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We present a model based on a dipole picture with a hard and a soft Pomeron in which large dipoles couple
to the soft Pomeron and small dipoles couple to the hard Pomeron. The parameters in the model are fixed by
proton-proton scattering and the proton structure fundfigfx,Q?). The model is then applied successfully to
the proton charm structure functidRS(x,Q?), the proton longitudinal structure functidﬁg(x,Qz), Jly
photoproduction, deep virtual Compton scatterifigp— yp, the real photon-proton total cross sectintfg(s),
the real photon-photon total cross secti@kj;(s), and the photon structure functid®}(x,Q?). Differences

between our predictions and data on charm production in real photon-photon interactions afig’theross
tot

sectiono,,(s) are discussed.
DOI: 10.1103/PhysRevD.65.014019 PACS nunider13.60.Hb, 12.38.Lg
[. INTRODUCTION in a uniform approach, but with a different model for the two

Pomerons. The model is basgé—-8] on a dipole picture
The suggestiofil,2] that deep inelastic scattering at small With two Pomerons in which small dipoles couple to the hard
x can be economically and successfully described by a twoPomeron and large dipoles to the soft Pomeron. The proton is
component model comprising the soft nonperturbativeconsidered as a quark-diquark system i.e. effectively as a
Pomeron of hadronic interactions, with an intercept.08,  diPole. This is very convenient but not essential for the ap-
and a hard Pomeron, with an interceptlL.4, has met with proach[9]. The dipole-dipole cross sectidd0,9] has been

conscerale phenomenciogical success when sppied §E0E0 1 2 nlonel approacll lo hoberesy
other reactions. Notable among these &f¢ photoproduc- 9 g g ap

. . proximately evaluated in a specific nonperturbative model,
tion and the charm structure f“T‘Ct'O” of the prof8re], and the stochastic vacuum moddl2,13. This model yields con-
exclusivep and ¢ photoproduction at large[4]. Successful  finement and relates high energy scattering with low energy

although this phenomenology is, it does not explain, for exyata and with results of lattice gauge calculations. The total
ample, the relative strengths of the hard and soft Pomeron igjpole-dipole cross section is obtained as the forward scat-
deep inelastic scattering or ¢ photoproduction, or why tering amplitude of two dipoles averaged over all orienta-
the charm structure function of the proton is completelytions. This is then transportable to any dipole-dipole-type
dominated by the hard Pomeron. reaction for which the wave functions of the participating
To answer questions such as these requires a specifiarticles are known.
model for the diffractive process. This in turn necessitates In Sec. Il we quote the results required for the present
consideration of the particle wave functions which enter thecalculation and refer to the literature for motivation and jus-
reactions, and to disentangle the dynamics of diffractiortification. In Sec. Ill the model is applied in turn to the pro-
from wave-function effects it is necessary to treat severaton structure functiorF,(x,Q?), the proton charm structure
processes simultaneously. An example is provided3yn  functionF$(x,Q?), the proton longitudinal structure function
which high-energy exclusive photo- and electroproduction ofplé(X,QZ), J/ ¢ photoproduction, deep virtual Compton scat-

diffraction. T_he soft and hard Eomelrons Werﬁ modeled b¥rty°[§ W2), the real photon-photon total cross section
ryonpertu_rbatlve and perturbative gluon exc ange respe(;;tot(wz), the photon structure functioﬁg(x,Qz), charm
tively. This approach has the advantage of providing a com- »”

. X . A . é)roduction in real photon-photon interactions, and the virtual
mon kinematical structure in which it is possible to separat hoton-photon cr tiarl® (W) Th rameters for
the effects of the vector-meson wave functions from the dyp oton-photon cross sectiary . 7*( ). The parameters fo

namics of the exchange. It was shown that the wave funcih€ dipole-dipole cross section are fine-tuned to proton-

tions determine many aspects of the data, including somBroton scattering and the criteria for defining small and large

which might have been considered to reflect the dynamics dfipoles are obtained fro_m the proton structure function.
the exchange. These parameters remain unchanged throughout, and all

In this paper we follow the same philosophy and treatother processes are controlled by the relevant particle wave
hadron-hadron, photon-hadron, and photon-photon reactiorfdnctions. Our conclusions are presented in Sec. IV.

IIl. THE MODEL
*Email address: ad@a3.ph.man.ac.uk Our normalization of the forward scattering amplitude
"Email address: h.g.dosch@thphys.uni-heidelberg.de Tab_cq for the reactionab—cd is such that the forward
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elastic cross section is given by HereR is the distance vector from the quark to the antiquark
or diquark andz is the longitudinal momentum fraction of
d _ 1 2 the quark. It is assumed that the product
d_O'abacb _Th—abﬁcb' . ) .3 =
t =t 16m°W U7 (R1,21) ¥a(Ry,z,) depends at most weakly on the polar

min

. o _ _ ~ angle¢ of R and so thep-dependence can be ignored.
If the outgoing particle is the same as the incoming particle  For the photon wave functions we use the perturbative
a we obtain the total cross section from the optical theoremexpressions:
as
o . —22(1-2)Qby i
¥, "O"N(Q% R,2)= \3aey 5 Q Ko(€R)

tot 1
Tap= W'mTab—nab ) (2)
. . A=+1hh A2 B Ai\/z- +i
whereW is the center-of-mass energy of particeeandb. Yy (Q5R2)= \/ﬁef?(l e ¢[25h,1/28h_,—1/2
In the model one calculates the expectation value of two
light-like Wilson loops with transverse extensi& andR,. —(1=2)8h,—1120n112] €K1 (€R)

After averaging over all directions and integrating over the
impact parameter one obtains the forward scattering ampli-
tude of two dipole$10,9]. The dipole-dipole cross section is with
obtained using the optical theoreni2). At W=\/s

=20 GeV it can be numerically approximated to an accu- _ m 7
racy of better than 10% by the factorizing form ¢ ( Q r @

+M S, 411200, + 112K o( €R)) (6)

Here R and ¢ are the plane-polar coordinates of the trans-

crdip(Rl,Rz)=0.67i(<ngF>a4)2Rl(1—e_R1/3‘1a) verse separatiorﬁ of the quark-antiquark paire; is the
472 charge of the quark in units of the elementary charggeits
X Ry(1— e~ Rel3.1a) 3) mass, and andh the helicities of the quarks and the anti-

quarks; A=0 indicates a longitudinal photolr\==*=1 a
where <g2FF> is the g|uon condensate in a pure gaugetransverse phOtOﬂ. The functi0K$ are the modified Bessel
theory anda is the correlation length of the gauge-invariant functions. These expressions can be used for photons of high
two-gluon correlator. The parameters are taken from lattic&/irtuality. For photons of low virtuality we use the same

results[16] and fine-tuned t@p scattering: expressions but with @°-dependent massi(Q?) instead
of m;. This procedure has been justified [ib7] and the
a=0.346 fm, (g?FF)a*=23.77. (4)  following linear parametrizations have been obtained from

comparison with the phenomenological vector-current two-
A quark-diquark picture is used for the proton so that thepoint function:
dipole formalism is applicable.

The model in which the cross secti¢8) has been ob- me+myy(1-Q%/QY) for Q?<Q3,
tained leads to the formation of a color-electric string be- Mer(Q?) = f 2 2
tween the quark and antiquafir diquark [14]. For smallR; M or Q°=Qqp,
the cross sectiofB) shows theR? behavior typical of dipole

®

scattering as obtained in perturbative QCI%|. For larger with

distances however, th_B depc_endence.of. the cross section Mog=0.20:0.02 GeV, m;=0.007 GeV,
becomes weaker and finally linear. This linear increase of the

cross section can be traced back to the interaction of the Q2=1.05 GeV )

strings[9] formed between the quarks. The strings thus con-
tribute essentially to high energy scattering. The “dipole-¢,. ihe up and down quark, and
dipole” cross section parametrized in E®) is thus the re- '

sult of a highly-nontrivial infrared behavior of the Moy=0.31:0.02 GeV, m;=0.15 GeV,
nonperturbative model. d
The amplitudeT ;. IS obtained by multiplying Eq(3) Q§:1.6 Ge\? (10)

with the products of the appropriate wave functions, using

Eq. (2) and integrating for the strange quark. In this paper we usg,=0.19 GeV

1 for the light quarks and 0.31 GeV for the strange quark. The
Tab—»cbziwzf dledszf dzdz ¥} mass of the charmed quark was chosen as the median value
0 of the modified minimal subtraction schem®l$) mass at
= = = 2 pu=m,, m.=1.25 GeV[18].
X (Ry,21) a(R1,20) [ ¥5(R2,22) [“0gip( Ry, Ro) - In the quark-diquark picture of the proton we use a Gauss-
(5) ian wave function
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FIG. 1. Examples o' (Q?2,W) for different values of the photon virtualit®? in Ge\? as indicated in the figures. The solid line is
our model. The data are from ZEU85], squares, and Hf26], triangles.

) 1 R2 The stochastic vacuum model is a model for the infrared
p(R)= exp( -—. (11 behavior of QCD and and was applied originally to hadron-
V27R, 4R, hadron scattering alori®,21,23. It turned out that it yielded

reasonable results for photon-induced processes for photon
virtualities Q2 up to about 10 Ge¥[19,17,23. For higher
values ofQ? the model overestimates the cross sections. This
may have the following reason. For consistency of the model
with low-energy theorems the strong coupling in the infrared
domain must have the frozen vall&4] as~0.57. It is plau-
sible that upon introduction of a hard scale through a highly-
The wave function for thé/ is taken from[19]. It is con-  virtual photon the coupling of the gluons to the correspond-
structed in the following way. The spin structure is that of aing dipole is governed by that hard scale. Therefore we have
massive vector current with masg, that is it has the same rescaled the results obtained for the dipole cross se€tipn
structure as the charm part of the photon wave funct®n by the factor

An additionalz-dependent factor as introduced 0] is also

included and the dependence on the transverse disRige

The transverse radiuR, was also fine tunedl19], in this
case to obtain the observed logarithmic slope for elgstic
scattering at a center-of-mass energywE 20 GeV:

R,=0.75 fm. (12)

modeled by a Gaussian such @d). The mean radius is ay(Q?) 1 A
fixed by the normalization condition and the electromagnetic > =— 5 (13
decay width. 5(0)  0.57111og Q*/Qj+7.42
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z=01 z = 0.0001 results of [1,2] strongly suggest that the soft Pomeron
03 IR 4 couples predominantly to large dipoles whereas the hard
B, Pomeron couples to small dipoles. In order to be economical
‘ with parameters we introduce a sharp cut and assume that
orf only the soft Pomeron couples if both dipoles are larger than
- a certain valueR;, whereas the hard Pomeron couples if at
01 1 10 w0 01 1 10 100 least one of the dipoles is smaller thRy. Energy depen-
005 N 07 dence is introduced by hand into the dipole cross se¢8bn
Fpooesf /N o by dividing the amplitude into a soft and a hard part with the
008/ 04 coefficientsog and o, :
002 / . 03
oot| \\ gf
& B B e Taboco( W) =i1W?(0g (W/Wg)2s+ oy, (WIWqg)2€h)
0.1 1 10 100 01 1 10 100 (]_4)
0.07 14
Fg 00 ‘-f
g:gi 08 with
003 06
002 A 04
R - o Wy=20 GeV, €,=0.08, €,=0.42. (15
0.1 1 10 100 o1 1 10 100
== T 175
0.1 S S . . . . .
F /oy Ny s The soft Pomeron contribution is given by
0.06 / 1
oo4f o % e 1 .
002|.”" 0‘2'5 ________________ O'S:f ZWRldef ZWdesz dzleZ‘ﬁ:(Rl!Zl)
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FIG. 2. The soft and hard contribution to structure functions at
different values of. Solid line hard contribution from the model; For the hard Pomeron it has been arg{@4] that the appro-
dashed line soft contribution from the model. First row, protonpriate dimensionless variableRW for the following reason.
structure functionF,; second row, longitudinal proton structure Highly virtual photons have a hadronic radigs 1/Q, so in
function F_; third row, charm contribution to the proton structure order to ensure scaling behavior for the dimensionless quan-
function F5: last row, photon structure functidf}/ . tity Qz(rdip(R,V\/) the W dependence should come in the

combinationW?R? which corresponds to the inverse of the

with Q5=1 Ge\2. This corresponds to a running coupling Bjorken variablex. If one dipole is small, saR;<R;, the
a(Q? in a flavorless scheme adjusted to giwe(0) hard contribution should depend upon the factR;\W); if
=0.57. both dipoles are small, then upon the factd®;R,W?).

As mentioned in the Introduction our main purpose is toSince the facto?¢h has been extracted in E¢l4), we
apply the two-Pomeron approach to different processes. Thebtain, for the coefficientr,,

R Re 1 N N N
O'h:f0 ZWRldefo ZWdeszoled221ﬂz(Rl,Zl)lﬂa(Rl,Zlﬂl/lb(Rz,Zz)|20'dip(R1,Rz)(RlRZ/Rg)Eh

Re » 1 N . )
+ fo ZWRldefR ZWdeszo dzdz 4% (Ry1,21) ¥a(R1,21) | 6(R2,22) [Pogip( Ry, Rp) (Ry /R ) 2h

Re » 1 X . )
+ fo ZWdeszR 27TR1dR1f0 dzdz% (Ry,21) ¥a(R1,20) | 6(R2,22) [Pogin( Ry, Rp) (Rp /R 2h. (17)

. RESULTS from Q?=0 up toQ?~150 GeVf. The only free parameter
A. y*p reactions is R;. In Fig. 1 we show some of the results fét,
=0.22 fm compared with a sample of experimental data
With the rescaling factof13) and the energy dependence from ZEUS[25] and H1[26]. We can also compare with the
introduced in Eq(17) we can describe the proton structure fit to the data in[1] where the structure function was sepa-
function, or equivalently the totaj* p cross sectionrty"ﬁp, rated into a soft and a hard part; the model reproduce®the
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FIG. 3. The charm contribution to the proton structure func&grfor different values ofQ? as indicated in the figures. The solid line
is the full result, the short-dashed line the hard Pomeron contribution and the long-dashed line the soft Pomeron contribution. The data are
from ZEUS[27], squares, and H[28], triangles.
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FIG. 4. The longitudinal proton structure functién for different values ofQ? as indicated in the figures. The solid line is the full result
and the dashed line the hard Pomeron contribution. The data are frof29H1
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o contribution to the transverse structure function, the hard
[nb] Pomeron is dominant sooner i (x,Q?) than inF,(x,Q?).
100 In Figs. 3 and 4 we compare the predictions of the model

directly with the experimental results for the chaf&v,2§
and longitudinal[29] structure functions. The agreement
with both data sets is clearly satisfactory.

It is instructive to compare the photoproduction By
mesons with the charm structure functi&fj. Experiment
tells us that the ratio of the soft Pomeron to the hard

0 50 100 150 200 250 300 Pomeron is much larger fod/« production than for the
W [GeV] charm contribution to the proton structure function at com-
, _ parable energies. This can be easily understood in the dipole-
FIG. 5. Cross section for the reactioyp—J/¢p. The long-

dashed curve is obtained from the forward amplitude using a con0del approach. The virtuatc pair in the photon wave
stant logarithmic slopé=6 Ge\? and the solid curve using an function has an extension ef1/mc, but theJ/ has a much

s-dependent slope from Regge theory. The data are froni3g]l  larger radius, in the range from a typical hadronic radius to

triangles, and ZEU$31], squares. the Bohr radius of order 1&;m.). Therefore the overlap of
the charm part of the photon wave function with the)

dependence of the soft- and hard-Pomeron contributions olyvave function obtains a larger contribution from distances

tained in[1] very well. R>R, than does the square of the charm part of the photon
With R, fixed, the model can be used to predict the charmwave function.
part of the proton structure functioﬁg(x,Qz), and the lon- In the approach presented here we can only evaluate the

gitudinal structure functionF (x,Q?). In both cases the forward production amplitude. In an earlier investigation
photon wave function is concentrated at smaller distances. IF9] with the same model at a center-of-mass energyVof
the case of charm this is a consequence of the mass of the20 GeV an effective logarithmic slope of the production
charm quark occurring in the argumenfsee Eq(7)] of the  cross section of about 6 Geé¥ was found. For our calcu-
modified Bessel function in the photon wave functid6s  |ation we have used the sami&y wave function as there. In
For the longitudinal structure function it is a consequence ofsig. 5 we show the integrated production cross section for
the factorz(1-2) in the wave function of the longitudinal two cases: with a constant logarithmic slope of
photon. Thi§ factor suppresses contr?butions from small val— g gey2 (dashed lingand with a slope varying with en-
ues ofe, which correspond to large distances. Thus the harcérgy as predicted from Regge theory, where the trajectory of

Pomeron is already dominant at moderate energies, as can ﬁfé f _ 2
; . ’ t P has the sl =0.2 \a that
seen from the second and third rows of Fig. 2. The strong soft Fomeron has the s Opés 0.25 Ge and tha

suppression of the soft Pomeron relative to the hard Pomerd?f the hard Pomeroi3] is ap =0.1 GeV ? (solid line)

in FS(x,Q?), which is purely a wave-function effect, is no- with b=6 GeV 2 atW=20 GeV. The agreement with the
table and provides an explanation for the almost-completéil [30] and ZEUS[31] data is satisfactory in both cases.
flavor-blindness of the hard Pomeron commented di3#]. The actual normalization of the cross section is rather sensi-
Comparison of the first and second rows of Fig. 2 shows thative to the special choice of the wave function, but the energy
for the longitudinal structure function the increase of thedependence is much less so, as can be inferred from the
short rangghard part with increasingQ? is not as strong as general arguments given above.

for the transverse structure function, a consequence of the In a recent papd32] we investigated deep virtual Comp-
less-singular behavior of the Bessel functions at the origin irton scattering,y* p— yp, in essentially the same model as
the relevant photon wave functioik§ vs K;). Nonetheless here. In that paper, as in previous investigatiph§] on vy

as the long rangésoft par} of the longitudinal structure reactions, we used a somewhat different proced@ieto
function is even more suppressed at la@erelative to its  incorporate a hard scale into the nonperturbative model. In-

100 ;
g o
[nb] 10 [nb]

1

O A O O®O

0 5 10 \ 15 20 40 60 80 100 120
Q@ [GeV?] W [GeV]
(a) (b)

FIG. 6. (a) The integrated cross section for the reactighp— y p as a function of the virtualiQ? of the incoming photon at an

averagedW)=75 GeV.(b) The integrated cross section for the reactighp— y p as function of the center-of-mass eneigyat an
averaged virtuality of the incoming photon ¢9?)=4.5 Ge\?. The solid line is the result of the model. The data are H1 re§8gk
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FIG. 7. 0. The solid line is the full result. It has the following
contributions: long dashes, soft Pomeron; short dashes, hard
Pomeron; dots, Reggeon. The data are f{Gdi.

0 50 100 150 200
W [GeV]

FIG. 9. ¢'%(W). The solid line is the full result. The separate
. . . oy
stead of the rescalin@.3) used here, ii32] the dipole cross o ributions are: long dashes, soft Pomeron; short dashes, hard

section(3) was put to zero if at least one dipole was smallerpomeron: dot-dashes, fixed pdteox diagrany; dots, Reggeon. The
than 0.16 fm. In Fig. 6 we show the integrated cross sectiongata are from OPAL36], boxes, and L337], triangles.

as a function ofQ? and of W. The data are the H1 dafa3]
after subtraction of the Bethe-Heitler contribution. Also in

this case only the forward scattering amplitude has been c vtical results for the box diagram without any approxima-

culated. For comparison with experiment the integrated cros, :
section has been obtained assuming a constant Iogarithm.|'c(:)nS can be found if35]. In the framework of Regge theory

- o it correponds to a fixed pole in the angular momentum plane
slopeb=7 GeV # which is the average value over t¥ and has therefore to be added to the moving Regge-pole
range of the data.

We reported in[32] a serious discrepancy between thecontribution[s]. In the Iite_ratu_re it is often quoted as quark-
model and the preliminary data@f=3.5 Ge\f which was patlt.?]re]_rgﬁggﬁgfgfé;&?}tgﬁéﬁc\éeﬂy and yp at high en-
also reflected in the normalization of the integrated cross_ . : .
section. With the final data this discrepancy has disappeare rgies cr:)meg, fromht.hef smgul?lrlt);] ofdthe photon Wav((ja fr:mc-
The difference between the results [82] and the present ion at the origin. This favors the hard component and there-
calculation is smaller than the experimental error bars fore it should become apparent even in the scattering of real

The model prediction is compapred with the real croés photons. In Fig. 9 we show our result for the cross section

tot : :
sectionot;’r‘) in Fig. 7. Note that the model predicts a signifi- 7y together with OPAL[36] and L3[37] data. The experi-

i thbution f the hard P ¢ similar t mental cross sections are rather sensitive to the Monte Carlo
cr?n fcong u 'fn Hrom N r?r q om(;erond{%,, S|m|dar oh model used for the unfolding of detector effects, different
that found in[1]. However the data do not demand such ay;,nte Carlo simulations producing different results. The re-

contribution as, due to the comparatively large errors at highy,iing yncertainty is contained in the errors on the OPAL
energy, the data can accomodate the standard soft-PomeraQta_ The L3 data shown are the average of the two extremes.

energy dependence. In this case the energy dependence of the data is not com-
_ patible with the soft Pomeron alone, and the additional con-
B. -y reactions tribution of the hard Pomeron is required.

With the same approach and the same parameters we can The model predictions foF }/« are equally satisfactory.
also calculateyy, y*y and y*y* cross sections. Since A comparison with data is made in Fig. 10. The agreement
some of the experimental results are obtained at relativelyith experiment is good for small values xfAt large x the
low center-of-mass energies the Reggeon contribution, Figncreasing importance of the Regge term induces an increas-
8(b), and the box diagram, Fig.(®, have to be taken into ing uncertainty in the predictions, but nonetheless they re-
account. As an estimate for the Reggeon contribution we useain satisfactory fox<0.1. The model predictions for the
the form given in[8]. It was pointed out there that there is shape of the photon structure functibg/ « are very similar
considerable uncertainty in this contribution. We include thisto those for the proton structure function, as can be seen by

m /\/\/\/\/\,
N\N\N\NN NNANNN

(©)

ncertainty when comparing our predictions with data. Ana-

FIG. 8. Graphical representation of the dipole-dipole model contribuaprthe Reggeon contributiofb) and the box diagranfixed
pole, quark parton mode(c).
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FIG. 10. The photon structure functiéi}/ « for different values oRQ? as indicated in the figures. The upper solid line includes the “full
Regge,” the lower solid line includes “half Regge.” The separate contributions are: long dashes, soft Pomeron; short dashes, hard Pomeron;
dot-dashes, fixed pol@ox diagrany, dots, Reggeon. The data are from OR8B-40, boxes; L3 41,42, triangles; and ALEPHA43], stars.

comparing the first and last rows of Fig. 2. Indeed at largefrom Fig. 12. There is a similar discrepancy with the OPAL
Q? the photon structure function exhibits precisely the samg45] result for the charm contribution to the photon structure
sensitivity to the hard contribution as does the proton strucfunction at small, see Fig. 13, but not at larggmwhere the
ture function. To quantify this, in Fig. 11 we display the ratio box diagram dominates. The smalldatum, taken at face
R=(F3/a)/F, for the soft and the hard contributions sepa-value, implies that the charm contribution is already at, or
rately as a function of?. The ratio of the soft contributions close to, its asymptotic fraction of the photon structure func-
(dashed lingis practically constant. The hard contribution to tion. Indeed, within the erors, it exhausts the full structure
FJ is relatively favored at smalQ?, a consequence of the function.
singularity of the photon wave function at the origin, but the ~ The discrepancy cannot be removed by simple adjust-
ratio of the hard contributions tends to the same constant d§€nts of the parameters in the model, which are anyway
that of the soft contributions at larg@?. Of course this is a rather tightly constrained by other data. This can be seen
model-dependent statement, but nonetheless it emphasiségm the following model-independent considerations. At
the importance ot} as a probe of the hard contribution. Very high Q? charm production iny* y scattering should be
There is an interesting discrepancy between the model Qf the total cross section. A factor gf comes from the
and the experimental results for charm productionyjnin- ~ "atio of the square of the charm charge to the sum of the
teractions. Whereas we found good agreement with expergquares of the charges of all contributing flavors, and there is
ment for the charm structure function of the proton, see Figan additional factor of 2 since thex pair can be created by

3, our model predictions for the reactiqryﬂch are about

a factor of 2 lower than the L3 resulfg¢4], as can be seen 100
g
R ! [nb)]
0.8 10 |
0.6 \
0.4
0.2
0 20 40 60 80 100 120 140
0.1 1 10 100 W [GeV]
Q? [GeV?]

FIG. 12. Cross section for the reactigny— ccX. The solid line
FIG. 11. R, the ratio of the soft and hard contributions of the is the full result. The separate contributions are: long dashes, soft
photon to the proton structure function. The solid line is the ratio ofPomeron; short dashes, hard Pomeron; dot-dashes, fixedhmde
the hard contributions; the dashed line the ratio of the soft. diagram. The data are from LB44].
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.Al 0'
0.8 o [pb]
Fj/o 1000 1
0.6
04r _'.,+,»§-' “ ot
0.2
0.01 0.1 100 1+
T
FIG. 13. Charm contribution to the photon structure function 0 50 100 150 200
FJ/a. The solid line is our prediction aQ?=20 Ge\?, the Ve [GeV]

dashed line the hard Pomeron contribution and the dotted line the . i@ie —ete cc
contribution from the box diagram. The squares are the OPAL data FIG. 15. Cross section for the reactiene —e"e cc. The

[45] for charm a(Q2)=20 Ge\2. The stars are the L3 results for solid line is our model withm.=1.25, the dotted line the box dia-
the full photon structure functiof} at (Q%)=23 Ge\?, and the gram alone and the long dashed line is NLO perturbative Qi)

upper curve our model result for the full photon structure functionWith m.=1.3 GeVv. The data are: L4}, triangles; ALEPH[48],
Flla at 23 GeV. stars; DELPHI[49], diamonds; OPAL45], boxes. The results at

lower energiegcrosses are from[50-53. Open symbols refer to

either photon. For modera®? one has to take account of Preliminary results.

the charm mass and make the replacen@ht- Q2. The . .
P nent: Qcy Increasing the fraction of the hard-Pomeron and decreas-

latter is the average of the expressi@f+m2/(z(1—z)) . _ . tot .
occurring in the overlap integrals. The Ccross section"9 the fraction of the soft Pomeron i, and, possibly,
4 100 ;2 N . o giving the hard Pomeron a stronger energy dependence than
50 7(Qeff) is then an estimate for charm productiomiy we have used in our model.
mteractlons.ZA t%|tm|la£ argument can be apphedyﬂ@ reac- Making corresponding changes  and modifying the
tions, wheres o, ,(Qery) is the corresponding estimate for 2 gependence of both terms, that is discarding the simple
charm production with a photon of virtualit®. As the picture of Eq.(11). These modifications cannot be excluded
productz(1—z)<3 then Q2+4m§ is the lower bound of by the present data.
Q2 and therefore the cross sections with that virtuality pro- ~ Note that our calculation does not include central produc-
vide an upper estimate for charm production. In Fig@l4 tion of charmed quark-antiquark paifgoubly resolved pho-
we show the model prediction for the cross section for charmons), but for this contribution to have a significant effect it
production off protons aQ?=1.8 Ge\? and compare it would need to play a more important role jay collisions
with the upper estimatéatyo,f p(Q2+4m§) and the experi- than iny-proton interactions.
mental data from ZEU$27]. The comparison of the model ~ We note that results from perturbative QCAB] using the
with the estimate is reasonable and we note that the estimaghoton structure function frorf47] report no such discrep-
indeed tends to be above the data. In Figlbl4where the ancy with the data. This is interesting as fgfp reactions
target is a photon instead of a proton, the experimental datée results of perturbative QCD are essentially indistinguish-
from L3 [44] are larger than the upper estimétat;’*t y(QZ able from our model. The comparison between perturbative
— 4m2) which in turn is larger than the model, showing ap- QCP and theyy charm data was done for the full process
proximately the same relative magnitude as in the protor?+ef—>e+efcci so we have converted ogry cross section
case. to the full e"e™ cross section using the equivalent photon
So the charm data may indicate thgy and y* y pro- approximation[35]. The threshold was taken @1:4m§
cesses are really rather different from the corresponging and Q2,.,=4mZ, in the notation of18]. The result form,
reactions. If treated in isolation, they andy* y data can be =1.25 is shown in Fig. 1&) and compared with results
described by: from perturbative QCD and experimental data. Here the

o 10
[nb] s

o 60
[nb] 50
40
30
20
10

25 50 75 100 125 150 175 200
W [GeV]
(a)

25 50 75 100 125 150 175 200
W [GeV]
(b)

FIG. 14. Model prediction and upper estimates for the production of chafa) ip* p and(b) y+y reactions. Solid line the actual model
prediction; dashed line the upper estimate from flavor charge independence. The data d&¥fr@n and L3[44] (b).
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[nb] 25

20
15
10}
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T - —=
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Y

FIG. 16. o« ,« () L3 data[55] at(Q?=3.5 Ge\’. (b) Preliminary L3 datd56] at(Q?)=15 Ge\#, triangles and preliminary OPAL
data[57] at<Q2)=16 Ge\?, boxes. The theoretical contributions are: long dashes, soft Pomeron; short dashes, hard Pomeron; dot-dashes,
fixed pole(box diagrany, dots, Reggeon; solid, sum.

FIG. 17. Separate contributions to thex .« (W) at fixed values onngzQz as indicated in the figures: solid, Pomerons; dot-dashes,
fixed pole(box diagranm;, dots, Reggeon.

N @ Ao

0 5 10 15 20 256 30 o 5 10 15 20 25 30

Q? [GeV?] Q? [GeV?|

FIG. 18. Separate contributions to threx y*(QZ) at fixed values ofV as indicated in the figures: solid, Pomerons; dot-dashes, fixed pole
(box diagrany; dots, Reggeon.
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agreement with the perturbative QCD results is rather good TABLE I. The ratio of the hard Pomeron to the total Pomeron
and the discrepancy with experiment seems not dramatigontribution for the total cross sections of different reactions; with-
One reason for this is that the box diagram remains imporout any unitarity corrections.

tant up to the highest values gf,+., see Fig. 18), and

the discrepancy at highv in Fig. 12 is smeared out in the W PP ¥P Yy
full e"e™ data and is much less visible. This emphasizes théG€eV]

importance of comparing models withr « .« rather than 5 0.0023 0.037 0.071
with o¢+e-. We also note that there are significant differ- 5, 0.007 0.10 0.19
ences at present among the preliminary data sets available, 580 0.011 0.16 0.27
it_ is perhaps too early to attempt to draw significant conclu—1800 0.048 0.45 0.62
sions.

Although it is perhaps premature to draw firm conclusions
from the charm data, it is clear that our nonperturbative

model cannot give the full answer when both photons havej, g is then controlled solely by the different wave function
high virtuality since it decreases much faster with increasingt he participating photons and hadrons. We have introduced
virtuality than purely perturbative contributions. The dipole- n saturation mechanism into the dipole cross section and the
dipole cross sectiofB) behaves for small values &,=R;,  analysis shows that there is no compelling reason to do so.
=R asR*, and therefore the* y* cross section decreases  There is one reaction which seems to jeopardize our
like 1/Q* for Q?=Q%=Q3 and fixedQ*W?. The perturba- simple picture, namely charm production in photon-photon
tive contributions decrease, up to logarithms, lik@4[54]. reactions where our model underestimates the results from
This follows from a simple dimensional argument. In pertur-| 3 [44] for the reactionyy—wFX by about a factor of two.
bation theory with massless quarks, in forward scattering thgve have discussed this question in detail also in an less
only dimensioned quantities al” and Q* as no internal  model-dependent approach and argued that, interesting as the
scale appears. Therefore for fix@f/W? the cross section discrepancy is, it might be to premature to draw final con-
has to be proportional to @ (see Fig. 1§ clusions. At any rate future data for this reaction might be
However our model can be used as an estimate for th@ery important for our general understanding of the underly-
nonperturbative background i y* reactions. In Figs. 17 ing mechanisms of the dipole approach.
and 18 we show the different contributionsd{é’,ﬁ y,k(QZ) as A consequence of our approach is that the hard Pomeron
a function of the common virtualit@? at fixedW and as a  is not a product of perturbative evolution but is also present
function of W at fixed Q2. In Fig. 16 the theoretical contri- in soft processes. For example, we have seen thatythe
butions are displayed as a function ¥tlog(W?/Q?) for  cross section receives a non-negligible hard contribution due
fixed <Q2>=3.5 and 16 Ge¥. They are compared with the to the pointlike coupling of the photon and the resulting sin-
L3 [55,56 and OPAL[57] data at{Q?)=3.5 and(Q?)=15  gularity of the photon wave function at the origin. Similarly
and 16 GeV. We note that there is evidence for a purely-there is a hard contribution to thgp cross section. It is
nonperturbative signal visible beyond the box diagram. compatible with but not demanded by experiment. There is
necessarily also a nonzero hard contribution to proton proton
C. Summary and conclusions scattering. In Table | we give the ratio of the hard to the soft

, . , plus hard contribution for different reactions and center-of-
We have used a simple dipole-dipole approach, adopted {0,555 energies. As can be seen the hard component in proton-

the two Pomeron pictur¢l] in order to describe a great ,.qton scattering is so small as to be within the limits of
variety of high energy reactions. The picture of d'p°|e'd'p°|eexperimental error at present energies. At higher energies,
scattering is a consequence of our nonperturbative approagthere its presence might be expected to be observable, it
which starts from the evaluation of lightlike Wilson loops | he suppressed by unitarity corrections, therefore the val-
[11,10. The dependence of the scattering amplitude on thg,es for proton-proton scattering represent an upper limit. As
dipole sizes is also_ determined in our model and related tg,q proton, unlike the photon, is a genuinely nonperturbative
low-energy and lattice resulid2,13,9. The energy depen- gpiact the difficulty of detecting a hard contribution in pro-

dence is put into the model by hand and inspired by@e 5, proton scattering means that thp total cross section is
dependence of the hard and soft contribution founfLinif of considerable importance in this respect.

at least one dipole is smaller than a critical valRg the
energy dependence is governed by the hard Pomeron, other-
wise by the soft one. The numerical valRg~0.22 fm was
adjusted from comparison with the proton structure function. We acknowledge helpful discussion with O. Nachtmann,
With this single parameter th@? dependence of the soft and H. Pirner, A. Shoshi, and F. Steffen. The work was supported
hard contribution of the proton structure function obtained inin part by PPARC grant PPA/G/0/1998 and by BMBF grant
[1] is reproduced very well. The behavior of different reac-05HT1VHA/OQ.
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