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Large rapidity gap events in deep inelastic scattering
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Large rapidity gap events in deep inelastic scattering are discussed in terms of light cone wave functions for
guarks and gluons inside the photon. It is shown that this approach is consistent with earlier, conventional
Feynman diagram calculations. An updated parametrization for the cross section is given and a numerical
analysis presenteS0556-282(97)03119-9

PACS numbd(s): 13.60.Hb, 12.38.Bx, 12.40.Nn

I. INTRODUCTION separation of the quark-antiquark pair in impact parameter
space is of the order of @/ (Q? is the photon virtuality. The
With the start of DESY HERA a new tool has become final partonic system, however, which takes part in the inter-
available which allows a significant progress in sorting outaction covers a much larger area roughly the size of a had-
the longstanding puzzle about the nature of the Pomeroron. It appears to be rather natural to refer to the leading
[1,2]. Theoretically the Pomeron is difficult to tackle. It was order quark-antiquark pair as a color dipole, it is less trivial,
introduced phenomenologically as a simple moving pole irthough, for a multiparticle state. Still, it may be shown that
the complex angular momentum plafRomeron trajectojy  for leading twist contributions the concept of a color dipole
analogous to meson exchanges; however, compared to mean be extended to a more complicated final state. The argu-
sons there is no clear evidence for associated bound statesritent goes as follows: hard QCD radiation generates a bunch
the s channel(candidates are glueballsSThe Pomeron inter- of partons strongly ordered in impact parameter space. The
cept is slightly above one which translates into a slowlylarge distance is marked by the last quark or gluon in the
growing total and elastic cross section in hadron reacfi8hs chain of emissions, whereas the remaining partons are con-
(soft Pomeroh Meson trajectories, on the other hand, arefined in a small areéshort distances The separated parton,
below one and give subleading contributions at very highon the one hand, and the confined system of partons on the
energies. Within the framework of perturbative QCD theother hand form a new effective dipole. Both types, the
Pomeron is associated with the resummation of leading logaguark dipole and the gluon dipole, can be described in terms
rithms in's (total energy which results in a more compli- of light cone wave functions. The gluon dipole, although it is
cated branch point singularity instead of a simple gdle  of higher order in perturbation theory, is of particular rel-
(hard Pomeron The major shortcoming of this leading )(  evance when the invariant mabs of the diffractive final
approach is the ignorance of nonperturbative contributionstate becomes large. The dipole picture is certainly limited in
and the neglect of unitarity corrections which are relevant foiits applicability, but it works fine wherQ? is the leading
the complete formation of the Pomerdb,6]. Other ap- scale in the process, i.eM%/Q? is not extremely large.
proaches propose a combination of soft and hard Pomeron For the interaction of the color dipole with the proton we
(see, for exampld,7,8]) where the Pomeron intercept is con- employ the two gluon mod¢B]. All possible couplings have
trolled by the relevant scale of the process. to be added up in order to retain gauge invariance. The two
Due to its zero color charge the Pomeron is associategluon model itself may not account for the full structure of
with the occurrence of rapidity gaps at very high energiesthe Pomeron, but it can be generalized to the exchange any
The simplest form of rapidity gap events beside elastic scatrumber of gluons, since all gluons hooked on to one leg of
tering is single diffraction where only one of the incoming the dipole can be merged into a single effective vertex. The
particles dissociateghe virtual photon in deep inelastic scat- strategy in this paper is to factorize the Pomeron structure
tering whereas the othefthe proton stays intact. In most from the dipole according to th&-factorization theorem
cases the proton escapes undetected, but it is surrounded bj1®)]. The dipole part is calculated whereas the Pomeron part
large rapidity gap, a fact which is used in experiment toacquires a phenomenological parametrization. A full QCD
define diffraction. In the following we will assume the pro- treatment is not feasible at the present time. All free param-
ton not to decay. eters will be determined from inclusive deep inelastic scat-
Deep inelastic scattering exhibits the nice feature of havtering data E,) and then used for diffraction.
ing a small colorless particle, the virtual photon, in the initial  In the following section we will introduce the light cone
state. We will make use of this fact and shift the focus fromwave function formalism which includes an improved ex-
the less well defined Pomeron to the virtual photon which wepression for the gluon dipole. In Sec. Ill the model for the
believe is perturbatively calculable, i.e., its content of quarksPomeron is specified and a fit £, data which determines
and gluons can be determined. Going into the target resill parameters is performed. The Pomeron model is then
frame the following picture emerges: a fast traveling photoncombined with the light cone wave functions and the cross
dissociates far upstream the proton-target into a quarksection for diffraction in deep inelastic scattering is calcu-
antiquark pair which evolves into a more complex partoniclated. It is shown that these results are consistent with earlier
system before the actual interaction takes place. The initiaghpproaches based on more conventional calculations using
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Feynman diagraméSec. IV). In Sec. V the cross section is
numerically evaluated and the main results are discussed. <. ok

II. LIGHT CONE WAVE FUNCTIONS k

One should take the terminology “wave function” not

too literally, since the state it is meant to represent is not real le+zpp
but virtual. Still, it provides an effective and intuitive de-
scription of quark dipoles and gluon dipoles inside the pho-
ton in close analogy to a quark-antiquark bound state
(quarkonium. An unpleasant property which can be traced
back to the pointlike nature of the photon is the lack of
normalizability of the wave function unlike for real states. In
order to find the correct normalization one has to go back to FIG. 1. Quark dipole@) and gluon dipoleb).
the corresponding Feynman diagrafit4,12. The nice fea-

ture is that once having determined the light cone wave funckzio Fig. 1. In the frame that we choose the photon moves

tion one can easily study single_ gluon an_d multigluon €X-ast and the two quarks roughly carry the momenmtg and
change, although the wave function formalism for the gluon(l_a)q, whereas the other components are small. Any
dipole is restricted to color zero exchange, i.e., it works for, ' '

; subsequent high-energy scattering does not changexthe
two or multigluon exchange. a 9 ay g g

The vi . component. The off-shell quark with the momentknbe-
_'he virtual photo.n can be transverse polarlmdnsverse comes onshell after receiving a small fractighof momen-
with respect to the light cone vectai$=gq-+xap anQp, 1S tum alongp while being scattered. The momentum of the
the photon momentum arglthe momentum of the incoming ==y i

proton as well as longitudinally polarized. The two helicity duark changes frork to k with k“=0. Using the mass-shell
statesy=+1 follow from the projection on the transverse condition one finds

vectors (1) and (1,—i). For the left- and right-handed

qguarks we introduce the quark helicity=*=1. The quark - k|

momentum k may be parametrized ask=aq’ k=aq'+——p+Kki,

+Bp+k; (Sudakov parametrizatiprwhich simultaneously aW

fixes the decomposition of the antiguark momentum:

o
-—

(a) (b)

g—k=(1-a)q'+(—xg— B)p—k;. Using complex nota- k|2
tion for the two-dimensional vectds, we may write the light q—k=(1-a)q' + ————p—Kk;. 3
cone wave function for the quark-antiquark state as: (1-a)W

V2(a= Dk, fory=+1and h=+1, W is the total hadronic massW?=2q’-p). The missing

|k |2+ a(1- a)Q? massM is simply given as the total energy of the two out-
going quarks:
\/Eak,

&2+ a(1-a)Q? fory=l mdh==1.

. S L G S
M2=<k+q—k>2=(q+ﬁp -

U (a,k,)= a(l-a a(l-a)’
*
\/Eak, for y=—1and h=+1, “)
|k,|2+a(1—a)Q2 . . . .
We now include the emission of a gluon in our discus-
\/f(a— 1)k sion.ﬂ largeM the gluon is well separated in rapidity from
> d > fory=—1and h=-1 the gq pair and becomes the dominant configuration over
lk|*+a(l-a)Q the exclusiveg g-pair production. The latter is suppressed by
(1)  apower inM? (spin-1/2 exchange Unfortunately, the three
particle Fock state is much more complicated, and a rigorous
and construction of the wave function which is consistent with
a(1—a)Q Fey_nman rules and v_e}lid .for all kinematics has not bgen
W (a,k)=2 fory= Oandh==+1, achieved, yet. A simplification occurs when only the leading
[k|?+ a(1— ) Q? twist and leading InQ?) contribution is considered. In this

(2) case the distance in the impact parameter space between the
whereQ?= — g2 is the virtuality of the photon. Equatic®) quark and the antiquark is much smaller than the distance

shows the light cone wave function of the longitudinally po- P€tween the quarks and the gluon. Tng pair on the one
larized photon. side and the gluon on the other side form an effective color

Before discussing the properties of the light cone wavedipole similar to the exclusivg g pair that we have consid-
function it is necessary to have a closer look at the kinematered befordFig. 1(b)].
ics. We assume that either the quark is off-shell and the For the gluon dipole we find the following wave function
antiquark on-shell or vice versfhere, —k)2=0 and [after introducing the vector notatidg= (ki ,k?)]:
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FIG. 3. Wave functions with shifted argument.

t-channel stat¢5,14] and a new singularity * w, in the
complex angular momentum plapgl/g) “4]. But in contrast
to conventional QCD-scaling violation the strong rise with
1/8 does not imply a rise witlQ?.

FIG. 2. Inclusive deep inelastic scattering.].

1 kZo™"— 2k{"k{ Ill. MODELING THE STRUCTURE FUNCTION  F,

Va(1-a)Q% K2+ a(1— ) Q? We compute the structure functiof, at very low xg
when single gluon exchange gives the leading contribution.
In view of the two-vector-particles stat@n effective two |n contrast to the usual approa¢hluon-boson fusionthe
gluon statg it appears rather natural to find a tensor repregluon is not on-shell and needs to be described by a distri-
sentation for the wave function. In the triple Regge limit bution over both longitudinal and transverse phase space
(TRL) with M? much larger thai@? the terma(1—a)Q?in  componentsK, factorization. Such a factorized distribution
the denominator of Eq(5) may be neglected and onkf  (F) contains perturbative as well as nonperturbative contri-

\I,mn(a,k[) =

remains: butions, and the aim is to find a suitable parametrization
which gives a reasonable description of all lay and low
1 2k{"ky Q? data.
VrrL(a k) = a(1-a)Q ktz ' 6) The k;-factorization theorem is the high energy or small

Xg counterpart of the conventionétollinean factorization

The & term which at first sight should be kept was alsotheorem. The latter, when calculating the structure function
removed, since it does not dependiqrand drops out in any 2 requires a convolution of the gluon structure function
application due to subtractiofisee Eq(19) of Sec. IV]. The and the quark box with respect to the longitudinal momen-
simple structure of Eq(6) was found earlier in Ref$11,13.  tum fraction whereas in the smal regime the convolution
Expression(5), on the other hand, is valid for all masses andWith respect to the transverse momentuy) (s more appro-
provides the natural extension of the triple Regge result. priate. At zero momentum transfer the Pomexan deep
We have to p0|nt out that the wave function introduced |n|ne|aSt|C Scatterlnpls essentla”y the same as the uninte-
Eq. (5) does not reproduce the amplitude for the single gluorrated gluon structure function, and by fitting the data
t-channel exchange. Especially those contributions which aréne determines the Pomeron intercept In deep inelastic
singular in the limitM —0 are absent. The reason for that scatterlng, however, the Pomeron intercept vajdepending
lies in the fact that in the color singlet configuration all sin- 0N Q?) rather than being a fixed number as in soft processes
gular, soft terms cancel out. This cancellation can be illus{ap=1.085). _ .
trated by considering final state radiation off the pair. As we already mentioned one of the virtues of the wave

— function formalism is that we can use it for single gluon
The soft terms add up when theq pair is C(_)Iored, they exchangdtransverse momentuty) as well(see, Fig. 2 We
cancel each other, however, when the state is colorless.

We have written Eq(5) in a symmetric way with respect find for 5 the expression

to @ and 1— « in order to stress the similarity with thepq
dipole. The gluon dipole considered here is actually very Q2
asymmetric which is a consequence of the leading twist ap- F,(xg,Q?%)= Z Q2 f ]—'( Xg,12,Q3)
proximation where the internal virtualities are much smaller
than Q2. From Eq.(3) we conclude thatr has to be much d2k
smaller than 1 in order to fulfill the conditiok®<Q?. So, f daf Y E 1T (a,k)
one could have setd« in Eq. (5) equal to 1 without reduc- =
ing the accuracy of the formula.

At very large massed! or small 8 the dipole picture
becomes insufficient. Instead of logarithmsQA we have to
sum up logs in 18 or M?/Q?. This leads to a new four-gluon In the limit of large Q? (at fixed but smalixg) and taking

T y=0+,—- h

— W (akt 1) )
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only the leading InQ?) contribution the gluon distribution g(xg,Q?) represents the conventional gluon distribution and

factorizes and thé& integral can be taken: Flag is usually referred to as unintegrated gluon structure
1 function. Introducing the Feynman parameteEq. (7) re-
Q? duces to
e TP A R I
S

Q? 11 [1-2x(1-x)][1-2a(1—a)]+8x(1—X)a(1— a)
2 2 2
Fa(xg Q%) =2 Qi fdl Fixg I} ,Qo)fodxfod s (Lm0 ©)

This representatio(see also|16,17]) serves as starting point A=0.877,
for further numerical evaluation.
As an ansatz forF we choose B=0.133, (12)
Fixg 2.0 = 2 .Q%/Q) C=0.596.
B 1 0 ]
|t2+ Qc2> These parameters will be used in the following to predict the

diffractive structure functiorF5 .
-c

G(xg,QYQ%)=A | +1 IV. DIFFRACTION

<
2
0

Xg 1-ap(Q
o
(10 For the diffractive cross section we use the same conven-
tions as for the inclusive cross section in deep inelastic scat-
Q, is set to 1 Ge(proton mask and since only smailg are  tering, i.e., we decompose it into a transverse and a longitu-
considered we introducexh,=0.05 as normalization point. dinal part according to the different polarizations of the

The Pomeron intercept has the parametrization virtual photon:
i do
BIn[In(Q¥QH)+1] if Q?>Qj, L (1) 2T
ap(QZ)=1.085+| i Q=0 dpdQRdxdt| = ox Q“{ [1+(1-y)"IxeW;
() +4(1-y)xgWi}, (13

A soft Pomeron &p=1.085) intercept is assumed when the whereW, andW, are the transverse and longitudinal projec-
scale Q? falls below QS. This behavior has experimental tion of the hadronic tensdoiv*":
support form the BPC dafd 8].

The ansatz in Eq.10) has the following two basic ingre- Wi=0g{""W,,,,
dients: first,F scales such as@g for 1,=0, i.e., an effective
cutoff at the scale OQ(Z) is introduced which eliminates the 4Q?
singularity related to the gluon propagator’1/The scaleQ, W :?D’LPVWW, (14)

roughly represents the inverse size of the hadron and because
hadrons are colorless all gluons with a wave length Iarger

than the size of the hadron decouple. One important conse-'th $=2q'-p andq’=q+xgp. The transverse tensegf™”

quence is the vanishing of the structure function wig@n s defined as

approaches zero. The second ingredient is a s&@fe) de- D o e

pendent Pomeron intercept. It takes care of the experimental gt = ghr— arerea (15
fact that the smalkg rise becomes weaker when the scale ' q-p

decreases and finally turns into the soft behavior belyw

The parameteB in Eq. (11) has to be determined from data. The momentum transfer is set to zero, a restriction, which is

Two more parameters come along wBh[see Eq.10)], A  justified by the fact that the cross section peaks=a.

fixes the absolute normalization ai@l corrects the strong At leading order we have to consider the coupling of two

scaling violation which results from the scale dependent pat-channel gluons to a quark-antiquark pair. The four possible

rametrization of the Pomeron intercept. couplings are represented by four terms involving the wave
The data for the fit are taken from HERAS8,19 below function with shifted transverse momenisee Fig. 8a)].

Q?=50 GeV\? and from E665[20] including the smallest These shifts correspond to the transverse momenta carried by

Q? values. The fit gives the following values for the threethe gluons [, and—1,) when the total momentum transfer is

parameter#\,B, andC: zero:
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d*l
f W—l;f(xp,lf,Qé)[Z‘PZ(a,k,)—\PZ(a,k,+l,)—~Irz(a,k,—1,)]
t

2

dl
= f —F(xp,12,03)

15 (16)
ﬂ{ﬁzﬁ for y=+1 and h=+1,
k,
2_ _ 2
M \/Eak, for y=+1 and h=-1,
2+ a(1— ) Q> |k?
k—=1}-a(1-a)Q? 2ak}
- —lia(l-a)0 > \/_a, for y=—1 and A=+1,
X VK2 + 12+ a(1 — a) Q%] — 4k 12 k)2
- t 3
-—\/—5(—?-[21& for y=-=1 and h=-1,
k,
2a(1— 20(1—
Za( )0 >~ — o a)Q2 > 22} for y=0 and A==*1.
|k |2+ a(1-a)Q? [ki+D+a(l-a)Q?)* -4k,

The last expression results after integration over the azimuthal angle.

For the total contribution t®, andW, one has to take the square of the amplitude, i.e., basically the square of the previous
expression with summation over the corresponding helicities:

_ Q2 1 dI?
XgWi= -2 Qfﬂmjoda[a%(l—am“l—t;ﬂxP,I?,Qé)

BI2IQ%—(1-2B)a(1-a) ?
o +J[BIE/Q%a(l—a>]2—4a<1—a>ﬁ(1—ﬁ)I$/Q2]} 4
and
wie=>, Q2= Zfld el [ D208 1- i) 2
W= Qg Q) deatlmal] | Tt Q0 A o e P da1- wB - A
(19)

We have here substitutekf using Eq.(4) in combination the longitudinal part is of higher twist, so that the ratio of the
with 8=Q2/(M2+ Q?). Similar expressions can be found in transverse part to longitudinal does not vanishveQ? at
[5,11,12. As in the previous section we have absorbed thdarge Q?, but is roughly of the order d12/Q3 with a loga-
strong coupling constant inté. This way the remaining ex- rithmic enhancemer{see also Ref.21]). Taking the second
pressions become free of parameters. limit, 83— 0, one observes that the transverse contribution is
By taking the limitsp—1 and 8—0 one can study the finite, i.e., in terms of the madd, the cross section vanishes
main properties of Eq917) and (18). For 8—1 Eq. (17) as 1M* as expected for a spin-1/2 exchange. The longitudi-
vanishes proportional to (23), whereas Eq(18) gives a  nal part(18) has an asymptotic behavior proportional3,
finite contribution. Hence, at small masses the longitudinal.e., is negligible at large masses.
contribution is larger than the transverse contribution. A For the configuration with a gluon in the final state we go
similar observation is made for vector meson production irback to Eq.(5). As in Eq.(16) we encounter four termsee
deep inelastic scattering. One, however, has to be aware thiig. 3(b)]:
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f d?l

—lz‘f(xp,lf,Q3>[2\Pm”<a,kt>—\Pm“<a,kt+|t>

(N
_\Pmn(a,kt_lt)]

2

— %f(x |2 2) 1
- |t2 Pt 'QO m
2k? 17 a(l-a)Q?

i -

[12— K2+ a(1— @) Q%P+ 2K2a(1— ) Q?
KEVIIE+ K+ a(1— @) Q22— 417K?
|

o).

To get the complete contribution f§¥; one has to, first, take
the square of the previous expression and, second, add t
contribution for the perturbative splitting of a gluon into two

quarks:
fldz ( )2
—1
B z?
2

dl
I—;ﬂxp.I?,QS) 22+(1
t

I

(20

K2+a(l—a)Q® k2 k2

|

2Kk
- (19

ke

Q2

k2

B

z

_ 2T (Q% ,&s
XgWo= Ef szfo dk8ﬂln<

2
(&
[(1-22)k?>—12]2+2z(1—2)k*
—-2)%+
K2\(K2+12)2— 4(1-2)I12K?

9 1
4 (1-2)?

B

z

2
It

k2

d*
t

E

V) (a,k,)
ok,ok*

} jlk,|2+a(1-a)Q2

= agxpg [xP ’lkt|2+ a( 1- a)Q27Q(2)]

4a(1—a)Q?

a(1 —a)Q2—|k,|2

[k |*+ a(1 - )0}

M. WUSTHOFF

V2(a—1)k,

\/Eak,

[k >+ a(1- )0 | V2ak}
V2(a— 1)k}

56

Two new variables were introduced in this equation, the lon-
gitudinal momentum fractiom (relative to the Pomeron mo-
mentunm and the virtualityk? of the t-channel gluon which
is connected to the quark boi? is related to the transverse
momentum byr<2=kt2/(1—z). The previously used variable
a was substituted by means of the equatiefl— a)Q?
=zk? where we assume that<1 according to the leading
In(Q?) approach adopted here. A factor of two arises in the
integration from the opposite and symmetric limit
(1-a)<1. A contribution toW, is negligible in this case.
We, again, take the two limit8—0 andB—1 in order to
understand the basic behavior. For smallthe region of
smallz dominates, so that the second line in E2) can be
approximated by setting to zero. Integrating over then
results in 18, i.e., the cross section is divergent whgn
approaches zero. The smdlor triple Regge limit has al-
ready been considered before in R¢f11-13,1% and the
results are found to be consistent with our calculations. One
can also start with? T3, [Eq. (6)] which directly yields the
triple Regge limit of Eq.(20). Taking the opposite limit
—1 which was not covered by previous calculations one
finds that Eq(20) vanishes as (% 8)3. This result emerges
by taking the limitz— 1 resulting in (1+-z)? and integrating
overz. A derivation of Eq.(20) based on Feynman diagrams
is given in Ref[22].

It is important to note that the functiafi is assumed to be
universal and should be the same for all three ELj8, (18),
and (20). The only parameter that enters in EQD) is the
strong coupling constants. It depends on the scale some-
where betweel®, and Q.

One may introduce a simplification by taking the limit
I;—0 in the wave functions of Eq$16) and(19). This limit
gives the leading contribution provided thhf(/(l—,B) is
much larger tharQ3:

—l;ﬂxp,z% O[22V (k) =V k,+ 1)~ T (ak,—1,)]

(22)
dltzf(xp 9lt2 ’Qg)

fory=+1and h=+1,
for y=+1 and A=-1,
fory=—1and h=+1,
for y=—1and h=—1,

2a(1—a)Q for y=0 and h==*1.
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One may call this result leading k/Q3) approach for the the derivation of Eq(20), wherea(1— «)Q? is substituted
remaining integration ovet? [Eq. (8)] is logarithmic(one by zk?* and the splitting function for gluons into quarks is
propagator 1f is hidden inF). It also indicates the limita- added:
tion to largek?.

We again convert the previous results into contributions

to W, andW, . Substitutinge by means of Eq4) and intro- T 2dk? as [ Q?) [1dz B\?
ducing the virtualityk?=k2/(1— 8) we find XBW?=—Z Qf gsz ern e fﬁ; 1- ;)
0
XaWi'=— 3 QP 24p%(1-p) B)’ (122 2, Q812
t ~ ~<f3 + 5 9(1+22)%(1-z2){ asxpg(Xp, k%, Q5)}*.
o2dk? (25
x [ S a0 KD (22
ko K
and This result has been derived earlier in Rdf22,24,25 by
direct calculation of Feynman diagrams.
— a
XgWi =2, Qf 5z 1287
V. NUMERICAL RESULTS
2
X JSzg{asxpg(xp,kz,Qg)}z. (23 _With the fo_rmula_s for diffraction at hand an# d(_eter-
kg k mined by the inclusivé-, (see Sec. )lwe can numerically
_ _ o evaluateF5 . To this end we note th&b andFP are related
Equation(22) was derived earlier in Ref$23—-24 and to W, andW, by
Eq. (23) in Ref.[26]. The virtue of this approach is the fact t !
that we do not need the unintegrated structure function, in-
stead we can use the conventional structure function. The Bl xgW, x;W,
shortcomings, however, are first of all the need of a cutgff ng_( Db L)
which can only be realized by requiring jets in the final state. Xp Am 2m
Second, one recognizes that in E2R) the smallg region is
strongly suppressed and not constant as anticipated earlier. In
this regime next-to-leading 1&f/Q3) corrections become b BW
important. Corrections of this type have been explicitly Fi " Xp 4 (26)
calculated in[27]. We face a similar situation for the
longitudinal contribution Eq(23) which is zero atg=1/2.
Again next-to-leading log contributions become relevantyhich follows from
here.
To complete the discussion on the Ieading<ﬁ7iQ(2,) ap-
proach we give the corresponding formula for gluon produc- doP 2o
tion = I (1-y)?IF2(B.Q% )
, dpgdQ?dx, BQ*
dl,
f 7f(xw|>,|2,QS)[Z‘I’mn(a,kt)—‘I’mn(a,kt+|t) —2xpY2FP(B,Q%xp)}. (27)
il

— UM a,ki—1p)]
The longitudinal structure functiof, is usually negligible
L PV k) due to the accompanying factgf which is experimentally
| —gi— . .
ki gkl small in most cases/(is the energy loss of the electiomut
the longitudinal contribution is not completely lost, since it
ki 2+ a(1— a)Q? 1 in=D
Xf\ {5+ a(l-2)Q dlf]-'(xp,ltz,QS) still appears inF5 [see Eq.(26)]. , .
We insert the form factor 1Vf+ Qo) which belongs taF
2kt2 3a(1—a)Q2+ktZJ 2K into Ezqs. (17)3 (18), and (20) apd perform the mtegratlon.
= n_ overl; analytically. For convenience we introduce the vari-
Ja(1—a)Q? [+ a(1- )Q2| k? able v which is defined asv=Q%[K’+a(l-a)Q?
—O2(1_ 2 ; —O2/12
kt|2+a(1—a)Q2,Q§]. (24) —Qg(l ﬁ)/ké for the qugrk dlljpple and v =Qg/k -
=Qg(1—2)/k{ for the gluon dipoleF; is then presented in
As before we take the square of the previous expression arttiree separate contributions]=F,+ F,+ F) according to
rewrite the result in terms &V . The procedure is similarto  Egs.(17)(F,), (18)(Fy), and(20)(F.)

X aSX]pg [ X]P y
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Since the measurement is not performed=a0 we have quark-antiquark production with transverse polarization is
assumed a simple exponential behaviot irexpBpt), with  dominant §,), and(iii) large 8 where the longitudinal pro-
the slope parameteBp taken from experiment[28]  duction of quark-antiquark pairs takes oveéJ. The second
(Bp=5.9/GeVF). The integration ovet leads to the extra plot displays the change in the shape of halistribution
factor 1Bp . For as we estimate a value of 0.25 which is a with increasingQ?. It is rather flat aroundQ?=10 Ge\?
reasonable estimation for scales around 2—3 GeV. The fundefore it starts tilting wherQ? is further increasedhigher
tion G is defined in Eq(10) and enters the equations above twist suppression at the large end and logarithmic enhance-
without changing the parameters. In Fig.(first plot) we  ment at the low end 0B).
show the g distribution for fixed x;=5.0x10"* and The next figurgFig. 5 shows thexp distribution for fixed
Q?=10 Ge\? with separate curves for each of the threeB andQ? (values as indicated in each grapfihe first row
contributionsF, ,F,, andF.. As was already argued ana- of plots starts at lows with rather flat distributions ixp (the
lytically we find three distinct regimes in th@ spectrumi(i) slope is 0.17 due to soft contributions,=1.085). The dis-
small 8 where the configuration with a gluon in the final tributions become slightly more curved and steeper when we
state dominatesH;), (ii)) medium 8 where the exclusive move to larger3. The change of the shape wigh results
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from the nonfactorizing ansatz where the Pomeron intercepsymptotic(scaling regime sets in. This effect seems to be
depends on an intermediatédariable scale related to the model dependent. Taking the hard Pomeron approach from
size of the dipolg¢ Q3/v in Egs.(28), (29), and(30)]. Atlow  Ref.[29] as example(plots can be found in Ref30]) the

B this scale is smalllarge dipole and the Pomeron is domi- delay2|s even more pronounced. A precise measurement of
nantly soft. At highg and in particular when the higher twist the Q“-scaling behavior seems to be a promising tool to dis-
(longitudina) part takes over the intermediate scale is, incnmma;[e various Pomeron models. , ,
average, rather hartapproximatelyQ?/4) which leads to A Q”-scaling violation for rather larg@ which persists
steeper distributions. This effect can roughly be interpreteéf.ir into the asymptotic region can presumably not be recon-

as large mass states having a larger radius than small magléed with the dipole approach. An alternative scenario based
, . on the hard component of the soft Pomeron would predict a
states. The curvature in the double log plots is due to smea

In(Q?)-type behaviof31]
ing when the scale is integrated. In the second row we see a . : : ;
similar behavior by changin@?. At small Q the intercept We have not presented a comparison with data here. This

. : can, however, be found 132]. The theoretical curve if82]
is frozen at a low(soft) value close to 1.085. There is only a is based on the same model as presented in this paper, only

little, barely visible effect due to smearing. Wh@f is in-  the values for the parameters have changed slightly with
creased the intermediate scale is pulled up and one findgtie impact on thex; spectra.

again a steeper and slightly curved distribution. In total we
note that Regge-type factorization is violated, i.e., the VI. SUMMARY
Pomeron intercept depends gnand Q2.

The scaling properties in diffraction are of special interest We have derived the cross section for diffraction in deep
because they provide direct information about the Pomeroffielastic scattering starting from two types of light cone
structure. Figure 6 shows the dependenc&Bfon Q2 for ~ Wave functions, one for a quark dipo[&g. (1)] and the
three different values o8 (0.01, 0.5, and 0)9which as we second for a gluon dipolgEg. (5)]. The latter is of higher
know from Fig. 4 also distinguish between the three contri- 2
butionsF,F,, andF,. [For very lowQ? (close to 1 GeV)

) . e 200 ¢
our formula forF has to be taken with care, since it is only E
i 2 ; 180 £ ——  $=0.01
computed to leading I1§)<) accuracy] The value forxp is E
again fixed at 5.810%. 160 g A=0.5
The prediction for the slope i@? is according to usual 140 £=09
Q? evolution negative at largg. Figure 6, however, shows a 120 3
rise at lowQ? for any value ofg, even for the longitudinal e
contribution (3=0.9). The latter develops a maximum 80 T
around Q?>=10 Ge\? before the asymptotic regime is 60 b 222220
reached and the @ (higher twis) suppression sets in. For 40 £
B=0.5 we also see an increase Wiif which then flattens 20
out towards a constariteading twist scaling behavior. A 0 1‘ E— '1'0 — “102

rise over a certain range in tf@? distribution is not com- Q?
pletely surprising, sincerD vanishes wherQ? approaches
zero. What is surprising is the delay with which the FIG. 6. Q? distribution.
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order in perturbation theory, since a direct coupling of pho-Pomeron intercept which results in a variation of the
tons to gluons is lacking. We have shown how the colorsjope. The scale is roughly the inverse size of the difade
dipole approach works for a multiparton state provided onep?) which has to be integrated over. Its average is close to
stays within the realm of leading twist and leading@f]  the soft scale of 1 GeV, but increases slightly witrand Q2
accuracy(strong ordering in impact parameter spad@nly  which then causes the distribution to become steeper. The
the leading order quark-antiquark pair forms a dipole for anyower limit for the slope is given by the soft Pomeron inter-
kinematics. The light cone wave function formalism wascept. TheB spectrum is subdivided into three regions each
proven to be consistent with Feynman diagram calculationsyeing dominated by the following contributior(s} the gluon
but it should not be confused with the general dipole apipole at smallg, (ii) the quark dipole with transverse polar-
proach of Ref[33]. As soon as the strong ordering in impact jzed photons at mediung, and (i) the quark dipole with
parameter is lost multiple dipoles may occur. The wave funC1ongitudinaI polarized photonghigher twist at large .
tion formalism presented here is not able to cope with thisnround Q2=10 Ge\? the total spectrum is rather flat, but it

configuration. _ _ starts tilting whenQ? is increased(falling from B=0 to
The expression for the quark dipol@) is rather well =1).
known, the second expressid®) for the two gluon dipole is The Q? distribution is of special interest because it helps

new. It is valid over the complete range of invariant mass ofeyealing the structure of the Pomeron. We find that for
the two gluons and therefore an extension of an earlier deg~.( 5 the slope iMQ? is positive up t0Q2~10 Ge\? and

rived version which was limited to large massfisiple  then flattens outleading twisy or turns dowr(higher twist at
Regge limit, Eq(6)]. _ large B) (see Fig. 6. A comparison with data from H1 was
As model for the Pomeron we have considered color zergye formed in Ref[32] where the agreement is found to be
two gluon exchange which is easily generalized to multi-ea50nable. The main deviation between theory and data is
gluon exchange. All gluons at each leg of the dipole merggy e 1o secondary exchanges which have not been included in

into a single vertex, i.e., there is only a singlg interac.tionthiS paper. The LPS data from ZEU28] also seem to agree
point in impact parameter space. We can factorize the dlpolauite well.

from the target k-factorization schemeand parametrize all So far only leading order and most important next-to-
unknown contribution in terms of an unintegrated gluon|eaging order contributions have been taken into account. To
structure function. This factorization works for two simple 5piain more precise prediction fg8 and Q2 distributions
perturbative gluons, for shadowing correctiof4], and = e needs to perform a comple@8 evolution which will be

even for scattering in a nonperturbative classical field. I, pjact of another publication. Also of interest is a next-to-
should be possible to reformulate the results in R88]  |a5ding order diffractive jet analysis. This requires, however,

along the line of our dipole approach. In the semiclassical, 1| and consistent next-to-leading order calculation which
approach of Refl36] the gluon density is directly related to 4565 peyond the light cone wave function approach of this
the unintegrated structure function, and the Landshoff;

Nachtmann mode[37] can as well be identified with an Paper:
appropriate unintegrated gluon structure function.

In this paper, however, a more phenomenological ansatz
was chosen. A parametrization for the unintegrated structure | am very grateful to J. Bartels and A. White for valuable
function was established with parameters determined frondiscussions and | thank the Argonne ZEUS group for provid-
inclusive deep inelastic scattering4) and then inserted into ing information about data and experiment. This work was
the corresponding expression for diffraction. An importantsupported by the U.S. Department of Energy, Contract No.
feature of our parametrization is the scale dependence of th&/-31-109-ENG-38.
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