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QCD evolution and skewedness e�ets in olor dipole desription of DVCSL. Favart 1;a and M.V.T. Mahado 2;b;;da IIHE - CP 230, Universit�e Libre de Bruxelles. 1050 Brussels, Belgiumb Instituto de F��sia e Matem�atia, Universidade Federal de PelotasCaixa Postal 354, CEP 96010-090, Pelotas, RS, Brazil High Energy Physis Phenomenology Group, GFPAE, IF-UFRGSCaixa Postal 15051, CEP 91501-970, Porto Alegre, RS, Brazild CERN Theory Division. CH-1211 Gen�eve 23, SwitzerlandWe show the role played by QCD evolution and skewedness e�ets in the DVCS ross setion atlarge Q2 within the olor dipole desription of the proess at photon level. The dipole ross setionis given by the saturation model, whih an be improved by DGLAP evolution at high photonvirtualities. We investigate both possibilities as well as the o�-forward e�et through a simplephenomenologial parametrisation. The results are ompared to the reent ZEUS DVCS data.PACS numbers: 11.10.Hi, 2.38.Bx, 13.60.-rI. INTRODUCTIONAn important lean proess allowing us to aess o�-diagonal (skewed) parton distributions, whih arry newinformation on the nuleon's dynamial degrees of free-dom, is the Deeply Virtual Compton Sattering (DVCS)[1, 2, 3℄. This is due to the real photon in the �nal statebeing an elementary (point-like) partile rather than abound state like a meson or more ompliated on�gu-rations. The skewed parton distributions are generallyde�ned via the Fourier transform of matrix elements ofrenormalized, non-loal twist-two operators (for a peda-gogial view, see Refs. [4, 5℄). These omposite operatorsontain only two elementary �elds of the theory, whihare plaed at di�erent positions beoming then non-loaland operating in unequal momentum nuleon states.Hene skewedness takes into aount dynamial or-relations between partons with di�erent momenta. Thehigh energy situation at HERA gives the important op-portunity to onstrain them as well as to study the evolu-tion with virtuality of the resulting quark and gluon dis-tributions. There are several representations for skewedparton distributions [6, 7, 8, 9, 10℄, whih an be usedto ompute the relevant observables in DVCS (or otherexlusive proesses) through a fatorization theorem [11℄.They are input in numerial solutions of the renormal-ization group or evolution equations (see e.g. [12℄), pro-duing very reliable preditions up to NLO level [13℄On the other hand, the olor dipole models havealso been suessful in desribing DVCS observables[14, 15, 16℄. There, the main degrees of freedom arethe olor dipoles, whih interat with the nuleon tar-get via gluoni exhange. This interation is modeledthrough the dipole-nuleon ross setion, whih an in-lude QCD dynamial e�ets given by DGLAP, BFKL ornon-linear high energy evolution equations (parton sat-1E-mail:lfavart�ulb.a.be2E-mail:magnus�if.ufrgs.br, magnus�ufpel.edu.br

uration). Skewedness e�ets are not onsidered in theurrent dipole models and this is one of the goals of thepresent analysis, making use of a simple phenomenolog-ial parametrisation to estimate them. Moreover, theQCD DGLAP evolution an be introdued, whih im-proves the data desription in the large Q2 kinemati re-gion aessible in the reent ZEUS DVCS measurements[3℄.This note is organized as follows. In the next setion,we reall the main formulas for the olor dipole formal-ism applied to DVCS. For the dipole ross setion we haveonsidered the saturation model [17℄, whih produes auni�ed and intuitive desription of DIS [17℄, di�rativeDIS [18℄, vetor meson prodution [19℄, Drell-Yan [20, 21℄and DVCS [16℄. In partiular, the restrition to the trans-verse part of the photon wave funtion, due to the real�nal state photon in DVCS, enhanes the ontribution oflarger dipole on�gurations and therefore the sensitivityto soft ontent and to the transition between hard/softregimes. Suh a feature provides a partiularly relevanttest of saturation models. Moreover, the approah in-ludes all twist resummation, in ontrast with the lead-ing twist approximations. In the Se. 3, we disuss therole played by the QCD evolution and skewedness in thehigh virtuality kinemati region. We also perform a sys-temati analysis in order to investigate to what extentthe distint models improve the data desription. Theseissues have impliations in the orret determination ofthe t slope parameter B, whose value has never beenmeasured for DVCS. Finally, the last setion summarizesour main results.II. DVCS CROSS SECTION IN DIPOLEPICTUREIn the proton rest frame, the DVCS proess an beseen as a suession in time of three fatorisable sub-proesses: i) the photon utuates in a quark-antiquarkpair, ii) this olor dipole interats with the proton tar-get, iii) the quark pair annihilates in a real photon.



2The usual kinemati variables are the �p .m.s. en-ergy squared s = W 2 = (p + q)2, where p and q are theproton and the photon momenta respetively, the pho-ton virtuality squared Q2 = �q2 and the Bjorken salexBj = Q2=(W 2 +Q2).The imaginary part of the DVCS amplitude at zeromomentum transfer in the olor dipole formalism is ex-pressed in the simple way [16℄,ImA (s; t = 0) = 1Z0 dz 1Z0 d2rH(z; r; Q2)�dip(~x; r2) (1)H = 6�em4�2 Xf e2f �[z2 + (1� z)2℄ "1K1("1 r) "2K1("2 r)+ m2f K0("1 r)K0("2 r)	 ; (2)where H(z; r; Q21;2) = 	�T (z; r; Q21 = Q2)	T (z; r; Q22 =0), with 	T being the light one photon wave funtionfor transverse photons . Here, Q1 = Q is the virtuality ofthe inoming photon, whereas Q2 is the virtuality of theoutgoing real photon. The longitudinal piee does notontribute at Q22 = 0. The relative transverse separationof the pair (dipole) is labeled by r and z, (1 � z), arethe longitudinal momentum frations of the quark (anti-quark). The auxiliary variables "21;2 = z(1�z)Q21;2+m2fdepend on the quark mass, mf . The K0;1 are the M-Donald funtions and summation is taken over the quarkavors.Let us summarize the main features and expressionsfrom the saturation model, whih will be used here toestimate the DVCS ross setion. A previous analysisompared to H1 data an be found in Ref. [16℄. The sat-uration model reprodues olor transpareny behavior,�dip � r2, for small dipoles, whereas it gives a onstantbehavior for large ones. This is rendered by a dipole rosssetion having an eikonal-like form,�dip(~x; r2) = �0 h 1� exp �� Q2sat(~x)r24 � i ; (3)Q2sat(~x) = �x0~x �� GeV2; ~x = xBj� 1 + 4m2fQ2 � ; (4)where the saturation sale Qsat(x) (energy dependent)de�nes the onset of the saturation phenomenon and setsthe interfae between soft/hard domains. The param-eters were obtained from a �t to the HERA data pro-duing �0 = 23:03 (29:12) mb, � = 0:288 (0:277) andx0 = 3:04 �10�4 (0:41 �10�4) for a 3-avor (4-avor) anal-ysis [17℄. An additional parameter is the e�etive lightquark mass, mf = 0:14 GeV. For the 4-avor analysis,the harm quark mass is onsidered to be m = 1:5 GeV.The QCD evolution to the original saturation modelwas implemented reently [22℄ (BGBK), where the dipoleross setion now depends on the gluon distribution in aGlauber-Gribov inspired way,�dip (~x; r2) = �0�1� exp�� �2 r2 �s(�2) ~xG(~x; �2)3�0 �� ;(5)
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FIG. 1: The DVCS ross setion as a funtion of .m.s. energy,Wp. The urve is the result for the saturation model for �xedslope B = 4 GeV�2.where the energy sale is de�ned as �2 = C=r2 + �20.The parameters are determined from a �t to DIS data,with the following initial ondition for LO DGLAP evo-lution, xG(x; �2 = 1GeV2) = Ag x��g (1 � x)5:6. Theavor number is taken to be equal to 3. The overall nor-malization �0 = 23:03 mb is kept �xed (labeled �t 1 inRef. [22℄). The DGLAP evolution improves the data de-sription in large Q2 regime and brings the model lose tothe theoretial high energy non-linear QCD approahes.Having a suitable model for the dipole ross setion,as in Eq. (3) or Eq. (5), we an use Eq. (1) and thenompute the �nal expression for the DVCS ross setionas, �(� p!  p) = 1B [ ImA(s; 0) ℄216� �1 + �2� ; (6)where B is the t slope parameter (the behavior in jtj issupposed to obey a simple exponential parametrisation).In our further alulations, the real part is inludedvia the usual estimate � = tan(��=2), where � = �(Q2)is the e�etive power of the imaginary part of the am-plitude. We have �tted it for 1 � Q2 � 100 GeV2 inthe form �e�(Q2) = 0:2 + 0:0107 ln2(Q2=2:48). It an beveri�ed that when it rises to � 0:3 at high virtualitiesthe ontribution of the real part an reah 20% of thetotal ross setion. In the next setion we ompute theross setion above using the two versions for the satu-ration model and ontrast them with the reent DVCSZEUS data, whih inludes data points with larger Q2values than the previous H1 data. Moreover, we presenta simple way to introdue skewedness e�ets into the al-ulation.III. RESULTS AND DISCUSSIONSIn Fig. 1 is shown the result for the saturation model,Eq. (3), onfronted to the experimental data on DVCS
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(a) (b)FIG. 2: The DVCS ross setion as a funtion of photon virtuality: (a) saturation model using B = 4 and 6.5 GeV�2 (solid anddashed urves) and Q2-dependent slope (dot-dashed urve - see text). (b) E�et of the BGBK model (inludes QCD evolution)using B = 4 GeV�2 (solid and dot-dashed urves).of reent ZEUS measurements as a funtion of the .m.s.energy, Wp (at �xed virtuality Q2 = 9:6 GeV2). Theparameters of the 4-avor �t have been used, produinggood agreement with a �xed value for the slope, B = 4GeV�2.In Fig. 2-a, we show the result of the saturation modelfor the behavior with Q2 at �xed energy, Wp = 89GeV. In order to illustrate the sensitivity on the slopevalue, both values B = 4 GeV�2 (solid line) and B = 6:5GeV�2 (dot-dashed line) are shown1. Although the sta-tistial errors are large, it seems that for Q2>�40 GeV2,the model underestimates the experimental data. Thisan indiate two things: (a) the slope diminishes as thevirtuality inreases or, (b) some additional e�et appearsat higher Q2. In order to investigate the �rst hypothe-sis, we ompute the ross setion using a Q2 dependentslope, proposed in Ref. [23℄. That is, B(Q2) = B0 [1 �0:15 ln(Q2=2)℄ GeV�2 whih is based on the di�rativeeletroprodution of �. Suh a slope dependene allows agood desription of the Q2 dependene of the ross se-tion up to the highest measured values and gives a goodnormalisation for B0 = 5 GeV�2.In order to investigate whether a QCD evolution im-proves the desription, we show in Fig. 2-b the estimateusing the BGBK dipole ross setion, Eq. (5) as a fun-tion of Q2 using �xed slope values. There is an e�et inthe overall normalization and a slower derease at largeQ2 in ontrast with the model without QCD evolution re-produing well the ZEUS measurement for all Q2. Thissuggests that DGLAP evolution starts to be important[1℄ It is worthmentioning that a slopeB = 6:5 GeV�2 (4-avor)wasable to desribe orretly the H1 experimental data for Q2 � 40GeV2 [16℄.

for the large Q2 points measured by ZEUS. A omparisonof the di�erent Q2 behavior independently of the normal-isation question is presented at the end of this setion.Furthermore, we are motivated to investigate the im-portane of the skewedness e�ets in the DVCS proessusing the previous results. Here, we follow the approx-imation proposed in Ref. [24℄, where the ratio of o�-forward to forward parton distributions are obtained re-lying on simple arguments. The behavior of those ratiosare given expliitly by [24℄,Rq;g (Q2) = 22�+3p� � �� + 52�� (� + 3 + p) ; (7)where p = 0 for quarks and p = 1 for gluons, and where� is the exponent of the x�� behavior of the input diag-onal parton distribution. It should be notied that theskewed e�et is muh larger for singlet quarks than glu-ons. In the following, it will be assumed that the DVCSross setion is lead by a two gluon exhange. In ourfurther omputations, we use � = �(Q2) as disussed inthe previous setion and the skewedness e�et is given bymultiplying the total ross setion by the fator R2g(Q2).One the e�etive power inreases as a funtion of Q2,the skewedness e�ets ould enhane the ross setion bya fator two if values of �eff ' 0:4 are reahed at largervirtualities. In Fig. 3-a we show the result using thesaturation model (4-avor) and the skewedness orre-tion, Eq. (7). The same analysis is shown for the BGBKmodel in Fig. 3-b. The main e�et is to inrease theoverall normalization of the ross setion by about 40%and only slightly modify the large Q2 behaviour. Again,this will be shown more learly and independently of thenormalisation at the end of this setion.For ompleteness, we have investigated two additionalversions of the implementation of the skewedness orre-tion fator. They are shown in Fig. 4 for �xed B = 4



4
0 20 40 60 80 100

Q
2
 [GeV

2
]

10
−1

10
0

10
1

σ 
(γ

* p 
−

>
 γ

p)
 [n

b]

 ZEUS 96−00 e
+
p

 ZEUS 98−99 e
−
p

SAT−MOD + SKEW (B=4 GeV
−2

)
SAT−MOD (B = 4 GeV

−2
)

W=89 GeV

0 20 40 60 80 100
Q

2
 [GeV

2
]

10
−1

10
0

10
1

σ 
(γ

* p 
−

>
 γ

p)
 [n

b]

 ZEUS 96−00 e
+
p

 ZEUS 98−99 e
−
p

BGBK + SKEW (B = 4 GeV
−2

)
BGBK (B = 4 GeV

−2
)

W=89 GeV(a) (b)FIG. 3: The results for the (a) saturation model with (full) and without (dot-dashed) skewedness e�et and (b) BGBK model,with (dot-dashed) and without (full) skewedness e�et for a �xed B = 4 GeV�2.
0 20 40 60 80 100

Q
2
 [GeV

2
]

10
−1

10
0

10
1

σ 
(γ

* p 
−

>
 γ

p)
 [n

b]

 ZEUS 96−00 e
+
p

 ZEUS 98−99 e
−
p

SAT−MOD 
Rg (λGBW) (for small dipoles)
x = 0.41xBj (approximation)
SAT−MOD + SKEW

FIG. 4: Comparison among di�erent approximations for theskewedness orretion (see text).GeV�2. First, we have imposed skewedness orre-tion only for small dipoles by introduing Rg(�GBW =0:277) in the exponent of Eq. (3) (dotted line). Thisis to prevent orretion to the nonperturbative (largedipoles) piee of the dipole ross setion. Further, wealso test the rough approximation ~x = 0:41xBj (dashedline), whih omes from a simpli�ed hypothesis �dip �Rg(�) (xBj)��. The onlusion is that these two di�er-ent implementation of the skewedness orretion do notmake sensible hanges w.r.t. the �rst skewedness orre-tion neither in normalisation nor in Q2 dependene forthe presently overed kinemati range and preision ofthe measurement.At this stage, some omments are probably needed.The estimate for skewedness taken into aount aboveis an approximation as urrently we have no auratetheoretial arguments how to ompute it from �rst prin-iples within the olor dipole formalism. A onsistent

approah would be to ompute the sattering amplitudein the non-forward ase (the non-forward photon wavefuntion has been reently obtained in Ref. [25℄). Inthis ase, the dipole ross setion, �dip(x1; x2; r; ~�),depends on the light one momenta x1 and x2 arriedby the exhanged gluons, respetively, and on the totaltransverse momentum transfer ~� ( additional informa-tion about the behavior on ~� is needed for the QCDPomeron and proton impat fator). The forward dipoleross setion is reovered at x1 = x2 and ~� = 0. In thefuture, an experimental onstraint for the nonforwarddipole ross setion should be feasible with inreasingstatistis on DVCS and exlusive (di�rative) vetormeson prodution.To lose this setion, as the slope parameter B hasnever been measured for DVCS, we ompare the di�er-ent estimates presented in a systemati way separatelyfor the e�et on the Q2 dependene and the e�et on theoverall normalisation. To ompare the Q2 dependenes,we normalize all models to desribe the ZEUS data pointat the lowest Q2 value, i.e. Q2 = 7:5 GeV2. Further, weplot the ratio of eah model to our baseline model SAT-MOD as a funtion of Q2. Suh a proedure allows a Q2dependene omparison independently of the normaliza-tion e�et. These ratios are shown in Fig. 5-a, where thepoints (triangles-up) are the ratio of the ZEUS data toSAT-MOD inluding the error bars for the statistial (in-ner) and sum in quadrature of statistial and systemati(outer) unertainties.On the other hand, to ompare the e�et on the nor-malisationwe show the slope value needed to desribe thelowest Q2 value of the ZEUS data points B0 = B(Q2 =7:5 GeV2). They are shown in Fig. 5-b. For omplete-ness, we also present the measured slope values for vetormeson prodution at that virtuality, both for �0 and J=	mesons as indiations of typial values for respetively
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