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Photon-proton and photon-photon scattering from nucleon-nucleon forward amplitudes

M. M. Block
Department of Physics and Astronomy, Northwestern University, Evanston, lllinois 60208

E. M. Gregores and F. Halzen
Department of Physics, University of Wisconsin, Madison, Wisconsin 53706

G. Pancheri
INFN-Laboratori Nazionali di Frascati, P.O. Box 13, 1-00044 Frascati, Italy
(Received 16 September 1998; published 9 August 1999

We show that the data opp and yy interactions can be derived from tipg andap forward scattering
amplitudes using vector meson dominance and the additive quark model. The nucleon-nucleon data are pa-
rametrized using a model where high energy cross sections rise with energy as a consequence of the increasing
numbers of soft partons populating the colliding particles. We present detailed descriptions of the data on the
total and elastic cross sections, the ratio of the real to imaginary part of the forward scattering amplitude, and
the slope of the differential cross sections f; pp, yp, ¥y, yp— yV and yy— ViV, reactions, wher¢/
=p,w,¢. We make a wide range of predictions for future DESY HERA and CERN LHC experiments and for
vy measurements at CERN LEF50556-282(199)00717-]

PACS numbgs): 11.80.Fv, 12.38.Lg, 13.60.Hb

[. INTRODUCTION whereo; are the cross sections of the colliding partons, and
W(b; ) their overlap function in impact parameter space,
We show that the data opp and yy interactions can be parametrized as the Fourier transform of a dipole form fac-
derived from thepp and pp forward scattering amplitudes tor. This formalism is identical to the one used in “mini-jet”
using vector meson dominand®MD) and the additive models[2], as well as in simulation programs for minimum-
quark model. We first show that the data on the total crosgias hadronic interactions such RsTHIA and SYBILL.
section, the slope parametof the elastic differential cross In this model hadrons asymptotically evolve into black
section, and the ratio of the real to imaginary part of thedisks of partons. The parametrization of the rising cross sec-
forward scattering amplitudg for pp and pp interactions tion, asymptotically associated with gluon-gluon interac-
can be nicely described by a model where high energy cros$ons, is simply parameterized by a normalization, an energy
sections grow with energy as a consequence of the increasir@gale, and two parameters, , which describes the “area”
number of soft partons populating the colliding partidlés  occupied by gluons in the colliding hadrons, ad¢=1
The differential cross sections for the Fermilab Tevatron andy €). Here,J is defined via the gluonic structure function of
the CERN Large Hadron Collidgt. HC) are predicted. Us-  the proton, which is assumed to behave ag fgr smallx. It

ing this parametrization of the hadronic forward amplitudesiherefore controls the soft gluon content of the proton. The
we calculate the photoproduction cross sections, slope P& qduction of the quark-quark and quark-gluon terms al-

rameterB and p value from VMD and the additive quark s 5 1o adequately parametrize the data at all energies,
model. We then obtairyy cross sections which are param- since the “size” of quarks and gluons in the proton can be

eter free, demonstrating the approximate validity of the facyjgterent. In the present context, this model represents a con-

torization theorem using recent data from the CERNe™ . o — .
collider LEP. venient parametrization of thgp and pp forward scattering

mplitude.
The photoproduction cross sections are calculated from
this parametrization assuming vector meson dominance and
B (bs) - the additive quark model. For the probability that the photon
Utot(s)_ZJ {1-e 1®%cod xr(b,5)]}d°b. (1) jnteracts as a hadrorPy,), we use the valu®,,, = 1/240
which can be derived from vector meson dominance. Our
Here, x is the complex eikonal=x_+ix;), andb is the  results show that its value is indeed independent of energy. It
impact parameter. The even eikonal profile functjg?i®" is, however, uncertain by 20% because it depends on
receives contributions from quark-quark, quark-gluon andvhether we relate photoproduction #enucleon or nucleon-

All cross sections will be computed in an eikonal formal- a
ism guaranteeing unitarity throughout:

gluon-gluon interactions, and therefore nucleon datdin other words; 7N andNN total cross sections
even B only satisfy the additive quark model to this accuna§ub-
X7'2N(8,D) = xqq(8,0) + Xqq(S,P) + Xgg(S, D) sequently, following Ref[3], we obtainyp cross sections

—i . . from the assumption that, in the spirit of VMD, the photon is
=i s)W(b; + s)W(b; ' . P
[0al YWD gq) + 7ag(S)W(bi \ qqttgo) a 2 quark state in contrast with the proton whishai3 quark

+ 04g(S)W(b; rgg) 1 (2 state. Theyp total cross section is obtained from the even
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eikonal for pp and Ep by the substitutions;ij—>§ o and TABLE I. Value of the parameters used in the fit.
3

M= N oM o Fixed Fitted

We will thus produce a parameter-free description of the
total photoproduction cross section, the phase of the forward my=0.6 GeV C=5.42+0.16
scattering amplitude and the forward slope fgp—Vp, €=0.05 Ciof=0.167+0.037
whereV=p,w, ¢. Interestingly, our results on the phase of uqq=0.89 GeV Cgy=(1.03+0.12)x10°*
Vp—Vp are in complete agreement with the values derived uq,=0.73 GeV CRegge=28.8-2.0
from Compton scattering resultsy{ p— y+p) using dis- Moga=0.53 GeV Codq=7.55+0.30
persion relations. We also calculate the total elastic and dif- «,=0.5 So=10.3+0.88 GeVf

ferential cross sections fopp—Vp. This wealth of data is
accommodated without discrepancy.

The yy cross sections are derived following the sameThen, we compare the experimental data for the elastic scat-
procedure. We now substitutejag ajj andu;—3 u; into  tering cross section and for the differential elastic scattering
the nucleon-nucleon even eikonal, and predict the total crossith our results. Finally, a prediction is made for the differ-
section and the differential cross sections for all reaction®ntial elastic scattering at the LHC.
yy—V,V; at a variety of energies, wheké=p,w, ¢. Our QCD-inspired parametrization satisfies crossing sym-

The high energyyy total cross sectiof@] has been mea- metry; i.e., it is either even or odd under the transformation
sured by two experiments at LEP. While these measuremenis— — E, whereE is the laboratory energy. This allows us to

yield new information on its high energy behavior at center-simultaneously describgp andpp scattering. It also satisfies
of-mass energies in excess ¢6=15 GeV, they may repre- analyticity and unitarity because of the eikonal formalism.
sent the last opportunity to measure thg cross section, and  Since the total cross section asymptotically rises addog
the two data sets appear to disagree. However, it has be@ur QCD-inspired parametrization complies with the Frois-
argued that the original data are consistent within the errorsart bound. The eikonal formalism for calculating,,, p
[5] and that the observed disagreements are due to two difndB is given in Appendix A. Details of the analyticity, the
ferent Monte Carlo programs used to extract the quoted valEroissart bound, and the QCD-inspired eikonal are given in
ues. We here point out that our analysis nicely accommoappendix B.
dates the L3 resuf6]. Our model approximately satisfies the  The even part of our QCD-inspired eikonal contains
factorization theoremg,,/o,,=0,,/0,,, because of its quark-quark, quark-gluon and gluon-gluon components. The
small eikonal. The OPAL data do not satisfy it. In fact, no gluon-gluon component dominates at high energy and de-
model incorporating the additive quark model and factoriza-pends One, wgqy, @ threshold massy,, and a normalization
tion can accommodate the OPAL data. VMD and faCtoriza'Cég_ The quark-quark and quark-g|u0n interactions are pa-
tion are sufficient to prevent one from adjustifgyq, Orany  rametrized byuq, and by terms which are constant, Regge
other parameters, to change this conclusion. behaved, and logarithmic as a function of the energy.

An interesting theoretical issue emerges when itis noticed | )| 11 parameters are used, and their values are pre-
that we applied the additive quark model to the full hadronicsented in Table I. The low energy region, where the differ-

eikonal, not just to the quark subprocesses. This was not Bnces betweeﬁp and pp scattering are substantial, largely

choice; the data clearly enforce it. For example, if we do ncndetermines the 7 parameters necessary to fit the odd eikonal
apply the quark counting rules to the gluon-gluon SprrO'and the quark-quark and quark-gluon contribution to the
cess, the model fails to reproduce the forward slope of the
yp— 7V reactions and the ratio of the imaginary to real part
of the yp— yp forward amplitude. It, in fact, fails dramati-

cally. The result may suggest a structure of the nucleon
where the gluons cluster around the original valence quarks
as in the valon moddlI7]. This picture is reinforced by cor- gor
relation measurements between quarks and gluons, derive
from the observation of multiple parton final states in hadrong eof

collisions|[8]. %

® o (pbar-p)
B o(pp)

40 e

II. HIGH ENERGY PROTON-PROTON

AND PROTON-ANTIPROTON SCATTERING 20 -
In this section we discuss our QCD-inspired parametriza-
tion of the forward amplitudes. To determine its parameters, ° 0 100 1000 19000
we fit all high energy forwardop and pp scattering data Vs (GeV)

above 15 GeV, for the total cross sectian;), the ratio of o

the real to the imaginary part of the forward scattering am- FIG. 1. The total cross section f@p and pp scattering. The
plitude (p), and the logarithmic slope of the differential elas- solid line and squares are fpip and the dotted line and circles are
tic scattering cross section in the forward directioB).( for pp.
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FIG. 2. The ratio of the real to imaginary part of the forward  FIG. 4. Elastic scattering cross sections figy and pp scatter-
scattering amplitude fopp and pp scattering. The solid line and ing. The solid line and squares are fop and the dotted line and
squares are fopp and the dotted line and circles are fop. circles are forpp.

even eikonal. Thus, they largely decouple from the high enand passes through the E710 pdit8]. The statistical un-
ergy behavior. Hence, fofs=25 GeV, where the difference certainty of the fitted parameters is such that at 25 GeV the

betweenpp andpp scattering becomes small, only 4 param- €SS section predictions are statistically uncertain to

eters are needed to describe all data. ~1.3%, at 500 GeV are uncertain t81.6%, and at 2000
We fit all the highest energy cross section d@a10[9], = C€V are uncertain te=2.5%. _

Central Detector Facilit(CDF) [10] and the unpublished !N Fig. 4 we show the prediction for the elastic cross

Tevatron value[11]], which anchor the upper end of our section along with the data for bofip and pp. The agree-

cross section curves. The results of the fit are shown in Fignent is excellent. We note that, ¢ iS rising more sharply

1. Data forp values andB are simultaneously fitted by our with energy than the total cross sectiep,. Comparing Fig.

model in Figs. 2 and 3. 1 with Fig. 4, we see that the ratio of the elastic to total cross
It can be seen from those figures that we obtain a satissection is rising with energy. The ratio is, of course, bounded

factory description of all 3 quantities, for bop andpp By the value for the black digk 4,15, i.e., 0.5, as the energy

scattering. They? of the fit is reasonably goottonsidering ~ 90€s to infinity. o _

the large spread in some of the experimental data, as well as Having fixed all parameters specifying our eikonal, we

the d|screpanc|es in the h|ghest energy cross Se¢1|gn8 calculatedo/dt, for various values Of\/g The differential

ing ax?/Npe=1.66, forNpe="75 degrees of freedom. From cross section at the Tevatror/§=1800 GeV) is shown in

Fig. 2, we note that the fit top is anchored atys  Fig. 5 along with E710[16] data. The agreement over 4

=550 GeV by the very accurate measurenjag of UA4/2  decades is striking. The differential cross section &

20 o T T 103 E T T T | T T T T | T T T | T T T E|
102 D pbar-p elastic scattering at Vs = 1800 GeV _:
18 E E
Nuclear Slope E 3
= B(p-p) < 10" & E710 data, 1800 GeV -
— 16 ® B(pbar-p) § E theory, 1800 GeV 3
g 8 1ok .
& 12 ] E = :
= = 107 —
@ : T
© = -
12 102 .
E 3
10 10° & =
8 . " . 10‘4 L 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ]
10 100 1000 10000 0.0 0.5 1.0 1.5 2.0
\s (GeV) It [(GeVic)?]
FIG. 3. The nuclear slope parameter for elaptil:andpgscat- FIG. 5. The elastic differential scattering cross section for the
tering. The solid line and squares are fgy and the dotted line and  reaction pp—pp at Ys=1800 GeV. The data points are from
circles are fompp. E710.
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FIG. 7. The total cross section fogip scattering.
FIG. 6. The elastic differential scattering cross section for the

reactionpp—pp at LHC. where P4 is the probability that a photon interacts as a

hadron. We use the value, ;4= 1/240. This value is found
=14 TeV, the energy of the LHC, is plotted in Fig. 6. In by normalizing the totalyp cross section to the low energy
particular, at smallt|, we predict that the curvature param- data, and is very close to that derived from vector domi-
eterC (see Appendix B for detailss negative. For energies nance, 1/249. Using2/4m=2.2, f2/4w=23.6 andf’/4x
much lower than 1800 GeV, the observed curvature has been18 4, we ﬁndzv(47m/f\2/) =1/249, where&/=p,w, ¢ (see
measured as positive. For 1800 GeV, we see from Fig. 5 thataple XXXV, 393 of Ref.[17)).
the curvature parametet is compatible with being zero.  \ith all eikonal parameters fixed by the nucleon-nucleon
Block and Cahr{14,15 have pointed out that the curvature gata we can now calculaie]®(s). The result is shown in
is predicted to go through zero near the Tevatron energy a”ﬁig. 7. It reproduces the rising cross sectionfq; using the
that it should become negative thereafter. Asymptotically the,srameters fixed by nucleon-nucleon scattering. This predic-
proton approaches a black disk. ts curvature is always neggjon only uses the 9 parameters of the even eikonal, of which
tive [14,19, C=—R"/192, whereR s the radius of the disk. o)y 4 are important in the upper energy region. The accu-
Thus, the curvature has to pass through zero as the energycy of our predictions are-1.5%), from the statistical un-
increases. “Asymptopia” is the energy regiof@nergies certainty in our eikonal parameters.

much larger than the Tevatrprwhere the scattering ap- We next consider the “elastic” scatterings
proaches that of a sharp disk.
With the parameters we obtained from our fit, we predict Y+ P—= pyirtual + P—p+ P,

the total cross section at the LH@4 TeV) as o,=108.0
+3.4 mb, where the error is due to the statistical errors of

. +P— wyirtual + P— @+ P,
the fitting parameters. Y+ P2 Oyirual TP @FP

+ irtual T +p. 5
lll. PHOTON-PROTON REACTIONS YHP= buirtuar P $HP ®

We assume that the photon behaves like a two quark Syé-Je_re the p_hoton virtually transforms into a vector meson
tem when it interacts strongly. We therefore obtgin scat- which elastically scatters off of the proton. The strengths of

tering amplitudes by performing the substitutions; these reactions i®(«) times a strong interaction cross sec-
tion. The true elastic cross section is given by Compton scat-

—30; and ’U“'_)\/;'U“' in the even eikonal for nucleon tering on the protony+ p— v+ p, which we can visualize

nucleon scattering, so that

as
P =ir2 VS
X7P(5,0) =[5 07gq( W(b; V3utqq) Y+ P—= pyirwal + P—p+P— ¥+ P,
2 /2
+ 3Uqg(S)W(by 2quﬂgg) Y+ P—= wyirtyal TP 0+ P—y+p,
+§0gg(SIW(b; \3rgg)]- 3)
Y+ P—= dyirtya t PP+ p—y+p. (6)
Using vector dominance, the photon-proton total cross
section is then written as It is clearly O(«?) times a strong interaction cross section,

and hence is much smaller than “elastic” scattering of Eq.

(5). Thus, we justify the use of E@4) to calculate the total

cross section, since only reactions with a photon in the final
(4) state are neglected.

OIS~ 2Phag | {1- B Ic0LxP(b,5)T} &%,
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FIG. 8. Ratio of the real to imaginary part of the forward scat- G- 10- Theo“elastic” photoproduction cross section, for the
tering amplitude for the “elastic” reactiong+p—V;+p, where ~ reactiony+p—p-+p. The squares are Zeus data, the circles are
V, is p° «° or ¢°. The dotted curve is for Compton scattering H1 data, the diamond is E665, and the inverted triangles the low
from dispersion relationEL8]. It has been slightly displaced from €nerdy data.
the solid curve for clarity in viewing. We note that the results ferandB are very critical to our

analysis. We have assumed that, in some manner, the gluons
are related to the quarks. For a two quark system, such as the
(ﬁhoton, the factors of 2/3 multiplying a cross section and
V3/2 multiplying » are the same for gluon-gluon as for
gquark-quark. If we relax this assumption and only use these
factors in the quark, we get a sharp disagreement with our
predictedp value, being considerably larger than the Comp-
ton value. The problem is further exacerbated in the predic-
Yions for B, with slopes from 11 GeV? (at 5 GeVj to

M6 Gev 2 (at 80 GeV, which are much larger than the ex-

sc_:attermg. We compare this calculatl_on,_ the dotted line Irberimental values. This clearly has implications for constitu-
Fig. 8, with our prediction ofp (the solid ling. The agree- ent dynamics, which we will discuss further on.

ment is so close that we had to move the two curves apart so To calculate the elastic cross sectian¥’. .., and differ-

that they may be viewed more clearly. . . vp .
In Fig. 9 we show our results for the slopeas a function ential cross sectiondo'P/dt as a function of energy, we use

of the energy. The available experimental data for “elastic”

We evaluate and the slop® for the “elastic” scattering
expressed in Eq5) using Egs.(A12) and (Al7). It can be
seen from those equations that our predictions are free
Phaq factors and are independent of normalization, it bein
the same for eithepp,wp or ¢p final states.

The dependence ¢f with the energy is shown in Fig. 8.
Damashek and GilmafiL8] have calculated thg value for
Compton scattering on the proton using dispersion relation
i.e., the true elastic scattering reaction for photon-proto

pp andwp final states are also plotted. Again, the agreement vp vp D 7P(b.8)(2 425
of theory and experiment is very good. Tefastid S) = Ppdq | [1—€X79[2d%p, (7)
15 T T T
14 E 5~ T T
13 E
12 F ® Zeus
11 45 m  Low Energy ]
— 10 = —— Theory
& =
g -
g 3
== a3 Nuclear Slope E +
om 6F Y y+p—p+p, Zeus E 8
5EF B y4p—> 0+p, Zeus E T
4k A y+p— p+p, low energy 4 i‘
o ® yip—p+p, HI 3 =
2f 3 i
1E ] e
0 . . .
10 100 1000 10000 [
\/5 (GeV) 0 F L L
10 100 1000
FIG. 9. Nuclear slope parameter for the “elastic” reactign Vs (GeV)

+p—V;+p, whereV; is p° ° or ¢. For the reactiony+p
—p%+p, the inverted triangles are the Zeus data, the circles are the FIG. 11. The “elastic” photoproduction cross section for the
H1 data, and the triangles are the low energy data. For the reactiaractiony+ p— w®+ p. The circles are Zeus data, and the squares
y+p— o+ p, the squares are the Zeus data. are the low energy data.
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0.40 T T T 1X1O‘...,,...,,..,.,.,.
do/dt vs [t], for the reaction y+p — w’+p
0.35 B
total cross section 0k 3
030 F ------ vector meson contribution ] theory, 80 GeV
oo @® Zeusdata, 80 GeV
g 1x10'E
Qo
E 8
2 S 1x10%
B =
5
£ et
1x10°E
0.00 : : : 1x10°
10 100 1000 10000 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Vs (GeV) t| [(GeV/ic)’]
FIG. 12. The total “elastic” photoproduction cross sectiolot- FIG. 14. The differential cross section for the “elastic” reaction

ted ling, i.e., the sum ofy+ p—p°+p, y+p—o’+p, andy+p y+p—w®+p at \/s=80 GeV. The circles are the Zeus data.
— ¢+ p. For comparison we also show the total photoproduction
cross sectiorisolid ling) along with the data. tions for the elastic vector interactions fpr  and ¢ and
divide this sum by the ratio af ¢ astic/ 010t - We find that the
wherePy %, is the appropriate probability for a photon to turn fraction of the total cross section foyp reactions that is
into V, with V=p,w or ¢. The differential scattering cross contributed by the three light vector mesoms ¢ and ¢) is
section is given by ~0.60. The remaining fraction can be made up of a mixture
of heavier vector meson states and continuum states.
D P(b.S)y 425 2 The differential cross sectiordo/dt, for the “elastic”
j Jo(gb)(1-¢€ )dbl (8 reactionsy+p—p®+p, y+p—aw+p and y+p— ¢+ p
is plotted in Figs. 13, 14, and 15, respectively. The agree-
42 ment, in absolute normalization and shape, of our results for
wheret=—q-. . . .
Since we normalize our data to the cross section foun&1II thre_e light vectpr mesons with the ex'perlmental data for
) + - . all available energies reinforces our confidence in the model.
with xP, and not to ¢ + o )/2, we must multiply all
fg/4m by 1.65. Hence, our effective couplings dig.q/4m

dUVp(S )= Pria
dt 7 A7

o > _ 2 _
=36, T, e/Am=38.9, andf(, g/dm=304. IV. PHOTON-PHOTON INTERACTIONS

Our evaluation of the “elastic” cross section for the re-

. 0 O . . .
actionsy+p—p~+p and y+p—w”+p is shown in Figs. In this section, we consideyy interactions. As was done

10 and 11, respectively. In Fig. 12 we sum all of our predic-for Yp interactions, we will start from the eikongi”®(s,b)
and multiply every cross section by 2/3 and multiply each

T T T

. . ~ 7
1x10 do/dt vs [t|, forthe reaction y+p— p+ p by /3/2 TherEfore,
theory, 4.3 GeV
1x101 ® Ballamet al. data, 4.3 GeV 4
— — theory, 55 GeV y T T T T T
& A H1 data, 55 GeV 1x10 ] ) ) 4
§ ol %ﬁ ______ theory, 73 GeV ] do/dt vs [t], forthe reaction y+p— ¢ +p
> & Zeusdata, 73 GeV
g’ 5 0 —— theory, 70 GeV 3
g 1x10'L o ® Zeusdata, 70 GeV
= o
k] > 1x10"k
8 0%t 0]
s 2
= 1x10°E
7 B
1x10° - T
R o
\ ® 5
Y i L T 1x10° ¢
1X1O-4_ L 1 1 \/u/ | \\\ﬁ
0.0 05 10 15 20 25 3.0 "
1x10°F
t| [(GeV/c)?]
. . . . - . 1x10°
FIG. 13. The differential cross section for the “elastic” reaction 0.0 05 1.0 15 2.0 25 3.0
y+p—p°+p. The solid curve and the circles date(data of Bal- It [(GeVic)]

lamet al) are at\/§= 4.3 GeV, the dashed curve and triangleld
data are atys=55 GeV, and the dotted curve and diamonds are at FIG. 15. The differential cross section for the “elastic” reaction
Js=73 GeV(Zeus data y+p—¢°+p at \s=70 GeV. The circles are the Zeus data.
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FIG. 16. The total cross section fory scattering.
sources are indicated in the legend.

x77(8,0) =i[50qq(S)W(D; 3 11qq)
+50qg(S)W(b; 3 Vigattgg)
+ %Ugg(s)w(b; %Mgg)]-

Using vector dominance we obtain

aIH(S)=2P} 4 f {1-e X" ®9cog xP(b,s)]} d?b,

where Py, .4=1/240 is the probability that a photon will in-
teract as a hadron. In Fig. 16 we plot our resultsdgf(s)
as a function of the energy, and compare it to the various sets

of experimental data.

ol v v n P

10000 1000

10 100
Vs (GeV)

The data FIG. 18. The cross section for “elasticyy reactions. The solid
curve is for the reaction+ y—p°+ w°, and the dotted curve for
y+ y—p+ ¢°.

y+y—=p°+p°  yty—p+e®

y+y—p+ % y+y— '+ o°
9

v+ y—>w0+ ¢0 v+ 'y—>¢0+ (bo.

No data exist for these reactions, but they may be obtained at
LEP in the foreseeable future. The total “elastic” scattering
cross sections are calculated using the eikgridimultiplied

by the factorsP’i pVi

(10) had’ had’

0 lastid S) =2 PX;dP}]’;df |1—-eX79292h  (if i#]))
(11)

We also make predictions for “elastic’}y reactions, in

I VR v i "(0,9)(2 428
which both photons turn into vector mesons, and then elas- =Prad Phé\df |12 d%p
tically scatter off of each other, i.ey+y—V;+V;=V,

(if i=}).
(12

+V;, whereV;,V;=p, o, ¢. We consider here 6 reactions:

0.7 T T

50

y+y— pl+p°

40 +

6 (nb)

FIG. 17.
—;po+ po.

The cross section for the “elastic”

100

Vs (GeV)

reactiopt y

06 B
— Yo o'+ o
R o5 e y+y— o+ ¢° ]
—= rry> '+
)
&
©
0.0 L L
10 100 1000
1000 s (GeV)

FIG. 19. The cross sections fory “elastic” reactions. The
solid curve is fory+ y— w’+ »°, the dotted curve fory+ y— w°
+ ¢°, and the dashed curve is fort y— ¢+ ¢°.
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Nuclear slope B, for the elastic scattering reactions:

Y+y- P +p°

Y+y— PP+’
y+y— o'+ 0o
Ty p o
Y+y— o'+ ¢
THY = @44

D e B o
Vs =5 GeV
1x10" E
Y-+
& oE O y+y—o’+¢ J
Q) N R S S A
S
o] -1 N
G 1x10'E N
5
1 =
= 1x10°}
E
1x10°}
. S,
4 N
1x10"} >t 1
1)(10’5 1 1 ! 1 1 ‘
0.0 05 1.0 15 20 25 3.0

FIG. 20. The nuclear slope parameter for the “elastigy re-
actions y+ y—p°+p° y+y—p’+ e, y+y—o+e’ yt+y

10 100

Vs (GeV)

—p%+¢°, y+y— 0+ ¢°, andy+ y— ¢°+ ¢°.

1000
It [(GeV/c)*]

FIG. 22. The differential cross section for “elasticyy reac-
tions atys=5 GeV. The solid curve is fory+ y—p°+ ¢°, the
dotted curve fory+ y— w®+ ¢°, and the dashed curve for+ y

—>¢O+ (]50.

The factor of 2 takes into account that either photon could
turn into a given vector meson.
We show in Figs. 17, 18, and 19 the energy dependenckleasuring thdt| structure of the differential cross sections
of these cross sections. The slopes are shown in Fig. 20. Theould be most interesting.
slopes are, of course, the same for all elastjcreactions.
The differential cross section for the “elasticyy reac-
tions is given by

do _ 1 ) N
G SD=2P P f Jo(qb)(1—eX77:9)) d?h

In Figs. 21-26 we show the differential cross section for

(if i#])
_Phad had4 ‘f o(qb 1 exW(bs))de
if i=j.

these reactions for different center of magsg energies.

V. SUMMARY AND CONCLUSIONS

2 Our conclusions for the total cross section gy and yy
are summarized in Fig. 27. In order to scale nucleon-
nucleon,yp, andyy cross sections to a common curve, we
have multiplied theyp cross sections by Bf,,4 (=240 and
13 the vy cross sections by (Bf.q)?(=24F). The nucleon-
nucleon calculation is made using the even eikonal. For clar-
ity, we have not included the Opaly experimental data.
Basically, both the data and our theory approximately satisfy
the factorizationy; * " o (b= a8/ a{J;, an immediate con-
(14) sequence of the eikonal being much smaller then unity in the
energy region considergdip to ~2 TeV). y<1 is consis-

2

1X102 LA SR S S S B S B B B S S B A 1X102""!""l""l-vvvlvv--|v-n-
i Vs =5GeV x10" s =20 GeV ]
1x10 " o o E
THY =00 +p) 0 r+y—>p+p’ 3
—_ TR, T YHY=p o _ - e TR e y+y—-p’+ o’
<0 Tty et S0 T oy’ re
Q) < Q ~.
> N D 1x10% i
@ 1x10” N $ S
s ~_ S 1x10% -
— 1x10° - Py 4
B B 1x10
B ©
kel % ~ © -5
1x10 \\\\ ) ] 1x10 °F .
Sa. TR 1x10°k N3
1x10* > 3 . \
\\-\, 1x10 ¢ \ E
1X10° ; ; ; ; T 1x10° . . . . . \
0. 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 1:5 2.0 25 3.0
It [(GeVre)*] It [(GeV/e)*]
FIG. 21. The differential cross section for “elasticjy reac- FIG. 23. The differential cross section for “elasticyy reac-

tions at\s=5 GeV. The solid curve is for the reaction+ y— p° tions at s=20 GeV. The solid curve is foy+y—p®+p°, the
+ p°, the dotted curve foy+ y— p°+ w°, and the dashed curve for dotted curve fory+y—p°+ »°, and the dashed curve for+ y

v+ y— 0%+ 0.

-+ o
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X102k T T T T T T T T T T T T T T T 1102~ T T T T T T
o6 s = 20 GeV ] i Vs = 70 GeV ]
0 E--. —y+yap°+¢° ] 0 Eo-. y+y4)p°+¢° ]
N, N, T yry—= o'+ o s, TR e SRR
< 1x10'F N R e SR < 1x0'k N o+
§ A § N
ﬁ 1x10%E == @ 1x10°F T
£ 1x10% 8 10
5 1x10°f B 1x10°k
E 8 g
1x10°k 1x10°k o 1
1x10°k 1x10°k T
-7 hS 7
1x10 ¢ \ 3 1x10" ¢ E
"
1x10° . s . . s 1x10° . . . . .
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 2.0 25 3.0
t| [(GeV/c)?] It| [(GeVic)’]
FIG. 24. The differential cross section for “elasticyy reac- FIG. 26. The differential cross section for “elasticyy reac-

tions at+/s=20 GeV. The solid curve is foy+y—p°+ #°, the  tions at/s=70 GeV. The solid curve is foy+ y— p°+ ¢°, the
dotted curve fory+ y— w®+ ¢°, and the dashed curve for+y  dotted curve fory+ y— w®+ ¢°, and the dashed curve for+ y
_}¢0+ ¢0. —>¢O+ (]50.

tent with other evidences that the Tevatron energy is belovjuarks. When we link the 2/3 factors exclusively to the quark
“Asymptopia.” composition of our eikonal, we get strong disagreement with

All data are in agreement with our QCD-inSpired Eikonalthe measured nuclear S|ope parame&r@r vp “elastic”
model which parametrizes the even eikonal. When approprimteractions, as well as disagreement betweengthalues
ate quark counting factors and an energy independent fact@hat we predict for “elastic” scatteringsuch asy+ p— p°
Phag=1/240 are introduced, we can accommodatesql 1 p) and the dispersion relation calculatifts] for Comp-
data. With the same procedure we can describe the fotal  ton scattering on a proton;+p— y+p.
cross section. We stress that the and theyy experimental
data are consistent with,,,4 being energy independent, and
with the factorization theorem.

We showed that VMD, combined with quark counting,  This work was supported in part by the Furidade Am-
fits all available “elastic” yp data. It correctly predicts the parg aPesquisa do Estado dé@Raulo(FAPESR, in part
phase of the forward scattering amplitude for true Comptorhy the U.S. Department of Energy under Grants No. DA-
s_cattering,y+ p—y+p. Our model predicts that the three AC02-76-Er02289 and No. DE-FG02-95ER40896, and in
light vector mesonsgy, w and#, account for roughly 60% of  part by the University of Wisconsin Research Committee
the total yp cross section.

Finally, our analysis suggests dynamical consequences iz : : : 120
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S SO D 240%5(yp)
1x10" E-.. Vs =70 GeV 1 — = (240%240)%0(y)
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APPENDIX A: EIKONAL FORMULATION

In order to ensure unitarity, we introduce the eikonal for-
malism in the two-dimensional transverse impact parameter

spaceB. We use the complex analytic eikonalg,(b,s)
=x**"(b,s)—x°!(b,s) and  xpp(b,5)=x*"*"(b,s)
+x°%9b,s), even or odd under the transformatiBr- — E
whereE is the proton laboratory energy. This work largely
follows the procedures and conventions used by Block and
Cahn[14]. We write the center-of-mass differential elastic
scattering cross sectiahr/d(}. ,, , the invariant differential
elastic scattering distributiodo/dt and the total cross sec-
tion gy, in terms of the center of mass scattering amplitude
fem as

47 1 P Al
00, eml (AL
Thus,
do = )
azﬁlfc.mJ ) (A2)
4
Otor= —Imfc m (0=0), (A3)

k

PHYSICAL REVIEW [B0 054024

7T 2
E |fc.m.(sat)| dt

1 -
= Ef |fc.m.(sat)|2 dzq

%fffe‘q"(ﬁ“?)a(b,s)

xa*(b’,s) d?q d?b d2b’

2)2 I I
( 772) jja(b,s)a*(b’,s)éz(b—b’)dzqdzb

w

:4J |a(b,s)|?d?b
:f |1_e—)(|(b,s)+i)(R(b,s)|2 d26 (A?)

the inelastic cross section, defined @g:(s)

— Oelastid S), IS given by

Tinelastid S) = J {1—e 209} g2p, (A8)

A convenient way of calculating the differential elastic scat-
tering cross section is to introduce an integral representation

of Jy [see Eq(9.1.18 of Ref.[19]],

wherek is the center of mass system momentuinis the
center of mass system scattering angle, amd—2k?(1
—co9) is the invariant four-momentum transfer. The center
of mass scattering amplitudé4] is given by

and rewrite Eq(A4) as

fom(St)= ;f eid-ba(b,s) d?b, (A4)

wherea(b,s) is the scattering amplitude in impact parameter
spaced?b=2mb db, andq is a two-dimensional vector in
impact parameter spadia such thatg?=—t. Our complex
eikonal, x(b,s) = xr(b,s) +ix;(b,s), is defined so that the
complex scattering amplitude in impact parameter sweise
given by

i .
a(b,s)= E(1—e—Xl<b'S>+'XR<b’5>). (A5)

1 (27
(D)= 5 fo g7e0sd g, (A9)
fc_m_(s,t)=2kJ: Jo(gb) a(b,s)b db
k N
=;f Jo(gb) a(b,s) db. (A10)

We can then write the differential scattering cross section as

2

(A11)

To calculatep, the ratio of the real to the imaginary part

of the forward nuclear scattering amplitude, we write

Using the optical theoremr:(s) =4 Im{f. , (s,0)}/K,
the total cross section is given by

rls)=2 | {1-e MEIcog (bS]} 0%, (A6)

where we used EqA4) evaluated in the forward direction
(t=0). From Eq.(A2), we can evaluate the elastic scattering
Cross section as

054024-10

Re{fc m (5.0}

P = iniFe (0]

Re{lf (1_e—X|(b,s)+iXR(b,s)) dZB]

|m{|f (1—e7X|(b,S)+iXR(b,s)) dZB]

(A12)

The nuclear slope parameter is defined as
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d

d
(S)— N —(s,1)

(A13) 1 f(1—e_X'(b’s)+iXR(b’s))b4 d26
t=0 C(s)= o
J (1_e—)(|(b,s)+i)(R(b,s)) d26

Expanding the exponential of EGA4) aroundg=0 we get

fc.m.(s,t)fo

With this expansion and the definition Bfwe can eventu-
ally write the general expression f&as

2
f(l e X,(bs)+|XR(bS))b2d2b

> >

1+ig-b—

I\)IH

(q-b)2+-- -}a(b,s) d2b.

16 f (1—e (B9 +ixr(b.s)) d2b
(A14)

(A19)
where it was assumed that the phase of the eikonal is inde-

pendent ofb [see Eq.(4.45 of Ref. [14]]. We see that the
curvatureC can be positive, negative, or zero, whereas the

o % nuclear slope paramet& must be positive.
R%J' dbba(b,s)f db b3a*(b,s)]
0 0

z . (A15) APPENDIX B: QCD-INSPIRED EIKONAL

2 fo db b ab,s)

The even QCD-inspired eikonal is given by the sum of
three contributions: gluon-gluon, quark-gluon, and quark-
quark. They are individually factorizable into a product of a

If the phase ofa(b,s) is independent ob (this is the case cross section times an impact parameter space distribution
when we either have a factorizable eikonal or an eikonal witifunction, i.e.,

a constant phaggethis expression reduces to the more trac-

table form X°'"(5,0) = Xgq(S.D) + Xqg(5.D) + Xqg(S.b)
=i [Ugg(s)w(b ;Mgg) + O'qg(s)W(b ; \/,Uqu/»l'gg)
f db b*a(b,s) f b%a(b,s) d’b +oqq(S)W(D; g 1, (B1)
= (A16)
zf dbbab,s) zf a(b,s) d%b where the impact parameter space distribution function
2
W(b; u)— 5 (1b)°Ks(b) (B2)

We note thatB measures the size of the proton, i.B.js

related the average value of the square of the impact param-

eterb, WEighIEd bya(b,s) Introducing the eikonal, we find is normalized so tha_.IW(b,,LL)dZBZ 1. As a consequence of
both factorization and the normalization chosen for the
W(b;u), it should be noted that

1 f (1—e xi:9)+ixr(.8)) 2 420
B= 5 . (A17)
f (1_e—x|(b,s)+iXR(b,s)) d26

f XET(5,b) 426 =1 0gq(S) + Tqq(S) + Taq(S)].
(B3)

The t dependence of the elastic differential cross sectiors® that oo (8)=2Im{i[ogg(S) + 0qg(S) + oqq(S)1}, for

is described at smalt| as small y. _ _
To model the gluon-gluon interaction after QCD, we

write its cross section as

_U(S t):‘d_a eBt+Ct2+~~~
dt dt -
=0 Ugg(s)zcggJ 249®(S~MY)Fgg(X1 X)d7,  (B4)
BZ
1+Bt+|—=—+C t2+~--}. .
=0 2 whereX ;=9 mal/mj is the cross section scales rs, and
(A18) Fgg:fffg(xl_)g(xz)5(T—x1x2)dx1dx2. For a .scaling
parametrization of the gluon structure functiofy(x)
=Ng(1-x)%/x'*¢, we can carry out the integrations and
The curvature paramet€r is given by explicitly expressoyq(s) as

054024-11
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. b(i)
5 a(l)—:
Ty S) = CégzggNéi ~ i—e
. b(i)
R0
70 - i 6'09( 7o) (B5)
where  Cg,=Cgyd/q, To=mj/s, a(0)=—a(5)=

—411/10, a(1)=—a(4)=—975/2, a(2)=—a(3)=—-600
and b(0)=b(5)=—-9, b(1)=b(4)=—225, b(2)=b(3)=
—900. The constani, is given by Ny=3(6—¢€)(5—¢€)
--(1—¢€)/5!. The normalization constamCég and the
threshold mase, are parameters to be fitted.
We note that the high energy behavior @fy(s) is con-

PHYSICAL REVIEW [B0 054024

The quark-quark interaction is simulated by a constant

cross section plus a Regge-even falling cross section. It can

be approximated by

Tqq(S)=Zgg( C+ %veegnge\/—) (89
whereC and Cgayyeare constants to be fitted.
The quark- gluon interaction is simulated by
aqg(s)zzggc'°9|og— (B10)

where the normalization consta@ 099 and the square of the

energy scale in the logarithmic tersy are constants to be
fitted.

The total even contribution is then written as
—logr
Tl+5

trolled by
li J d7F (1)~ fl d > EI >
Im T T T ~| —| log| — |,
S0 mo 99 mols mg 9 mS
(B6)

Xeven=1 I Ugg(s)w(b; /ngg)

where e>0. The cutoff impact parametds, is given by

CWyg(be;ugg)slog(s)~1, wherec is a constant. For large
values of ub, we <can now write it as
¢’ (mggbe)®% #oadest log(s)~1, with ¢’ another constant.

even

+299(C+ Regge\/—) W(b; qu)

s
Therefore, +3,4,Cid IogS—OW(b;\/M) (B11)
b =M—gglog—0+o log Iog—) (B7) and it can be made analytic by the substitutinrse ™2

(see the table on p. 580 of R¢lL4], along with Ref[20]).
As long ase>0, we reproduce the Froissart bound from  The odd eikonalx®994(b,s)i = ooqq W(b; egd), @ccounts
QCD arguments as we go to very high energies, i.e. for the difference betweepp and pp, and must vanish at
high energies. It can be written &see Eq.(5.5b of Ref.

log? i (B8) [14]]
So

2

€
Otot=— 2 M_
g9

The usual Froissart bound coefficient of the4ats,) term,
1/m?2=20 mb, is now replaced by e(uqy)?~0.002 mb.
Note thatuyq controls the size of the area occupied by the
gluons inside the nucleon.

Odd(b S) Coddzgg\/— ”TMW(b /Jvodd) (812)

where the normalization consta@t 44 is to be fitted.
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