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Deep inelastic scattering data and the problem of saturation in smalk physics
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We investigate the role of unitarization effects in virtual photon-protghp) interactions at smak. The
qafluctuation of the initial photon is separated into a small distance and a large distance component and a
model for the unitarization of each component is proposed. The Born approximation for the small size com-
ponent is calculated using QCD perturbation theory. A Reggeon diagram technique is used in order to obtain
a self-consistent scheme for both the tojélp cross section and diffractive production. The model gives a
good description of DESY HERA data in the smallegion, with a single Pomeron of intercept 1.2.

DOI: 10.1103/PhysRevD.63.054010 PACS nunierl3.60.Hb, 12.40.Nn
I. INTRODUCTION tribution to theo(;fg which behaves as @7 at largeQ?, but

the “aligned” component gives the main contribution to the
The present work is an extension of our previous e  diffraction production cross section. Triple-Pomeron dia-
on the investigation of unitarity effects in smallprocesses. grams were also included in our model.
It was found experimentally at the DES2p collider HERA In this paper we propose a more direct separation of the

that both the total cross section of a hlgh|y virtual phOtOﬂ,tWO components of thqapair' which is valid also for small
o(ytf;), and the cross section for its diffractive dissociationQ?. The separation into a small siz§) and a large sizéL)

have a fast increase with energy. This is related to a fastomponents of thejq pair is now made in terms of the

increase of densities of quarks and gluons as the Bjorkefansverse distanaebetween anda The border value, is
variablex decreases. The dynamics of such very dense pafreated as a free parameter, which turns out torge
tonic systems is very interesting and has been studied by. g2 fm?

many authors both in deep inelastic scatterisge Ref[2] For the' S component, withr<r,, we use the expression
for reviews and Refl.3] for some recent paperand in high-  for the y* p total cross section obtained in perturbative QCD
energy nuclear interactiond]. Unitarity effects should stop [7,8]:

the increase of densities at extremely smadind lead to a
“saturation” of parton densities. It is important to determine o 1
the region ofx and Q? where the effects of saturation be- U(JSQT(L)(S,QZ)ZJ dsz dz¢"M(r,z,Q)[?o«(r,s,Q%),
come important. 0 0 1)
We study this problem using Reggeon calcylbbwith a

supercritical Pomerofiap(0)—1=A>0] and the partonic whereT andL correspond to transverse and longitudinal po
icture of y*p interactions in D. In our previ P : )
picture of y*p interactions in QC our Previous pape larizations of a virtual photonj"(X)(r ,z) are the correspond-

[1] we used this approach for the description of HERA data . ="
in the region 6= Q2< Q2 (Q2~10 Ge\?), where the effects N9 Wave functions of theq pair,
of unitarity are most important. It was shown that, with a

single Pomeron of intercept 1.2 and multi-Pomeron ex- T , Baem 202 o1 2,2
changes(unitarity effects, it is possible to obtain a self- ¥ (12.Q)|*= 4 % egilz"+(1-2%)Je°Ki(er)
consistent, simultaneous, description of both the totab

cross section and diffractive production in high-enesgyp +m§K§(er)}, 2

interactions. In such an approach, it is convenient to consider
the process of the™* p interaction in the laboratory frame as

an interaction of theyq pair, produced by the photon, with

the proton. We separated tlgy-pair fluctuation into two

components: and “aligned” component, with a strongly |4t (r,z,Q)|
asymmetric sharing of the momentum fractinibetweenq

andq, and the res{“symmetric”) component. Such a sepa- ©)
ration is important at larg®?, where the first component has

a large transverse size, while the “symmetric” component

has a size ~1/Q and thus has a small cross section/Q? IThis value agrees with the correlation length of nonperturbative
of interaction with the target. Both components give a con-interactions observed in lattice calculatidieg.

and

2_6ae m

477'2' % e2{4Q%ZX(1-2)%K3(er)},
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with €2=2z(1—2)Q%+ mg_ HereK, andK, are McDonald TABLE I. Values of the parameters in the model.
functions. The sums are over quark flavors and we havée : :
takenm,=my=ms=ms. o4(r,s,Q?) is the total cross sec- Fixed parameters Fitted parameters
tion for the interaction of theq pair with the proton. For the Ap 0.2 g2(0) 4.56x10°°
interaction of a small-size dipole, Ay ~0.3 cl 1.97 GeV?2
af 0.25 GeV 2 cy 0.56 GeV 2
os(r,s,.Q)=r*(s.Q°). @ a? 0.9 GeV2 s 0.79 GeV?
As for the L component, we use the same parametrizations Rok. 3 Gev? a 4.63x1072 GeV ?
introduced in Ref[1] for the aligned componer(see Sec. Rips 2 Gev? m; 0.59 GeV
). RZ, 2.2 GeVv? Cs 0.18
Vi 8 ro 1.06 GeVv'?!
Il. MODEL c 15 m3 0.15 GeV

We write they* p total cross section
iy Here «,(0) is the intercept of the trajectorly and «, its
(tot)(s 0?)= e'sz(x,QZ) 5) sI_ope._The values of the rz_;\cFR_gkL, base(_j on Ref10], are
given in Table |. The quantit§ is chosen in such a way as to

. _ _ . behave as In(X) for largeQ? and as In§/s,) for Q2=0
in the following form, using the impact parameté) repre- The coefficientsC]” and C{ determine, respectively, the

sentation: residues of the Pomeron arfeReggeon exchanges in the
gg-proton interaction. The coefficiel@= 1.5 takes into ac-

(“’t)(s Q)= 4[ dzba'(;f:,)(b,s,Qz), (6)  count the dissociation of a protd8].
We turn next to the denominator of E4.0). The constant
(tot)(b 5,02) = gL(Q )O'(tOt)(b,S,Qz)‘f‘O'(StOt)(b,S,Qz). ais given bya=g,,(0)rppp(0)/16m, whereg,,(0) is the

7) proton-Pomeron coupling argpp(0) is the triple-Pomeron
coupling, both at=0. The functiony;(b,s,Q?) is given by
The functiong?(Q?) determines the coupling of the pho- Ed: (31) of Sec. ll.

ton to the large siz air and is chosen in the forfi] With a=0, the model described above is a standard
9 €qp quasieikonal model with a Born term given by Pomeron plus

f exchanges. The denominator in Ed0O) corresponds to a

9(QY) = (0 )2, (8  resummation of triple-Pomeron branchingse so-called fan
14 Q_ diagrams. (For a full discussion of the interpretation of this
mf denominator see Refl].) Thus, expressiong9) and (10)
correspond to a sum of diagrams of the type shown in Fig. 1.
Wheregf(O) andmf are phenomenological parameters. We turn next to theS component. In this case we put, in

The cross section for the components{"®Y | in the im-  complete analogy with Eq$9)—(11),
pact parameter space, is chosen in the quasieikonal form

1—exd —Cys(r,b,s,Q?

9] oo0(r.p,5Q%) =R XLRS] g

(tot) 2N 1_eXF{_CX|_(b:S,Q2)]

(TL (bySlQ )_ 1 (9) b
2C xso(,b,5,Q?)
xs(r,b,s,Q%)="————"—-, (14)
P b.g) 1+aya(b,s,Q?)
XLotY;
5,0,00) =—"—""— 4+ (b,&).
xL(s,0,Q%) 1+ ays(s.b,Q?) xLo(b,§)
(10)

The eikonal function;r(t0 (k= P,f) are written in a standard
Regge form

xCo(b, &)= c exp(A ¢ > ) (1D

Lo\M s/ kS ™ ’

Nok(€) ANGK(£)
where P P
s+ Q2 FIG. 1. A generic Reggeon diagram of our model. It contains
A= -1 | R + the s-channel iteration of Pomeron afiéxchanges, triple-Pomeron
<= a(0) - &5 ns +Q°’ )\Ok ot - (PPP+PfP) diagrams, as well as multiptechannel branchings

(12 of the Pomeron of the fan-diagram type.
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b2
A -
exp( ¢ 4x§p<§>)’

(19

CPr2

S
Nop(é)

Xso(r,b,g)z

with A\gp=R3pgt apé.

Note that the contribution of theexchange to th& com-
ponent is very small and has been negle¢tgdd The condi-
tion (4), valid for fixeds andQ? asr —0, is a property of the
single Pomeron exchange. Thus a faatbrhas been intro-
duced in Eq(15).

Finally og(r,s,Q% in Eqg. (1) is obtained from
og(r,b,s,Q?), defined by Eqs(13)—(15), as[see Eq(6)]

as(r,s,Q2)=4f d?bog(r,b,s,Q?). (16)

Inserting this expression in E¢l) we obtain the transverse
and longitudinal contributions of th@component to the total
v* p cross section.

lll. DIFFRACTIVE PRODUCTION

Following Ref.[1] we express the total diffractive disso-
ciation cross section of a virtual photon as a sum of three

terms:
G- S o4 gpep, an
i=
where
o0=ag2(@? [ (o{(b,5,07 %, 18)
(0)T,L o [0 2 [t T.L 2
og’t=4] d’b | d°r | dZ¢" (zr)]
0 0
tot 2
X[o¥'(r,b,s,Q%)]?, (19

— 2
UPPPZZQE(QZ)J x5pp(b,s,Q?)e 2Cx(:sQ7¢2y

2 1
+2f dzbfroder' dz>, [ " (z,0)|?
0 0 T,L

X xBpp(b,5,Q7) e 20K 050", (20
Here
Xppe(0,5,Q%)=axl(b,5,Q%)x3(b,5,Q%) (21
and
Xppp(r,b,5,Q%)=axs(r,b,5,Q%) x3(b,5,Q%), (22

wherex! (b,s,Q?) is given by the first term of Eq10) and
x3(b,s,Q?) is defined by Eq(31). Using this expression, we
see that, to first order ia, oppp consists of the sum of a
triple Pomeron PPP) term plus aPfP one. We call this

sum triple-Pomeron, although the second one is an interfer-

PHYSICAL REVIEW D 63 054010

ence term. For the total diffractive production cross section,
which includes the diffraction dissociation of a proton, Egs.
(18)—(20) must be multiplied by the same factor= 1.5 as in
the totaly* p cross section.

At HERA, differential diffractive cross sections are given
as a function ofg=Q?/(M?+ Q?), whereM is the mass of
the diffractively produced system or ab=x/B. They are
usually integrated ovet and the functiorF$3) is introduced:

2
d
Q fx Udt.

4mlagm Pdxedt

In our model, this function can be written as a sum of three
terms:

Fio= :2 £8:(x,Q?%, /3)+F2Dppp(X.Q2./a)). (24)

Here

Q%9%(Q%) o

(O)Blk P.f

xpF ), = f d?oxi Xt

47Taelm.

“BAiJrAk*Af(l_ B)nP(QZ)

X
fﬁmadeéBBA A - B)np(Qz)

(25

and
o1 733(1—2!3)2

) fﬁ ,33(1 2p)?
min B

B(1-p)
+U(SO)L Bmaxdﬁ"‘i% '

f —B(1-p)
Bmin B

(26)

where B=(Q%+s,)/(Q%+ MZ) ,Bm,n—x/xmax 10x, and
Bmax= Q% (MZ,n+Q?) with MZ,,=4mZ . In Eq.(25), o{”®
corresponds to Eq(18), keeping only the linear term in
oY andx{" is the contribution of thé>(f) in Eq. (10).

The B dependence of th& component has been taken
from the QCD results of Ref11]. The 8 dependence of the
L component was chosen according to R&g] with

, 13 Q?
np(Q%) = —§+§m, (27)

andc=3.5Ge\.
The triple-Pomeron(i.e., PPP plus PfP) contribution

FS8ppp(x,Q2B) is given by

Oppp
XpF58ppp(X, Q2 B) = XpF 59Bpp(X,Q?, B)—5—>
‘TPPP

(28)
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whereoppp is given by Eq.(20), its Born term(r,EiPP by the Ly e
same equation witlc=0, and

=0.045 GeV* Q°=0.065 GeV* Q*=0.085 GeV*

3)B oo e (g
xpFS8ppp(X,Q% B) « 0 =
Q2 g ;_02=0.1 1 GeV? Q*=0.15 GeV* Q*=0.2 GeV?
2| dbyb5.Q%H 3
Am°ag m

X1 g2(Q)xF(b,5,Q%)

+2 frodzrf1d2|l/fT’L(r,Z)|2Xs(ryb,S,Q2)]- (29)
L Jo 0

Here
b2 =
Xa(S,b,QZ,B)Zk;f wexp ——=r 3
' AN | = E
X
VA4 vnp(Q?)+4 E.
(1-p)" £ e
X g B—_., (30) - N " RN 5 RN
X B E el Q=25 T 0*=35
)\k"_' O_|| ' N N S b ' I N A | ' S S N e |
X 107 107 10007 10 16t 10 a0t
X X X
whereyp=1, y; determines the strength of tifef P contri- FIG. 2. F»(x,Q?) as a function ofx for different values ofQ?

bution relative to theP PP one, and\, =R+ ay In(B/x). ~ compared with experimental data from H1 19956] (open
The function y3(s,b,Q?), which enters in Eqs(10), (14), squarel ZEUS 1995 17] (solid circles, E665[18] (solid triangle$

(21), and(22), is given by (notice that the correspondin@? values of these data are slightly
differeny, and ZEUS BPT9719] (open circles The dotted curve
gmax dg corresponds to thk contribution, the dashed one to tBeontribu-
X3(s,b,Q2)=f FXa(S,b,QZ,IB)_ (31) tion, and the solid one to the totBh(x,Q?) given by the model.
min

In Fig. 2, the results foF ,(x,Q?) are given as a function
of x for different values ofQ2. The description of the data is
good.SandL contributions are shown separately in order to
see the different behaviors. TBontribution is almost neg-
ligible for very smallQ?, becoming comparable to theone

The model was used to perform a fit of the data on strucat largerQ?® values.
tu(r?,(—i- function F,(x,Q?) and diffractive structure function g t'” Fig%_g—etwe c:)mp?jre tPeé“Odd EVith the experimg?t_al

2 i i 2 2 ata on diffraction. In order to do such a comparison, it is
szé)ég\léﬁz/iolpe tglreecrizglgnf;);sr\zglbr(];\f: Olr?|y i)ncjlrjgesc)j in necessary to take into account that different exgeriments use
the fit data up 10Q?<3.5 ée\f-.zFor higher values of?,  slightly different definitions of diffractive events. In this way
QCD evolution is important and is not included in the model. e have multiplied Eqs(18)—(20) by a factorC;s=1.1 in

Nevertheless, our parametrization describes the data up ®der to compare with data from H1 experiment &by
higher values 0fQ2. For F,p we have included data up to =1.3 for ZEUS? With these factors we take into account the

Q2=18 Ge\2. However, for the higher values & we have different cuts in the mass of the system produged in the dif-
only included data at intermediate values @f where the fractive dISSOCIE_ltIOI’l of the protamvhich is Iarggr m_the case
effects of QCD evolution are rather small. At smglithese  ©f ZEUS. In Figs. 3-6,L, S and PPP contributions are
effects become large and our parametrization starts to deviafiotted separately.sln Fig. 3, we show our results for the
from the data aQ?=18 Ge\Z. In Table I, the full list of ~dependence okpF 5 for xp=0.003 and for two values of
parametersfitted and fixedlis given. The overall value of?2 Q> In Fig. 4, the results are given as a functionxgf for

is 400 for a total of 273 data points. FBep the x? is very

good—99 for 96 data points. Fét, it is worse—302 for 186

data points. The latter seems to be due to the fact that SLAC?Notice that we have taken these values as constant for each ex-
data and HERA data are taken together. Using each set @kriment, though they could also depend\riThis would improve
data separately thg?/Npr would be very close to unity. the agreement in Fig.(8).

Since the triple-Pomeron formula is not valid for low
masses, we use heké,;,=1 GeV.

IV. COMPARISON WITH EXPERIMENTS
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8
FIG. 3. xpF$Y as a function ofg for fixed x=0.003 and for .
Q?=4.5GeV andQ?="7.5 GeV. Experimental data are frof20]. g
Dotted lines correspond to tHeP P contribution, dashed ones to 0.04 o
the L term, and dot-dashed ones to tRene. o
002 [ S
different values of3 and Q2. For the highest values @2, s OF
only comparison with3=0.4 and3=0.65 are given. For ©%® F o
smaller values of3, QCD evolution becomes important. In > 0.06 | 3
Fig. 5, the energy dependence of the diffraction cross sectior ., £ s
is shown for different values d¥l andQ?. In Fig. 6, theM? : &

dependence for diffractive dissociation in photoproduction is % |
compared with HERA data for two different energies. Only g o L
data withM?<100 GeV* are shown for comparison. For % F
larger values, the effect of the nondiffractii®R P contribu- * 006 [
tion (not included in the modglis expected to be large. E
As seen in Table I, our fit contains nine free parameters—
with which we describe a two-variable functidn, and a 3
three-variable on€&, . However, in our opinion, the impor- e
tant feature of our analysis is that it gives a common descrip-(b) 0 0
tion of F, andF,p in a rather broad range @? (including ) ) 5
Q2=0) with a single Pomeron. Moreover, we describe soft F!G- 4. (@) XpF3p as a function okp for Q“=4.5 and 7.5 Ge¥
and hard diffraction with the same triple-Pomeron coupling2"d fixed 5=0.04, 0.1, 0.2, 0.4, 0.65, and 0.9. The aiyes are
Furthermore, the values of the parameters are physically Ve;g‘beled as in Fig. 3. Experimental data are fifitfl. (b) xpF3p as

18 GeV?

Q=

: 7 : o
reasonable and amazingly close to the ones expected fro function ofxp for Q°=9, 12, and 18 Geg/and fixeds=0.4 and

- . . .65. The curves are labeled as in Fig. 3. Experimental data are
hadronic data as we are going to discuss below. We havF

- fom [20].

already commented on the valuergf As for sy~1 GeV it
is the usual value in Regge fitgig~0.35 Ge\f is the stan- R
dard value of the mass for a constituent quark amds very  of the poor knowledge of the gluon distributions at sn@|
close to the mass gf meson. Very important parameters in the value of our parameter is consistent with the QCD cal-
our model areg, , C,, Cg, anda. We see from Eq(7) that  culation. As for the value o#, the result of the fit is consis-
g~ 0" o™ (~o"/oPP)~4.5x10 2 in ideal agreement tent with the value obtained in RdflL5] from hadronic data.
with the result of our fit. Since vector meson dominance(Note thata does not contain the coupling to the virtual
works well atQ?=0, it is no wonder that the cross section photon and therefore it is obviously the same for lthend S
for our large componer(controlled by the paramet€};) is  components.Finally, the value 1.2 of the Pomeron intercept
close atQ2=0 to ™. The constan€Cg determines the cross was obtained if15] from an analysis of hadronic data and
section of the small-size component which can be computetlas been fixed. However, we have also tried to leave it as a
in perturbative QCD. Within large uncertainties, as a resulfree parameter and the obtained value is very close to 1.2.
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N

do/dM (ub/GeV)

o
2]

W(GeV)

3.00<M<86.05 GeV

W(GeV) W(Gev)

6.05<M<12.2 GeV

2
200

W(GeV)

. .
300

0.476<Q°<0.700 GeV* 0.324<Q*<0.476 GeV* 0.220<Q°<0.324 GeV*

FIG. 5. (a) Energy dependence of diffractive cross section for
M=2,5, and 11 GeV an®?=8 and 14 Ge¥. Experimental data
are from[21]. The curves are labeled as in Fig. &) Energy
dependence of diffractive cross section for different mass interval
and for low Q? compared with experimental data frof@2]. The
curves are labeled as in Fig. 3.

V. CONCLUSIONS
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o 7
% F
6‘_
I E
S W=187 GeV
= E
4+ B
£
2 F
1 E
o E
1
o 7E
3
6 B
~
S W=231 GeV
= E
4 =
S E
D 2 Mot S
1_ ~~~~~~~~~~~~~~~~~~~~~~
. L ey 8
M

FIG. 6. Diffractive photoproduction cross section féf= 187
and 231 GeV as a function dfl?> from [23] compared with our
model. The curves are labeled as in Fig. 3.

q anda The value ofr p—treated as a free parameter—turns
out to ber,~0.2 fm. For theL component, all theQ? de-

pendence is given by the coupling gf to the large size|q
pair—which is taken as Q? at largeQ? [Eq. (8)]. For theS
component, theQ? dependence is given by the wave func-
tion of the qq pair [Egs. (2),(3)], computed in perturbative
QCD. At largeQ?, r?~1/Q?, and the unitarity corrections of
the S component are higher twist, whereas those of lthe
have the sam&? dependence as the Born term—and thus
are dominant at larg®?.

A good description of the smaX-data is obtained both
for F, and diffractive production, in a broad region @f
(0=<Q?<10 Ge\?), with a single Pomeron of intercept
ap(0)=1.2. For larger values 02, QCD evolution be-
comes important. In particular it gives rise to a behavior
F,~x"4 with A significantly larger than 0.2 at larg®?
[13]. For diffraction, this evolution has rather small effects at
intermediate values of3 [14]. This allows us to use our
model, in this case without QCD evolution, up to rather large
Q? and moderates.

In the region B=Q?<10Ge\* the unitarity effects are
very important and produce a significant decrease of the ef-
fective Pomeron interceptp(0)=1+Ap with decreasing
Q2. This decrease is controlled by the strength of the unitar-
ity corrections. This, in turn, is controlled by the ratio
o/ and its dependence o@?. Hence the impor-
tance of describing both total cross sections and diffractive
production. In our casey, > xs and the unitarity corrections

We have introduced a model of the eikonal type to de-are more important in the component than in th& More-

scribe total and diffractive/* p interactions. They* p inter-
action is viewed as that of @q pair, produced by the virtual
photon, with the proton. The* p total cross section is sepa-
rated into two components: large side for r >ry and small
size(S) for r<rg, wherer is the transverse distance between

over, these corrections are higher twist at laf@@ in the
second case. This is more clearly seen in diffraction, where
the S contribution toxpF$J(x,Q?,5) is much smaller than
the L one for all but the largep values.

An important result of our analysis is not only the fact

054010-6



DEEP INELASTIC SCATTERING DATA AND THE . .. PHYSICAL REVIEW D 63 054010

that we can describe the data on both structure function angicture in perturbative QCI)2—-4]. However, by including
diffractive production in a broad region @2 with a single  the nonperturbativélarge distancePPP terms @+0) we
Pomeron, but also that we can describe diffractive producebtain a different behavior. Indeed, the large &) fac-
tion atQ®=0 and at intermediat@ using the same value of tors in the numerator and denominator of Efi4) cancel
the triple-Pomeron couplingvhich appears in our parameter \yith each other, and we hayé;fg~(1/Q2)f(ln Q?). Thus,

a). . . . . the 1Q? smallness of the* p cross section is maintained in
Finally, we would like to discuss the large Ing}limit of 14 jimit x—0.

the totaly* p cross section in our model. Thg'°%(b,s,Q?),
given by Eqs(9)—(11), tends to saturate fastly with increas-
ing s to the value 1/, due to the largey, (s,b,Q?). The
situation is different for thes component. Let us forget for
the moment about the triple-Pomeron contribution, i.e., con- It is a pleasure to thank K. Boreskov, O. Kancheli, G.
sider the cas@=0. As we have said, unitarity corrections Korchemski, U. Maor, and C. Merino for discussions. This
are much smaller in th8 component, so saturation will take work is partially supported by NATO grant OUTR.LG
place at much higher energies, when the é&pJ term be- 971390. E. G. F. and C. A. S. thank Ministerio de Educacio
comes large enough. For such energies, the cross sectionyrCultura of Spain for financial support. Laboratoire de Phy-
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Q2-independent value anfd,(x,Q?)~ Q2. This is the usual No. 8627.
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