
HERMES INTERNAL NOTE 98-055�SEMI-INCLUSIVE DEEP INELASTIC SCATTERINGM. D�URENUniv. Erlangen-N�urnberg, Erwin-Rommel-Str. 1, 91058 Erlangen, GermanySemi-inclusive deep inelastic scattering experiments provide important informa-tion about the quark and gluon structure of the nucleon. The knowledge of thefragmentation process is used to measure quark distributions separately for various
avors. The light quark sea shows a large enhancement of �d-quarks compared to�u-quarks. The polarization of up quarks in the valence region is large and positive,the polarization of down quarks is negative. The polarization of the quark sea iscompatible with zero. At HERA collider energies the tagging of leading baryonsallows to select events where the virtual photon couples to virtual pions whichappear in the proton. The process is used to extract deep inelastic pion structurefunctions.1 MotivationSemi-inclusive deep inelastic scattering (DIS) is an ideal experimental methodto study properties of quarks in nucleons and nuclei. In Born approximationthe scattering process is described by the exchange of a virtual photon whichcouples to a quark inside the nucleon as illustrated in Figure 1. The energyE(E0) of the incoming (scattered) lepton and its scattering angle � are mea-sured and thus the momentum transfer to the struck quark is experimentally
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Figure 1. The kinematic diagram of semi-inclusivedeep inelastic scattering.
determined. The kinematicquantityQ2 = 4EE0 sin2 �=2 is re-lated to the resolution of thevirtual photon. To be ableto `see' the quark structureof the nucleon, Q2 should belarger than about 1 GeV2.Other important quantitiesare the energy transfer� = E � E0 to the quarkand the `momentum frac-tion' x = Q2=2M� of thequark in the nucleon, whereM denotes the mass of thenucleon. All de�nitions are�PROCEEDINGS OF THE 8TH INT. CONF. ON THE STRUCTURE OF BARYONS,BONN, GERMANY, SEPT. 22-26, 1998BARYONS98: submitted to World Scienti�c on November 4, 1998 1



given in the rest frame of the nucleon. Collider kinematics di�er by a Lorentztransformation of the lepton kinematic variables E;E0; �. In an experimentwith polarized beam and target, not only the momentum transfer but alsothe spin transfer of the photon to the quark is known and the quark spin canbe related to the spin of the target nucleon.Semi-inclusive DIS is characterized by the observation of the �nal statehadrons in addition to the scattered lepton. This allows to test basic ingre-dients of the quark model, like the factorization of the process into a quarkscattering and a fragmentation part. The basic kinematic variable is the en-ergy fraction z = Eh=� of the hadron after fragmentation. Here Eh is theenergy of the hadron in the rest frame of the nucleon. The Feynman scal-ing variable xF � 2pL=W is the longitudinal `momentum fraction' of thehadron in the center of mass system of the hadronic �nal state with massW = pM2 + 2M� �Q2. xF is positive for particles that are related to thestruck quark and negative for particles of the target remnant. Even at lowerenergies, where factorization of scattering and fragmentation does not applycompletely, the observation of the leading hadrons in the current region allowsto determine with a certain statistical con�dence the 
avor of the struck quark.This way semi-inclusive DIS can be used to determine spin and momentumdistributions separately for each quark 
avor.At high energies a jet is generated which coincides with the (experimen-tally determined) direction of the struck quark. At HERA energies a phe-nomenon called rapidity gaps has been observed1;2 which points to an inter-action beyond the simple scattering picture from Figure 1.2 ExperimentsA common requirement for semi-inclusive DIS experiments is the ability tomeasure the scattered lepton in coincidence with the �nal state hadrons.An excellent example is the NA9 experiment of EMC3 which had an al-most complete acceptance of the hadronic �nal state. Table 1 summarizesthe main properties of the recent experiments which are mentioned in thispaper. Experiments with unpolarized semi-inclusive DIS physics are at Fer-milab the E665 experiment, and at HERA the collider experiments H1 andZEUS and the �xed target experiment HERMES4. The collider experimentsare the high energy frontier and cover the very low x > 10�6 and the veryhigh Q2 < 3:5 � 104 GeV2 range. Due to its large beam energy, SMC coversdata at lower x (x > 0:003) than other spin experiments. The advantagesof HERMES are the pure polarized targets and the good particle identi�ca-tion. HERMES makes use of two rather novel experimental techniques: spinBARYONS98: submitted to World Scienti�c on November 4, 1998 2



Table 1. Beam energies and target types of semi-inclusive DIS experiments.EXPERIMENT BEAM TARGETUnpolarized:E665 (Fermilab) 470 GeV � H, ... �xed targetH1, ZEUS (DESY) 27 GeV e� 820/920 GeV p colliderHERMES (DESY) 27 GeV e� H, D, 3He, N, Kr �xed targetsPolarized:SMC (CERN) 190 GeV � H, D (buthanol) solid targetsHERMES (DESY) 27 GeV e� H, D, 3He gas targetsrotators turn the spin of the transversely polarized positrons in the HERAring into longitudinal direction at the HERMES target region5. A storage cellcon�nes the atoms from a polarized or unpolarized source in the region of theHERA electron beam and increases the density of the target by a factor ofabout 100. A target thickness of 1014(15) nucleons/cm2 can be achieved forpolarized H (3He).3 FragmentationDue to con�nement, a quark which is kicked out of a nucleon fragments intohadrons. This can be described by the phenomenological fragmentation func-tions Dhf (z) which are a measure of the probability that a hadron h with theenergy fraction z is produced from a quark with 
avor f6;7. The di�erentialcross section d�h for producing a hadron of type h is given asd�h(z; x;Q2)dz = Pf e2f qf (x;Q2)Dhf (z)Pf e2f qf (x;Q2) �T (x;Q2); (1)where �T (x;Q2) is the total (inclusive) cross section. The formula assumesthat the quark scattering process and the fragmentation process factorize andthat the fragmentation functions scale and only depend on the fractional en-ergy z. Both assumptions are experimentally con�rmed to a certain level3;8.The number of di�erent fragmentation functions which describe the produc-tion of charged pions on proton and neutron targets can be reduced to threeby applying charge and isospin symmetries. D+(z) (D�(z)) is called thefavored (unfavored) fragmentation function and describes the production ofpions which contain (do not contain) the struck quark. Ds(z) describes theproduction of pions from strange quarks. Certainly, the reduction to threefragmentation functions is only approximately valid and cannot be appliedBARYONS98: submitted to World Scienti�c on November 4, 1998 3



to the target fragmentation region as the production of e.g. a �+ from aproton remnant will not be identical to the production of a �+ from a neu-tron remnant. Therefore at low W , where the current and target fragmen-tation regions overlap, three fragmentation functions are not su�cient. Fig-ure 2 shows the favored and unfavored fragmentation functions as measured
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by HERMES9 and EMC.Both results agree withintheir uncertainties althoughthe beam energy of the ex-periments di�ers by a fac-tor of 10. The smalldi�erence between the twoexperiments might be dueto a small Q2 dependenceof the fragmentation func-tions. An evaluation ofdata from experiments athigher energy (E665, H1,ZEUS)10 shows that there isa small but signi�cant Q2and W 2 dependence in thefragmentation distributions.These dependencies are re-produced by standard frag-mentation models based onQCD and color strings orparton showers10.3.1 Hadronization in NucleiThe comparison of fragmentation distributions in various nuclei is ofspecial interest as it allows to measure the space-time structure ofthe hadronization process. This is illustrated in the sketch below:It takes a certain time for the struckquark to form a hadron. At low � theformation takes place inside the nucleonand an attenuation of the production ofhadrons in a large nucleus compared to asmall nucleus is observed. At large �, dueto the large Lorentz boost, the forma- ������������
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Figure 3. The ratio of hadron multiplicities in ni-trogen compared to deuterium.
tion distance becomes larger,takes place outside the nucleusand as a result the hadron pro-duction becomes independentof the size of the nucleus. Thise�ect has been seen recentlyon a nitrogen compared to adeuterium nucleus in the HER-MES experiment11 in a dedi-cated high luminosity run withL � 1033atoms/cm2/s. Theresult as shown in Figure 3demonstrates that HERMES isjust in the interesting energyrange. More data on di�erentnuclei are needed for a moredetailed understanding of thehadronization process.3.2 Rapidity Gaps and Leading BaryonsBy studying the energy 
ow of DIS events at high energies, H1 and ZEUSobserved an excess of events with large `rapidity gaps', i.e. events withouthadrons in a region between the current and the target jet1;2. This observa-tion questioned the assumption that there is always a color string betweenthe struck quark and the target remnant which would lead to a continuousrapidity distribution in the hadron production. A natural explanation for thisobservation is that in rapidity gap events the DIS process takes place o� a col-orless object which is distinct from the target proton. This object is identi�edas a pomeron, reggeon or simply a pion. As a consequence of this picture, thetarget proton should appear after the interaction as a high energy, forwardgoing baryon with small transverse momentum.The H1 and ZEUS detectors both include a leading proton spectrometerand a forward neutron calorimeter which were build to detect target baryons.Indeed it was found that about 15% of the DIS events had a leading baryonwith a fractional energy of 0:5 < xL < 0:9512. The fraction of leading baryonevents turned out to be approximately constant over several orders of mag-nitude in x and Q2. In the `exchange picture' the observation of a leadingneutron is described by a cross section which factorizes into the 
ux of pionsBARYONS98: submitted to World Scienti�c on November 4, 1998 5



in the proton f�=p and the DIS cross section of the pion �(e� ! e0X):�(ep! e0NX) = f�=p(xL; p2t )�(e� ! e0X): (2)Under the assumption of an approximately constant pion 
ux factor of 0.131,the HERA data can be used to extract the pion structure function. Firstresults were extracted by H1 as shown in Figure 413.
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avor tagging is to reconstruct the 
avor of the struck quarkfrom the observed hadron types. Roughly speaking one expects on a protontarget predominantly positive pions from up quarks, negative pions from downquarks and negative kaons from strange quarks. On a neutron target theisospin inverted quark distributions are selected. A useful quantity for theBARYONS98: submitted to World Scienti�c on November 4, 1998 6



extraction of the quark 
avor distributions is the `purity'P hf (x;Q2) = e2f qf (x;Q2) R 10:2Dhf (z;Q2) dzPf 0 e2f 0qf 0 (x;Q2) R 10:2Dhf 0 (z0; Q2) dz0 (3)which denotes a probability that a given hadron h originated from a quark of
avor f14. These purities can be directly calculated from measured fragmen-tation functions or can be extracted by Monte Carlo methods from a givenfragmentation model.4.1 Flavor Asymmetry of the Light SeaThe 
avor content of the light quark sea has come to be recognized as animportant domain for testing models of the nucleon structure15. The assump-tion, that due to 
avor blindness of QCD the light quark sea is symmetricwas questioned by the observation of NMC that the Gottfried Sum rule isviolated16. The 
avor tagging method in semi-inclusive DIS was applied byHERMES to extract the 
avor content of the sea. The following combinationof positive (negative) pion yields N�+(�) :N��p � N��n + N�+p �N�+nN�+p � N�+n �N��p + N��n = 35 � � (x)� ��(x)� (x) + ��(x) � D+(z) +D�(z)D+(z) �D�(z) (4)with � (x) = u(x) � d(x) and �� (x) = �d(x)� �u(x) is used to extract the 
avorasymmetry. The right hand side of the equation factorizes into an x and az dependent part. The left plot in Figure 5 demonstrates that factorizationholds in the kinematic range of HERMES, at least within the statistical pre-cision of this experiment. The extracted 
avor asymmetry is independentof the hadron variable z. The right plot in Figure 5 shows the result fromHERMES17 as function of x compared with recent data from the Drell-Yanexperiment E86618. There is a large signi�cant excess of �d over �u at low x(x < 0:2). The two experiments give consistent values for �d� �u even thoughthe average Q2 di�ers by about a factor of 20. Pertubative QCD calculationscannot account for this asymmetry as the color forces are 
avor independentand as the con�nement scale is much larger than the di�erences of the quarkmasses which are involved. There are many models which try to explain theasymmetry19;20. Figure 6 sketches the nucleon-`pion' model and the chiralquark model where in both cases an excess of virtual �+ is responsible for theenhanced �d content of the sea. E866 �tted their pion model to the �d(x)=�u(x)data with the conclusion that the proton is for (20 � 4)% of the time in apion-nucleon state and for (10� 2)% in a pion-delta state18.BARYONS98: submitted to World Scienti�c on November 4, 1998 7
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analysis lead to the conclusion that the spin of the quarks contributes onlylittle to the total spin of the nucleon and that the strange quark sea seemsto be negatively polarized22. Semi-inclusive data can be used to measure thesea polarization directly and to test the SU(3)f symmetry.It is assumed that the fragmentation process is spin independent, i.e. thatthe probability to produce a hadron of type h from a quark of 
avor f isindependent of the relative spin orientations of quark and nucleon. The spinasymmetry Ah1 in the semi-inclusive cross section for production of a hadronof type h by a polarized virtual photon is given byAh1 (x;Q2; z) = Pf e2f�qf (x;Q2)Dhf (z;Q2)Pf e2f qf (x;Q2)Dhf (z;Q2) (1 + R(x;Q2)) (5)where �qf (x;Q2) = q+f (x;Q2) � q�f (x;Q2) is the polarized quark distribu-tion function and q+(�)f (x;Q2) is the distribution function of quarks withspin orientation parallel (anti-parallel) to the spin of the nucleon. The ratioR = �L=�T of the longitudinal to transverse photon absorption cross sectionsappears in this formula to correct for the longitudinal component that is in-cluded in the experimentally determined parameterizations of qf (x;Q2) but
                                         statistical errors only
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not in �qf (x;Q2). It is as-sumed that the ratio of lon-gitudinal to transverse com-ponents is 
avor and tar-get independent. Equa-tion (5) is used to ex-tract the quark polariza-tions �qf (x)=qf (x) from aset of measured asymme-tries on the proton and neu-tron for positively and neg-atively charged hadrons.Figure 7 shows results of thepurity analyses from SMC23and HERMES24 for the va-lence and sea quark spin dis-tributions. Both data setsagree within their system-atic uncertainties. To re-duce the number of degreesof freedom in the 
avorBARYONS98: submitted to World Scienti�c on November 4, 1998 9



decomposition, both experiments make certain assumptions about the sea.SMC assumes a 
avor symmetric spin distribution �us = �ds = �s = ��u =��d = ��s whereas HERMES assumes a 
avor symmetric polarization �usus =�dsds = �ss = ��u�u = ��d�d = ��s�s . Figure 8 shows the 
avor decomposition of thequark spin into up and down polarizations from HERMES data. At small xthe polarization of the quarks is small. At large x the polarization of the upquarks is large, above 50%, whereas the polarization of the down quarks isnegative and on the order of up to 30%. The data agree within the systematicuncertainties with various parameterizations of the parton distributions. Thedi�erent sets shown correspond to the following authors: Set 1: Bartelskiand Tartur25 (LST(15)=105), Set 2: Gehrmann and Stirling26 ('Gluon A'(LO), LST(15)=110) and Set 3: Gl�uck et al.27 ('standard scenario' (LO),LST(15)=118).
Figure 8. The quark 
avor polarizations (�u + ��u)=(u+ �u) and (�d +� �d)=(d+ �d) fromHERMES are compared to various parameterizations of the parton distributions.5 The Future: Strangeness and GluonsIt is obvious that the puzzle about the spin content of the nucleon cannot beunderstood without measuring the spin distributions of strange quarks andgluons. HERMES has upgraded its spectrometer in 1998 by a dual radiatorring-imaging �Cerenkov detector. The aim is to identify kaons in order to beable to tag strange quarks and measure their spin distributions. The chiral�eld theory, as sketched in Figure 6 describes not only the 
avor asymmetryof the sea but it makes also predictions about the quark spin distributions.One interesting prediction is that due to spin 
ip in the transition u! sK+,BARYONS98: submitted to World Scienti�c on November 4, 1998 10



the positive u-quark polarization produces a negatively polarized strange sea.The anti-strange sea is unpolarized as the K+, the Goldstone boson in thechiral model, has zero spin20. In all experiments up to now the fact that thepolarization of quarks and anti-quarks might be di�erent is neglected. Bycomparing the spin asymmetry in K+ and K� production, HERMES has thepotential to separate the polarization of the strange sea and anti-strange sea.The separation will however not be easy as the K+ signal is dominated by abackground from up quark fragmentation which has to be subtracted.From QCD evolution and from the Adler Anomaly we know that thegluon plays an important role for the spin of the nucleon. As gluons haveno electromagnetic charge, direct scattering o� gluons is not possible by anelectromagnetic probe. Only the photon-gluon-fusion process where the vir-tual photon couples to the gluon by the exchange of a (virtual) quark gives arelatively direct access to the gluon polarization. The cleanest way to mea-sure this process is the identi�cation of two forward jets with large transversemomentum. The experimental separation of jets requires high energies. HER-MES currently studies the question if two single hadrons with large transversemomentumare su�cient to isolate photon-gluon-fusion events. A special trig-ger has been set up at HERMES to enhance the number of high pT events inphotoproduction.Further channels of photon-gluon-fusion are the open charm and the in-elastic J= production. High quality data on the gluon spin are expectedfrom the future project COMPASS28 at CERN and from Drell-Yan processesat RHIC29.6 ConclusionsSemi-inclusive DIS is a rich and important �eld to study the quark and gluonstructure of baryons. The polarized and unpolarized 
avor structure of the nu-cleon has become experimentally accessible. In the interpretation of the datathe pionic degree of freedom seems to play an important role. This statementapplies to the 
avor asymmetry of the light sea, to the spin distributions, andto the high energy leading baryon data at HERA.7 AcknowledgmentsI want to thank D. von Harrach, P. Iacobucci, K. Rith, E. Aschenauer, J. Dain-ton, E. Kinney, S. Schlenstedt for various support in preparing my talk andmy proceedings.BARYONS98: submitted to World Scienti�c on November 4, 1998 11
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