus

* It works !”

e What is next? I'll discuss in this section some aspects of new experiments in the
region of low zpg.

“ Don’t miss it!”

II. Brief theoretical summary.

1. Three kinematical regions of QCD, Let me start with a general description of
what we know about QCD, accepting the widespread opinion that QCD is the only
candidate for the theory of strong interactions. I hope that all experts will agree
with me that we can distinguish three kinematical regions, with a specific approach
in QCD to each of them:

A. The region of small distances { r, « R, ~ 1Fm) and low density of partons
(p ) where p is equal to

, = ﬂ’.c%f_;..‘?_") , (2.1)

In eq. (2.1) zpG is the number of gluons at fixed y = In(1/zp) and Q? while *R? is
the area of the hadron disc in which gluons are distributed. In this region

a,(r)) €« land p < 1. (2.2)

Here we can use perturbative QCD approach. Frankly speaking only this region has
been tested experimentally in the deeply inelastic scattering, in e*e~ - annihilation
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orin * hard’ production in hadron - hadron collisions. Thus this region is well known
and it is only because of the great number of the experiments in this region that we
are sure that QCD is really our microscopic basis for the theory of strong interactions.

B. r, ~ R, ~ 1Fm. This is the region where a, > 1. So in this region we are
dealing with nonperturbative QCD and key words here are confinement of quarks
and gluons, soft physics, nuclear physics,Regge approach for high energy scattering,
quark - gluon plasma formation and so on. We certainly have not solved all problems
in this region but I would like to emphasize that we have learned a lot of the main
properties of QCD in this region using lattice QCD calculation {5] and QCD sum
rules [6]. Unfortunately we still do not know how to use nonperturbative QCD meth-
ods for scattering processes and namely for collisions our knowledge of confinement

degenerates in such monstres as so called hadronization models.

C. Between the above two regions there is a huge region where the distances are
still small { r, <« R, ~ 1F'm ) but the density of partons p becomes so large that we
are not able to apply the ordirary methods of perturbative QCD. Only the edge of
this region we can touch in perturbative QCD,namely, the vicinity of the border with
region A. The kernel of the problem is a nonperturbative one. However the existence
of the transition region where we can use pQCD allow us to make definite predictions
for new phenomena that we anticipate in this region of small zg. This is the key idea
of the strategy for our approach: to move from what we know in pQCD to that region
where we have not had the copmlete theory, but we developed the first appropach to
the problem and have some hopes to solve the problem theoretically since here still
@, < 1. The most pure theoretical process is deeply inelastic scattering which we are
going to consider in the next subsection.

2. New phenomena at low zp. Let me first list new phenomena that we anticipate
in the region of small zg:

e Increase of gluon ( quark ) density.
¢ Growth of the mean transverse momentum of gluon (quark ).
» Saturation of gluon density.

Each of these points has different theoretical status. Increase of the gluon density
follows just from the solution to the usual (GLAP) [7] evolution equation, namely:

st g
xBG(zB,Qz) X € g% ) (2.3)

while the growth of the mean gluon transverse momentum can be seen only after
resummation of the large contributions of the order of (, In i)“ in our perturbation
series for £pG(zp,Q*). This resummation leads to the BFKL [8] evolution equation
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and its solution gives:

zpG(zp, Q") x2p™ | wo =

a,(Q3) ; (2.4)

lnzg_?’ = 56BN onm L,
0 L B

where p? is the mean transverse momentum of gluons while Q3 is the initial one in
the evolution.

Saturation of the gluon density is the direct consequence of the increase of the
gluon density and S-channel unitarity. Since precise this phenomenon is the most
important in the region of small zg I'll discuss it in the next subsection in detail
while the detailed discussion of the first two properties you could find in ref. [9].

3. Saturation of gluon density. S - channel unitarity says that the cross section of
virtual photon absorption should be smaller than the geometrical size of the hadron
(proton), namely

Oyep & wRY. (2.5)
Since
asz(zB:Q:)
a"'f"? = Qz
we get for
GLAP BFKL
f aa 3
g;:—‘ln:l’—ln%z :l.N"lll:I]_nl:B
Qem® or Gem®  * < wR?. (2.8)
Q? Q?

So one can see from eq.(2.8) that at z5 < z., where In - ln‘%:-
. er o

O'ﬂyup » ﬂ'Rzo (2.7)

Thus the density of gluons becomes so large that the unitarity constraint is violated,
even at a very large value of Q2. The last fact is very important since it says that
the miraculous confinement forces cannot help us solve this problem.

4. Nowlinear ({ GLR) evolution egquation. Thus we should find the solution of the
problem in the framework of perturbative QCD. To do this we need to resum the
perturbation series in a new small parameter [10],namely

W = —-p. (2.8)
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The first factor in eq.(2.8) is the cross section for gluon absorption by a parton from
the hadron. So it is clear that W has a very simple physical meaning, namely it is the
probability of parton (gluon ) recombination in the parton cascade. We can rewrite
the unitarity constraint (2.5) in the form

W < 1. (2.9)
So W is the natural small parameter in our problem. It is worthwhile to note that
W can be rewritten through the so called packing factor

PF = (Floaituent) " 9 - (2.10)

Indeed
W = a,- PF. (2.11)

The result of the resummation which has been done in ref. [10] can be easily un-
derstood considering the structure of the QCD cascade in a fast hadron. Inside of
a cascade there are two processes that are responsible for the resulting number of
partons:

Emisaion (1 — 2); Probability « p ; (2.12)

1
Annihilation (2 — 1); Probability «x r’p? « ‘Q-;p’,

where 2 is the size of produced parton in the annihilation process. For deep inelastic

scatterin »? o 317

It is obvious that at ¢z ~ 1 only the production of new partons (emission)
is essential since p <€ 1, but at 2z — 0 the value of p becomes so large that the
annihilation of partons that diminishes the total number of gluons enters to the game.

Finally we can write amimple equation for the density of partons,namely:

8p o, N, aly
FhEiomg:  x - @’ (2.13)
or in terms of the gluon structure function zgG(zg, Q?)
2 2 2
P25G(@8, @) _ A, 000.0Y) - 2L (25C(25,QY)F . (2.14)

dlnidln@ ~ x Q? R?

Eq. (2.13) is the so called GLR equation [10] and unfortunately even now we need
some complicated technique of summation of Feynman diagramms in W™’th order
of perturbation theory to calculate the value of v (see ref. [11] for.details) and to
understand the kinematical region where we can trust the equation {2.18).
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5. The scale of the shadowing corrections { SC ). The second term in eq. (2.14)
describes the shadowing corrections and its value cruciaily depends on the value of
R?, The physical meaning of R? is very simple, namely the fact that in our approach
we assume that there are no correlations between gluons except the fact that they
are confined in the disc of radius R. If R = Rproion the value of the SC turns to
be negligably small. If R €« Rproton, the SC could be large ( see refs. [12][13][14] ).
Fortunately during the last year the first theoretical estimates of the value of R have
been done by Braun et al [15] in the framework of QCD sum rules. The result is

1
R = 0.3"‘0.35Fﬂ1- ~ ER‘P,‘,“,“ f

This result encourages us to study SC experimentally at the present energy.

6. Correlations. As I have discussed we assumed that there are no correlations
between gluon cascade except the fact that they are distributed in the disc of radius
R. It means that the probability to find two partons with the same values of 1n=—18
and InQ? ( B; ) is

P x p, . (2.15)

However it turns out that this assumption is correct only in the case of the big
numbers of colours ( N, — oo ) [16] [17). If N, is not too big the result of refs. [16]
(17] can be rewritten as
P - ( 2Nea, 1 In L In —z— )
P N OV TR T A

(2.16)

We can claim even more,namely that the probability to find n - gluons is proportional
to { see ref.[18) and ref.{14] for the review):

LN (2.17)

7

2N.a, 1 1 4, 4 1. @
- —lln—Iln= }at 0.
311.(1?. 1) n@Ban)a Tp —

(W1
Eq.(2.16) was obtained as the result of several reduction:

— exp(

[2n gluon cascades with attractive forces | — (2.18)

— [n“Pomerons” with attractive forces) —
— [Nonlinear Schroedinger equation in one dimensional space +

+ Betheansatz for the solution] —
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— [Bosons ( gluons, “Pomerons” ) behave as fermions] .

Experience with the solution to the correlation function tells us that the saturation
hypothesis for the gluon density at zg — 0 is quite likely. This hypothesis can be
expressed, in the form;

PF - Constant ; zpG(zp,Q@%) x Q*; atzp < zo (2.19)
where ) o1
In— = 0079 In? = .
zg Q4

I have no time to discuss all theoretical topics in details but you will be able to find
them in refs. [9] [10] [11] [14] [19].

II1. 25 nb~! HERA physics.

In short, the conclusion of this section could be expressed as

“ What we want ( large density of gluons and significant SC at small zp )
is what we get at HERA today!”

1. Preliminary ezperimental data. Let me first summarize the first experimental
result at small zp from both collaborations at HERA ( refs. [1][2] [3] [4] ):
1. The increase -of-the-ralne of the-deep inelastic structure funcéion Fyat 25 —
10-* shows that the gluon density reaches sufficiently big value,namely
zpG(zp,Q%) ~ 40 ~50 at zp = 107 and Q* = 20GeV?.
The value zpgG(zp,Q?) = 50 I took from the MRSD_ parametrization that de-
scribes the new data.

2. ZEUS collaboration measured a very important value, namely the cross section
of the diffraction dissociation and the result is
PP 5.2nb

= = 610" 2qtzg = 107* and QF > 10GeV? .
p 807b a8 and ¢ ¢

2. Proton versus Fe. Let me interpret alittle bit the above experimental data making
them closer to our everyday experience. I believe that the best way to do this is to
compare the structure of proton at zg = 10~* and Q? = 15GeV? with the nucleus
of iron. This comparison is shown in the table below where I calculated the packing

factor for the both cases, taking the size of the parton R = @l’ and the size of the
nuclaan Ra = QA REFm
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Table 1: Proton versus Fe,

Proton (zp = 107*, Q? = 15GeV? ) Fe

Constituents gluons gluons nucleons

Radius of the disc ( R ) R =Ry R =21Hy 42 Fm
Number of constituents 50 50 56
Density of constituents ( p)  36.98 332.8 1.01
Packing Factor ( PF ) 0.114 _ 1.03 0.75

Inspite of the sufficiently rough estimates we can conclude that:
“ Proton ( atzp = 107* and Q? = 15GeV?) = Fe!”

In particular it means that we anticipate sufficiently lazge SC at HERA.

8. The value of SC from HERA dala. Let me write the deep inelastic structure
function in the form:

Fi(25,Q%) = FF*4%(25,Q") — AFi(25,Q%), (3.1)

where FFLAF i3 the solution of the usual { GLAP) evolution equation and AFj is the
SC. Just from very natural estimates we have

éﬁ'ﬁ x o,PF — 0.1 for Q* = 15GeV? and zp = 107*. (3.2)
2

However the ZEUS data on diffraction dissociation gives us the possibility to estimate
the value of SC better. Indeed, it was shown in ref. {20] that we have the relationship
betweeen SC and DD cross section directly from AGK cutting rules [21]:

AR = FPP, (3.3)
where F;?” was defined in ref. {20). In other words

DD
Aa'g I - Tep

[} (o4}

|

(3.4)

Therefore directly from ZEUS data we can conclude:

|AF,| -3
—_— 6.107° .
K
I would like to emphasize that after such an estimates we can start to discuss not
the question whether there is SC or not, but rather the question whether we could
describe the value of SC in our theorv.
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I would like also to note,that the details of the evolution equation for F;P? were
discussed in ref.[20] and it was suggested to measure the sum F; + F?? in which all
contributions of SC are cancelled. Thus for this sum we can use the GLAP equation
even in the region of very small z 5.

IV. What is ahead?

I have no time to discuss such theoretical problems as the new evolution equation
that replaces the GLR one in the case of ﬁnite N, or the proof of AGK cutting rules
that also has an accuracy of the order of -—;-—— Here I am going to discuss only one
topics, namely the large rapidity gap ( LRG) physics in deep inelastic scattering.

Let us consider the typical process with LRG, namely the production of two jets
with large transverse momenta py;; ~ — ps. and with the rapidity interval between
them 4; — y3 > 1. The cross section for such process could be written using
factorization formula (22] in the form:

dO'FF
dAy = f:BlG(Z]_,p:t)sz(ﬂ!hp;t)o.“hard” H (41)
where L
Tohard” X —7° [___:01 3:"'g]“"’(”“) (4.2)
Pt ‘Pu

Here s = g& and wy = Ca,(pi,) (see refs. {23] [24] [25] for details).

However Bjorken {26] noted that this formula is not correct if you would like
to separate the sample without any hadron with rapidity y between y, and y; (
1 < ¥ < yaz ). It should be stressed that this signature is the very interesting
way how to extract expermmentally the jet production due to exchange of a colourless
“Pomeron”. The cross section of the above process should be written in the form
[26]:

do  _, dofF

dAy dAy ’
where 57 is the survival probability for LRG. In hadron - hadron collisions it has been
shown [26] [27] that

(4.3)

57 = 0.10 — 0.15 at /a = 1.8TeV ; §* ~ 0.05 at /s = 40TV .

It should be also stressed that all estimates in hadron - hadron collisions for 52
cannot be done in purely theoretical way. We have to use some model assumptions.
In deeply inelastic scattering the situation is quite different: we can develop here a
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theoretical approach to calculate S? [28] and the value of S? turns out to be rather
large ( S? > 0.7 [28] ).

So we have a good chance to do LRG physics in deep inelastic scattering even at
HERA energies.

V. Conclusions.

1. In theory we understood that the GLR equation is a good first approximation
in the case of Nog — oo and we have started to develop technique to take into account
§7— corrections (for the review of the status of such attempts see ref. (14]).

2. The preliminary experimental data from both collaborations at HERA show the
increase of the gluon density at small value of 25 and give the reliable estimates for the
value of shadowing (screening) corrections from the data on diffraction dissociation
in deeply inelastic processes. These data move the ceniral question from whether
there ie SC or whether they are small to the question whether theory can describe
the experimental value of SC if that turnes out to be big enough.

3. Deeply inelastic scattering ia just the right place for large rapidity gap physics.



-10- FERMILAB-Pub-93/190-T

References

(1] A.DeRoeck ( H1): Talk at the Durham Workshop on HERA Physica, March 1993.

(2] S. Magill ( ZEUS ): Talk at the Argonne Workshop on Physica at Current Accel-
erators and the Supercollider, June 1993.

(3] M. Besangon (H1): Talk at Blois Workshop on Elastic and Diffractive Scattering,
Brown University, Providence,8 - 12 June 1993.

(4] M. Krzyzanowski ( ZEUS ): Talk at Blois Workshop on Elastic and Diffractive
Scattering, Brown University, Providence,8 - 12 June 1993.

5] Andreas 8. Kronfeld and Paul B. Mackenzie: FERMILAB - PUB - 93/058 - T
y;March 1993 ( to appear in Annual Review of Nuclear and Particle Science ) and
references therein.

6] M.Shifman: Plenary talk at “ QCD - 20 Years Later”, Aachen, June 9 - 13, 1992.

(7] V. N. Gribov, L. N. Lipatov: Sov. J. Nuel. Phys. 15 (1972) 438.
L. N. Lipatov: Yad. Fiz. 20 (1974) 18L1.
G. Altarelli and G. Parisi:Nucl. Phys. B 126 ( 1977 )298. Yu.L.Dokshitzer:
Sov.Phys. JETP 46 (1977) 641.

(8] E. A. Kuraev, L. N. Lipatov and V, S, Fadin: Sov. Phys. JETP 45 (1977) 199.
Ya. Ya. Balitskii and L. V. Lipatov:Sov. J. Nucl. Phys. 28 (1978) 822.

[9] E.Levin: Plenary talk at “ QCD - 20 Years Later”, Aachen, June 9 - 13,1992;
DESY 92 - 122, Sept. 1892,

[10] L. V. Gribov, E. M. Levin and M. G. Ryskin: Phys.Rep. 100 (1983) 1.
[11] A.H. Mueller and J. Qiu: Nucl. Phys. B268 (1986) 427.

[12] A. D. Martin: Summary of the small z working group, talk at the Durham
Workshop on HERA Physics, March 1993 and references therein.

[13] A. J. Askew, J. Kwiecinski, A. D. Martin and P. J. Sutton: Bhys. Rev. D 47
(1993 ) 3775 ;
J. Kwiecinski: Plenary talk at the Durham Workshop on HERA Physics,
March1993.

[14] E. Levin: Plenary talk at the Durham Workshop on HERA Physics, March 1993;
FERMILAB - CONF - 93/144 - T , June 1993.



~11- FERMILAB-Pub-93/190-T

[15] V.Braun, P. Gornicki, L. Mankievicz and A. Schafer: CERN-TH.6673/92,
Oct.1992.

(18] J.Bartels: Phys. Letters B 298 (1993) 204.
(17] E.M. Levin,M.G. Ryskin and A.G. Shuvaev: Nucl Phys. B 387 (1992) 589.
[18] E. Laenen, E. Levin, M.G. Ryskin and A.G. Shuvaev: (in preparation).

(19] A.H. Mueller: Nucl.Phys. B 335 (1990) 115, Nucl.Phys. B 817 (1989) 573,
Nucl. Phys. B 307 34.
E. Levin: FERMILAB - PUB - 93/012 - T, January 1993.

[20] E. Levin and M. Wuesthoff: FERMILAB - PUB - 92 /334, November 1992.

[21] V.A.Abramovski, V.N.Gribov and O.V.Kancheli, Sov. J. Nucl. Phys. 18 (1973)
308.

[22] J.C. Collins,D.E.Soper and G.Sterman: Nucl. Phys. B 261 (1985) 104, B 308
(1988) 833.

(23] L. N. Lipatov: Sov. Phys. JETP 63 (1986) 904.

[24] A. H. Mueller and H. Navelet: Nucl. Phys. B 282 ( 1987) 727.

[25] A. H. Mueller and W. - K. Tang: Phys. Leit. B 284 (1992) 123.
[26] J.D. Bjorken: Phys. Rev. D 47 (1993) 563.

[27] E. Gotsman, E. Levin and U. Maor: Phys. Lett. B 309 (1993) 199.

(28] E. Levin: FERMILAB - PUB - 93/012 - T , January 1993; Phys. Rev. D (in
print).



