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Overview is given of the theoretical issues of the physics which can be
addressed with nuclear beams circulating in HERA. It is shown that such
experiments widen considerably the horizon for probing QCD compared
to that from free nucleon targets. They would allow to study nonlinear
QCD phenomena at small x, understand dynamics of nuclear shadowing,
as well as the the origin of diffraction in deep inelastic scattering. Interplay
between the physics to be studied at HERA and in AA collisions at RHIC
and LHC is also discussed.
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1. Introduction

The successes of QCD in describing inclusive perturbative phenomena
have moved the focus of investigations to new frontiers. Three fundamental
questions to be resolved are the space-time structure of high-energy strong
interactions, the QCD dynamics in the nonlinear, small coupling domain and
the QCD dynamics of interactions of fast, compact colour singlet systems.

The study of electron-nucleus scattering at HERA allows a new regime
to be probed experimentally for the first time. This is the regime in which
the virtual photon interacts coherently with all the nucleons at a given im-
pact parameter. In the rest frame of the nucleus this can be visualized
in terms of the propagation of a small ¢g pair in high density gluon fields
over much larger distances than is possible with free nucleons. In the Breit
frame it corresponds to the fact that small z partons cannot be localized
longitudinally to better than the size of the nucleus. Thus low z partons
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from different nucleons overlap spatially creating much larger parton den-
sities than in the free nucleon case. This leads to a large amplification
of the nonlinear effects expected in QCD at small . The HERA ep
data have confirmed the rapid increase of the parton densities in the small
z limit predicted by perturbative QCD. However the limited z range avail-
able at HERA makes it difficult to distinguish between the predictions of
the DGLAP evolution equations and the BFKL-type dynamics. Moreover,
the nonlinear effects expected at small z are relatively small in ep scatter-
ing in the HERA kinematic domain and it may be necessary to reduce z
by at least one order of magnitude to observe unambiguously such effects.
However, the amplification obtained with heavy nuclear targets allows an
effective reduction of about two orders of magnitude in  making it
feasible to explore such nonlinear effects at the energies available at HERA.
The question of nonlinear effects is one of the most fundamental in QCD.
It is crucial for understanding the kind of dynamics which would slow down
and eventually stop the rapid growth of the cross section (or the structure
function, F3) at small z. It is also essential in order to understand down to
what values of z the decomposition of the cross section into terms with dif-
ferent powers of Ay remains effective. It is important for the understanding
of the relationship between hard and soft physics. One can also study the
dynamics of QCD at high densities and at zero temperatures raising ques-
tions complementary to those addressed in the search for a quark-gluon
plasma in high-energy heavy ion collisions.

Deep inelastic scattering from nuclei provides also a number of ways to
probe the dynamics of high-energy interactions of small colour sin-
glet systems. This issue started from the work of Gribov [2] who demon-
strated the following paradox. If one makes the natural (in soft physics)
assumption that at high energies any hadron interacts with a heavy nucleus
with cross section 2w R (corresponding to interaction with a black body),
Bjorken scaling at small z is grossly violated — 0.+ 4 o In Q? instead of
a%. To preserve scaling, Bjorken suggested, using parton model arguments,
that only configurations with small p; < ps are involved in the interaction
(the Aligned Jet Model) [3]. However, in perturbative QCD Bjorken’s as-
sumption does not hold — large p; configurations interact with finite though
small cross sections (colour screening), which however increase rapidly with
incident energy due to the increase of the gluon density with decreasing z.
Hence again one is faced with a fundamental question which can only be
answered experimentally: Can small colour singlets interact with hadrons
with cross sections comparable to that of normal hadrons? At HERA one
can both establish the z,Q?% range where the cross section of small colour
singlets is small — colour transparency, and look for the onset of the new
regime of large cross sections, perturbative colour opacity.
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Another fundamental question to be addressed is the propagation of
quarks through nuclear matter. At large energies perturbative QCD
leads to the analogue of the Landau-Migdal-Pomeranchuk effect in quan-
tum electrodynamics. In particular Baier et al. [4] find a highly nontrivial
dependence of the energy loss on the distance, L, traveled by a parton in a
nuclear medium: the loss instead of being o L is & L%. Several manifesta-
tions of this phenomenon can be studied at HERA. This important question
will not be discussed in this lecture.

There is also an important connection to heavy ion physics. Study of
eA scattering at HERA would be important for the analysis of heavy ion
collisions at the LHC and RHIC. Measurements of gluon shadowing at small
z are necessary for a reliable interpretation of the high p; jet rates at the
LHC. In addition, the study of parton propagation in nuclear media is im-
portant for the analysis of jet quenching phenomena, which may be one of
the most direct global signals of the formation of a quark-gluon plasma.

Current fixed target data on lepton—nucleus scattering only touch the
surface of all these effects due to the limited )2 range of the data at small z.
Indeed the Q? range of these data is too small to distinguish the contribution
of the vector meson dominance behaviour of the photon from its hard QCD
behaviour at small z. The range of  and Q? in experiments with nuclei
at HERA compared to the fixed target experiments extends a factor of 100
down in x.

In this lecture I will focus on several phenomena where HERA has a
great potential for discovery of new phenomena already with rather modest
luminosities between 1-10 pb~! per nucleon with the existing detectors.
With the forthcoming upgrades this would require between 1 and 6 months
of HERA running with nuclear beams. These new phenomena include:

e Observation and detailed study of the = and Q% dependence
of nuclear shadowing over a wide Q? deep inelastic range. This
will allow the processes limiting the growth of F; as z tends to zero to be
studied in detail.

e Observation of the difference between the gluon distributions
in nuclei and free nucleons. This will allow to study directly the most
nonlinear interactions in QCD which occur in the gluon sector the shadowing
process to be studied directly.

e Discovery of differences between the structure of Pomeron
generated diffraction of nucleons and nuclei. Use of nuclei would
allow to vary relative contribution of the Pomeron coupling to weakly and
strongly interacting configurations in the photon and hence shed a new
light on the interplay of soft and hard physics in diffraction in deep inelastic
scattering.
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e Discovery of colour transparency at ultra-high energies and
study of onset of colour opacity. Study of coherent diffractive produc-
tion vector mesons, dijets, etc would allow to search for colour transparency
which may at the top of HERA energies gradually disappear signaling onset
of a new phenomenon — perturbative colour opacity — strong interaction
of fast small objects.

2. Space-time picture of DIS off nuclei at small =
2.1. The rest frame

In the rest frame of the target nucleus the life-time of a fluctuation is
given by the formula

B
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where § = Q?/(Q%*+M?) < 1. M is the mass of the ¢ system, M2 = gg(li_ﬂz;,
and z is the light-cone momentum fraction, k; the transverse momentum
and m, the mass of the quark. Perturbative QCD studies show that the
most probable configurations are those for which M2 ~ Q2. In the case of
transversely polarized photons both configurations with small k; and highly
asymmetric fractions z, and configurations with comparable z and 1 — 2
contribute to the cross section. For the case of the longitudinal photons the
soft (small k;) asymmetric contribution is strongly suppressed.

In the language of noncovariant diagrams this corresponds to the virtual
photon fluctuating into a quark-antiquark pair at a longitudinal distance:

p

l.= : 2
- ()

from the nucleus which far exceeds the nuclear radius. The distance [,
is referred to as the “coherence length”. The pair propagates essentially
without transverse expansion until it reaches the target. QCD evolution
leads to a logarithmic decrease of § with increasing Q2. At HERA coherence
lengths of up to 1000 fm are possible, so that the interaction of the ¢g¢ pair
with nuclear matter can be studied in detail — notably its transparency to
small size pairs — colour transparency.

At energies available at HERA new features of colour transparency
should emerge: the incident small size ¢G pair resolves small z gluon fields
with virtualities ~ Q2. If the transverse size of the ¢g pair is ry = b, — b7 ,
the cross section for interaction with a nucleon is [5]

72

04q,N (Einc) = 3 r?as(Qz)ng(:z:, Q2), (3)
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where Q? ~ Ar%”),)\(::: ~ 1073 = 9,2 = 2—”13%-; Since the gluon den-
sity increases rapidly with decreasing z, even small size pairs may interact
strongly, leading to some sort of perturbative colour opacity — the interac-
tion of a small object with a large object with a cross section comparable

to the geometric size of the larger object (Fig. 1).
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Fig. 1. Colour-dipole cross section, ogqn(z,b) of Eq. (3), as a function of the trans-
verse size of the ¢g pair for various values of z and for the GRV94 parameterization
of the nucleon’s gluon density.

Unitarity considerations for the scattering of a small size system — i.e.
the requirement that oiqei(qq, target) < wRZ, .., — as well as requirement
of positivity of the partial cross sections [6] indicate that nonlinear effects
(é.e. effects not accounted for by the standard evolution equations) should
become significant at much larger values of = in eA scattering than in ep
scattering.

2.2. The Breit frame

In the Breit frame, small # partons in a nucleon are localized within a
longitudinal distance ~ 1/zpy, while the distance between two nucleons is
~rnynvmy/pn (ryn is the distance between nucleons in the rest frame and
pn is the nucleon momentum). Therefore partons with z < 1/(2mpnr4),
where 74 & rgA!/3 fm is the nuclear radius and ro = 1.1 fm, cannot be
localized to better than the whole nuclear longitudinal size. Hence low
z partons emitted by different nucleons in a nucleus can overlap spatially
and fuse, provided the density is high enough, leading to shadowing of the
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Fig. 2. Typical fan diagrams leading to nonlinear evolution of g4(z, @?%).

nuclear partonic distributions with respect to the free nucleon ones and to
nonlinear effects already at values of r ~ 10~% = 10~3. For example, in
the simplest model of nonlinear effects corresponding to the fan diagrams
of Fig. 2, the additional contribution 8g4(z,Q?) to ga(z,Q?) due to the
nonlinear term in the equation for the Q2, z evolution of the gluon density
is {7]:

Q? 0 dzga(z.Q*) _ 81 A1/3
0Q? A - 16Q2rg

1
@) [ = v @]’ @

The analogous equation for the gluon density in the nucleon has a much
smaller coefficient — approximately by a factor rZ/r A3, where ry ~ 0.8
fm is the nucleon radius. Once again one can see then that the z-range
where nonlinear effects become significant differs for a heavy nucleus and for
a nucleon by more than two orders of magnitude, assuming zgy(z, Q%) o 2™
with n ~ —0.2.

Thus electron—nucleus collisions at HERA can be seen as efficient am-
plifiers of nonlinear QCD effects.

2.3. Theoretical framework for small x phenomena in eA collisions

2.3.1. Perturbative and nonperturbative shadowing

At small z the DIS cross section per nucleon in a nucleus is smaller
than for a free one, the so called shadowing phenomenon. Shadowing is
determined by a combination of non-perturbative and perturbative effects.
In the DGLAP evolution equations one can express shadowing at large
Q? through the shadowing at the normalization point Q2. This type of
shadowing is connected to the soft physics. It can be visualized e.g. in the
aligned jet model of Bjorken [3], extended to account for QCD evolution
effects [8]. A virtual photon converts to a ¢§ pair with small transverse
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Fig. 3. Examples of typical perturbative QCD diagrams contributing to nuclear
shadowing.

momenta (large transverse size) which interacts with the nucleus with a
hadronic cross section, leading to shadowing. The effective small phase
volume of these configurations (x %) leads to Bjorken scaling and it is due

to colour transparency [8].

At large Q?, these ¢ pairs evolve into systems with gluons, leading to
a shift of shadowing to smaller z, which is equivalent to the standard Q?
evolution of parton distributions. These ¢§ pairs, which interact with the
target nonperturbatively, seem to be responsible for most of the shadowing
at intermediate Q% and z ~ 10~2 which has been studied at fixed target
energies. This mechanism of shadowing is effective for o7 only since for o,
the aligned jet contribution is strongly suppressed. For oy, (as well as for
the production of heavy quarks) one is more sensitive to the shadowing due
to the interaction of small size ¢§ pairs with the nuclear gluon field which
can be shadowed.

At smaller z the situation may change rather dramatically because, as
the recent HERA data indicate, already for Q? ~1.5 GeV? at z ~ 107
perturbative contributions to F,(z, Q?) appear to become important, lead-
ing to a rapid increase of the structure functions with decreasing z. Hence
contributions of various perturbative mechanisms which may generate shad-
owing for configurations of a size smaller than the hadronic size may become
important. Perturbative QCD may be applicable to those small size pairs.
Typical contributions involve diagrams of the eikonal type, various enhanced
diagrams, etc. (Fig. 2, 3).
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3. Shadowing and diffraction

In practically all models it is assumed that nuclei are built of nucleons.
So the condition that the matrix element < A|T[J.(y), J,(0)]]A > involves
only nucleonic initial and final states is implemented!. Under these natural
assumptions one is essentially not sensitive to any details of the nuclear
structure, such as short-range correlations etc.

In the case of scattering off the deuteron and light nuclei the same di-
agrams contribute to the cross section for diffraction in ep scattering and
the cross section for shadowing — hence similar nonlinear phenomena like
those described by Eq. (4) are involved in each case. For example for the
deuteron [10]:

dogig (ep)
o _ Otot(€D) — 2041 (eN) — dgt =0 1 (5)
shad = U(EN) O'tot (ep) SﬂR%’ b

where R = 8—;%:)-, A= ReA/ImA %%ll'r‘,‘: for the amplitude A of v*p scat-
tering and Rp is the deuteron radius. For small z, A may be as large as 0.5,
leading to R ~ 0.5 especially for the case of the longitudinal cross section.
So already for light nuclei the study of the total cross sections of scattering
from nuclei would allow to establish a fundamental connection between the
two seemingly unrelated phenomena of diffraction at smallt in ep scattering
and nuclear shadowing. With the increase of A more complicated nonlinear
interactions with several nucleons become important, see e.g. Fig. 3b.
Nuclear shadowing for the total cross sections has a simple physical
meaning - it corresponds to a reduction of cross section due to screening
of one nucleon by another (as well as by several nucleons for A > 2). If
one treats the deuteron as a two nucleon system it is possible to apply the
Abramovskii, Gribov, Kancheli (AGK) cutting rules [11] to elucidate the
connection between nuclear shadowing, diffraction and fluctua-
tions of multiplicity. One observes that the simultaneous interaction of
the ¥* with the two nucleons of the deuteron modifies not only the total
cross section (Fig. 4a) but also the composition of the produced final states.
It increases the cross section for diffractive scattering off the deuteron due to
diffractive scattering off both nucleons by §o4;g = Oshaqa — this is described
by the imaginary part of the shadowing diagram of Fig. 4b. At the same
time the probability to interact inelastically with one nucleon only is re-
duced since the second nucleon screens the first one: d0gingle = —40shad (the
processes of Fig. 4c, d). In addition, a new process emerges in the case of the
deuteron which was absent in the case of the free nucleon — simultaneous

! The condition that nuclei are built of nucleons is not so obvious in the fast frame
picture. However it is implemented in most of the models [7, 9].
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Fig. 4. Double rescattering diagram for the total cross section of scattering off the
deuteron(a); Cuts of the double rescattering diagram corresponding to diffraction
(b); screening of single scattering (c, d), double multiplicity (e).

inelastic interaction with both nucleons (the cut of two Pomeron exchanges
— Fig. 4e) which leads to a factor of two larger multiplicity densities for
rapidities away from the current fragmentation region: Ggouble = 20shad-
Altogether these contributions constitute —oghaq, the amount by which the
total cross section is reduced 2. To summarize, there is a deep connection
between the phenomena of diffraction observed at HERA in ep scattering
and nuclear shadowing as well as the A-dependence of diffraction and the
distribution of the multiplicities in DIS.

It follows from the above discussion that it is possible to get informa-
tion about the dynamics of nuclear shadowing and hence about nonlinear
effects by studying several key DIS phenomena such as: nuclear shadow-
ing for inclusive cross sections Fjt, Z&, Ff! harm; the cross section for nuclear
diffraction; the multiplicity distribution for particle production in the cen-
tral rapidity range; diffractive production of vector mesons. The advantage
of the latter process is that one gets a rather direct access to the interaction
of a small colour dipole with matter. It is in a sense an exclusive analogue
of o; which is easier to measure.

3.1. The A-dependence of parton distributions at small z
As discussed above, the nucleus serves as an amplifier for nonlinear phe-

nomena expected in QCD at small z. The simplest example of such effects
is given by equation (4) where the nonlinear term is proportional to the

2 F};or simplicity we give here relations for the case of purely imaginary v*N amplitude
cA
= 0.
ImA
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square of the nucleon gluon density. If shadowing were absent the parton
densities per unit transverse area would be enhanced by a factor A3 as
compared to the free nucleon case. Hence even just an upper limit on the
parton densities based on unitarity — that the cross section for the inelas-
tic interaction of a small dipole with a nucleus may not exceed ginel = TR%
— leads to the expectation of nonlinear phenomena — shadowing of an
observable magnitude — already at z ~ 1072 = 10~* {6].

Hence, from detailed studies of the A-dependence of the parton densi-
ties it would be possible both to check the dominance of the two-nucleon
screening mechanism for £210~2 where coherence length, . (Eq. 2) is com-
parable to the average internucleon distance, [12, 13] and to extract informa-
tion about the coherent interaction of the virtual photon with three (four)
nucleons at z < 1073,

For z > 1072 for any nucleus and for all z for light nuclei, the main
contribution to shadowing is given by the interaction with two nucleons
of the target. Hence in this regime there is a relatively simple connection
with the diffraction of a virtual photon off a proton — which is the sim-
plest nonlinear effect in the perturbative domain in QCD. For smaller z
and heavy nuclei, when essential longitudinal distances become comparable
and ultimately exceed the diameter of the nucleus, several nucleons at the
same impact parameter contribute to the screening. It is worth emphasizing
that these multi-vacuum exchange processes cannot be singled out unam-
biguously using a nucleon target. The relevant QCD diagrams for the total
cross section of v*A interaction are rather similar to higher-order nonlinear
diagrams for the proton target — except that in the nuclear case one has
to impose the condition that couplings to the individual nucleons are colour
singlets, see e.g. Fig. 2, 3.

In a sense, the studies of nuclear shadowing at small z and large Q2 can
be considered as a simpler model of nonlinear effects which occur in the case
of a nucleon target. In the latter case it is net easy to relate the coupling
of say two vacuum exchanges (or a ladder with 4 gluons in the ¢-channel)
with a nucleon to the coupling of one vacuum exchange with a nucleon. In
fact the region of 1072 > z > 10™* may be optimal in this respect since
nonlinearities for the nucleon case are still small though nonlinearities for
the nuclear case are already quite substantial. It is worth emphasizing that
experience of the studies of the total hadron—nucleus scattering indicates
that interaction with bound nucleons for the total cross sections can well be
approximated by the interactions with free nucleons (for a recent analysis see
[14]). Therefore nuclear structure effects do not obscure the interpretation
of nuclear shadowing effects. Using current information from HERA on
diffractive production in ep scatter it is straightforward to estimate the
amount of nuclear shadowing at small z taking into account interactions
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Fig. 5. A-dependence of nuclear shadowing and probability of rapidity gap events in
the colour screening model of shadowing; dot-dashed curve assumes A-independent
probability of rapidity gap events.

with 3 or more nucleons using the eikonal approximation with an effective
cross section determined from diffractive data, see Eq. (6) below. The result
of the calculation [17] is shown in Fig. 5 for Re/Im = 0; for A > 12
it weakly depends on the value of Re/Im. Since the data on diffraction
indicate that the fraction of diffractive events in DIS weakly depends on
z, Q? these considerations show that significant shadowing effects should be
present for Fi!(z,Q?) in the wide small z range of HERA. Note that the
shadowing effect in DIS is expected to be much smaller than for the case of
real photon scattering since the effective cross section for interaction of the
hadron component of quasi-real photon at HERA is a factor of ~ 3 larger
than for a highly virtual photon (we use here the HERA data on diffraction
for real photons [15]).

Since the interaction of the octet colour dipole gg is a factor of 9/4
stronger than for the ¢g dipole, nonlinear effects are expected to be more
important for gluons. So gluon shadowing would provide even more direct
access to nonlinear phenomena. Note that in this case there is no simple
relation of shadowing with diffraction in v* + p DIS, so any information
about gluon shadowing would be complementary to the information from
ep DIS. There are very few data on the gluon distribution in nuclei. Among
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them, the enhancement of the gluon distribution at z ~ 0.1 indicated by
the inelastic J/4 production data [16]. Also the analysis [18] of the scal-
ing violation for the ratio Fy"/F{ measured recently by NMC under the
assumption that higher twist effects are not important in the Q?, = range
of the data allows to extract information about the A-dependence of gluon
distributions, indicating some nuclear shadowing for G4 for z < 0.01 and
an enhancement at z ~ 0.1, see Figure in [18]>. Theoretical expectations
for gluon shadowing discussed in the literature are quite different — from
a larger effect than for Fj! [21], to an effect comparable to that of quarks
[20, 19, 22, 23] to substantially smaller shadowing [24]; see also contributed
papers to proceedings of the HERA workshop.

Comparison of different determinations of shadowing of gluons: high p;
jet production, incoherent J/¥-meson production, and measurements of the
scaling violation for the Fj!/FP ratios will allow to determine the range of
applicability of the DGLAP evolution equations and hence provide unique
clues to the role of nonlinear effects.

It is worth emphasizing also that knowledge of parton distributions in
nuclei at these values of z will be crucial also for studies in heavy-ion physics

at the LHC and RHIC.

4. Diffraction off nuclei

4.1. Introduction

The measurements of the ZEUS and H1 collaborations of deep-inelastic
electron-proton scattering have revealed the existence of a distinct class of
events in which there is no hadronic energy flow in an interval of pseudo-
rapidity, 1, adjacent to the proton beam direction i.e. events with a large
rapidity gap. Such events are interpreted as deep inelastic scattering from
the Pomeron, IP. Studies of events with a large rapidity gap from nuclear
targets will allow the structure of the Pomeron from a different source than
the free nucleon to be determined. It will be interesting to see if these struc-
tures differ. In addition, the study of diffractive vector meson production
will be interesting to search for the phenomenon of colour transparency.
Such a phenomenon has not yet been convincingly seen although it is pre-
dicted in QCD.

Diffraction studies have been defined as one of the primary goals of
nuclear beams in HERA. Such processes can be interpreted using two com-
plementary languages depending on whether the rest frame of the nucleon
or the Breit frame are used:

3 The shadowing for gluons should be accompanied by a significant enhancement at
larger z since the total momentum fraction carried by gluons in nuclei is not sup-
pressed and is probably slightly enhanced [19].
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e Scattering of electrons on colourless components of the proton. Such
scattering may be identified, for the very low z events dominated by diffrac-
tion, with the interaction with the vacuum ¢-channel exchange which is often
referred to as the Pomeron, IP. This object is not necessarily the same as
the Pomeron of the Gribov-Regge high-energy soft interactions (see report
of the diffractive group of the HERA workshop [26]). Deep inelastic electron
scattering leading to the presence of a rapidity gap can thus be considered as
probing the internal parton structure of the IP originating from the proton.

One of the questions of primordial importance which may be addressed
within the future electron-nucleus scattering program at HERA is then “how
universal is the internal structure of the Pomeron?” or, more precisely: “Is
the internal structure of the Pomeron originating from various hadronic
sources (protons, neutrons, nuclei) the same?”. We shall show below how
nuclei may help in answering these questions.

e The diffractive interaction of different hadronic components of the
virtual photon with the target via vacuum exchange. Diffraction predomi-
nantly selects the 4* components which interact with sufficiently large cross
sections such as large transverse size ¢, ¢gg colour dipoles. Therefore the
study of diffraction plays a very important role in determining the rela-
tive importance of small and large size configurations and addressing the
question whether small white objects interact weakly or not. Indeed if the
interaction with a target becomes sufficiently strong at small impact param-
eters the cross section for diffraction (which includes both elastic scattering
and inelastic diffractive dissociation) would reach the black body limit of
50% of the total cross section.

4.2. Theoretical exzpectations

Diffraction off a nucleon (including dissociation of the nucleon) consti-
tutes about 15-20% of the deep inelastic events. Therefore the interaction
is definitely far from being close to the scattering off a black body. Even
this number came a surprise in view of the large Q? value involved. Using
the generalized optical theorem as formulated by Miettinen and Pumplin,
one can estimate the effective total cross section for the interaction of the
hadronic components of the v* as

do VP X+p
dt =0 )
Ocff = 167 = = 12 + 15mb. 6
© et (Y*IV) (
This cross section is significantly smaller than the pN cross section which at
the HERA energies can be estimated to be close to 40 mb using the vector
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dominance model and the Landshoff-Donnachie fit [25]:
pN _ pN s\"
Ttot (8) = Orot (S0) s/ (7)

where n & 0.08, sp = 200 GeV?, afﬁ (so) = 25 mb. However it is sufficiently
large to result in a substantial cross section of diffraction for small z — it can
reach 30-40% for large A (Fig. 5)[17]. For large A the coherent diffraction
dominates when the incoming wave is sufficiently absorbed at small impact
parameters which, by virtue of Babinet’s principle, corresponds to scattering
beyond the nucleus. In such processes the nucleus remains intact and the
average momentum transfer is very small ({t) oc A=%/3).

One expects that hadronic configurations interacting with different
strength contribute to diffraction (c.f. Fig. 1). The parameter geg char-
acterizes just the average strength of this interaction, while the distribution
over the strengths is expected to be quite broad. The study of diffraction off
nuclei allows us to separate contributions to diffraction of large and small
size configurations due to the filtering phenomenon: with the increase of
A the relative contribution of more weakly interacting (smaller size) config-
urations should increase since they are less shadowed, leading to a relative
enhancement of the colour transparent subprocesses.

Examples of promising processes are:

e Diffractive production of charm. The A-dependence of this process
would be interesting already at low Q? since the essential transverse
distances are, naively, of the order of 1/m,, where m, is the charm
quark mass. Since the cross section for the interaction of a colour
dipole of such size is small for z ~ 1072, the cross section for diffractive
charm production at these values of z is small and practically not
shadowed, leading to a cross section AY3, At the same time the
¢¢ — N cross section increases rapidly with decreasing = (increase of
energy) for fixed Q2. Therefore at HERA energies diffractive charm
production in ep collisions may become a substantial part of the total
diffractive cross section. At this point one expects the emergence of
shadowing in diffractive charm production in eA collisions, leading to
slowing down of the A-dependence of diffractive charm production as
compared with the A dependence at z ~ 1072. One can go one step
further and study the A-dependence of p; distributions for diffractive
charm production. Smaller size components will be less absorbed and
so their relative contribution may increase with A.

o Diffractive production of two high p; jets.

Selection of large p; jets enhances the contribution of diffraction of
small size configurations. Hence, one expects broader p; distributions



What one can learn about QCD from Nuclear beams at HERA 3445

in the case of nuclear targets (smaller jet alignment) with nontrivial
dependences on W and Q2. For example, if we fix the p; of the jets,
the A-dependence of dijet production should become weaker with in-
creasing energy reflecting the increase of the absorption (which can be
studied this way). If on the other hand we fix W and consider the
A-dependence as a function of p;, a stronger A-dependence is expected
at high p,. Effectively, this would be another way to approach colour
transparency via filtering out of the soft components.

To summarize, a study of inclusive diffraction will give better insights
into the structure of the Pomeron. The interplay of soft and hard contribu-
tions will lead to a breakdown of factorization for the structure function of
the Pomeron. Stated differently, the check of the degree of “universality”
of the Pomeron — i.e. whether the “nuclear” Pomeron is different from the
Pomeron observed in ep diffraction — will provide a very sensitive test of
QCD dynamics.

An important aspect of the diffractive studies is the colour transparency
phenomenon. In view of its special interest we will discuss this separately
below.

4.2.1. Multiplicity fluctuations

As we explained in section 3 diffraction off nuclei and nuclear shadowing
are closely related to the simultaneous inelastic interactions of the virtual
photon with several nucleons. Such interactions produce events with large
multiplicity densities in the central rapidity range, leading to a much broader
distribution over multiplicities in eA collisions than in the ep case. Study
of this effect will provide information complementary to that obtained from
nuclear shadowing about the structure of the vacuum exchange at small z.
Interesting phenomena to look for may be:

1. Local fluctuations of multiplicity in the central rapidity region, e.g.
the observation of a broader distribution of the number of particles
per unit rapidity, n(An), than in ep scattering [17], see Fig. (6).

2. Long range rapidity fluctuations — i.e. positive correlation of the in-
crease of multiplicity in one rapidity interval with the increase of mul-
tiplicity several units away.

3. Correlation of the central multiplicity with the multiplicity of neutrons
in the neutron detector (most effective for heavy nuclei).
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Fig. 6. A-dependence of multiplicity distributions for fixed pseudorapidity interval
0<7n<2, and (W) =100 GeV.

4.8. Colour transparency phenomena

An important property of QCD is that small objects are expected to
interact with hadrons with small cross section [27]. This implies that in
the processes dominated by the scattering/production of hadrons in “point-
like” (small size) configurations (PLC) when embedded in the nuclei, the
projectile or the outgoing hadron essentially does not interact with the nu-
clear environment [28, 29]. In the limit of colour transparency one expects
for an incoherent cross section a linear dependence on A, for example

dole+ A—e+p+(A-1)") _do(e+p—e+p)

dQ? =2 dQ? ' ®)
while for coherent processes at ¢t = 0 one expects
da(7*+A—>X+A)_A2d0(7*+N—->X+N) 9)

dt dt

No decisive experimental tests of this property of QCD were performed so
far since in most of the current experiments the energies were not sufficiently
high to prevent expansion of the produced small system. The high-energy
E665 experiment [30] at FNAL has found some evidence for colour trans-
parency in the p meson production off nuclei. However, the data have low
statistics, cover a small z,Q? range and cannot reliably separate events
without hadron production.
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A quantitative formulation of colour transparency for high-energy pro-
cesses can be based on Eq. (3). For the case of nuclear targets it implies
that for a small enough colour dipole, the cross section of its interaction
with nuclei is proportional to A up to the gluon shadowing factor. As a re-
sult the colour transparency prediction for 2 jet and vector meson diffractive
production is [31, 32] *:

L (v A 2ets+ A)l,y  B(7"A- VA,
L2 (y*N — 2jets + N)|,_, L (y*N = VN)|,_o

_[Fi.@)]" _ ¢i=.0Y) (10
Fh.QY] ~ Gh?Q)

Gluon shadowing constitutes a rather small effect for z ~ 1072 (see earlier
discussion). For smaller z it increases but it is in any case much smaller than
the screening effect expected in the case of lack of colour transparency if
the produced system interacts with cross section comparable to 0,5 ~ 30-40
mb. For such values of o one expects the cross section to behave as o A4/3
for t = 0 which would be possible to test using diffractive production by
quasi-real photons.

Coherent diffractive p,J /¢-meson production:

The most straightforward test of colour transparency can be made using
coherent production of p or J/1-mesons at small ¢ using nuclei with A > 12.
The p; resolution of the current detectors is good enough to single out the
diffractive peak which is concentrated at p; < 0.1 GeV. In the higher z end
of the range which could be studied at HERA for vector meson production,
z ~ 1072, one expects at large Q? nearly complete colour transparency
since gluon shadowing effects are rather small and decrease rapidly with
increase of Q?, while the transverse separation,b, between g and ¢ is of
the order of 0.4 fm for Q% ~ 10 GeV? and further decreases with increase
of Q? (Fig. 7 [6]). Study of coherent J/v meson production would allow
to probe colour transparency for propagation of even smaller dipoles since
(b:z(Q* = 0)) ~ 0.2 fm.

On the other hand as discussed earlier at the smallest values of z of
the HERA range, screening effects should start to play a role even at large
Q? so a gradual disappearance of colour transparency is expected — the
emergence of perturbative colour opacity. Noticeable screening is expected
already on the basis of unitarity constraints. Qualitatively one may expect

* In writing Eq. (10) we neglect the difference of Q? scales for different processes which
is reflected in a different dependence of the essential transverse size of the qg state on
the process (see Fig. 7). For a discussion of the appropriate scale for dijet production
see [33].
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Fig. 7. Average transverse size of the ¢§ components effective in Ay: Nov N for p—
and J/v¥-meson production and or. The probed Q? scale is inversely proportional
to b2

that the rise of the cross section for vector meson production with increasing
energy at fixed Q% will slow down at significantly lower energies than for
the case of the ¥* + p reaction. Currently theoretical calculations of vector
meson production by transversely Polaris ed photons are difficult because
the nonperturbative large distance contribution is not as strongly suppressed
in this case as in the longitudinal case. If contribution of pairs with large
transverse size is indeed important for or, it would be filtered out with
increasing A leading to larger values of oy /o7 for large A.

Let us enumerate several other effects of Colour Transparency (CT) in
diffractive production.

1. Production of excited vector meson states p’, ¢'.

In the CT limit, QCD predicts a universal A-dependence of the yields
of the lowest mass and excited states (this includes the effect of gluon
shadowing in Eq. (10)). This is highly nontrivial since the sizes of the
excited states are much larger, so one might expect larger absorption.
On the other hand, for lower Q? average transverse distances, b, are
not small. At these distances the wave functions of ground and excited
states differ. So in this Q? range the relative yields of various mesons
may depend on A.

2. Production of high p, dijets.
The uncertainty relation indicates that coherent production of dijets
with large py, carrying all the momentum of the diffractively produced
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system is dominated by distances r; p%' Hence filtering out of soft
jets is expected, leading to a broadening of the p; and thrust distribu-
tions. At the same time the study of the A-dependence of low p; jets
would allow to address the question of colour opacity. Another feature
to look for would be the distribution over the electron-two jet plane
angle as suggested in [34].

. Coherent diffractive production at —t > 0.1 GeV? for A = 2,4.

An important question here is the possibility to observe the “dis-
appearance” of colour transparency for p-meson production and the
emergence of “colour opacity” — due to nonlinear screening effects at
z ~ 10~%. Manifestations of CT would be the increase of the differ-
ential cross section ‘;—‘t’ below the diffractive minimum (|tmin(*He)| =
0.2 GeV? and suppression of the cross section in the region of the sec-
ondary maximum. A gradual disappearance of CT in this region with
increasing energy would appear as a very fast increase with energy of
the secondary maximum of the ¢ distribution. Remarkably, in this re-
gion the cross section for the process is proportional to [Gn(z, Q@%)]4,
where Gy is the gluon density in the nucleon [35, 36]. The present
HERA beam optics would allow measurements of quasielastic processes
with “He in the region of the secondary maximum (|¢(*He)| =~ 0.4
GeV?). For a luminosity of 10 pb~! it would be possible to measure

the p-meson production cross section up to Q2 ~ 10 GeV?2.

. A-dependence of rapidity gaps between jets in photoproduction.

Recently photoproduction events which have two or more jets have
been observed in the range 135 < W,, < 280 GeV with the ZEUS
detector at HERA. A fraction of the events has little hadronic activity
between the jets. The fraction of these events, f(An), reaches a con-
stant value of about 0.1 for large pseudorapidity intervals An > 3. The
observed number of events with a gap is larger than that expected on
the basis of multiplicity fluctuations assuming the exchange of a colour
singlet. This value is rather close to estimates in perturbative QCD ne-
glecting absorptive effects due to interactions of spectator partons. It
is much larger than the values reported by D0 and CDF. Small effects
of absorption are by no means trivial in view of the large interaction
cross section for many components of the hadronic wave function of the
real photon. They may indicate that colour transparency is at work
here as the ZEUS trigger may select point-like configurations in the
photon wave function [37]. To check this idea it would be natural to
study the A-dependence of rapidity gap survival. It is demonstrated in
[37] that this probability strongly depends on the effective cross section
of the interaction of the photon with the quark—gluon configurations
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involved in producing rapidity gap events. One would be sensitive to
cross sections as small as ~ 5 mb.

5. Real photon—nucleus scattering

Since coherent lengths in high-energy processes are large, a fast hadron
can be considered as a superposition of frozen constituents. Therefore the
existence of parton configurations within hadrons having small interaction
cross section, i.e. small size (as confirmed by the diffractive electroproduc-
tion of p-meson) implies that various configurations in the projectile should
interact with the target with significantly different strengths. It is conve-
nient to introduce a bulk characteristic of these fluctuations of the strength
of interactions — the probability for a hadron to interact with a certain
cross section o, P,y (o), see review in [38]. One can relate the cross sections
of coherent diffractive processes off protons and nuclei to the moments of
Pin(o): (6™) = [ 0" Pyn(0)do. For example, the ratio

_ ) an

7= (o)

is related both to the value of the ratio between do(h+ N — X + N)/dt
and do(h+ N — h+ N)/dt for diffractive inelastic and elastic production at
t =0, and to the amount of nuclear shadowing in AD scattering. The value
of oo increases significantly with energy. Based on the data of [39], we find
e ((W) = 15 GeV) a2 23 + 2 mb, while at HERA energies this parameter
is much larger geg((W) = 150 GeV) = 38 &t 4 mb based on the data of H1
[15]. Therefore a significant increase of nuclear shadowing between fixed
target energies is expected at HERA. Besides, as we already indicated in
Section 3, since geg at HERA is much larger for real photons than for DIS,
the nuclear shadowing for real photons is expected to be significantly larger
than at Q% > few GeV2.
The behaviour of Pyx (o) in the limit of small ¢ is determined from
perturbative QCD:
Pan(0)om0 < 0"2, (12)

where n is the number of valence quarks in hadron h. From the analysis of
diffractive hp and hD data and Eq. (12), it was concluded that Pyy(o) for
h = =, N is very broad, see Fig. 8. This observation was further supported
by the studies of diffraction off heavier nuclei [38].

The study of P,n(0o) is of special interest because unlike in the hadron
case, P,n(0) ox 07!, for 0 — 0 while for large o it should resemble that
of the pion — due to the vector meson contribution. So the theoretical
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Fig. 8. Cross-section probability for pions P;{¢) and nucleons Py{c) as extracted
from experimental data. Pr{o ~ 0) is compared with the perturbative QCD pre-
diction.

expectation is that P,n(o) is even broader than for pions. It would be
important to check this experimentally with systematic studies of diffraction
off a set of nuclei and with measurements of the total cross sections of vA
scattering. The challenging questions include

e Does shadowing really increase with energy, or it saturates? The in-
crease of o.q indicates that shadowing will continue growing up to
HERA energies.

e [s there a smooth transition between shadowing for real photons and
for Q? ~ few GeV? for the same W? The much smaller value of oeg for
DIS (Eq. (6)) indicates that shadowing for the real photon case would
be substantially larger.

e How far is the ratio Z‘:—::((%})l from the black body limit for large A?

e A-dependence of dijet production in diffractive events.

e What is the effective cross section determining coherent production of
p and ¢-mesons — does the vector dominance model (VDM) work in
this new energy domain? Is the p-N total cross section really =~ 40 mb
at HERA energies as VDM and HERA v + p — p + p data imply?
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e How different would the A-dependence of p and p’-meson coherent
production be ? This may be a sensitive way to investigate nondiagonal
transitions in soft diffraction.

e Color opacity — Are there ways to select configurations in the photon
which interact with cross section exceeding that of p/V scattering?

e A-dependence of charm production in diffraction and in total cross
sections.

6. Connection to heavy-ion collisions at high energies

The interplay between the physics which can be studied in high-energy
eA collisions at HERA and that to be studied in the heavy ion physics
was discussed at the dedicated workshop “Nuclei at HERA and Heavy lon
Physics” which was held at Brookhaven National Laboratory in 1995. It
was concluded that the measurements of e A collisions at HERA can provide
crucial information necessary for unambiguous interpretation of the heavy
ion collisions at RHIC and LHC for establishing whether a quark-gluon
plasma is formed in these collisions.

Three major links are

e Nuclear gluon shadowing

One needs zga(z,Q?) for z ~ 1072, Q? ~1-10 GeV? and z ~ 1073,
Q* ~ 10 GeV? to fix the initial conditions at RHIC and LHC respectively.
This is especially important for the LHC since mini-jet production deter-
mines the initial conditions for /s > 100GeV A. The bulk of the particles
produced at central rapidities in AA collisions at the LHC is expected to
be generated due to this mechanism [41]. Currently uncertainties in nu-
clear shadowing transform into at least a factor 2-4 differences in the final
transverse energy flow [40].

o Jet quenching

Recent QCD studies [42] have demonstrated that the medium induced
energy losses and p; broadening of a high energy parton traversing a hot
QCD medium are much larger than in the case of a cold medium. This
provides a unique new set of global probes of the properties of the state
formed during AA collisions [40]. To interpret unambiguously this effect it
is necessary both to measure the nuclear gluon shadowing and to study the
parton propagation in cold matter in DIS to confirm that the energy losses
(pe-broadening) remain small at energies comparable to those to be studied
at RHIC and LHC.

e Testing of soft dynamics of interactions with nuclei

Study of eA interactions at HERA in the same energy range as that
to be studied in pA and AA collisions at RHIC (1/s ~ 200 GeV) will provide
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a unique testing ground for the modern models of interactions with nuclei
which aim at describing on the same footing ep. eA, pp, pA, AA collisions
[43]. It would allow to be established whether or not the same dynamics
determines hadroproduction in eA collisions and in central AA collisions.

I would like to thank all my colleagues in working group 8 of the work-
shop "Future of HERA” for their invaluable assistance and for numerous
discussions. My special thanks are to A. Bialas with whom we collaborated
on writing the theoretical part of the report. I thank the U.S. Department
of Energy for financial support under grant number DE-FG02-93ER-40771.
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