3.0
Scientific Opportunities with an Electron Ion Collider

In this section, the scientific vistas opened up by an Electron - Ion Collider (EIC) will be described.  The electromagnetic probe coupling to the fundamental quarks and gluons of the proton and nuclear beams in the collider geometry with high luminosity will provide unprecedented information on hadron structure.  This is illustrated by consideration of the projected EIC measurements for a select number of processes.

In inclusive Deep Inelastic Scattering (DIS), the kinematic range can be extended to significantly lower x values.  Polarized lepton collisions on polarized nucleons, will provide important information vital to understanding the spin structure of the nucleon, as interpreted using sum rules.  Further, the EIC will search for the predicted dramatic decrease in the nucleon's spin structure function at low x.
Inclusive DIS measurements performed at CERN and SLAC, and DESY, performed with polarized electron/muon beams and hadronic stationary targets containing protons and deuterons have been used to explore the spin structure function 
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.  Most of what we know today of the spin structure of the nucleon comes from such inclusive measurements.  The focus of measurements in the past has been to evaluate various spin sum rules and test them against theoretical predictions.  A prediction for the difference in the first moments of the spin structure function of the proton and neutron was first done in 1966 by J.D. Bjorken [1] and has been known since then as the Bjorken spin sum rule.  It is a fundamental prediction of pQCD and its precise test has been an important experimental goal.  A second sum rule, somewhat less fundamental in nature, was derived by J. Ellis and R. Jaffe [2] for the values of the first moments of the proton and neutron spin structure functions separately. 

Over the last several decades, these sum rules have been tested by various experiments around the world: EMC and SMC at CERN, E80, E142, E143, E154 & E155 at SLAC, and HERMES at DESY have all confirmed the violation of the Ellis-Jaffe sum rule and confirmed the Bjorken sum rule with about 5-10% accuracy [3,4].  The dominant uncertainties in the evaluation of the first moments of the spin structure function come from the unmeasured low x region (x < 0.003).  The EIC will potentially reduce the uncertainty in the Bjorken sum rule to the order of 1%.  The discovery by EMC at CERN of the violation of the Ellis-Jaffe sum rule triggered great interest in the study of the nucleon spin structure.  It was extremely surprising that quarks carried only a small fraction of the nucleon’s spin (about 30%).  It is believed that the remaining contribution could come from either the gluons that bind the partons together inside the nucleon and/or the orbital angular momentum of the different partonic components of the nucleon.  The uncertainty in the gluon’s contribution to nucleon spin is rather large and ideas about exactly how to evaluate the angular momentum component are still abstract.  Determination of the gluon polarization is being pursued by the present generation fixed target DIS experiments.  However, the accessible x-range is limited.  EIC will extend this substantially when operating at its highest beam energies.

The polarized e - p collider discussed in this document will be a unique facility to measure the gluon distribution using many possible detection methods, each individually well understood and with minimal theoretical uncertainties.  In addition to the gluon distribution, it also will measure other spin variables that will allow a unique insight into the spin dynamics of the nucleon.  The x-Q2 coverage of a collider with 10 GeV polarized electrons and about 250 GeV polarized proton beams would be larger than any other experimental facility for spin variables under serious consideration anywhere in the world.  Only a polarized HERA would surpass the reach of EIC. However, the luminosity planned at EIC is at least 2 orders of magnitude higher.

An important goal of EIC is to determine the nucleon's gluon polarization at low Q2.  This is complementary to measurements planned at the Relativistic Heavy Ion Collider (RHIC).  EIC can access this fundamental aspect of nucleon structure in a number of independent ways.

Semi-inclusive DIS with spin and flavor tagging, as pioneered at SMC and HERMES, will be pursued with much greater luminosity and a dramatically increased kinematic range at EIC.  A highlight will be determination of the strange quark polarization with high precision below   x~10-3.

Measurement of new parton distributions using transverse polarization and detection of exclusive processes will become possible at EIC.  Further, study of fragmentation using the collider geometry to access the complete final state over a large kinematic range will be unique to EIC.

Another scientific highlight of EIC will be the ability to determine the quark structure of the pion. Further, this can be extended to nuclear targets to probe the partonic basis of nuclear binding (This section is now 3.2.2))
With nuclear beams, the parton distributions in nuclei can be measured in the low x region, where shadowing effects are known to dominate.  The space-time evolution of partons in nuclei involving many novel and important processes can be probed.  In particular, the initial conditions involved in heavy ion collisions, as at RHIC, can be constrained at EIC.

EIC has the potential to discover new highly saturated states of hadronic matter.  Observation of the predicted "colored glass condensate" would be an exciting confirmation of our understanding of strongly interacting matter.

3.1 Exploring Nucleons 

3.1.1 Unpolarized Parton Distribution Functions: F2 p (x) at Large and Small x
Experimental determination of the nucleon's structure functions, both polarized and unpolarized, is quite uncertain at high x( 1.  Further, in this extreme kinematic limit, accurate information would greatly enhance our understanding of the nucleon's partonic structure [5].  Consider the high x( 1 behavior of 
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· In a world of exact spin-flavor SU(6) symmetry
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· In nature, SU(6) symmetry is, of course, broken.  The nucleon and ( masses are split by about 300 MeV.  Further, from DIS we know that the d quark distribution is softer than the u quark distribution.  Based on phenomenological arguments [6,7] symmetry breaking was thought to arise from a suppression of the "diquark" configuration, S=1, relative to those of   S = 0.  Thus, a dominant scalar valence diquark component of the proton suggests that in the x( 1 limit, the ratio is essentially given by a single quark distribution (i.e. the u), in which case: 
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This expectation has, in fact, been built into most phenomenological fits to the parton distribution data [8].
· An alternative approach, based on perturbative QCD [9], predicts that the relevant component of the proton valence wave function at large x is that associated with states in which the total "diquark" spin projection, Sz, is zero: (qq) Sz=0  (qq) Sz=1, x( 1.

In this picture in the x( 1 limit, one predicts:
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Note that the d/u ratio does not vanish in this model.

It is difficult to obtain direct data on 
[image: image7.wmf]2

n

F

 because of the absence of free neutron targets.  As a result, researchers use a nuclear target (e.g. deuteron or 3He) and extract neutron structure information from the knowledge of the proton structure function and the nucleon wave function in the nuclear target [10,11].  Determination of 
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) at high x( 1 is complicated by nuclear effects, e.g., Fermi motion, binding, and nucleon off-mass-shell effects [12].  Figure 3.1 shows the world's data [13,14,15] for
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.  Clearly, the high x( 1 limit suffers from a large uncertainty due to off-shell effects. 

A completely new technique to determine the neutron structure function at high x becomes possible with EIC.  For example, by scattering a 5 GeV electron from a 50 GeV/c deuteron and detecting the spectator proton, 
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 (x) can be determined cleanly at high x.  By measuring 
[image: image12.wmf]2

n

F

 (x) as a function of the momentum of the recoiling proton, the dependence on the off-shell nature of the nucleon can be eliminated.  It is estimated that a (3% measurement of 
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 at x = 0.8 should be possible with EIC in one year of data acquisition.  This technique can also be employed to determine 
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Figure 3.1: d/u Ratio Using Off-Shell Deuteron Calculations and On-Shell Kinematics 

Extracted d/u ratio from SLAC data [13,14], using the off-shell deuteron calculation (full circles) and using on-shell kinematics (open circles) [5].  Also shown for comparison is the ratio extracted from neutrino measurements by the CDHS collaboration [16].

F2 p (x) at Small x Needs Text
3.1.2 Spin and Flavor 

3.1.2.1
Polarized Structure Function g1(x,Q2) of the Nucleon 

Measurements of the polarized structure function, g1(x,Q2), of the proton and neutron (using either deuteron or helium beams) would provide one of the most unique set of measurements possible with the EIC. The spin structure function at low x is not only interesting because of its relevance to the spin sum rules, but also because the pQCD analyses at Next-to-Leading-Order (NLO) have made very dramatic predictions for the low x behavior of the structure functions.  These low x predictions, based on the fits to existing data, indicate that below the present lowest measured x value (0.003), the g1p and g1n become large and negative.  The physical origin of this dramatic decrease is thought to be due to the large and positive polarized gluon distribution at low x. 

Figure 3.2 shows the dramatic behavior expected from pQCD analysis of the spin structure functions as a function of x for different values of Q2 (2,10,100 GeV2 ) [17].  The projected EIC statistical uncertainties correspond to 400 pb-1 luminosity for e-p scattering with an almost 4 acceptance detector such as ZEUS or H1 in HERA at DESY.  Clearly, it shows that the measurements possible with EIC will easily distinguish between the QCD calculations at different scales and establish the pQCD evolution of the spin structure function and hence the parton distribution in this kinematic region.  Note that the luminosity used to estimate the statistical uncertainty, 400 pb-1 is rather small for EIC, which is expected to provide 85 pb-1/day at full luminosity.  The anticipated EIC data in Figure 3.2 can be achieved in about 7 days of running.
Figure 3.2: Statistical Accuracy of g1p(x) Measurement as a Function of x 
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Statistical accuracy of with 400 pb-1 luminosity with the EIC (~ 1 week of data) with 250 GeV polarized protons and 10 GeV polarized electrons. The curves are  the best fit to the world’s data set evaluated at different Q2. 
Circulating polarized deuterons (p + n) or doubly charged helium (2p + n) in EIC resulting in e-d and e-He collisions would allow measurements of the neutron spin structure function [17].  If the hadronic proton fragments are tagged, an exclusive measurement can be performed of the spin structure function of the neutron.  This would allow a very accurate measurement of the spin structure function 
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 for the first time below a few times 10-3.  The fall of the spin structure function of the neutron is even more dramatic than that of the proton, and an accurate measurement would be a very essential test of pQCD at low x. 

Combined data on 
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will provide a precise test of the Bjorken sum rule.  It is estimated that an accuracy of the order of 1% [18] could be expected for such measurement in a rather short running time (~ 1 month of running).  The present uncertainty associated with the Bjorken sum rule, which is estimated to be about 10% even after 30 years of experiments, is dominated by the lack of low x data. 

3.1.2.2
Polarized Gluon Distribution 
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The polarized gluon distribution, G(x,Q2), appears at NLO in the pQCD analysis of the spin structure function.  To determine this function experimentally, one needs to analyze the world’s available data in this framework, assuming certain initial conditions for the polarized parton distributions, and then fit them to the data using the DGLAP evolution equations and the pQCD coefficient and splitting functions evaluated at NLO.  The results from this analysis are a set of parton distribution functions, and of particular interest is the gluon polarization distribution function and its first moment G(x,Q2). Figure 2.4 shows the present knowledge of these parton distribution functions. The first moment as determined in one analysis [19] is:
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where the first uncertainties are statistical, the second are systematic experimental uncertainties  and the last are uncertainties in the theoretical sources/inputs (e.g., the assumption of the functional form of the parton distribution function at the initial scale, the value of the strong interaction coupling constant S(Q2), the higher order unaccounted corrections).  The dominant uncertainties arise from the unmeasured low x region.  These uncertainties can be reduced by at least a factor of 3 to 5 with data from EIC at the projected luminosity [17].
3.1.2.2.1
Polarized Gluon Distribution from Photon Gluon Fusion Process

The other ways to determine the polarized gluon distribution involve semi-inclusive and inclusive measurement of processes where the gluon appears at leading order.  The process, which is most powerful in measuring the gluon polarization, is Photon-Gluon-Fusion (PGF).  The Feynman diagram for such a process is shown in Figure 3.3 (a).  The two quark lines in the final state may materialize as quark-jets if the interaction occurs at high enough energies, or the jets may hadronize which can be observed as oppositely charged leading hadrons.  The analysis based on jets is routinely called Di-Jet analysis while the latter approach is called High-pT Hadron Track analysis.  The fundamental physics at the vertex is the same in each case.  The experimental background in Photon Gluon Fusion measurements is shown in Figure 3.3 (b).  This is called the QCD - Compton (QCD-C) diagram.  This background can be reduced to less than 10% [20], by choosing the kinematics of the events appropriately.  It is estimated [20] that the data obtained at EIC for about a week of running, can determine the first moment of the polarized gluon distribution could be measured with an accuracy of (+/- 0.3).  (NOTE YOU DO NOT REFERENCE FIGURE 3.4)  This method of determining the polarized gluon distribution function does not include any assumption about the functional form of the parton distribution function, as is the case for the NLO pQCD.  Thus, an important contribution of this method is that the shape of the gluon distribution function is highly constrained.  
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(a)                                                        (b)
Figure 3.3:  Photon Gluon Fusion Process and QCD-Compton Process 

Photon Gluon Fusion process (a), which is the principal means for accessing the polarized gluon distribution in the nucleon.  (b) QCD - Compton process that contributes as background.
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Figure 3.4:  Asymmetry analysis based on Photon Gluon Fusion Method

(a) and (b) show the result of analysis based on Photon Gluon Fusion method. Clearly the projected EIC statistical uncertainties for 1 fb-1 and 200 pb-1 would easily distinguish between two different published polarized gluon distributions (GS-A and GS-C) both consistent with existing data.  This study was performed using the acceptance of the H1 detector at HERA and the NLO calculations recently made available for the PGF and QCD-C processes.  The shaded area in the figures shows regions where the QCD-C background is expected to be large. 

Similar results were obtained for High-pT Hadron Track analysis, as used by HERMES [21].  One obvious advantage of having two analyses is that they use different detection components in a collider detector [22:Reference - ZEUS and H1 publications on this topic for unpolarized physics].   As such, the same quantity G would be accessed with mutually exclusive detector systems.  It was noted in a similar study presented at a polarized HERA workshop that about 60% of the event detected in the Di-Jet analysis also showed up in the High-pT Hadron Track analysis.  Thus, a “common” dataset can be analyzed in both ways, providing an important crosscheck for understanding the uncertainties in different experimental systems.

3.1.2.2.2
Combined Analysis of g1(x,Q2) and Di-Jet Events 
Since pQCD analysis of g1 and the Di-Jet asymmetries probe the same gluon distributions, if a combined analysis of the two is performed, it is expected that the gluon distribution could be determined with smaller uncertainties.  This type of analysis was carried out in detail for polarized HERA studies [23] and shows that such a global analysis does indeed reduce the uncertainties in the gluon distribution.  A similar preliminary analysis for EIC [16] was performed and indicates that the effect of combined analyses reduces the uncertainty of the polarized gluon distribution by about a factor of 3.
3.1.2.2.3
Photoproduction

In the photoproduction limit, i.e. in the region where the intermediate photon virtuality is small, the e-p cross section can be approximated as a product of a photon flux and an interaction cross section of the real photon with the proton.  Measurements at HERA in this photoproduction limit led to significant improvement in our knowledge of the structure of the photon and the proton, but also a better understanding of the transition from a virtual to a real photon.  At the Yale-EIC workshop many of these issues were explored assuming high-energy EIC polarized proton and electron beams.  Only the most attractive and unique topics are discussed below. Other interesting topics such as open charm production, Drell-Yan processes, large pT photon and inelastic J/ production have been considered for polarized HERA studies [24].  It is expected that the high luminosity at EIC would provide for substantially better measurements over those possible at HERA.

A detailed study was performed [25] of the physics with 1-2 jets or High-pT Tracks originating from photon gluon fusion diagrams.  It shows that this would be a significant probe of the polarized gluon distribution, and would be sensitive to the polarized parton distributions inside the photon q. 

Figures 3.5 (a) and (b) show the projected statistical uncertainty achievable with 1 fb-1 data at EIC for a single and double jet asymmetry plotted against the pseudorapidity,  and transverse momentum square, pT2, respectively.  The statistical errors for the EIC luminosity are very small. The different theoretical curves in Figure 3.5 (a) upper curves originate from different assumptions about the gluon distributions; indicating that the data will distinguish between different polarized gluon distributions.  The difference between the upper curves and lower curves in Figure 3.5 (a) is due to the different assumptions about the structure of the polarized photon.  Clearly, with the statistical accuracy shown in the figure these can easily be resolved.  Figure 3.5 (b) shows the asymmetries in Di-Jet photoproduction assuming maximal, minimal and fitted photon parton distributions (This uses un-polarized data from HERA).  A polarized EIC with this luminosity, could easily determine the structure of the polarized photon.  Note that even with the inefficiencies of a detector and the machine (~30% each), the above measurement accuracy could be achieved in less than one month with EIC.
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Figure 3.5: Projected Statistical Uncertainty at EIC for Single and Double Jet Asymmetry

(a) Single jet production asymmetry A1-jet vs. Lab.  A calculation shown along with statistical accuracies expected with 1 fb-1 data from EIC (b) Di-jet production asymmetry A2-jet as a function of log(pT2) shown with the statistical uncertainty expected in this measurement at EIC. Theory curves are explained in [23].  
The measurements of the photon structure function would not only be unique, but would be fundamental and groundbreaking, without competition for a long time to come.  The only comparable measurements of any significance would be made at a gamma-gamma collider now under consideration for construction towards the end of the next decade.

3.1.2.3
Photoproduction and Drell-Hern-Gerasimov Spin Sum Rule

The H1 and ZEUS detectors at DESY routinely take data using “electron taggers” situated in the beam pipe 6 - 44 meters away from the end of the detectors.  They detect the scattered electrons from events having very low Q2 and scattering angles.  If electron taggers were included in EIC, similar measurements could be performed.  The Q2 range of such measurements at EIC is estimated to be 10-8 –10-2 GeV2, in the center of mass region of 30-70 GeV.  These measurements would be directly relevant to the Drell-Hearn-Gerasimov (DHG) spin sum rule, which relates the real photon-proton cross sections when the photon and proton are aligned and anti-aligned:
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This measurement can be made in the range of 600 GeV to few TeV.  Although the contribution to the DHG sum rule from this region is small, the information from EIC would be valuable. All other experimental measurements are performed in the  range of 10-20 GeV.  It is necessary to extrapolate to high (in principle infinite) to obtain the complete integral, and to do this it is necessary to assume a certain shape of the cross section coming from the Regge type of behavior in this region.  No other accelerator facility will be able to check this experimentally.  It would be an important input for other measurements, presently underway around the world, to get these data points and constrain the extrapolations that are now based on unverifiable assumptions.

3.1.2.4
Flavor Decomposition of Quark Spin Structure

By using semi-inclusive scattering in which hadrons produced in a photon-quark reaction are detected in coincidence with the scattered lepton, significant insights into the nucleon’s spin and flavor structure can be gained.  Knowledge of the identity of these hadrons and their kinematic correlation with the momentum and energy of the virtual photon allow separation of the contributions from the different quark flavors involved in the scattering event.  Combined with the use of polarized targets and beams, the spin contribution of the individual flavors can be learned as well.  The spin contribution of the strange quarks is especially important; their role in nucleon structure has been one of the most ill understood aspects of the nucleon spin.

In fixed target experiments, Lorentz boost of the beam produces the so-called current hadrons at forward angles in the lab frame.  This region is difficult to instrument adequately, especially as the luminosity is increased to gain significant statistical accuracy.  In addition, almost all of the fragments of the target nucleon are lost at small angles and energies.  Correlation of these target fragments with the hadrons produced directly would likely enhance the power of the semi-inclusive technique.

A polarized ion-electron collider has the ideal geometry to overcome the shortfalls of the fixed target experiment for semi-inclusive studies.  The collider kinematics opens up the final state into a large solid angle in the lab, which, using an appropriately designed detector, would allow complete identification of the hadronic final state, both in the current and target kinematic regions of fragmentation phase space. 

Figure 3.6 shows estimates of the precision with which one could measure quark spin distributions at EIC.  The plotted uncertainties are statistical only.  The simulation was based on an integrated luminosity of 1 fb-1 for 5 GeV electrons on 50 GeV protons with both beam polarized to 70%.  The simulated events were produced using the DIS generator LEPTO [26 or 27?], and the hadronization performed using the LUND string model at leading order in pQCD.  Inclusive and semi-inclusive asymmetries were analyzed using the purity method developed by the SMC [28 or 29?] and HERMES [29 or 30?] collaborations.  This method relates the set of measured asymmetries to the polarization of flavor separated quark distributions via a matrix of purities derived from the unpolarized quark distributions, and the fragmentation functions which describe hadronization of a given flavor quark in to a final hadron.  Further details are given in [30 or 31?]. 
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Figure 3.6:  Projected Precision of EIC for Measuring Quark Spin Distributions

Two analyses were performed.  In the first, the hadron asymmetries from both states of charged pions and kaons were used to derive polarizations for up and down quarks, the polarization of the light (up and down) anti-quark sea, and the polarization of the strange sea quarks.  Results are shown in Figure 3.6.  It is clear that excellent precision for (q/q can be obtained down to x= 0.001.  With proton beams (targets), one obtains greater precision for up quarks than down quarks; one could obtain excellent precision for down quark spins by using deuteron or helium beams.

The expected statistical precision of the quark polarizations for up, down, the light anti-quarks and the strange quarks, using polarized [28 or 32?] and unpolarized [27 or 32?] parton distribution functions are shown in Figure 3.7.  Here the four charged pion and kaon asymmetries were chosen as input. The measured average Q2 values per x bin are not shown but are in the range of ~1.1 GeV2 at lowest x to ~ 40GeV2 at highest x.

In the second analysis, it is assumed that the up and down quark distributions are known sufficiently well, that one may take them as given, and directly determine the strange quark distribution from any of the specific hadron asymmetries, since all them depend on the strange quark distribution.  A sample of the results on the polarized strange distribution extracted from the K- asymmetry is shown in Figure 3.7, which also displays the asymmetry.  As in the previous figure, only statistical uncertainties are indicated.  The results are compared with the precision expected from currently planned measurements of the HERMES experiment in the next five years.
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In the Figure 3.7, the upper plot shows the simulated K- asymmetry (p > 1 GeV) at measured Q2 values (not shown).  The lower plot shows the expected statistical precision of the strange quark distribution for EIC simulation in comparison to the projected result of a HERMES analysis [31 or 33?].  The positivity constraint given by the unpolarized strange quark distribution [32] is also plotted.

Figure 3.7: 

Top: Statistical accuracy of the semi-inclusive asymmetries from negative kaon measurements expected from 1 fb-1 luminosity operation of EIC (~2 weeks).  Bottom: The comparison of statistical accuracy of the future HERMES measurements with what one can achieve with EIC for the s quark distribution function
Both figures show that the use of standard analysis techniques on semi-inclusive data will yield a much more precise determination of the nucleon spin-flavor structure. 

3.1.2.5
Parity Violating Structure Functions g5
Because the high Q2 measurements are possible with a high-energy EIC, it also will be possible to access the parity violating spin structure functions g5(W+/-) through the charged current interactions.  W bosons would be detected through their decays into an electron or muon and the corresponding neutrinos.  The events in this case are characterized by a large asymmetry in the detector caused by the unidentified neutrino.  The charge of the W is dictated by the charge of the lepton beam used in the collision.  Using the data from such charged current events, the parity violating spin structure functions, g5, are expressed as:
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where a and b, kinematic factors associated with the kinematic variable y and W, includes W(+/-). The spin structure functions, g5, are combinations of polarized u, c,
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Figure 3.8:  Statistical Uncertainty on the Asymmetry 

(a) This is the projected statistical uncertainty on the asymmetry that can be measured with EIC operating at high cm energy.  (b) Assumes that the structure function xF3 will be measured by the time EIC takes data, the spin structure function g5 could be measured with this accuracy.
A Monte Carlo study, including the detector effects, showed that the measurement of the above asymmetry and the parity violating spin structure function is feasible at EIC.  Figure 3.8 (a) shows the asymmetry vs, log (x) and 3.8 (b) shows the spin structure function g5 vs. log (x) calculated for W- with 2 fb-1 luminosity [34].  Similar estimates exist for W+ but would require measurements with a positron beam.  The curves assumed for the values of the asymmetries and the spin structure functions are Gehrmann-Sterling spin structure functions, where it assumed that the F1W would be measured well at HERA by the time this measurement will be performed at EIC.  The simulated data shown in the Figure 3.8 are for Q2 > 225 GeV2.  Standard assumptions about the scattered electrons for good detection, used by H1 collaboration, were applied.  The results could be obtained (including machine and detector inefficiencies) in a period of little over one month with EIC luminosity.

It is possible that, depending on which design of the accelerator is finally chosen (Section 4.0) only one or both of the electron-proton and positron-proton collisions could be performed.  In the linac-ring design, it would be impossible to have positron-proton collisions because there may not be a strong enough positron source.  Even if this is the case, there is no foreseeable measurement of the parity violating spin structure function g5W- anywhere in the world.  Therefore, EIC could provide a unique and important measurement, which could be performed only if the HERA proton beam is polarized in future.

3.2.1.6
Transversity (x,Q2)

Researchers have explored the helicity conserving part of the lepton-nucleon scattering cross section by measurements of the nucleon structure functions, F2 and g1.  In contrast, no information is available on the helicity flip amplitude.  The absence of experimental measurements is a consequence of the chiral odd nature of the helicity flip amplitude and the related transversity quark distribution, (x,Q2), which prevents the appearance of the helicity flip contribution at leading twist in inclusive experiments. 

The current interest in transversity distributions comes from a recent HERMES result, which suggests that the Collin’s fragmentation function, H1, in fact is sizable.  A semi-inclusive DIS experiment at EIC would probe this spin structure function.  A transversity measurement at EIC will extend the HERMES x-range from x = 0.04 down to x = 5 x 10-4, in about a fraction of a week of data acquisition at EIC with 10% of the presently published HERMES statistical accuracy [35].  The measurement would require a large acceptance detector with rapidity coverage of at least –3.5 to +3.5.  Figure 3.9 shows the statistical accuracy possible for the measurement for five different z bins (z is the fraction of proton momentum carried by the tagged final state hadron) in 1-day data acquisition at EIC.
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Figure 3.9  Potential Statistical Accuracy for Measuring Nucleon State Functions F2 and g1
These figures show the potential statistical accuracy for measurement for five different z bins in a 1-day data acquisition at EIC.

3.1.2.7
Generalized Parton Distributions

A significant development over the last several years is the identification of a new class of parton distributions, known as Generalized Parton Distributions (GPD) [36,37,38].  Probed primarily in exclusive measurements, the GPDs describe hard scattering processes, which involve the correlations between partons.  This new formalism offers an exciting bridge between elastic and Deep Inelastic Scattering.  The familiar elastic form factors and DIS structure functions of the proton are recovered in different kinematic limits of the GPDs.  Clearly, a mature description of the partonic substructure of the nucleon, beyond the naive picture of collinear non-interacting quarks, must involve a description of these partonic correlations.  Further, GPDs have a direct connection to the unknown parton orbital angular momentum, which is an essential contribution to the total spin of the nucleon.

Currently, theoretical investigation of GPDs is a major effort.  Factorization proofs [38, 39] guarantee that GPDs are well-defined QCD objects.  The NLO evolution equations for GPDs have been derived [40].  Also, the coefficient functions, e.g., for Deeply Virtual Compton Scattering (DVCS) processes were analyzed [40].  Severe constraints have been obtained for the possible shape of GPDs.  It was shown, how different spin and angular asymmetries allow separation of the different GPDs [40, 41].  Specific models have been developed, which provide a good guess for how GPDs look [42] and lead to an understanding of the coupled issues of gauge invariance and higher twist contributions.  Finally, a large part of the extensive theoretical development sketched above has been adapted to the description of other exclusive channels, e.g., diffractive meson production [26].  Similarly, interesting relations to hadronic distribution amplitudes (often called wave-functions) have been found.  Thus, the theoretical status looks very promising.  Lattice-QCD might even provide "measurements" of GPDs not accessible directly in an experiment.
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The experimental requirements for a complete investigation of GPDs are, however, formidable.  Many different processes must be investigated at very high luminosity, at large enough Q2, and with suitable energy resolution to determine reliably the final hadronic state.  It is clear that one will need different accelerators to fulfill this ambitious task.  EIC would be complementary to the fixed target experiments, both in kinematic range and with respect to the channels easily studied. 

Figure 3.10: x vs. Q2 Range Measurable at EIC

Beam energies corresponding to 
[image: image27.wmf]s

 ~ 30 GeV are possible with the EIC.  Red lines are lines of constant y indicated on the right hand side.  
It is clear that measurement of DVCS is one of the cleanest processes by which to obtain experimental information on GPDs.  Data over a large kinematic range in x and Q2 at low momentum transfer, t, to the proton is highly desirable.  Further, the measurements must be carried out in a manner to guarantee exclusivity, i.e., that the proton is intact in the final state.  At EIC, measurement of DVCS is accomplished by detecting the scattered electron and final-state photon at angles of about 30º, and ensuring that no particles other than the forward-going fast protons are emitted in the final state.  This technique has been used successfully in the ZEUS and H1 experiments at DESY to measure DVCS at low x and high Q2.  The Figure 3.10 shows the expected kinematic range for DVCS accessible at EIC (
[image: image28.wmf]s

= 30 GeV). 

3.1.2.8
Fragmentation: Hadronization and Spin Fragmentation

A fundamental question in hadronic physics is how a quark or gluon from high-energy scattering evolves into a hadron.  This process is known as hadronization (often termed fragmentation in Deep Inelastic Scattering reactions).  It is a clear manifestation of color confinement: the asymptotic physical states detected in experiment must be color-neutral hadrons.  Hadronization also appears in an astrophysical context, as part of the transition from a deconfined state of free quarks and gluons in the Big Bang into stable protons, which provide the seeds for nuclear synthesis.  Important areas of future study include understanding fragmentation in spin-dependent processes, the use of fragmentation as a tool for hadron structure study, and probing the global structure of the hadronic final state. 
Inclusive scattering experiments give precise information on single-quark probability densities.  However, much more precise data is needed to isolate effects of particular quark flavors and helicities in order to explore fully the partonic substructure of matter.  This additional data also will enable an understanding of the process by which quarks in high-energy processes neutralize their color in the transitions leading to the colorless mesons and baryons that are detected in quark-nuclear reactions.

A polarized electron ion collider in the Ecm ~30 GeV energy regime would allow the study of a number of interesting phenomena in quark-nuclear physics.  One such phenomenon is the fragmentation of quarks into hadrons.  In these studies, a quark makes a transition into a final hadron, which is then detected.  The most commonly studied process is that of current

fragmentation, shown schematically in Figure 3.11  (a).
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                                          (a)                                                    (b)

Figure 3.11: Primary Contributions to Fragmentation Processes Leading to a Final Hadron 
Current fragmentation (a), target fragmentation (b), where the quark is struck by a virtual photon while baryon remnants fragment into the final hadron.

There also is the process of target fragmentation in which a quark is struck by a virtual photon in a lepton-induced reaction, and one observes the subsequent decay of the remnants of the nucleon.  The kinematic situation for target fragmentation is shown schematically in Figure 3.11  (b).
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Target fragmentation is a largely unexplored regime of QCD. Observing such processes requires a detector capable of measuring decay fragments separated from the current jet by a large interval in rapidity.  As a result, the collider geometry is essential for studies of the target fragmentation region.  In Figure 3.12 we show a plot [15] of rapidity versus fragmentation energy fraction z, for a (* N invariant mass W = (1-x)ys = 20 GeV.  Experience from the EMC results suggests that both current and target fragmentation regions extend over a rapidity range  ( ~ 2, where the rapidity is defined as (= 0.5 ln(P-h/P+h).  Figure 3.12 shows the z values, and demonstrates that a collider, with the properties defined in this proposal, has the capacity of accessing and separating both the current and the target fragmentation regimes.

Figure 3.12: Relation Between z-Values in Fragmentation and Center-of-mass Rapidity (W= 20 GeV).

There are two types of target fragmentation.  In the first case, the momentum fraction x carried by the struck parton is small.  The momentum fraction of the remnant, 1-x, is large.  In this case the subsequent decay is not correlated with the initially struck parton.  For example, Trentadue and Veneziano [43] described target fragmentation processes in terms of fracture functions.  A fracture function represents the probability of finding a parton of a certain flavor, i, together with a hadron h, in the target nucleon.  One can then subsequently determine how the fracture function evolves in Q2, in analogous fashion to the DGLAP evolution equations for parton distributions.  Since the fracture functions are universal, they can be measured in other processes as well, for example diffraction. 

There exist some experimental data for these processes.  At HERA, researchers have measured high-energy neutrons in e-p collisions, at very forward angles relative to the initial proton direction [44 or 45?].  Cross sections for this process are large.  If one assumes that the dominant process is p ( n +(+, with a hard collision between a virtual ( and the virtual photon, then this process is directly proportional to the ( structure function, which might allow an independent determination of the ( structure function [45 or 46?]. 

However, there is another kinematic regime that is as yet unexplored and one for which an asymmetric electron-ion polarized collider at the energies proposed here would be a uniquely suitable facility.  This is the regime of large x for the struck parton in target fragmentation (right side of Figure 3.11).  In this case, the momentum fraction 1-x of the hadron remnants is small.  At higher energy facilities, like HERA, these slower moving fragments cannot be analyzed because they proceed down the beam pipe and are inseparable form the beam itself.  The subsequent remnant decay is correlated with the struck parton and does not evolve with Q2.  Measurement of these processes will answer open questions regarding the structure of baryons.  In particular one could explore: 

· How does color and baryon number flow in high-energy collisions?  In the valence region, after removal of one valence quark the initial system is a colored configuration of two valence quarks carrying momentum fraction 1-x.  The re-composition of baryons could be used to study the color flow.  Also, researchers compare the distributions of neutrons, hyperons, charmed baryons etc. in order to understand the flavor effects in this reaction. 

· Can hidden color configurations be identified?  These have been predicted for various nuclei like the deuteron. A precise measurement of the deuteron target fragmentation region using  e-d scattering at the EIC would answer this question. 

3.1.3 Parton Distribution Functions of Mesons 
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At present, the pion is believed to contain a valence quark and antiquark as well as a partonic sea.  Several theoretical calculations are focused on explaining the pion structure function in the valence region.  These include Dyson-Schwinger [24] and Nambu-Jona-Lasinio models [25,34].  Lower order moments of the structure function were determined in lattice gauge calculations [35].  Typical agreement with the pion structure function is shown in Figure 3.13.  Here, a curve from the Dyson-Schwinger model is compared with the data from a pionic Drell-Yan experiment [5] in the valence region.  The general features of the valence structure of the pion are qualitatively understood.  However, there is not a good understanding of the pion sea.  First, measurements of the sea in the pion at very low x indicate an anomalously low value compared to that in the proton.  At an extremely high-energy facility such as HERA, these measurements are difficult and limited to very low x.

Figure 3.13:  Pion Structure Function from Drell-Yan Scattering  

Existing data for the pion structure function from Drell-Yan scattering processes [5].  The solid curve represents a calculation of Hecht et al. [24].
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Figure 3.14: Deep Inelastic Scattering from the Pion Cloud Surrounding a Proton.

The pion structure can be measured by exploiting the Sullivan [47: reference the Sullivan Process] process, illustrated in Figure 3.14.  In this case, the kinematics are chosen so that the Deep Inelastic Scattering occurs from the pion cloud surrounding the proton.  Because of the relatively high center-of-mass energy of an electron ion collider, the pion is nearly on shell.  The key to the experimental technique is to measure the outgoing neutron in coincidence with the scattered electron.  A simulation of a possible experiment with a luminosity of 1032 cm-2 s-1 and 106 seconds of beam time is shown in Figure 3.15.  Clearly, the experiment can readily be performed at an Electron-Ion Collider facility.

The valence structure of the kaon is comprised of a light u or d quark/antiquark and a strange quark/antiquark.  If our understanding of the meson structure is correct, then the large difference between the strange quark and u or d quark masses gives rise to a very interesting effect for the kaon structure function.  In this case, the strange quark, because of its large mass, carries more of the kaon's momentum than the u quark.  Then, the uv quark distribution in the kaon should be shifted lower in x than that in the pion.  The sea in the kaon could be measured as well.  In this case, one can consider the same process as illustrated in Figure 3.14, but with the pion is replaced with the kaon and the neutron is replaced with a (.  The forward going ( must then be detected.  Since the KNN coupling constant is comparable to that for (NN, the experiment could readily be performed at EIC. 
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Figure 3.15:  Simulated Errors for DIS Events 

This simulation uses a 5 GeV electron beam colliding with a 25 GeV proton beam with a luminosity of 1032cm-2s-1 and 106s of running.
3.2
Exploring the Nucleus

In this section, we discuss the scientific opportunities presented by EIC in DIS of nuclei.  At very high energies, the correct degrees of freedom to describe the structure of nuclei are quarks and gluons.  The current understanding of partonic structure is just sufficient to suggest that their behavior is non-trivial.  The situation is in some way reminiscent of QED.  The rich science of condensed matter physics took a long time to develop even though the nature of the interaction was well understood.  Very little is known about the “condensed matter”, many-body properties of QCD, particularly at high energies.  In this section, we propose that EIC is the right machine to open up this new frontier of QCD.  We further argue here that there are sound reasons based in QCD, to believe that partons exhibit remarkable collective phenomena at high energies.  If EIC can probe this regime, it has the potential to revolutionize our understanding of the strongest force in nature.

In Section 3.2.1, we discuss the measurement of parton distributions in nuclei in high energy DIS.  EIC will be able to measure parton distributions to higher statistical accuracy and in a significantly wider x and 
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 range than previous fixed target experiments.  With the higher statistical accuracy and the wider kinematic range, several outstanding questions raised previously can be addressed.  In Section 3.2.2 we discuss how EIC may contribute to our microscopic understanding of nuclear binding.  At x values greater than 0.1, partons give rise to the intranuclear forces that result in nuclear binding.  With the large range of nuclear targets available, EIC will be able to address this issue.  The space-time evolution of partons in a nuclear medium is discussed in Section 3.2.3.  The key concepts are energy loss, color transparency and color opacity.  These can be tested in the collider environment, and provide concrete manifestations of quantum mechanical coherence in QCD. 

The concepts and measurements discussed here would fill in significant gaps in our understanding of nuclear structure.  They will prove crucial to understanding other experiments at high energies.  In particular, they will deepen our understanding of the initial conditions for the formation of the quark gluon plasma in heavy ion collisions.  They also will provide a firm understanding of the final states that are probes of the properties of the quark gluon plasma.  High-energy DIS may, however, reveal that the parton distributions are remarkable in and of themselves, and may answer outstanding question on the nature of high-energy scattering in both nuclei and nucleons.   This aspect will be discussed in Section 3.2.5 where many of the issues presented here will be discussed from a different perspective.

3.2.1 Parton Distributions in Nuclei 

What is known about the distributions of quarks and gluons in nuclei?  We noted in Section 2, that past fixed target experiments measured structure functions for nuclei for a wide range in x and
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.  In particular, the electromagnetic form factor of the nucleus F2A (x, Q2) is measured directly (and in principle, though not often in practice, the longitudinal structure function
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 is the QCD scale ~ 200 MeV).  The nuclear gluon structure function
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or of its interpretation as the distribution of gluons in a nucleus. 

EIC, with its ability to perform measurements at low x and at high 
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, and to tune the center-of-mass energy, will provide high precision structure function data for a range of light and heavy nuclei, in terra incognita.  The longitudinal structure, which is very sensitive to the gluon density function, will be measured in the small x region for the first time.  Further, in the collider environment, semi-inclusive measurements will be significantly easier.  The extraction of structure functions from semi-inclusive final states can therefore be performed more accurately. 

By measuring nuclear structure functions, EIC will answer questions about the partonic structure of nuclei at high energies, both on a simple and fundamental level.  It also will enable researchers to probe more interesting properties of these structure functions, which distinguish them from nucleon structure functions.  The most striking of these is shadowing.

Even though shadowing has been observed at small x (< 0.1) in fixed target experiments, its interpretation in perturbative QCD (the only regime of the theory where calculations are at present feasible) is completely unclear.  For example, the parton model interpretation of experimentally measured structure functions as quark and gluon distributions breaks down in the low x and low 
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region.

Shadowing is the phenomenon where F2A (x, Q2)/A
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 exceeds the intra-nuclear longitudinal distance between any two nucleons in the nucleus.  The nuclear parton distribution is not merely the sum of nucleon parton distributions but also contains the interference between the parton distributions of the nucleons.  When the coherence length is larger than the nuclear diameter, 
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, the projectile interacts coherently with the entire nucleus and nuclear collective effects are expected to be large. 

There are several unresolved questions about shadowing in the framework of QCD that EIC can help settle. 

· Is shadowing a leading twist effect, namely, is it unsuppressed by power corrections in 
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?  An empirical answer to this question would help settle whether shadowing is an intrinsically non-perturbative phenomenon [48:PillerWeise], or whether it is due to weak coupling, higher twist, high parton density effects [49:GLR, Mueller-Qiu]. 

· What is the relation of shadowing to parton saturation? Does the parton provide a microscopic understanding of shadowing?  

· Is there a minimum to the shadowing ratio for fixed 
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 and A with decreasing x?  Do quarks saturate faster than glue or gluons?  Predictions for quark and gluon shadowing in a specific model [50] are shown in Figure 3.16.  
· What is the relation of shadowing to diffraction?  The relation is well established at low parton densities [51: Capella et al.] but how is it modified at high parton densities.  As we discuss below, EIC can test this fundamental relation directly. 

· Is shadowing universal?  For instance, are the gluon structure functions extracted from   p-A collisions at RHIC identical (in the same kinematic regime) to those extracted from e-A.  The naïve assumption that this is the case may be untrue if higher twist effects are important.  What are the implications for nucleus-nucleus collisions?

· Shadowing is believed to be an initial state effect, a property of the structure functions. Can we use shadowing measurements to separate initial from final state effects in studies of energy loss in e-A collisions?  

The answer to the first three questions can be obtained by measuring the structure functions F2A (x, Q2),
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(along with their logarithmic derivatives) with respect to x and 
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with statistical precision in a wide x-
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 range.  Estimates for EIC (Section 4.0) suggest that a luminosity of 100 pb is possible.  The statistical accuracy of data for this luminosity, compared to that of the NMC fixed target result, for the ratio 

R=F2A (x, Q2)/A
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 is shown in Figure 3.17. 

(QUESTION: ALSO SHOW FIGURE OF LOGARITHMIC DERIVATIVE OF R –WITH STATISTICAL ACCURACY OF 100pb?)
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Figure 3.16:  Gluon and Quark Shadowing for Pb and C

Left Panels: Gluon shadowing GA(x,Q2) /A*GN(x,Q2)  vs. xBj for Pb and C.  Right Panels: Quark shadowing qA(x,Q2)/A*qN(x,Q2) vs. xBj for Pb and C. The different curves correspond to Q=2 GeV (dotted), Q=5 GeV (dashed) and Q=10 GeV (solid).  Figure from Reference [50].
With this luminosity, logarithmic derivatives also can be extracted with high statistical accuracy.

The important issue facing experimentalists is not statistical accuracy but rather the control of systematic errors to better than 1%.  In particular, the major problem will be measuring the relative luminosities of the differing e-A interactions to appreciably better than 1%. 

In the last decade, great progress has been made in defining [52: Collins] and measuring [ZEUS,HI papers] diffractive structure functions. At HERA, approximately 10% of the events were hard diffractive events where the proton remained intact and the virtual photon fragmented into a hard final state, producing a large rapidity gap between the projectile and target.  Hard diffraction probes the partonic content of long-range color singlet (Pomeron) exchanges and will therefore provide an unusual measure of the dynamics of confinement in QCD.  EIC will provide the opportunity to make the first measurement of nuclear diffractive distributions.  It will enable researchers to answer questions definitively about the nuclei-dependence of the Pomeron.

Several models predict that the fraction of hard diffractive events may be significantly larger for nuclei than for nucleons.  A measurement of hard diffractive events would be a striking signature of novel physics in QCD.  Researchers also can address empirically the question raised of the relation of diffraction to shadowing.  Measuring hard diffraction would require measuring intact nuclei down the beam pipe.  It is a challenging problem and one possible detector design that addresses this issue is discussed in Section 4.6.

[image: image57.png]1.15

11 + e EIC

o NMC (Ca/D)
1.05 |

Ratios
T
-
.
.
-
=3
e
=
—0—

095 of %
09 | 9

0.85 Ee

0.75 ! ! ! !




Figure 3.17: Projected Statistical Accuracy of  Ratio lnQ2 Dependence on the Ratio of F2(x, Q2)
The projected statistical accuracy per inverse pb of ratio of the lnQ2 dependence of the ratio of the F2(x, Q2) structure function of Ca relative to D with EIC. Current estimates suggest that the EIC will have a luminosity of several hundred inverse pb for DIS off large nuclear targets.
By the time EIC is available for taking data, there should be data available on structure functions for some of the kinematic region. Experimentalists can then empirically test the question of whether nuclear parton distributions are universal.  Data from HERA and Fermilab [53: Whitmore et al.] suggest that diffractive parton distributions are universal only in a limited sense [52: Collins], exclusively for lepton-hadron processes.  The universality of nuclear diffractive parton distributions also can be tested with p-A and e-A diffractive distributions.  As noted previously, parton distributions can be extracted from semi-inclusive processes.  A comparison of these to those extracted from inclusive measurements also is a test of universality.

Many of the topics discussed in this section will be revisited and discussed in the framework of high parton densities in nuclei and their consequences.  

3.2.2 Nuclear Binding 

In the region of x ~ 0.1, the quark and gluon degrees of freedom begin to overlap.  How do they lead to the binding of nucleons in a nucleus?  The pion is believed to have an important role in nuclear and nucleon structure.  The pion or antiquark excess that would result from bonding nucleons into a nucleus has never been observed and indeed is inconsistent with the data on the A-dependence of the ratio R for anti-quarks and glue.  Recent theoretical analyses [54] suggest that the pion excess in nuclei is more difficult to observe than previously believed.  It is suggested also that the pion strength occurs in the tail of the response function where the experiments performed to date have little or no sensitivity.

For these reasons, it would be interesting to determine whether the pion structure function is modified in the nuclear medium.  The prototypical process is the Sullivan process in a nucleus.  An example of the Sullivan process applied to a nucleus is illustrated in Figure 3.18.  Here, one performs Deep Inelastic Scattering from a pion in the meson cloud of nucleons in a nucleus.

This type of experiment would be extremely difficult in a fixed target experiment since the recoiling nucleus would essentially be a spectator.  In principle, the collider geometry should make it relatively straightforward to detect the recoiling nucleus.  Whether the Sullivan process corresponds to the right kinematic region at EIC is a difficult experimental question that requires further study.
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Figure 3.18:  Deep Inelastic Scattering from Pions in a Nucleus

Presently, there is very little theoretical guidance on what to expect from a medium modification of the pion structure function.  From a straightforward application [55] of the Nambu-Jona-Lasinio model, it appears that there would be no medium modification.  However, the NJL model does not explicitly include binding.  If instead, Brown-Rho scaling [56] (i.e., variation of the meson mass with nuclear density) is valid, then a significant medium modification as shown in Figure 3.19 is expected.  It appears possible to measure the pion structure function in a light nucleus, for example, 3He.  This question is being explored [57] for EIC.
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Figure 3.19:  Pion Structure Function in Nuclear Medium and Effects of Brown-Rho Scaling

The solid curve represents the Nambu-JonaLasinio  calculation  of the pion structure function in a  nuclear medium, while the dashed curve gives the effect of Brown-Rho scaling in nuclear matter WRONG REFERENCE [6].
3.2.3
Space - Time Correlations in QCD Processes

3.2.4
Nuclear Effects on Fragmentation – Hadronization and Spin Dependent Fragmentation

Although QCD is a very successful theory, very little is known empirically about the space-time structure of the strong interactions.  The successes of the theory have been primarily in the regime of very high 
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.  In this regime, the space-time structure of partonic interactions can be neglected.  The same is true for the space-time structure of hadronization.  The theory predicts remarkable phenomena arising from the long distance quantum structure.  One of these is shadowing.  Other phenomena include color transparency and color opacity, the remarkable behavior of parton energy loss in a medium, and medium effects on parton fragmentation.  These phenomena are discussed below.  They are of intrinsic interest because they reveal the interplay between color coherence in space-time and the physics of color confinement.  To study the space-time structure of the strong interactions, researchers would like to have a large enough x-
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range where weak coupling methods are applicable, as well as access to a wide range of nuclei and energies to study the nuclear and energy dependence of final states.  In this regard, EIC provides these unique opportunities.

A striking prediction of pQCD is that the nucleus acts as a color filter for small size color configurations in the projectile; they interact weakly with the nucleus and hadronize outside.  This phenomenon, called  “color transparency”, is likely to occur in the limit of fixed x and large 
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.  A signature of color transparency is the A-dependence of the differential cross-section for coherent vector meson production.  One expects it to go as 
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, not as A, for incoherent vector meson production for large enough x where shadowing is negligible.  The limited luminosity and center-of-mass energy have not provided a convincing demonstration of color transparency [58] in lepton-nucleus collisions.  The present evidence is shown in Figure 3.20.  Recently the E791 collaboration claimed that the A dependence of di-jets produced in high-energy scattering of pions off nuclear targets that is predicted in color transparency models [59: Reference Aitala].  In addition to jet production, EIC can confirm the existence of color transparency in the coherent diffractive vector meson production. 

The coherent diffractive cross-section for vector meson production is proportional to the square of the gluon distribution.  Therefore, at small x, the nucleus becomes more opaque (the asymptotic “black body” limit is
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).  This phenomenon is often called “color opacity” [60: Reference Guzey] and with EIC researchers will be able to study the transition between these two regimes in the final states. 

When partons traverse nuclear matter, they undergo multiple interactions.  These contribute to the transverse momentum broadening of the incident parton as well as to the phenomenon of energy loss.  Both of these effects are a sensitive measure of quantum mechanical coherence in the space-time evolution of the DIS process.  THEORETICAL PREDICTIONS FOR ENERGY LOSS…
The following two empirical examples (using a case correspond specifically to p-A collisions) will illustrate the importance of partonic interactions in the medium and the time-space evolution of the partonic state.  The first example is the very large difference observed in the A dependence of acquired transverse momentum of the di-muons from the Drell-Yan process compared to those coming from J/and production [61] and decay.  Figure 3.21 shows this difference.  The existence of a difference is not surprising since only an incident quark suffers strong interactions in the Drell-Yan process, while the vector mesons formed via gluon fusion undergo strong interaction both on the incident gluon and on the resulting cc pair.  However, is difficult to explain the fact that the difference is as large as a factor of 5.  It is also noteworthy that the J/and show the same effects, because the  is appreciably smaller than the J/ and hence should experience weaker interactions in the medium.  As a further example [62] of time-space evolution, Figure 3.22 shows the Adependenceof the J/ and ‘ cross sections observed in p(A reactions, as a function of xFx1-x2.  At small or negative xF the relative velocity of the cc system is small enough that the J/ and ‘ have the necessary time form within the nuclear medium.  The radius of the ‘ is twice that of the J/ so it is more readily absorbed, as reflected in the Figure 3.22.  At larger xF the cc pair emerges from the nucleus before either state has had the chance to form, so both display similar nuclear dependence.  Thus, the formation and coherence times are critical to understanding observed reaction yields. 

The study of time-space evolution is enhanced greatly in e-A collisions where the initial state can be characterized in its color content and transverse size much more effectively than in a hadronic collision.  However, low luminosity and low center-of-mass energy have hampered the leptonic production and subsequent study of the evolution of cc pairs in nuclei.  In addition to its intrinsic interest, the value it would add to understanding the observed attenuation of cc states in p-A collisions and its use as a signature of quark-gluon plasma formation cannot be over emphasized.  EIC would greatly extend the capability of investigating the time-space evolution of many 
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systems. 

In addition, since the role of spectators in p-A and in e-A is very different it would be of great interest to compare the results for p-A with comparable results for e-A.  In the latter, factorization can be assumed, while the same is not the case for the former.
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Figure 3.20: Possible Evidence for Color Transparency

The present evidence for color transparency showing both the Q2 and A dependence of the relative yields of rho mesons produced on fixed nuclear targets using high-energy muons.
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Figure 3.21: The A Dependence for di-muon Pairs.
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The A dependence of the measured  <pT 2> for di-muon pairs from Drell-Yan production, J/( and production using 800 GeV protons on fixed targets. 

Figure 3.22:  A
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The xF  dependence of an A
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yields from nuclear targets bombarded with 800 GeV protons.

3.2.4
High Density Partonic Matter

A high-energy electron-nucleus collider provides a remarkable opportunity for exploring the fundamental and universal aspects of QCD.  The nucleus, at these energies, acts as an amplifier of the novel physics of high parton densities; aspects of the theory that would otherwise be explored only in an electron--proton collider with energies at least an order of magnitude greater than that of HERA.

High-energy electron scattering off nuclei provides a probe of the "small x" part of the nuclear wave function.  In the laboratory frame, x is just the ratio of the longitudinal momentum of a constituent, such as a gluon, to the longitudinal momentum per nucleon.  Since the typical momentum of a gluon is at least of the order of the strong interaction scale, (QCD~ 200 ~ MeV/c, probing small values of x requires an increase in the energy per nucleon.

At higher and higher energies, smaller and smaller x components add to the nuclear wave function. These components are mainly glue.  It is these new components, which change the properties of the nucleus (or nucleon) at higher energies.  The small x part of the wave function therefore controls the high-energy behavior of hadrons.

There are a number of unsolved problems associated with the high-energy limit of QCD:  

· How do hadronic cross sections behave in the high-energy limit?  Is their dependence upon energy universal?

· How are particles produced?  How does the total multiplicity depend upon energy?  How does one compute the gluonic and quark contributions to the hadronic wave function from first principles?

· Is there a universal behavior of hadronic interactions at high energies?

A remarkable consequence of the small x (high energy) limit is that, for most purposes, the nucleus looks like a large hadron.  When the wavelength of the small x partons is much larger than the Lorentz contracted width of the nucleus (when x << A1/3 in units of the nucleon mass), the partons cannot resolve the structure of the nucleus.  This suggests that the behavior of hadrons in the high-energy limit may be universal.  We shall argue later that this universal behavior is associated with a high density of partons.  One naturally expects that, at some fixed energy, nuclei will have a higher density of partons than nucleons.  This suggests that the universal high-energy limit might be best achieved in nuclei.

In addition to the above reasons for understanding high-energy e-A collisions, researchers would  also learn more about high energy hadron-hadron interactions;  in particular, understanding the initial conditions for matter produced in high-energy nucleus-nucleus collisions.  After the collision takes place, matter evolves through various stages, which includes thermalization, and the possible formation of quark-gluon plasma.  At the earliest time, the matter is in the quantum mechanical wave functions of the two nuclei (Garvey and Milner: What does this mean?).  To understand matter at formation and its subsequent evolution requires an understanding of the initial nuclear wave function and its evolution.

At higher energies, the density of small x partons grows.  HERA data shows that the density of partons grows as 1/x( where ( ~ 0.3 for Q2 ~ few GeV2.  The parton density also grows as we go from nucleons to nuclei.  This happens because a high-energy probe (with Q2 >>(2QCD) simultaneously resolves partons from different nucleons along its trajectory.  Quantum mechanical coherence indicates that the number of partons per unit area grows as A1/3.  The density per unit rapidity associated with these partons is
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where y = ln (1/x) is the rapidity.  From the above argument of quantum mechanical coherence [63]
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This equation shows that the density can increase by either increasing A or by decreasing x.  From this simple equation, one can also deduce that changing a nucleon target to a nuclear target is equivalent to decreasing x by at least two orders of magnitude.  In other words, nuclei are an efficient amplifier of parton densities.  The parton density that would be accessed in an electron-nucleus collider at EIC would be equivalent to that obtained in an electron-proton collider at energies that are at least an order of magnitude higher than at HERA.

If QS is large enough, the strong interaction coupling will become weak: (S<< 1.  In this limit, QCD is approximately a scale invariant theory.  Because the coupling is small, even though there are strong non-perturbative effects, many features of multi-particle production can be computed from first principles in this regime of QCD.  It is in this sense that high parton density matter is simple.

Figure 3.23 shows a schematic plot of the ln (1/x) and ln (Q2/(2QCD) plane.  In the region of either high Q2 or large x, the high density of partons is not important.  In this region, "evolution equations'' such as DGLAP or BFKL may be used to describe how the parton densities change as one changes Q2 or ln (1/x) respectively.  If one evolves into the high-density region, these linear evolution equations should be corrected for the high parton density.  Indeed, with regard to the ln (1/x) evolution, it is not clear that there is an experimental regime where linear evolution can occur without corrections from the high parton density.  The effect of the high-density corrections is to moderate and perhaps even saturate the growth of parton distributions.
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Figure 3.23: Regimes of Applicability of Different Evolution Equations

Schematic diagram of the ln(1/x) – Q2 plane showing the regimes of applicability of different evolution equations.  [64:Figure courtesy of Y. Kovchego]v
Is there evidence for high parton density effects from existing high-energy hadronic or nuclear experiments?  There is evidence from p-A experiments at Fermilab that the typical momenta of partons increases as p2T ~ Q2S.  In Figure 3.21, the average pT of Drell--Yan pairs and of J/( and ( particles is shown as a function of the baryon number of the target.  The x values typical for this experiment are much larger than what could be achieved with an e-A collider; therefore, the density of partons is not as large.  There also are tantalizing hints from HERA that researchers are beginning to see high parton density effects in the regime of Q2~1-10 GeV2 and the smallest available x.  Phenomenological models that contain a saturation scale Q2S~1 GeV2 at x~10-4 have been successful in explaining the HERA inclusive, diffractive, and vector meson production data [65].  Model estimates for EIC give Q2S ~5-10 GeV2 in a similar x range.

3.2.4.1
The Color Glass Condensate

In the high parton density region, the corresponding QCD field strengths squared become F2(( ~ 1/(S.  Since (S(Q2S)<<1, the color field strengths in this regime are large.  The non-linearities inherent in the theory are manifest, radically altering the properties of distributions in high-energy collisions.

The saturated gluons in the regime of large field strengths form a Color Glass Condensate (CGC) [66].  They are colored because gluons carry color charge.  The colored fields are disordered since the quark and gluon sources that generate them come from different values of x, which are largely uncorrelated.  The typical time scale for changes in these sources is long because they are Lorentz time dilated; the sources are moving at high velocities in the laboratory frame.  The high density partonic system is therefore exactly like a glass: it is disordered and changes on long time scales, but is frozen on short time scales. 

If gluons become too large, density repulsive interactions will become large and it will be harder to pack the gluon together.  This suggests that the typical maximum phase space density is

This density is characteristic of Bose condensates.  Quarks, in contrast, are not bosons, and their phase space density is of order 1 or smaller.  A classical field describes the gluons in the condensate.  These fields are the non-Abelian generalization of the Lienard-Wiechart potentials of electrodynamics. 

Since the partons at higher momentum scales generate fields at the value of x of interest, we expect that on a lower momentum scale, the CGC fields generate additional sources for these lower momentum fields.  This suggests that there might be a renormalization group method for computing parton distributions.  One successively integrates out fields and replaces them with sources [67].
The issue of universality in high-energy hadronic interactions then becomes that of whether the Colored Glass Condensate renormalization group equations have a fixed point.  It is typical of fixed points of renormalization group equations, that their solutions fall into universality classes which are specified only by very generic features of the theory such as the number of dimensions and internal symmetries.  It is therefore conceivable that the high-energy limit of QCD is determined by universal, yet non-trivial, properties of the theory.

3.2.4.2
Signatures of the Condensate

There are a number of inclusive and semi-inclusive experimental observables that will be sensitive to new physics in the regime of high parton densities.  All the inclusive and semi-inclusive observables studied at HERA can now be studied by EIC with a ZEUS/H1 type detector design.  However, it is likely that at EIC several new observables can be measured in the small x region for the first time.  In particular, EIC will be able to perform semi-inclusive measurements in nuclear DIS well beyond the capabilities of previous fixed target experiments.

3.2.4.2.1
Inclusive Signatures of the Color Glass Condensate

At the luminosities envisaged for EIC, the structure function F2 (xBj,Q2) and its logarithmic derivatives can be measured with high statistical accuracy.  Systematic errors due to uncertainties in radiative corrections need to be quantified.  At large Q2, the logarithmic derivative dF2/dln(Q2) is the gluon distribution.  As Q2 decrease, one should see a deviation in the gluon distribution from pQCD fits incorporating DGLAP evolution.  In principle, if the Q2 range is wide enough, there should be a turnover in the distribution around Q2~Q2S.  A likely remarkable feature of EIC is direct extraction of the longitudinal structure function FL =F2-2xF1 for the first time.  A measurement of FL provides an independent measure of the gluon distribution.  The ratio of       FL /FT has a very particular behavior in saturation models.  Figure 3.24 shows the prediction for this ratio-it has a maximum at a particular Q2, providing an independent measure of the saturation scale Q2S.  This maximum grows with increasing nuclear size and decreasing x [68].
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Figure 3.24:  The Ratio FL/FT
Left: The ratio FL/FT as predicted in Ref. [66].  This ratio is plotted as a function of Q2 for different nuclei and for fixed xBj. Right: The same ratio for a different value of xBj.

A very important inclusive observable is nuclear shadowing. Quark shadowing is defined through the measured ratio of the nuclear structure function to the nucleon structure function: Rquark=F2A/AF2N. Gluon shadowing is analogously defined as Rgluon=GA/AGN.  Quark shadowing was observed in fixed target experiments (NMC, E665, HERMES) and gluon shadowing only indirectly through logarithmic derivatives of F2.  However, the gluon shadowing data is at the smallest x where the application of pQCD is unreliable.  There are model calculations that suggest that gluon shadowing is very large at small x and fairly large Q2 [50] (See Figure 2.7).  EIC can confirm if this is indeed the case.  In addition, with and EIC researchers can determine whether shadowing is entirely a leading twist phenomenon or if there are large higher twist perturbative corrections.  Some saturation models, for instance, predict that perturbative contributions to shadowing will become large as one goes to smaller x [69].  Isolating perturbative from non-perturbative contributions to shadowing will be an interesting theoretical and experimental challenge.  Other interesting questions are 

· Does shadowing saturate at a particular value of x for a fixed Q2 and A? 

· Does the ratio of quark shadowing to gluon shadowing saturate?

It is well known that there is a close relation between shadowing and diffraction, Figure 3.25.  It is not known whether this relation persists at high parton densities.  In an interesting recent exercise, it was shown that diffractive nucleon data at HERA could be used to predict the shadowing of quark distributions that were observed at NMC (Figure 3.16).  Significant deviations from the simple relation between shadowing and diffraction may again suggest the presence of strong non-linearities.  At EIC, the validity of this relation can be explored directly since different nuclear targets will be available.  Moreover, the diffractive structure function can be measured independently.
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Figure 3.2.25: Relation between Gluon Induced Hard Diffraction  and Leading Twist Contributions

Diagrams demonstrating the relation between gluon induced hard diffraction on protons and the leading twist contribution to nuclear shadowing in DIS. Figure from Reference [50].

3.2.4.2.3
Semi-inclusive Signatures of the Color Glass Condensate
The most dramatic manifestation of high parton density effects will be in semi-inclusive processes.  The most striking of these will be hard diffraction, in which the virtual photon fragments into a final state X with an invariant mass MX >> (QCD, while the nucleus emerges unscathed from the interaction (Figure 3.26).  A striking signal of this would be a large rapidity gap between the fragmentation regions of the electron and the proton.  In pQCD, the probability of such a gap is suppressed exponentially.  Saturation models predict that for EIC, the ratio of the diffractive cross section to the total cross section could be as high as 30%.  A diffractive structure function, FDA, can be defined rigorously for nuclei.  Recent estimates suggest that FDL/FDT might also (like FL/FT) exhibit a maximum as a function of Q2, whose position increases with decreasing x and increasing Q2.

Figure 3.26: Process with a Rapidity Gap between Systems

Schematic diagram of a process with a rapidity gap between the systems X and Y. The projectile nucleus is denoted here as “p”.  Figure from Reference [70].
An important semi-inclusive observable in e-A DIS at high energies is coherent (or diffractive) vector meson production.  At EIC, coherent and inclusive vector meson production can be studied for light and heavy vector mesons for a large range in x, Q2 and the nuclear size A.  The forward vector meson diffractive lepton production cross-section off nuclei is given by [71]
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This quantity is clearly very sensitive to the gluon structure function.  The amplitude for diffractive lepton production can be written as a convolution of the q-
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 component of the (* wave function times the q-
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 -nucleus cross-section times the vector meson wave function.  In the saturation picture, a semi-hard scale is introduced via the q-
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-A cross-section.  Whether this scale is larger or smaller than the scale associated with the size of the vector meson strongly affects the energy, Q2 and A dependence of the diffractive vector meson cross-sections at small x.

At small x, the high parton densities produce large color fluctuations, which are subsequently reflected in large multiplicity fluctuations.  For instance, the following phenomena might be expected: 

· A broader rapidity distribution in larger nuclei relative to lighter nuclei and protons,

· Rapidity correlations over several units of rapidity; an anomalous multiplicity in one rapidity interval in an event would be accompanied by an anomalous multiplicity in rapidity intervals several units in rapidity away, and

· A correlation of the central multiplicity with the multiplicity of neutrons in a forward neutron detector.

3.2.5 Relation of Physics from EIC to p-A and A-A Collisions at the Relativistic Heavy Ion Collider (RHIC)

In p-A collisions at RHIC, the gluon distribution in nuclei can be studied.  Gluon fusion to jets, vector mesons, open charm, and beauty can be measured.  Hard and soft diffraction, the size and distribution of rapidity gaps with energy, and nuclear size can also be studied.  Scaling violations in Drell-Yan scattering also can be measured.  Some of the differences between p-A and e-A are as follows.  In p-A scattering, for instance the signature Drell-Yan process, it is very hard to reliably extract distributions in the region below the (’ tail, this requires Q2 > 16 GeV2.  In the x region of interest, saturation effects will probably be important at lower Q2 (5-10 GeV2).  For     Q2 = 16 GeV2, it may be necessary to go to significantly smaller x to see large saturation effects.  Secondly, the survival probability of large rapidity gaps is smaller in p-A relative to e-A [72].  This is because the gap is destroyed by secondary interactions between spectator partons in the proton and the "Pomeron" from the nucleus.  This does not occur in e-A collisions because there are no spectator partons in the electron.  Thus, the diffractive vector meson and jet production in p-A should be qualitatively different from what one sees in e-A.

A large variety of models combining hard and soft physics are used to study nuclear collisions at RHIC and LHC energies [73].  Many of the model predictions depend sensitively on the nuclear gluon density.  Data on the gluon distribution from EIC would therefore help establish a firmer footing for models of nuclear collisions.

A very particular picture of high-energy nuclear collisions arises in the Color Glass Condensate [74].  When the colored glass of the two nuclei begin to interact, they shatter, producing particles. Remarkably, the problem of how particles are produced may be solved classically.  The initial multiplicity of produced gluons is simply related to the saturation scale QS by the simple relation [75]
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The coefficient cN can be estimated numerically in classical lattice simulations of nuclear collisions (cN ~1.3) [76].  A similar analysis is used to determine the initial energy of produced glue.  This distribution is only the initial parton distribution, the subsequent possible evolution to a quark gluon plasma is controlled again only by the scale QS [77].  It is therefore conceivable that high-energy heavy ion collisions, despite their complexity, may provide insight into the parton distributions in the nuclear wave function.  An e-A collider will confirm and deepen our understanding of what we may learn from heavy ion collisions.

3.3 Conclusions 
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