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SATURATION AND VECTOR MESONS� ��Stéphane MunierUniversità di Firenzevia Sansone 1, 50009 Sesto Fiorentino, Italy(Re
eived June 13, 2002)Through an analysis of di�ra
tive ve
tor meson produ
tion, we showthat the proton appears quite dense to a small size probe at present HERAenergies. This means that saturation e�e
ts are already important.PACS numbers: 14.20.Dh, 12.38.Aw1. Introdu
tionThe question whether traditional leading twist QCD is the relevant de-s
ription of HERA small-x data has still no 
lear-
ut answer. A parti
u-larly su

essful saturation model proposed by Gole
-Biernat and Wüstho�(GBW) [1℄ suggests that the 
ommon pi
ture of a proton looking like a di-lute set of partons might be unjusti�ed. We have re
ently shown dire
tlythat the proton is a dense system already at present HERA energies [2℄.The method we used is summarized in the next se
tion. We then dedi
atea se
tion to a by-produ
t of our analysis: the measurement of total dipole�proton 
ross se
tion.2. A pi
ture of the proton at HERAWave di�ra
tion allows to obtain a pi
ture of a mi
ros
opi
 obje
t. AFourier transform relates its density pro�le to the square root of the intensityof light measured on the interferen
e pattern.It turns out that one 
an analyse the HERA data for di�ra
tive ve
tormeson produ
tion in this way. Indeed, at high energy, su
h a pro
ess isequivalent to elasti
 di�usion of dipoles. The pi
ture is the following [3℄:in an appropriate referen
e frame, the photon of virtuality Q2 splits in a� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.�� Work supported by QCDNET 
ontra
t FMRX-CT98-0194.(3573)



3574 S. Munierq�q dipole whi
h s
atters elasti
ally o� the target proton before re
ombininginto a meson. The size of the intera
ting dipole is distributed around amean value rQ and the total �ux N(Q) is the s
alar produ
t of photon andmeson wave fun
tions h 
� j V i. The density pro�le is extra
ted by takingthe Fourier transform of the square root of the di�erential 
ross se
tiond�=dt with respe
t to the momentum transfer � (t = ��2). The variable
onjugated to� is the impa
t parameter of the dipole relatively to the 
enterof the proton. One then sees that this pro�le is related to the S-matrixelement for elasti
 dipole�proton s
attering (a key observation is that S isessentially real at high energy). It readsS(x; rQ; b) = 1� 12�3=2N(Q) Z d2�e�i�brd�dt : (1)As a phenomenologi
al model is needed for the meson wave fun
tion j V iwhi
h appears in N(Q), 
he
ks of model-independen
e of the method are inorder. We 
he
ked that the dipole size is indeed distributed around a meansize rQ=A=qQ2+M2V independently of the model (MV is the mass of themeson). We also veri�ed that the dipole �ux N(Q) is strongly 
onstrainedby the well-known photon wave fun
tion j 
�i, and thus is quite model-independent.We applied formula (1) to the ZEUS data for di�ra
tive ele
troprodu
-tion of longitudinal � mesons [4℄. As saturation is a high energy e�e
t, we
onsidered the lowest available values of x (�5� 10�4) only. We varied thevirtuality Q2 of the photon so that the e�e
tive s
ale Q2+M2V is alwayslarger than 1 GeV2. The result of our analysis for 3 di�erent values of thephoton virtuality is represented on Fig. 1. The estimated error shown stemsfrom the la
k of data for large momentum transfer t>0:6 GeV2. It does notin
lude experimental errors on the measured quantities.Why is S a good estimator of the importan
e of saturation e�e
ts? Asargued before, the value of S tells us about how dense the proton looks.S = 0 means bla
kness: it is the unitarity limit. For a more quantitativeinterpretation, one observes that 1�S2 is the intera
tion probability of adipole that hits the proton at impa
t parameter b. If this probability issigni�
ant, it means that more res
atterings are likely to o

ur. We see thatthe intera
tion probability is more than 50% and 
ould already rea
h 75%at the 
enter of the proton.A more 
ommon parameter 
hara
terizing the saturation regime is thesaturation s
ale Q2s . Roughly speaking, it is de�ned as the maximal virtual-ity for whi
h the photon sees the proton as a dense medium. We found Q2sof order 1 to 1.5 GeV2 near the 
enter of the proton, and 0.2 GeV2 on theperiphery.



Saturation and Ve
tor Mesons 3575We refer the interested reader to Ref. [2℄ for all details of the analysisand more results.
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1-S2=100% : unitarity limitFig. 1. S-matrix as a fun
tion of the impa
t parameter for x � 5 � 10�4 andQ2 = 0:45; 3:5; 7 GeV2. The width of the bands represents the un
ertainty dueto the la
k of experimental data for t > 0:6 GeV2. It is obtained by extrapolatingthe 
ross se
tion with fun
tions of t with behaviour between t�3 and e��t.3. Extra
ting the dipole�proton total 
ross se
tionHaving the S-matrix, one 
an easily obtain the total dipole�proton 
rossse
tion. It is an interesting quantity be
ause of its universality. One needsthe forward di�erential 
ross se
tion from the data and the dipole �ux N(Q)



3576 S. Munierand average dipole size rQ from the model. The 
ross se
tion reads�tot(x; rQ) = 4p�N(Q)rd�dt jt=0 : (2)In pra
ti
e, we give an upper and a lower bound for rQ. An approximatelower bound is obtained when the dipole size distribution is weighted by a�at (saturated) 
ross se
tion (i.e. �tot(r)=
onst.). The upper bound 
omesfor a 
olour transparent 
ross se
tion �tot(r)/r2. A realisti
 average value
an be 
omputed by taking an interpolating weight. We took GBW 
rossse
tion, and we 
he
ked that the expe
tation value rQ is not very mu
hdependent on the exa
t point where the transition o

urs, as long as it isaround rs�1 GeV�1. The result is plotted in Fig. 2.
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Fig. 2. The total dipole�proton 
ross se
tion for di�erent values of the dipole ra-dius r. The errors on the 
ross se
tion are estimated from experimental errors.The error bars on r are due to the width of the dipole distribution at the 
���vertex. The points represent the average radius obtained with a weight given byGBW 
ross se
tion. For 
omparison, in dashed line: Gole
-Biernat and Wüsthofmodel [1℄; dotted line: Forshaw, Kerley, Shaw model [5℄.



Saturation and Ve
tor Mesons 35774. SummaryWe have shown that perturbative saturation e�e
ts are already impor-tant at HERA. Our argument was that the proton appears quite dense to arelatively small size probe. We were able to give a quantitative estimate of itsdarkness by measuring the S-matrix element for elasti
 dipole�proton s
at-tering. It turns out that the probability that a dipole of size 0:2 fm undergoesan inelasti
 intera
tion is more than 50% at small impa
t parameters, andfor the high energy data from HERA. This translates into a saturation s
aleQ2s lying between 1 and 1:5 GeV2 whi
h is 
onsistent with the assumptions
ontained in GBW model. More ex
lusive data for quasi-elasti
 pro
essesat large momentum transfer on one hand, and impa
t parameter-dependentanalysis on the other hand, would be very wel
ome in the future sin
e sat-uration e�e
ts are expe
ted to be maximal for 
entral 
ollisions.[The interesting question whether this statement is in 
ontradi
tion with thesu

essful des
ription of ve
tor meson photoprodu
tion at large t by 2-gluonex
hange enhan
ed by BFKL 
orre
tions was raised by Martin M
Dermottduring the dis
ussion. From our result, for high energies (W 2 � 104 GeV2),low Q2 and large t di�ra
tive pro
esses, one would expe
t signi�
ant satura-tion e�e
ts. In any 
ase, it would be very instru
tive to 
onstru
t a modelof GBW type for large t pro
esses.℄REFERENCES[1℄ K. Gole
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