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Hard and soft contributions in diffraction: a closer look
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Abstract

Disentangle the hard and soft dynamics in diffractive DIS is one of the main open questions of the strong interactions. We
propose the study of the logarithmic slope@? of the diffractive structure function as a potential observable to discriminate
between the Regge and the QCD-based approaches. Our results indicate that a future experimental analyzes could evidentia
the leading dynamics ap diffractive processes in the HERA kinematical regimie2001 Published by Elsevier Science B.V.
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The study of electroproduction at smallhas lead zero color charge the pomeron is associated with dif-
to the improvement of our understanding of QCD dy- fractive events, characterized by the presence of large
namics at the interface of perturbative and nonpertur- rapidity gaps in the hadronic final state, which are
bative physics. However, many important problemsre- exponentially suppressed [3]. Diffractive processes in
main at present unsolved. A longstanding puzzle in the deep-inelastic scattering (DIS) are of particular inter-
particle physics is the nature of the pomeron. This ob- est, because the hard photon in the initial state gives
ject, with the quantum numbers of the vacuum, was rise to the hope that, at least in part, the scattering
introduced phenomenologically in the Regge theory amplitude can be calculated in pQCD. Moreover, DIS
as a simple moving pole in the complex angular mo- exhibits the nice feature of having a colorless parti-
mentum plane, to describe the high-energy behavior cle, the virtual photon, in the initial state. The main
of the total and elastic cross-sections of the hadronic theoretical interest on diffraction is centred around
reactions [1]. Within the framework of the perturba- the interplay between the soft and hard physics. Hard
tive QCD (pQCD), the pomeron is associated with physics is associated with the well established par-
the resummation of leading logarithms in(center ton picture and perturbative QCD, and is applicable to
of mass energy squared), and at lowest order, is de-processes for which a large scale is present. Soft dy-
scribed by the two-gluon exchange [2]. Due to its namics on the other hand, linked for example with the

total cross section of hadron scattering, is described by
nonperturbative aspects of QCD. The ability to sepa-
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In DIS the partonic fluctuations of the virtual pho- data on theF, slope cannot clearly demonstrate the
ton can lead to configurations of different sizes when presence of a new dynamics in its kinematical regime,
analysed in the proton rest frame. The size of the con- but new studies ir A should distinguish the distinct
figuration will depend on the relative transverse mo- regimes of QCD [8]. We believe that the experimental
mentumkr of the gg pair. The small size configu- analyzes of the logarithmic slopes ﬁgD will allow
rations are calculated using perturbative QCD and at to discriminate the different contributions to the dy-
small Bjorken scaling variable (larges) the small- namics already in the current HERA kinematical re-
ness of the cross section (color transparency) is com-gion.
pensated by the large gluon distribution. For large size  We study in detail the predictions to this observ-
configurations one expects to be in the regime of soft able considering two distinct approaches: (i) a Regge
interactions. In the inclusive measurement of diffrac- inspired model [9,10], where the diffractive produc-
tive final states, where the diffractive structure func- tion is dominated by a nonperturbative pomeron, and
tion is derived, one sums over both small-distance and the diffractive structure function is obtained using the
large-distance configurations. So far there is no the- Ingelman—Schlein ansatz [11]; (ii) a pQCD approach
oretical framework which allows one to predict the [12] where the diffractive process is modeled as the
relative magnitudes of the “soft” and the “hard” com- scattering of the photon Fock states with the proton
ponents of the diffractive cross section. One possibil- through a gluon ladder exchange (in the proton rest
ity is the analyzes of the energy dependence of the frame). Before the proper analyzes of the models we
cross section, since we expect that the “soft” compo- need to define the diffractive processes and the usual
nent rises weakly with the energy for any fixed mass of kinematical variables (for a review, see Ref. [2]). The

the diffractive system, whereas the “hard” part should
rise faster. As in the diffractive cross section we in-

most important observable at diffractive DIS (DDIS)
is the associated structure functid?f [4]. In this

tegrate over both the perturbative and nonperturbative work we are concerned to theintegrated structure

regions of the phase space, there is a competition be-

tween these two pieces. At first sight, the large mo-

function, denoted’zD(s’). The main variables used for
the description of DDIS are the total hadronic en-

mentum region seems to be rather subdominant. How- ergy W of the y*-proton system and the diffractive

ever, the large gluon distribution function provides an
enhancement in this region, and in this way weaken-
ing the dominance of the soft nonperturbative region.
As aresult, the effective value of the exponemf the
energy dependence lies between the hagg{~ 1.4)
and the softisort ~ 1.12) values [4].

Since the first observation of diffractive DIS at

produced mas#/. In the analyzes of?, it is con-
venient to use also the variablgsand xp. In terms
of W and M, one has8 = 02/(Q%+ M?) andxp =
(M2 + 0?%) /(W2 + 0?), where we have neglected the
proton mass and the momentum transféfo connect
these variables with the Bjorken scaling variable
we remind thatr = Q2/(W? + Q?), which imme-

HERA, several attempts have been made to comparediately leads tox = Bxp. In the kinematic domain

the data with the Regge and QCD-based models [5,
6]. In general, these models provide a reasonable de-

scription of the present data on the diffractive structure
function FZD, although based on quite distinct frame-
works, demonstrating the inclusive character of this
observable to delimit the interplay of soft and hard
QCD in diffraction. In this letter we propose the an-
alyzes of the logarithmic slope of the diffractive struc-
ture function as a potential observable to clarify the
dynamics in this process. Our analyzes is motivated

by the recent discussions in the literature about the be-

havior of the logarithmic slope of the inclusive struc-
ture function F»(x, Q?) as a possible signal of one
new regime of QCD [7]. At the momer#p HERA

of the present experimental measurementsmay

be interpreted as the fraction of the four-momentum
of the proton carried by the diffractive exchange, the
pomeron, if such a picture is invoked. Tlgeis the
fraction of the four-momentum of the diffractive ex-
change carried by the parton interacting with the vir-
tual boson.

Diffraction dissociation of virtual photons, observed
at HERA ep collider, furnishes the details on the na-
ture of the pomeron and on its partonic structure.
Capella—Kaidalov—Merino—Tran Thanh Van (CKMT)
proposed a few years ago a model to diffractive DIS
based on Regge theory [9,10] and the Ingelman—
Schlein ansatz, which is based on the intuitive picture
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of a pomeron flux associated with the proton beam
and on the conventional partonic description of the
pomeron—photon collision. In this case, deep inelastic
diffractive scattering proceeds in two steps (the Regge
factorization): first a pomeron is emitted from the pro-
ton and then the virtual photon is absorbed by a con-
stituent of the pomeron, in the same way as the par-
tonic structure of the hadrons. In the CKMT model the
structure function of the pomerofp (8, 02), is asso-
ciated to the deuteron structure function through the
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parameters:

Fe(B, 0%,1)

= Fél(x — B;A—>eA,B— st”(Qz)
— n(Qz) -2). ®)

The values ofe and f in Fp are obtained from
conventional triple reggeon fits to high mass single
diffraction dissociation for soft hadronic processes.

arguments given above. The pomeron is considered asThe remaining parameters are given in Refs. [9,

a Regge pole with a trajectoryp(r) = ap(0) + o't
determined from soft processes, in which absorptive
corrections (Regge cuts) are taken into account. Ex-
plicitly, ap = 1.13 andej, = 0.25 GeV-2. The dif-
fractive contribution to DIS is written in the factorized
form:

P 2
_ [gpp )] xl_zap(t)

B (x. Q% xp.t) = =g " Fp(B. 0% 1),

1)
whereg,, (1) = g},,(0) exp(Ct) is the pomeron—proton
coupling, with[gb (0)]> =23 mbandC =2.2 GeV2,

In this approachfp is determined using Regge factor-
ization and the values of the triple Regge couplings
determined from soft diffraction data. Namely, the
pomeron structure function is obtained froﬁf, or
more precisely from the combinatioﬁzd = %(sz +
F3), by replacing the reggeon—proton couplings by
the corresponding triple reggeon couplings (see Ref.
[9] for details). The following parametrization of the
deuteron structure functioﬁé’ at moderate values of
02, based on Regge theory, was introduced:

F{ (x. 0?) = Ax=4@) (1 — x)"( @)+

2\ 1+4(0%
X Q—
(Q2+a>
2 oR
1- 0 _2

)

where 14+ A(Q?) is the pomeron intercept, which
depends on the photon virtuality, ang is the in-
tercept of the secondary reggeon (tfietrajectory).
The pomeron structure functiafy is identical tond,
given above, except for the following changes in its

10].

The comparison of the CKMT model with data is
quite satisfactory [9,10]. A remark is that here we
use the pure CKMT model [9] rather than to include
QCD evolution of the initial conditions [10], which
has been used to improve the model at higer
Such procedure ensures that we take just a pure Regge
model, without contamination from QCD inspired
phenomenology.

On the other hand, the pQCD framework has been
recently used by some authors to describe the diffrac-
tive structure function [13], and their main proper-
ties are very similar. We consider for our analyzes the
Bartels-Wusthoff model and its further parameteriza-
tion to experimental measurements [12]. The physi-
cal picture is that, in the proton rest frame, diffractive
DIS is described by the interaction of the photon Fock
states g and ggg configurations) with the proton
through a pomeron exchange, modeled as a two hard
gluon exchange. The corresponding structure function
contains the contribution @fg production to both the
longitudinal and the transverse polarization of the in-
coming photon and of the production gf;¢ final
states from transverse photons.

The basic elements of this approach are the pho-
ton light-cone wave function and the non-integrated
gluon distribution (or dipole cross section in the di-
pole formalism). For elementary quark—antiquark fi-
nal state, the wave functions depend on the helici-
ties of the photon and of the (anti)quark. For fige
system one considers a gluon dipole, where the pair
forms an effective gluon state associated in color to
the emitted gluon and only the transverse photon po-
larization is important. The interaction with the pro-
ton target is modeled by two gluon exchange, where
they couple in all possible combinations to the dipole.
Then the diffractive structure function can be written
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as

Fy (xz. B, Q%)
~ B / dt
2

d2,
/ - L DY (o, k) F (12, k3; xp) |
t

k? d?k,
1-p)2

X

(4)

where DV is a combination of the concerned wave
functions,/; is the transverse momentum of the ex-
changed gluons anéi(i?, k3; xp) defines the pomeron
amplitude (non- mtegrated gluon distribution). Tkﬁa
sets the hadronic scale which splits the regions of
soft and hard QCD. With a suitable ansatz for the
dependence of the two-gluon pomeron, or more pre-
cisely the non-integrated gluon distribution, it is pos-
sible to interpolate between the hard region where
the parton model applies and the soft region where
the aligned jet configuration dominates, as empha-
sized in Ref. [14]. Regarding thep behavior, the
hypothesis is that for small transverse momentum of
the quarks (soft) the energy dependence should be the,
same as in hadron—hadron scattering. At higheal-

ues one expects the pomeron to be described by the

two-gluon model, i.e., the energy dependence will be
provided by the square of the gluon structure function
of the proton, and consequently a steeper growth. In
this model the diffractive structure function is given
by:

FZD(S) _ F2D(3) | + FD(S) 1] + FD(S) III

®)
where the (1) and (Il) contributions correspond to the
production of a quark—antiquark pair and the produc-
tion of a quark—antiquark—gluon system with trans-
versely polarized photon. The third component (I11)
corresponds to the production of a quark—antiquark
pair from a longitudinally polarized photon, which is
a contribution at higher twist (twist-4). Here we de-
sconsider the secondary reggeon contribution domi-
nant at lowgs. In the leading twist transverse con-
tribution to ¢g production there is no ©Q?/Q3)
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and the longitudinalg production dominate in dis-
tinct regions ing, namely medium, small and large
B, respectively [12]. The8 spectrum and thed?-
scaling behavior follow from the evolution of the fi-
nal state partons, and are derived from the light-cone
wave functions of the incoming photon, decoupling
from the dynamics inside the pomeron, while the en-
ergy dependence and the normalizations are free para-
meters.

Before to perform the analyzes of the presented
models, some comments are in order. In the first
extraction of theF, slope data at HERA, the so-
called Caldwell plot [15], the variables and Q2
were strongly correlated due to the poor statistics.
Since a similar situation should be present in the
first studies of the diffractive slope, in this work
we consider a kinematical constraint which relates
the variablest and 02, taken from the most recent
global analyzes of the MRST group [16], where the
behavior of the proton structure function slope was
considered. We will address the behavior of
slope without such constraint in a forthcoming paper.
Below, we present our results for the logarithmic
slopes of the diffractive structure function considering
the kinematical constraint.

Starting by the pure CKMT model, we show the
dependence orp of the logarithmic slope at three
distinct fixed g values in Fig. 1(a). The slope is
ever positive for smallg = 0.04. For medium and
high 8 (0.4 and 0.9 values) the slope is negative for
xp < 1073, Moreover, the CKMT provides a transition
between positive and negative slope valuessat
0.4. This behavior is consistent since the pomeron
structure function in this model is related to the
nucleon structure functiofy [Eq. (3)], which presents
that feature due to the scaling violation.

The pQCD model provides a quite different result,
as presented in the Fig. 1(b). The slope is predomi-
nantly positive in almost alB range, taking negative
values only at8 = 0.9 for the intervalxp < 0.0004.

A remarkable feature is the existence oBalepen-
dent turn over, which is shifted to greates values

enhancement from the phase-space integral, whereasas 8 increases. The positive behavior of the slope at

gqg production is of higher order iy and presents
an o In(QZ/Qz) dependence. The longitudinal con-

low values ofg is associated to thegg contribution,
while for intermediates theqqT state dominate, pro-

tribution belongs to higher twist and the phase-space ducing an almost constant function @?. The high

integral gives a I(1Q2/Q0) enhancement. In a com-
parison with data, the transverge, ¢qgg production

B behavior is consistent with the H1 measurements, in
the regionvp > 103, which prefer a positive slope in
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Fig. 1. Thexp dependence of tth-slope at some typical values gffor: (a) the pure CKMT model [9]; (b) the pQCD-inspired model [11].
Kinematical constrainQ?2 = Q2(x) from the MRST group [13] was used.
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Fig. 2. Thes dependence of thQZ-slope at some typical values of for: (a) the pure CKMT model [9]; (b) the pQCD-inspired model [11].
The kinematical constraind? = Q2(x) from the MRST group [13] was used.

02, corresponding to a larggj G contribution in this a positive slope, while CKMT produces negative
region [12]. values. These come from the fact that the CKMT
For both models the slope converges to a flat approachdoes notinclude thgg contribution, which
behavior at large values af, with different behaviors  is dominant in this region for the pQCD model. Since

at smallxp corresponding to low virtualitiesd? < the Q2-behavior in the CKMT is determined by the
5 Ge\?). Indeed, the kinematical constraint implies F» scaling violations, then it only includes at most
that atxp = 10~* we are probing2? ~ 103, which the ggr.1. contributions. Therefore, the experimental

is far from the current HERA kinematical region. analyzes in this specific region of the slope should
Confronting the approaches, we conclude that both clarify the dynamics in diffractive DIS.

models predict a positive slope up po~ 0.4, with We also present the?-slope as a function of
a steeper decreasing in CKMT. The highregion the variableg in Fig. 2 for typical values ofxp.
discriminates the behaviors. The pQCD results hold Some of the remarkable features are: (i) the CKMT
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Fig. 3. Thexp-slope versug®? for the pQCD approach (BW) [11] and the CKMT model [9]. The Donnachie—Landshoff intercept [14] is also

depicted.

and the pQCD model provide a similar shape (flat
behavior) for the whole interval of at xp > 10~3;

pendence org, the pQCD model presents a depen-
dence on thes value considered. This feature is as-

(ii) a noticeable difference between the Regge and the sociated to the distinct energy dependence of each

pQCD-inspired model in the region of small values
of xp (10~%), with the prediction of a turn-over at
B =0.1 from CKMT while for the pQCD one expects
the turn-over a = 0.5. Again, the scaling violations
of F» drive the behavior of theQZ-sIope in CKMT,
which implies positive values of the slope At<
0.5 and negative values at larger values. Moreover,
this connection implies the large value of the slope
at small 8 and a similar turnover that one found in
the first measurements of inclusive structure function
slope [15].

In Fig. 3 we show the results farln FZD/d In(1/xp)
(or shortly,xp-slope) as a function of the photon vir-
tuality 2. Indeed, this quantity gives the pomeron in-

term in Eq. (5), which dominates at specific regions
of the phase space. A feature in the result is the
characteristic shape of this slope at= 0.9, pro-
viding a clearly hard intercept. In fact a dependence
on g for the pomeron intercept is expected as shown
in Ref. [12]. In principle, the model is only valid
above of the starting poinp3 = 1 Ge\?, however
one extrapolated it for lower virtualities for compar-
ison. For completeness we include the soft pomeron
intercept (Donnachie—Landshoff) [17] in the plot. We
verify, therefore, the evident distinction between the
prediction from the CKMT and pQCD based ap-
proaches.

New quantities to distinguish the regimes of QCD

tercept and its behavior describes the energy depen-have been argued for future measurements [18]. The
dence of the diffractive structure function. While the available experimental results seem already allow to
CKMT model predicts a constant value, without de- extract information about the slope of the diffractive
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