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Abstract. The asymptotic collinear factorisation theorem, which holds for diffractive deep-inelastic scat-
tering, has important modifications in the sub-asymptotic HERA regime. We use perturbative QCD to
quantify these modifications. The diffractive parton distributions are shown to satisfy an inhomogeneous
evolution equation. We emphasise that it is necessary to include both the gluonic and sea-quark t-channel
components of the perturbative pomeron. The corresponding pomeron-to-parton splitting functions are

derived in the appendix.

1 Introduction

A notable feature of deep-inelastic scattering is the ex-
istence of diffractive events, v*p — X + p, in which the
slightly deflected proton and the cluster X of outgoing
hadrons are well-separated in rapidity.! At high energies,
the large rapidity gap is believed to be associated with
pomeron, or vacuum quantum number, exchange. Some
secondary reggeons also have vacuum quantum numbers,
but these contributions are exponentially suppressed as a
function of the gap size, and are negligible at small xp.
The diffractive events make up an appreciable fraction of
all (inclusive) deep-inelastic events, v*p — X. We will re-
fer to the diffractive and inclusive processes as DDIS and
DIS, respectively.

The recent improvement in the precision of the DDIS
data [1,2] allow improved analyses to be performed and
more reliable diffractive parton densities to be extracted.
Moreover, measurements of diffractive charm production
in DIS are available [3], which provide added constraints,
particularly on the diffractive gluon density.

It is common to perform analyses of DDIS data based
on two levels of factorisation. First the diffractive structure
function FQD ® may be written as the convolution of the
usual coefficient functions as in DIS with diffractive parton
distribution functions (DPDFs) aP [4]:

F2D(3) — Z Cgﬂ ®CLD, (1)
a=q,9

with factorisation scale up, where a® = ¢P or BgP sat-
isfty DGLAP evolution in up. The collinear factorisation
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! The process and the corresponding variables are shown
in Fig. 1.
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Fig. 1. Diagram showing the kinematic variables which describe
the DDIS process v*p — X +p: xp is the fraction of the proton’s
momentum transferred through the rapidity gap, 8 = xs/xp is
the fraction of this momentum carried by the struck quark, zg
is the Bjorken x variable, ¢ = —Q? is the photon virtuality,
and t is the squared four-momentum transfer

theorem (1) applies when up is made large, therefore it
is correct up to power-suppressed corrections. In a second
stage, Regge factorisation is usually assumed [5] (see, for
example, the preliminary H1 analysis [2]), such that the
diffractive parton densities aP are written as a product of
the pomeron flux factor fp(xp,t) and the pomeron parton
densities a¥ = BqF or B¢F. Taking up = Q, the t-integrated

form is
aD(xﬂj’7ﬁaQ2) = fP(ﬂP’) aP(ﬁa Q2)a (2)

where the pomeron flux factor is taken from Regge phe-
nomenology,

Bpt

tmin e
Je(wp) = / A 1
Tp

tcut

(3)

with ap(t) = ap(0)+ap t. For simplicity of presentation we
omit the contribution of secondary reggeons to the right-
hand side of (2). Strictly speaking, the parameters ap(0),
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ap, and Bp must be taken from fits to soft hadron data.
However, then one fails to describe the xp dependence of the

Fy @) diffractive data. Therefore, as a rule [2], ap and Bp
are fixed by the analyses of soft hadron data, while ap(0),
and the parameters describing the input pomeron parton
distributions at some scale p, are determined from a fit to
the DDIS data. In these analyses, the pomeron is treated
as an effective pole in the complex angular momentum
plane, and regarded as a hadron-like object of more or less
fixed size. This Regge factorisation takes place in the non-
perturbative region at some low scale p, with u < g, of
the order of the (inverse) size of the hadron. However, in
such fits, the value of ap(0) extracted from DDIS data (for
example, 1.17 in [2]) lies significantly above the value of 1.08
obtained from soft hadron data [6]. This indicates that there
is a contribution coming from the small-size component of
the pomeron, that is, coming from the perturbative QCD
region where the vacuum singularity has a larger intercept.

This Regge factorisation approach is a simplified phe-
nomenological model. Here we shall not assume Regge fac-
torisation for the whole aP, but instead study the impact of
applying perturbative QCD to the analysis of DDIS data.
The procedure we discuss in this paper formed the basis
of our earlier DDIS analyses (7, 8].

The content of this paper is as follows. In Sect. 2 we recall
the collinear factorisation which underlies the description
of inclusive DIS. This paves the way for the discussion in
Sect. 3 of the evolution equations for the diffractive parton
distributions P due to the perturbative pomeron. These
equations contain an appreciable inhomogeneous term?,
analogous to the inhomogeneous term in the evolution equa-
tions for the parton distributions of the photon. Since the
evolution equations for the diffractive densities aP are a
little subtle, it may be helpful at this stage to look ahead
to the discussion in Sect.7. Although collinear factorisa-
tion holds in DDIS in the asymptotic limit, at the relevant
HERA energies there exist important modifications. These
are discussed in Sect.4. Then in Sect. 5 we explain why it
is necessary to include a pomeron made of a sea-quark—
antiquark pair in addition to the pomeron made of two
t-channel gluons. Section 6 shows some relevant properties
of a recent analysis [7] using this approach, and Sect.7
summarises how universal diffractive parton densities are
extracted, after allowing for the modifications to DDIS fac-
torisation. The appendix contains a derivation of all of the
pomeron-to-parton leading order (LO) splitting functions
that are necessary to analyse DDIS data.

2 Collinear factorisation

The problem in the analysis of both DIS and DDIS data
is that we can only use perturbative QCD (pQCD) at
small distances, that is, at large Q2. Within pQCD we can
study the evolution of parton distributions, but the initial

2 The existence of the inhomogeneous term has been known
for some time [9,10], but it is ignored in most phenomenological
analyses of DDIS data.
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Fig. 2. Ladder-type diagram
for the DIS cross section. The
i gluon line crossing two gluon
rungs means that this is a
NNLO contribution with two
as factors unaccompanied by
i In(Q?/1?) enhancements

distributions at some relatively low scale p are of non-
perturbative origin and, at present, have to be determined
by fitting to the data. A factorisation theorem underlies
the analysis. It enables the amplitude to be factored into
two parts, one purely in the pQCD domain, and the other
parameterised by a phenomenological ansatz. In terms of
Feynman diagrams, the factorisation is based on the re-
summation of the series of the most important higher-order
corrections where the small coupling ag is enhanced by a
large In(Q?/p?). That is, we can divide such diagrams, at
a “logarithmic loop or cell”, into a part depending only on
large scales from a part containing the low scale. Let us be
more explicit.

First, recall how collinear factorisation occurs in DIS.
In a physical gauge (such as the axial gauge for the gluon
field with Af}q’ " = 0, where ¢’ is the light-cone vector in the
photon direction) the leading log contributions come from
ladder-type graphs®; see Fig. 2 [11]. In such graphs any box
may be considered as the logarithmic loop which provides
the factorisation at some scale u = up. Indeed, the integral

over each virtuality g; takes the form f it dq?/q?, and in
order to generate a large log to compensate the small ag,
we need to be in the strongly-ordered region? with ¢? <
qi2+1. Because of this strong ordering, the parton ¢; may be
considered on-mass-shell for the upper part of the diagram,
which can be regarded as the matrix element of the hard
subprocess where all the other virtualities are much larger
than g¢;. This upper part represents the v*g; interaction,
and contains the coefficient function and the upper part of
the ladder. At LO we keep the LO coefficient function and

3 Besides the ladder graphs, we have to include virtual loop
corrections, which may be included in the usual way by the
plus prescription.

4 (LO) DGLAP evolution effectively sums up these leading
In(Q?/u?) terms. In the case of BFKL we have an analogous
factorisation. However, instead of [dq?/q7, we have [dz;/z;
to provide the strong ordering in emission angles of the gluons.
In this case the t-channel partons are two reggeised gluons.
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the LO splitting functions, so each upper loop is logarithmic
and could provide an alternative factorisation scale ug. The
distribution of parton ¢; depends on the parameterised
input distribution at some fixed scale py determined by
fitting to the data in the pQCD domain. Starting with the
phenomenological distribution at pg the PDF is evolved
up to the factorisation region pp. The physical result does
not depend on the choice of the factorisation scale pp (up
to O(ag) corrections when working at LO accuracy). If we
change ur we move from one cell to another. The change
in the distribution in going to the new up is compensated
by the change of the hard interaction in the upper part of
the diagram.

Corrections to this LO picture occur if two gluons may
have comparable virtualities or if an extra gluon were to
cross one or more of the existing gluon rungs (as shown in
Fig. 2). In these cases the large log integrations are absent.
In such contributions the extra powers of ag are unac-
companied by logarithmic enhancement, that is, they are
higher-order in ag (NLO, NNLO, ...) contributions to the
splitting functions. If the additional gluon couples to the
upper blob or the uppermost rung, then it would involve
higher-order contributions to the coefficient function.

3 Evolution of the diffractive parton densities

Let us now turn to DDIS. Here we have to include a rapidity
gap between the ladder and the proton target, and to iden-
tify the appropriate factorisation scale for the DPDF evo-
lution.

3.1 Starting scales

Consider the LO Feynman graph where pomeron exchange
is described by a gluon ladder; see the left-hand side of
Fig. 3. The kinematics of the process are fixed by the mo-
mentum % of the first emitted parton at the end of the
rapidity gap. Indeed, the virtuality of the first ¢-channel
parton in the upper ladder fixes the scale y? = kZ /3, where

B is the (light-cone) momentum fraction of the pomeron
carried by parton k and ki is its transverse momentum.
The derivation of p? = k2/ B is given in the appendix; see
(A.44). We assume that |t| < k2. This scale p plays the role
of the lowest factorisation scale for the usual DGLAP evo-
lution in the upper part of the diagram. Simultaneously,
it is the upper scale for the lower part of the diagram.
Indeed, the integral over the transverse momentum [; of
the t-channel gluon has the logarithmic form for 12 < 2,
whereas for 12 > p? it converges as di2/I} and its contri-
bution may be neglected as usual. After accounting for the
evolution in the lower part of the diagram, and integrating
over Iy, the probability amplitude to find the appropri-
ate t-channel gluons is given, at LO, by the conventional®

5 To be precise, the skewed gluon distribution is required,
which can be written as a constant factor (A.23) multiplied by
the conventional gluon distribution [12].
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given in terms of

> the gluon g(x{P,pz)
determined in
global DIS analysis

Fig. 3. A ladder-type diagram showing a contribution to the
diffractive parton densities aD(ac]p,ﬁ, u3) in the perturbative
region, p > po ~ 1GeV. DGLAP evolution for the pomeron
densities (a¥ = B¢F, B¢¥) is performed from u to ur for each
component u of the perturbative pomeron in the perturbative
interval po0 < p < pr and then the sum is taken. The virtuality
1?2 of the first t-channel parton in the upper ladder is fixed by the
momentum k of the emitted parton at the edge of the rapidity
gap, u? = kZ/3; see (A.44). The dashed lines in the upper ladder
may be either gluons or quarks. The two gluon ladders shown in
the diagram represent pomerons. In general, these ladders can
also contain quarks as well as gluons. We label the contributions
where the two uppermost t-channel partons (labelled 7, on the
left-hand side) are gluons, in both lower ladders, by P = G.
There are also contributions in which both ladders have a sea-
quark—antiquark pair as the two uppermost t-channel partons.
We denote these contributions by P = S. The flux factor in this
case, fr=g, is given by (7) with g replaced by the sea-quark
density of the proton, S. There are also interference terms in
which one ladder is P = G and the other ladder is P = S. We
denote this contribution by P = GS. The factorisation scale
p is usually taken to be Q?

integrated gluon distribution of the proton, zpg(wp, u?),
which is known from global analyses of DIS and related
hard-scattering data.

The evolution of P is a little subtle. Before we integrate
over the momentum k; — that is, selecting events with a fixed
transverse momentum of the lowest parton — we can indeed
see that the scale u is the lowest possible factorisation
scale for the diffractive parton densities a”. However, for
inclusive DDIS, we must integrate over k¢. The integral over
k: translates into an integral over u, and may be written,
up to a normalisation factor, in the form®

Q% 4,2 2
a? = / diz - [asiru»g(:rp,uz)} a’. (4
w2 M2 oae [ p
The term [...]%/zp plays the role of the pomeron flux, fp,
which occurs in the conventional analyses; see (2) and (3).
At first sight, the integral is concentrated in the infrared
region of low p. However, for DDIS we consider very small

5 The derivation of the form of (4) is given in Sect. A.1 of
the appendix.
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xp. In this domain the gluon has a large anomalous dimen-
sion. Asymptotically, BFKL predicts zpg(zp, u?) ~ (12)°5
for fixed ag [13]. In this case the integral (4) takes a log-
arithmic form, and we cannot neglect the large scale
contribution. This complicates the evolution by adding a
non-negligible inhomogeneous term to the DGLAP equa-

tion for the diffractive parton densities aP.

3.2 Inhomogeneous contribution
to the evolution equation for aP

Before we present the evolution equation for DDIS; it is
informative to recall the evolution equation for the par-
ton distributions of the photon, which also contains an
inhomogeneous term. It is of the form [14]

aq(l’,QQ) _as ! dz xT
omQz %/L 7qu(z)q(2’Q2)

acmez ! dz xT
R

where, for simplicity, we show only the quark non-singlet
evolution. The right-hand side of the evolution equation
now contains an inhomogeneous term, which acts as an
extra source of quarks produced by the splitting of a point-
like photon. The point-like photon has a distribution of

the form

1y, Q%) = 8(1 —y). (6)
Note that, since the photon is point-like, the extra source
is independent of Q2.

We also have an eztra source of contributions in the
evolution of the diffractive parton densities, a®, for u in
the perturbative region. Thus the evolution equation for
aP contains an inhomogeneous term. This term depends
on the scale pu. From (4), we see that the dependence is
described by the factor

9 N as 2 2
f]P’(x]P’; M ) = — mPg(l’P, 1% ) )
Ip 1%

which specifies the strength of the inhomogeneous source
of partons coming from the component of the pomeron
of size 1/u. (Our choice of the normalisation factor N is
specified in the appendix; see (A.30).) To be more pre-
cise, we mean partons coming from the component of the
pomeron wave function corresponding to the integration
of the lower parts of the diagram shown in Fig. 3 over Iy up
to scale p. An explicit pQCD calculation [15] shows that
the corresponding splitting functions of this perturbative
pomeron into quarks and gluons are of the form

Pyp(B) o< (1~ ), (8)
Pyp(B) o (1+26)*(1 - B)°. (9)

The derivation and normalisation” of the splitting functions
(and flux factor fp) are given in the appendix; see (A.31)

7 Of course, only the product of the flux factor and the
splitting functions have a precisely defined normalisation. Our
choice for the normalisation of the separate factors is given in
the appendix.

and (A.58). Differentiating (4) with respect to InQ?, we
see that the evolution equations for the diffractive parton
densities (aP = B¢P, BgP) are

Q? du? oaF
_ H L2y 94
—/ 2 fe(zp;p )aanQ

I
+f]p({1}]p>;/},2)GP(IB,QQ;MQ)|“2:Q2
Q* du2 ,
[ S et G Y Purwa”
0 a'=q,g
+fo(zp; Q%) d” (B, Q% Q%) (10)
=52 Y Paw @ + folar; Q%) Pur(B).

a’=q,g

daP

0ln Q2

Here, af(3,Q% p?) are the pomeron parton densities
DGLAP-evolved from a starting scale u? up to @2, from
input distributions a® (3, u?; u?) = P.p(B).

If we were to assume that fp were independent of 2,
as is the case for BFKL asymptotics, then (10) would be
an inhomogeneous DGLAP equation exactly analogous to
that for the photon. The only essential difference would be
the form of the § dependence of the splitting functions P,p.
At first sight this appears strange. The pomeron, unlike
the photon, is an extended object, and we might have
anticipated a form factor dependence fp ~ 1/(u®R2). For
such an extreme behaviour, the inhomogeneous term would
be a power correction and could perhaps be neglected in
the evolution equation. However, as xp — 0, the proton
gluon density g(zp, u?) grows as (u2)%-, and compensates
the form factor power-like suppression. The HERA domain
is an intermediate region: the anomalous dimension - is not
small, but is less than 0.5, with g ~ (u2)”. Thus, although
the integral in (4) is convergent at large u?, we still cannot
neglect the inhomogeneous term in (10).

The behaviour of the inhomogeneous term can be seen
from Fig. 4, which shows the ;2 dependence of the flux fp
of (7) with N =1 for three typical HERA values of zp. Of

0.5 — —
r xp=0.001 ]

04+ - Xp=0.003
| — — X, =001

2
cXps L)
=
(98]
T
|

z /.' \\
ook N .
& /. N
o] [ / \\ 4
/ N
0 1*/ ~ ~
~
l \\\ * . ]
: Ll \ e
O1 10 100
2 2
u (GeV')

Fig. 4. The p? dependence of the flux factor fe, given by (7)
with N = 1, for three different values of zp and using the
MRST2001 NLO gluon distribution of the proton [16]
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course, fp is not constant and dies out with increasing 2,
but it is still appreciable up to rather large p?. Therefore,
we cannot neglect the inhomogeneous contribution when
we describe HERA diffractive data with Q? ~ 10-50 GeV?2.
Typically the perturbative contribution, from scales p >
o ~ 1 GeV, is found [7] to be responsible for about half or
more of the DDIS HERA data, depending on the value of
(. Moreover, it is seen from Fig. 4 that, even for very large
@?, DDIS factorisation must be modified when working
with input scales p2 less than about 10-50 GeV?2. Also,
note that the convergence of the 2 integral decreases with
decreasing xp.

In practice, rather than to solve the inhomogeneous
equation (10) directly, it is more convenient to use a sep-
arate standard homogeneous DGLAP equation for each
component p of the pomeron. Then we can sum up (that
is, integrate over p1) the different ;2 contributions, in which
the standard DGLAP evolution of each component starts
from its own scale u, provided that p isin the pQCD domain
(1 > o), and continues up to the (collinear) factorisation
scale pp. The contribution coming from p < o must be
treated non-perturbatively. This component of the diffrac-
tive densities aP is included in the starting distributions
at po whose parameters are obtained by fitting to data.

4 Factorisation in DDIS
and sub-asymptotic effects

From the formal viewpoint, for any fixed xp, the inhomo-
geneous term in the evolution equation (10) for aP dies out
as Q? — oo. Thus if we evolve from a large enough starting
scale, ug, we are entirely in the perturbative regime and
the diffractive parton densities, aP, are described by the
usual (homogeneous) DGLAP equations and satisfy the
collinear factorisation theorem, just like the parton densi-
ties for DIS whose factorisation was described in Sect. 2.
The factorisation theorem for DDIS was proved in [4].

However, this is not true in the HERA domain, and in
this section we emphasise those places where a more pre-
cise treatment of diffractive parton densities is necessary.
Nevertheless, universal diffractive parton distributions can
still be obtained from analysing DDIS data, provided that
care is taken in the analysis.

4.1 Inclusion of the inhomogeneous term
and the effect on gP°

For a low starting scale ug, but still satisfying ug > Aqcp,
we can no longer omit the inhomogeneous term in the evolu-
tion (10) of the diffractive parton densities, aP. One conse-
quence is that we will obtain a smaller diffractive gluon den-
sity gP. Indeed, it is known from the global analyses of DIS
data that the gluon is mainly driven by 9F;/01n Q% ~ as g.
However, for DDIS, the perturbative pomeron contribution

to Fr™ is [7]

D(3)

FQ,pert.(IPaﬂaQQ) (11)

Q* du?
:/ H—MQ fo(ap; ) Fy (8, Q% 1)
/

2
2]

OF,),
Oln Q2
Q* 4,2 OFP 2.2
H 2 5 (8,Q% 1)
= — felop ) ——F—F5—
/MS 2 0ln Q2

+fe(zp; Q1) Fy (8,Q% Q7). (12)

Here, F¥ (8, Q?; 1u?) is the pomeron structure function, eval-
uated from the DGLAP-evolved pomeron parton densities
a®(B3,Q% u?). The first term of (12) behaves roughly as

ag gP. Therefore, part of the derivative 6F2D(3)/81n Q?
comes from the upper limit Q2 of the integral over the
pomeron scale p, and so this results in a smaller diffractive
gluon density than if the second term of (12) was neglected.

4.2 Heavy quark contributions

To be specific we consider the contributions of the charm
quark, ¢. For moderate Q? it is convenient to use the
fixed flavour number scheme, where the charm contribu-
tion arises from photon-gluon fusion v*¢g* — c¢. However,
in this case we will miss the diagram where the pomeron
directly produces the c quark, that is, when c is the lowest
parton k in the upper ladder of Fig. 3. In this case there is
no evolution and no factorisation. This contribution should
be added separately.

At high @Q? the difference between light and heavy
quarks disappears. Then we should use a variable flavour
number scheme, where a diffractive charm density is intro-
duced at scales above the charm threshold.

Here is a good place to emphasise the difference between
the pomeron densities a” and the t-channel content of the
pomeron. Already in the charm example above, we see that
although the pomeron is built up only of gluons; it produces
not only gluons, but also light and heavy quarks.

In analogy to heavy quark production, the direct cou-
pling of the perturbative pomeron has to be included in
the description of high Er dijets in DDIS. Again, this
cannot be described purely as a convolution of aP with a
“hard” matrix element. This direct contribution should be
added separately.

4.3 Twist-four contributions in DDIS

From (8) and (9), we see that the leading-twist splitting
functions vanish as 3 — 1. For large 3 and the Q? values

typical at HERA, we cannot neglect the twist-four FI]? )
contribution, which goes to a constant value as § — 1.
This contribution was calculated in [15], and turns out to
be numerically appreciable. Moreover, it dies out with in-
creasing % rather slowly since the extra 1/Q? twist-four
suppression is partly compensated by the sizeable anoma-
lous dimension 7 of the gluon; recall [g(zp, Q?)]? ~ (Q?)?.
This twist-four contribution goes beyond the leading twist-
two approximation. It is described by its own twist-four
evolution and coefficient functions.
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Fig. 5. The behaviour of the gluon and sea-quark distributions
at Q% = 2GeV? found in the CTEQ6.1M [17] and MRST2004
NLO [18] global analyses. The valence-like behaviour of the
gluon is evident

5 The sea-quark component of the pomeron

So far we have taken the pomeron to be a parton ladder
where the two uppermost t-channel partons are gluons.
However, at small scales u2, the gluon densities have a
valence-like structure. They decrease with decreasing x
already from x ~ 0.01 for u? ~ 2 GeV?; see Fig.5. On the
other hand, the sea-quark density S = 2(@+d+35) increases
as S ~ £~ %2 with decreasing . As a consequence we have
to include another contribution to the pomeron in which
the two uppermost t-channel partons in the lower ladders
in Fig.3 are a sea-quark—antiquark pair. Thus we must
introduce a sea-quark pomeron flux fp_g given by (7) with
xpg replaced by xpS. To avoid confusion we denote the flux
in (7) by fp—c. In general, the two lower ladders in Fig. 3,
shown as gluon ladders, contain both quarks and gluons. For
a gluonic pomeron (P = G) or asea-quark pomeron (P = 5)
the two uppermost partons in the ladders are gluons or
sea quarks respectively. In addition, we must include the
interference contribution coming from one P = G ladder
and one P = S'ladder in Fig. 3. We denote this contribution
by P=GS.

We present the calculation of all the LO pomeron-to-
parton splitting functions in the appendix. The calcula-
tion of the splitting functions for the gluonic pomeron (see
P,p—¢ and P,p=g of (8) and (9) respectively) already
exist® in the literature [15], but those for the sea-quark
pomeron are derived for the first time.? They have the forms

Pyp=s(B) o< f(1 = B),
Pyp—s(B) o< (1 - B)%
see (A.71) and (A.84) of the appendix. In addition, there
are interference contributions between the gluonic pomeron

and the sea-quark pomeron, which we label by the notation
P = GS. These splitting functions have the forms

Pq,]P’:GS(ﬁ) X ﬁ2(1 - ﬂ)a

8 Here we clarify certain factors of 2.
9 These forms were used in the analyses of [7,8].
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Fig. 6. The perturbative (P = G,S, and the GS interference)

and non-perturbative contributions to FQD (3), for two sets of xp,
B, and Q? values, found in the analysis of HERA DDIS data
in [7]. The plots show the 1% dependence of the perturbative
contributions; their integral over p? is shown by the numbers
in parentheses in the legend

Pyr=cs(8) o< (1= B)*(1 +20);
see (A.89) and (A.96) of the appendix.

(16)

6 pQCD analysis of DDIS data

The pQCD approach described above has been used to
analyse the new HERA DDIS data [7]. A good description
of both the ZEUS and H1 data was obtained. The plots in
Fig. 6 show the separate non-perturbative and perturba-
tive (P = G,S, and the GS interference) contributions to
FQD (3), for two sets of values of zp, 3, and Q2. The num-
bers in brackets in Fig.6 show the total contribution of
the different components starting from pg = 1 GeV; and
correspond in the perturbative cases to taking the integral
over ;2. We see, first, that the perturbative contribution is
significant and sometimes dominant and, second, that the
modifications of DDIS factorisation are important, that is,
the inhomogeneous term in the evolution equation plays a
crucial role.

It is informative to study the various contributions
to 6F2D(3)/81n Q? in some detail, since this is the quan-
tity which mainly drives the behaviour of the diffractive
gluon distribution. Recall that in the global analyses of
inclusive DIS data, the small-x gluons are extracted using
DGLAP evolution in which 0F;/0InQ? ~ asgg. As we

have mentioned, in DDIS, the derivative 6F2D(3)/81n Q?
contains an additional contribution arising from the inho-
mogeneous term; see (12). In Fig. 7 we show the 5 depen-
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4 T T
2 2
xp=0.003, Q" = 15 GeV Tol = |
[ N Pert. an /0ln Q” term q
- -~-- Inhomogeneous term
Non-perturbative
2 ——— Twist-four *
Secondary Reggeon

Fig. 7. The breakdown of the contributions to the description
of the slope 8F2D(3)/8 In Q? as a function of 8, for @Q* = 15 GeV?
and zp = 0.003 obtained in the MRW analysis [7] of the com-
bined ZEUS and H1 DDIS data, which uses MRST2001 NLO
partons [16] to calculate the perturbative pomeron flux

dence of the In Q? derivative of FQD(?’), for zp = 0.003 and
Q? = 15GeV?, obtained in the recent MRW analysis [7]
which takes pg = 1GeV. From this figure, we see that

the major contribution to 8F2D(3)/81n Q? comes from the
first term in (12), that is, the perturbative DGLAP con-
tribution for p > po given by the dotted curve. The non-
perturbative contribution coming from p < pg is rather
small for 8 < 0.5. The contribution corresponding to the
differentiation of the upper limit of the u? integral, that
is, the second term in (12), is shown by the short dashed
line. Clearly it is not negligible. The twist-four (F]]JD (3))
contribution is important, as expected, for large §, and
the contribution from the secondary reggeon at this small
value of xp is practically invisible. In summary, we see that
the slope for § < 0.2 is dominated by the perturbative
DGLAP contribution, and for 8 2 0.8 by the twist-four

FLD ®) contribution, while for § ~ 0.5 the inhomogeneous
contribution is largest. In any complete analysis of DDIS
data, it is clear that the inhomogeneous term must be taken
into account.

7 Discussion

The QCD analysis of diffractive structure functions is sub-
tle. To clarify the situation it may be helpful to pursue
the analogy with the parton distributions of the photon.
The evolution can be expressed in two alternative forms. In
the first form, the DGLAP evolution (5) of the parton dis-
tributions of the photon includes an inhomogeneous term
arising from the direct splitting of a point-like photon into
a gq pair. This splitting may take place at any current scale.
An alternative way to account for this effect is to treat the
photon as a parton, and to consider homogeneous DGLAP
equations which embrace the evolution of the gluon and
quark distributions, together with that of the photon itself.
For such a photon density we have the trivial distribution
~v = §(1—x), but now the inhomogeneous term is embodied

in the enlarged set of homogeneous DGLAP equations for
q, g together with . The advantage of the latter approach
is that, in such a form, we have enlarged the subspace where
the factorisation theorem applies. We can now factor off
the matrix element of the hard subprocess i+j — X where
1,7 = q, g, or v. Thus we have the possibility of the photon
directly participating in the hard interaction.

In the case of the diffractive parton distributions, we
have a very similar situation to that of the parton densities
of the photon. The DGLAP evolution contains an inhomo-
geneous contribution arising from the pomeron-to-parton
splitting, as given by the last term in (10). In the Q% — oo
limit, and at fixed xp, due to the 1/Q? factor explicit in
fp, this may be treated as a power correction and safely
neglected. Then the DDIS factorisation theorem is valid.
However, for small xp, the parton densities increase rapidly
with increasing Q?, partly neutralising the power suppres-
sion of the inhomogeneous pomeron-induced term. As a
consequence we must retain the inhomogeneous term, and
we are forced to reject the attractive postulate that DDIS
factorisation [4] holds down to low scales.!?

Since, in practice, it is easier to work with homoge-
neous DGLAP equations, we can proceed in one of two
ways. First, just as in the photon case, we may treat the
pomeron as an extra parton, and enlarge the set of DGLAP
equations to include fp, as well as ¢ and g®. We denote
the pomeron density as fp to be consistent with our pre-
vious notation. The extra terms Pypfp and Pypfp in the
homogeneous DGLAP equations for ¢ and gP involve the
pomeron-to-parton splitting functions. Moreover, just as
in the photon case, to calculate the cross section we have to
include the direct pomeron coupling to the hard subprocess
(see Sect. 4.2 for an example). In this approach the effective
pomeron distribution fp is now described by the pomeron
flux fp = fp—c of (7), together with the corresponding flux
fp=g for the sea-quark component of the pomeron, and the
P = GS interference term. Recall that the inclusive parton
densities of the proton, zpg and xpS, which occur in these
fluxes, satisfy their own DGLAP evolution equations.

Equally well, the inhomogeneous DGLAP evolution of
diffractive parton densities could be accomplished in an
alternative way. We may sum up the parton densities given
by a series of homogeneous DGLAP equations with different
values of the starting scale p. Suppressing the zp and [
dependence, the general structure is

a® (s po) (17)

D & dy® 2y P
= a’non—pert.(:u’F;:u’O) +/ ? P(M )a’ (MF7M)7

u3

where af (up; 1) results from DGLAP evolution up to up
starting from the input a® (; ) = Pop(3). The non-pertur-
bative term, agon_pertv ,is exactly analogous to the procedure
used in the Regge factorisation analysis described in Sect. 1,

but with ap(0) fixed at the “soft” value of 1.08 [6]. The

10 This postulate is the basis of the description of DDIS that is
presented in [19]. We thank Paul Hoyer for clarifying discussions
concerning this work.
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important new ingredient is the pQCD contribution given
by the second term on the right-hand side of (17), which
has contributions from the gluonic and sea-quark pomeron
(P = G,95), and their interference (P = GS). Setting pp =
@, it is clear that (17) satisfies the inhomogeneous evolution
equation (10).

In summary, we have shown how to obtain universal
diffractive parton densities a® which can be used in the
description of different diffractive processes. Of course, for
diffractive production in high-energy hadron—hadron col-
lisions, we have to take care that the rapidity gaps are not
populated by secondaries produced during the soft inter-
action of spectators. This well-known rapidity gap survival
factor, usually denoted by S? [20], may be calculated from
phenomenological models tuned to describe elastic and re-
lated “soft” hadron—hadron processes [21,22].

In addition to the hard subprocesses originating from
the collision of quarks and gluons from the resolved
pomeron, we must also include the contribution where the
perturbative pomeron directly participates in the hard in-
teraction. In particular, the calculation in the appendix
of the cross section for diffractive open charm production
may be treated as the coefficient function for v*P — cc in
the fixed flavour number scheme.
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Appendix A: The gg and qg pomeron in pQCD

In this appendix we compute the lowest-order Feynman dia-
grams which give the 8 dependence of the quark singlet and
gluon starting distributions of the perturbative pomeron,
X8, u%; pu?) and gF (8, u?; u?). Here, the quark singlet dis-
tribution X% = uP 4+d¥ + s* +aF +d¥ +5°, with all six quark
densities of the pomeron equal to each other. In Sect. A.1 we
compute Y= and ¢"=¢ assuming that the QCD pomeron
is made from two ¢t-channel gluons. Wherever possible, we
check our results with those of Wiisthoff [15] in the limit of
massless quarks and with [23] in the case of massive quarks;
see also the original work of [24]. Then in Sect. A.2 we ex-
tend the formalism to calculate X¥=5 and ¢*=° assuming
that the pomeron is represented by a t-channel sea-quark—
antiquark pair. Finally, in Sect. A.3 we calculate Y7=¢%
and ¢"=5 resulting from the interference between the glu-
onic pomeron and the sea-quark pomeron. As explained
in the main text, the starting distributions, X% (3, u?; u?)
and g% (8, u?; 4?), can be thought of as pomeron-to-parton
splitting functions, P;p and Pyp respectively.

Fig. 8. a Quark dipole and b effective gluon dipole interacting
with the proton via a perturbative pomeron represented by two
t-channel gluons

We will work in the leading logarithmic approximation
(LLA) to derive the factorised form of (11):

Q? du?
n
F;?p(iZt,(m,ﬁ, Q) = /2 2 fe(ap; %) Fy (8, Q% 11°).

o

(A1)
Higher order corrections (for example, to NLO accuracy)
may be incorporated by considering proton and pomeron
parton densities satisfying NLO DGLAP evolution, by us-
ing the NLO coefficient functions to calculate F}, and by
computing O(ag) corrections to the pomeron-to-parton
splitting functions. However, note that the factorised struc-
ture of (A.1) persists even at NLO (and beyond).

A.1 Two-gluon exchange (P = G)

First we consider the kinematics of the quark dipole shown
in Fig. 8a. We use a Sudakov decomposition of the momen-
tum k of the off-shell quark,

k:aq/+ﬁkp+kLa (A2)
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with ¢ = ¢+ zpp, ¢ = 0 = p?, k:2 = —k2Z. The two
outgoing components of the dipole have momenta

(k,2+m2)/Q2
g—k=(1-a)q tap T
- (

k2+m2 2
k:k—&—x]pp:aq/—l—xB—t f)/Q
(6]

(A.3)
P + ]ﬂ_7 (A4)

where the on-shell conditions, (¢ — k)% = mfc and k2 =

m?c , determine

k2 +m? 2
L)
l-«a
(k¢ +m3)/Q?
Tp IB<+ a(l— o) (A.5)
The invariant mass of the qq system is given by

k2 + m?

M3 = = 5 A6

The kinematic limit occurs when o = 1/2, giving a maxi-

mum value for k7 of M% /4—m7. Since § = Q*/(Q*+ M%),
(A.6) can be written as
kZ +m?
a(l - )@ :ﬂl—ﬁf = B?, (A7)

where the last equivalence specifies our choice of factori-
sation scale p. The off-shell quark with momentum k& in
Fig. 8a has virtuality given by

12

k2 —m2 =— ~ 2 A8
"y 1—« i (A-8)

since a < 1in the approximation of strongly-ordered trans-
verse momentum, p? < @2, to which we are working.!!

A.1.1 Quark dipole with a transversely polarised photon

The differential v*p cross section corresponding to Fig. 8a
is given by a kg-factorisation formula. It can be written
in terms of photon wave functions ¥ («, k), describing the
fluctuation of the photon into a quark—antiquark dipole,
convoluted over a and k; with a dipole cross section &,
describing the interaction of the dipole with the proton via
two-gluon exchange. The dipole factorisation formula for
Fig. 8a with a transversely polarised photon is

dk
T / / Z €f Qem

1 d?lt dé |?
SED O] Ly A
y,h,h==%1 t

y*p
daT dor 4q

- (A.9)

)

1 Actually, from (A.7), u? < @Q? implies either a < 1 or
(1 — @) < 1, but it is conventional to take the former.
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where the ¢g dipole wave functions, %), ,, and the operation
D are specified below. This formula for diffractive DIS may
be compared to the corresponding result for inclusive DIS,!?

! dk? Z )
:NC A da % €f Qlem
1 d-l
Xi E /7t |Whh’ a kt)

'yhh’

W (e ke + 1)

Al
< (A-10)

The light-cone wave functions for the quark—antiquark
dipole with a transversely polarised photon are [15,23]

On,—n [(1 —2a)h — 7] €y - ky + Sppy my b
kg +m3 +a(l — a)Q?

yv/i’:h’ (aa kt) =

)

(A.11)
where 7, h, and ' denote the helicities of the photon, quark,
and antiquark, respectively. Here, ky = ki +ik? = (k}, k?)
and the circular polarisation vectors of the photon are
€, = (1,7)/v2. The denominator of these wave functions
is the virtuality of the off-shell quark with momentum k:

kK 4+mi+a(l-a)Q? = (1-B)u?+Bp® = p? ~ [k —m3|.
(A.12)
Note that the wave functions are symmetric under o —
(1 — «) and ky — —k;, corresponding to ¢ <> ¢, that is,
(A.3) > (A.4), so we only need to sum over flavours in
(A.9) and not over quarks and antiquarks separately.
The four different permutations of the couplings of the
two t-channel gluons to the two components of the quark
dipole, shown in Fig.9a, are obtained by simply shifting
the argument of the wave function:

DW(Oé,kt,lt) (Al?))
= ZW(CY, kt) — !I/(Oé, kt + lt) - W(Oé, kt — lt)
We choose a basis where ki = k¢ (1,0) and Iy = [; (cos ¢,
sin ¢) and neglect the 2p p components of the momenta. We
work in the approximation of strongly-ordered transverse
momenta, [y < pu < @, and expand DV in the limit Iy — 0,

only keeping the leading term proportional to I2. After
performing the azimuthal integral, we find

2T[d
/ 27¢Dy7hh,(0l ktalt)
0
i
3

[k? +m7+a(l—a)@Q?

X {4[04(1 —a)Q* + mfc]

XS, [(1 = 20)h — 7] €, - Ky

+268u myhla(l —a)Q® +mj — k]};

cf. (21) of [15]. After changing variables from « and k2 to
B and p? using (A.7), we obtain

>

v, h,h/=%1

(A.14)

2

21td¢
/0 o DW{Zh/(a ks, 1)

12 Note the extra factor 2 in (A.10) compared to (7) of [15].
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(A.15)

The other necessary part of the calculation is the cross
section for gp — ¢p, which may be obtained from that
for the process q¢ — ¢qq with t-channel gluon exchange,
shown in Fig. 10a. We assume that k2 ~ 0 and neglect the
xp p components of the momenta in these calculations. The
qq — qq differential cross section is

dé | M2

—(qq — qq) = ;
/] (99 = 49) = 7575

(A.16)

where § = 2k -p = aQ?/xp ~ p?/xp and £ = —I2. The
squared matrix element for gqg — qq is

M = J€ S Tk (k1) (a.17)
X Trhp]h/a(]é - yJ-)] (_gup)(_gua)7
where the colour factor is
Clqq — qq) = % Te[t4¢P) Te[tA 8] = ; (A.18)

k k
—_ mwAiv,B ——
nel g
—_— p. Ao, B —_
p p

Fig. 10. Cut diagrams giving the dipole cross sections for the
two-gluon pomeron: a q¢ — qq and b gqg — gq

Fig. 9. The four different permuta-
tions of the couplings of the two t-
channel gluons to the two components
of a the quark dipole and b the effective
gluon dipole

In the high-energy limit, where only the terms to leading
O(|t|/8) are retained, that is, in the Iy — 0 limit, we have

0~ a0) = 75 o as(iP)as (), (A.19)
b t
where appropriate scales for ag have been chosen corre-
sponding to the two different vertices in Fig. 10a. The lower
vertex in Fig. 10a may be considered as the first step of
DGLAP evolution, which generates the unintegrated gluon
distribution of the proton, f,(zp, (2, u?). Therefore, we ob-
tain the cross section for ¢p — gp by making the replace-
ment

as(th) aS(th) 4 2
AN TP o) = 2CFr = —ag(l

o ¢ 9a(¥) s on ST as(lt)

— fg(m]p,lf,uz). (A.20)

This replacement accounts for more complicated diagrams
than Fig. 10a which include the complete DGLAP evolu-
tion, leading to

dé 1 2r?
qz (0 = ap) = 35 5 as (W) fo(we, 1F, 7). (A.21)
t t
Combining (A.15) and (A.21) we obtain
21, dé |?
>[5 e
v,h,h!=+1 t
2 2
64 on? (M di ) o
= P {3 [30¢S(M )/o ?fg(x]l"alta/‘ )
256m* 2
= W [as(;f) x]pg(x]p,MQ)] {-..}, (A.22)

where g(zp, u?) is the integrated gluon distribution of the
proton and {. ..} denotes everything inside the curly brack-
ets in (A.15). Strictly speaking, this last expression should
be written in terms of the off-diagonal (or skewed) gluon
distribution of the proton, since the left and right ¢-channel
gluons in Fig. 8a carry different fractions of the proton mo-
mentum. At small zp, and assuming that zp g(zp, u?) o<
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:cﬂ,, , then the off-diagonal gluon distribution is given by where the “pomeron flux factor” is'*
the diagonal distribution multiplied by an overall constant )
factor [12],3 1 as(p?
fo—c(zp; p?) = Ry s(r) wpg(zp, 1’) |
2A+3 zpBp I
g vro I'(A+4) ' and the “pomeron structure function” at a scale p origi-
nating from a component of the pomeron of size 1/u is
Changing the integration variables in (A.9),
2 e =GB, 1% 17) = (eF) BEZC(B, 1?5 1)
da dkj = dB3 dp (A.24) = (e}) B°(1 = B). (A.31)

V1—4Bu2/Q%’

then integrating (A.9) over ¢, assuming a ¢ dependence of
the form exp(Bp t), gives

O_'y*p _ R2 NC/ / /J‘ /Q2 Z Ol
T.qq BD 167 21 4ﬁu2/Q2 f em
1 e de |
x5 > / — D, a2 (A.25)

y,h,h/=%1

The relation between the diffractive structure function and
the v*p cross section is

FP®) _

Q> B do7?

= A2
A2 Qemy Tp  dS (A.26)

Thus, on inserting (A.22) into (A.25) we finally obtain

2 2
pE) _ N2 [ A 1 1
Fran = zf:ef / W T a5 By
2 2
[0
X [Rg s(r’) zpg(zp, 1°) % {1,

where again {. . .} denotes everything inside the curly brack-
ets in (A.15). Replacing ), ¢} by €2, this equation corre-
sponds to diffractive open charm production; cf. (45) of [23].
We now take the limit of massless quarks, my — 0
where f = u,d, s, in the approximation where p? < Q2.
In this approximation, we can replace the upper limit of the
2 integral, Q%/(43), by Q2. We also need to replace the
lower limit by an infrared cutoff 2. Then (A.27) becomes

2
poe _ [T LT
T,qq — 2 ,LLQ zpBp 9

x(e})3 (1~ P),

Oés( 2

) x]pg(xu»,ﬁ)r

(A.28)

where (e7) = (Zf e%) /n¢ (with ny = 3), which coincides
with (22

Q? du2
D(3) ﬂ
FT,q(? _/u

) of [15]. We can write this expression as

fe= G(le’v 2) F%P:G(ﬁ’uz;ﬁ)a (A-29)

12

on

13 This factor is not seen in calculating Fig. 10a since it is
absent in the limit zp — 0 [25].

Recall that the notation P = G is used to indicate that
the perturbative pomeron is represented by two ¢-channel
gluons. The quark singlet density (A.31) can be taken as
the initial condition at a scale y?, together with the corre-
sponding gluon density (A.58), for DGLAP evolution up to
Q?, giving XF=C(3, Q?; 1i*) and ¢"=% (8, Q%; ?); see Fig. 3.
In this context, 3XF=% (3, u?; u?) can be regarded as the
pomeron-to-quark splitting function, P, p=c(5); see (8).

A.1.2 Quark dipole with a longitudinally polarised photon

The dipole factorisation formula for Fig. 8a with a longi-
tudinally polarised photon is

do{ ;; dk?
dt | T T6m / / Zef fom
x Cl =0 47 : (A.32)
T hRqiz | PV
h,h/=+1

where the light-cone wave functions for the quark—antiquark
dipole with a longitudinally polarised photon are [15, 23]

20(1 — )@

!p ’ k 6 —h!’-
i ) = g i - )

(A.33)

Taking the limit Iy — 0 of the combination of wave functions
(A.13) and performing the azimuthal integral gives!®

2n
/ do Dwfjhp(a ki, L)
0

= (A.34)

a(l—a)Q* +mj -k}

=1
[kf +m7 +a(l - a)QQ}

4(1(1 a)Q 6h,—h’~

3

Squaring this expression and summing over the quark he-
licities gives

21 2
d
/ ¢Dw,jh,°(a ke, 1)

hh'=+1

14 Note that this definition differs slightly from that given
in [7,8]. Since only the combination (A.29) matters, we are free
to redistribute factors of x4 and constants as we please.

15 Note the extra factor 2 in (A.34) compared to (21) of [15].
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om2\”
43§ g2ﬁ2 <25—1+ Z;f> . (A.35)

The dipole cross section, dé/dIZ(gp — gp), is the same as
(A.21), giving

QZ
f a7 du? 1 p? o1
=36 [y &
; mow1-4B2/Q7 Q° weBo
2 2
RS ]

2
53 2m?c

2 A.36
< (214 ) (430
which corresponds to diffractive open charm production,
cf. (44) of [23], after replacing }, e} by e2. As before

we take the limit of massless quarks in the approximation
where p? < Q?, then

FD(B‘_) _ Q2 ﬁ d‘UL ,qq
L.qq Am2em zp  dS

/Q2 du? 12
p 1Q?
where F=%(3) = (e > 33 (26 — 1)°; this result is a factor
2 different from (23) of [15], but is in agreement with [23].
Note that this contribution to FQD ®) is twist-four due to
the extra factor u?/Q? with respect to (A.29). Here we

include only this main extra 1/Q? dependence, and omit

the O(ag) anomalous dimension arising from twist-four
DGLAP evolution.

(A.37)

fu»—c(xu»;uz)) =98,

A.1.3 Gluon dipole with a transversely polarised photon

Now consider the kinematics of the ggg system shown in
Fig. 8b. Although this diagram has an extra factor g with
respect to the ¢q system shown in Fig. 8a, it is known to be
dominant at large Mx (small 8) due to t-channel spin-1
gluon exchange. Using a Sudakov parameterisation (A.2)
of the momentum k of the off-shell gluon gives the momenta
of the outgoing ¢ pair and gluon as

T k2+M2
~ k2 2
k=k+azpp=aq +ap tQQ p+ki, (A.39)

respectively, where Mg is the invariant mass of the ¢g
system. Again the on-shell conditions, (¢ — k)? = MZ, and

k2 = 0, determine

ke + M2,
By = —xB <1+(f_0052>7
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M) (A.40)

TP B < a(l — a)@?
The invariant mass of the ¢gg system is given by
_ ke

M% = (q+zpp)? a0

(A.A41)

The maximum value of k2 occurs when

giving an upper limit for k2 of

9\ 2
k2 — Mi)zf 1— Mqu
T = :
1 M2
Defining the (light-cone) fraction of the pomeron’s mo-
mentum carried by the gluon with momentum & in Fig. 8b

to be 5
B = (katééQ) /3311%

then the off-shell gluon with momentum k in Fig. 8b has vir-
tuality

a=(1

(A.42)

(A.43)

2= k2= —pt (A.44)

Referring to Fig. 3, the same kinematics hold if we now
replace M,z by the invariant mass of all the emitted partons
above the one labelled k in Fig. 3.

The qgg calculation is greatly simplified in the approxi-
mation M,z < @, in addition to assuming strongly-ordered
transverse momenta, Iy < ky < Q. In this limit, the kine-
matics of the (¢g)g system is identical to the previously
considered ¢q system of Fig.8a in the case of massless
quarks. The emitted (¢g) pair is localised in impact pa-
rameter space, and forms an effective “gluon” conjugate
in colour to the emitted gluon. The (¢q)g system can thus
be considered as forming an effective gg dipole. This argu-
ment generalises if the (¢g) pair is replaced by the emitted
partons above the one labelled k in Fig. 3, all of which are
strongly ordered in transverse momentum [9,11].

The dipole factorisation formula for Fig. 8b with a trans-
versely polarised photon is then

dk2
S [ [
a2l 46
x 3 / ¢l DW"—J

2
m,n=1,2 dlt

Y*p
dJng

dt

t=

. (A.45)

Again there are four different permutations of the couplings
of the two gluons to the two components of the effective
gluon dipole, shown in Fig. 9b, which are obtained by shift-
ing the argument of the wave function as in (A.13). The
light-cone wave functions for the effective gluon dipole with
a transversely polarised photon are [15]

1 k2§mn — 2 mEn

Vol —a)@? k4 a(l —a)Q?’

me"(a, kt) =
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m,n=1,2. (A.46)

Taking the limit [; — 0 of D¥™" and performing the
azimuthal integral gives

2n dd)
Dwmn
| Se Dkt

) 2k? 3a(l — a)Q? + k2
a(1—a)Q? [k +a(1 — )@’

2km fn
x [ §mm — t ™t ) :
(-

cf. (24) of [15]. Squaring this expression and summing over
the indices m,n = 1,2 gives

2n
d¢
— DU (a, ky, 1
/0 om (04 ts t)

(A.A47)

2

m,n=1,2

8
=1

LN 2&)2% (A.48)

The dipole cross section for gp — gpisobtained from the
scattering process gg — gq with ¢-channel gluon exchange,
shown in Fig. 10b. Here, the squared matrix element is

|M|? \

= 1€ T (- 1"
Xd,uo’(k»p) dl/p(k + lJ_ap) (_ga’y) (_955) (A49)
x [(2k +11)%g" — (k+21)"g"* + (L. — k)" g"°]
X [(2k +11)%97 — (k+211)7¢"" + (1. — k)*9°"]

where the transverse polarisations of the incoming and
outgoing gluons are summed in a light-cone gauge,

k.po ko
dua(k,p) = _g;,w' + Mp +pu7) (A50)
p-k
and where the colour factor is
_ L 1 ABC yABD c,py _ +
C(gq%gq)—Nci(Né_l)f R I = 5.
(A.51)

In the high-energy limit, where only the terms to leading
O(§/]t]) are retained, that is, in the Iy — 0 limit,

dl2 ( (A'52)

1
99— 99) = 2mas(If)as (%),
where appropriate scales for ag have been chosen corre-
sponding to the two different vertices in Fig. 10b. As before,
we obtain the cross section for gp — gp by making the re-

placement (A.20), which gives

Ay LT
iz 9P = 9p) =15

Inserting (A.48) and (A.53) into (A.45), and accounting
for the skewed effect, the change of integration variables
from (v, k2) to (B3, u?), and the t dependence, we obtain

as(p?) fo(we, 17, 1) (A.53)
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2

| Am2aem /Q2 dp? 1
@ Jizz w Bp

xZef8 1-p

We must account for the fact that the off-shell gluon
with momentum k in Fig.8b does not interact directly
with the photon, but first splits into a quark—antiquark
pair forming the effective “gluon” of the dipole. To do this,
we replace 8 — 3’ in the previous formula and include the
DGLAP splitting for g — ¢q, that is,

2
|:Rg aSLM) SU]PQ(CC]P, :U/Z)

2(1+28)? ﬂ (A.54)

P
dog (999 _ as(Q?) In Q2 dﬂ/P B da% 59
dﬁ 21T ﬁ/ ﬂ/ dﬁ/

(A.55)
Putting everything together, we finally obtain
b _ @ B i, (4.56)
TaD9 — Anlaey, zp  df ’

f]P G(I]PHU’ ) FT:G(ﬁvQQ;M2)7

[
w I

0
where

Fr=9(B,Q% 1) = (e1)BX"=C(3,Q% 1?)

zas(Q2 Q? dﬁ'
R (G )B/ [k » ()
A (G T T (A.57)
with
BF=O(F 1) = — (1— B2(1+20)2.  (A58)

16

Note the extra factor 2 compared to (25) of [15] (this was
corrected in a later paper [26]). We take (A.58) at ascale 2,
which can be interpreted as the pomeron-to-gluon splitting
function P, p—g (9), as the initial condition for DGLAP
evolution up to Q2.

A.2 Two-quark exchange (P = S)

We now calculate the lowest-order Feynman diagrams for
the case in which pomeron exchange is represented by a t-
channel sea-quark—antiquark pair, rather than two gluons.
The quark dipole and effective gluon dipole interacting with
this two-quark pomeron are shown in Fig. 11. The light-
cone wave functions of the photon, ¥(«, kt), are the same as
those given in Sect. A.1. The two different permutations of
the couplings of the two sea quarks to the two components
of the dipole, shown in Fig. 12, are obtained with

DY (a, ki) = 29 (a, kt), (A.59)

that is, there are no terms with a shifted argument, unlike
for the two-gluon pomeron. Since there is no Iy depen-
dence here, the integrals over l; in the dipole factorisation
formulae can be done immediately.
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o
.
q qg—k
A —
k
I +app + + 1
4 == = 2

Fig. 11. a Quark dipole and b effective gluon dipole interacting
with the proton via a perturbative pomeron represented by two
t-channel sea quarks

Fig. 12. The two different permutations of the couplings of
the two t-channel sea quarks to the two components of a the
quark dipole and b the effective gluon dipole

Diffractive parton distributions from perturbative QCD

k : k k k
—— AT v A —— —— 1, A v, A -
ZL + + lL ZL + + IL
— p. B o, B —— — p, B 0, B -
p p p p
(a) (b)

Fig. 13. Cut diagrams giving the dipole cross sections for the
two-quark pomeron: a qqg — gg and b gq — qg

A.2.1 Quark dipole with a transversely polarised photon

The dipole factorisation formula for Fig. 11a with a trans-
versely polarised photon is

do%p
—a (A.60)
t=0
dk2 2 .
e[ [E e X s
h,h! y==%1
where
S D (a k) (A.61)
~,h,h'=%1

:/lj{[(l B)u* —mi] (1_2BQZ>+m?}'

The dipole cross section for gp — gp is obtained from
the scattering process qqg — gg with t-channel sea-quark
exchange, shown in Fig. 13a. Here, the squared matrix el-
ement is

1 4
IMP = 3¢ 5 Ty TR (A62)
t
Xdpy (k+11,p)dpe(p — 11, k),
where the colour factor is
16
_ - A A,B,B] _ 10
Clgg = qq) = Nz Tt t7 ") TR (A.63)

In the high-energy limit, where only the terms to leading
O(3/]t]) are retained,

do 1 327 zp

az (9g — 99) = 2ot 2 (1)as(p?). (A.64)

Note that this expression is suppressed by an extra fac-
tor O(|t|/$) compared to the t-channel gluon exchange
processes considered in Sect. A.1, where § ~ p?/xp and

t= —I2. We obtain the cross section for gp — gp by mak-
ing the replacement

12
s t)xJP’qu(xP) =
21 epl

— fq(x]}”lgauz)a

2
xpCp = %{L‘]}»as(lf)

(A.65)
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where f,(zp, 12, %) is the unintegrated quark distribution
of the proton. This replacement gives

M dl2

1672 ag(u?)
l2 fq( ]P’vltza )

(ap = gp) = — .2 /
0

16m> as(u2)
9 2

qu(xP’a /1’2)7 (A66)

where q(xp, u?) is the integrated quark distribution of the
proton. Again, we should use the skewed quark distribu-
tions, which gives rise to an extra factor [12]

22/\+3 F(/\+5/2)
v T'(A+3) "’

assuming that zp q(zp, u?) x x5
formula for massive quarks is

R,(\) = (A.67)

A at small zp. The final

DG _ Z %i 1 1
Fras = mou? /1 4pu?/Q2 wrBp
9 2
as(p?) 2 168
R
><|: q 1 xIP’Q(mIP’a,u) 27”2
x{...} (A.68)

where {...} denotes everything inside the curly brackets in
(A.61). Replacing } ; e} by €2 and q(zp, p*) by c(xp, ) in
(A.68) gives a formula for diffractive open charm produc-
tion. Alternatively, assuming light quark flavour symmetry,
q(zp, p?) = S(xp, u?)/(2ns) with ny = 3, and making the
approximation p® < Q* we obtain

D(3) dﬂ
FT,qfi _/u

2 (%) FE=5(8, 1% 12), (A.69)

fr=s(zp;

where the “pomeron flux factor” is'®

2 2
|:RS OZSELM ) xPS(xﬂ”vlj‘?) )

(A.70)
and the “pomeron structure function” at a scale p origi-
nating from a component of the pomeron of size 1/u is

1
JJPBD

frs(zp; 1) =

F1=5(8, 1% 1) = ()85 (B, u*; 11%)

= () BB (AT

81
Recall that the notation P = S is used to indicate that
the perturbative pomeron is represented by two t-channel
sea quarks. Again, (A.71) can be taken as the initial con-
dition for DGLAP evolution and it can be regarded as the
pomeron-to-quark splitting function, P, p—g; see (13).

16 Just as in (A.30), we use a slightly different definition from
that given in [7,8]. Since only the combination (A.69) matters,
we are free to redistribute factors of p and constants as we please.

Diffractive parton distributions from perturbative QCD 83

A.2.2 Quark dipole with a longitudinally polarised photon

The dipole factorisation formula for Fig. 11a with a longi-
tudinally polarised photon is

do] qpq
5 (A.72)
t=0
dk? I
167{;/ / Zefaem ‘Dgp}:’/h/ ) 0'27
h,h/ =41
where
_ 2 32 2
DU k)| = G (AT
h,h/ =1 H
leading, in the case of massive quarks, to
D
AT \/1f4ﬂu2/Q2 Q* zpBp
2
( 2) 64
<[22 gty | B,

and in the limit of massless quarks, in the approximation
p? < Q2 to

2 do?”
D(3) Q 6 L qq A
C AMCQem zp df (A.75)

Q* qu2 12
< / . o fu»—s(xu»;uz)> E=5(6),

Lo
where F{=%(3) = (16/81) <€3(‘> 33. Note that this contribu-

tion to Fi® is twist-four due to the extra factor 42 /Q2 with
respect to (A.69), and hence we do not perform leading-
twist DGLAP evolution.

FL,qti

A.2.3 Gluon dipole with a transversely polarised photon

The dipole factorisation formula for Fig. 11b with a trans-
versely polarised photon is

do? ? dk?

99,7 _

| 167c / / Zef Gem
x Y |[pwmm? s, (A.76)
m,n=1,2

where
8 1
> DT a k)P = S (1-B)* . (A.77)
m,n=1,2 K /8

The squared matrix element for g¢ — ¢g, shown in
Fig.13b, is

2:1 gj B Poh~C v
M|™= € I Te[y* Ly py Iy (F + 1))
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Xduu(kap) dpa(p - lla k)v (A78)
where the colour factor is
1
C Tr[tAt4tBtP) = = (A.79
(99 — 99) = No V-1 r| J (A.79)
The dipole cross section is then
do 1 321 xp 9 9
= = 2 el A.80
a2 (99 — q9) o7 ugas(t)as(u ), (A.80)

so, making the replacement (A.65), the gp — ¢p cross
section is

2n ag(p?)

6(gp — qp) = 2

w di?
/ qu QT]P, (;7
21 as(p?)

- 3 2 Z‘PS(.’II]}D,MQ),

(A.81)

assuming light quark flavour symmetry, q(zp,p?) =
S(zp, u?)/(2ng) with ny = 3. Again, we account for the
g — qq splitting using (A.55). Putting everything together,
we finally obtain

Qg
D u _
FT»((?IZI)Q/#Z M fP S(mp,u) % 5(67Q25H2)7
0
(A.82)
where
=5(8,Q% 1?)

= (e5)BX=5(8,Q% 1?)

B as(Q?) Q?
2;(3? o 1H<M>ﬂ

d/
e (5)

xB'gF=S (B, u2; 12), (A.83)
with 1
Bg =2 ) = 5 (1= 5)% (A.84)

We take (A.84) at a scale p?, which can be interpreted
as the pomeron-to-gluon splitting function P, p—g (14), as
the initial condition for DGLAP evolution up to Q2.

A.3 Interference between two-gluon
and two-quark exchange (P = GS)

We must account for interference between two-gluon and
two-quark exchange, that is, interference between Fig. 8a
and Fig. 11a, and between Fig.8b and Fig. 11b. We label
these contributions using the notation P = GS.

A.3.1 Quark dipole with a transversely polarised photon

The dipole factorisation formula for interference between
Fig. 8aand Fig. 11a, with a transversely polarised photon, is

Y*p
doT,qq

dt
t=0
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(A.85)

dk‘
~ 16 / / Zef Gem

d2l, dé .
> 2(/ - DW’I’dlf) (DT, 6)|ps -

v, h R =+1 PG

N =

Proceeding as before, the final result for massive quarks is

1 RyR,

V1 —45u%/Q? eBp

[ L
{mf+ﬁu (1 - B)p? mf}(lwc;)

-4

In the limit of massless quarks, in the approximation u? <
Q?, this expression reduces to

} 2 xpg(zp, p°) zpq(zp, 1)

(A.86)

D dﬂ
FT,S?:/ —5 fe=cs(wp; p®) Fr- Gs(ﬂ 125 i),
W M
(A.87)
where the “pomeron flux factor” is
fe—as (wp; p1?) (A.88)

g+ts aS(N2) ’ 2 2
= Bylts Tas) 1™ S
CC]P’BD|: [ ﬂUIPg(mlell )IE]P (xP7M )a

and the “pomeron structure function” at a scale p origi-
nating from a component of the pomeron of size 1/u is

Fr=5(8, u%; 1) = (1) BE"=C5 (8, 1% %)

= ()2 PO-p). (A89)

Again, (A.89) can be taken as the initial condition for
DGLAP evolution and it can be regarded as the pomeron-
to-quark splitting function, P, p=gs; see (15).

A.3.2 Quark dipole with a longitudinally polarised photon

The dipole factorisation formula for interference between
Fig.8a and Fig. 11a, with a longitudinally polarised pho-
ton, is



A.D. Martin et al.: Diffractive parton distributions from perturbative QCD 85
doz, o where
dt Fr=5(8,Q% 1)

dk
~ 16n / / Z €y Gem

d lt 0 do =0 ~
x 32 ( / - DU (pwits)| ..
h,h/=%+1 P=G

(A.90)

For the case of massive quarks, this leads to

Q2

a5 dp? 1 1w? R,R
FP®) _ N7, / du® W Ry
L.aq zf: f % p? /1 —4pu?/Q? Q* vpBp

?)

2
[0
X[ slu } 2xpg(wp, n?) zpq(TR, B*)

2
853 <25 2m >’
9 I

and in the limit of massless quarks, in the approximation
p? < Q% we obtain

(A.91)

FPG) _ Q* B d‘7L qq
L.aq Am20y, xp  df

de 2 2 _
</;ﬁ TMQ % Je=cs(xp; mu2)> FL=9%(9),

0

(A.92)

where F{=%(8) = (4/9) (¢3) 6 (26 — 1). Note that this

contribution to FQD ) is twist-four due to the extra factor
©?/Q? with respect to (A.87), and hence we do not perform
leading-twist DGLAP evolution.

A.3.3 Gluon dipole with a transversely polarised photon

The dipole factorisation formula for interference between
Fig.8b and Fig. 11b, with a transversely polarised pho-
ton, is
¥'p
dag 9T
dt

Nc—l k2
= 161 / / Zefaem
d? Ly mn do mn A
x> (/ Dw dl?)‘ (DT™ 6)|p_g -

m,n=1,2 _

(A.93)

Again, we account for the g — ¢q splitting using (A.55).
Putting everything together, we finally obtain

D(3)
F T,(¢0)g —

Q? dp 2
/ 5 fIP’ GS(xIP’wU’ ) P Gs(67Q2 )
W M
(A.94)

= <6f>ﬁEP GS(/BaQ2

Q2 dg’
zzzf:efcasm ( )ﬂ/ 57 qg( >
3 gP=C5 (8, u2; 1i2), (A.95)
with
B =G5 (5, 12 u2) = 1 (1—-8)%(1+28). (A.96)

4

We take (A.96) at a scale p?, which can be interpreted as
the pomeron-to-gluon splitting function Py p—ggs (16), as
the initial condition for DGLAP evolution up to Q2.
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