
LU TP 96{5MC{TH{96/04January 1996Parton distributions of real and virtual photons 1T. Sj�ostrand a, J.K. Storrow b and A. Vogt c;2aDepartment of Theoretical Physics, University of Lund, Lund, SwedenbDepartment of Theoretical Physics, University of Manchester, Manchester, UKcDeutsches Elektronen-Synchrotron DESY, Hamburg, GermanyAbstractRecent progress on the parton distribution functions of the photon, both real and virtual,is brie
y reviewed and experimental possibilities at HERA are discussed.1. IntroductionBefore the advent of HERA, the almost only experimental information on the partonstructure of the photon was obtained from studies of the structure function of the pho-ton, F 
2 (x;Q2), in two photon collisions at e+e� colliders. Theoretically, this is a veryinteresting area as, at large x and asymptotically large Q2, the parton distribution func-tions (pdfs) of the photon, and hence F 
2 , are predicted from perturbative QCD (pQCD)[1, 2]. However, in the range of Q2 experimentally accessible at present and in the foresee-able future, some non-perturbative input is required. Here di�erent groups make di�erentassumptions, all include parameters, and nearly all existing pdfs are constrained by �tsto F 
2 data. There are many competing sets; in sect. 2 we review the various possibilities,discuss the basic underlying physics choices, and also discuss the di�culties in comparingphoton pdfs in leading order (LO) and next-to-leading order (NLO) pQCD.These remarks only apply to real photons. For virtual photons, there is very little ex-perimental information from two photon collisions, because of the di�culties of doingdouble-tag measurements. However, there have been some theoretical attempts, whichwe discuss in sect. 3.Hard photoproduction at HERA o�ers further possibilities of exploring the structure ofthe photon, including the gluon content. In hard photoproduction processes, there is a1To appear in the proceedings of the Workshop on HERA Physics, Durham, England, Sept. 1995.2On leave of absence from Sektion Physik, Universit�at M�unchen, D-80333 Munich, Germany1



contribution from the resolved processes, where the photon is resolved into its partonswhich then take part in the hard partonic subprocess [3, 4]: this contribution is sensitiveto the pdfs of the photon as well as the proton. There is also a (calculable) backgroundto this from the direct processes, in which the photon takes part directly in the hardsubprocess: this depends on the proton pdfs but not on those of the photon.With untagged electrons at HERA the photons are mainly real and have a known spectrumof energies given by the equivalent photon approximation; hence the pdfs of the real photonare measured. With tagged electrons the photons have known energy and virtuality andso it will become possible to study the parton content of virtual photons for the �rst time.This is why the structure of real and virtual photons is an important physics issue forHERA.2. The parton distributions of the real photonIn this section we brie
y review the di�erent sets of pdfs for the real photon currentlyavailable: for more detail on this subject the reader is referred to ref. [5]. For a recentgeneral review see ref. [6]. The special role of the photon in QCD is due to the fact that,at asymptotically large Q2, the quark and gluon distribution functions are calculable atlarge x, i.e. q
i (x;Q2)=� ' ai(x)�s(Q2) + bi(x) ; (1)with a similar expression for g
(x;Q2). The �rst term is the LO result of Witten [1]and the second term its NLO correction in pQCD [2]. The functions ai(x) and bi(x) arecalculable, but singular at x = 0.This point-like part contribution is dominant at large Q2, where the incalculable hadronicpiece is small. However to avoid the unphysical small-x singularities in eq. (1) one mustretain the hadronic part by including a boundary condition at a reference scale Q2 = Q20[7]. If we do that in n-moment space we have (con�ning ourselves to LO for simplicity)q
i (n;Q2) = �ai(n)�s(Q2) 241 �  �s(Q2)�s(Q20)!1+d(n)35+ q
i (n;Q20) �s(Q2)�s(Q20)!d(n) (2)where the second term in the square brackets regularizes the singularity at x = 0. Thelast term is hadronic in the sense that for the case of the pdfs of a hadron, it would bethe only contribution.Eq. (2), although a good approximation at large x, is strictly true only for non-singletcombinations of quark densities. The singlet quark �
 = Pi(qi + qi) and gluon distri-butions obey similar equations with the important di�erence that in these sectors theAltarelli-Parisi (AP) equations are coupled, i.e. to determine �
(x;Q2) (or g
(x;Q2)) weneed both �
(x;Q20) and g
(x;Q20). The bottom line is that, as for the case of hadrons,we need input distributions at a reference scale Q2 = Q20 .2



We note here that the anomalous [�s(Q2)]�1 behaviour of the pdfs of the photon arisesbecause of the direct 
 ! qq coupling which gives inhomogeneous terms in the APevolution equations [8]. This behaviour of the quark distributions is con�rmed by dataon F 
2 (x;Q2), over a wide range of Q2, see e.g. ref. [9].In order to obtain photon pdfs at all Q2, one has to choose a reference scale Q20 and �xthe input pdfs there, using some ansatz (usually vector meson dominance, VMD) andemploying F 
2 data to �x some free parameters. The (anti)quark distributions q
i (x;Q20)are reasonably well determined by the data, since in LOF 
2 (x;Q2) = Xi e2i xq
i (x;Q2) : (3)On the other hand, �xing the gluon distribution is a problem because of the lack of amomentum sum rule [5, 10]: one is completely dependent on the ansatz. Note howeverthat a substitute for the usual hadronic parton momentum sum rule has been proposedrecently [11]. For the evolved pdfs the fact that the coupling of the AP equations is weakworks two ways: (a) the output F 
2 (x;Q2) is insensitive to the input gluon (except atsmall x) but (b), consequently, a comparison with present F 
2 data does not provide anyrestriction on g
(x;Q20).VMD provides a connection between the photon and � meson pdfs, and since the lattersatisfy a momentum sum rule, we have a constraint on the VMD part of the gluon pdfof the photon. This is particularly useful if we use SU(6) to relate the pion and � pdfs asthere are experimental constraints on the pion pdfs from Drell-Yan lepton pair and direct-photon production data [12]. However, another problem arises here. For the traditionalinput scales, Q20 � 1 GeV2, a pure VMD input is known to be insu�cient to �t the dataat higher Q2 [7, 13]. Two approaches have been adopted to circumvent this: the �rstis to maintain the VMD idea and start the AP evolution at a very low scale Q0 < 1GeV [14, 15, 16, 17]. The second is to keep Q0 � 1 GeV and �t the quark densitiesto F 
2 data, e.g. supplementing the VMD values with a point-like component, seeminglynaturally provided by the Born-Box diagram. Unfortunately there is no correspondingnatural choice for the gluon density and a guess must be made here. This method wasadopted in refs. [17, 18, 19, 20, 21]. The result of all this is that the di�erent distributionsagree reasonably well as regards the quark distributions in the region 0:05 <� x <� 0:8, whichmust reproduce F 
2 data, but not as regards the gluon densities. This can be seen in �gs.1 and 2, where we have plotted a representative set of quark and gluon distributions inLO and NLO.The reader will note that there seems to be very little resemblance between the quarkdistributions in LO and NLO. This is because of a subtlety peculiar to the photon in theMS scheme, and has been discussed in detail in ref. [5]. It arises in the lowest order QCDprocess, the Born-Box diagram, where the term leading in lnQ2 gives the inhomogeneousterm in the AP equations and the non-leading term C
 is negative and divergent as x! 1.In the usual MS scheme this C
 is not absorbed into the quark densities. However, inNLO, it reappears as a Wilson coe�cient for a subleading `direct' contribution to F 
2 .3
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2 data sets employed see [5].Thus if we are to require approximately the same F 
2 in LO and NLO, then the NLOpdfs must be substantially modi�ed accordingly and this is what we are seeing in �g. 1.An alternative approach is to work in the DIS
 scheme [22], where C
 is absorbed intothe de�nition of the quark density and does not appear in the NLO expression for F 
2 .Hence in this scheme perturbatively stable, physically motivated inputs for the photonpdfs, such as VMD, can be used in NLO as well as in LO.We conclude this section with a few comments on what has been learnt from experimentaldata since most of these pdfs were proposed. We start with two-photon data. There havebeen new F 
2 data from TOPAZ [23] and AMY [24] at TRISTAN and from OPAL [25] andDELPHI [26] at LEP, which are shown in �g. 3. As can be seen the data are of limitedstatistics. These results seem to indicate some o�set at x around 0.2 with respect to theaverage of earlier data from lower energy machines, as can be seen by comparing to theLAC [19] and GRV [14] parametrizations which were �tted to all F 
2 data available in 1991.Moreover, at small x the recent TOPAZ [23] results are at variance with the LEP data[25, 26]. If anything, the recent measurements confuse the situation slightly as regards thequark distributions. In addition, there have been measurements of the one- and two-jetinclusive jet cross sections at TRISTAN [27, 28] which show some sensitivity to the gluondistribution. One can conclude from these jet data that there is now evidence from 

collisions that the gluon density is non-zero [10, 27, 28]. They also rule out the LAC3distribution with its large gluon component at large x, which considerably overestimatesthe cross section. 4
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(�) interaction. The fall-o� of the non-perturbative part with increasing P 2 istheoretically uncertain; hence experimental clari�cation is required to pin down models.We will summarize here a few recent studies that together illustrate the spread in currentapproaches.Drees and Godbole [33] seek a simple interpolating multiplicative factor, such that partondistributions reduce to the real pdfs for P 2 ! 0 and die like ln(Q2=P 2) for P 2 ! Q2: atP 2 = Q2 it is natural to attribute the whole cross section to direct processes in order toavoid double counting. Several di�erent forms are studied; one of the main alternativesis to use a scaling factor: r = 1� ln(1 + P 2=P 2c )ln(1 +Q2=P 2c ) ; (4)where Pc is some typical hadronic scale such as P 2c � 0:5 GeV2. The factor r is appliedto all quark pdfs. The gluon is expected to be further suppressed, however, since thegluon pdf is generated by the quark ones [34]. For instance, if the scale k2 of 
 ! qqbranchings is distributed in the range P 2 <� k2 <� Q2, the scale k02 of the q! qg branchingis in the reduced range k2 <� k02 <� Q2. A gluon suppression factor r2 gives the expectedlimiting behaviour. The above ansatz does not change the x shape of distributions; forthat more complicated forms are proposed. Anyway, the thrust of the study is to estimate6



how much the photon pdfs in the untagged case, i.e. P 2-averaged pdfs, di�er from thoseof the real photon. The forms studied give a suppression of the order of 10% and 15% forthe quark and gluon distributions, respectively.The study of Gl�uck, Reya and Stratmann [35] is based on the observation that the pdfsf
i (x;Q2; P 2) obey evolution equations in Q2 similar to those of a real photon. Thequestion is therefore reduced to one of �nding suitable boundary conditions at Q2 = P 2.The ansatz used isf
i (x;Q2 = ~P 2; P 2) = �(P 2)f
;nonperti (x; ~P 2) + h1� �(P 2)i f
;perti (x; ~P 2) : (5)Here ~P 2 = max(P 2; �2), with � � 0:5 GeV the input scale for the evolution of the realphoton [14]; and �(P 2) = (1+P 2=m2�)�2 is the standard dipole dampening factor of the �meson. The non-perturbative input distribution is taken to be proportional to the pfd's ofthe pion, f
;nonperti (x; ~P 2) = �(4��=f2� )f�i (x; ~P 2) [14]. The f
;perti (x; ~P 2) is perturbativelycalculable; in leading order it vanishes. Based on the above ansatz, the evolution equationsgive the answer for all Q2 > P 2. Closed results can be obtained in moment space, andthen a simple numerical Mellin inversion gives actual numbers. A practical limitation isthat there exists up to now no simple parametrization, unlike the case of a real photon.Schuler and Sj�ostrand [17] start from an ansatz for the pdfs of a real photon decomposedinto VMD and anomalous components:f
i (x;Q2) =XV 4��f2V f
;Vi (x;Q2; Q20) + Z Q2Q20 dk2k2 �2�Xq 2eqf
;qqi (x;Q2; k2) : (6)Here the sum runs over the lowest-lying vector mesons, �0, !, � and J/ , while theintegral covers the range of perturbative branchings 
 ! qq at scales Q0 < k < Q, withQ0 � 0:6 GeV (for SaS 1, alternatively 2 GeV for SaS 2) setting the separation between thetwo components and also the starting value of the evolution. The VMD and anomalous\state" distributions f
;Vi and f
;qqi , respectively, are normalized to unit momentum sum.The VMD distributions and the integral of anomalous distributions are parametrizedseparately and added to give the full result. In going to a virtual photon, the mainchange is to introduce a dipole dampening factor for each component, i.e. (1+P 2=m2V )�2for the VMD states and (1 + P 2=k2)�2 for the anomalous ones. Additionally the lowerinput scale for the VMD states is shifted from Q20 to P 20 � max(P 2; Q20) [34].In order to obtain a tractable answer, one possible approximation for the anomalouscomponent is Z Q2Q20 1(1 + P 2=k2)2 dk2k2 h � � � i � Z Q2P 20 dk2k2 h � � � i ; (7)with P0 as above. Although the VMD and anomalous components still depend on twoscales, P 20 and Q2, all the nontrivial dependence comes from the logarithmic integrationof the strong coupling constant between the two scales, so the standard pdfs of the realphoton can be extended easily to virtual photons, i.e. parametrizations of f
i (x;Q2; P 2)are readily available. The resulting u-quark and gluon densities are dispayed for two7



photon virtualities P 2 in �g. 4 together with the corresponding LO distributions of ref.[17]. Recently, alternatives to eq. (7) have been studied [36], where the momentum sumand average evolution range of the dipole-dampened version of eq. (6) is preserved. Thedi�erence between these procedures can also be viewed as one estimate of the uncertainty.
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, where the resolved contribution should dominate. For instance, if we cut betweenresolved and direct events at x
 = 0:75, then the ratio of resolved events (with x
 < 0:75)to direct events (with x
 > 0:75) drops by about a factor of 2 between P 2 � 0 andP 2 � 0:5 GeV2 [38], in rough agreement with the theoretical arguments of this section.4. ConclusionsIn this note we have brie
y reviewed the current phenomenological status of the pdfs ofreal and virtual photons. As we mentioned earlier, in the case of the real photon the pdfshave been constrained to �t the F 
2 data. However, given the limitations catalogued insect. 2, it is di�cult to regard a comparison of HERA jet photoproduction data with NLOQCD calculations based on the existing pdfs as a de�nitive test of anything. We feel that8



the jet data should be regarded as giving an independent determination of the pdfs ofthe photon, which at the moment is and in the near future will remain superior to thosefrom two-photon physics. This will be true, certainly for larger x, until high statisticsdata become available from LEP2. We are already seeing the �rst signs of this [3] in thecomparison of the jet data with NLO calculations. It should also be borne in mind, thatjet studies (in both 

 and 
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