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We use information about DIS antl¢ production on hydrogen to model thedependence of the* N
scattering amplitude. We investigate the profile function for elastic scattering of hadronic components of the
virtual photon off both a nucleon and heavy nuclear target, and we estimate the value of the impact parameter
where the blackbody limit is reached. We also estimate the fraction of the cross section that is due to hadronic
configurations in the virtual photon wave function that approach the unitarity limit. We extract, from these
considerations, approximate lower limits on the values wfhere the leading twist approximation in DIS is
violated. We observe that the blackbody limit may be approached within DESY HERA kinematicQ®ith
equal to a few Ge¥ andx~ 10" 4. Comparisons are made with earlier predictions by Mugteal, and the
longitudinal structure function is compared with preliminary HERA data. The principle advantage of our
method is that we do not rely solely on thdependence gi-meson production data. This allows us to extend
our analysis down to very small impact parameters and dipole sizes. Finally, we perform a similar calculation
with a 2°%Pb target, and we demonstrate that the blackbody limit is already approact®d-20 GeV? and
x~10"%.
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I. INTRODUCTION scattering(DIS) is an interesting new regime in QCD where

the coupling strength is small, but where the leading twist

One of the current theoretical challenges in quantum chroapproximation breaks down and new small coupling methods
modynamics(QCD) is to describe high energy interactions are needed. In order to understand the transition to the BBL,
with hadrons in terms of fundamental field theory. It is ob-it is important to construct models which accurately describe
served that high-energy hadron-hadron scattering interacy* N scattering over a wide range of kinematic variables. In
tions become completely absorptidelack) at small impact  particular, such a model should interpolate smoothly between
parameters so that elastic scattering can be viewed ess&fiz nonperturbative domain and the region where interac-
tially as a shadow of the inelastic cross section in the SeNsgons are accurately described by leading twist perturbative

of Babinet’s principle. If this regime occurs at most of the CD (POCD. In a recent paper by Munieet al. [2]. an
impact parameters which contribute to the inelastic cross se(2 (PQCD. baper by -2

tion, then the elastic and inelastic cross sections are equaCStimate of the proximity to the BBL for the interaction of a
This limit is often referred to as the blackbody lifBBL) in olor dipole with a proton was made using data from diffrac-

analogy with the quantum mechanical situation of scatterin§'ve electroproduction op mesong2]. The techniques used

from an absorptive share of radiusn which case the total " [2] @re limited by the need to model themeson wave
cross section is equal tor2? (see, e.g., problem 1 of Sec. function, as well as by limited information on thedepen-

131 in Ref.[1]). This limit is also loosely referred to as the dence forp production. Within the impact parameter repre-
unitarity limit, although unitarity alone admits cross sectionsSentation, this means that their predictions are constrained to
as large as 4r2 provided there are no inelastic interactions intermediate values of impact parametb&0.3 fm) [3]. (It

(see, e.g., problem 2 of Sec. 132 in Réf)). In this paper we yviII be important to keep in mjnd the dis_ting:tion between
will assume, in line with experiment, that the amplitude isimpact parameteh, and dipole sizegl.) We will find that our
predominantly imaginary. In this case, the unitarity limit co- analysis is valid down to very small values lofandd. We

incides with the BBL. The blackbody limit in deep inelastic Will make an improved estimate of the onset of the BBL by
combining information from DIS and/¢ production. A

great advantage of our technique is that, unlike models

*Email address: rogers@phys.psu.edu which are restricted to using meson production data, our
"Email address: xiaozu@phys.psu.edu model is valid down to very small dipole sizes because we
*Email address: vadim.guzey@tp2.ruhr-uni-bochum.de utilize leading twist PQCD for calculations involving small
$Email address: strikman@phys.psu.edu; Now at Florida Statsize qg pairs. Within our model ofy*N interactions, we
University. always assume that the virtual photon can be written as a
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linear combination of hadronic states. Furthermore, we relatase A =4 because it is found that=4 best describesd/

the hardness of the interaction to the size of the hadronidata over a wide range of kinemati@soth perturbative and

state as is done in Ref4], and we take into account the nonperturbative Figure 6 compares the profile function for

dependence of the hadronic interaction on the virtuality of\ =4 and\ =10. The function used in Reff4] to interpolate

the original photon. Large size configurations constitute theyetween the hard and soft regions matches smoothly to the

soft component of the interaction whereas small sige  PQCD result at smalil and to the pion-proton cross section

pairs constitute the hard component. at larged. Furthermore, it takes into consideration the break-
Modeling they* N interaction requires making three prin- down of the leading twist formula in the smadllimit.

cipal observations. The first is to recall that the total cross Npotice that theqapair is not a fundamental object since it

section for small size dipole configurationd<.3 fm) is s always produced off shell by a virtual photon. This is

known within the framework of perturbation theory down to taken into account on the r|ght side of Hq_) through im-
a4 . ) cal

x~10"“. Therefore, we will have a complete picture of the plicit dependence of'/x, on Q2 and Q? [see Ref[4] and

interaction of small size configurations with nucleons if we Eq. (25)]. The dependence of the dipole cross section on the
can extract the dependence from experimental data. In_SE’C'external photon virtualityQ?, is a feature that is absent in
Il, we discuss how the dependence of the small sizgl  other models such as the one proposed by Golec-Biernat and
pairs can be extracted frodtys production data. Second, we iisthoff [5]. This point will be important for what we dis-
note that the soft scattering of large size hadronic configuracyss later because it means that we cannot speak unambigu-
tions is well understood phenomenologically in terms of ef-gysly about the dipole cross section with referring to the
fective Pomeron exchange. Hence, our model should reprqnteraction for which it is a sub-proccess.
duce the pion-nucleon amplitude for hadronic configurations |n this paper, we will model thedependence of the* N
comparable to the size of the piod~.6 fm). Finally, we  elastic scattering amplitudevhich, of course, cannot be ob-
must model the behavior of the amplitude for intermediat%erved experimentaquing data frornJ/lp photo (e'ectro)
hadronic sizes (.3 fred=<.6 fm). This is an interesting and production in conjunction with the pion-proton elastic scat-
poorly understood region of kinematics, and our model willtering amplitude. As when we model the behavior of the total
allow for readjustments in the transition region. cross section in various kinematic regions, we modeltthe

In Ref. [4], a system was devised for relating the trans-gependence of thg* N amplitude by considering three dis-
verse size of ajq dipole to the virtuality,Q?. The PQCD tinct steps. First, we model thelependence of the small size

result for the inelastie/* N cross section was interpolated to a configurations. Because of transverse squeezing in the
|arge size hadronic Configurations and matched to the tot /w wave function, data taken fromlp production are ap-
cross section for pion-nucleon scattering. The hadronic sizeyropriate for use in modeling titedependence of small size,

d,.is used to in'terpola'te between the hard and soft regions iHard scaleqaconfigurations. Next, thedependence of soft,
this paper as it was in Ref4]. d represents the transverse large size hadronic configurations is approximated by the

?('jzi gflafgl;arlﬁgwggg?rgsﬁ’a':C;Cv;h; :'rg'ttt:]'g‘isivgg Szgfﬂlre pion structure function, the pion being a reasonable approxi-
T ’ ’ 9 ge, pole p mation to a large size hadronic component of the virtual

becomes mapprop.rlate since the hadronlc components th hoton wave function. For soft interactions, a factor for soft
correspond to soft interactions consist of large, complex hadgmeron exchange is included to account for the slow rise in

ronic states._ Larger values af sho_uld be interpreted as cross section at small Finally, we use the transverse size,
transverse sizes of gef.‘efa' hadronic components of the ViSs a parameter to interpolate between hard and soft physics.
tual_photon wave funcyon. The c_ross section takes the formy, our analysis, we will transform our expression for the
familiar from perturbation theory: amplitude into the impact parameter picture to look for the
72 regions where the impact parameter space amplitude ap-
opqep(d,X) = ?dZQS(QZ)X'g(X’ ,Q?). (1)  proaches the unitarity limit and thus to estimate the values of
the impact parameter where the BBL is attained.

_ It should be noted that our model has limitations which
Here, A =Q?d® is a universal scaling ansatz used to relaterestrict how it can be applied. It is important to keep in mind
energy scalesQ?, to transverse dipole sized; x' is the  that Eq.(1) is multiplied by a color factor of 9/4 when the
light-cone fraction for the gluon attached to tipg loop. One  hadronic configuration is a color singlet composed of octet
manifestation of the QCD factorization theorem is that therepresentations of S8), as in a gluon dipole. Such interac-
contribution of hadronic configurations within the photon totions are expected to be abundant in the smiithit, so the
the longitudinal cross sectiom;_, is peaked around a nar- BBL will be reached at larger impact parameters than what is
row range of small dipole sizesee Fig. 4 The value ofz predicted by considering only the interactions of small size
is chosen so that, within the perturbative regidf=\/Q?is  qq pairs. Furthermore, at very smal| effects from cross
approximately the average dipole size contributingofo.  section fluctuations of the virtual photon become important,
For largeQ?, \ takes on values of the order of 10. In fact, it and taking into account only elastic dipole scattering be-
is found thatF, andF_ depend very weakly on the value of comes inappropriate. In particular, the total cross section in
A within the perturbative region af [4]. Changing the value hadron-hadron scattering has a significant contribution from
of N\ thereby provides a universal parameter for tuning thenelastic diffraction. In Ref[6], Miettinen and Pumplin write
cross section within the transition region. In this paper, wethe contribution from inelastic diffraction in terms of fluctua-
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tions around hadronic eigenstates. Estimates of the contribsize, d, as a parameter. We act in the spirit of Rief] by
tion from hadronic fluctuations to the cross section show thamodeling thet dependence of the amplitude in the soft and
it is not negligible(see, e.g., Refl7]). In fact, with a de- hard regimes and by usirdjto build a smooth interpolation.
crease of the dipole size, the relative importance of inelasti@he three steps: building a model for the small dipole region,
diffraction increases. The importance of inelastic diffractionbuilding a model for the large wave-packet region, and inter-

for smallqasizes is discussed, for example, in H&. The polating between the two regions are outlined in the next
important point to note here is that inelastic diffraction will three paragraphs.

contribute to the breakdown of the leading twist approxima- We start by writing the general structure of the amplitude.
tion at low x before the BBL for elastic scattering of the Thet dependence,(t,x,d), is written as the product of three
hadronic configurations in the photon wave function isfunctions

reached. As such, we do not seek to place an absolute bound-

ary on the region where corrections to the Dokshitzer- f(t,x,d)=Fn(t,d)Fq(t,d)Fp(t,x,d). ©)
Gribov-Lipatov-Altarelli-ParisiDGLAP) evolution equation

become relevant. Rather, we construct a model that puts laced by d d dd. Fu(t.d) d i
lower limit in impact parameter space on regions approach§ is replaced by dependence upoandd. Fy(t,d) describes

ing the BBL. Furthermore, since the leading twist approxi-tnet dependence of the nucleon targei(t,d) describes the

mation is not accurate in the vicinity of the unitarity limit, t dependence of the hadronic projectile, dng(t,x,d) ac-

the BBL establishes a lower limit in impact parameter spac&°unts for Gribov diffusion. This method of separating the

on regions where the DGLAP equation is applicable. dependence into three_ fa(_:to_rs corresp(_)ndlng _to different
In Sec. II, we outline our model for thedependence of sources of dependence is similar to what is used in R6f.

the hadronic configuration-nucleon amplitude. In Sec. IIl, we The next task is to model the small dipole sizéepen-

transform our expression for the amplitude into the impaci€nce. Both the soft Pomeron exchange factor and the had-

parameter representation and study the proximity of the prof@Nic form factor must approach unity as the sideshrinks

file function to the unitarity limit as a function of impact (© Zero. The QCD factorization theorem implies that the
parameterp. We write the transverse and longitudinal crossdéPendence of the small dipole-nucleon amplitude is univer-

. VN . . .__sal. Hence, it can be extracted directly fray photo-
sections,o7 ", as convolutions of the dipole cross section

. o . electroy production since thd/ wave function is known
with the photon wave function in Sec. IV. Section IV con- ( )P v

) . : to be a small size wave pacKet0]. Data fromJ/ produc-
cludes with a calculation of the fraction of thg' N cross packeo] P

) : ! .__tion reveal that the two-gluon form factor is
section due to large values of the hadronic profile function.

In Sec. V, we compare our results to an earlier study of the

S-matrix t dependence in impact parameter space. In Sec. VI Fn(t,d—0)=F,(t)~ )
we perform the same calculation for the situation where the (l—t/mi)2
target is a?°%b nucleus. For the case of a nuclear target, we

match the PQCD calculation at smallto the Glauber mul-  The subscript, 1, labels the two-gluon form factor anflis
tiple scattering theory result at large Finally, we summa- a measurable parameter in the two-gluon form factor. The

Ié[ere and in the rest of this section, the dependendeipbn

4

rize our observations in the conclusion. value,mé~1.1 GeV, is extracted from data in Reffl1—
13]. For a detailed discussion of the two-gluon form factor in
Il. MODELING THE t DEPENDENCE J/ s production, see Ref.14]. In [14], it was discussed in

) ) ) ~_detail how, as a result of the transverse squeezing ol tife
Starting with the expression for the total cross section inyave function, thet dependence of the amplitude comes
Eq. (1), we devise a model for the scattering amplitude bysplely from the two-gluon form factor. In particular, it was

writing it in the form found that the dipole form factor contributes only about
~ 0.3 GeV 2 to the slope of thé dependence. The assumption
Ann(st) =isaif(s,t), (2)  that only the gluon form factor is relevant fdfy production

has been successfully tested against data in R&fs-17.
where f(s,t) accounts for the dependence of the interac- Hence, in the limit of small dipole sizes,

tion, anda,, is determined from the QCD improved dipole

picture [Eq. (1)]. The “caret” on o, is to distinguish the
total cross section for the scattering of one component of the

) x )
phc_;ton wave f_unct_|on from the to_tai/ N cross section havior. When the hadronic state has a large sizet tlepen-
which we consider in Sec. IV. Applying the optical theorem . N

dence receives contributions from sources other than the

in the larges limit reproducess o, . For now we assume that q_gluon form factor. We rewrite Eq3) in the form
the amplitude is purely imaginary. We will return to the ques-
tion of a real part of the amplitude at the end of Sec. IIl. f(t,x,d)=F&™(t,d)Fn(t,d)Fp(t,x,d). (6)

In this section, we will make an estimate of the form of
f(s,t) which will take into account the nonzero size of the Now, F&M(t) is the electromagnetic form factor of the
gq dipole and which will smoothly interpolate between per- nucleon which is known phenomenologically to take the
turbative and nonperturbative regimes using the hadroniorm

f(t,x,d—0)=F4(t). (5

Next we construct a model for the large wave packet be-
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IIl. IMPACT PARAMETER ANALYSIS

FR™ (D)~ @)

Having obtained Eq(10), the next step is to transform to
the impact parameter representation where the profile func-
tion is defined by the relation

(1—t/m3)?’

where m(2)~0.7 GeVt. Large size hadronic configurations
can be reasonably expected to hawdependence similar to .
the pion electromagnetic form factor. Thus, for the hadronic Adipme’N(s,t):Zisf d?be 1P, (s,b), (12
form factor we use the well-known form of the pion form

factor, wheret= —q?. The subscripth, indicates that we are con-

sidering the profile function for the scattering of a single
8 hadronic component of the photon wave function from the
1—t/m2’ (8) proton. We get the profile function by inverting Eq.2),

Fn(t,d—d,)~

with m5~0.6 GeV’. Here,d, is the characteristic size of the T(s,b)= ;f d2qeid-PA\(s1). (13)
pion, and takes on a value of approximately 0.65 fm. This is(2m)?
value for the pion size is consistent with what is used in the
matching ansatz of Reff4] and agrees well with data for the For an imaginary amplitude, the BBL is reached when
7N cross section in Refl18]. For lowx soft scattering there I'y(s,b)=1 and the elastic and inelastic cross sections are
is also a factor that arises from Gribov diffusion effects:  equal. Recall that if a singlet dipole consists of color octet
representations of §8), Eq. (1) has an extra factor of 9/4,
Fp(t,x,d—>dw)~e*“'“” X0 /X 9) so the BBL for the inter_action of a hadronic configuration
with the nucleon is certainly reached fBy(b) ~1/2. There-
) fore, wheneverl',,=1/2, we conclude that the interaction
The factor, Fp(t,x,d), describes the ex;:hange of & soft takes place near the BBL. In the rest of this section, we will
Pomeron with Regge slope’~0.25 GeV “ andxo=0.01. g pnress explicit reference to the argumenin the profile
The value ofx, is determined by the boundary of the region gnction. We have plotted the functiof,(b) for different
where Gribov diffusion effects become significant. values of the dipole size andin Fig. 1. We have used gluon

. Fina{H, "r‘:e ’;‘“Stgi”dfi‘ reqsonat\)ll\(la way t'?hi;terpglate beistributions from CTEQSL in the perturbative calculation of
ween the hard and Soft regions. We use pendence [{tot [20]. Recall from the Introduction that our model re-

discussed in the previous two paragraphs to guess the follow-'° . . . .
ing form for the rrl)adronic conf?gurzgtiorrl)-nucle%n amplitude: quires that we specify the external photon virtuality. Since

we are interested in the possibility of reaching the BBL at a
few Ge\?, we have seQ?=2 Ge\? in Fig. 1.
1 A Gaussian ansatz is commonly used in experiments to
[1—t/M2(d?)]? extrapolate thdé dependence to large values. Let us, there-
fore, briefly compare the behavior of our model to that of a
simple Gaussian. We start with the form

Ann(S,t) =iS0e

1

’ 2
% —a(dzt/dﬁ)lnxolx_ (10)
2,2
1—td?/d2m;

Ann(s,1) =is010e°?, (14

In order to give the variation witd geometric behavior, we  which is then transformed into impact parameter space giv-
used? as a parameter. To interpolate between the nucleofhg

and the two-gluon form factors, we have defined the function

~

g
o2 Tn(b)= %e*bzm. (15)
mi—(mi-mj)—, d<d,,
M2(d?)= d- (11

) ] The slope of the Gaussia@, is chosen so that it yields the
Mo, otherwise. same standard deviation Ity,(b) as our model. One danger

in using a Gaussian model is that it neglects the importance
Note that wherd equalsd,,, Any is the product of Eqd.7), of interactions in peripheral regions. Our model attempts to
(8), and(9). In the smalld limit, the dipole form factor and fix this problem by spreading out the distributiontinNote
the Pomeron form factor approach unig?(d?)—m2, and  in Fig. 2 that our model falls off more slowly with.
the limit in Eq. (5) is recovered. Varyingd® interpolates Now let us estimate the contribution of large values of
smoothly between the hard and soft regions. Note that wé',(b) to the total hadronic cross section. The total cross
neglect a possible smal dependence of(t,d) at x  section follows from the optical theorem
=<0.01. (See the discussion in Refl19].) However, our
model is adjusted to reproduce the obserxegpendence of - -
the slope for photoproduction df ¥ mesons. Umt:zj d*b Rel'(s,b). (16)
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d=1(fm) d = 2 (fm) d =3 (fm)

FIG. 1. The hadronic
configuration-nucleon profile
function for different x values.
The large I'(b) region (',
=1/2) is reached for intermediate
hadronic sizes(See Fig. 3. Here,
Q? is taken to be 2 Ge¥/

We have made a numerical evaluation of the fraction of theross section due to large valueslgf(b) (see Fig. 4 The
total hadronic configuration-nucleon cross section obtainedoal of Sec. IV will be to determine whether the contribution
by setting different upper limits on theintegral in Eq.(16).  to the y*N cross section from large values Bf,(b) is sig-
In Fig. 3, one can see that no more that about 30% of thaificant enough that we may expect to see blackbody behav-
total hadronic cross section is due to valueslgi=1/2. ior within HERA kinematics.
Moreover, contributions from large values bf(b) occur To summarize, Fig. 1 demonstrates that large values of
for hadronic sizes close to the pion sides .6 fm. Averaging TI'y(b) are approached for hadronic configuration-nucleon
over the photon wave function will lead to a suppression ofscattering at central impact parametdrs;0.5 fm. In Fig. 1
contributions from larger size hadronic configurations, sat is seen that this is particularly true for hadronic sizes
there will indeed be a small contribution to the total DIS aroundd~0.6 fm. Figure 3 shows that fod~0.6 fm, a
maximum of about 1/3 of the total hadron-nucleon cross sec-

Hadronic Size = .4(fm)
x =.0001

1 ‘ x=10" x=10"

1 . 15 ‘

—— d=.2fm \
——— Our Model \ — d=.4fm \
Gaussian t-dependence

0.8 \\

Fraction of 6,
o
o
;
7
.
Fraction of 6,
o
o
T
&4
.

04 \\ B x=10" x=10

o
n
T
|
Fraction of o,
o
o
T
A
Y
.
fraction of o,
o
3
Fa
r%
.

b(fm) 0 05 1 0 0.5 1

FIG. 2. Comparison of thb behavior for our model with that of .
a Gaussian model. Our model falls off more slowly withThe FIG. 3. The fraction ofo,; with contributions coming from
slope of the Gaussian used here is 0.17.fm values ofl"}, greater than the corresponding point on xhexis.
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Q°=20GeV* We should also remark that we have considered only the
0.004 . e : non-spin-flip interactions. Corrections which account for the
spin-flip amplitude would result in a smaller non-spin-flip
amplitude than what we consider here. Experimental results

—— distribution of o i . - .
T Gtriaton ofgL | in Ref.[21] demonstrate that the polarizatid®, is less than

0.003 0.2 for the range of we are discussing. From the formula

relating P to the spin-flip amplitude,

2Im(A, (ALL) 2|A, |

0.002 | _ ~_ ,
Ay P+HAL )P Asil

17

Integrand

we find the fraction|A, _|/|A,|<0.1. Here,A, , repre-
sents the amplitude with no spin flip whereéfas_ represents
the amplitude with spin flip.

We now return to the issue of a real part of the amplitude
which we ignored in Sec. Il. In the considered kinematic
7 region t=<—2 Ge\#), the ratio of the real to imaginary part
d (fm) of the amplitude,n, is rather small. Indeed, if we adopt

i N~ <P
FIG. 4. The distribution of the integrand in E(®6) over had- power Ifaw behavior for the total.cross Sectlm_m s7, we
ronic sizes for both the transverse and longitudinal cross sectionsC@n estimate the value of(0) using the following formula

0.001

which follows from the Gribov-Migdal resulf22] at high

) energies in the near forward direction:
tion comes from values of ,(b) that approach the black

limit. When d=<0.2 fm, a very small fraction of the total ReAN(St) 7 dlNoe

hadronic configuration-nucleon cross section comes from 77(t)=I A 0% 7] =5p (18

large values of",(b). The only contribution fronT ;= 1/2 M Ann(S,1) ns

to the total cross section far<.2 fm occurs at very smak

(x=10"%).

Most of the model dependence in this calculation comes Ann(s,t)—s[i+7(t)]f(s,1), (19

from uncertainty in the large-behavior of the amplitude.

The different curves in Fig. 5 demonstrate how our modelwhere the functionf(s,t), is assumed to be strictly real. For

changes if we remove contributions from lafgéNotice that  soft regions, the total cross section has the approxireate

simply removing the contribution from-t=3.3 GeV leads  behavior of thewN cross section as in Ref4], consistent

to an error of less than 10%. Thus, we do not expect ouwvith the behavior of a Donnachie-Landshoff soft Pomeron

uncertainty in the largé behavior to have a drastic effect.  [23]. In that casep~0.08, and Eq(18) gives ~0.1. The
second term in Eq19) appears squared in the calculation of

The amplitude can be rewritten as

Hadronic Size = .4 (fm) the cross section, so the correction to the cross section is
. x = 0001 approximately 1%. For the higQ?, low-x region, the total
cross section experiences rapid growth a€0.25 or, by
U=0987 GeV Eg.(18), »~0.35. The correction to the squared amplitude is
0 B L pniSecey ] therefore approximately 10% near the forward direction.
R —— U=217GeV Away from the forward direction, one must account for the
—-— U=257GeV . . .
— -~ U=296GeV small variation ofy with t. The effect can be estimated by
il considering the signature factor in the general form of the
b | Reggeon amplitude. Fort<2.0 Ge\?, 7(t) continues to
L= contribute a negligible amount to the amplitude.
The elastic cross section associated with @§) is found
04 1 by integrating the profile function over impact parameters:
~ 2R 2
02} O'el_f d?b|T'(s,b)|*. (20
o The total cross section is found using E46). Therefore, the
o, : — »2 inelastic cross section is

b(fm)

o 2F _ 2
FIG. 5. A demonstration of the rapid convergence of the profile Tinel J d*b[2 Rel'(s,b) — |I'(s,b)[*], (2D

function. Here, the profile function is plotted for different values of
the upper limit,U, on the integral ovet (—t=U?). with the unitarity constraint
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2 Rel'(s,b)—|I'(s,b)| ’<1. (22) Hadronic Size = .4(fm)

X =.0001

If the amplitude is purely imaginary, then, < i, and the \
unitarity constraint is that',<1. Note that by considering 0.8 D\ A A=10 i
only the imaginary part of the amplitude, we have considered \
only the real part of the profile function. If the amplitude is ¥
given a real part correction, then the profile function will ) )
obtain an imaginary part, the elastic cross section will in- \
crease, and the inelastic cross section will decrease. The co.-
rection to the unitarity constraint on Reis, from Eq.(22),
—{7?RdTI(s,b)]%. In the region of large?, the effect of \
a real part in the amplitude would clearly be noticeable. By X
Eqg. (22), the unitarity limit on the real part of the profile \

function for »~0.35 would be B \

04 g

0 = 1
~0.9. (23) 0 1 2 3

Rel's 5
1+ 7 b(fm)

FIG. 6. Comparison of the profile function for different values

Thus, the unitarity limit on the real part of the profile of \ in the case of an intermeo_liate_hadronic size equal to 0.4'fm.
function may be less than unity by as much as 10%. At thighanges by about 15% &t=0 if X is changed from 4 to 10.
point, we should remark that both the contribution from the
real part of the amplitude and the contribution from inelastic L Q*+M?
diffraction will tend toraise the boundary in impact param- x= S
eter space where the BBL is reached. We neglect both effects
in our model. As a consequence, when our model predict§he result is that we cannot speak unambiguously of the
that the BBL has been reached below a certain impact paadronic cross section without referring to the virtuality of
rameter, we can be confident that the same would be true ithe probe which generated a component of given transverse
a model that incorporates inelastic diffraction and the effectsize. From Refl4] we have, neglecting the constituent quark
of a real component of the amplitude. On the other hand, ifnass,
our model predicts that the BBL has not been reached, we
must keep in mind that corrections due to inelastic diffrac-
tion and a real part of the amplitude may be important. In
other words, the BBL may already be approached at larger
values ofb than what our model predicts. Here we see that if we consider a fix€d, the universality

The uncertainty in the matching region is expressed byf the hadronic cross section fails for small hadronic sizes
the uncertainty in the parameter, However, values of the (jarge Q?), but is recovered for larger hadronic sizes. The
order of 4—10 seem to work well and, as shown in Fig. 6,/5jye ofx’ used in a calculation of the hadronic cross section
there is a variation of only about 15% at small impact pa-yj| pe significantly larger tharx for small hadronic sizes,
rameters when we vary from 10 to 4. Note that this is done |eading to a suppression of the cross section in the small size
for a hadronic size of 0.4 fm which is in the region where theyegion. In particular, in Fig. 1, the approach to the BBL at
dependence upan should be at its greatest. However, theresma)|d is slowed due to the large valuesyheeded to push
remains another subtlety related to the matching of kinematighe small size configuration on shell. In investigating the
regions. First, recall the distinction between the energy scalgyadronic profile function, it may also be reasonable to deter-
Q?, denoting the virtuality of_the photon in a particular scat-mine Q2 by letting it equalaz so that the value ofl always
tering process, and the scaf@?, which is the energy scale corresponds to a typical component of the virtual photon. We
related to the hadronic sizd, through the scaling ansatz of pave done this in Fig. 7, and we can see that at sohall
Ref. [4]. These two scales are nearly equal as long as WE (b) is substantially larger, especially at smallCompar-
consider hadronic sizes in the vicinity of the average hadTng Figs. 1 and 7, we see that di=.1 fm this effect is
ronic size forF,. In determining which value of[calledx’  gjgnificant while at intermediate hadronic sizes the effect is
in Eq. (1)] should be used to calculate the hadronic cross,ery small. Ford=.5 fm there is no discernible difference
section, the authors of R¢#] chose to relate the value Bf  petween the two cases. The physical meaning of this effect is
to the valuex for a particulary* N process in such away that that the profile function for a small size configuration ap-
x' varies asd 2 and so that for typical hadronic size%)  proaches the BBL more slowly if it is far off shell for a given
=x". Within the color dipole picture, this accounts for the Q2. Note that once we begin to calculate the total cross
dependence of the light-cone fractioxf,, of the gluon at-  section, an external value fa@? is explicit, and we no
tached to theyq pair on the massyl?, of the dipole: longer have this ambiguity.

(24)

x'=x

2
1+o.75%) . (25)
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d=.1(fm) d=.2(fm) d = .3 (fm) d=.4(fm)

=

FIG. 7. These graphs are iden-
tical to those in Fig. 1 except that
the value ofQ? used to make each
graph is calculated from the had-
ronic size. Note the larger values
of the profile function at smald
compared with Fig. 1.

=

05
b (fm)

Furthermore, there is some uncertainty in the gluon dis- As we mentioned in Sec. Il, the value df. that we used

tribution used to calculate,;. This is demonstrated in Figs. is consistent with the slope of theN cross section as mea-

8 and 9 where we compare results for the structure functionsured in Ref[18] and with the matching ansatz used in Ref.
using CTEQ5L[20], CTEQ6L[24], and MRST9g25] lead-  [4]. In the model of the dependenced . determines where
ing order gluon parton distributions. The dependence uposoft Pomeron behavior becomes important, and one may well
the parton distribution is seen to be small, but we usedask whether a different value df; is appropriate. For mod-
CTEQSL parton distributions for all other calculations be-
cause they seem to yield optimal consistency with data.

Q’=22GeV?
0.5 . .

2 2
Q*=25GeV* Q*=35GeV _ CTEQSL

® H1 mb99(shape)
# H1 svix00(shape)
------ MRST98_lo
—- CTEQ6L

—— CTEQSL
- MRSTS8_I0
——- CTEQ6L

05 -

0 . . 0 . .
0.0000 0.0001 0.0010 0.0100 0.0000 0.0001 0.0010  0.0100
X X

0?0000 0.0001 0.0010 0.0100 00.0000 0.0001 0.0010 0.0100
X X

FIG. 8. Demonstration of reasonable agreement between the FIG. 9. Demonstration of reasonable comparison between the
color dipole model and recent HERA ddt26] for F, at low Q2. color dipole model and preliminary HERA resufg6] for F_ at
The different curves correspond to the different parton distributiondoW Q° and lowx. The two points in the upper graph correspond to
CTEQ6L, CTEQ5L, and MRST9824,20,23. In our calculations different methods of taking data. The different curves correspond to
we used CTEQSL parton distributions because this yields optimaflifferent parton distributions, CTEQ6L, CTEQSL, and MRST98
agreement between the dipole model and current data. [20,24,23.
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d=1(fm) d = 2 (fm) d =3 (fm) d = .4(fm)

FIG. 10. The hadronic
configuration-nucleon profile
function for different x values.
Here we have used,.=.8 fm.
Compare with Fig. 1.

L L 0 L L 0 L L
0.5 . 0.5
b (fm) b (fm)

els with a larger value od ., the suppression of the profile ging 5(d,x) with the t dependence determined in Sec. I,

funption s to the Pomeron fom? factﬁp, does not oceur  pyqg ofF, andF_ are shown in Figs. 8 and 9. The structure
until one considers larger hadronic configurations. Thereforef,unctionsF2 andF, are defined as

for intermediate hadronic sizes, the profile function rapidly

approaches the unitarity limit as decreases whed, is Q?

large. This can be seen in Fig. 10 where we have repeated the Fu(x,Q)= — 0L,

calculation of Fig. 1, this time using,=.8 fm. Note the T em.

large values of"\,(b) at smallb for d~.5 fm. Therefore, by Q2

choosing a smaller value faf,, we are making a conserva- Fo(X,Q%)= ———— (o +07). (27)
tive estimate of the approach to the BBL. wzae_m,

Note that thet dependence is not needed for calculations of
IV. ESTIMATING THE PROXIMITY OF THE TOTAL ~ y*N F, andF,_ . For more plots of the total cross section calcu-
CROSS SECTION TO THE BBL lated within the QCD improved dipole model see Ref].
Figure 4 shows the distribution of the integrand in E2f)
To properly study the proximity of DIS to the unitarity over total hadronic sizes and demonstrates the suppression of
limit, we must evaluate the degree to which the differentlarge size hadronic configurations.
hadronic components contribute to th& N cross section, We would like to study the contribution of intervals of

O_E/*TN_ T andL refer, respectively, to the transverse and lon-1'(b) to they* N cross _sectiqn. However, the profile function
gitudinal cross sections. In the color dipole formalism, thefor ¥*N scattering by itself is not useful because the photon
longitudinal and transverse cross sections can be factorizé@ve function is not normalizable and because it depends on

into the convolution of the perturbative light-cone wave @em.- Thus, in order to look for the proximity to the BBL,
function with a universal color dipole cross section, we have plotted the fraction of the totaf N cross section

due to different regions of théadronic profile function.
. 1 _ R Plots with different values ok are shown in Fig. 11. Thg
O'ZYTN(QZ,X)ZJ dzJ d?d| g 1(z,d)|200i(d,X"). axis denotes the fraction of the longitudin@tansverse
0 cross section with contributions froif,(b) greater than the
(26) corresponding value on the axis. Note that whenQ?
_ _ . =2 Ge\? andx~10 %, about 1/5 of the longitudinal cross
In this paper, Eq(26) applies also to cases whewg,(d,X)  sections are due to dipole configurations corresponding to
is the cross section for interactions of large size hadronicph(b)>1/2_
configurations with the nucleorz is the quark momentum At Q2=20 Ge\, Fig. 11 demonstrates the recovery of
fraction, andy 1(z.d) is the longitudinal/transverse photon the |eading twist behavior, especially fof atx=.01, where
wave function calculated in QED. We have calculatzqﬁTN less than one-tenth af, is due to hadronic configurations
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Q° =20 GeV* Q° =20 GeV*
Transverse Cross Section Longitudinal Cross Section

1 ;

Fraction of o;
Fraction of o,

FIG. 11. The fraction ot/
with contributions coming from
values ofl'}, greater than the cor-

I : T, responding values listed on the
Q° =2 GeV* Q’=2GeV’ axis. WhenQ?=2 Ge\? and x
Transverse Cross Section Longitudinal Cross Section =104, about 1/5 OfUtyc;N comes
1 ' ' 1 N ' ' from hadronic components scat-
N tering withT',,>1/2.
g AN '
o o A\ N
5 5 05 r \\ \\ 7
t)' s N \\
Y © N S
w w Ny ~.
\\x\ \\\\
0 0 0.5 1
1-‘h

with T',,(b)>1/2. It is clear from Fig. 11 that, for central As mentioned in Sec. Il, production df s depends only
impact parameters and low enou@R, a significant portion  on the two-gluon form factor, and can therefore be extended
of the total cross section is due to hadronic configurationdown to very small impact parameters. It is natural to com-
nucleon interactions that are close to the unitarity limit. Inpare our results foB(b) with the median value of the dipole
high energyy* A scattering, where the effects of the BBL are sjze as it is was used in the calculation of the amplitude
enhanced, we may be able to use DIS to probe the BBL. This
possibility is discussed within the context of the QCD im-

proved dipole model in Sec. VI. S-matrix vs. b

x=5.810"d=.32fm

T T T T

V. COMPARISON WITH RESULTS OF OTHER STUDIES bl

The reasonableness of our model is demonstrated in Fig. { 12 -
where the dipole model is seen to be consistent with recen
HERA data forF, at low values ofQ? andx. Furthermore, in 1
Fig. 9, our model is seen to be consistent with preliminary
results from HERA for| [26]. Other studies of the impact
parameter picture of hadronic interactions with nucleons )
were done in[2], where p production data were used to 0.6 po T y
extract thet dependence. The analysis [] used the -
Smatrix conventionS(b)=1-1'(b), in place of the profile 04
function. In Fig. 12 we have plotted our prediction of the
Smatrix profile for central impact parameters along with ear- |, |
lier result from Munieret al. [2]. In their analysis, the au-
thors were restricted to usingproduction data to model the " ‘ ‘ , . ‘ ‘ ‘ ‘ ‘
t dependence. Data far production are limited to kinemat- 0 ot 02 03 04 05 06 07 08 09 A
ics where —t<0.6 GeV? (b=.3 fm), so the accuracy of bitfm)
their results is limited to moderate impact parameters. Afur- g1 12, Comparison of the matrix calculated using Eq10)
ther complication is introduced into their analysis by theyith results obtained ifi2]. The bold line shows our result, while
need to model th@-meson wave function. Our model Uses the dashed and dotted lines show results taken from[Rgfising
J/4 production data and is therefore valid at small valuesy production with three different interpolations for thedepen-
of b. dence.

0.8 -

S—matrix

—— Our Model
s expg—M)
s f L
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a 1p 1 1p 1p
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0 s 10 0 s 10 0 s 10 file function. The uppeﬁr5 solid
d=0.8 fm curves correspond to=10">, the
e 1F 5 1 p 1 lower solid curves corresponds to
L""" 09 | 09 | 09 | 0.9 x=10"% the das3hed curves corre-
08 | 08 b 08 | 08 spond tox=10"">, and the dot-
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estimated in Refl27]. In our case, the value afthat corre- by a heavy nuclear target such as the nuclel®@®b. In the
sponds toS(b) evaluated atQ’=7 Ge\? is aboutd  heavy nucleus case, the procedure for obtaidiags,b,d)
~0.32 fm[28]. With this assumption, Fig. 12 shows that our giffers from the one in the nucleon case and is outlined be-
model has very good agreement with the results of Rdfat |5\ First, for dipoles of small transverse sizeis; 0.2 fm,
moderate values db while there is an expected deviation e jnelastic scattering cross section at a given impact param-
between the two models for low valuestofsee[29)). Since  gorp is given by the perturbative QCD expression involving

. 74 .
our m(.)detLW'" havlf;t _behaV|or atgn:a(ljl Va.‘llies d]?f thert1h the impact parameter dependent nuclear gluon distribution,
even in the smalb region, our model deviates from the ga(x,Q2,b) [compare to Eq(L)]:

results of Ref[2] by no more than about 25%. Referen2g

used a simple exponential or power ansatz to interpolate to 2

larger values ot as indicated in the figure. In Fig. 12, it is (}inSICD(d’X,b): ldzas(az)XgA(X’,az,b). (28)

seen that the model used [iB] has a high degree of uncer- P 3

tainty at small values db because of the necessity to guess o S

the form of the function that interpolates to largdn con- ~ Where >2(' is given by Eq.(25. The 9'“2” d'St”szt'()n

trast, our model uses information abal production and 9a(X,Q%b), normalized such that [d°bga(x,Q",b)

DIS to model the smalb behavior. =ga(x,Q?), was evaluated if] using the theory of leading
After preliminary results of our study were presented,twist nuclear shadowing. The profile functidf(s,b,d) can

there appeared an experimental analysis with improved dat€ found from Eq(21) (see alsd32]):

on inclusive cross sections and vector meson production at N

HERA by Kowalski and Teaney31]. They carry out an 2Rel'(s,b,d)—|T",(s,b,d) ZZUL”SéD(d,x,b). (29

analysis similar to that used [2]. Therefore, it differs from

our analysis in that it does not include information about thelgnoring the small imaginary part df,(s,b,d), which is

large t behavior of the two-gluon form factor. Future im- even smaller in the heavy nucleus case than in the free pro-

provements on the dipole picture should be compared witlion case because of the effect of nuclear shadowing(Z=y.

this data. gives

VI. SCATTERING OFF A HEAVY NUCLEAR TARGET I(s,b,d)=1— \/1—(}ipn§|CD(d,X,b), (30)

It is interesting to examine how the profile function
I'y(s,b,d) changes when the free proton target is substituteavhich is valid ford<0.2 fm.
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FIG. 14. These plots are the analogue of those appearing in Fi FIG. 15. These plots are the analogue of those appearing in Fig.

. . *A . .
3. They correspond to the profile functions for the nuclear target irgﬁl- The fraction ofr” ™ due to values of the hadronic profile func-
Fig. 13. In these plotss’ corresponds t®@?=2 Ge\. tion larger thanl'y, is plotted versud’, .

Second, for dipoles of a larger sizey=0.2<d<d, Large leading twist gluon shadowing tames the growth of
=0.65 fm, the profile function is found by interpolating be- the interaction of hadronic components of the photon with
tween the PQCD expression of H80) and the profile func- the nucleus so that the unitarity constraint is satisfiedxfor

tion calculated atl=d_, [4]: =10"* while the BBL may be reached for a large range of
impact parameters. For smallgr unitarity starts to break
d2—d§ down at central impact parameters. For latjeunitarity is
Ip(s,b,d)=[T(s,b,d,) —Th(s,b,do) ] 5—— automatically satisfied since the Glauber model for large to-
dz—do tal cross sections leads tolg that approaches unity.
+T(s,b,do). (31) Finally, we have included plots in Fig. 15 for the nuclear

_ _ _ _ target showing the fraction af”"* due to large values df,,
The profile functionI'y(s,b.d;) is calculated using the analogous to those in Fig. 11. In Fig. 15 we see that the BBL
Glauber multiple scattering formalisf83]: is approached for nearly all values wht Q?=2 Ge\? and
2 . - .
1 cAcn(9)T(B)2 Q2=20 Ge\~. (Note the recovery of leading twist behavior
Tn(s,b,dy)=1-emn ’ (32 for the longitudinal cross section at large and Q?

where o_y(s) is the energy-dependent pion-nucleon total=20 Ge\2.) Notice also that the fraction of”"* due to
scattering cross sectiony,n(S)=23.786/s,)%% mb, s,  large values of’;, for x=.01 is actually larger in some cases
=200 GeV;T(b) is the nuclear optical density normalized than for the casex=.001. This effect can be explained
such thatfd?bT(b)=1. A is the number of nucleons in the qualitatively by inspection of Fig. 13. For the case of the
target. nuclear target, the main contributions 0" come from
Third, for the dipoles with the size>d_, the profile smaller values ofi (d~.2 fm). The growth of the profile
function is given by Eq(32), where the pion-nucleon cross function with decreasing at smalld is slower for smaller

section is allowed to slowly grow as values ofx (x=.01) than for larger values. Thus, the tail of
) the profile function at large impact parameter may become
14 significant in these regions.
onSd)=0,\(S) . 33
MSD=T(S) (33)

. . VIl. CONCLUSION
The results for the profile functioh',(s,b,d) for the

nucleus of2%%Ph are presented in Fig. 13 by the two solid A general, well-known feature of* N and y* A scatter-
(x=10"* andx=10"%), dashed x=10 %) and dot-dashed ing is that the fraction of the interactions of hadronic com-
(x=0.01) curves. ponents in the virtual photon wave function with the proton
The profile function for the nuclear target shows somewhich take place at or near the BBL increasesxasid Q2

similarity with the profile function for the proton target. The decrease as is exhibited explicitly in this paper in Figs. 1, 3
main differences are that the BBL is approached over a largeand 11. We hope that one day we may be able to exploit the
range of impact parameters than in the case of a proton tanovel properties of interactions in the BBL to study a new
get. This is not surprising because of the larger thickness gbhase of PQCD. In Ref34] the signatures of the BBL for
the nuclear target. The plots in Fig. 14 show the fraction oDIS were discussed with the hopes that they would be seen
the hadronic cross section due to large valueF of in future experiments. It remained to be determined, how-
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ever, in which kinematical regions one can expect to seapproach to the BBL at smaXd and central impact param-
blackbody behavior. Having now constructed a model of thesters. The approach to the BBL asand b decrease occurs
amplitude for the interaction of the hadronic components oimuch more rapidly for the case of a heavy nuclear target than
the virtual photon wave function, we are in a position tofor the case of a proton target. This can be seen by compar-
make rough estimates of the fraction of the hadronic interacing Figs. 3 and 14. For example, a=0.4 fm and x
tions that exhibit the characteristic behavior of blackbody~10"*, Fig. 3 shows that, for the proton, less than 1/2 of the
interactions. More precisely, since we know that the effectgotal cross section is due to contributions frdrg(s,b,d)

that we have ignored so far—inelastic diffraction and the real>0.5, whereas with °%Pb target, Fig. 14 shows that over
part of A,y—will tend to increase the proximity of the inter- 70% of the total cross section is due to contributions from
actions to the unitarity limit, then we can place lower limits T',(s,b,d)>0.5. This suggests that nuclear targets are ideal
on the values ok andb where a significant fraction of the for studies of the BBL as a phase of QCD as has been dis-
events will occur at or near the BBL. Our results show thatcussed before in Refl34]. Future work on this subject
within available HERA kinematics, a significant fraction of should incorporate inelastic effects. Also, a greater under-
the total DIS cross section is due to interactions of the hadstanding of the largé behavior would lead to greater accu-
ronic components with the proton that occur near the BBLracy in the model.

In particular, Fig. 11 shows that &@°~2.0 GeV* and x

=10 4, about 1/5 of the longitudinal cross section is dug to ACKNOWLEDGMENTS
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