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Gluonic radius of the proton and high energy p̄p scattering
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The present experimental data of elasticp̄p scattering suggest that the asymptopia in the Chou-Yang picture
for elastic hadron-hadron diffraction scattering may be nearly realized in the energy region of the CERN Super
Proton Synchrotron and the Fermilab Tevatron Collider,As50.5–1.8 TeV. The analysis gives information on

the root mean square radius of the gluon distribution in the proton (r̄ g[^r gluon
2 &p

1/2), which is estimated to be

0.87& r̄ g&0.95 fm. @S0556-2821~98!01003-0#

PACS number~s!: 13.85.Dz, 12.40.Nn, 14.20.Dh
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I. INTRODUCTION

The diffraction interaction which exposes one importa
face of the strong interaction in the soft and semihard reg
has still much to be explored, even at the phenomenolog
level. Nearly three decades ago Chou and Yang@1# proposed
an idea for the diffraction mechanism of elastic hadron sc
tering, that the interaction is caused by the absorption of
extended hadron passing through another extended ha
This simple picture has stimulated interest in the geometr
aspect of the diffraction interaction@2#. The Chou-Yang
model has been applied to hadron-hadron elastic scatte
with some success in explaining certain basic features of
diffraction scattering, but later it met difficulties. The mo
serious one is that the model does not cope with the exp
ing feature of the diffraction interaction observed in t
CERN Intersecting Storage Rings~ISR! energy region and a
higher energies@3–5#. This difficulty, however, may be over
come if we generalize the original picture by taking tw
components, the quark and the gluon, having different
ergy behaviors as the constituents of the hadron.

In the high energy region from the CERN Super Prot
Synchrotron ~Sp p̄S! to the Fermilab Tevatron Collider
As50.5–1.8 TeV, the experimental data of elasticp̄p scat-
tering suggest that the opacity increases while the interac
radius remains nearly constant@4,5#. This shows that the as
ymptopia in the Chou-Yang picture for hadron-hadron d
fraction scattering may be virtually realized in this ener
region. The purpose of this paper is to give a more deta
account of the previous suggestion and to estimate
bounds for the gluonic extension of the proton from the d
ferential cross section data of elasticp̄p scattering including
the experiments by the collaboration group of the Collid
Detector at Fermilab~CDF! @6,7#.

*Electronic Address: kawasaki@cc.gifu-u.ac.jp
†Electronic Address: tmaehar@sed.hiroshima-u.ac.jp
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II. EXPONENTIAL DIFFERENTIAL CROSS SECTION

Before we make a detailed analysis of the experimen
data, it will be useful to examine the problem by assum
the differential cross section which decreases exponent
in the momentum transferutu. We neglect the contribution
from the real part of the scattering amplitude. The imagin
part of the scattering amplitudeF(s,t) is written in the
impact-parameter representation in terms of the real eiko
function V(s,b) as

ImF~s,t !5E
0

`

db b~12e2V~s,b!!J0~A2tb!. ~1!

Here s is the squared total energy in the center of ma
system,b the impact parameter, andJ0 the Bessel function
of order zero. For the exponentially falling differential cro
section with the logarithmic forward slopeB, ImF(s,t) is
given by

ImF~s,t !5
s t

4p
eBt/2, ~2!

with the total cross sections t . This gives the real eikonal

V~s,b!52 lnS 12
s t

4pB
e2b2/2BD

52 ln~124xe2b2/2B!, ~3!

where x is the elasticity. The positivity requirement fo
V(s,b) imposes the restrictionx<1/4. Incidentally the CDF
experiments at 1.8 TeV have givenx50.24660.004 @6,7#,
which is near the unitarity bound 1/4.

We denote the Fourier-Bessel transform of the eiko

V(s,b) by V̄(s,t). Let us define

Ḡ~s,t ![V̄~s,t !/V̄~s,0!. ~4!
1822 © 1997 The American Physical Society
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TABLE I. Summary of the experimental data.

Experiment@Refs.# As ~TeV! s t ~mb! r x B @~GeV/c) 22#

UA4/2 @9–11# 0.541 62.26 1.5 0.1356 0.015 0.2156 0.005 15.56 0.1
CDF @6,7# 0.546 61.266 0.93 0.15a 0.2106 0.002 15.286 0.58
E-710 @12,13# 1.8 72.86 3.1 0.1406 0.069 0.2306 0.025 16.996 0.47
CDF @6,7# 1.8 80.036 2.24 0.15a 0.2466 0.004 16.986 0.25

aAssumed.
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This is given in the case of the exponential cross section

Ḡ~s,t !5
1

Li2~4x!(k51

`
~4x!k

k2
expS Bt

2k D , ~5!

where Lin is the polylogarithmic function of ordern @8# de-
fined by

Lin~z!5 (
k51

`
zk

kn
. ~6!

In the Chou-Yang-type geometrical picture the effect
root-mean-square radius of the proton may be defined b

r̄ 2[^r 2&p53
d

dt
Ḡ~s,t !u t50 , ~7!

which gives, for Eq.~5!,

r̄ 25
3

2
B

Li3~4x!

Li2~4x!
. ~8!

The experimental results from the UA4 Collaboration@9#,
the UA4/2 @10,11#, and the CDF@6,7# at As50.541–0.546
TeV and the CDF@6,7# and the E-710@12,13# at 1.8 TeV are
given in Table I. The effective proton radius calculated
Eq. ~8! from the experimental values of the elasticityx and
the forward logarithmic slopeB is given in Table II. The
radius can be said, within the uncertainty of the experime
to be independent of the energy, though thenaiveinteraction
range related toAB definitely increases from Sp p̄S to Teva-
tron. The proton matter extension is larger than its elec
magnetic radii 0.83–0.84 fm@14#, suggesting that the domi
nant absorber isnot the quark in this energy region.

Actually the differential cross sections ofp̄p scattering
have the dip-bump structure aroundutu'1.0 ~GeV/c)2 in this
energy region and they show the exponentially falling cr
section approximately only at small momentum transfersutu
y

t,

-

s

&0.1 ~GeV/c)2. Another point which differs from the expo
nential behavior is the curvature structure at small mom
tum transfers which changes as the total cross section
creases from positive~concave! to negative~convex! in the
geometrical model such as the Chou-Yang picture, altho
its details will, however, depend on the shape of the eikon
This curvature structure will affect the determination of t
forward slopeB, which is usually performed by assuming
structureless forward peak. It is, therefore, necessary to
amine the problem more carefully for the scattering amp
tudes which reproduce details of the observed differen
cross sections.

III. EVIDENCE OF THE CHOU-YANG ASYMPTOPIA
IN THE ENERGY REGION FROM THE S pp̄S

TO THE TEVATRON

At high energies the elastic scattering amplitude is do
nated by the imaginary part. However, the contribution fro
the real part cannot be neglected at small momentum tran
where the Coulomb interaction becomes appreciable as
as in the dip-bump region where the imaginary part becom
small, if a better description of the experimental data is
tempted. In the present approach the real part is indu
from the imaginary part by the derivative dispersion relati
~DDR! @5,15#. We assume the dominance of the crossin
even amplitude for which the DDR gives

ReF~s,t !'
ps

2

d

ds
ImF~s,t !. ~9!

In practice we introduce the energy dependence of
imaginary part of the scattering amplitude through the ei
nal V(s,b) by making an approximation as

V~s,b!5w~s!g„b/k~s!…, ~10!
l
TABLE II. The effective proton radius calculated by Eq.~8! for the Sp p̄S and Tevatron experimenta
data for the elasticityx and the forward logarithmic slopeB.

Experiment As ~TeV! x a B @~GeV/c) 22# r rms
a ~fm!

UA4/2 0.541 0.215~0.205! 15.5 0.86460.021~0.87260.021!
CDF 0.546 0.210~0.205! 15.28 0.86260.018~0.86660.038!
E-710 1.8 0.230~0.219! 16.99 0.89060.054~0.90160.049!
CDF 1.8 0.246~0.241! 16.98 0.86460.022~0.87460.036!

aThe figures in the parentheses are the elasticitys t /(16pB) of the exponentially falling differential cross
section and the corresponding radius.
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TABLE III. The Chou-Yang-model fit to the experimental differential cross sections ofp̄p scattering at 1.8 TeV by the Sp p̄S eikonal
at 0.541–0.546 TeV@20#. The results of the GGS fit are also given.

x2/NDP

Model s t ~mb! B @~GeV/c) 22# x r w wd k kd E-710 CDF total

Chou-Yang 78.54 17.05 0.245 0.140a 1.397 0.293 1a 0 a 34.2/51 48.2/26 82.4/77
GGS 78.48 17.13 0.245 0.140a 1.388 0.239 1.002 0.012 34.1/51 48.1/26 82.2/7

aAssumed.
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where w(s) and k(s) are functions depending only ons.
This is essentially the generalized geometrical scaling~GGS!
model @4,5#.

With the expression~10! for the eikonal, the real part is
given by Eq.~9! as

ReF~s,t !

5wd k2~s!E
0

`

db bg~b!e2w~s!g~b!J0„k~s!bA2t…

1kd

2

k~s!

d

dt
@ tImF~s,t !#, ~11!

where

wd[
ps

2

d

ds
w~s!, kd[

ps

2

d

ds
k~s!. ~12!

Here the second term on the right-hand side of Eq.~11!
corresponds to the Martin formula@16#.

Now let us define the asymptopia in the Chou-Yang p
ture as the energy region where the gluon becomes f
dominant@17#. Phenomenologically this can be seen if t
relation

dlnV~s,b!

ds
5 f ~s! ~13!

holds, f (s) being a function depending on only the ener
variables. In the approximation~10! this is satisfied ifk is
independent of energy. This is the Chou-Yang model in
factorized eikonal version@18,19#.

The eikonal-shape functiong(b) of elastic p̄p scattering
at As5 0.541–0.546 TeV can be evaluated from the scat
ing amplitude determined previously@20# for the UA4 @9,21#
and UA4/2@11# experiments. This eikonal~referred to as the
Sp p̄S eikonal hereafter! is used to fit the differential cros
section data at 1.8 TeV of the E-710 experiment@22# @the
number of data pointsNDP551, utu 5 0.034–0.65~GeV/c)2#
and of the CDF experiment@6,7# @NDP526, utu 5 0.035–
0.285 ~GeV/c)2# at Tevatron. In the fit we takek51 and
kd50 corresponding to the Chou-Yang model and make
luminosities of the E-710 and the CDF experiment free.
total there are four free parameters in the fit: the values
w(s) andwd(s) at As51.8 TeV for the scattering amplitud
and two free normalization parameters for the experime
data. The parameterwd(s) enters in the evaluation of the re
part by the derivative dispersion relation, Eq.~11!. Here we
assume the ratio of the real part to the imaginary part of
forward scattering amplituder50.14 @12#.
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The best-fit solution at 1.8 TeV is given in Table III an
the differential cross section of this solution is shown in F
1. In the CDF measurements there are four data points o
pying more than half of thex2 value, utu 5 0.035, 0.055,
0.245, and 0.255~GeV/c)2, contributing 26.9 to thex2

value. If these data are omitted, we havex2/NDP5 21.3/22
for the CDF experiment, showing a good fit. The total a
elastic cross sectionss t andsel of this solution are 78.54 mb
and 19.24 mb~the elasticityx50.245), respectively. The
forward logarithmic slopeB is 17.05~GeV/c)22. These val-
ues are in better agreement with those of the CDF exp
ment than the E-710 one as seen in Table I. The normal
tion factors are 1.16 for the E-710 and 1.01 for the CDF da
indicating a discrepancy of 15% between them.

In order to examine the stability of the interpretation
the Chou-Yang model with one component, we try an eik
nal with g(b/k) by varyingk freely in fitting the experimen-
tal data as in the GGS model@4,5#. We have the best-fit
solution havingx2/NDP582.2/77 which is given in Table III.
The results differ very little from the Chou-Yang model wi
k51.002 and only small changes in other free parame
and predictions. The CDF cross sections imply a weaker
ergy dependence fork than the E-710 data and we estima
that the change ofk is at most 1% from the Sp p̄S to the
Tevatron. In the analyses by Blocket al. @17#, which were

FIG. 1. The differential cross section ofp̄p scattering at 1.8

TeV calculated by the Sp p̄S eikonal determined from the UA4 an
UA4/2 experiments at 0.541–0.546 TeV@20#.
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TABLE IV. The predictions by the Chou-Yang model with the Sp p̄S eikonal at 0.541–0.546 TeV@20#.
Here the input data for the calculation ares t andr.

As ~TeV! s t ~mb! r x B @~GeV/c) 22# B/BMM
a Opaquenessb

Sp p̄S c 0.541–0.546 62.2 0.118 0.210 16.1 1.18 0.419

CDF 0.546 61.26 0.15 0.209 16.0 1.18 0.416
E-710 1.8 72.8 0.140 0.234 16.7 1.16 0.449
CDF 1.8 80.03 0.15 0.249 17.2 1.15 0.464

100.0 0.135 0.281 18.5 1.12 0.488
105.0 0.133 0.287 18.8 1.12 0.491

LHC 14 110.0 0.133 0.294 19.2 1.11 0.494

aThe MacDowell-Martin boundBMM[(11r2)s t/18px.
bThe central opaqueness defined by the impact-parameter amplitude atb50: Its unitarity bound is 0.5.
cThe results of the fit to the differential cross sections in Ref.@20#.
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performed before the UA4/2 and CDF experiments, the
teraction radius expands over 2% in this energy interv
while our present results indicate a variation by less than
signaling an even earlier onset of the asymptopia than
suggested by their results. Incidentally the growth of the
teraction radius is about 7% between the CERN ISR and
Sp p̄S, As5 0.06–0.55 TeV@4,5#.

IV. PREDICTIONS AT THE LHC ENERGY REGION

The results in the previous section suggest the Chou-Y
asymptotic picture is nearly realized above the Sp p̄S region.
It is, therefore, interesting to predict the differential cro
section at higher energies on the basis of the Sp p̄S eikonal
obtained at 0.541–0.546 TeV@20#.

The necessary input data for the calculation in the ene
region of the CERN Large Hadron Collider~LHC! are the
values ofs t ~or sel or B) and r. The present theoretica
predictions for the total cross section in the LHC region s
have a considerable uncertainty@23#. We tentatively take 110
mb as the total cross section at 14 TeV. As for the ratio
the real part to the imaginary part of the forward scatter
amplituder, we take 0.133 in view of the prediction by th
dispersion relation@10#. We also calculate the cases
s t5100 and 105 mb withr50.135 and 0.133, respectively
in order to examine the energy variation of the basic phys
quantities between the Sp p̄S and the LHC. The results fo
the elasticity and the forward slope are given in Table
The forward slope is approaching the MacDowell-Mar
unitarity boundBMM[(11r2)s t/18px @24# crossing down
over the black disk valueB/BMM59/8 around the LHC en-
ergy, but the Chou-Yang model will turn to the black di
limit asymptotically@25#.

The predicted differential cross sections at 14 TeV
given in Fig. 2. We note two features of the differential cro
section. The first is the change of the curvature structure
the foward peak which was taken by Blocket al. @17# as one
of criteria for the onset of the asymptopia. In order to see
we plot in Fig. 3 the calculated cross section divided by
exponential oneds/dt5$ds/dt%u t50exp(Bt) whereB is the
logarithmic slope att50. The results clearly show th
change of the curvature structure arounds t5100 mb from
concave to convex, where the elasticityx is about 0.28. We
will observe the convex feature of the differential cross s
-
l,
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tion at the LHC. The second feature is the appearance
rather clear dip-bump structure at the LHC. In the regi
0.5–1.8 TeV the dip of the contribution from the imagina
part of the scattering amplitude is nearly filled up by its re
part, but at the LHC there will appear a rather clear d
structure atutu50.4 ~GeV/c)2, although the value ofr does
not change much from those in the Sp p̄S-Tevatron energy
@26#.

V. TWO-COMPONENT CHOU-YANG MODEL
AND THE BOUNDS FOR THE GLUONIC RADIUS

OF THE PROTON

The Chou-Yang model in its orginal simple picture, how
ever, does not explain the observed behavior ofpp and p̄p

scattering if allied to the energy region below the Sp p̄S
energy. We need to generalize it by taking two compone

FIG. 2. The differential cross sections ofp̄p scattering at 14

TeV calculated by the Sp p̄S eikonal determined from the UA4 an
UA4/2 experiments at 0.541–0.546 TeV@20#. The differential cross
sections at 1.8 TeV are also shown.
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for the hadron constituents, the gluon (g) and the quark (q).
The eikonalV(s,b) of the Chou-Yang picture is now writte
as

V~s,b!5Wqq~s!Gqq~b!12Wqg~s!Gqg~b!

1Wgg~s!Ggg~b!, ~14!

whereW(s) i j and G(b) i j are the functions depending on
on s and b, respectively. In this case the factorizing repr
sentation~10! is only approximate unless one single ter
dominates the right-hand side of Eq.~14!.

The picture of the diffraction interaction~14! is essen-
tially the quantum-chromodynamics-inspired model of Blo
et al. @17# where the analysis was focused on the evalua
of the energy dependence ofWi j from the information of the
inelastic process. We treatWi j andGi j phenomenologically
in the present anslysis.

The results in the preceding sections show that only
component dominates in the Sp p̄S-Tevatron region. It is rea
sonable to identify this component as the gluon. The funct
Ḡ(s,t) obtained from the scattering amplitude at 0.54
0.546 TeV and shown in Fig. 4 is the product of the tw
gluonic proton form factorsḠ(t) p̄p

gg
5@Fp

g#2. The root-mean-

square~rms! radius r̄ g of the gluon distribution inside the
proton is given by

r̄ g
25^r gluon

2 &p5E r 2rp
g~r !dr53

d

dt
Ḡp̄p

gg
~ t !U

t50

, ~15!

where we can takeḠ(t) p̄p
gg

5Ḡ(s,t) in the present case
Hence the effective proton radius can be identified with
gluonic radius and we have

FIG. 3. The change of the curvature structure of the forw

peak of p̄p scattering with the total cross sections t calculated by

the Sp p̄S eikonal determined from the UA4 and UA4/2 expe
ments at 0.541–0.546 TeV@20#. We show the ratio of the differen
tial cross section tods/dt5$ds/dt%u t50exp(Bt) where B is the
logarithmic slope att50.
-

n

e

n

e

r̄ g50.8860.01 fm ~16!

from the Sp p̄S eikonal. This value is close to the roug
estimate by assuming the exponential differential cross s
tion given in Table II.

The observed constancy of the effective radius of the p
ton in the Sp p̄S and Tevatron energy range implies that t
quark componentis not positively requiredfrom the present
experimental data in this energy range. It will be, howev
reasonable to consider that the Chou-Yang asymptopia
bealmost realized, butnot fully at this energy. If the value o
r is as large as 0.135 at the Sp p̄S, this favors nonvanishing
kd @20#, suggesting the contribution from two kinds of co
stituents with different spatial distributions. The size of t
background is crucial to set the bound for the gluonic radi

Here we estimate the bounds for the gluonic radius wh
some background exists within the uncertainties of
present experimental data. We assume the backgroun
quark-quark scattering with the quark density distribution

rp
q~r !5

1

4p

mq
3

2
e2mqr , ~17!

corresponding to the dipole form factor with massmq .
As for the gluon component we take the density

rp
g~r !5

1

4p

mn
3

~n12!!
~mnr !ne2mnr ~n50,1, . . .!,

~18!

wheremn is a parameter. The rms radius for the distributi
~18! is

r rms5A~n13!~n14!mn
21 . ~19!

d FIG. 4. The functionḠ(s,t) of p̄p scattering calculated by the

Sp p̄S eikonal determined from the UA4 and UA4/2 experiments
0.541–0.546 TeV@20#. For comparison we show those of the e
ponential cross section and the dipole form factor having the s

dḠ(s,t)/dtu t50.
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The form factor corresponding to the density~18! is given by
the sum of the multipoles

Fp
g~ t !5

1

n12 (
k50

@~n11!/2#

~n2k11!Ck

~21!k2n22k11

S 12
t

mn
2D n2k12 ,

~20!

where@ # is the Gaussian symbol andpCq’s are the bino-
mial coefficients. For the numerical calculation it is simp
to use the following expression:

Fp
g~ t !5

1

n12
~cosa!n12sin~n12!acota, ~21!

with a[arctan(A2t/mn).
We examine two cases:~C! a central type withn50 and

~P! a peripheral type withn51. The second choice~P! is
made by considering the possibility that the gluon distrib
tion in the proton may be peripheral as the bag model s
gests@27#. Though these densities are not enough to rep
duce the very details of the experimental differential cro
sections, they can be used to examine the gluonic radiu

With these choices of the gluon distribution we will lim
the upper bound for the gluonic radius of the proton from
forward slope ofḠ(s,t) which seems fairly well fixed in the
region 0.541–1.8 TeV. The lower bound of the gluonic
dius is obviously given by the lower end 0.87 fm of th
radius~16!. For the quark radius of the proton we take 0.8
fm or mq50.819 GeV in view of the electromagnetic form
factors of the proton: Borkowskiet al. gave the electric ra-
dius ^r E

2&p
1/250.8460.02 fm and the magnetic radiu

^r M
2 &p

1/250.8360.09 fm @14#. For simplicity we neglect the
quark-gluon term in Eq.~14!, which will lower the upper
bound for the gluonic radius.

At the highest energy of the CERN ISR the differen
between thepp and p̄p total cross section is very smal
indicating that nondiffractive Regge-pole-type contributio
may be practically neglected. Hence the allowed maxim
contribution from the quark background can be obtained
saturating thepp or p̄p total cross section at the highest IS
energy. We assume that the background contribution is
increasing from the value ofWp̄p

qq given by the total cross

section of p̄p scattering, 44.1260.39 mb atAs562.3 GeV
@28#. If the magnitude of the contribution of the backgrou
decreases, then the upper bound of the gluonic radius is
ered.

The effective radius of the proton is given by

r̄ 25
r̄ q

2Wp̄p
qq

1 r̄ g
2 Wp̄p

gg

Wp̄p
qq

1Wp̄p
gg . ~22!

In Fig. 5 we show r̄ g as the function of the total cros
sections t for r̄ 50.89 fm, which is the upper end of th
effective proton radius~16! and hence sets the upper bou
for the gluonic radius. There are only little differences b
tween the results from the two choices of the gluonic fo
factor in this case. There is a clear discrepancy in the t
r
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cross section between the E-710 and the CDF experime
data with no overlapping within their standard deviation
We therefore set the allowed region for the total cross sec
s t by the central values of the two experiments as 72.8<s t
<80.03 mb. This gives the value 0.95 fm as the upper bo
for the gluonic radius of the proton as seen in Fig. 5. Hen
we have the bounds

0.87& r̄ g&0.95 fm. ~23!

It will be necessary to note how the spatial extension
the background quark distribution affects the upper bound
the radius of the background is taken to be 0.811 fm of
standard dipole mass of 0.843 GeV, this would tend to
crease the upper bound of the gluonic radius. Such a co
bution alone, however, cannot reproduce the effective pro
radius at the ISR energy. We need a significant contribut
from the gluon even at the ISR energy, which subseque
lowers the upper bound. Effectively this is equivalent to ta
ing the quark contribution reproducing the total cross sect
as well as the forward slope at the highest ISR energy.

On the other hand, if the quark radius of the proton is
large as 0.862 fm given by Simonet al. @29# from the re-
analysis of their experimental data of the proton charge
dius, we cannot apply the present two-component picture
the energy region below the Sp p̄S. A quark radius as large
as 0.862 fm seems to be difficult to reconcile with the sim
senario of the diffraction scattering based on the Chou-Y
model at lower energies including the CERN ISR region.
we confine the energy region to the Sp p̄S and higher, we
can no longer reject the radius 0.862 fm for the quark. Th
however, decreases the upper bound to lower than that of
~23!, if the quark contribution is not increasing in this ener
region.

FIG. 5. The shaded area is the allowed region for the gluo

radius r̄ g . Here the value ofWqq is fixed to reproduce thep̄p
scattering total cross section at 62.3 GeV with no other contribu
and the value ofWgg is determined to give the effective proto

radius r̄ 50.89 fm.
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In order to see how the upper bound in Eq.~23! for the
gluonic extension affects the differential cross section,
have fitted the differential cross sections in the region2t
<0.3 ~GeV/c)2 for the value of the quark contribution froze
at ISR. Here we restrict the range for the momentum trans
as the scattering amplitude coming from the simple fo
~18! can be used only for small momentum transfers. T
results at 1.8 TeV are shown in Fig. 6. Here the shape of
gluon density affects the fit. The value ofx2 of the fit is
194.4 and 57.3 with the data pointsNDP537, for the periph-
eral and the central gluon, respectively. For comparison
also show the fit of theone-componentChou-Yang model
based on the Sp p̄S eikonal which givesx2526.7 for the
same data set. These results show that it is very difficul
reproduce the experimental data of the differential cross
tion at 1.8 TeV by the gluonic amplitude with radiusr̄ g
50.95 fm, even though the collaboration of the backgrou
term allows the effective proton radius to stay within t
experimental uncertainty. The gluonic radius taken by Blo
et al. in their analyses@17# is 0.936 fm and lies near th
upper bound of Eq.~23!. It is to be noted that they used th
quark amplitude with the dipole form factor of the mass
0.89 GeV, much larger than the standard dipole mass
0.843 GeV.

VI. PERIPHERALITY OF THE GLUON DISTRIBUTION

For the spatial distribution of the gluon only little exper
mental information seems to have been obtained so
Theoretically the bag model@27# provides interesting result
which are quoted here. In the MIT bag model@30# the
massless-quark density in the ground state of the sphe
cavity approximation is@31#

FIG. 6. The differential cross section at 1.8 TeV calculated

the gluon densities~C! and~P! with r̄ g 50.95 fm. The quark con-

tribution is of the dipole type withm50.819 GeV (r̄ q 50.835 fm!

and a fixedWqq determined to saturate thep̄p total cross section a
62.3 GeV.
e
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rq~r !5NqH j 0
2S k

R
r D1 j 1

2S k

R
r D J . ~24!

Here R is the bag radius andNq the normalization factor
given by

Nq
2154pR3

2~k21!

k~2k222k11!
, ~25!

with

tank5
k

12k
. ~26!

The lowest quark mode is given byk52.043 which leads to
^r quark

2 &p
1/250.73R for the massless quark, while we have t

gluon distribution in the zero coupling approximation@32# as

rg~r !5Ngj 1
2S k8

R
r D . ~27!

Here the normalization factorNg is

Ng
2154pR3

k8221

2~k842k8211!
, ~28!

with

tank85
k8

12k82
. ~29!

The lowest gluon mode is supplied byk852.744 which im-
plies ^r gluon

2 &p
1/250.79R.

In Fig. 7 we show the quark density~24! and the gluon
density~27! as well as the interaction profiles given byG(b)
for these densities. There is a distinct difference in the t
density distributions: The quark distribution is central a
the gluon one is peripheral in this model, as the quark gro
state has a strong central component from the sphe
Bessel functionj 0(kr/R), while the gluon one is given by
j 1(k8r /R). This is also reflected in the fact that the gluon
radius is larger than the quark one. Apparently the inter
tion is also more peripheral for the gluon than the quark,
the difference between two cases is much smoothed in
process from the density to the eikonal. These features of
densities are of a kinematical nature in this bag model
will be kept qualitatively for the real proton as far as th
MIT-type bag picture has validity, even if effects such as t
smooth boundary, excited states, mass center, etc., are i
duced.

Here we note some features of the gluon distribut
which vanishes at the center as the bagj 1(k8r /R) model:~i!
the transformed eikonalḠ(t) has at least one double zero
t and ~ii ! the eikonalG(b) of the gluon contribution is of a
peripheral nature.

The bag-model gluon distribution~27!, with its sharp
boundary, is not realistic and not suitable for examining p
sible effects of these features to the actual differential cr
section. Therefore, we take simple, but more realistic de
ties ~C! ~this is the dipole case! and ~P!, and calculate the

y
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differential cross section. The form factor corresponding
~C! gives no zero at finitet, while the transformed eikona
Ḡ(t) for ~P! has a double zero atutu53m1

2. The scattering
amplitude for~P!, however, has no clear trace of the doub
zero, and both show similar diffraction patterns for the v
ues of parameters which reproduce the total and elastic c
section data in the energy region under consideration@33#.

As for the second feature, the change of the forward c
vature structure of the differential cross section from posit
to negative will appear earlier for the form factor of perip
eral type~P! than that of central type~C!, which occurs com-
monly asW(s) increases. In Fig. 8 we show the differenti
cross sections for the distributions~C! and ~P! at small utu.

FIG. 7. ~a! The quark density~24! and the gluon density~27! of
the bag model and~b! the eikonal profile functionsG(b) corre-
sponding to these densities.
d.

. D

. D
o

-
ss

r-
e

Such a peripherality of the gluon distribution might be r
lated to a rather simple behavior of the forward peak of
UA4/2 data falling nearly exponentially inutu at small mo-
mentum transfersutu&0.1 ~GeV/c) 2 @11#.

Finally we note that the geometrical scaling behavior
pp scattering in the ISR region@3,36# and the generalized
geometrical scaling behavior ofpp and p̄p scattering in the
ISR to the Tevatron region@4,5# may be approximately real
ized by the collaboration of two components, the decreas
shorter-rangequark contribution and the increasinglonger-
rangegluon one with the energy, though the ordinary Regg
pole contributions are necessary to reproduce the detail
the ISR data. The CERN Large Hadron Collider will give
valuable information for establishing the picture of the d
fraction dynamics including confirmation of the features o
tained in the present analysis.

FIG. 8. Comparison of the forward hadronic differential cro
sections for two types of the gluon distribution~C! and ~P!. The
mass parametersmn andWgg are chosen to reproduces t562.2 mb
andB515.5~GeV/c) 22 and the background term is neglected. T
ratios to the differential cross section falling exponentially in t
momentum transfert with the slopeB515.5~GeV/c) 22 are shown.
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