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A Feasibility Study for Measurements Using Electroweak Probes at the Proposed Electron-Ion Collider: Investigating Nucleon Structure and the Fundamental Electroweak Couplings to Light Quarks
Research Goals
The Electron-Ion Collider (EIC) is a next-generation large-scale nuclear physics facility under consideration for construction in the U.S. [1].  The facility would allow the continuation of the current research activities of the LANL PHENIX team, investigating how the fundamental quark and gluon degrees of freedom of quantum chromodynamics (QCD) form the nucleons and nuclei that constitute more than 99% of the visible matter of the universe.  FIn order for the EICfacility to move forward toward realization, it must is critical that it receive high priority in the next DOE/NSF Nuclear Science Advisory Committee (NSAC) Long Range Plan, expected in 2012 or 2013.  By that time the physics drivers for the facility, as well as the accelerator specifications necessary to fulfill thosee designated physics objectives, must be laid out in clear detail.  If the physics scope of the facility could be expandedWe propose to explore expanding the EIC physics program beyond the current core program focused on quantum chromodynamics (QCD )into the elctroweak sector.  This would provide exciting new physics opportunities for the current LANL nuclear physics program at the EIC as well as improve to attract the attention of and gain support from other communities, the likelihood of securing funding for the facility would be greatly increasedbecause a larger physics community would be supporting the new facility.  The goal of this LDRD is to perform detailed studies of a set of electroweak measurements that could be performed at the EIC, in order to provide guidance on the quality of measurements possible with a range of accelerator parameters, and potentially to attract greater interest in the EIC from the electroweak and/or Large Hadron Collider (LHC) phenomenology communities.   More specifically, expected uncertainties for measurements of the unpolarized and polarized electroweak structure functions of the nucleon, F3 and g5, as a function of beam energies, luminosities, and colliding species will be determined.  Based on these expected uncertainties, the constraints that could be placed on extractions of the unpolarized and polarized strangeness distributions in the nucleon will be estimated, as well as the constraints that the data could place on the fundamental axial-vector and vector couplings of the Z gauge boson, one of the mediators of the weak force, to up and down quarks, will be estimated.  
The EIC would be capable of colliding a beam of polarized electrons with a variety of hadronic beams, including polarized protons, polarized light ions such as deuterons (ionized deuterium) and helium-3, allowing (which allow polarized neutrons to be probed), and unpolarized heavy ions.  It would be sited at either Brookhaven National Laboratory (BNL), adding an electron ring to the existing Relativistic Heavy Ion Collider (RHIC), or at the Thomas Jefferson National Accelerator Facility (JLab), adding a hadron accelerator facility to the existing Continuous Electron Beam Accelerator Facility (CEBAF).  It is essential for the U.S. to maintain a strong nuclear physics program, but there is no guarantee yet that aLANL’s future nuclear physics program would be significantly enhanced by this proposed next-generation high-energy nuclear physics facility which will allow the internal structure of the nucleon to be probed in much more detail than is possible with current  accelerator facilities will be realized.  In order to attain a billion-dollar-scale facility such as the EIC, the physics to be reaped from such an investment must be clear.  This LDRD seeks to help build, strengthen, and expand the physics case for the EIC by focusing on a limited set of electroweak measurements.  The results of these studies should help to clarifydetermine the accelerator specifications, which directly impacts further development of the EIC physics program, facility cost projections, and potentially site selection.  By branching off from QCD measurements, which represent the majority of EIC physics, the results of these studies could significantly expand the physics program which can be carried out at the EIC andalso have the potential to attract interest in the EIC from other communities. Another important aspect of this work is to better understand the need for a high-energy positron beam at the EIC. If electron beams alone do not allow for an extensive enough electroweak physics program, then the addition of a positron beam option should be promoted for the machine design to allow access to this physics program. 
Background and Significance 
The EIC would be a unique facility in the world.  It would be the only accelerator ever built capable of colliding beams of electrons against beams of polarized protons, polarized light ions, and unpolarized heavy ions, opening a new regime of exploration of the spin structure of the nucleon and nuclear effects on the unpolarized structure of protons and neutrons in nuclei.  Previously, all polarized electron- or muon-nucleon and –nucleus scattering experiments utilized polarized fixed targets and had significantly lower center-of-mass energies.  The EIC would also be the highest luminosity electron-proton collider ever built, with instantaneous luminosities at least two orders of magnitude greater than prior machines.  As a unique facility, it would enable some entirely new measurements, as well as greatly improve constraints on a number of previously measured quantities.
The world’s first measurement of the polarized electroweak nucleon structure function, g5
As the first and only facility capable of colliding beams of electrons with beams of polarized protons, the EIC would have the unique ability to measure the polarized electroweak structure function of the proton, g5 [2], for the first time ever.  Just as the fundamental structure of the nucleon can be probed via electromagnetic interactions, as is the case in deep-inelastic electron- or muon-nucleon scattering experiments at energies well below the W mass, or via strong interactions, as is the case using two colliding polarized proton beams at RHIC, it can also be probed via weak interactions (see Fig. 1).  Probing nucleon structure via the different forces of nature allows us to obtain different sorts of images of the same object.  The polarized electroweak structure function, g5, is a parity-violating structure function which directly probes the difference in the polarized quark and antiquark distributions.  
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)[image: ]The higher energies achievable at a collider such as the EIC, as opposed to a fixed-target experiment, allow electroweak interactions to play a more significant role, given the large masses of the W and Z bosons, the mediators of the weak force (mW± = 80.4 GeV/c2, mZ0 = 91.2 GeV/c2).   The beam energies under discussion for the EIC are 11 GeV electrons on

 protons with energies up to 60 GeV (51.4 GeV center-of-mass energy) in the JLab design, and 20 GeV electrons on protons up to 250 GeV (141.4 GeV) in the case of BNL.  While the higher energies of the BNL design would allow a more extensive electroweak physics program, nNote , however, that electroweak interactions play a role even when the four-momentum exchanged by the scattered particles is less than the mass of the W or Z (see discussion and Fig. 21 below). In the case of polarized protons, the EIC as a collider holds the additional advantage over fixed-target experiments of the ability to control systematic uncertainties by alternating the spin direction of the polarized proton beam bunch with each successive proton bunch, leading to collisions with oppositely polarized protons on timescales of the order of 100 ns or less.  Current state-of-the-art polarized fixed-target experiments reverse their target polarization only on timescales of several hours.  With polarized deuteron and He3 beams, g5 of the neutron could also be measured for the first time.
Improving constraints on the unpolarized electroweak nucleon structure function, F3
 (
FIG
 2
: Combined results from both HERA experiments on the electroweak nucleon structure function, F
3
 [3].
)[image: ]The only previous high-energy electron-proton collider was HERA, in Hamburg, Germany, which shut down in 2007.  HERA collided a 27.6-GeV electron or positron beam, which was polarized in the last four years of running, against an 920-GeV unpolarized proton beam of up to 920 GeV.  The total integrated luminosity accumulated over HERA’s lifetime was approximately 0.5 fb-1 for each of two experiments.   Instantaneous luminosities of 100-10,000 times greater than those achieved at HERA are planned for the EIC, with integrated luminosities for a single experiment expected to be 5 fb-1 per year or more, at least ten times that accumulated by HERA over the entire 15 years of its lifetime.  In Fig. 21 combined results from both HERA experiments on the F3 structure function are shown.  The unpolarized analog of g5, F3 directly probes the difference in the unpolarized quark and antiquark distributions in the proton.  With multiple orders of magnitude greater luminosity at the EIC, knowledge of F3 would be tremendously improved, and with polarized deuteron and He3 beams at the EIC, F3 of the neutron could be measured for the first time.
Shedding new light on the flavor structure of the quark sea in the nucleon
Charged-current weak probes provide a clean way of imaging quark flavor within the nucleon, as W bosons couple directly to specific flavor pairs of quarks and antiquarks.  For many years quark flavor symmetry in the sea quark distributions of the nucleon (equal distributions of up, down, and strange quarks and antiquarks)) was assumed, until relatively recent measurements by E866 at Fermilab, in which LANL played a leading role, revealed a clear and surprising breaking of that symmetry in the unpolarized sea [4,5].  T, and the most recent fit to the polarized distributions in the proton also suggests that flavor symmetry is broken [6].  Thus the flavor structure of the quark sea in the nucleon is currently of great interest, with ongoing efforts at RHIC and the E906 experiment at Fermilab addressing the polarized and unpolarized distributions respectively of anti-up and anti-down quarks, with participation in both programs by LANL.  Neither program expects to address strange quarksgeness, however, meaning that charged-current data from the EIC will be essential to understanding the up, down, and strange flavor structure of the nucleon. For strange quark physics, the availability of both electron and positron beams would be  highly desirable.
Improving constraints on some of the fundamental coupling constants in nature
Aside from providing a great deal of new information on the structure of the nucleon, the unpolarized neutral-current cross section in electron-proton, -deuteron, and -He3 scattering will improve constraints on the vector and axial-vector couplings of the Z gauge boson to the up and down quarks. Current experimental constraints on these couplings as well as Standard Model (SM) predictions are shown in Fig. 32.  The EIC would considerably narrow the experimentally allowed region for these values, which are fundamental constants of nature and essential to performing calculations for the LHC. Disagreement with the  Standard Model (SM) predictions would provide evidence for beyond-the-SM physics.
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FIG 32: Experimental constraints on the vector (uv, dv) and axial-vector (ua, dz) couplings of the Z boson to the up quark (left) and down quark (right), compared to the Standard Model predictions [7].
R&D Approach
Much of the work involved for this project would be to simulate the prospective measurements outlined above to estimate kinematic coverage and uncertainties for a range of assumed accelerator parameters for the EIC.  Existing Monte Carlo event generators would be used, as well as EIC detector simulations currently under development by others.  Once uncertainties on the direct experimental observables were estimated for a given set of accelerator parameters, we would use the simulated data to determine how existing constraints from world data on derived quantities would be improved by an EIC with the given specifications.  There are already members of two prominent groups performing global fits of unpolarized and polarized distribution functions who have agreed to work with EIC pseudodata, Alberto Guffanti of NNPDF [8, 9ref], and Marco Stratmann of DSSV [6ref].  We expect these individuals to assist us in extracting the improved constraints on the unpolarized and polarized strangeness distributions as well as the electroweak couplings to the light quarks based on addition of our simulated EIC data to existing world data.  We will provide detailed quantitative information on the constraints that the EIC could provide on the physical quantities discussed as a function of the accelerator beam energies, luminosities, and colliding particle species presently under consideration.  This information would then become input for the entire community interested in the EIC to consider in the process of determining the desired accelerator capabilities.
Preliminary studies
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FIG 
4
: Neutral-current (NC) and charged-current (CC) 
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)[image: ]The experimental observables from which the nucleon structure functions and would be determined are the inclusive neutral- and charged-current cross sections for electron-proton scattering.  Neutral-current interactions, in which a photon or Z boson is exchanged between the incoming electron and a quark or antiquark in the nucleon, can be identified experimentally by observation of the scattered electron.  Charged-current interactions, in which a W- (W+ in the case of a a positron beam) is exchanged between the electron and a quark or antiquark, can be identified by the absence of a scattered electron (a neutrino instead escapes undetected).  Thus charged-current interactions are purely weak interactions, while neutral-current interactions are dominated:  by electromagnetic interactions when the relativistic four-momentum transferred in the scattering is much smaller than the mass of the Z boson, by weak interactions at momentum transfers greater than the energy of the Z, and by electroweak photon-Z interference in the intermediate regime.  .  In Fig. 43 the neutral- and charged-current cross sections measured at HERA are shown  [10ref?].  The non-zero charged-current cross section below the W mass is due to virtual W exchange.  The red vertical lines on Fig. 43 indicate the kinematic limits for the EIC as proposed at JLab and BNL.  Even with the lower-energy JLab design, electroweak interactions would play some role.  
Regarding the polarized electroweak structure function, never before measured, an initial study was done in 2001 to estimate uncertainties on g5 for the proton at the EIC (Fig. 54) [119].  The study assumed a 10-GeV electron beam colliding with a 250-GeV proton beam, with proton beam polarization of 70%, and a total of 2 fb-1 integrated luminosity.  Polarized parton distribution functions from work by Gehrmann and Stirling in 1996 were used [120].  Generated events were run through the full detector simulation for the H1 experiment at HERA.  While this study needs to be updated to incorporate modern polarized parton distribution functions and current expectations for an EIC detector, Fig. 53 indicates that the first measurement ever of g5 would indeed be possible at the EIC, even with modest luminosity compared to the 5 fb-1 expected per year. (
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Methods, Technical Challenges & Alternatives 

In order to simulate the neutral- and charged-current cross sections, existing Monte Carlo event generators such as PYTHIA [13ref] would be utilized.  The generated events would be run through the latest available EIC detector simulation package in order to evaluate kinematic coverage and detector effects such as energy and angular resolution.  We would then determine the relevant structure functions from the simulated cross section data.  The computing resources for these CPU-intensive simulations would be provided by Brookhaven National Lab. 
Extraction of parton distribution functions from disparate world data sets is more complex than the above and has traditionally been done by only a handful of dedicated groups around the world.  As mentioned above, we expect individuals from two such groups would provide assistance in creating tools we would use to extract both the flavor-separated parton distribution functions as well as the weak coupling constants efficiently for numerous different assumed accelerator configurations.  
Expected results
We would provide detailed quantitative information regarding expected uncertainties for measurements and extractions of several quantities that can be probed via electroweak interactions, namely the unpolarized and polarized electroweak structure functions of the nucleon, the strangeness distribution in the nucleon, and the electroweak couplings to up and down quarks, as a function of possible EIC beam energies, luminosities, and colliding species.  Our results would be discussed presented at the semi-annual EIC collaboration meetings.  One important question to be addressed would be the physics benefit of having a positron beam.  No QCD measurements at the EIC would rely on having both electron and positron beams, so an electroweak study is necessary to address this issuewhether a positron beam should be included in the EIC design or not.  The information provided should be sufficient for the EIC collaboration to make a decision regarding whether or not these electroweak measurements are compelling enough to expand the accelerator capabilities beyond those demanded by the core QCD program of the EIC.
Schedule and Milestones
If funded, the EIC would start taking data in the early 2020s.  As a major new facility requiring very significant resources to build, in order to meet the goal of data-taking in the early 2020s, it is critical that the EIC receive a high recommendation in the next NSAC Nuclear Physics Long Range Plan in 2012 or 2013.  It would be important for us to obtain a significant fraction of our results by that time, includingat least in preliminary form, for example full estimates of statistical uncertainties but perhaps only incomplete estimates of the relevant systematic uncertainties.  We assume at least 1.5 years of work before the Long Range Plan.  We would spend the first six months setting up our simulation environment and simulating the top energies in both the JLab and BNL designs with both conservative and optimistic luminosities in order to determine projections for the structure functions.  The next six months would be dedicated to developing and using the tools to extract the derived quantities from our simulated data. Based on our experience and our results from the first year, we would then determine which and how many different accelerator configurations to study in the remaining time before the Long Range Plan.
Mission Relevance & Program Development Plan
Working to realize the EIC as a next-generation U.S.-based facility for high-energy nuclear physics is in line with LANL’s mission to support nuclear physics and the training of nuclear scientists in the U.S.  More specifically, the EIC would be a natural continuation of the work of the PHENIX team in P-25, as the core physics program at the EIC is the study of nucleon structure and the structure of cold nuclear matter, in perfect alignment with the current activities of the team.  With several noted scientists in the fields of nucleon structure and cold nuclear matter, LANL is well positioned to play a leadership role in the EIC if it chooses to do so.  As a large new facility requiring new detectors, there will be many opportunities for a national laboratory such as LANL to contribute key hardware items.  This LDRD ER seeks to help achieve a high recommendation for construction of the EIC in the next NSAC Long Range Plan in 2012 or 2013.  Given such recommendation, a follow-up LDRD DR is envisioned for detector R&D related to the EIC, with subsequent external funding as the EIC moves toward construction.
In 2009 we already had several discussions with Scott Wilburn as the Nuclear Physics Program Manager regarding the possibility of the EIC as a major basic research nuclear physics initiative for LANL in the future.  We expect to keep him abreast of our own activities and the overall status of EIC efforts over the next several years so that he can help identify how best to leverage LANL’s involvement.
Budget Justification Request 
We request funding for 1.0 FTE postdoctoral associate, M&S for that postdoctoral associate’s computer and travel, 0.15 FTE staff scientist to support Ming Liu’s efforts on this project, and additional M&S for EIC-related travel by Christine Aidala and Ming Liu.  We note that while Christine Aidala plans to dedicate approximately 30% of her time to this project and serve as the primary mentor for the postdoc, as a Reines Fellow her salary is already fully funded by the LDRD program and is not eligible for alternative funding through this LDRD.  It is necessary to fund any significant EIC-related activities at LANL through LDRD rather than DOE grant money because the EIC has not yet secured DOE funding.  We expect the postdoc, working closely with Christine, to perform the majority of the simulation studies required.  Ming will be directly involved in the work to extract flavor-separated unpolarized and polarized distribution functions from the simulated data and the key detector designs that are critical for such measurements..  [Ming may edit further]
Qualifications of Research Team
Christine Aidala and Ming Liu both have significant experience studying nucleon structure.  Christine first became involved in nucleon structure in 1999, performing sensitivity studies for polarized structure functions at HERA, when the possibility of polarizing the proton beam was raised.  She has been heavily involved in the nucleon structure program at PHENIX since 2001, serving as co-convenor of the PHENIX Spin Physics Working group from 2007-2009.  She has been a member of the Electron-Ion Collider Collaboration since January 2007.  [Ming has an extensive working knowledge about high-energy electroweak physics, and is an expert in the area of neutral and charged current couplings to flavor identified quarks and experimental measurements. 

formal background in HEP as well.  He can add more here.]  
Without any formal DOE or NSF funding for the EIC at this stage, it is difficult for university groups to devote significant manpower for studies such as the ones proposed here.  Initial investment by LANL in the EIC at this point in time would not only directly provide critical resources to help get this important new facility built in the U.S., but also provide evidence to other institutions as well as the funding agencies that this project is garnering support and momentum.
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