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Introduction 
We propose, through a synergy between theory and experiment, to make a fundamental advance 
in our understanding of the origin of the nucleon spin. In a strategic partnership with Fermilab, 
we will carry out the world’s first measurement of di-lepton production from a polarized proton 
target bombarded by a high-energy proton beam. LANL will design and construct a new high-
luminosity polarized proton target for this measurement. We will also develop state-of-the-art 
theoretical and computational tools necessary to interpret the experimental results that will di-
rectly lead to a major breakthrough in our understanding of the structure of matter and the theory 
of strong interactions. This project will position our team of experts at LANL to take a leadership 
role in addressing this most urgent science question for the international spin physics communi-
ty, which has become a top science priority for the US nuclear physics program [1,2,3]. A suc-
cessful di-lepton measurement at the end of this LDRD DR project will determine new directions 
in the field of spin physics for the coming years.  

Project Goals 
Nucleons (protons and neutrons) are not fundamental constituents of matter, but are instead made 
up of quarks and gluons, the elementary particles of the strong interaction. There is compelling 
experimental evidence that the sum of the quark and gluon intrinsic angular momenta only con-
tributes ~1/3 of the total proton spin. Thus, the majority of the proton spin is unaccounted for, 
which has been referred to as the “proton spin crisis” [4]. The missing fraction of the spin is like-
ly carried by the orbital angular momentum of the quarks and gluons. The long-term goal of this 
project is to develop the experimental capability to measure the spin of the proton in terms of 
contributions from the spins of the quarks, gluons and their orbital angular momentum. An 
equally important goal is to understand the relative significance of these spin contributions in the 
theory of strong interactions, Quantum Chromodynamics (QCD), and how they manifest them-
selves in reactions with polarized proton beams and/or targets. To this end, we will determine the 
momentum distribution of quarks inside the proton, transverse to the proton momentum, from 
which one can deduce whether quark orbital motion contributes significantly to the proton spin.  
To determine the distribution of quarks and gluons within a nucleon, we will carry out the 
world’s first measurement of the production of two simultaneous leptons (electrons or muons) 
from a polarized proton target bombarded by a high-energy proton beam. From a detailed analy-
sis of the azimuthal distribution of such di-leptons, one can deduce properties of the polarized 
nucleon structure. In particular, we will measure both the sign and magnitude of the quark Sivers 
distribution [5], which is expected to be zero if the quarks have no orbital angular momentum. 
The Sivers function represents the distribution of unpolarized quarks inside a transversely polar-
ized proton, through a correlation between the quark transverse momentum and the proton spin. 
One of the profound predictions of the theory of the strong interaction is that the Sivers function 
changes sign when going from Semi-Inclusive Deep Inelastic Scattering (SIDIS) to Drell-Yan 
(DY) production [6]. While the Sivers asymmetry has been measured in SIDIS [7], our polarized 
DY experiment will be the first definitive probe of the sign change, an extremely important test 
of the current theoretical formalism of strong interaction. In order to perform this measurement, a 
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new LANL-designed high-luminosity polarized proton target will be added to the existing E906 
di-muon spectrometer at Fermilab. 
Interpreting the di-lepton measurement in terms of quark angular momentum requires a concomi-
tant theoretical effort. Deducing the distribution of quarks inside the polarized proton demands 
knowledge of how this distribution translates into the experimentally observed SIDIS and DY 
Sivers asymmetries. The quark Sivers distribution is inherently non-perturbative and lattice QCD 
simulations, which we will perform, are necessary to constrain it from first principles. We will 
also carry out a program of precise perturbative QCD calculations to relate the quark Sivers dis-
tribution to polarized DY experimental observables. We will develop state-of-the-art analytical 
and computational tools using both perturbative and non-perturbative (lattice) QCD methods, 
with the goal of constructing a consistent and coherent formalism to describe the polarized DY 
process. At the end of this project, we will extract the quark Sivers distribution with ~20% theo-
retical uncertainty. 

Background and Statement of Problem 
Each atom that makes up everyday matter has a dense nucleus composed of nucleons (protons 
and neutrons). These nucleons are, in turn, composed of smaller particles called quarks and glu-
ons. These facts are well established, but just how the quarks and gluons act together to give a 
nucleon its mass and spin is not understood. Spin plays a key role in the determination of the 
properties of fundamental particles and their interactions. Spin effects have often challenged our 
understanding of the underlying physics mechanisms of experimental phenomena. Only recently, 
however, has a strategy emerged of how to determine the individual contribution of quarks, glu-
ons and their orbital angular momentum to the overall nucleon spin [8,9]. Implementing this 
strategy in a joint experimental and theoretical program will result in a new fundamental test of 
the theory of strong interactions, Quantum Chromodynamics, which will revolutionize our un-
derstanding of the structure of the proton [3,9]. The insight gained from these developments in 
theory and experiment is essential to construct, for the first time, an accurate 3-dimensional pic-
ture of the nucleon in momentum space [9].     
Two of the best-known unpolarized reactions with nucleons are: (1) particle production from a 
proton target bombarded with energetic leptons (e, µ), known as Semi-Inclusive Deep Inelastic 
Scattering and (2) lepton pair production from a proton target bombarded with a pion or a proton 
beam, known as the Drell-Yan process. In recent years, important progress has been made in 
SIDIS measurements with polarized targets at SLAC, JLab, CERN and DESY [7,10]. These 
measurements indicate that the sum of the quark spins contributes only ~ 30% of the nucleon 
spin [10]. The spin program at the Relativistic Heavy Ion Collider (RHIC) has shown that the 
contribution of the gluon spins to the proton spin is consistent with zero (< 10%) [11]. A physics 
picture is now emerging, which suggests that the orbital motion of quarks contributes most of the 
proton spin. The correlation between the proton spin direction and the quark transverse momen-
tum is described by the “quark Sivers distribution” f⊥1T [5]. The Sivers distribution vanishes if 
the quarks have no orbital angular motion. One of the essential predictions of the theory of 
strong interactions is that the sign of the quark Sivers distribution must change when going from 
SIDIS to DY measurements with polarized targets: f⊥1T(DY) = -f⊥1T(SIDIS) [6]. No such DY 
experiment has ever been performed to test this prediction.  
Our proposed measurement of polarized Drell-Yan production will provide a definitive test of 
the sign change and determine the magnitude of the quark Sivers distribution. Together with our 
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theoretical developments, which are vital to the interpretation of the experimental data, this work 
will constitute a significant breakthrough in the physics of strong interactions. A DY Sivers 
asymmetry with equal magnitude and opposite sign to the one established by SIDIS measure-
ments would be a major triumph of QCD in polarized proton reactions. A confirmation of the 
sign change, but a difference in magnitude, would point to significant unknown corrections to the 
leading order prediction. A lack of sign change in the measured Sivers asymmetry between the 
SIDIS and DY polarized target reactions would reveal a fundamental flaw in the current theoreti-
cal interpretation of spin phenomena. The outcome of this DR project will thus determine re-
search priorities and directions in the field of spin physics for the coming years.      
What sets the quest to understand the origin of the nucleon spin apart from other exciting ques-
tions in nuclear and particle physics is that experimental discoveries in this area are expected in 
the next five years, due to worldwide interest and intense competition [3]. Now is the opportune 
time to lead in these discoveries. Due to the current funding situation, the AnDY experiment [2] 
at RHIC has been cancelled without a production run, which makes this proposal the only dedi-
cated experimental effort to measure the Drell-Yan Sivers asymmetry in the U.S.     
Preliminary studies  

The HERMES and COMPASS experiments in 
Europe and experiments at JLab in the U.S. have 
measured the asymmetry in polarized SIDIS [7], 
from which information on the quark Sivers dis-
tribution was extracted. Because of the limited 
experimental kinematic coverage and limited sta-
tistics, this distribution remains poorly con-
strained. By reversing its sign, we can predict the 
asymmetry for polarized DY production, defined 
as AN= (σ-σ)/(σ+σ). Here, σand σ repre-
sent cross section measurements with opposite 
target polarization. The current theoretical expec-
tation for Fermilab’s E906 planned kinematic 
coverage is given by the yellow band in Figure 1. 
The uncertainty in these predictions is huge, es-
pecially at large Feynman xF (defined as the ratio 
of the di-lepton pair longitudinal momentum to 
the center-of-mass energy). The red error bars are 
a simulation of the expected statistical precision 
of our experimental AN measurement at the end 
of this DR project: a 6-month run at Fermilab 

will deliver 3x1018 protons on a 8 cm long solid NH3 target, with an average polarization of 80%. 
Approximately 1.5 x 106 total Drell-Yan events will be recorded, which results in a ~1% error in 
AN for the central xF bins, as shown in Figure 1.  
In summary, our preliminary studies indicate that we can determine the quark Sivers distribution 
with much better accuracy than previous SIDIS experiments. Our proposed polarized DY meas-
urement, due to its high integrated luminosity and ideal kinematic coverage, will pinpoint the 
sign and magnitude of the Sivers asymmetry. In the intermediate xF region we will definitively 
test the sign change paradigm between SIDIS and DY. 

Figure 1. Expected statistical precision of 
our Sivers asymmetry AN measurement 
versus the current huge theoretical uncer-
tainty [12]. 
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Proposed Innovation and Significance  
Technical impact 
In recent years, transverse spin experiments have become a focal point in high-energy nuclear 
physics. Transverse single-spin Sivers asymmetry measurements are currently planned for SIDIS 
experiments at Jefferson Lab [13] and for Drell-Yan experiments at BNL [14] and at CERN [15]. 
The JLab experiments will take data from 2015 through 2020 and will only be able to determine 
the valence quark Sivers distributions, due to the low 12 GeV electron beam energy. At RHIC, 
polarized Drell-Yan measurements from proton-proton collision at 510 GeV are an ultimate goal 
for both the STAR and PHENIX experiments. However, the collider’s beam luminosity of 
~6x1031 cm-2 s-1 will severely limit their precision. Also, the earliest possible transversely polar-
ized Drell-Yan data from RHIC will only be available after 2016. Thus, for the near future, our 
DR project would be the only viable polarized Drell-Yan measurement in the U.S. 
The main competitor of our project is the pion-induced polarized Drell-Yan di-muon experiment 
planned by the COMPASS II Collaboration at CERN [15]. Their measurement will be dominated 
by the valence quark Sivers distribution in the proton, but benefits from the valence anti-quark in 
the pion beam. However, their π- flux can only reach 6x107 per second, thus limiting the ultimate 
precision. COMPASS II will collect data from 2014 to 2016. Our proposed DY measurement has 
better statistics and larger kinematical coverage, allowing the separation of valence and sea quark 
contributions to the Sivers distribution. This DR project will allow us to collect ~ 1.5 x 106 total 
DY events, or roughly 5 times that of COMPASS II in the region of 4 < mass < 9 GeV/c2.  
Besides breaking new physics ground, our project will advance the state-of-the-art in high lumi-
nosity polarized proton targets. Working together with experts from the University of Virginia, 
we will design and construct the world’s highest luminosity target using polarized frozen ammo-
nia (NH3). This target would also be very useful for future experiments at Jefferson Lab and J-
PARC. A reconfigured target with longitudinal polarization would be the cornerstone for double 
spin asymmetry measurements at FNAL, if the Main Injector beam is polarized, as has been pro-
posed. Since our target will also be able to polarize ND3, one could extend the spin physics pro-
gram to include polarized neutrons. We expect LANL to become one of the leaders in polarized 
target physics and technology in the U.S.  
Our effort to successfully interpret the experimental data in terms of the quark Sivers distribu-
tions in the proton will stimulate, and indeed require, a number of concurrent theoretical advanc-
es. The most striking existing prediction for the polarized SIDIS and DY experiments lies in the 
opposite sign of the Sivers function extracted from each of the two processes [6]. This means 
that f⊥1T(DY) = -f⊥1T(SIDIS) for each individual quark flavor, if compared at the same energy 
scale. The two results that need to be established by the experimental data are (1) the sign change 
and (2) the equality of the magnitude. Our theoretical efforts will be focused on making these 
determinations possible, since the current SIDIS experiments typically were performed at rela-
tively low energy (Q2~2-3 GeV2), while the expected DY experiments will cover the high-energy 
region (Q2~16–81 GeV2). In order to compare the Sivers function at the same energy scale, we 
will develop the relevant energy evolution equations.  
To derive the evolution equations with the required accuracy, we will apply both the traditional 
perturbative QCD (pQCD) and effective field theory (EFT) approaches. In the pQCD frame-
work, initial efforts have already produced results to leading-logarithmic (LL) accuracy [16,17]. 
On the other hand, applications of EFT methods to high-energy cross sections in QCD have led 
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to impressive improvements in theoretical precision, in some cases achieving next-to-next-to-
next-to-leading-logarithmic (N3LL) accuracy (typically an order of magnitude greater precision 
than LL). However, EFT has not yet been applied to spin phenomena. We will develop, for the 
first time, this framework. We will also incorporate the results of our lattice QCD simulation ef-
fort in the theoretical analysis to enhance the precision with which we will extract the quark Siv-
ers distribution. This combined effort will pioneer the use of EFT and lattice QCD for a wide va-
riety of spin physics phenomena. 
Mission impact  
The proposed work is central to the FY13 LDRD Strategic Investment Plan of the Beyond the 
Standard Model category. Building upon our existing strategic partnership with Fermilab (E906, 
MiniBoone and LBNE), this project will strengthen our fundamental science capabilities, bring 
new high-luminosity polarized target technology to LANL and provide a “major physics thrust to 
follow current commitments to RHIC”. This project will maintain LANL’s leadership position in 
the field of spin physics and produce the world’s most accurate polarized Drell-Yan measure-
ment in proton-proton reactions. Our proposal is a timely and direct response to the DOE Mile-
stone (HP13) to “test unique QCD predictions for relations between single-spin phenomena in p-
p scattering and those observed in deep-inelastic scattering” [3]. We anticipate that this LDRD 
project will result in DOE Office of Science funding for a LANL-led spin physics program at 
Fermilab. Our integrated experimental and theoretical program will allow us to lead in a major 
advance in understanding the polarized nucleon structure through the only U.S.-based dedicated 
polarized DY experiment. Providing a polarized target to FNAL will greatly enhance Fermilab’s 
capabilities and provide a much needed user facility for spin physics. Our target will also be able 
to polarize ND3, thus enabling one to extend the spin physics to polarized neutrons. Furthermore, 
developing and testing particle detector technology at high luminosity will directly benefit Ma-
RIE, a LANL institutional priority.  

R&D Methods and Anticipated Results 
 Methods 
Experiment: Our team will design the proposed 
experiment based upon the existing E906 spec-
trometer at Fermilab. We plan to replace the 
unpolarized E906 targets with a LANL-built 
transversely polarized proton target (NH3) and 
carry out the first fixed-target polarized Drell-
Yan measurement in the U.S. Figure 2 shows 
the E906 experimental setup, which had its test 
run in early 2012 and will continue to take data 
during 2013-2014 on 1H and 2D targets. Once 
our team has built and installed the polarized 
target at FNAL, we expect to take data in 2015.  
The hardware effort supported by this DR in-
cludes the design, manufacture and installation 
of a new polarized target, which can handle the 
expected beam flux of 1013 protons in a 5 sec 
spill, once per minute, from FNAL’s Main In-

Figure 2. A top view of the E906 setup, 
showing one muon (red) from a Drell-Yan 
pair, the target, beam dump, absorber, two 
analyzing dipole magnets (green), and four 
tracking stations. A polarized NH3 target will 
replace the existing E906 targets.   
 



Illuminating the Origin of the Nucleon Spin    Project #20130019DR 

Vitev, Ivan  6 

jector. This target will use Dynamic Nuclear Polarization (DNP) [18] and is shown schematically 
in Figure 3. While the magnetic moment of the proton is too small to lead to a sizable polariza-
tion in a 5 Tesla (T) magnetic field through the Zeeman effect, electrons in that field at 1°K are 
better than 92% polarized. By doping a suitable solid target material with paramagnetic radicals 
to provide unpaired electron spins, one can make use of the highly polarized state of the elec-
trons. The dipole-dipole interaction between the nucleon and the electron leads to hyperfine split-
ting, providing the coupling between the two spin species. By applying a suitable microwave 
signal, one can populate the desired spin states. We will use frozen ammonia (NH3) as the target 
material and create the paramagnetic radicals (roughly 1019 spins/ml) through irradiation with a 
high intensity electron beam at NIST. 
 
 

 
  

 

The most expensive component in any polarized target system is the superconducting magnet. 
Fortunately, we have identified an existing 5 T magnet, built by Oxford Instruments U.K., which 
was used in a previous experiment at LANL. This magnet was designed for longitudinal polari-
zation (relative to the beam) and our experiment requires transverse polarization. Oxford will 
rotate the coils to the transverse direction and re-mount them. They will also check the integrity 
of all the coils and repair any possible problems resulting from many years of disuse. 
Two of us (A. Klein, X. Jiang) have previously built cryogenic 3He targets, which operated using 
the same principles as our proposed new target. Our collaborators at UVa have agreed to rebuild 
an existing cryogenic refrigerator, which works on the principle of liquid 4He evaporation and 
can cool the bath down to 1°K through pumping on the 4He vapor. UVa scientists have built 
many polarized targets over the last two decades and are world experts on such DNP targets.  
In parallel, our team will design and build the new target cell, microwave system and Nuclear 
Magnetic Resonance (NMR) system used to measure the polarization, as shown Fig. 3. The mi-
crowave system is used to induce the spin flip transition. The NMR coils, placed inside the mi-
crowave cavity, can determine the proton polarization to an accuracy of ~ +/- 2%.  The polariza-
tion achieved with such a target is better than 92% [19]. Once we have received the refrigerator 
from UVa and the magnet back from Oxford, we will integrate the target cell into the cryostat 
and start testing the system at LANL. When we have demonstrated that the required polarization 
is achieved, we will ship the target to FNAL to be installed in the E906 experiment. 

Figure 3. Left panel: schematic of the polarized target system and supporting infrastructure. 
Right panel: detailed view of the experiment with beam direction into the page.  
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Theory: The theory needed to interpret the experimental data relies on calculating the matrix el-
ements of operators that describe interactions with a quark inside a proton. In this DR, we are 
specifically interested in quarks with non-zero momentum transverse to the direction of motion 
of the proton. The building blocks of the non-perturbative analysis leading to the determination 
of the Sivers function are lattice QCD calculations, such as the ones already being done by Gupta 
to evaluate the scalar and tensor charges of the proton [20]. The characteristics of the Sivers 
function, however, require new developments. First, the new matrix elements have to probe dis-
tributions in momentum space, while lattice calculations are done in position space. A straight-
forward Fourier transform is insufficient and has to be supplemented by taking suitable mo-
ments. Second, the composite quark, anti-quark and gluon operator is non-local. Such operators 
are poorly understood in existing theoretical and numerical work. Third, the existing calculations 
have neglected contributions arising from spontaneous quark-antiquark pair creation, which is a 
result of quantum fluctuations of the proton state. Lastly, while one can ascertain the change in 
sign of the Sivers function between SIDIS and DY from these matrix elements, the amount that 
the orbital angular momentum contributes to the proton spin has not been analyzed. In the pro-
posed work, we will address these issues in collaboration with M. Engelhardt at NMSU, who has 
done the first preliminary calculation [21]. Obtaining moments of the quark Sivers distribution to 
50% accuracy via realistic lattice QCD simulations that include vacuum fluctuations will be a 
major step forward in this field.     
The perturbative QCD formalism for evaluating polarized SIDIS and DY cross sections is now at 
the level of leading-logarithmic accuracy [16,17]. We will use both traditional perturbative QCD 
techniques and effective field theory to achieve an accuracy of at least next-to-leading logarith-
mic (NLL) level for the Sivers asymmetry in both polarized SIDIS and DY production. The 
pQCD and EFT approaches are complementary and will serve as cross-checks of each other. We 
will use them together to make the most precise predictions for the Sivers spin physics observa-
bles. 

In recent years, the modern tools of effective 
field theory have made possible vast im-
provements in the precision and reliability of 
predictions for many QCD cross sections. 
Soft Collinear Effective Theory (SCET)  [22] 
organizes the effects of multiple quark and 
gluon emissions from the incoming proton 
beams or the energetic outgoing particles in 
high-energy reactions in a systematic power 
expansion. This radiation makes large contri-
butions to the cross section that must be re-
sumed. SCET provides elegant tools for this 
resummation and yields precise predictions 
for physics observables. SCET techniques are 
especially relevant when large ratios of ener-
gy scales appear, such as in Drell-Yan pro-
duction, where the transverse momentum of 
the lepton pair qT is much smaller than the 
collision energy. A convincing example is 
shown in Figure 4, where for the unpolarized 

Figure 4: Resummed predictions for unpolar-
ized Drell-Yan cross sections using SCET 
[23]. The distribution of the lepton pairs cre-
ated in proton-antiproton collisions at the 
Tevatron versus transverse momentum qT, at 
NLL (wide blue band) and NNLL (narrow 
green band) accuracy are shown. 

0 1 2 3 4 5 6
0

5

10

15

qT !GeV"

dΣ dq
T2
!p
b#
Ge
V2
"

0 2 4 6 8 10 12 14
0

5

10

15

20

25

qT !GeV"

dΣ dq
T

!p
b#
Ge
V"

Figure 2: Comparison of NLL (blue bands) and NNLL (green bands) predictions for the cross
section in the improved expansion scheme. The factorization scale µ is varied by a factor two
about its default value µ = qT + q∗, while the hard matching scale is fixed at µ2

h = −M2
Z . The

thick lines in the left plot are obtained for the default scale choice.

µ2
h = m2

Z µ2
h = −m2

Z

NLL 1.000+0.160
−0.060 1.334+0.201

−0.074

NNLL 1.087+0.010
−0.001 1.131+0.001

−0.014

N3LL 1.119+0.006
−0.001 1.130+0.001

−0.001

Table 1: The hard function |CV (−M2
Z , µ)|2 at µ = MZ for space-like and time-like choices of

µ2
h. The uncertainties are obtained by varying µh by a factor two about the default value.

arises when the hard function |CV (−M2
Z , µ)|2 is evolved from a high scale µh ∼ MZ to the

scale µ. The solution of the corresponding RG equation is well known and is reproduced in
Appendix B. If µc < µ < µb, the hard function has to be evolved across a flavor threshold. In
this case, we first evolve from µh down to the threshold µb, switch to four flavors, and then
evolve from µb to µ. While the all-order solution is independent of the matching scale µh, a
residual scale dependence remains at finite orders. To estimate the associated uncertainty, we
should vary the matching scale µh in the hard function. However, since the hard function is an
overall factor multiplying the cross section, we can discuss the µh dependence independently
from the rest. To separate off the qT dependence arising from the choice of µ, we set µ = MZ

for the discussion of the µh dependence. The perturbative expansion of the hard function and
its µh dependence are displayed in Table 1, which shows two different choices for the default
matching scale: the space-like choice µ2

h = M2
Z and the time-like choice µ2

h = −M2
Z . Picking

µ2
h = −M2

Z is motivated by the fact that the vector form factor is evaluated at a time-like
momentum transfer. In [16], it was shown that this choice greatly improves the convergence

17
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DY cross sections the theoretical uncertainties have been reduced from the 20-30% level (NLL, 
shown by the blue band) down to the 5-10% level at next-to-next-to-leading logarithmic (NNLL, 
shown by the green band) accuracy [23]. 
An important theoretical goal of our project is to develop equations that describe the evolution of 
the quark Sivers distribution between different energy scales. Recently, a definition of transverse 
momentum-dependent parton distributions has been provided by SCET [24], which leads to sim-
ple and elegant energy evolution equations. This definition appears to be most convenient for 
achieving higher-order resummation accuracy in calculations that involve the transverse momen-
tum-dependent distributions. We will apply this new technology to the Sivers function (which is 
one particular transverse momentum-dependent distribution) and develop a consistent theoretical 
framework for the evaluation of the polarized SIDIS and DY cross sections. We expect that we 
will be able to reduce the theoretical uncertainties in our predictions in similar relative steps, as 
illustrated in Figure 4. 
Expected results 
Experiment: We will build a new polarized proton target, which will be able to handle the high-
est luminosity in the world. While this system will use an existing superconducting magnet, our 
experiment requires a different field geometry, an improvement of the cryostat and construction 
of new NMR and microwave systems. Due to the versatile nature of this target, we will also be 
able to provide a polarized 2D target for the development of a neutron spin program. The ex-
pected statistical precision of our measurement of the Sivers asymmetry is shown in Figure 1. 
The yellow band represents the current huge theoretical uncertainty [12]. Our measurement will 
definitively determine the sign and magnitude of AN in a 6-month run, with better precision than 
the COMPASS II experiment [15] over a wider kinematic range. Our experimental data, with 
statistical errors of ~1%, will provide the first information on the dependence of Sivers asym-
metry on the momentum of the di-lepton pair. Specifically, we expect to be able to extract both 
the valence quark and sea quark Sivers distributions. With an anticipated additional beam time of 
~12 months, supported by DOE NP, we could achieve statistical errors approaching 0.5% and 
expand the Feynman xF coverage, further constraining the theoretical models. 
Theory: To interpret the experimental data, we will first derive a consistent and coherent QCD 
formalism for evaluating the polarized SIDIS and DY reactions to sufficient theoretical precision 
(5%-10% level). Then, we will use these new theoretical tools to interpret the existing polarized 
SIDIS data, validate our approach and accurately extract the Sivers function at the energy scale 
where the SIDIS experiments were performed.  We will evolve the Sivers function to the rele-
vant energy scale for our proposed DY experiment and make a precise prediction for the DY 
Sivers asymmetry. This will guide our experiment toward the correct kinematic region for ob-
serving the largest initial asymmetry, in order to establish the sign change as quickly as possible. 
To confirm the sign change, theoretical uncertainties at the ~50% level will be more than suffi-
cient. Finally, combining perturbative QCD techniques with input from lattice QCD, we will ex-
amine the new DY data to verify or refute the cornerstone prediction of the theory of strong in-
teractions for the sign and magnitude of the Sivers function:  f⊥1T(DY) = -f⊥1T(SIDIS). With our 
high luminosity fixed-target DY experiment at Fermilab, we expect to establish the equality of 
the magnitude of the Sivers function to ~20% or better, which is the present accuracy of the un-
polarized parton distribution functions [25]. Accomplishing this goal would complete an im-
portant DOE Nuclear Physics milestone (HP13) [3], with which our project is well aligned.  
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Project plan 

Data management plan 
This project will produce a significant amount of both simulated and real data. Currently, at 
E906 we are collecting events at 1 KHz from all subsystems, producing 3~5 TB of raw data on 
disk during one year of operation. For a polarized DY run, we expect a similar data volume. The 
raw data and the processed physics events will be archived at the Fermilab Computing Facility 
and distributed to users at LANL for final data analysis. A similar amount of simulation data (~ 5 
TB) will be generated and stored together with the real physics events at LANL. Our lattice QCD 
data will be stored at National Computing Centers and made available to the community. 

Transition plan 
A successful DR project will bring new world-class capabilities to the LANL Nuclear Physics 
program: (1) the world’s highest-luminosity polarized target, (2) a program for polarized DY 
measurements of unsurpassed precision to probe the nucleon spin structure and (3) state-of-the-
art theoretical tools for data interpretation. We expect to continue recording polarized DY data at 
Fermilab for a few additional years with DOE funding, in order to cover an even larger kinemat-
ic range with improved accuracy. We also plan to extend our spin program to include polarized 
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neutrons. Our model for transition to DOE funding is based upon the E906 experiment at FNAL 
and the FVTX detector at BNL, both of which began as LANL LDRD projects and evolved into 
major national efforts funded by the DOE NP program. 
During this DR project we will work closely with Fermilab, LANL and DOE NP program man-
agers to develop a long-term national polarized DY spin physics program, using our polarized 
proton target and possibly a new polarized proton beam from Fermilab’s Main Injector. Corre-
sponding theoretical efforts will also continue through support from DOE’s NP program office. 
This program will allow us to identify and attract exceptional young staff to LANL and to ex-
pand our effort in this key area of nuclear science.   

Budget Request  
Our requested budget is: FY13 $1.975M, FY14 $1.775M, FY15 $1.675M. The PI I. Vitev and 
Co-PI A. Klein will commit 40% of their time to this project (0.4FTE). Co-investigators will be 
supported at the following fractions: R. Gupta (0.3FTE), X. Jiang (0.4FTE), C. Lee (0.25FTE), 
M. Liu (0.2FTE), P. McGaughey (0.2FTE). We will need a technician’s assistance, R. Mortensen 
(0.5FTE). We plan to have a theoretical postdoc (Z. Kang, G. Ovanesyan) and an experimental 
(M. Durham) postdoc (up to 1 PD each). LDRD DR participants will lead important parts of this 
project that overlap with their primary area of expertise (see Appendix).     
Special FY13 budget justification: Due to the complexity of the experimental apparatus, we need 
to procure components of the polarized target system in FY13. This will allow us to assemble 
and test the new polarized target in FY14 and have a polarized DY run in FY15. We request ad-
ditional $175K in FY13 above the $1.8M limit as part of the $750K capital equipment funds. We 
make up for this additional request by having no significant equipment costs in FY15.   
Subsection on financial justification 

We request $750K in FY13 for capital equipment. This will be used to acquire the main compo-
nents of the polarized target. Oxford Instruments will modify the LANL superconducting magnet 
for transverse geometry ($100K). In addition, we will need to buy a large pumping system capa-
ble of pumping 6000 m3/hr of He at a cost of $150K. The components for the NMR system 
(120K$) will also be purchased in FY13. We will need vacuum pumps, a magnet power supply, 
compressor and vacuum supplies at a total cost of 150K$. Our collaborators at UVa will provide 
the microwave tube necessary to induce the electron and proton spin-flip ($170K). We are asking 
for $90K of M&S in the first year. Most of this amount is necessary to pay for beam time at 
NIST to irradiate the ammonia, where the cost for the beam time alone is $60K. We will also 
need funds to cover travel to NIST, as well as travel to UVa and to Oxford, UK. This M&S will 
also pay for the shipping of the magnet to the manufacturer. In FY14 we will need $380K of 
M&S to pay for the refurbished refrigerator from UVa ($150K) and related equipment ($30K). 
We plan for five complete cool downs and system tests of the system in that year, requiring 5 
dewars of liquid Helium at a total cost of $40K. We will also have to pay for shipment of the 
system to Fermilab. Finally, we will complete the production of the ammonia target cell. For 
FY15 we request $200K of M&S. This will cover data storage, travel costs to Fermilab and addi-
tional Helium for the system tests at FNAL. We expect to have a postdoc and at least one staff 
member from Los Alamos at Fermilab at any given time. We have built a 10% contingency into 
all of our capital equipment and M&S cost estimates. 
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• 15+ years experience in design, construction and operation of large experiments, includ-

ing the PHENIX muon trackers and silicon vertex detectors at BNL, muon identification 
detectors for E906 experiment at Fermilab. Lead several major high energy nuclear phys-
ics experimental projects at SLAC, BNL and FNAL.   

• Collider physics phenomenology and simulations.  
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