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SATURATION MODEL FOR 2
 PHYSICS�N. Tîmneanua, J. Kwie
i«skib and L. Motykaa;
aHigh Energy Physi
s, Uppsala University, Uppsala, SwedenbH. Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, Poland
Institute of Physi
s, Jagellonian UniversityReymonta 4, 31-059 Kraków, Poland(Re
eived June 16, 2002)We introdu
e a saturation model for photon-photon intera
tions, basedon a QCD dipole pi
ture of high energy s
attering. The two-dipole 
ross-se
tion is assumed to satisfy the saturation property. This pomeron-like
ontribution is supplemented with QPM and non-pomeron reggeon 
ontri-butions. The model 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 xand on the 
�
� 
ross-se
tion.PACS numbers: 12.38.Aw, 12.40.NnThe saturation model [1℄ was proven to provide a very e�
ient frameworkto des
ribe a 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℄.The 
entral 
on
ept behind the saturation model is an x dependent satura-tion s
ale Qs(x) at whi
h unitarity 
orre
tions to the linear parton evolutionin 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.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 [2℄, provided a test of the saturation model in a new environment and 
on-�rmed the universality of the model. The results obtained in [2℄ are also ofsome importan
e for two-photon physi
s, sin
e the model is 
apable of de-s
ribing a broad set of observables in wide kinemati
al range in a simple,uni�ed framework.� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.(3045)



3046 N. Tîmneanu, J. Kwie
i«ski, L. MotykaThe saturation model for two-photon intera
tions is 
onstru
ted in anal-ogy to the GBW model [1℄. Ea
h of the virtual photons is de
omposed into
olour dipoles (q�q)dipole representing virtual 
omponents of the photon in thetransverse plane and their distribution in the photon is assumed to followfrom the perturbative formalism (see Fig. 1).
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Fig. 1. The diagram illustrating the 
�
� intera
tion in the dipole representationA formula for the two-photon 
ross-se
tion part 
oming from the ex-
hange of gluoni
 degrees of freedom reads�Gij(W 2; Q21; Q22)= NfXa;b=1 1Z0 dz1Z d2r1j	ai (z1; r1)j2 1Z0 dz2Z d2r2j	 bj (z2; r2)j2�dda;b(�xab; r1; r2) ;where 	ai (z; r) represent the photon wave fun
tions and �dda;b(�xab; r1; r2) arethe dipole�dipole total 
ross-se
tions. The indi
es i; j label the polarisationstates of the virtual photons, i.e. T or L and the di�erent �avour 
ontent ofthe dipoles are spe
i�ed by a and b. The transverse ve
tors rk denote theseparation between q and �q in the 
olour dipoles and zk are the longitudinalmomentum fra
tions of the quark in the photon k (k = 1; 2).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)�� ;where for �xab we take the following expression �xab = Q21+Q22+4m2a+4m2bW 2+Q21+Q22 , whi
hallows an extension of the model down to the limit Q21;2 = 0. We usethe same parametrisation of the saturation radius R0(�x) as in equation (7)in [1℄, and adopt the same set of parameters de�ning this quantity as thosein [1℄. For the saturation value �a;b0 of the dipole�dipole 
ross-se
tion we set�a;b0 = 23�0, where �0 is the same as de�ned in [1℄, whi
h for light �avours
an be justi�ed by the quark 
ounting rule in photon/proton.
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s 3047For the e�e
tive separation re�(r1; r2), we 
onsider three s
enarios, allexibiting 
olour transparen
y, i.e. �dda;b(�x; r1; r2) ! 0 for r1 ! 0 or r2 ! 0:model 1: r2e� = r21r22=(r21 + r22); model 2: r2e� = min(r21; r22);model 3: r2e� = min(r21; r22)[1 + ln(max(r1; r2)=min(r1; r2))℄.The �rst two 
ases redu
e to the original GBW model when one of thedipoles is mu
h larger than the other, while option (3) is a 
ontroll 
ase.The saturation model a

ounts for an ex
hange of gluoni
 degrees offreedom, whi
h dominate at very high energies (low x). In order to geta 
omplete des
ription of 
�
� intera
tions we should also add the non-pomeron reggeon and QPM terms [3℄, important at lower energies. TheQPM 
ontribution, represented by the quark box diagrams, is well knownand the 
ross-se
tions are given in [4℄. The reggeon 
ontribution repre-sents a non-perturbative phenomenon related to Regge traje
tories of lightmesons. We used the parametrisation of the reggeon ex
hange 
ross-se
tionin two-photon intera
tions from [5℄. We have 
hosen the inter
ept in 
on-
ordan
e with the value of the Regge inter
ept of the f2 meson traje
tory1�� = 0:7 [6℄, while other parameters were �tted to the data on two-photon
ollisions.The formulae des
ribing the gluoni
 and reggeon 
omponents are valid atasymptoti
ally high energies, where the impa
t of kinemati
al thresholds issmall. The threshold e�e
ts are approximately a

ounted for by introdu
inga multipli
ative 
orre
tion fa
tors, whose form is dedu
ed from spe
tator
ounting rules (see [2℄). Thus, the total 
�(Q21)
�(Q22) 
ross-se
tion reads�totij = ~�Gij + ~�RÆiTÆjT + �QPMij , where ~�Gij is the gluoni
 
omponent, 
orre-sponding to dipole�dipole s
attering, with the additional threshold 
orre
-tion fa
tor. The sub-leading reggeon ~�R 
ontributes only to s
attering oftwo transversely polarised photons and also 
ontains a threshold 
orre
tion;the third term �QPMi;j is the standard QPM 
ontribution.In the 
omparison to the data we study three models, based on all 
asesfor the e�e
tive radius, as des
ribed above and we will refer to these modelsas Model 1, 2 and 3. We take without any modi�
ation the parameters ofthe GBW model, however, we �t the light quark mass to the two-photondata, sin
e it is not very well 
onstrained by the GBW �t. We �nd thatthe optimal values of the light quark (u, d and s) masses mq are 0.21, 0.23and 0.30 GeV in Model 1, 2 and 3 
orrespondingly. Also, the masses ofthe 
harm and bottom quark are tuned within the range allowed by 
urrentmeasurements, to get the optimal global des
ription. For the 
harm quarkwe use m
 = 1:3 GeV and for bottom mb = 4:5 GeV.The available data for the 

 total 
ross-se
tion range from the 

 en-ergy W equal to about 1 GeV up to about 160 GeV, see Fig. 2, and weretaken for virtual photons 
oming from ele
tron beams and then the results



3048 N. Tîmneanu, J. Kwie
i«ski, L. Motykawere extrapolated to zero virtualities. Some un
ertainty is 
aused by the re-
onstru
tion of a
tual 

 
ollision energy from the visible hadroni
 energy,using an unfolding pro
edure based on Monte Carlo programs. In Fig. 2 weshow the total 

 
ross-se
tion from the Models, and �nd good agreementwith data down to W ' 3 GeV for all the Models.
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Fig. 2. The total 

 
ross-se
tion: data 
ompared with all three models.The data for the total 
�
� 
ross-se
tion are extra
ted from so-
alleddouble-tagged events: e+e� events in whi
h both s
attered ele
trons aremeasured. In su
h events measurement of the kinemati
al variables of theleptons determines both the virtualities Q21 and Q22 of the 
olliding photonsand the 
ollision energy W . In Fig. 3 these data are 
ompared with the
urves from the Models. Models 1 and 2 �t the data well whereas Model 3does not. The virtuality of both photons are large, so the unitarity 
or-re
tions, the light quark mass e�e
ts and the reggeon 
ontribution are notimportant here. Moreover, the perturbative approximation for the photonwave fun
tion is fully justi�ed in this 
ase. Thus, in this measurement theform of the dipole�dipole 
ross-se
tion is dire
tly probed.The 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. 4 we show the 
omparison of our predi
tions with the experimentaldata. Model 1, favoured by the 
�
� data provides the best des
ription ofF 
2 as well.In 
on
lusion, our extension of the saturation approa
h to two photonphysi
s provides a simple and e�
ient framework to 
al
ulate observables in

 pro
esses and good agreement has been found with the available data.
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Fig. 3. Total 
�
� 
ross-se
tion for Q2 = 3:5 GeV2 and Q2 = 17:9 GeV2 �
omparison between LEP data and the Models. Also shown is the result of Ref. [3℄based on the BFKL formalism with subleading 
orre
tions, supplemented by theQPM term, the soft pomeron and the subleading reggeon 
ontributions.
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Fig. 4. The photon stru
ture fun
tion F 
2 (x;Q2): the experimental data 
omparedto predi
tions following from the Models for various Q2 values.
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