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TWO-PHOTON CROSS-SECTIONS FROM THESATURATION MODEL�J. Kwie
i«skia, L. Motykab;
 and N. TîmneanubaHenryk Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, PolandbHigh Energy Physi
s, Uppsala University, Uppsala, Sweden
Marian Smolu
howski Institute of Physi
s, Jagellonian UniversityReymonta 4, 30-059 Kraków, Poland(Re
eived April 11, 2002)A saturation model for the total 

 and 
�
� 
ross-se
tions and for thereal photon stru
ture fun
tion F 
2 (x;Q2) is des
ribed. The model is basedon a QCD dipole pi
ture of high energy s
attering. The two-dipole 
ross-se
tion is assumed to satisfy the saturation property with the saturationradius taken from the GBW analysis of the 
�p intera
tion at HERA. Themodel is 
ombined with the QPM and non-pomeron reggeon 
ontributionsand it gives a very good des
ription of the data on the 

 total 
ross-se
tion,on the photon stru
ture fun
tion F 
2 (x;Q2) at low x and on the 
�
� 
ross-se
tion. Produ
tion of heavy quarks in 

 
ollisions is also studied.PACS numbers: 12.90.+b 1. Introdu
tionThe saturation model [1℄ was proven to provide a very e�
ient frameworkto des
ribe variety of experimental results on high energy s
attering. Witha very small number of free parameters, Gole
-Biernat and Wüstho� (GBW)�tted low x data from HERA for both in
lusive and di�ra
tive s
attering [1℄.Some promising results were also obtained for elasti
 ve
tor meson photo-and ele
troprodu
tion [2℄.The 
entral 
on
ept behind the saturation model is an x dependent sat-uration s
ale Qs(x) at whi
h unitarity 
orre
tions to the linear parton evolu-tion in the proton be
ome signi�
ant. In other words, Qs(x) is a typi
al s
aleof a hard probe at whi
h a transition from a single s
attering to a multiples
attering regime o

urs.� Presented by L. Motyka at the Cra
ow Epiphany Conferen
e on Quarks and Gluonsin Extreme Conditions, Cra
ow, Poland, January 3�6, 2002.(1559)



1560 J. Kwie
i«ski, L. Motyka, N. TîmneanuThe model is well grounded in perturbative QCD. The existen
e of su
ha s
ale in the saturation domain was suggested already in [3℄ as a 
onsequen
eof the GLR equation [4℄ obtained in the double logarithmi
 approximation.A parton evolution equation involving unitarity 
orre
tions at LL-1=x ap-proximation and the large-N
 limit was derived by Balitsky and Kov
hegov(BK) [5℄. Numerous studies [6℄ showed that the solutions to the BK equa-tion are, with a good approximation, 
onsistent with the presen
e of thesaturation s
ale.Our idea was to extend the saturation model 
onstru
ted for 
�p s
atter-ing to des
ribe also 
�
� 
ross se
tions. The su

essful extension, performedin [7℄, provided a test of the saturation model in a new environment and 
on-�rmed the universality of the model. Results obtained in [7℄ are also of someimportan
e for two-photon physi
s, sin
e the model is 
apable of des
ribinga broad set of observables in wide kinemati
al range in a simple, uni�edframework. In this presentation the most important results of [7℄ will besummarized. 2. The modelThe saturation model for two-photon intera
tions is 
onstru
ted in anal-ogy to the GBW model [1℄. In terms of the virtual photon four-momentaq1 and q2 we have Q21;2 = �q21;2 and W 2 = (q1 + q2)2, see Fig. 1. Ea
h ofthe virtual photons is de
omposed into 
olour dipoles (q�q)dipole representingvirtual 
omponents of the photon in the transverse plane and their distri-bution in the photon is assumed to follow from the perturbative formalism.
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Fig. 1. The diagram illustrating the 
�
� intera
tion in the dipole representation.A formula for the two-photon 
ross-se
tion part 
oming from the ex-
hange of gluoni
 degrees of freedom reads [8℄�Gij(W 2; Q21; Q22) =NfXa;b=1 1Z0 dz1Z d2r1���	ai (z1; r1)���2 1Z0 dz2Z d2r2���	 bj (z2; r2)���2�dda;b(�xab; r1; r2) ; (1)



Two-Photon Cross-Se
tions from the Saturation Model 1561where the indi
es i; j label the polarisation states of the virtual photons,i.e. T or L and �dda;b(�xab; r1; r2) are the dipole�dipole total 
ross-se
tions
orresponding to their di�erent �avour 
ontent spe
i�ed by a and b. Thetransverse ve
tors rk denote the separation between q and �q in the 
olourdipoles and zk are the longitudinal momentum fra
tions of the quark in thephoton k (k = 1; 2). The photon wave fun
tions are given by���	aT (z; r)���2 = 6�em4�2 e2an �z2 + (1� z)2� "2aK21 ("ar) +m2f K20 ("ar)o ;���	aL(z; r)���2 = 6�em�2 e2aQ2z2(1� z)2K20 ("ar) ; (2)with �"ka�2 = zk (1� zk)Q2 +m2a ; k = 1; 2; (3)where ea and ma denote the 
harge and mass of the quark of �avour a. Thefun
tions K0 and K1 are the M
Donald�Bessel fun
tions.Inspired by the GBW simple 
hoi
e for the dipole�proton 
ross-se
tion,we use the following parametrisation of the dipole�dipole 
ross-se
tion �a;b�dda;b(�xab; r1; r2) = �a;b0 �1� exp�� r2e�4R20(�xab)�� ; (4)where for �xab we take the following expression symmetri
 in (1), (2)�xab = Q21 +Q22 + 4m2a + 4m2bW 2 +Q21 +Q22 ; (5)whi
h allows an extension of the model down to the limit Q21;2 = 0. Note,that �xab depends on the �avour of s
attering quarks. We use the sameparametrisation of the saturation radius R0(�x) as that in Eq. (7) in [1℄, i.e.R0(�x) = 1Q0 � �xx0��=2 (6)and adopt the same set of parameters de�ning this quantity as those in [1℄.For the saturation value �a;b0 of the dipole�dipole 
ross-se
tion (
f. Eq. (4))we set �a;b0 = 23�0 ; (7)where �0 is the same as that in [1℄. For light �avours, Eq. (7) 
an be justi�edby the quark 
ounting rule, as the ratio between the number of 
onstituentquarks in a photon and the 
orresponding number of 
onstituent quarks inthe proton. We also use the same value of �a;b0 for all �avours.



1562 J. Kwie
i«ski, L. Motyka, N. TîmneanuThree s
enarios for re�(r1; r2) are 
onsidered:(1) r2e� = r21r22r21+r22 ,(2) r2e� = min � r21; r22� ,(3) r2e� = min � r21; r22� h1 + ln�max( r1;r2)min( r1;r2) �i .All three parametrisations exhibit 
olour transparen
y, i.e. �dda;b(�x; r1; r2)!0for r1 ! 0 or r2 ! 0. Cases (1) and (2) redu
e to the original GBW modelwhen one of the dipoles is mu
h larger than the other and option (3), beingsigni�
antly di�erent from (1) and (2), is a 
ontrol 
ase.The saturation model a

ounts for an ex
hange of gluoni
 degrees of free-dom, the QCD pomeron fan diagrams. Su
h ex
hanges dominate at veryhigh energies (low x) but at lower energies the pro
esses involving quarkex
hange have to be 
onsidered as well. Thus, in order to get a 
ompletedes
ription of 
�
� intera
tions we should add to the �pomeron� 
ontribu-tion de�ned by Eq. (1) the non-pomeron reggeon and QPM terms [9℄. Theadditional 
ontributions are 
hara
terised by a de
reasing energy depen-den
e, i.e. � 1=W 2� for the reggeon and � 1=W 2 (with lnW 
orre
tions)for QPM. The QPM 
ontribution, represented by the quark box diagrams,is well known and the 
ross-se
tions are given, for instan
e, in [10℄. Thereggeon 
ontribution represents a non-perturbative phenomenon related toRegge traje
tories of light mesons. It is known mainly from �ts to totalhadroni
 
ross-se
tions and to the proton stru
ture fun
tion F2. We usedthe following parametrisation of the reggeon ex
hange 
ross-se
tion in two-photon intera
tions [8℄�R(W 2; Q21; Q22) = 4�2�2emA2a2 � a22(a2 +Q21)(a2 +Q22)�1�� �W 2a2 ��� : (8)We have 
hosen � = 0:3 in a

ordan
e with the value of the Regge inter
eptof the f2 meson traje
tory 1 � � = 0:7 [11℄. Parameters A2 and a2 were�tted to the data on two-photon 
ollisions.Formulae (1) and (8) des
ribing the gluoni
 and reggeon 
omponentsare valid at asymptoti
ally high energies, where the impa
t of kinemeti
althresholds is small. The threshold e�e
ts are approximately a

ounted forby introdu
ing a multipli
ative 
orre
tion fa
tors, whose form is dedu
edfrom spe
tator 
ounting rules (see [7℄).



Two-Photon Cross-Se
tions from the Saturation Model 1563Thus, the total 
�(Q21)
�(Q22) 
ross-se
tion reads�totij = ~�Gij + ~�RÆiT ÆjT + �QPMij ; (9)where ~�Gij(W 2; Q21; Q22) is the gluoni
 
omponent, 
orresponding to dipole�dipole s
attering, as in Eq. (1), but with the dipole�dipole 
ross-se
tionin
luding the threshold 
orre
tion fa
tor~�dda;b (�xab; r1; r2) = (1� �xab)5 �dda;b (�xab; r1; r2) ; (10)
f. Eq. (4), and �xab is given by Eq. (5). The sub-leading reggeon 
ontributesonly to s
attering of two transversely polarised photons and also 
ontainsa threshold 
orre
tion~�R(W 2; Q21; Q22) = (1� �x)�R(W 2; Q21; Q22) ; (11)with �x = Q21 +Q22 + 8m2qW 2 +Q21 +Q22 : (12)The third term �QPMi;j (W 2; Q21; Q22) is the standard QPM 
ontribution.3. Comparison to experimental data3.1. Parameters of modelsIn the 
omparison to the data we study three models, based on all 
asesfor the e�e
tive radius, as des
ribed in Se
tion 2.2. We will refer to thesemodels as Model 1, 2 and 3, 
orresponding to the 
hoi
e of the dipole�dipole 
ross-se
tion. Let us re
all that we take without any modi�
ationthe parameters of the GBW model: �0 = 29:13 mb, x0 = 0:41 � 10�4 and� = 0:277. However, we �t the light quark mass to the two-photon data,sin
e it is not very well 
onstrained by the GBW �t, as we expli
itly veri�ed.On the other hand, the sensitivity of the 
hoi
e of the mass appears to belarge for the two-photon total 
ross-se
tion. We �nd that the optimal valuesof the light quark (u, d and s) masses mq are 0.21, 0.23 and 0.30 GeVin Model 1, 2 and 3 
orrespondingly. Also, the masses of the 
harm andbottom quark are tuned within the range allowed by 
urrent measurements,to get the optimal global des
ription in Model 1, r2e� = r21r22=(r21 + r22),whi
h agrees best with the data. For the 
harm quark we use m
 = 1:3 GeVand for bottom mb = 4:5 GeV. The values of parameters in the reggeonterm (8): � = 0:3, A2 = 0:26 and a2 = 0:2 GeV2 are found to give thebest des
ription of data, when 
ombined with the saturation model. The



1564 J. Kwie
i«ski, L. Motyka, N. Tîmneanuvalues of masses listed above are 
onsistently used also in the quark box
ontribution (QPM). The Models, whi
h we shall mention from now on,
ontain the saturation models des
ribed in Se
tion 2, 
ombined with thereggeon and QPM 
ontribution.The referen
es to the relevant experimental papers may be found in [7℄.3.2. The test 
ase: the 
p total 
ross-se
tionIn order to des
ribe two-photon data, we altered the original light quarkmass of the GBW model. Besides that, we in
luded the reggeon term andthe threshold 
orre
tion fa
tors in the analysis. Thus, it is worth-while to
ompare the results from the modi�ed model with the data on the 
p total
ross-se
tion. Thus we 
al
ulated the dipole�proton s
attering 
ontributionusing the original GBW approa
h, with the light quark mass, mq, set to0.21 GeV, as in Model 1, and added the reggeon term�R
p(W 2) = A
p � W 21GeV2��� ; (13)where A
p was �tted to the data and the best value reads A
p = 0:135 mb.The result is given in Fig. 2, where the 
ross-se
tion from Model 1 is 
om-pared to the experimental data and to the 
lassi
al Donna
hie�Landsho��t [12℄. The �tted 
urve, with only one free parameter A
p follows the dataa

urately, suggesting that the model has 
ertain universal properties.
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Fig. 2. The total 
p 
ross-se
tion� predi
tions from the GBWmodel with the lightquark mass mq set to 0:21 GeV and the 
harmed quark mass m
 = 1:3 GeV, sup-plemented by the reggeon term (13), 
ompared to the data and to the Donna
hie�Landsho� �t.



Two-Photon Cross-Se
tions from the Saturation Model 15653.3. Total 

 
ross-se
tionThe available data for the 

 total 
ross-se
tion range from the 

 en-ergy W being equal to about 1 GeV up to about 160 GeV, see Fig. 3.The experimental errors of the data are, unfortunately, rather large. One ofthe reasons is that those data were taken for virtual photons 
oming fromele
tron beams and then the results were extrapolated to zero virtualities.Some un
ertainty is 
aused by the re
onstru
tion of a
tual 

 
ollision en-ergy from the visible hadroni
 energy. In su
h a re
onstru
tion one relies onan unfolding pro
edure, based on a Monte Carlo programme. In Fig. 3 weshow the total 

 
ross-se
tion from the Models, obtained using Eq. (9) withi = j = T . The data from LEP were unfolded with Phojet. The agreementwith the data is very good down to W ' 3 GeV for all the Models.
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Fig. 3. The total 

 
ross-se
tion: data 
ompared with predi
tions from all threeModels. 3.4. Total 
�
� 
ross-se
tionThe data for the total 
�
� 
ross-se
tion are extra
ted from so-
alleddouble-tagged events, that is from e+e� events in whi
h both the s
atteredele
trons are measured and hadrons are produ
ed. In su
h events mea-surement of the kinemati
al variables of the leptons determines both thevirtualities Q21 and Q22 of the 
olliding photons and the 
ollision energy W .The tagging angles in LEP experiments restri
t the virtualities to be simi-lar, i.e. Q21 � Q22 = Q2. The data are available from LEP for average valuesQ2 = 3:5 GeV2, 14 GeV2 and Q2 = 17:9 GeV2 in a wide range of W .In Figs. 4 (a), (b), (
) those data are 
ompared with the 
urves fromthe Models. As an estimate of the total 
�
� 
ross-se
tion we use a simplesum of the 
ross-se
tions �totij (Eq. (9)) over transverse and longitudinal
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(c)Fig. 4. Total 
�
� 
ross-se
tion for (a) Q2 = 3:5 GeV2, (b) Q2 = 14 GeV2 and(
) Q2 = 17:9 GeV2 � 
omparison between LEP data and the Models plotted asa fun
tion of Y = ln(W 2=Q2). Also shown is the result of Ref. [9℄ based on theBFKL formalism with sub-leading 
orre
tions, supplemented by the QPM term,the soft pomeron and the sub-leading reggeon 
ontributions.polarisations i and j of both photons. In addition we plot also the predi
tionobtained in Ref. [9℄ by solving the BFKL equation with non-leading e�e
ts,and added phenomenologi
al soft pomeron and reggeon 
ontributions andthe QPM term. Models 1 and 2 �t the data well whereas Model 3 does not.The virtuality of both photons are large, so the unitarity 
orre
tions, thelight quark mass e�e
ts and the reggeon 
ontribution are not important here.Moreover, the perturbative approximation for the photon wave fun
tion isfully justi�ed in this 
ase. Thus, in this measurement the form of the dipole�dipole 
ross-se
tion is dire
tly probed.



Two-Photon Cross-Se
tions from the Saturation Model 15673.5. Photon stru
tureThe data on quasi-real photon stru
ture are obtained mostly in singletagged e+e� events, in whi
h a two-photon 
ollision o

urs. One of thephotons has a large virtuality and probes the other, almost real photon.In Fig. 5 we show the 
omparison of our predi
tions with the experimen-tal data for the virtuality Q2 in the range from (a) 1.9 to 2.8 GeV2, (b) 3.7to 5.1 GeV2, (
) 8.9 to 12.0 GeV2 and �nally, (d) from 16.0 to 23.1 GeV2.Note, that in ea
h plot the data for various virtualities are 
ombined. Inea
h plot the value of virtuality Q2 adopted to obtain the theoreti
al 
urveis indi
ated and was sele
ted to mat
h the average value Q2 of the data-set
ontaining the best data at low x. Model 1, favoured by the 
�
� dataprovides the best des
ription of F 
2 as well.
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(d)Fig. 5. The photon stru
ture fun
tion F 
2 (x;Q2): the experimental data 
omparedto predi
tions following from the Models for various Q2: (a) from 1.9 to 2.8 GeV2,(b) from 3.7 to 5.1 GeV2, (
) from 8.9 to 12.0 GeV2 and (d) from 16.0 to 23.1 GeV2.
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i«ski, L. Motyka, N. Tîmneanu3.6. Heavy �avour produ
tionAnother interesting pro
ess whi
h we have studied in the dipole modelis the produ
tion of heavy �avours (
harm and bottom) in 

 
ollisions.Heavy quarks 
an be produ
ed by three me
hanisms: a dire
t produ
tion,a dire
t photoprodu
tion o� a resolved photon and a pro
ess with two re-solved photons. The last me
hanism is not a

ounted for in our approa
h.The reggeon ex
hange is a non-perturbative phenomenon and should not
ontribute to heavy �avour produ
tion, so it is assumed to vanish here. InFig. 6 we plot the predi
tions from all three Models 
ompared with L3 dataon 
harm produ
tion. The best model, Model 1, is slightly below the data.The shape of the 
ross-se
tion is well reprodu
ed.
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(b)Fig. 6. The 
ross se
tion for the in
lusive 
harm produ
tion in 

 
ollisions: (a) re-sults for all three Models and (b) the de
omposition of the result from Model 1 onthe QPM and gluoni
 
omponent.Produ
tion of bottom quarks in two almost real photon 
ollisions wasinvestigated experimentally by the L3 and the OPAL 
ollaborations. There,the measured pro
ess was e+e� ! e+e�b�bX, with anti-tagged ele
tronsat e+e� invariant 
ollision energies psee between 189 GeV and 202 GeV.The total 
ross-se
tion for this rea
tion was found to be 13:1 � 2:0 (stat) �2:4 (syst) pb (L3) and 14:2 � 2:5 (stat) � 5 (syst) pb (OPAL) whereas thetheoreti
al estimate from Model 1 for psee = 200 GeV gives about 5.5 pbwith less than 10% un
ertainty related to the 
hoi
e of b-quark mass. Thisis signi�
antly below the experimental data but above the expe
tations of3 � 1pb based on standard QCD 
al
ulations with the use of the resolvedphoton approximation.In 
on
lusion, the saturation model underestimates the 
ross-se
tion forprodu
tion of heavy quarks and the dis
repan
y in
reases with in
reasingquark mass, or perhaps, de
reasing ele
tri
 
harge.



Two-Photon Cross-Se
tions from the Saturation Model 15694. Con
lusionsIn this 
ontribution an extension of the saturation approa
h to two-photon physi
s has been presented. This extension required an expli
itmodel for the s
attering of two 
olour dipoles. We 
onsidered three modelsof this 
ross-se
tion, all of them exhibiting the essential feature of 
olourtransparen
y for small dipoles, and the saturation property for large ones.We kept the GBW form of the unitarising fun
tion and the original param-eters, ex
ept for 
hanging the values of quark masses, whi
h was ne
essaryto des
ribe the data on the total two real photon 
ross-se
tion. In order toobtain a more 
omplete des
ription appli
able at lower energies the satura-tion model has been 
ombined with other, well known 
ontributions relatedto the quark box diagram and non-pomeron reggeon ex
hange.Our theoreti
al results were 
ompared with the data for di�erent two-photon pro
esses at high rapidity values: the total 

 
ross-se
tion, the total
�
� 
ross-se
tion for similar virtualities of the photons, the real photonstru
ture fun
tion F 
2 and heavy �avour produ
tion. Free parameters were�tted to the data. With the best model a reasonable global des
ription of theavailable two-photon data was obtained, ex
ept for the b-quark produ
tion.Thus, the saturation model was found to provide a simple and e�
ientframework to 
al
ulate observables in two-photon pro
esses.We gratefully a
knowledge the support from the Swedish Natural S
ien
eResear
h Coun
il and by the Polish State Committee for S
ienti�
 Resear
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