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We describe di�ractive hard processes in the framework of QCD factorization and discuss what
one can learn from the study of hadronic systems with small transverse size.

Di�ractive deeply inelastic structure functions satisfy a factorization theorem of the form [1{3]

F di�
2 � F̂a 


dfdi�a=A

dxP dt
; (1)

where the �rst factor on the right hand side is a short-distance scattering function and the second factor is a di�ractive

parton distribution, containing the long-distance physics. The short distance factor is no di�erent than in inclusive

deeply inelastic scattering. The long distance factor is. Although the evolution equation for the di�ractive parton

distribution functions is the same as that of the inclusive parton distribution functions [1,2,4], their behavior at a

�xed scale �0 that serves as the starting point for evolution may be very di�erent from the behavior of the inclusive

functions. The di�erent phenomenology that characterizes di�ractive versus inclusive deeply inelastic scattering

depends entirely on this.

Di�ractive parton distributions in a proton at the scale �0 are not perturbatively calculable. This is because the

proton has a large transverse size. Suppose one had a hadron of a size 1=M that is small compared to 1=�QCD. Then

one could compute di�ractive parton distributions as a perturbation expansion. Results on di�raction of small-size

hadronic systems have been presented in Ref. [5].

Fig. 1 shows a typical Feynman graph for one such case. Here we have considered a color-singlet current that

couples only to heavy quarks of mass M � �QCD. This system gets di�racted and acts as a color source with small

radius. This is represented in the lower part of the graph. The top part of the graph represents the bilocal �eld

operator [2] that de�nes the gluon distribution. The particular Feynman graph in Fig. 1, although of a rather high

order in �s, is leading in the limit 1=xP ! 1, where xP is the fractional loss of longitudinal momentum from the

di�racted hadron.

The physical picture that emerges from the analysis of graphs like that shown in Fig. 1 in the limit 1=xP ! 1

is that of the familiar \aligned jet" model [6]. The bilocal operator creates a large-momentum parton together with

a color source of the opposite color. This is con�ned to move on a lightlike line and is part of the de�nition of the

(inclusive or di�ractive) parton distribution functions. This happens far from the incoming small-size hadron. The

system created by the operator then passes through the color �eld of the small-size hadron, absorbing two gluons.

What we have, then, is the scattering of two color dipoles.

At this order of perturbation theory, the result for the di�ractive parton distributions has the following form
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FIG. 1. A typical Feynman graph contributing to the di�ractive gluon distribution of the model vector meson.

dfdi�a=A

dxP dt
(�; xP ;q

2;M) =
�2 e4Q �4s
x2P M2

ha(�;q
2=M2) [1 +O(xP )] : (2)

Here �xP is the fraction of the hadron's longitudinal momentum carried by the parton and q is the di�racted transverse

momentum (t � �q2). The functions ha are plotted in Fig. 2.

FIG. 2. The � dependence of the gluon (above) and quark (below) di�ractive distributions for di�erent values of q2 ' jtj.
The rescaled distributions ha are de�ned in Eq. (2).
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For small � the distributions behave as

hg / ��1 ; hq / �0 (� ! 0) : (3)

For large �, both the gluon and quark distributions evaluated at any �nite q have a constant behavior:

hg; hq / (1� �)0 (� ! 1; q 6= 0) : (4)

At q = 0 there are cancellations in the leading � ! 1 coe�cients, so that the distributions vanish in the � ! 1 limit:

hg / (1� �)2 ; hq / (1� �)1 (� ! 1; q = 0) : (5)

The distributions are dominated by small jtj ' q
2 everywhere except at very large �. Note that

hg � hq : (6)

Roughly, the order of magnitude of the ratio between the di�ractive gluon and quark distributions can be accounted

for by the ratio of the associated color factors, C2
A (N2

c � 1)=[C2
F Nc] = 27=2.

The result given above does not describe scaling violation. When additional gluons are emitted from the top

subgraph in Fig. 1, on the other hand, ultraviolet divergences arise. The renormalization of these divergences leads to

the dependence of the di�ractive parton distributions on a renormalization scale �. This dependence is governed by the

renormalization group evolution equations. The higher order, ultraviolet divergent graphs are suppressed compared

to the graphs of the type in Fig. 1 by a factor �s log(�
2=M2). When log(�2=M2) is large, these contributions are

important, and thus evolution is important. On the other hand, when � is of the same order as the heavy quark mass

M , the higher order contributions are small corrections to the graphs considered above. Thus one may interpret the

result given above as a result for the di�ractive parton distributions at a �xed scale of order �2 � M2. Then the

di�ractive parton distributions at higher values of �2 are given by solving the evolution equations with the result of

Eq. (2) as a boundary condition.

How are these calculations for small-size systems related to the real world? Obviously, the protons probed in deeply

inelastic scattering experiments at HERA have a large transverse size. Suppose that one had available a hadron

of adjustable size. Start with a very small size, in which case di�raction is forced to take place mostly on short

distances, and let the size increase. Since this scale acts as a physical infrared cut-o�, longer and longer distances are

now allowed to contribute to the di�raction process. In a naive perturbation expansion, by the time one gets to 1 fm

(about the proton radius) the answer would be completely dominated by the soft region. On the other hand, as the

size of the hadronic system increases, nonperturbative dynamics sets in. The infrared-sensitive behavior suggested by

the perturbative power counting is likely smoothed out by this dynamics. We hypothesize that, as we go to larger

and larger sizes, the distance scales that dominate the di�raction process, rather than continuing to grow, stay frozen

at some intermediate, semihard scale. The e�ect of this is to enhance the contribution from hard physics with respect

to the contribution from soft physics.

Note that recent experimental observations on the xP dependence in di�raction may be regarded as providing

support for the hypothesis of dominance of semihard scales in the di�ractive parton distributions. It has been

stressed [7] that the value of �P (0)�1 (where �P (0) is the pomeron intercept) measured in di�ractive deeply inelastic

scattering [8,9] di�ers by a factor of 2 from the corresponding value measured in soft hadron-hadron cross sections.

We may explore this hypothesis by investigating whether the short-distance result that we have found for small-size

systems is also relevant to describe the physics of di�raction from large-size objects, such as protons at HERA. In

particular, we are interested in two features of the HERA data for F di�
2 [8,9]: the surprising delay in the fall-o� with

Q2 and the surprising atness in �.

To carry out this study, we set M in Eq. (2) equal to 1:5GeV and take the scale dependence of the di�ractive

parton distributions to be that given by the two-loop evolution equations with the results (2) as a boundary condition

at � = M . The choice of the value for M corresponds to choosing a value for the semihard scale discussed above.
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The value of this scale, strictly speaking, is to be regarded as a free parameter to be adjusted phenomenologically.

In setting the value to 1:5GeV we are guided by the expectation that this scale should be roughly of the order of a

GeV. See below for some qualitative remarks on di�erent choices.

The upper panel of Fig. 3 shows the result we obtain for the scale dependence of the di�ractive (avor-singlet)

quark distribution at a �xed value of �, � = 0:2. (In this �gure the dependence on q
2 ' jtj is integrated over,

from 0 to M2). By comparison, in the lower panel we show the analogous result for the ordinary (inclusive) quark

distribution, taken from the standard set CTEQ4M [10]. Fig. 3 illustrates the di�erent pattern of scaling violation in

di�ractive and inclusive deeply inelastic scattering. At moderate values of momentum fractions, while the ordinary

quark distribution is at or weakly decreasing with Q2, the di�ractive distribution is rising with Q2. The explanation

for the rise in the di�ractive case lies with the behavior of the distributions at the initial scale M (Fig. 2). More

precisely, it depends on the gluon distribution being dominant throughout the range of momentum fractions. As Q2

increases, gluons splitting into q�q pairs feed the quark distribution and cause it to grow in the region of moderately

large �.

FIG. 3. Scaling violation in the (avor-singlet) quark distribution � at moderate values of momentum fractions. Above is
the case of the di�ractive distribution, below is the case of the inclusive distribution (from the set CTEQ4M).

In Fig. 4 we show results for the di�ractive structure function F di�
2 as functions of � at various values of Q2. In Fig. 5

we show the same results along with the ZEUS data [9]. Notice the main qualitative features of these results. The

sign of the scaling violation is positive up to about � � 0:55, reecting the behavior noted for the quark distribution

� in Fig. 3. In the range of intermediate values of � (centered about � � 0:5) F di�
2 is rather at in �. These features

are distinctive of the di�ractive structure function compared to the inclusive structure function.

These features are in qualitative agreement with what is seen in the HERA data (Fig. 5). Note that, once one

combines the analysis of di�raction from small-size states with the hypothesis of dominance of semihard scales (with

a particular scale choice), all the dependences of the structure function are fully determined. That is, not only the
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Q2 dependence but also the � dependence are determined from theory. (The same applies to the t dependence. In

FIG. 4. The � dependence of the di�ractive structure function F di�
2 for di�erent values of Q2. We compute F di�

2 in
next-to-leading order.

FIG. 5. Same as in Fig. 4. Also shown are the ZEUS data from Ref. [9].
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the results presented here t is integrated over.) The only free parameter left is an overall normalization, which has

been adjusted arbitrarily in Figs. 4,5.

In the region of small �, the curves of Figs. 4,5 have a di�erent behavior from that suggested by the two data points

at the lowest values of � and lowest values of Q2 (Q2 = 8GeV2 and Q2 = 14GeV2). If further data were to con�rm

this di�erence, this could point to interesting e�ects. Here we limit ourselves to a few qualitative remarks. As far

as the theoretical curves are concerned, we note that the di�ractive distributions that serve as a starting point for

the evolution are fairly mild as � ! 0. The gluon distribution goes like 1=�, while the quark distribution goes like

a constant (see Eq. (3)). The small-� rise of the structure function F di�
2 in the curves of Figs. 4,5 is essentially due

to the form of the perturbative evolution kernels. As regards the data, it has been observed [11] that for small � the

experimental identi�cation of the rapidity gap signal may be complicated by the presence of low p? particles in the

�nal state. If the current data hold up and especially if the same features are observed at lower values of �, it would

be interesting to see whether detailed models for the saturation of the unitarity bound [12] could accommodate this

small � behavior.

It is of interest to study how the comparison in Fig. 5 changes as the value of the semihard scaleM is changed. For

example, one may be interested to lower this scale with respect to the value of 1:5GeV used so far. For M = 1GeV

we �nd that, roughly speaking, the overall description of the data is of comparable quality (except at the lowest � and

Q2 values, where the discrepancy noted above becomes more pronounced). However, we also �nd, in particular from

the modest steepness of the � shape at the highest Q2, that a scale a bit higher than 1GeV seems to be preferred,

perhaps suggesting that the pomeron is a relatively \small" object. We do not push this study to a quantitative

level at present, but it appears that in the future more and better data on di�raction could be able to give us useful

information on the value of this scale. It would be very interesting if one could connect it to other nonperturbative

scales that enter in related areas of hadronic physics.
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