2.0 Current Status of the Partonic Structure of Hadrons and Nuclei

2.1
Introduction

In this section, we present an overview of the current status of hadron structure.  Section 2.2   summarizes the present knowledge of parton distributions in the nucleon.  These have been determined using hard scattering processes at high-energy facilities.  In Section 2.3 the present understanding of the spin and flavor structure of the nucleon as probed by hard scattering processes is described.  In Section 2.4, the current understanding of the modification of these parton distributions in nuclei is summarized. Finally, in Section 2.5 space-time correlation in QCD are discussed

2.2
Parton Distributions in the Nucleon

In the decades since the discovery of Deep Inelastic Scattering (DIS), there has been a particular emphasis experimentally on measuring inclusive DIS over a large kinematic range.  This is principally motivated by the fact that the double differential cross-section for single virtual photon exchange in DIS is proportional to the nucleon structure function 
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 i.e.


d2(   ( F2 (x,Q2)

dxdQ2

In QCD, F2 (x,Q2) is a charge-weighted sum over the momentum contribution from each of the quark flavors, i.e. 
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where fi (x,Q2) is the probability of finding a quark of flavor i and charge ei with momentum fraction x at a 4-momentum transfer Q2.

The early SLAC data focused largely on the valence quark region (x 
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 0.1) [1].  With the availability at CERN and Fermilab of sufficiently intense muon beams with energy in excess of 100 GeV, the DIS cross-section on the proton was measured below x = 10-3 [2].  In the 1990's, the HERA collider extended the DIS cross-section on the proton below 10-4 [3,4].  Thus, an experimental determination of 
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 exists for more than 4 orders of magnitude in x and Q2, as shown in Figure 2.1 [5].

These data provide one of the experimental cornerstones on which Quantum Chromo-Dynamics rests.  The dramatic rise of F2 with increasing Q2 at low x is in excellent agreement with theoretical predictions [6].  Further, the data provide a determination of the parton distributions in the nucleon.  Typically, the parton distributions, fi, are determined from a global fit to the world's data on DIS and other hard scattering data.  The basic procedure is to parameterize the fi (x,Q2) at a low value of Q2 = 
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 such that the fi(x,Q2) can be calculated at higher Q2 by using Next-to-Leading Order (NLO) Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equations [7,8].  Data are fitted for all Q2 > 
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 is a value of Q2 where perturbative QCD is believed to be the dominant contribution.  One set of parton distributions is shown in Figure 2.2.
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Figure 2.1:  F2 (x) at Fixed x vs. Q2  

These data measured by the ZEUS experiment at HERA.  Data were taken in 1996 and 1997 [5]. 
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Figure 2.2.  Parton Distributions (MRST) at Q2=20 (GeV/c)2 

[7] 

Note the 

· dominance of the u and d valence quark distributions at large x, 

· the rise of the sea quark distributions (
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at low x) and 

· the large relative size of the gluon distribution g(x), also at low x. 

 In this type of global analysis, data from other types of hard processes are also included, e.g. neutrino scattering, Drell-Yan production, and prompt photon production.  The parameterizations of Figure 2.2 can be used to determine the fraction of the total momentum of the proton carried by the various partons; e.g., strange quarks carry 4.6 % of the proton's momentum at Q2 = 20 (GeV/c)2.  Further, the global fit contains the QCD parameter 
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which is in excellent agreement with the world average value 
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 This type of precision information is the hallmark of DIS.

The predicted rise of F2 with increasing Q 2 at low x was first observed experimentally at HERA and largely provides the determination of the gluon distribution.  This gluon distribution evolves rapidly with Q 2, as shown in Figure 2.3 [9].
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Figure 2.3:  The Gluon Momentum Distribution x g(x) As a Function of x at Fixed Q2
 Q2 Values of   =1,7, and 20 GeV/c2.  These data are from the ZEUS QCD fit [9].

2.3 Spin and Flavor Distributions in the Nucleon

One of the central goals of hadronic physics is to obtain an understanding of the spin structure of the nucleon.  In spin-dependent DIS, with both the lepton and nucleon polarized, the inclusive spin asymmetry is proportional to the spin-dependent structure function g1(x,Q2).  In analogy to F2 in unpolarized DIS, g1(x,Q2) is a charge weighted sum over flavors of the spin-dependent parton distribution
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.  The spin-dependent parton distribution, 
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, is the total fraction of the nucleon's spin carried by the quark flavor fi.  When the principle of conservation of angular momentum is applied to the constituents of the nucleon, it is expected that the spin of the nucleon can be expressed as
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where 

(( = (u + (d + (s is the total quark contribution, 

(G is the total gluon contribution, and 

L is the contribution from orbital angular momentum of the quarks and gluons.  

It must be noted that the contributions in the above equation are in general dependent on the renormalization scheme.

There has been considerable progress in measurement of spin-dependent DIS over the last decade at SLAC [10], CERN [11] and DESY [12].  There have been a number of significant achievements:

· The spin-dependent structure function g1 has been determined in inclusive scattering for both the proton and neutron over two orders of magnitude in x and Q2.

· (( was determined to be considerably smaller than the value predicted by the quark model,  ~ 0 .3.

· Next-to-Leading-Order analysis of the world's data is now possible in polarized DIS and suggests that the gluon contribution is large and, in sign, consistent with making up the deficit in the quark spin.  Results from a NLO pQCD analysis of the world’s data on inclusive lepton-nucleon scattering [11] to determine the polarized parton distribution are shown in Figure 2.4.  A large positive gluon contribution suggests a large negative contribution due to orbital angular momentum.

· A major triumph for QCD was the verification [10] of the Bjorken Sum Rule, 
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 at the level of 5%.  Theoretically, the calculation involves perturbative QCD to third order in (s.  It also requires knowledge of target mass and twist-4 corrections.  Experimentally, the data have been obtained with a new generation of polarized beams, targets, and spectrometers.
· There has been significant progress in decomposing (( into its contributions from different quark flavors using flavor tagging in semi-inclusive scattering.  Figure 2.5 shows the present status of the polarized valence quark, sea quark and gluon distributions from semi-inclusive DIS measurements of SMC and HERMES.
Figure 2.4:  The Status of Polarized Parton Distributions and Their Uncertainties.  

These were extracted from a Next-to-Leading Order pQCD analysis of the world sample of published inclusive polarized DIS data (as of December 1998) [11].  The uncertainties shown with the best fit (cross hatch) are statistical.  The middle error band (vertical hatch) corresponds to the experimental systematic uncertainty and the lowest error band (horizontal hatch) is due to the theoretical uncertainty in the pQCD analysis method.  The largest uncertainty exists in the polarized gluon distribution, while the singlet quark and non-singlet quark distributions in comparison, are determined with much smaller uncertainties.
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If the nucleon sea were created entirely via pair production from gluons, the nucleon sea would be expected to be approximately symmetric in uu and dd pairs. The light mass of these quarks relative to the confinement scale plus the weak impact of the exclusion principle would seem to assure that outcome.  However, DIS measurements comparing the structure function of the proton to that of deuterium do not support such a picture.  It was found from the NMC experiment  [13] that the integral of F2p(x)-F2n(x) over x gave 0.235 rather than the expected value of 1/3. This difference can be interpreted as requiring that the integral of d(x) -u(x) for the proton equals  0.147This was further pursued at Fermilab [13] by a relative measurement of the Drell-Yan yield from deuterium to that from the proton.  
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Figure 2.5:  Status of Experimental Determination Polarized Valence Quark, Sea Quark and Gluon Distributions. 


[image: image17.wmf](

)

,,0.5

xuxdxud

nn

DDD+D

and x(g are shown as a function of x for Q2=2.5 GeV2.  The values represented by the red circles and the open triangles were derived from inclusive and semi-inclusive deep-inelastic scattering at HERMES and SMC (the yellow areas indicate the systematic uncertainties in the HERMES measurement). The green symbol represents the only direct measurement of (g/g, derived in LO QCD from the asymmetry in the photo-production of high pT hadron pairs at HERMES; no theoretical uncertainty is included.  The full curves represent current parameterizations of the polarized parton distributions derived from inclusive measurements, the dotted curves correspond to maximum polarizations of unity.  (The 3 different curves for x(g(x) represent a small subsample of all curves compatible with existing data.) 
Such a measurement can be made directly sensitive to theu andd content of the targets.  The measurement showed that the deuterium Drell-Yan yield was much greater than two times the proton D-Y yield.  Using charge symmetry the ratio of these yields can be converted to the ratio of dp(x)/up in the proton (or equivalently un (x)/dn (x) in the neutron), as shown in Figure 2.6 (a). Figure 2.6 (b) showsdp(x)up(x) extracted from this ratio.  The value of the integral of the difference is 0.118 in good agreement with the value extracted from DIS shown in Figure 2.6.  Perhaps the most remarkable aspect of this result is its good qualitative agreement with conventional calculations of the pionic content of the nucleon, a subject that has drawn considerable interest and occasioned several reviews [14,15].  The dominance of d in the proton is due to the large component of nin its wave function.  Of further interest is the large fraction of the sea that would be ascribed to pions in this picture [16].  The large asymmetry observed in the kinematic range 0.1< x < 0.2 (Q2 ~ 50 GeV2) requires that ~ 70% of the sea in this region be ascribed to pions.  The disappearance of the asymmetry at x above and below these values indicates the reduced influence of pions and the dominance of the conventionally generated symmetric sea.
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Figure 2.6:  d(x) /u(x) Ratio from the Charge Symmetry Ratio of the D-Y Yields
(a) The ratio,d(x) /u(x) in the proton as measured from the relative Drell-Yan yields from p(p to p(d.  (b) The differenced(x) -u(x) in the proton using the values of d(x) /u(x) from above andd(x) +u(x) from measured parton distributions. 
2.4
Nuclear Modifications

The conventional description of a nucleus is that of a collection of nucleons, weakly bound in a potential created by their mutual interaction.  The underlying interaction is believed to arise from the exchange of virtual mesons between the nucleons.  Thus, it was a surprise to many when the NMC experiment [17] found a systematic nuclear dependence to the nucleon’s structure function F2A(x,Q2). Their measurement of the structure function per nucleon as measured in Fe and 2H showed definite nuclear dependence, which is not completely understood at present.  A host of dedicated fixed target experiments followed [18,19], confirming the existence of nuclear dependence but with some significant modifications of the original EMC results.  This body of research has produced relative structure functions over a broad range of A, x and Q2, and a recent review [20] contains a summary of the data and the various efforts to interpret it.  

Despite the tremendous advances made during the past few decades, there are some extremely important issues in understanding the structure of hadrons and the effects of nuclear binding.  An important question is whether the structure function of a pion is similar to that for a nucleon.  The mesons are believed to be the Goldstone bosons, which arise from spontaneous chiral symmetry breaking.  Because these mesons are much lighter than the nucleon, one might expect the sea of the pion to be much different from that of the nucleon.  Furthermore, mesons, especially the pion, are believed to have a central role in the binding of nucleons in nuclei.  Nevertheless, pion excess related to this binding has yet to be observed.  An open important question is whether there are medium modifications for the mesons in nuclei.  From the EMC effect, we know that the nucleus is not just a collection of nucleons.  

2.4.1 The EMC Effect 

Figure 2.7 (a) shows an idealized version of measured nuclear modification of the relative structure functions per nucleon.  It is 2/A times the ratio of a measured nuclear structure function of nucleus A to that for deuterium.  The rise at the largest values of x is generally ascribed to the nucleon’s Fermi momentum.  The enhancement and EMC regions presumably arise from nuclear binding effects but a quantitative explanation has yet to be developed.  The decrease observed for x <0.05 is termed "shadowing" and is the object of considerable attention as it has a strong quantitative impact on the outcome of relativistic heavy ion collisions.  Thus, the most important nuclear modifications of the F2 structure functions arise from binding energy and shadowing effects.  Shadowing is best understood as due to time-space evolution of these highly relativistic collisions.  The p cross-section for energies in excess of 2 GeV is only ~0.1 mb [21], which would correspond to a mean free path (mfp) in nuclear matter of more than 100 fm.  Thus, one might expect to observe that the high-energy -A cross-section is directly proportional to A[image: image25.png]0.4
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.  However, this is not the case since the observed cross-section increases appreciably less steeply than A times the p cross-section.  This is because the photon can fluctuate into a qq pair, which has a cross-section typical of the strong interactions (20mb) and is readily absorbed (mean free path (mfp) = 3.7Fm).  If the fluctuation persists over a length greater than the inter-nucleon separation distance (~2Fm ), its absorption shadows it from encountering subsequent nucleons (even high-energy neutrino-nucleus interactions evidence shadowing!).  The coherence length of the photon’s qq fluctuation is 
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.  Its onset is therefore expected at x 0.05, as is observed.  
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Figure 2.7:  Ideal and Measured Nuclear Modification of the Relative Structure Functions per Nucleon

(a) Shows an idealized version of the ratio of the per nucleon F2A(x) structure function of a nucleus to F2d(x) of deuterium. (b) The measured F2(x) structure functions for C, Ca, and Xe relative to deuterium. 
Based on such a picture, shadowing should then saturate when the coherence length becomes long compared to the nuclear diameter (lc > 2.4 A 1/3).  Saturation in heavy nuclei therefore requires measurements at x  Figure 2.7 b shows data from the fixed target experiments NMC and E665, demonstrating that high quality data exist only for x > 4x .  The E665 data below x=10-3 have Q2 below 1 GeV2, and hence are uncertain with regard to their interpretation.

The Drell-Yan process has been used to investigate the sea quark distribution [22] in the nucleus.  Contrary to expectation, the sea quark distribution does not show enhancement with A in the region 0.1< x < 0.2 as shown in Figure 2.7. This enhancement is expected because in conventional nuclear matter theory the number of exchanged mesons increases [23] with nuclear density.  The constancy with A of the antiquark distribution is a major challenge to the conventional view of nuclear binding.

2.4.2
Gluon Distributions

Relative to the present knowledge of the quark distributions in nuclei, knowledge of the nuclear gluon structure functions (gA (x,Q2) ) is nearly non-existent. The gluon distribution must be inferred from the change of F2 (x,Q2) with lnQ2 using the DGLAP evolution equations. This requires measurement of the relative structure functions to better than 1% over a wide range in Q2.  The relative yields are used to extract the ratio 
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which yields the relative gluon distributions.  Such measurements are very difficult and have only been carried out successfully in a single instance [24] for the ratio of Sn/C, and the relative gluon densities extracted [25] as is shown in Figure 2.8.
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Figure 2.8: Ratios r(x) and f1(x) 

The ratio, r(x) of the per nucleon gluon distributions in Sn relative to C and the ratio, f1(x) of their F2(x) structure functions [25]. The box represents the extraction of r(x) from J/ electro-production.
2.4.3 Independence of the Nucleon Sea

The pion is the lightest meson and is particularly interesting, not only because of its importance in chiral perturbation theory, but also because of its importance in explaining the quark sea in the nucleon and the nuclear force in nuclei.  Recently, measurements of the pion structure function at very low x, in the region of the pion sea have been performed.  The results of this work show two interesting findings;

1. the sea in the pion has the same x - dependence as the sea in the proton, and

2. the pion sea is approximately one-third as large as the sea in the proton.

This latter result is especially surprising since naively one expects that the pion sea would be two-thirds the value of the proton sea.  These findings are even more surprising from the viewpoint of a chiral quark model [26].  This model predicts that the pion sea carries a larger momentum fraction than the proton sea.  A comparison of the sea in the pion and the proton is a clue to understanding the non-perturbative structure of constituent quarks.  Thus, it is essential to measure the pion structure function, especially the sea component, throughout the entire x region.  Likewise, it would be extremely interesting to determine the kaon structure function since the valence structure contains a strange quark.  This could lead to a different structure for the sea as well as a very different x dependence for the valence structure function from that of the pion or nucleon.

One of the most important questions in nuclear physics concerns the issue of pion or antiquark excess related to the binding of nucleons into a nucleus.  Traditional theory [27,28] of the nuclear interactions predicts a net increase in the distribution of virtual pions in nuclei relative to that of free nucleons.  The absence of this excess raises basic questions with respect to our understanding of nuclear physics.  Nevertheless, this pion excess has yet to be observed.  Drell -Yan [29] has thus far failed to observe an excess of antiquarks in nuclei.  This is illustrated in Figure 2.9.   

Here the Drell - Yan ratio of 56Fe to the deuteron is near unity above the shadowing region.  More recently, preliminary results [30] from Thomas Jefferson Laboratory indicate that there is no observable pion excess in the A (e,e'() experiment [31] (E91-003).  

Recent theoretical analyses [32] suggest that the pion excess in nuclei is more difficult to observe than previously believed.  It is suggested that the pion strength occurs in the tail of the response function where the experiments performed to date have little or no sensitivity.  This is an open question and the resolution of this issue is extremely important.  With an Electron-Ion Collider, the pion structure function in a nucleus can be studied as a means of determining whether nuclear binding effects distort the pion structure.

Figure 2.9:  The Ratio of the Antiquark Distribution per Nucleon in Various Nuclei Relative to Deuterium

2.5
Space - Time Correlations in QCD 
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