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1 Background/Introduction
Nucleons are the fundamental building blocks of all atomic nuclei and make up essentially all the
visible matter in the universe, including the stars, the planets, and us. In Quantum Chromody-
namics (QCD), the theory of the strong interactions, the nucleon emerges as a strongly interacting,
relativistic bound state of quarks and gluons (referred to collectively as partons). The nucleon
is not static but has complex internal structure, the dynamics of which are only beginning to be
revealed in modern experiments. A deeper understanding of this building block of matter therefore
requires that we understand the nucleon’s internal structure in terms of its constituents. This is one
of the three scientific priorities in Nuclear Physics articulated in the NSAC 2007 Long Range Plan,
and is a major theme and the great intellectual challenge of the DOE Nuclear Theory subprogram.

Fifty years of experimental investigations into the nucleon’s internal structure have provided
remarkable insight into parton dynamics. However, many outstanding questions remain. This is
largely because of the color confinement – a defining property of QCD. Even the most advanced
detector cannot see quarks and gluons as they are forever bound inside hadrons. A reliable the-
oretical formalism, known as QCD factorization, is required to connect the hadrons measured in
experiments and quarks and gluons inside them. Until recently, the generations of experiments,
with the well-developed collinear QCD factorization formalisms, could only provide one-dimensional
(longitudinal momentum) snapshots of the nucleon’s internal structure. The situation has begun
to improve in recent years. New and more precise data sensitive to transverse momentum depen-
dent partonic structure of the nucleon are now available following the running of the COMPASS
experiment at CERN, RHIC at BNL, the E906/SeaQuest Drell-Yan experiment at Fermilab, and
experiments at JLab. Most importantly, theoretical advances over the past decade have resulted
in the development of a powerful new formalism, the transverse momentum dependent (TMD)
QCD factorization formalism, that provides quantitative links between new measurements and the
three-dimensional (3D) partonic structure of nucleon. This more detailed structure is encoded in
the transverse momentum dependent parton distributions (or simply, TMDs). With additional
data from ongoing experiments, and with forthcoming, dedicated experimental programs at JLab
12 GeV, and a future Electron-Ion Collider, a much sharper and detailed picture of the nucleon’s
internal landscape could become available. However experiments alone will not suffice. As our
narrative will emphasize, a coordinated theoretical effort to improve the QCD factorization formal-
ism, and to analyze and interpret the wealth of new data is essential to uncover the dynamical,
three-dimensional structure of the nucleon.

To address the challenge of extracting novel quantitative information about the nucleon’s in-
ternal landscape, we are proposing to form the TMD Topical Collaboration. Our collaboration
will develop new theoretical and phenomenological tools that are urgently needed for precision ex-
traction of the 3D tomography of the confined motion of partons inside the nucleon from current
and future data. Our collaboration’s work will cast light on some simple yet profound questions
regarding the nucleon’s internal structure such as

• What are the two dimensional transverse momentum distributions, or confined transverse
motion, of quarks and gluons inside a fast moving nucleon?

• How do these distributions vary with change in the longitudinal momentum fraction, x, carried
by the parton constituents, and with the probe resolution, Q2?

• How are these distributions correlated with the nucleon’s properties, such as its spin, and
with the spins of quarks and gluons?

• Can we extract novel information about the color electric and magnetic force inside the
nucleon from these distributions?
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• What features of measured transverse momentum distributions are universal nucleon proper-
ties, and what features are specific to the particular processes that are studied in experiment?

Addressing these questions requires a three-pronged effort. Firstly, it needs the input of nuclear
theorists with expertise in QCD factorization, the formalism that separates short distance par-
ton physics calculable in perturbation theory, from the long distance non-perturbative physics of
hadrons. Secondly, it requires phenomenological analysis that connects this rigorous formalism
with global analysis of data. Finally, it requires lattice QCD computations to provide the non-
perturbative input that will enable a first principles matching of theory to data. As explained in
detail in next section, as a collaboration, we will be able to

• further develop the transverse momentum dependent QCD factorization formalism to achieve
higher precision;

• identify new physical observables from which the TMD parton structure of the nucleon can
be reliably extracted;

• extract the 3D momentum-space landscape of the nucleon by QCD global analysis of data
from RHIC, JLab12, and other domestic and international facilities;

• solve existing puzzles, such as the unexpectedly large theoretical uncertainty in the scale
variation of the Sivers asymmetry and the apparent sign mismatch between the data on
transverse single-spin asymmetries and the expectation based on the Sivers effect alone;

• calculate the internal landscape of the nucleon and other hadrons in lattice QCD;

• test fundamental QCD predictions, such as the sign change of the Sivers function from the
Drell-Yan-like process to the semi-inclusive deep inelastic scattering process;

• explore the parton transverse structure inside various nuclei and its dependence on nuclear
properties; and

• make detailed predictions and provide important guidance for the experimental programs at
future facilities.

The TMD Collaboration aims to establish and formalize the three-pronged scientific effort to max-
imize the results of the investments of the DOE Office of Nuclear Physics, and to achieve and
surpass the goals set out in the NSAC milestone HP13.

The TMD Collaboration is designed to function as a network of experts with a common fo-
cus while having different strengths at the different participating institutions to provide a unique
environment for sustained interactions and communications, and development of new ideas. As a
collaboration, we will be able to address questions and challenges that would be difficult, if not
impossible, to attack as individual investigators, and provide broad training to a new generation of
students. We are making a concerted effort to bring new people, as well as to train younger people,
to work on the physics connected with TMDs. Our proposed physics projects and the budget
clearly reflects our effort. Having new tenure-track junior faculty positions available will provide
attractive career paths for younger people who enter the field and pay a great dividend to the health
and growth of Nuclear Theory in the broader sense. We will establish two new tenure-track junior
faculty positions at New Mexico State University and Temple University, respectively, committed
to open in connection with the TMD collaboration. We also have six institutions committed to hire
postdocs and five institutions committed to have graduate or undergraduate students working with
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the Collaboration by leveraging support from other resources. In addition, we will host a range of
collaboration activities including an annual meeting, several focused and short topical workshops,
a summer school for young postdocs and graduate students, and will prepare a handbook on the
physics of TMDs that summarizes the central aspects of TMDs and related physics as a resource
for the entire community.

2 Proposed Research and Methods
2.1 Factorization and Definition of TMDs

Stewart (coordinator), Ji, Kang, Lee, Prokudin, Rogers, Vitev, Yuan
Transverse momentum dependent parton distribution functions (PDFs) and fragmentation

functions (FFs), commonly referred to as transverse momentum distributions (TMDs) have become
essential quantities for unraveling the internal structure of hadrons. This includes spin-independent
and spin-dependent TMDs, and TMDs for quarks of various flavors, as well as for gluons. Consis-
tent definitions for TMDs in terms of operator matrix elements are required for interpretation of
transverse momentum dependent observables in terms of TMDs, lattice QCD (LQCD) calculations,
perturbative calculations, as well as the connection of TMDs to experimental observables. Precise
definitions are also important when TMDs are considered as a component in the three-dimensional
proton tomography program [1, 2].

In general, any TMD definition must be gauge invariant, exhibit universality across different
physical processes, and satisfy constraints imposed by factorization. One example of the latter is the
fact that for large transverse momentum kT � ΛQCD, the TMD depending on both x and kT reduces
to a convolution between a kT dependent coefficient function that is perturbatively calculable as an
expansion in αs, and a standard longitudinal parton distribution function, fi/p(ξ, µ) with parton
momentum fraction ξ and factorization scale µ. In practice, these constraints still leave some
residual freedom in the definitions of TMDs, which should be thought of as a scheme dependence.
The choice of the scheme will modify both the TMD and the hard perturbative cross section with
which the TMDs are convolved to yield physical predictions for electroweak processes like semi-
inclusive deep-inelastic scattering (SIDIS), Drell-Yan scattering, and e+e− annihilation. While final
cross section results are scheme independent, it is important to combine pieces of the calculation
consistently in a given scheme, see for example [3]. Compared to the case of longitudinal parton
distributions, a complicating factor in the TMD case is the presence of rapidity singularities that
must be regulated at intermediate steps. The choice for this rapidity regulator may then influence
how the final scheme is defined. This is analogous to how the MS scheme is natural within the
context of dimensional regularization, but other schemes are more natural when a lattice regulator
is used to handle ultraviolet divergences. It should also be emphasized that in the limit of large kT
where the collinear factorization framework becomes relevant, all of the TMD schemes match onto
the same results [4].

Currently, there are a number of different definitions or schemes for TMDs used in the literature.
Examples include that of Collins-Soper 81 [5], Ji-Ma-Yuan 2004 [6], Collins 2011(JCC) [7], that of
Echevarria-Idilbi-Scimemi (EIS) [8, 9], and that of Chiu-Jain-Neill-Rothstein (CJNR) [10]. These
definitions differ by whether Wilson lines on or off the light-cone are used in the construction, and
by their choice for rapidity regulators. In general, these definitions involve suitable combinations of
collinear and soft matrix elements. Given that each definition of TMDs has advantages and disad-
vantages, the comparison of different definitions is essential and may help shed light on the physics
of TMDs. For example, the JCC definition emerges from detailed derivations of TMD factoriza-
tion, building on Collins-Soper-Sterman (CSS) factorization methods [11] and naturally yielding the
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Collins-Soper equation, while those of EIS and CJNR utilize the Soft-Collinear-Effective Theory
(SCET) [12, 13, 14, 15] approach to factorization. A significant program to express experimen-
tal measurements of transverse momentum dependent cross sections in terms of separate TMD
functions defined in the JCC scheme has been carried out in Refs. [16, 17, 18, 19]. Perturbative
calculations of non-logarithmic contributions might be simpler in the EIS scheme and the theory,
phenomenology, and data analysis in this scheme can be found in Refs. [8, 20, 9, 21, 22]. The
equivalence of the JCC and EIS schemes has already been explored in some detail in Ref. [23].
The CJNR scheme is connected to the rapidity renormalization group approach, where rapidity
evolution equations are derived in essentially the same manner as those for the standard invariant-
mass evolution in µ in the MS scheme. CJNR is the least well studied of the three schemes, and a
dedicated study of TMDs for both quark and gluons at next-to-next-to-leading-log (NNLL) in this
scheme is warranted. Complete higher order loop calculations within all the different schemes still
need to be performed. In particular, further study is needed for the gluon TMDs that have not yet
been fully explored [24, 25].

The lattice QCD (LQCD) treatment of TMDs is based on the fundamental correlator

Φ̃[Γ](b, P, S, . . .) ≡ 1

2
〈P, S| q̄(0) Γ Uv[0, . . . , b] q(b) |P, S〉 , (1)

which under certain conditions can be evaluated using lattice methods. The hadron momentum
and spin are denoted by P , S, and Γ represents an arbitrary Dirac structure. The quark operators
at positions 0 and b are connected by the gauge link Uv, which takes the shape of a staple, charac-
terized by its direction, v, in addition to its width, b. Fourier transformation from transverse quark
separation bT to transverse momentum kT -dependent correlators yields the TMDs as coefficient
functions in a decomposition into the relevant Lorentz structures. Owing to the special role of
(Euclidean) time in lattice QCD, the operator in (1) must be defined at a single time. This require-
ment makes Collins’ factorization scheme the one most suited to underpin a lattice calculation; in
this scheme, all separations in the operator, including the staple direction, v, are spacelike, and
therefore the problem can be boosted to a Lorentz frame in which the operator exists at a single
time. Divergences associated with the gauge links are regulated by forming ratios of correlators
containing related gauge link structures. An extrapolation of numerical matrix elements is then
made to the light-like limit of the staple direction v required by the TMD definition. We intend
to study improvements to these extrapolations, and exploit associated perturbative
results that may help control this limit.

It is important to note that factorization analyses may also imply that different TMDs are
relevant for different processes, but remain universal across a class of related processes. This process
dependence is independent of any scheme dependence. A standard example is the process dependent
sign of the Sivers function. For some transverse momentum dependent observables it is also possible
that no description in terms of TMDs is possible, and hence factorization is violated. For example,
in hadron-hadron collisions with produced hadrons, Ref. [26] has shown that separate Wilson line
structures for each colliding hadron, and which are consistent with perturbatively derived TMD
factorization, do not exist. The separate hadronic structures appear to be entangled in a manner
that is unique to non-Abelian gauge theories like QCD, and which cannot be accommodated by
a simple change in the Wilson line. When gluon distributions are important, “super-leading”
contributions cause additional complications in the derivations of factorization [27], and in the
context of the factorization violation, they may even lead to new spin observables [28]. We will
map out the range of observables for which factorization is possible, and for which the
same TMDs appear for different processes (see also Sec. 2.6).

In order for the broader TMD program to be successful, it is important to achieve a further un-
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derstanding of the relationship between different definitions, schemes, and factorization formalisms,
to understand the consequences of using one set of definitions over another, and of how different
choices affect the results of perturbative and lattice calculations, and the interpretation of exper-
imental data in terms of hadronic bound states. The perturbative QCD and SCET communities
have independently developed alternative formalisms for studying factorization, and defining and
evolving TMDs, and we plan to perform detailed comparisons and studies. The topical collabora-
tion is an ideal venue to nourish the type of cross-disciplinary interactions needed to make progress
on these topics.

2.2 Evolution of TMDs

Prokudin (coordinator), Gamberg, Lee, Metz, Rogers, Yuan
QCD provides very powerful predictions concerning the dependence (evolution) of underlying

parton distribution functions on the hard scale Q of the physical process. QCD factorization theo-
rems separate the measured cross sections into the perturbatively calculable hard parts that encode
the short distance QCD dynamics and the parton distribution functions and/or fragmentation func-
tions that encode non-perturbartive long distance parton dynamics. Collinear factorization takes
advantage of the relative smallness of the intrinsic transverse motion of patrons and results in a
one dimensional picture of the nucleon distribution and hadronic fragmentation functions. These
functions depend on one variable that describes the momentum fraction of the hadron carried by
a quark or gluon. As QCD is a renormalizable theory, one needs to introduce an auxiliary renor-
malization group scale µ that, roughly speaking, separates ultraviolet (UV) physics from infrared
physics. While introducing µ greatly simplifies the physics it has the consequence that logarithms of
the type αs(µ) log(Q2/µ2) generally appear in perturbative calculations of UV quantities. In order
to maximize the reliability of perturbative calculations, one would set µ = Q, and the measured
PDFs and FFs are determined at a specific scale Q. The PDFs and FFs encode detailed information
about the large distance parton dynamics. They are universal, so their measurement in one exper-
iment leads to predictions in other experiments. It is in principle possible to predict their general
behavior using lattice or other non-perturbative methods. PDFs and FFs evolve according to the
so called Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equations. DGLAP equa-
tions and corresponding hard cross sections can be calculated order by order in the strong coupling
constant αs which in turn depends on the hard scale Q. Current calculations extend to multiple
orders in αs. In addition, in the low-x region one should take into account gluon recombination
along with parton splitting, and corresponding evolution equations become non-linear leading to a
transition from the dilute parton picture to a dense QCD medium, see Section 2.10.

Transverse momentum dependent factorization is applicable for describing differential cross
sections dependent on an additional measured scale QT , which allows distributions to be sensitive
to the intrinsic transverse motion of quarks and gluons. TMD factorization separates a differential
cross section into a hard part and several well-defined universal factors [5, 4, 6, 7], the TMD PDFs
and/or TMD FFs, or or simply, TMDs. At QT � ΛQCD, but QT � Q, the strong coupling
αs is small and perturbation theory can be enhanced by summing powers of αs log(Q/QT ) to all
orders. At very small QT , where truly non-perturbative QT effects become important, such a
“resummation” approximation is no longer valid. There the appropriate expansion parameter is
αs(Q), and a complete TMD factorization formalism that combines non-perturbative effects and
perturbative effects is needed. In recent decades, the formalism has been improved greatly using
various approaches, see Refs. [6, 29, 7, 30, 31, 8, 10, 32]. A distinct feature of the TMD evolution
is dependence on non-perturbative gluon radiation. The treatment of TMD evolution is easiest in
transverse coordinate space, b, the Fourier conjugate of transverse momentum of active parton. For
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instance, in the regime b� 1/ΛQCD, the evolution kernels can be calculated perturbatively, and, at
the same time over short transverse distance scales, 1/b becomes a legitimate hard scale, and the b
dependence of TMDs can be calculated in perturbation theory. Consequently, one can relate TMDs
in this regime to the collinear PDFs and FFs, and this relation allows unambiguous predictions for
the differential cross section for W±, Z production at Tevatron and LHC, for example.

In the large-b region, however, the transverse coordinate dependence of TMDs corresponds to
intrinsic non-perturbative behavior associated to the hadron wave function. While the presence of
the non-perturbative functions in the formulation of the evolution is a great advantage it is also a
challenge. It allows one to study details of non-pertrubative gluon radiation and at the same time
it allows a substantial sensitivity to non-perturbative dynamics. That is, even though evolution
equations are formally the same, the solutions can vary greatly depending on the choice of the
non-perturbative input. Thus implementing the formalism requires an accurate account of the
non-perturbative inputs [33, 34, 19, 35, 36, 37] for the TMDs. In recent years, a lot of attention has
been paid to the exploration of the non-perturbative aspects of TMD evolution. Information from
lattice QCD will be essential as many of the non-perturbative functions have been shown to be
process independent and must be extracted from a combination of different processes (see Section
2.3). The confirmation of such process independence would be a very powerful confirmation of
QCD.

We aim to extract and parametrize of the non perturbative inputs of the TMDs
and describe a broad range of transverse-momentum sensitive processes in terms of
TMD factorization. Historically the TMD formalism was applied [33] to high energy processes,
where dependence on underlying intrinsic dynamics is very limited. Recent progress had led to
successful examples [38] of the description of processes at low and high energies that are sensitive
to the dependence of TMDs on a wide range of b. Such descriptions will be extremely important in
the future in order to establish TMD evolution as correct and to explore non-perturbative aspects
of TMD evolution using both fits to the experimental data, model calculations and lattice QCD
calculations.

2.3 Nonperturbative Input to TMD Evolution

Rogers (coordinator), Engelhardt, Fleming, Gamberg, Kang, Lee, Mehen, Qiu, Rogers,
Stewart, Vitev, Weiss, Yuan

Non-perturbative contributions to a QCD factorization formula enter into processes that involve
TMD functions in a way that is very analogous to the collinear PDFs and FFs that enter into
collinear factorization theorems [11]. To elaborate on this analogy, recall the collinear factorization
formula for SIDIS process written schematically as

dσ ∼
∫
H(µ/Q,αs(µ)) ⊗ fq/P (x;µ) ⊗ dH/q(z;µ) . (2)

That is, the calculation of the cross section takes an intuitive form in collinear factorization; for
a semi-inclusive production of a hadron H by scattering a lepton off a nucleon P , it becomes a
generalized product of a hard scattering H(µ/Q,αs(µ)), which is calculable in perturbative QCD,
a probability density fq/P (x;µ) to find a parton of particular momentum fraction x in the initial
state, and a probability density dH/q(z;µ) for the struck quark to hadronize into a final state
hadron carrying momentum fraction z of the struck quark. (In the above notation, red factors
denote perturbatively calculable coefficients, whereas blue factors are universal but require non-
perturbative input.)

The roles of transverse momentum associated with the incoming bound state, final state
hadronization process and other non-perturbative effects are either power suppressed or integrated
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into PDFs and FFs in Eq. (2). However, for a detailed description of the cross section differential
in final state transverse momentum, this is not sufficient. In such cases, the PDFs and FFs must
encode the effects of intrinsic transverse momentum. The schematic factorization formula in Eq. (2)
becomes

dσ ∼
∫
H(µ/Q,αs(µ)) ⊗ Fq/P (x,kT , µ, ζ1) ⊗ DH/q(z, zpT , µ, ζ2) + Y . (3)

The structure of the first term is very similar to the structure of Eq. (2), but now the probability
density functions Fq/P (x,kT , µ, ζ1) and DH/q(z, zpT , µ, ζ2) have acquired dependence on intrinsic
transverse momentum. This “TMD parton model” summarizes the essential concepts of TMD
parton distribution and fragmentation functions.

The last term in Eq. (3) is known as the “Y -term” and is a correction for the region of very large
transverse momentum, where a description in terms of TMD functions is not valid. Because of the
large transverse momentum involved, it is perturbatively calculable in terms of collinear PDFs. Like
the collinear PDFs and fragmentation functions, the full TMD functions in Eq. (3) have auxiliary
parameters, along with evolution equations that describe the dependence on those parameters and
the resulting scaling violations of cross sections [5, 39, 4, 7]. In the case of TMD functions, however,
there are a number of important extensions and qualifications that make phenomenology both more
complicated and more interesting.

To get a sense of these complications, consider a single TMD function after it has been evolved
to a specific scale, written in the organization of [16]:

F̃f/P (x,bT ;Q,Q2) =

AA︷ ︸︸ ︷∑
j

∫ 1

x

dx̂

x̂
C̃f/j(x/x̂, b∗;µ

2
b , µb, g(µb))fj/P (x̂, µb)

×

BB︷ ︸︸ ︷
× exp

{
ln
Q

µb
K̃(b∗;µb) +

∫ Q

µb

dµ′

µ′

[
γF (g(µ′); 1)− ln

Q

µ′
γK(g(µ′))

]}

×

CC︷ ︸︸ ︷
exp

{
gf/P (x, bT ) + gK(bT ) ln

Q

Q0

}
. (4)

Here, it is the Fourier transform of the TMD PDF that is shown. The factorization becomes
especially simple in transverse coordinate space since the evolution can be solved exactly and various
types of contributions appear in a simple product. The large bT behavior of the Fourier-transformed
TMD PDF describes the main non-perturbative transverse momentum behavior. The sum over j
is a sum over flavors. The “AA” factor is the calculation of the TMD PDF in terms of collinear
PDFs at fixed order in collinear perturbation theory. This part of the calculation is, naturally, only
valid for small transverse sizes. The “BB” factor is the collection of perturbative evolution factors.
The interesting non-perturbative input contributions, as regards intrinsic transverse momentum,
are in the factor labeled “CC.” The function gf/P (x, bT ) describes the non-perturbative x and bT
dependence that is specific to hadron P and flavor f . Aside from its dependence on flavor and
hadron, however, it is universal and scale independent. This factor contains the non-perturbative
physics most directly associated with the hadron wave function. The other function, gK(bT ), is
also non-perturbative, but it multiplies a logarithm of Q, and so it is associated with evolution.
Thus, the transverse momentum dependent evolution has the somewhat unique aspect of involving
non-perturbative evolution. While the non-perturbative nature of this evolution is a complicating
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factor, it has the advantage that gK(bT ) has a property we will call “strong universality.” Namely,
it is totally independent of the flavor of the quarks involved, the species of the parent hadron, the
spins of the particles involved, kinematic variables like x and z, the hard scale, or any other details
of the process.

The universality of functions like gf/P (x, bT ) and the strong universality of gK(bT ) means that
many of the properties of these functions can already be deduced from the results of previous
experiments, or general known features of non-perturbative physics. In [40], some basic features
of these functions were deduced from a chiral soliton picture of the generation of non-perturbative
transverse momentum in [41]. An understanding of the exact separation of the gf/P (x, bT ) and
gK(bT ) functions requires a deeper and more detailed understanding of the underlying hadronization
and fragmentation processes. Collaboration members and their collaborators are currently engaged
in preliminary studies to extend Refs. [41, 40] by formulating these functions in terms of the Lund
string model of fragmentation, well known for its successful use in Monte Carlo event generators.
This aspect of our research highlights the convergence of work in basic non-perturbative theory
and general TMD theory. We plan to continue to explore ways that functional forms for
non-perturbative input could be better constrained by physical considerations.

The collaborative nature of these efforts is further highlighted by work that has already been
initiated in lattice QCD. To obtain non-perturbative input for our studies of TMD systematics,
we will capitalize on the by now well established program to calculate a certain class of TMD
observables in lattice QCD [42] as will be pursued within this proposal. Data on the bT behavior of
TMDs in the non-perturbative regime will be extracted from the lattice calculations; furthermore,
the non-perturbative Collins-Soper evolution of TMD observables can be studied within a limited
regime. We are particularly interested in establishing the connection between that regime and
the regime in which perturbative evolution equations become applicable; this will also serve to
constrain the extrapolation of LQCD results to the infinite momentum frame. We intend to develop
an analytical understanding of the systematics observed in LQCD calculations as a function of bT
and evolution scale.

2.4 QCD Global Analysis of the TMDs

Yuan (coordinator), Gamberg, Kang, Lee, Metz, Pitonyak, Prokudin, Qiu, Rogers,
Vitev, Yuan

QCD global analysis of PDFs by the CTEQ Collaboration and MRS Collaboration in the late
1980’s set up the standard of QCD tests and systematized the extraction of the proton’s one-
dimensional partonic structure. The method has been applied to the study of parton helicity
distributions or polarized PDFs, and has been further developed and refined to include systematic
error analyses, as well as new technology, such as the neural network approach. The knowledge
of PDFs have played an essential role to connect the cross sections of colliding hadrons to the
short-distance scattering between quarks and gluons, and in establishing QCD as the microscopic
theory of the strong interaction. Without them, we would not be able to understand the hadronic
cross sections with large momentum transfers in high energy collisions, nor would we be able to
have discovered the Higgs particle in proton-proton collisions at the LHC.

Tremendous theoretical progress has been made in the last decade in defining TMDs and con-
necting them to experimental measurements. Compared to our knowledge and experience in ex-
tracting PDFs, however, current extractions of TMDs from data are still in their infancy. With
the data from the COMPASS experiment at CERN, RHIC at BNL, the E906/SeaQuest Drell-Yan
experiment at Fermilab, e+e− annihilation experiments at Belle and BaBar, and experiments at
JLab, as well as the future programs at JLab12 and the proposed Electron-Ion Collider, it is crit-
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ically important to develop a consistent QCD global analysis package of TMDs. A central goal
of our proposal is to put in place the tools and formalism required for this and to
perform comprehensive global fits to TMD sensitive observables.

There has been immense progress in phenomenological analyses of the TMDs from the existing
experimental data, including the leading order studies such as Refs. [43, 44, 45] and references
therein, and more recent developments considering the QCD evolution effects [18, 46, 47, 36, 37, 48].
Some of the participants in this proposal have been heavily involved in these developments. With
the experience and expertise of the TMD Collaboration, we are in a unique position to develop
a rigorous QCD framework for the global analysis package for extracting the TMDs from various
experimental measurements. In the following, we highlight the main issues which are closely related
to the global analysis and which will be tackled in our effort.

• TMD evolution and the non-perturbative inputs (Sections 2.2 and 2.3). Theoretically, the per-
turbative part of the TMD evolution has been worked out at the next-to-leading-logarithmic
(NLL) order. However, as a unique feature in the TMD evolution, we have to consider the
non-perturbative inputs in the phenomenological applications of the TMDs. Recently, there
have been progresses toward a universal non-perturbative function for unpolarized Drell-Yan
and SIDIS processes [38, 40]. It is essential to test this universality and to generalize it to
the spin-dependent and/or azimuthal angle dependent cross sections.

• Dedicated program package to compute the differential cross sections and spin/azimuthal
angular asymmetries. In the phenomenological studies, the TMD differential cross sections
are parameterized in the b⊥-space, according to the CSS formalism. However for global
fits, we must Fourier transform these expressions into transverse momentum space in order
to compare to the experimental data. This is numerically challenging when including all the
evolution effects. We plan to improve the existing software to include a user-friendly interface
(such as a Python package) for doing general TMD calculations. This is especially important
to allow a systematic study on the variations of the TMDs on the input, the renormalization
scheme and other details of the perturbative formalism.

• Systematic procedure and method to estimate the theoretical uncertainties in the global
fit. The TMD predictions for future experiments crucially depend on how we understand the
constraints from the existing experiments. To have a reliable estimate, we will follow previous
examples in the global analysis of the unpolarized parton distributions (such as CTEQ [49])
and the helicity parton distributions (such as DSSV [50]). In addition, we will also address the
theoretical uncertainties introduced by the non-perturbative inputs for the TMD evolutions.

In order to carry out the global analysis, we plan to investigate the relevant theoretical and
phenomenological questions concerning the applications of the TMD factorization in the hard scat-
tering processes as outlined throughout this proposal. These theoretical questions are important
to build the foundation for the global analysis, and provide important guidelines for the numeric
computations. For example, as discussed in Sec. 2.1, a central question raised recently concerns
about the scheme-dependence of the TMD definition and factorization. We expect, however, after
solving the evolution equations, TMDs in different schemes can be related using perturbative QCD.
Another theoretical/phenomenological issue, discussed in Sec. 2.5, concerns the matching between
TMD calculations and collinear calculations in the intermediate transverse momentum region in
SIDIS processes [38, 51]. The so-called Y -term contribution which is supposed to help match TMD
and collinear calculations in the CSS formalism, is found too large compared to the TMD calcu-
lation. This imposes a theoretical challenge to apply the CSS formalism in SIDIS processes. We
plan to address this issue rigorously.
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2.5 Relation between TMDs and Collinear Parton Correlation Functions

Metz (coordinator), Kang, Pitonyak, Qiu, Rogers, Sterman, Yuan
It is very important to explore in detail the relation between TMDs on the one hand and

observables that can be expressed in terms of collinear parton correlation functions on the other.
First, such studies are critical for obtaining a smooth description of the transverse momentum
dependence of cross sections. Second, they allow one to relate TMD observables to other observables
such as transverse single spin asymmetries (SSAs) for single inclusive particle production in hadronic
collisions. In general, the relation between TMDs and collinear parton correlators is a field where a
close collaboration between theory and phenomenology is critical in order to make any significant
progress.

With regard to the transverse momentum dependence of observables, we will thor-
oughly investigate the unpolarized cross sections of SIDIS, the Drell-Yan process, and
e+e− annihilation into two hadrons. The TMD factorization expressions for those processes
that involve intrinsic transverse momentum kT rely on having kT � Q, with Q denoting the large
scale of the process. When kT → Q, extra terms are needed (the so-called Y -terms discussed above)
to account for the behavior for large transverse momenta [4]. The Y -terms are calculable using fac-
torization theorems that involve collinear parton correlation functions. Further developments are
necessary in order to get a smooth matching between the region where TMD functions dominate to
the region where Y -terms are needed. While for the Drell-Yan process a satisfactory description of
the transverse momentum dependence of the cross section has already been obtained [52, 33, 53], it
was realized recently that for SIDIS such a smooth matching can not easily be accomplished [38, 51].
Presently, it is unclear how this very important issue can be resolved. However, one may expect
that higher order corrections play a significant role for SIDIS. Therefore, we plan to
evaluate such higher order terms for both the TMD factorization formulas and the
Y -term. If they do indeed improve the situation for SIDIS one has to understand why, from a
phenomenological point of view, they are less important for the Drell-Yan process. It should also
be stressed that a solid understanding of the transverse momentum dependence of the unpolarized
cross section for SIDIS is absolutely mandatory in view of planned experiments at an EIC, where
this observable can be measured to large transverse momenta with unprecedented accuracy. For
e+e− annihilation, the transverse momentum dependence is basically unexplored, and thus our
efforts in that regard would be truly pioneering.

The Y -terms will also be important for clarifying difficult issues in the calculation of spin-
dependent observables like transverse SSAs which have quite different large transverse momentum
behavior from unpolarized observables. So far, simplified pictures of the large transverse momentum
dependent behavior have been applied to the calculation of transverse SSAs, and the collaborative
effort would pool the expertise needed to combine treatments of large and small transverse momen-
tum. At large transverse momentum the SSA associated with the Sivers effect [54, 55] is twist-3
(see for instance Ref. [56]). The general qualitative behavior of the transverse momentum distribu-
tion is thus expected to be quite different from that of unpolarized distributions, and its treatment
lies outside the scope of standard leading twist treatments of the Y -term. Therefore, expertise in
both higher twist factorization methods and leading twist TMD methods will ultimately need to
be combined to form a more firmly grounded treatment of observables like transverse SSAs over
the the full range of transverse momentum.

Transverse SSAs are also relevant in processes like p↑p → hX (see for instance [57, 58, 59, 60]
for data from RHIC for pion production), as well as the (quantitative) relation of those observables
to the Sivers asymmetry [54, 55] and the Collins asymmetry [61] measured in SIDIS and in e+e−

annihilation. The field of transverse SSAs in hadronic collisions began some 40 years ago with the
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observation of the large transverse polarization (up to about 30%) of Λ-hyperons in the process
pBe→ Λ↑X at FermiLab [62]. It was noticed early on that the näıve collinear parton model cannot
generate such large effects [63]. Soon afterwards it was pointed out that those SSAs in hadronic
collisions are genuine twist-3 observables for which, in particular, collinear 3-parton correlations
have to be taken into account in order to have a proper description within QCD [64, 65]. Later on
this formalism was worked out in more detail and also successfully applied to p↑p→ hX [66, 67, 68,
69, 70, 71, 72, 73, 74]. The twist-3 approach to such SSAs contains a number of contributions. One
of them, which for a long time was generally believed to be the most important term, is described by
the Qiu-Sterman function TF [66, 67] which parameterizes a particular (twist-3) quark-gluon-quark
correlator for a transversely polarized nucleon. A second contribution, the twist-3 effect associated
with the unpolarized nucleon, was shown to be small [75]. Only recently a complete result was
obtained for the last term, the twist-3 fragmentation contribution [76] (see also [77] for an earlier
study).

The Qiu-Sterman function has a model-independent relation to a particular transverse momen-
tum moment of the Sivers function f⊥1T [78]. This relation can be used in order to compute the SSA
in p↑p → πX based on data for the Sivers effect in SIDIS. The surprising result of such a study
was that the resulting SSA in hadronic collisions has a sign opposite to the data [79], which is now
known as the ”sign-mismatch” puzzle. Moreover, the magnitude of the calculated asymmetry is
way too small. Later work suggests that the twist-3 Sivers effect as described by TF indeed cannot
be the main source of the SSAs in p↑p→ πX [80]. Rather, the twist-3 fragmentation contribution
could play a very critical role for those observables [81]. We plan to further investigate this in
detail. One important missing element in the existing studies is that the aforementioned transverse
momentum moment of f⊥1T can only be obtained from the existing data in SIDIS after making sim-
plifying assumptions. A more rigorous treatment would, in particular, take into account the proper
TMD evolution of the Sivers function [35, 17, 18, 46, 37], which gives rise to a more complicated
relation between f⊥1T and TF . We plan to carefully investigate this very crucial point and
study its phenomenological implications. Ultimately, this will enable us to include the
SSAs in the global analysis of TMDs discussed in Section 2.4.

2.6 New Physical Observables Sensitive to TMDs

Gamberg (coordinator), Engelhardt, Kang, Mehen, Metz, Prokudin, Schweitzer, Stew-
art, Rogers

A reliable QCD global analysis of TMDs will require multiple physical observables that are
sensitive to the same TMDs. While the classic observables for studying TMDs are semi-inclusive
DIS, the Drell-Yan process, and electron-positron annihilation into two hadrons, a major goal of the
TMD Collaboration is to explore to what extent other observables can be used in order to extract
information about TMDs. In this regard, we will consider processes in pp-collisions (accessible for
instance at RHIC [82] and LHC). Additionally, while there is preliminary work performed for quark
TMDs, gluon TMDs [24] have only recently been studied [83] and their exploration will require new
suitable processes. In this respect, an Electron-Ion Collider will be critically needed to develop a
consistent QCD global analysis of both quark and gluon TMDs [2, 84].

2.6.1 Gluon TMDs and Higgs Production

Higgs production has been regarded as one of the most important and clean processes to study gluon
TMDs [85]. Recently di-photon production in pp collisions [83, 86, 87] has been proposed to further
explore the spin-dependent gluon distribution, such as linearly polarized gluons and the gluon
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Sivers function. Nevertheless, more dedicated work is needed to find out precisely under which
conditions one does have TMD factorization for di-photon production. One can systematically
study polarization observables in order to see how (gluon) TMDs can be addressed in detail. In
order to get a first numerical estimate of various spin observables one can use positivity bounds for
gluon TMDs [88], and ideally we can also obtain information on those TMDs via LQCD. Other
observables for addressing gluon TMDs are the production of di-jets, hadron plus jet, hadron pairs,
and open charm in deep-inelastic lepton nucleon collisions. While first exploratory works exist on
those processes, no systematic study is available and we plan to develop the necessary background
as this is also extremely important for studies at an EIC.

From a theoretical point of view it is very important to carefully study the role played by soft
gluon emissions in all those processes. In general, it can be expected that this is quite different
from processes like semi-inclusive DIS. Therefore, one has to quantify the “corrections” that may
be needed if one wants to connect different reactions sensitive to TMDs.

2.6.2 Gluon TMD from Υ Production

There is a treasure trove of data available from the Tevatron and LHC colliders that can be used
to measure the gluon TMD PDF to high precision. The measurements in question are those of
Υ(nS) production at low to moderate transverse momentum, pT (less than 6 or 7 GeV). At the
Tevatron, the CDF collaboration collected data [89] on Υ(1S), Υ(2S), and Υ(3S) production in
pp̄ collisions ranging down to almost zero pT with uncertainties on the order of 20%. At the LHC,
the ATLAS [90], CMS [91], and LHCb [92] collaborations have collected data on the same states
produced in pp collisions down to zero pT with percent level uncertainties. A proper analysis of the
low pT region of Υ(nS) production has the potential of providing us with a precision extraction
of the gluon TMD, and could shed light on the long standing polarization puzzle of quarkonia
production.

The low transverse momentum distribution of Υ production in hadronic collisions was first
investigated in Ref. [93], and was recently studied in Ref. [94] in the context of Non-relativistic QCD
(NRQCD). In addition, Ref. [93] addressed the connection of the low pT region to the moderate
pT region. Known EFT tools based on SCET and NRQCD can be used to carry out a systematic
analysis of Υ production in hadronic collisions at small to moderate pT to much higher accuracy,
allowing for a precision extraction of the gluon TMD PDF. At lower pT , the dominant contribution
to the cross section comes from configurations where the bb̄ which forms the Υ(nS) is produced in
a color-octet 1S0 state [95, 96]. As a consequence, at non-perturbative values of pT the production
cross section will be a convolution of the gluon TMD PDF and a TMD fragmentation function
describing the hadronization of the bb̄ pair into the Υ, and the challenge will be to disentangle
these two contributions. One possible approach is to utilize input from lattice QCD to constrain
the TMD functions, in particular the TMD fragmentation function.

The analysis of quarkonium production using TMD PDFs could also shed light on the long
standing polarization puzzle of quarkonia production (see Ref. [97] for extensive details). Most
of the world’s data on quarkonia production in a wide variety of experiments (e+e−, e−p, pp, pp̄
γγ, etc.) is reasonably well described by NLO NRQCD with both color-singlet and color-octet
mechanisms. These calculations use collinear factorization with conventional PDFs for processes
with initial state hadrons. However, the NRQCD long-distance matrix elements (LDME) extracted
from these global fits predict that J/ψ and Υ should be produced with transverse polarization at
large pT in hadron colliders. It is therefore a puzzle that at both the Tevatron and the LHC no
polarization is observed at high pT . We plan an analysis of data on quarkonia production
at low to moderate pT with NRQCD factorization and TMD PDFs which we expect
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will lead to a more consistent extraction of LDMEs at both moderate and high pT .

2.6.3 TMD Observables in pp Scattering and Factorization Breaking

pp collisions have provided a rich source of data to study transverse momentum and transverse spin
effects. In fact, they provided the first indication for the necessity to move beyond a collinear picture
of QCD to describe nucleon structure. However, while potentially providing essential experimental
data to study the 3D structure of the nucleon, advances in QCD theory indicate that factorization
breaking [98, 26] in certain processes precludes a simple definition of nucleon structure from these
processes both with respect to defining TMDs as well as their universality properties. Though
challenging, such processes provide unique opportunities to quantify factorization breaking as well
as study the rich QCD phase structure of the nucleon [99, 100, 101, 78, 102, 103, 70, 104, 105, 106,
79].

Two scale processes with Ph⊥ � Q may be amenable to study in terms of TMDs and may also
allow us to quantify factorization breaking. Prominent examples of such a process are the transverse
momentum distribution of hadrons inside jets [107, 108, 109], as well as di-jet imbalance [110, 105,
98, 111] and photon-jet correlations [112] in pp collisions. Experimentally, an attempt to access
the Sivers effect in di-jet imbalance was studied at RHIC [113] yielding a trivial result. Data has
also recently been obtained on pions inside a jet at RHIC [114, 115, 82]. However, given the
known problems with TMD factorization for processes like the production of two back-to-back
hadrons in pp collisions [98, 26], it becomes urgent to develop a generalized framework such that
TMD factorization breaking can be clearly quantified in theory and carefully investigated through
a detailed comparison with the experimental data.

2.6.4 TMD Evolution: Studies in Coordinate bT -Space

Recently, a new technique to study the the scale dependence of TMD observables was proposed
in [116] using the concept of weighted asymmetries. The approach relies on a model-independent de-
convolution of structure functions in terms of Fourier transforms of TMDs from observed azimuthal
moments in semi-inclusive processes with polarized and unpolarized targets. The individual struc-
ture functions in the cross section can be projected out by means of a generalized set of weights
involving Bessel functions. Advantages of employing these Bessel weights are that they employ the
language of TMD factorization [117, 16, 7] in Fourier bT -space, and that they suppress divergent
contributions from high transverse momentum. Preliminary studies show that Bessel weighted
asymmetries are in many cases less sensitive to the effects of soft gluon effects and universal non-
perturbative scale dependence [19, 40].

A first phenomenological study of Bessel weighting was recently published in [118]. There
the Bessel weighting procedure was used to reconstruct the double longitudinal spin asymmetry
ALL in SIDIS and the Fourier transforms of helicity g1L, and unpolarized f1 TMDs from a Monte
Carlo event generator. We propose to study the scale dependence of the Sivers and
Collins asymmetries and the analyzing powers of various spin sensitive TMDs. These
latter observables are directly related to recent non-perturbative QCD studies of TMDs on the
lattice [42, 119] (see Section 2.8). Here an opportunity to study both process dependence and scale
dependence of transverse polarization phenomena with the lattice as a laboratory presents a unique
opportunity to explore the bT -space scaling behavior of TMDs. Such bT -space studies of the scale
dependence of TMD observables will benefit from the global analysis of TMDs and further studies
of TMD factorization (see Sections 2.2-2.4).
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2.7 QCD Factorization for Lattice Calculations of PDFs and TMDs

Qiu (coordinator), Detmold, Fleming, Ji, Mehen, Orginos, Stewart
PDFs and TMDs of a fast moving hadron are nonperturbative, and are defined to absorb all

perturbative partonic collinear divergences into non-perturbative distribution functions, and not
directly calculable in lattice QCD since their operator definitions are sensitive to the difference
between the Minkowski and Euclidian time. Recently, Ji [120] introduced a set of quasi-PDFs, de-
fined in terms of hadronic matrix elements of equal time correlators, calculable in lattice QCD [121],
and suggested that the quasi-PDFs become the normal PDFs when the hadron momentum Pz is
boosted to the infinity. However, the hadron momentum in lattice QCD calculation is effectively
bounded by the lattice spacing, and the Pz → ∞ limit is hard to achieve. Many efforts have
been devoted to explore and estimate the corrections due to the finite value of Pz, including the
large-momentum effective field theory approach [122] and model calculations [123]. The connection
between the PDFs and quasi-PDFs is further complicated by the fact that the operator defining the
quasi-PDFs are power ultra-violet (UV) divergent, while the operators defining the normal PDFs
have only logarithmic UV divergence.

Recently, it was demonstrated that the quasi-PDFs and the usual longitudinal PDFs, one
defined in Euclidian and the other in Minkowski space, respectively, share the same perturbative
and logarithmic collinear divergences to all orders in perturbation theory [124, 125]. That is, quasi-
PDFs could be perturbatively factorized and matched onto the normal PDFs, provided the power
UV divergence of quasi-PDFs could be perturbatively renormalized [125]. In principle, if we can
calculate the quasi-PDFs on the lattice, we can extract the normal PDFs using the perturbatively
calculated matching coefficients. This approach can in principle be applied more generally, for
example, in the context of determining TMDs, generalized parton distributions (GPDs) [120], and
other light-cone dominated matrix elements. Here, the matching procedure needs to be explored
both theoretically and practically to see if additional complications arise and can be addressed.
We intend to carry out these investigations and will refer to this general framework as the quasi-
distribution approach.

2.7.1 Quasi-Distributions

With the currently available computing resources, quasi-PDF based lattice QCD calculations of
PDFs are relevant to the hadron’s parton structure at large momentum fraction x, and are com-
plementary to those extracted from fitting high energy scattering data. This approach requires
knowledge and expertise of numerical lattice QCD, effective field theory and QCD factorization, as
well as techniques in perturbation theory. Such ab initio calculations of hadron structure can be
combined with phenomenological information about small-x PDFs and could provide an excellent
testing ground for hadronic model calculations. Importantly, quasi-PDF based lattice QCD cal-
culations of parton structure can be applied not only to the proton, but also to hadrons that are
hard to access experimentally such as the neutron, pion and kaon, and eventually, to light nuclei.
There is still considerable room to develop the connection between PDFs and quasi-PDFs defined
by hadronic matrix elements of an off light-cone correlator. We plan to explore such connection in
the following areas theoretically as well as phenomenologically:

• UV renormalization of quasi-PDFs. Perturbatively, all logarithmic UV divergences of the
operators defining the PDFs can be systematically renormalized, and the renormalization
flexibility leads to the scheme dependence of the PDFs. Any valid perturbative matching
between the quasi-PDFs and PDFs requires that the quasi-PDFs are perturbatively UV finite
[125]. We will carefully investigate whether all UV divergences, logarithmic as well
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as power-like, of the operators defining the quasi-PDFs could be systematically
and perturbatively renormalized.

• Large Pz effective field theory approach. As Pz → ∞, the parton physics described by the
quasi-PDFs is mostly related to the dynamics near the light-cone, which are well represented
by the PDFs. That is, it is natural to explore the expansion of quasi-PDFs as a power series
of 1/Pz, and to introduce an effective field theory approach [122]. We will further explore
the consistency of operator expansions of the effective field approach, and to
quantify the connection between the quasi-PDFs and PDFs as power corrections
in 1/Pz.

• QCD collinear factorization approach. With a sufficiently large factorization scale, µ ∼ a
few GeV, quasi-PDFs are probed/calculated with a large momentum transfer, and can be
systematically expanded in terms of a power series of 1/µ, and the leading power term can
be collinearly factorized into a convolution of PDFs with perturbatively calculable coefficient
functions [124, 125]. The corrections in power of 1/µ can be expressed and quantified in
terms of matrix elements of high twist multi-parton correlators. In order to extract PDFs
from lattice calculation of quasi-PDFs with this collinear factorization approach, we need to
calculate the coefficient functions perturbatively by evaluating the quasi-PDFs in lattice QCD
perturbation theory and PDFs in perturbative QCD, and go beyond the leading order [125],
so that we can match the accuracy of PDFs at lower x extracted from high energy scattering
data. SCET could be another valuable approach to explore factorization for quasi-PDFs. We
plan to explore this new avenue and develop associated connections.

• Phenomenological application. Although the current resources of computing power limits us
to calculate only the large x region of quasi-PDFs, it is already sufficient for us to explore and
address many very interesting questions and puzzles. We plan to explore various ratios
of PDFs, such as d(x)/u(x) as x → 1, by evaluating corresponding quasi-PDFs
in lattice QCD simulations and perturbative matching coefficient functions; and
PDFs of pion or other hadrons that are hard to access experimentally.

• Beyond quasi-PDFs. The idea to use quasi-PDFs, calculable in lattice QCD, to extract PDFs
can in principle be applied more generally, for example, in the context of determining TMDs
and GPDs [120], and even generalized TMDs (GTMDs), providing a promising approach to
explore the parton structure of hadrons. We plan to expand the early lattice exploration of
TMDs and the sign change of Sivers and Boer-Mulders functions further to explore the 3D
parton structure of hadron and QCD dynamics [42].

• Model calculations. PDFs at large momentum fraction x are very sensitive to the binding
and detail dynamics of hadrons. Model calculations of quasi-PDFs, in particular, its Pz de-
pendence, could help us to understand better the connection and the approximation between
the PDFs and quasi-PDFs [123] and will be pursued.

2.7.2 Quasi-distributions for other observables

In collider physics, using SCET or other methods, there are additional nonlocal light-cone operators
whose matrix elements provide important physical information. It is interesting to consider whether
the quasi-distribution approach can be applied to these quantities and we aim to investigate this
both from the perturbative and lattice QCD directions with emphasis on the following examples.
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The heavy quark PDF in a heavy-light meson in the static limit (HQET) is known as the
shape function, defined through the matrix elements 〈B|b̄v(x−)Yn[x−, 0]bv(0)|B〉, where v2 = 1
and n2 = 0. Here the dynamics can be written entirely in terms of Wilson lines, two time-like Yv
corresponding to the bv fields, and one light-like, Yn. This is a close analogue of the quasi-PDFs
discussed above, where the struck quark is replaced by a Wilson line. These distributions play an
important role in describing B → Xsγ and B → Xu`ν [126, 127, 15, 128, 129].

The light-cone distribution functions involve the same operators as studied in the PDFs in
hadron to vacuum matrix elements, for example 〈π|q̄(x−)Yn[x−, 0]q(0)|0〉. These matrix elements
are relevant for both light mesons, light baryons and heavy hadrons in hard, exclusive interactions
amenable to factorization.

Situations with more complicated matrix elements such as fragmentation functions are also
worth pursuing through similar quasi-distribution methods. Again, light-like Wilson lines play an
important role in the definition of these quantities and can potentially be Euclideanized. They
involve an operator q̄(x−)Yn[x−,∞] producing a hadronic state accompanying radiation and enter
into many phenomenological observables discussed above. Another class of important quantities are
soft functions that appear in jet production. These are defined as matrix elements with a light-like
Wilson lines associated with each jet and and a suitable final state measurement expressed in terms
of the energy-momentum tensor [130, 131, 132, 133, 134]. These soft functions describe the leading
order hadronization of various jet observables such as event shapes [135, 136, 137].

2.8 New Nonperturbative QCD Approaches for Lattice Calculations of PDFs
and TMDs

Detmold (coordinator), Engelhardt, Liu, Negele, Orginos
Traditionally, a mainstay of the non-perturbative lattice QCD study of the partonic structure

of the proton has been the calculation of the local matrix elements corresponding to the Bjorken-x
moments of quark PDFs and GPDs [138, 139, 140]. In principle, calculation of a large number
of moments would provide equivalent information to the x-dependence of the PDFs and GPDs.
However, the reduced symmetries of the lattice regulator used at intermediate stages of the calcu-
lations mean that determinations of more than a few moments become significantly more difficult.
In recent years, a number of approaches to extracting more higher moments, or determining the
x-dependence directly have been proposed [141, 142, 143, 120, 122, 125, 144] and in some cases
preliminary numerical investigations have been performed [121, 145].

Each of these methods have various potential advantages and disadvantages and we propose
to perform a comprehensive investigation of the available methods and attempt to evaluate their
efficacy. We will aim to provide numerical implementations of a number of the above approaches
in a common set of calculations, thereby enabling a direct comparison. A comparative study has
many advantages; for example, calculations of the x-dependence of PDFs can be cross checked by
calculations of moments, and by performing calculations in a coherent manner, cost savings can
be identified. We plan to implement the approaches of Refs. [141, 142, 143] as well
as to modify our ongoing lattice calculations of TMDs [42, 146] discussed in Section
2.6 above to access the correlators needed in the method of Ref. [120]. A common
component to all of these methods is the necessity of resolving physics at a relatively high scale
with fidelity. In the approaches of Refs. [142, 143], particular emphasis is placed on having a
perturbative scale significantly below the lattice cutoff, while in Ref. [120], a large momentum
proton state is required. Additionally, in Ref. [141], a very careful approach to the continuum
limit is required, thereby avoiding the problem of renormalization. The approach also requires
taking an inverse Laplace transform in time [141] for which recent improvement of the maximum
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entropy method [147] may be important. Technically, these requirements present a challenge to
current lattice QCD methods; small lattice spacings are numerically very expensive and large
momentum typically results in statistically poor signals. There are a number of possible approaches
to addressing these problems that we envisage. We will consider the use of anisotropic lattices which
have a finer discretization scale in one direction and therefore allow a large momentum in that
direction. However, the anisotropy breaks the hypercubic symmetry at finite lattice-spacing to a
cubic subgroup and the corresponding operator renormalizations must be treated carefully. We will
also attempt to construct large-momentum sources for the nucleon interpolating operators using
the variational approach of building a basis of interpolators that is then diagonalized to produce
optimized source structures for the given momentum. In the same context, we will investigate
recently introduced noise-reduction techniques [148] that potentially reduce statistical fluctuations
in lattice QCD correlation functions. An alternative approach to large momentum [149] makes use
of the step-scaling method [150] in which progressively finer lattice spacing calculations are matched
on to coarser ones keeping a particular quantity fixed as the scale is stepped. This method can be
repeated, leading to an exponential improvement in the ability to resolve large scales. It is likely
that some of these methods will not be particularly efficient or informative. Having discovered this,
we will reassess out strategy and prepare for large scale calculations using the successful methods.

In all of these approaches, there is critical need for input from other areas of our collaboration
with relevant expertise in perturbative QCD and phenomenology. For example, in the approach of
[142], the Wilson coefficients associated with charged current deep-inelastic scattering are required
but for currents that are specific to the observables. In the approach of Ref. [120], there are
perturbative calculations related to the matching that need to be performed with lattice regulators
and will depend on the details of the lattice implementation (actions, exact paths,...); explicit
calculations for these are proposed in the previous Section. In determining the x-dependence
of PDFs and comparing with calculations of moments, it will be important to get input from
phenomenologists in order to continue the region in which x-dependence is extracted to the entire
integration region; understanding the expected small (and large) x behavior will be critical.

We also aim to continue our ongoing lattice calculations of TMDs [42, 146]. A
significant complication in the treatment of nonlocal operators containing a QCD gauge connection
between quark operators separated by a transverse distance b lies in the divergences associated
with the gauge connection. Generically, these divergences necessitate cancellation by soft factors
depending on b; as a consequence, Fourier transformations with respect to b to extract quark
momentum components need to take the soft factors into account. In this respect, the case of
TMDs in somewhat more flexible than the case of ordinary PDFs or GPDs. Owing to the staple-link
structure of the gauge connection for TMDs, soft factors depend only on the transverse components
bT , but not on the longitudinal component b ·P which is Fourier conjugate to the longitudinal quark
momentum fraction x. As a consequence, the x-dependence of TMDs can be accessed without
explicit construction of the soft factors. In the chiral quark soliton model, it has been suggested
that antiquarks have a much broader transverse momentum distribution than quarks [41, 151].
Accessing the x-dependence of TMDs will enable us to test this prediction from first principles.

2.9 TMDs and Parton Orbital Angular Momentum

Negele (coordinator), Burkardt, Engelhardt, Liu, Liuti, Metz, Richards
Recent theoretical developments have provided important insight into decomposition of the

nucleon spin into its quark and gluon contributions and further separation of these into spin and
orbital components. (see [152] for a timely review). We will study decompositions by Ji [153] and
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by Jaffe and Manohar (JM) [154]

1

2
= Sq + LJi

q + JJi
g ,

1

2
= Sq + LJM

q + SJM
g + LJM

g (5)

keeping in mind that gauge-invariant quantities generally include quark and gluon fields. It should
be emphasized that the only term common to both decompositions is the quark spin contribution
Sq and as discussed below, LJi

q 6= LJM
q , where both definitions of quark orbital angular momentum

(OAM) have distinct physical meanings. As described below, we propose to calculate Sq,
LJi
q , JJi

g , LJM
q , and SJM

g using lattice QCD. We also plan to investigate terms in these sum
rules by exploiting the recently discovered relation to transverse parton motion [155, 156].

Studying the nucleon gluon structure on the lattice is a challenge since gluon signals are noisier
than those of quarks. We propose to calculate the gluon momentum, angular momentum JJi

g and

spin SJM
g with 2+1 flavor dynamical fermions approaching the physical pion mass and continuum

limit as far as possible. The gluon momentum and JJi
g can be calculated from the energy mo-

mentum tensor as for quarks. However, the lattice discretization is intrinsically noisy, making it
essential to utilize improved operators [157], the overlap Dirac operator [158] or other noise reduc-
tion techniques. Momentum and angular momentum sum rules can be used for non-perturbative
renormalization of the gluon and quark operators and the quark and gluon mixing can be calculated
perturbatively and matched to the MS scheme at a specified scale as in Ref. [158].

Making contact with the parton picture, the JM spin decomposition Eq. (5, right) is derived
in the light-cone gauge, A+ = 0, with the nucleon in the infinite momentum frame [154], where
the gluon helicity distribution is defined through light-cone correlation functions [159]. Whereas
this definition of the gluon spin is suitable for hard scattering processes, it is not directly accessible
on a Euclidean lattice, which does not accommodate light-cone gauge. However, a gauge invariant
decomposition of gluon angular momentum into spin and orbital angular momentum has been
proposed [160] in a non-Abelian Coulomb gauge, where the spin operator Sg =

∫
d3xTr( ~E ×

~Aphys) is gauge invariant, frame-dependent, and can be calculated on a Euclidean lattice. It has
recently been shown [161] that boosting the nucleon to the infinite momentum frame, the nucleon
matrix element of this operator reproduces that of the integrated helicity distribution defined
with the light-cone correlator, which is the gluon helicity ∆G = SJM

g . An exploratory lattice
calculation of Sg in the non-Abelian Coulomb gauge has been carried out [162], which has large
statistical errors and nucleon momentum limited to ∼ 1 GeV. We propose to undertake more
realistic calculations, improving the gluon spin operator with smearing and using a fine lattice
spacing to accommodate large momentum states in order to address the challenges of controlling
the large statistical fluctuations and the infinite momentum extrapolation. These calculations will
be particularly important qiven the experimental effort devoted to studying the gluon distribution
function using deep inelastic scattering and the Drell-Yan process and studying the gluon helicity
by the STAR, PHENIX and COMPASS experiments for which a recent analysis [163] has shown
evidence of a non-zero gluon helicity in the proton.

Another focus of the present proposal is quark orbital angular momentum (OAM). As shown in
[156], both LJi

q and LJM
q can be given in terms of gauge-invariant transverse momentum-dependent

operators [164]. Their difference can be interpreted in terms of the integrated torque experienced by
a quark as it is being ejected from the nucleon in a deeply inelastic scattering process [165], which
is included in LJM

q and not in LJi
q . These features are exhibited particularly clearly in a formulation

in terms of generalized transverse momentum-dependent parton distributions (GTMDs), given by
matrix elements of the form

Φ̃[Γ](b, P ′, P, S, . . .) ≡ 1

2
〈P ′, S| q̄(0) Γ U [0, . . . , b] q(b) |P, S〉 . (6)
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Here, the generalization compared to standard TMDs is considering nonzero momentum transfer
P ′ − P . Fourier transformation with respect to the momentum transfer yields impact parame-
ter information, i.e., information about the separation ~r of the quark from the nucleon center of
momentum. As in standard TDMs, Fourier transformation with respect to the quark operator
separation b in (6) yields information about quark momentum ~p. This combination of information
allows one to form ~r × ~p and thereby obtain direct information about quark OAM in the nucleon.

Understanding of the roles of the two definitions of quark OAM has initiated a fruitful interac-
tion between phenomenology, theory and lattice QCD which we intend to pursue. To stimulate
future experimental efforts to access quark OAM directly, we intend to develop the
description of physical processes that permit simultaneous access to a hadron momen-
tum transfer and the transverse momentum of the hadronized ejected quark inherent
in the matrix element (6). In addition, we propose to undertake lattice QCD calculations of (6)
both to calculate LJi

q and LJM
q and with a view towards informing future experimental efforts as to

the expected sign and size of OAM effects and the behavior of this matrix element. LJi
q obtained in

this way, can be compared to the standard determination as the difference between the total quark
angular momentum specified by GPDs and the quark spin. This can serve to validate the method,
in which case the calculation of LJM

q would constitute the first determination of this quantity from

first principles, using lattice QCD. We also plan to carry out complementary calculations of LJM
q

via the canonical energy-momentum tensor, which will provide a cross-check of the treatment of
renormalization.

A further avenue of accessing LJi
q that has recently begun to attract attention is via the twist-3

sector, in which LJi
q can be given directly [166, 167, 168] through the GPD G2, as opposed to the

standard method using GPDs mentioned above. In this case, first experimental observables were
suggested from which G2 can be extracted [169, 170, 171], whereas further theoretical development
is necessary before a corresponding lattice QCD calculation can be carried out. Given that quark
OAM can be obtained both from a GTMD, as discussed above, and a GPD, G2, it would be
useful to understand the relation between these descriptions in more detail. One possible avenue
is to consider the form of this relation before integration over transverse momentum where G2 also
originates from GTMDs. This will benefit from TMD studies in other parts of this proposal, which
can help understand issues like divergence structures at the GTMD level. Once renormalization is
understood, we intend to calculate LJi

q via G2. This will complement experimental determinations
and further enhance phenomenological understanding of quark OAM.

2.10 TMDs at Small-x and in Nuclei

Venugopalan (coordinator), Detmold, Fleming, Qiu, Stewart, Yuan
There are compelling theoretical arguments and strong experimental hints that suggest that

the gluon distribution saturates at small Bjorken-x [172, 173, 174, 175, 1]. Gluon saturation at
small-x is an emergent phenomenon that significantly modifies the landscape of parton distributions
inside a nucleon or nucleus. In this region of high parton densities in QCD, the effective degrees of
freedom and their dynamics will be different when compared to that in the dilute region. In the
small x Regge limit of QCD, the dynamical evolution of parton distributions is described by the
BFKL equation, and when parton densities become large, by its nonlinear extension, the Balitsky-
JIMWLK hierarchy of equations. A central question in high energy QCD is to identify the boundary
between the dilute and dense regions, and how the dynamics of quarks and gluons changes through
this transition.

In recent years, there have been important developments that have brought to the fore, the
connections between the TMD formalism and the small-x Color Glass Condensate (CGC) formalism
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in various contexts [176, 177, 178]. In particular, it was realized that the TMD-like hard processes,
which involve a hard scale Q in addition to the transverse momenta of the observables, offer unique
possibilities to probe the saturation regime. The most important feature is that, in this kinematics,
one can access unintegrated gluon distributions, which are important ingredients in the saturation
framework and are sensitive to multi-parton interactions. Several processes have been proposed
in the literature, including semi-inclusive DIS [176], low pT Drell-Yan [179], and back-to-back di-
hadron correlations in forward pA processes [180]. Recently, considerable progress has been made
that in computing Sudakov double logarithms that can be resummed consistently in the small-x
formalism [181]. These computations provide a solid theoretical foundation for further rigorous
investigations that probe the dynamics of the saturation regime with hard processes. We will also
attempt to exploit recent SCET formalism for small-x physics.

In the CGC framework, two different unintegrated gluon distributions (UGDs) are widely used
in the literature. The first such distribution, the Weizsäcker-Williams (WW) gluon distribution, is
calculated from the correlator of two classical gluon fields of relativistic hadrons [174, 182], and has
a clear physical interpretation as the number density of gluons inside the hadron in light-cone gauge.
The second gluon distribution, defined as the Fourier transform of the color dipole cross section,
does not have a clear parton interpretation but can be directly related to observables. These two
gluon distributions form the fundamental building blocks of all the TMD gluon distributions at
small x. It has been realized that the WW gluon distribution could be directly accessed in the
dijet production process in DIS while the photon-jet correlations measurement in pA collisions can
access the dipole gluon distribution directly. In addition, other more complicated dijet production
processes in pA collisions will involve both of these gluon distributions through a convolution in
transverse momentum space. Related phenomena have also been intensively investigated in the
TMD factorization framework [183, 98, 104, 26], where the associated parton distributions are
found to be non-universal. Detailed analyses have shown that these results in the TMD formalism
can be related to the small-x calculations for dijet production [180]. In addition, the azimuthal
correlated (linearly polarized) TMD gluon distribution has played an important role in describing
cross sections in hard processes at small-x [178].

We plan to extend the theoretical and phenomenological investigations of the two
frameworks outlined at small x, with the aim of obtaining a unified picture of parton
distributions in the high parton density regime. A number of challenging issues will be
investigated in detail:

1. Small-x evolution of the TMD gluon distributions [184]. The theoretical framework exists to
solve the small-x evolution equations for the dipole and WW gluon distributions. We plan
to develop an efficient program to numerically solve these equations and gain insight into
the TMD gluon distributions at different x. The combination of theory developments and
phenomenological applications to the experimental data will help clarify the role of parton
dynamics relative to those of “dipoles” and “quadrupole” effective degrees of freedom in the
high parton density regime.

2. Systematic study of gluon distributions at small-x at a quantitative level. There has been
tremendous progress in small-x phenomenology in last decade. We plan to continue these
studies, but focus on the relevant TMD gluon distributions. We will investigate the role
played by the polarization of the gluon or the target nucleon in the small-x gluon TMDs. It
has been shown that WW distribution of linearly polarized gluons is suppressed as compared
to the dipole gluon distribution [178]. Similarly, the target polarization may also affect the
gluon distribution, such as the gluon Sivers function at small-x [185]. There is much to explore
along these directions, in particular, in light of future experiments at an Electron-Ion Collider
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(EIC).

3. Further exploration of probes the TMD quark/gluon distributions in the small-x region. With
EIC on the horizon, we plan to address critical questions concerning direct probes for the TMD
gluon distributions at small-x. In particular, we will address the universality of distributions
in the CGC formalism, as well as the matching of computations in the small x formalism
to those in the TMD formalism at large transverse momenta. A specific example, where
such matching studies has led to significant phenomenological progress is in Quarkonium
production at collider energies [186] as discussed in Section 2.6.

2.11 TMD Collaboration Workshops, Summer Schools and Handbook

2.11.1 Collaboration Meetings

One of the central advantages of our proposal is that it brings together three communities interested
in TMDs and hadron structure from the formal, phenomenological and computational perspective
in order to collaborate on common goals. In order to achieve this, it is critical to have face-to-face
meetings so we propose to organize and run annual collaboration meetings that cover the full scope
of the physics in our proposal. The collaboration meetings will be held at a different participating
institution each year and will involve most of the senior investigators, project participants and
their collaborators as well as others in the experimental and phenomenological communities. The
first meeting will be at Brookhaven National Lab with subsequent years to be determined. We
anticipate that the meetings will take place over three days, allowing for ample time for presentation
of the work of various subgroups and combined discussions. The meeting will be open and we will
invite key speakers from outside our collaboration to participate. Experimental colleagues will be
particularly encouraged to contribute as we aim to make our work broadly known and of direct
relevance to the experimental nuclear physics program.

2.11.2 Collaborative Workshops and Visits

In addition to annual collaboration meetings, we anticipate having a number of smaller topical
workshops on more focused issues within the framework of our proposal. The precise topics will be
decided according to emerging physics problems as they come up in our research program. There
are a number of workshops that we already see to be important at the outset and these exemplify
the sorts of issues that we aim to address. In particular, workshops on “TMD fitting methods
and optimization”, “Large momentum states in lattice QCD”, would be natural within the first
year. Our plan is to use discussions at the annual collaboration meetings to seed the following
years’ round of topical workshops. We also envisage supporting limited short term visits of senior
investigators and researchers supported under this proposal to collaborating institutions. Such
collaborative visits are a key way to make rapid progress on topics of common interest and are a
core component of our proposal.

2.11.3 Summer Schools

A set of summer schools on TMDs and related physics is an essential part of the TMD collaboration’s
training program for the next generation of nuclear theorists. Summer schools have proven to be
an effective way to communicate the exciting new developments in nuclear and particle physics
to graduate students and postdocs. They allow the young researchers to interact with experts in
the field, engage in discussions of the latest theoretical and experimental results, and form new
collaborations.
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We will organize two summer schools during the five-year funding period. Brookhaven National
Lab will host the first summer school during the first year of the funding period to get all prospective
and interested students and young postdocs properly trained. The other school is planned for the
last year of the funding period to make sure that we will have new people to continue being
interested and working on QCD and the physics of the TMDs even after this Topical Collaboration
is completed. We target 25-30 students per school with a six and one-half days in length. The
program will consist of 3 days of lectures/recitations, plus one half day break, and continued with
another 3 days of lecture/recitations. We will invite lecturers, not limited to the collaboration
PIs and affiliates, that can deliver pedagogical introductions perturbative QCD, lattice QCD, Soft-
Collinear Effective Theory, TMD phenomenology and experimental methods and impact. We will
also have lectures dedicated to a focused discussion of advanced TMD topics that are not covered
in schools such as the National Nuclear Physics Summer School. We will actively engage with
the experimental community and invite experimental graduate students and young postdocs to the
school. We will also encourage international students (particularly those from developing countries)
to participate in the schools. A detailed budget for the school is given in the Budget Justification
of the proposal.

2.11.4 TMD Handbook

The broad scope and impact of TMDs mean that the community has a range of approaches to TMDs
and their role in various processes. The notation and terminology is rather fragmented in the TMD
literature and a significant amount of clarity could be added by constructing a TMD handbook.
This would summarize the components needed for performing calculations of a catalog of processes
in an straightforward format, and translate between the various language and terminologies that
appear in the literature. Within the TMD collaboration, we propose to produce this handbook
which would also survey the state of experimental data relevant to TMDs and introduce basic
quantities and concepts in QCD. Ideally this will serve as a comprehensive resource for students
entering the field and we expect that the material developed by the lecturers for the Summer
Schools will serve as a very good starting point for preparation of a handbook.

3 Timetable of Activities
The senior investigators will work on the projects for which their names are specified in the different
subsections of Section 2 throughout the period of the proposal. Their particular areas of focus are
specified in the preceding section. For the funded participants, our expectations for their activities
are shown in the figure below. For the bridge positions and postdocs, there will be some shifts
in this based on the actual interests of the person that is hired, but the assignments in the figure
represent the effort that we think will be committed to projects in the various subareas.

The major milestones and deliverables that we expect to achieve are as follows (the target dates
for the milestones are indicated in parentheses)

1. Perform global fit of the quark Sivers functions from the DIS processes and make predictions
for future Drell-Yan processes with the next-to-leading logarithmic TMD evolution. Several
experiments are going to measure the Sivers single spin asymmetries for Drell-Yan processes
in the coming years and it is important to have precise predictions for these experiments.
(Year 1)

2. Study scheme dependence in the TMD definitions and applications. It is crucial to understand
this scheme dependence to have a unified picture to investigate the associated phenomena.
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(Year 1)

3. Solidify the theoretical foundations of the relationship between space-like separated matrix
elements calculated using lattice QCD and the TMDs. (Year 1)

4. Extend the TMD framework to small-x in particular in the context of gluon TMDs that will
be relevant at the EIC. (Year 2)

5. Investigate factorization relevant for lattice studies of PDFs through the quasi-PDF approach
using lattice regulators in perturbative matching. (Year 2)

6. Implement improved global fitting methods and perform global analysis of existing data on
SIDIS, Drell-Yan lepton pair production and di-hadron production in e+e− in order to present
an initial TMD collaboration TMD parameterization set. (Year 2)

7. Perform lattice calculations of parton physics beyond the lowest few moments and through
analysis of the Compton tensor. (Year 3)

8. Obtain a smooth description of the transverse momentum dependence of TMD-related unpo-
larized and polarized cross sections and a simultaneous description of the Sivers asymmetry
in SIDIS and transverse SSAs for single-particle production in hadronic collisions. (Year 3)

9. Investigate ways in which the functional forms of the non-perturbative input needed for TMD
evolution can be constrained using phenomenology and lattice calculations. (Year 3)

10. Include gluon TMDs in global analysis project using data from Υ production, di-photon
production and other observables that are identified. (Year 4)

11. Investigate the theoretical uncertainties in the single spin asymmetry calculations. This
includes the model dependence in the non-perturbative inputs for the TMD evolution; scale
variations in the phenomenological calculations in the TMD factorization applications; the
uncertainties caused by truncation of the theory calculations; Y -term contributions. (Year 4)
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12. Extend the global analysis to all other leading order TMDs, such as Boer-Mulders function
h⊥1 , transverse spin dependent h⊥1T and by including higher order corrections and more data.
(Year 5)

13. Perform lattice calculations of the x-dependence of PDFs, controlling the perturbative match-
ing and sub-leading power corrections. (Year 5)

14. Perform lattice calculations of the quark and gluon spin, orbital, and total angular momen-
tum contributions Sq, L

Ji
q , JJi

g , LJM
q , SJM

g , and LJM
g appearing in the Ji and Jaffe-Manohar

decompositions of the nucleon spin (Year 5)

15. Develop the description of physical processes that permit simultaneous access to the momen-
tum transfer to a nucleon and the transverse momentum of a hadronized ejected quark to
stimulate experimental efforts to access quark OAM directly from GTMDs (Year 5)

16. Provide a quantitative understanding of TMDs at small-x. Gluon saturation is an important
topic in the future experiments at the LHC and the planed EIC. We will further investigate the
unique probes for the TMDs at small-x from the hard scattering processes in these experiments
and probe gluon saturation at small-x and/or in a large nucleus. (Year 5)

Achievement of these milestones is the responsibility of the whole collaboration, but primary lead-
ership of each milestone will be from the senior investigators listed as focusing on the related
subsection in Section 2.

4 Project Management Plan
The lead institution for the TMD Topical Collaboration is Brookhaven National Laboratory and
the lead PI is Jianwei Qiu. Qiu will be responsible for the overall management of the project and
the distribution of subawards. The TMD collaboration has elected two spokespersons: William
Detmold (MIT) Jianwei Qiu (BNL), who will represent the TMD collaboration in the broader com-
munity. Important decisions for the collaboration, including the selection of new spokesperson(s),
will be made by the collaboration Council, which includes the co-PIs and senior personnel of the
member institutions. Each individual institution and co-PI will be responsible for the training of
graduate students and postdoctoral researches, and meeting the milestones to which the institution
has committed.

The main mechanism for the TMD collaboration to conduct business will be the collaboration
meetings. We expect to have yearly meetings with an average of 30 participants (senior investi-
gators, students and postdocs, and collaborators). The collaboration meeting will take place at
member institutions (a potential schedule is BNL, Temple, NMSU/LANL, ODU, MIT). In years
when a Summer School is planned, the collaboration meeting could immediately precede or follow
the summer school. We anticipate that travel ($400), accommodation costs ($110/day) and per
diems ($38/day) will average to $844 per participant per meeting averaged over the different loca-
tions and the different distances participants need to travel. The total cost per meeting is estimated
at $25,000 + overhead.

The collaboration will be organized in working groups on 1) Factorization and TMD definition,
2) TMD global fitting and hadron structure, and 3) Lattice QCD and non-perturbative approaches
to PDFs and TMDs. Each working group will have a lead and progress will be tracked through
monthly videoconference meetings. We also envision three short and focused topical workshops,
one for each working group, for one or two days, with a total budget of $15,000 + overhead ($5,000
each in average). We also budgeted $12,000 (+ overhead) per year of travel money for the bridged
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faculty members, postdocs and students to have the collaboration visits or to present the result(s)
of the collaboration at major meetings. All travel money remain at BNL for travel reimbursement
based upon the needs of the collaboration and the recommendation of the collaboration Council.

The collaboration will organize two summer schools during the five-year funding period. The
Lead Institution of this proposal, BNL, will host the first summer school during the first year
of the funding period to get all prospective and interested students and young postdocs properly
trained. The collaboration is responsible for the physics program. The collaboration will determine
the location of the second summer school in one of its future annual collaboration meeting. We
budgeted $32,500 (+ overhead) for each summer school. The detailed budget for the school is given
in the Budget Justification.

5 Project Objectives
The rich physics involved in the structure of the nucleon provides an exciting and important chal-
lenge for contemporary nuclear theory. The broad nature of the problem of providing a complete
theoretical understanding of the transverse momentum dependence of quarks and gluons inside the
proton means that it is only through bringing together people in multiple different areas of nuclear
theory that major progress can be made. This proposal will catalyze the necessary collaboration
between the leading nuclear theory groups with expertise in perturbative QCD, lattice QCD, ef-
fective field theory and QCD phenomenology, and enable a paradigm shift in our understanding of
nucleon structure.

Pursuit of the detailed research goals that we have summarized in this proposal will enable
a fundamentally new approach to transverse hadron structure, in which quantitative control over
the theoretical constructions will lead to rapid improvements in our understanding of experimental
data. The connections that will be made will inform the experimental program and spur further
developments of new ways to probe the mysteries of the proton structure, with the eventual goal
of mapping out the detailed three-dimensional momentum-space landscape of the nucleon.

The overarching goals of the program we propose are four-fold

1. We aim to carefully scrutinize the different definitions and evolution properties of TMDs
and strengthen the theoretical foundations of the field. We will simultaneously broaden our
knowledge of the types of processes in which TMDs play a central role and attempt to devise
new ways to access them at Jefferson Lab, RHIC, LHC and other facilities around the world,
including at the proposed electron-ion collider.

2. We will produce extensive sets of global fits parameterizing the various TMD parton distri-
butions and fragmentation functions using state-of-the-art methods pioneered for collinear
parton distributions. Our fits will include next-to-leading order QCD corrections and make
use of all the available experimental data. We will provide fast software implementations of
the fitted distributions and make them broadly available to the community.

3. We will pursue non-perturbative lattice QCD calculations of TMDs and other aspects of the
partonic structure of the nucleon and also elucidate central questions about the nature of the
proton’s angular momentum distributions.

4. Through this topical collaboration, we aim to provide compelling research and career op-
portunities for young nuclear theorists – undergraduate and graduate students, postdocs,
and junior faculty. Through mentorship, Summer Schools, and other educational programs,
we will provide cutting edge training in QCD and the physics of hadron structure to these
upcoming researchers as well as to many others in the broader community.
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Appendix 1: Biographical Sketches

In this Appendix, we provide the biographical sketch for the principal investigator (PI) and every
Co-Investigators who play the key and leading roles in the technical narrative of this proposal,
organized according to the following order consistent with the alphabetical order of participating
institutions:
Brookhaven National Laboratory:

Jianwei Qiu (PI & Co-Spokesperson), Raju Venugopalan
Duke University:

Thomas Mehen
Jefferson Laboratory and Old Dominion University:

Ted Rogers
Jefferson Laboratory and Penn State Berks:

Alexei Prokudin
Lawrence Berkeley National Laboratory:

Feng Yuan
Los Alamos National Laboratory:

Christopher Lee, Ivan M. Vitev
MIT:

William Detmold (Co-Spokesperson), John Negele, Iain Stewart
New Mexico State University:

Matthias Burkardt, Michael Engelhardt
Penn State University at Berks:

Leonard Gamberg
Temple University:

Andreas Metz
University of Arizona:

Sean P. Fleming
University of Kentucky:

Keh-Fei Liu
University of Maryland:

Xiangdong Ji
University of Virginia:

Simonetta Liuti
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Jianwei Qiu

Education and Training:

• M.A. in Physics, Columbia University in the New York City, 1983

• M.Ph. in Physics, Columbia University in the New York City, 1984

• Ph.D., Columbia University in the New York City, 1987

• Postdoctoral Research Associate, Argonne National Laboratory, 1987-89

• Postdoctoral Research Associate, Institute for Theoretical Physics, Stony Brook University,
1989-91

Research and Professional Experience:

• Assistant Professor of Physics and Astronomy, Iowa State University (ISU), 1991

• Associate Professor of Physics and Astronomy, Iowa State University, 1995

• Visiting Physicist, Brookhaven National Laboratory (on-leave from ISU), 1997

• Professor of Physics and Astronomy, Iowa State University, 2001

• Visiting Physicist, Brookhaven National Laboratory (on-leave from ISU), 2006

• Visiting Scientist, Argonne National Laboratory (on-leave from ISU), 2007

• Physicist, Brookhaven National Laboratory, 2010

• Brookhaven Professor, Stony Brook University, 2010 – present

• Senior Physicist, Brookhaven National Laboratory, 2011 – present
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1. Y. Q. Ma and J. W. Qiu, QCD Factorization and PDFs from Lattice QCD Calculation, Int.
J. Mod. Phys. Conf. Ser. 37, 0041 (2015) [arXiv:1412.2688 [hep-ph]].

2. S. M. Aybat, J. C. Collins, J. W. Qiu and T. C. Rogers, The QCD Evolution of the Sivers
Function, Phys. Rev. D 85, 034043 (2012) http://arXiv.org/abs/1110.6428.

3. Z. B. Kang, J. W. Qiu, W. Vogelsang and F. Yuan, An Observation Concerning the Process
Dependence of the Sivers Functions, Phys. Rev. D 83, 094001 (2011) http://arXiv.org/
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Synergistic Activities:
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Investigator Award, 1992; Fellow of American Physical Society, 2005

• Service: Co-Editor of a community wide White Paper for making the science case to build
a future Electron-Ion Collider in the US: “Electron-Ion Collider: The Next QCD Frontier –
Understanding the glue that binds us all” [http://arXiv.org/abs/1212.1701]; Member of
Executive Committee of American Physical Society Topical Group on Hadron Physics, 2012-
13; Member of the International Advisor Committee for “The 25th International Conference
on Ultra-Relativistic Nucleus-Nucleus Collisions (Quark Matter 2015)”, Kobe, Japan, 2015,
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Opportunities Worldwide”, Duke Kunshan University, Kunshan, China, 2015, “The Sixth
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many), B.W. Xiao (CCNU, China), S. Yoshida (RIKEN/BNL), F. Yuan (LBNL), Hao. Zhang
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• 1996-1998, Danish Research Council Fellow, Niels Bohr Institute
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Awards:
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(BNL), M. Siddikov (Valparaiso), M. Sievert (BNL), P. Tribedy (VECC/BNL), T. Ullrich (BNL),
Y. Yin (BNL), H. -F. Zhang (Chongqing)
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M. Mace (Stony Brook), P. Tribedy (VECC), J. Bjoraker (BNP Paribas)
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• co-organizer, 2013 National Nuclear Physics Summer School
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2. Quarkonium production in high energy proton-nucleus collisions: CGC meets NRQCD:
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3. Comparison of the color glass condensate to dihadron correlations in proton-proton and proton-
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463 (2010).
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and T. Mehen, Phys. Rev. D 68, 094011 (2003).
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c Asymmetry in Hadroproduction from Heavy-Quark Recombination”,E. Braaten, M.
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7. “The Leading Particle Effect From Heavy-Quark Recombination”, E. Braaten, Yu Jia and T.
Mehen, Phys. Rev. Lett. 89, 122002 (2002).

8. “Reparametrization Invariance for Collinear Operators”, A. V. Manohar, T. Mehen, D. Pirjol
and I. W. Stewart, Phys. Lett. B 539, 59 (2002).

9. “Charm Anti-Charm Asymmetries in Photoproduction from Heavy-Quark Recombination”,
E. Braaten , Yu Jia and T. Mehen, Phys. Rev. D 66, 014003 (2002).

10. “Leptoproduction of J/ψ”, S. Fleming and T. Mehen, Phys. Rev. D 57, 1846 (1998).
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• Awards: Outstanding Junior Investigator Award, Department of Energy, Nuclear Physics
(2005); University Postdoctoral Fellow, The Ohio State University (2000); John A. McCone
Postdoctoral Scholar, California Institute of Technology (1997-2000)

• INT Program Co-Organizer (w/ I. Stewart): , “Effective Field Theory, QCD, and Heavy
Hadrons”, Institute for Nuclear Theory, University of Washington, Seattle, WA, Mar. 21 -
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• Conference Co-Organizer (w/ N. Brambilla, J. Soto and A. Vairo): Workshop on Heavy
Quarkonium and Related Heavy Quark States at the ECT* (European Center for Theoretical
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Carlos Schat (Research Faculty, TANDAR Lab.-CNEA, Buenos Aires, Argentina), Brian Tiburzi
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Ph.D. Advisor: A. Falk (Williams College)
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(U. of Maryland), U. van Kolck (U. of Arizona), Y.-W. Yoon (Korea)
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6. S. Mert Aybat and Ted C. Rogers, TMD parton distribution and fragmentation functions
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7. Ted C. Rogers and Piet J. Mulders, No Generalized TMD-factorization in Hadro-production
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8. Ted C. Rogers, Next-to-Leading Order Hard Scattering Using Fully Unintegrated Parton
Correlation Functions. Phys. Rev. D 78 (2008) 074018.

9. J.C. Collins and T.C. Rogers, The Gluon Distribution Function and Factorization in Feynman
Gauge. Phys. Rev. D 78 (2008) 054012.

10. J.C. Collins, T.C. Rogers, A. M. Stasto, Fully Unintegrated Parton Correlation Functions
and Factorization in Lowest Order Hard Scattering. Phys. Rev. D 77 (2008) 085009.

Synergistic Activities:
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• Workshop organization: Convener: DIS 2015: 23rd International Workshop on Deep-
Inelastic Scattering and Related Subjects; Convener: The Monte Carlo/Double Parton Scat-
tering working group at the 2012 workshop on Multi-Parton Interactions at the LHC, De-
cember 3-7, 2012 at CERN, Switzerland.

• Referee Service: Physical Review D, Physical Review Letters, European Physical Journal
C, and Few Body Systems.

• Collaborators and Co-editors (in the past 48 months):
John Collins (Penn State), Christine Aidala (University of Michigan), Bryan Field (SUNY,
Farmingdale), Leonard Gamberg (Penn State, Berks)

• Graduate and Postdoctoral Advisors:
Mark Strikman (Penn State), John Collins (Penn State), Piet Mulders (VU University),
George Sterman (Stony Brook), Pavel Nadolsky (Southern Methodist University)
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deep inelastic scattering: the role of the three-gluon correlator,”
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2014.
Convener, XXII International Workshop on Deep Inelastic Scattering and Related Subjects ,
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Convener , XIX International Workshop on Deep Inelastic Scattering and Related Subjects
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Physics B, Physics Letters B, The European Physical Journal
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HUGS summer school, Jefferson Lab, Newport News, USA, 2011-2013.
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S.M. Aybat (NIKHEF, The Netherlands), F. Yuan (LBNL), P. Sun (LBNL), L. Gamberg
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Pitonyak (BNL), S. Melis (The University of Turin), Umberto D’Alesio (Cagliari University
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• Co-editors:
A. Radyushkin (ODU and JLab), L. Gamberg (Penn State Berks)

Graduate and Postdoctoral Advisors and Advisees:
Ph. D. Advisor: Vladimir Petrov, IHEP, Russia
Postdoctoral advisors: Enrico Predazzi (The University of Turin), Mauro Anselmino (The Univer-
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Ph. D. students advised: Christian Turk (The University of Turin)
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Distributions at small x, Phys. Rev. D 83, 105005 (2011).

6. F. Dominguez, B. W. Xiao and F. Yuan, kt-factorization for Hard Processes in Nuclei, Phys.
Rev. Lett. 106, 022301 (2011).

7. X. Ji, J.W. Qiu, W. Vogelsang, Feng Yuan, Unified Picture for Single Transverse-Spin Asym-
metries in Hard-scattering Processes, Phys. Rev. Lett. 97, 082002 (2006).

8. X. Ji, J. P. Ma, and Feng Yuan, QCD Factorization for Semi-inclusive Deep-inelastic Scat-
tering at Low Transverse Momentum, Phys. Rev. D71, 034005 (2005).

9. A. V. Belitsky, X. Ji, Feng Yuan, Quark Imaging in the Proton Via Quantum Phase-Space
Distributions, Phys. Rev. D69, 074014 (2004).

10. A. V. Belitsky, X. Ji, Feng Yuan, Final state interactions and gauge invariant parton distri-
butions, Nucl. Phys. B656, 165 (2003).

Selected Professional Awards and Activities:
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• Awards: DOE Early Career Award, 2010-2015; APS Fellow, 2014.

• Conference organization: Convener of the 21st International Symposium on Spin Physics,
Beijing, China, October 20-24, 2014; Co-Organizer of the MCFP Workshop on Lattice Parton
Physics, University of Maryland, College Park, March 30-April 1, 2014; Co-Organizer of
Berkeley Summer Program on “QCD Landscape of the Nucleon and Atomic Nuclei”, Berkeley,
August 12-17, 2013.

• Community Service: Member of the Organization Committee for APS DNP Long-Range
Plan Joint Town Meeting on QCD, Temple University, Philadephia, September 13-15, 2014;
Member of the International Advisory Committee for the International workshop of Transver-
sity 2014, Baia Chia-Sardinia, Italy, June 12-17, 2014

• Peer review: Grant reviewer for DOE, NSF,NWO-Netherland, FWF-Austria, JSPS-Japan;
Referee for Physical Review Letters, Physical Review C and D, Nuclear Physics A and B,
Journal of High Energy Physics, Physics Letter B, Annals of Physics, Journal of Physics G,
European Physics Journal C.

• Outreach: Lecturer for JET Collaboration summer school, 2010; Lecturer for PHENIX Spin
Fest, 2011; Lecturer, EIC-Users Meeting, 2014.

Collaborators and Co-editors (in the past 48 months):

• Collaborators:
G. Chirilli (OSU), X. Ji (Maryland), Z. Kang (BNL), C. Lorce (Orsay, IPN), A. Mueller
(Columbia), B. Pasquini (Pavia), A. Prokudin (JLab), J. Qiu (Iowa State), W. Voglesang
(BNL), A. Stasto (Penn State), B. Xiao (CCNU), X. Xiong (PKU), C.-P. Yuan (MSU), D.
Zaslavsky (Penn State), R. Zhu (PKU)

Graduate and Postdoctoral Advisors and Advisees:

• Ph.D. Advisor:
Kuangta Chao, Peking University

• Postdoctoral Advisors:
Hans Pirner (Heidelberg University), Xiangdong Ji (University of Maryland), Werner Vogel-
sang (BNL)

• Ph.D. Students Advisees:
Xiaonu Xiong (University of Pavia), Jian Zhou (Shandong University), Ruilin Zhu (Shanghai
Jiao Tong University)

• Postdoctoral Advisees:
Giovanni Chirilli (OSU), Peng Sun (University of Chinese Academy of Sciences), Bowen Xiao
(CCNU).

Christopher Lee

Education and Training:
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2000 Reed College, Portland, OR, B.A. in Mathematics-Physics
2005 California Institute of Technology, Pasadena, CA, Ph.D. in Physics,
2005–07 Institute for Nuclear Theory, University of Washington,

Seattle, WA, Postdoctoral Research Associate
2007-10 University of California, Berkeley, CA,

Postdoctoral Scholar, Theoretical High-Energy Physics,
2010-12 Massachusetts Institute of Technology, Cambridge, MA,

Laboratory for Nuclear Science, Center for Theoretical Physics,
Senior Postdoctoral Associate

Research and Professional Experience:

• 2012–present: Los Alamos National Laboratory, Staff Scientist, Theoretical Division,
Group T-2 (Nuclear and Particle Physics, Astrophysics and Cosmology).
Research in effective field theories of the strong interaction in medium-to-high energy nuclear
and particle physics, and in fundamental symmetries and the origin of matter in the early
Universe.

Synergistic Activities:

• Awards: National Defense Science & Engineering Graduate Fellowship (2001–04), National
Science Foundation Graduate Fellowship (2000-01), Leroy Apker Award Finalist (2000), ad-
mittance to ΦBK (2000), Barry M. Goldwater Scholarship in Science and Engineering (1997-
99).

• Workshop organization: Main organizer, 2015 SCET Workshop, Santa Fe, NM; Co-
organizer, 2015 APS DNP Fall Meeting, Santa Fe, NM; 2014 QCD Evolution Workshop,
Santa Fe, NM; 2011 Boston Jet Physics Workshop, Harvard University.

• Peer review: Physical Review D, Physical Review Letters, Journal of High-Energy Physics,
and Physics Letters.

• Invited lectures and colloquia: Lecture series on Effective Field Theories and SCET,
School on Nonperturbative QCD, ICTP-SAIFR, São Paulo, Brazil (2013); lecture on Higgs
physics at 2012 National Nuclear Physics Summer School, Santa Fe, NM; colloquia at Uni-
versity of Oregon (2010), University of Colorado–Boulder (2010), Reed College (2005)

• Invited speaker: at annual Soft-Collinear Effective Theory workshop (2007–14), LoopFest
XIII (New York, 2014), QCD Evolution Workshop (Santa Fe, 2014), ESI Workshop on Jets
and Quantum Fields for the LHC and Future Colliders (Vienna, 2013), BOOST Workshop on
Jet Substructure (Princeton, 2011), Aspen Winter Conference on New Data from the Energy
Frontier (2011), Duke workshop on Effective Probes of QCD Matter (2008), INT Programs
on Frontiers in QCD (2011) and EFT, QCD, and Heavy Hadrons (2005)
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Publications Related to the Proposed Research:

• D. Kang, C. Lee, and I. W. Stewart, Analytic Calculation of 1-Jettiness in DIS at O(αs),
JHEP 1411 (2014) 132. http://arXiv.org/abs/1407.6706

• L. Almeida, S. D. Ellis, C. Lee, G. Sterman, I. Sung, and J. R. Walsh, Comparing and
Counting Logs in Direct and Effective Methods of QCD Resummation, JHEP 1404 (2014)
174. http://arXiv.org/abs/1401.4460

• D. Kang, C. Lee, and I. W. Stewart, Using 1-Jettiness to Measure 2 Jets in DIS 3 Ways,
Phys. Rev. D 88 (2013) 054004. http://arXiv.org/abs/1303.6952

• A. Hornig, C. Lee, J. R. Walsh, and S. Zuberi, Double Non-Global Logarithms In-N-Out of
Jets, JHEP 1201 (2012) 149. http://arXiv.org/abs/1110.0004

• A. Hornig, C. Lee, I. W. Stewart, J. R. Walsh, and S. Zuberi, Non-global Structure of the
O(α2

s) Dijet Soft Function, JHEP 1108 (2011) 054. http://arXiv.org/abs/1105.4628

• S. D. Ellis, C. K. Vermilion, J. R. Walsh, A. Hornig, and C. Lee, Jet Shapes and Jet Algorithms
in SCET, JHEP 1011 (2010) 101. http://arXiv.org/abs/1001.0014

• A. Hornig, C. Lee, and G. Ovanesyan, Effective Predictions of Event Shapes: Factorized,
Resummed, and Gapped Angularity Distributions, JHEP 0905 (2009) 122. http://arXiv.

org/abs/0901.3780

• C. W. Bauer, S. Fleming, C. Lee, and G. F. Sterman, Factorization of e+e− Event Shape
Distributions with Hadronic Final States in Soft Collinear Effective Theory, Phys. Rev. D
78 (2008) 034027. http://arXiv.org/abs/0801.4569

• C. Lee and G. F. Sterman, Momentum Flow Correlations from Event Shapes: Factorized
Soft Gluons and Soft Collinear Effective Theory, Phys. Rev. D 75 (2007) 014022. http:

//arXiv.org/abs/hep-ph/0611061

• C. W. Bauer, C. Lee, A. V. Manohar, and M. B. Wise, Enhanced nonperturbative effects in
Z decays to hadrons, Phys. Rev. D 70 (2004) 034014. http://arXiv.org/abs/hep-ph/

0309278

Collaborators, Advisors and Advisees:

Collaborators and Co-editors (in the past 48 months): Leandro Almeida (LPT–Orsay),
Vincenzo Cirigliano (LANL), Stephen Ellis (University of Washington), Andrew Hornig (LANL),
Daekyoung Kang (LANL), Ou Z. Labun (University of Arizona), George Sterman (Stony Brook
University), Ilmo Sung (Queens College), Christopher Vermilion (Private industry), Sean Tulin
(York University), Jonathan Walsh (Lawrence Berkeley National Laboratory), Saba Zuberi (Pri-
vate industry)

Graduate and Postdoctoral Advisors: Mark Wise (Caltech), Michael Ramsey-Musolf (UMass-
Amherst), Wick Haxton (UC–Berkeley), Christian Bauer (LBNL), Iain Stewart (MIT )

Postdoctoral Advisees: Andrew Hornig (LANL), Daekyoung Kang (LANL)
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Ivan Vitev

Education and Training:

• B.S. and M.S. in Theoretical Physics, Sofia University, Sofia, Bulgaria, 1993 and 1995

• M.S. in Education (Physics), Sofia University, Sofia, Bulgaria, 1995

• M.A. and M. Phil. in Physics, Columbia University, New York, NY, 1998 and 2000

• Ph.D. in Theoretical Nuclear Physics, Columbia University, New York, NY, 2002

• Post Doctoral Fellow, Theoretical Nuclear Physics, Iowa State University, Ames, IA, 2002-
2004

Research and Professional Experience:

• J. Robert Oppenheimer Fellow (tenure track), Theoretical and Physics Divisions - Group
T-16 Nuclear Theory and Group P-25 Subatomic Physics, Los Alamos National Laboratory,
2004-2007. Description: develop novel theoretical and computational approaches to heavy
ion physics

• Staff Scientist, Theoretical Division, Group T-2 Nuclear and Particle Physics, Astrophysics
and Cosmology, Los Alamos National Laboratory, 2007-present. Description: lead the theo-
retical nuclear physics effort in QCD and high-energy nuclear collisions

Publications Related to the Proposed Research:

1. Jianwei Qiu, Ivan Vitev, Resummed QCD power corrections to nuclear shadowing, Phys.
Rev. Lett 93, 262301 (2004)
http://arxiv.org/abs/hep-ph/0309094

2. Brian Neufeld, Ivan Vitev,Benwei Zhang, A possible determination of the quark radiation
length in cold nuclear matter, Phys. Lett. B704, 590 (2011)
http://arXiv.org/abs/1010.3708

3. Grigory Ovanesyan, Ivan Vitev, An effective theory for jet propagation in dense QCD matter:
jet broadening and medium-induced bremsstrahlung, JHEP 1106, (2011)
http://arXiv.org/abs/1103.1074

4. Grigory Ovanesyan, Ivan Vitev, Medium-induced parton splitting kernels from Soft Collinear
Effective Theory with Glauber gluons, Phys. Lett. B706, 371 (2012)
http://arXiv.org/abs/1109.5619

5. Zhongbo Kang, Ivan Vitev, Hongxi Xing, Transverse momentum imbalance of back-to-back
particle production in p+A and e+A collisions, Phys. Rev. D86, 094010 (2012)
http://arxiv.org/abs/hep-ph/0309094

6. Zhongbo Kang, Ivan Vitev, Hongxi Xing, Transverse momentum-weighted Sivers asymmetry
in semi-inclusive deep inelastic scattering at next-to-leading order, Phys. Rev. D87, 034024
(2013)
http://arXiv.org/abs/1212.1221
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7. Miguel Echevarria, Ahmad Idilbi, Zhongbo Kang, Ivan Vitev, QCD Evolution of the Sivers
Asymmetry, Phys. Rev. D89, 074013 (2014)
http://arXiv.org/abs/1401.5878

8. Zhongbo Kang, Ivan Vitev, Hongxi Xing, Next-to-leading order forward hadron production
in the small-x regime: rapidity factorization, Phys. Rev. Lett 113, 062002 (2014)
http://arXiv.org/abs/1403.5221

9. Ling-Yung Dai, Zhongbo Kang, Alexei Prokudin, Ivan Vitev, Next-to-leading order transverse
momentum-weighted Sivers asymmetry in semi-inclusive deep inelastic scattering: the role of
the three-gluon correlator, Phys. Rev. D sumitted
http://arXiv.org/abs/1409.5851

10. Leonard Gamberg, Zhongbo Kang, Ivan Vitev, Hongxi Xing, Quasi-parton distribution func-
tions: a study in the diquark spectator model, Phys. Lett. B743, 112 (2015)
http://arXiv.org/abs/1412.3401

Selected Professional Awards and Activities:

• Awards: DOE Early Career Award, 2012; Presidential Early Career Award for Scientists and
Engineers (PECASE), 2009; J. Robert Oppenheimer Fellowship, 2004-2009; Eureka Founda-
tion Fellowship, 1997; St. Cyril and St. Methodius International Foundation & Ministry of
Education Recognition for Outstanding Academic Achievements, 1997-1998, Sofia University
Fellowship (top of the class), 1990-1995

• Conference organization: Co-organizer of the SCET Workshop, 2015; Co-organizer of the
QCD Evolution Workshop, 2014, 2015; Co-organizer (Chair) of the National Nuclear Physics
Summer School 2012; Co-organizer of the Workshop on Next-to-Leading Calculations for
Heavy Ion Physics 2012; Co-organizer of QCD and the Quark-gluon plasma Workshop at the
APS/DNP Fall meeting 2010, 2015, Co-convener of ISMD Jets session 2006; International
Advisory Committee of CINPP 2005, Local Organizing Committee of LHC Workshop 2005,
Muon Workshop 2005

• Institutional service: Laboratory Team Leader Search Committee 2011; Laboratory Staff
Search Committee 2006, 2007, 2013; Laboratory Directed Research and Development (LDRD)
Review Committee 2009 - 2011, 2013-2015

• Grant review: Reviewer for DOE Nuclear Physics 2006 - present, Reviewer for NSF Nuclear
Physics 2009 - present; Peer review: Referee for Journal of High Energy Physics, Physical
Review Letters, Physical Review C, Physical Review D, Physics Letters B, Nuclear Physics
A, European Physics Journal C, European Physics Journal A, Journal Of Physics G, Modern
Physics Letters A, Journal of Modern Physics E, Heavy Ion Physics

• Lectures, colloquia and outreach: JET Collaboration summer school (4 lecture series), Jy-
vaskyla nuclear physics school (6 lecture series), Southern Methodist University (2 lecture
series), Quark Matter student lecture; Colloquia: The University of Utah, Rutgers Univer-
sity, Iowa State University, Los Alamos National Laboratory (2)
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Collaborators and Co-editors (in the past 48 months):

• Collaborators:
Biro, Tamas - RMKI, Budapest, Hungary; Chien, Yang-Ting - LANL, Los Alamos, NM;
Dai, Ling-Yun - Jefferson Laboratory, Newport News, VA; Dai, Wei - Central China Normal
U., China; Echevarria, Miguel - NIKKEF, Amsterdam, Neatherlands; Fickinger, Michael -
Mainz U., Mainz, Germany; Gamberg, Leonard - Penn State U., Berks-Lehigh Valley, PA;
Gyulassy, Miklos - Columbia U., New York, NY; He, Yuncun - Central China Normal U.,
China; Huang, Jinrui - LANL, Los Alamos, NM; Idilbi, Ahmad - Penn State U., College
Park, PA; Kang, Zhong-Bo - LANL, Los Alamos, NM; Lashoff-Regas, Robin - UC Santa
Barbara, Santa Barbara, CA; Levai, Peter - RMKI, Budapest, Hungary; Neufeled, Bryon
- EMA, Lakewood, CO; Ovanesyan, Grigory - UMassL, Amherst, MA; Alexei Prokudin -
Jefferson Laboratory, Newport News, VA; Saad, Philip - UC Santa Barbara, Santa Barbara,
CA; Sharma, Rishi - TIFR, Mumbai, India; Wang, Enke - Central China Normal U., China;
Zhang, Ben-Wei - Central China Normal U., China; Zhang, Chen - Central China Normal
U., China

• Collaborative projects:
JET Nuclear Theory Topical Collaboration, Lead institution LBNL (no common papers); In-
ternal LDRD projects with the PHENIX team at LANL, Lead institution LANL (no common
papers)

• Co-editors:
None

Graduate and Postdoctoral Advisors and Advisees:

• Ph.D. Advisor:
Miklos Gyulassy, Columbia University, New York, NY

• Postdoctoral advisors:
Jianwei Qiu, Brookhaven National Laboratory, Upton, NY;
Terrance Goldman and Mikkel Johnson, LANL, Los Alamos, NM

• Postdoctoral Advisees:
Yang-Ting Chien, LANL, Los Alamos, NM; Bryon Neufeld, LANL, EMA, Lakewood, CO;
Grigory Ovanesyan, UMass, Amherst, MA; Rishi Sharma, TIFR, Mumbai, India; Hongxi
Xing, LANL, Los Alamos, NM; Ben-Wei Zhang, Central China Normal University, China
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William Detmold

Education and Training:

B.Sc. Mathematical Physics, University of Adeladie, 1997
Ph.D. Theoretical Physics, University of Adeladie, 2002
Postdoc Research Associate, University of Washington, 2002-2004

Research and Professional Experience:

Assistant Professor, Massachusetts Institute of Technology, 2012 –
Assistant Professor, College of WIlliam & Mary, 2009 – 2012
Senior Scientist, Thomas Jefferson National Accelerator Facility, 2009 – 2012
Research Assistant Professor, University of Washington, 2004 – 2008

Selected Publications Related to the Proposed Research:

• “Deep-inelastic scattering and the operator product expansion in lattice QCD ”, W. Detmold
and C. J. D. Lin, Phys.Rev. D 73, 014501 (2006)

• “Twist-two matrix elements at finite and infinite volume”, W. Detmold and C. J. D. Lin,
Phys. Rev. D 71, 054510 (2005).

• “Axial couplings and strong decay widths of heavy hadrons ”, W. Detmold, C. J. D. Lin, and
S. Meinel, Phys. Rev. Lett. 108, 172003 (2012)

• “Λb → Λ`+`− form factors and differential branching fraction from lattice QCD ”, W. Det-
mold, C. J. D. Lin, S. Meinel, and M. Wingate, Phys. Rev. D 87, 074502 (2013)

• “Signal/noise enhancement strategies for stochastically estimated correlation functions”, W.
Detmold, and M. Endres, Phys. Rev. D 90, 034503 (2014)

• “Generalised parton distributions of the pion in partially-quenched chiral perturbation the-
ory”, J.-W. Chen, W. Detmold, and B. Smigielski, Phys. Rev. D 75, 074003 (2007)

• “Chiral extrapolation of lattice moments of proton quark distributions”, W. Detmold, W.
Melnitchouk, J. W. Negele, D. B. Renner, and A. W. Thomas, Phys. Rev. Lett. 87 172001
(2001)

Synergistic Activities:

Scientific Program Committee, USQCD Collaboration, 2012–
International Advisory Committee, “International Lattice Field Theory Symposium”, 2012–2013
Writing Committee, DNP Long-Range Plan Joint Town Meeting on Computational Nuclear Physics
, SURA Headquarters, Washington, July 14-15, 2014
Local Organising Committee, “12th International Conference on Meson Nucleon Physics”, Williams-
burg, 2010
Co-organizer, “Beautiful Mesons and Baryons on the Lattice”, ECT Trento, April 2012
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Collaborators (in the past 48 months):

Beane, Silas (University of New Hampshire), Brown, Zachary (College of William and Mary),
Chang, Emmanuel (Barcelona), Cohen, Saul (University of Washington), Endres, Michael (MIT),
Flynn, Micahel (MIT) Junnarkar, Parikshit (University of New Hampshire), Lehner, Christoph
(Brookhaven), Lin, C.-J. David (National Chiao-Tung University), Lin, H.-W. (University of Wash-
ington), Luu, Thomas (Juelich), McCullough, Matthew (CERN), Meinel, Stefan (MIT), Nicholson,
Amy (LBNL), Orginos, Konstantinos (College of William and Mary/Jefferson Lab), Parreño, As-
sumpta (Barcelona), Pochinsky, Andrew (MIT), Savage, Martin (University of Washington), Shi,
Zhifeng (College of William and Mary), Smigielski, Brian (National Taiwan University), Tiburzi,
Brian (City College of New York), Vachaspato, Pranjal (UIUC), Walker-Loud, Andre (Lawrence
Berkeley Lab), Wingate, Matthew (University of Cambridge)
Graduate and Postdoctoral Advisors and Advisees:

PhD advisor: Anthony Thomas (University of Adelaide)
Postdoctoral advisor: Gerald Miller (University of Washington)
Ph.D. advisees: Zhifeng Shi(William & Mary), Zehao Li (MIT), Ben Elder (MIT)
Postdoctoral advisees: Abdou Abdel-Rehim (Cyprus) , Stefan Meinel (Arizona), Chris Monahan
(Utah), Michael Endres (MIT), Zohreh Davoudi (MIT)
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John Negele

Education and Training:

B.S. Engineering Sciences, Purdue University, 1965, With Highest Distinction
Ph.D. Theoretical Physics, Cornell University, 1969
Postdoctoral Fellow, Niels Bohr Institute, Copenhagen, Denmark, 1969 - 1970

Research and Professional Experience:

Professor of Physics, MIT, 1979 -
Director, Center for Theoretical Physics, MIT, 1989 - 1998
Head, Theoretical Division of Department of Physics, MIT, 1988 - 1998
Associate Professor of Physics, MIT, 1972 - 1979
Assistant Professor of Physics, MIT, 1971 - 1972
Visiting Assistant Professor of Physics, MIT, 1969 - 1970

Selected Publications Related to the Proposed Research:

1. J. Green, J. Negele, A. Pochinsky, S. Syritsyn, M. Engelhardt and S. Krieg, Nucleon electro-
magnetic form factors from lattice QCD using a nearly physical pion mass, Phys. Rev. D 90
(2014) 074507.

2. J. Green, M. Engelhardt, S. Krieg, J. Negele, A. Pochinsky and S. Syritsyn, Nucleon structure
from lattice QCD using a nearly physical pion mass, Phys. Lett. B734 (2014) 290.

3. J. Green, J. Negele, A. Pochinsky, S. Syritsyn, M. Engelhardt and S. Krieg, Nucleon scalar
and tensor charges from lattice QCD with light Wilson quarks, Phys. Rev. D 86 (2012)
114509.

4. B. Musch, P. Hägler, M. Engelhardt, J. Negele and A. Schäfer, Sivers and Boer-Mulders
observables from lattice QCD, Phys. Rev. D 85 (2012) 094510.

5. B. U. Musch, P. Hagler, J. W. Negele and A. Schafer, Exploring quark transverse momentum
distributions with lattice QCD, Phys. Rev. D 83, 094507 (2011).

6. J. D. Bratt, R. Edwards, M. Engelhardt, P. Hägler, H.-W. Lin, M.-F. Lin, H. Meyer, B. Musch,
J. Negele, K. Orginos, A. Pochinsky, M. Procura, D. Richards, W. Schroers and S. Syritsyn,
Nucleon structure from mixed action calculations using 2+1 flavors of asqtad sea and domain
wall valence fermions, Phys. Rev. D 82 (2010) 094502.

7. S. Syritsyn, J. D. Bratt, M. Engelhardt, P. Hägler, T. Hemmert, M.-F. Lin, H. Meyer,
J. W. Negele, A. V. Pochinsky, M. Procura and W. Schroers, Nucleon electromagnetic form
factors from lattice QCD using 2+1 flavor domain wall fermions on fine lattices and chiral
perturbation theory, Phys. Rev. D 81 (2010) 034507.

8. P. Hagler, B. U. Musch, J. W. Negele and A. Schafer, Intrinsic quark transverse momentum
in the nucleon from lattice QCD Europhys. Lett. 88, 61001 (2009).

9. A. Walker-Loud, H.-W. Lin, K. Orginos, D. Richards, R. Edwards, M. Engelhardt, G. Flem-
ing, P. Hägler, M.-F. Lin, H. Meyer, C. Morningstar, B. Musch, J. Negele, A. Pochinsky,
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M. Procura, D. Renner, W. Schroers and S. Syritsyn, Light hadron spectroscopy using do-
main wall valence quarks on an Asqtad sea, Phys. Rev. D 79 (2009) 054502.

10. P. Hägler, W. Schroers, J. Bratt, R. Edwards, M. Engelhardt, G. Fleming, B. Musch,
J. Negele, K. Orginos, A. Pochinsky, D. Renner and D. Richards, Nucleon Generalized Parton
Distributions from Full Lattice QCD, Phys. Rev. D 77 (2008) 094502.

Selected Professional Activities and Awards:

• Honors and Awards

Inaugural APS Herman Feshbach Prize in Theoretical Nuclear Physics, 2014
Fellow, American Physical Society and American Association for the Advancement of Science
Alfred P. Sloan Foundation Research Fellowship, 1972-76
Japan Society for the Promotion of Science Fellowship, 1981
John Simon Guggenheim Fellowship, 1982-3
Alexander von Humboldt Foundation Research Award, 1998

• National Committees

DOE Advanced Scientific Computing Advisory Committee (ASCAC), 2009 – present
USQCD Executive Committee 1999-present, Program Committee, 1999 – 2008
Chair, American Physical Society Division of Computational Physics, 1992
National Advisory Committee, Institute for Nuclear Theory, Seattle, 1990 – 94, Chair 1992 – 94
Advisory Board and Steering Committee, Institute for Theoretical Physics,

University of California, Santa Barbara 1982 – 86; Chair, 1984 – 85
American Physical Society Division of Nuclear Physics; Program Committee 1980 – 82,

Executive Committee 1982 – 84

• Conference Organization

Organizing Committee SciDAC 2006, 2007; SciDAC Tutorials Workshop, 2007
Co-Organizer, Seattle Institute for Nuclear Theory programs:

“Phenomenology and Lattice QCD”, 1993
“Exploration of Hadron Structure and Spectroscopy using Lattice QCD”, 2006

Chair of Organizing Committee, Lattice 2002
Co-Organizer, NATO Advanced Study Institute, “Hadrons and Hadronic Matter”, Cargese, 1989
Chair, Nuclear Structure Gordon Research Conference, 1982
Co-Organizer, Nuclear Many-Body Theory Program, Institute for Theoretical Physics,

Santa Barbara, 1982

Collaborators and Co-Editors (in the past 48 months):

Alexandrou, Constantia (U. Cyprus); Beck, Douglas (U. Illinois); Blum, Thomas (U. Conn.); Bratt,
Jonathan (Sapling Learning); Brower, Richard (Boston U.); Edwards, Robert (Jefferson Lab); En-
gelhardt, Michael (New Mexico State U.); Green, Jeremy (U. Mainz); Gregory, (U. Cyprus); Hägler,
Philipp (Regensburg U.); Hemmert, Thomas (Regensburg U.); Izubuchi, Taku (BNL); Jenkins, Eliz-
abeth (U. California, San Diego); Jung, Chulwoo (BNL); Krieg, Stefan (U. Wuppertal); Korzec,
Tomasz (Humboldt U., Berlin); Koutsou, Giannis (Cyprus Institute); Lin, Huey-Wen (U. of Wash-
ington, Seattle); Lin, Mei-Feng (BNL); Lorce, Cedric (U. Mainz); Manohar, Aneesh (U. California,
San Diego); Meyer, Harvey (U. Mainz); Musch, Bernhard (Regensburg U.); OCais, A (Cyprus
Institute); Ohta, Shigemi (BNL); Orginos, Kostas (William and Mary); Pochinsky, Andrew (MIT);
Procura, Massimiliano (T. U. Munich); Proestos, Yiannis (Cyprus Institute); Richards, David
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(Jefferson Lab); Sato, Toru (Osaka U.); Schäfer, Andreas (Regensburg U.); Schroers, Wolfram
(NuAS, Berlin); Shintani, Eigo (BNL); Syritsyn, Sergey (BNL); Tsapalis, Antonios (U. Athens);
Vanderhaeghen, Marc (U. Mainz); Varilly, Patrick (Berkeley); Walker-Loud, Andre (William and
Mary)
Graduate and Postdoctoral Advisors and Advisees:

PhD advisor: Hans Bethe, (Cornell U.)

Postdoctoral advisor: Aage Bohr (Niels Bohr Institute)

Ph.D. advisees: Alexandrou, Constantia (U. Cyprus); Bistrivic, Bojan (Financial Industry); Bratt,
Jonathan (Sapling Learning); Chu, Ming (U. Hong Kong); Dolgov, Dmitri (Financial Industry);
Grandy, Jeffrey, (LLNL); Green, Jeremy (U. Mainz); Hoodbhoy, Pervez (Quaid-I-Azam U. Emer-
itus, Islamabad); Huang, Suzhou (General Motors Resh. Lab.); Lissia, Marcello (INFN Cagliari);
Pochinsky, Andrew (MIT); Puddu, Giovanni (U. Milan); Renner, Dru (LANL); Sigaev, Dmitry
(Financial Industry); Syritsyn, Sergey (BNL); Weinstein, Joseph (Industry)

Postdoctoral advisees: Bonche, Paul (Saclay), Burkardt, Matthias (New Mexico State), Capitani, S
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IT Consultant, science+computing ag, Tübingen, 2002-2004
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[152] E. Leader and C. Lorcé, “The angular momentum controversy: What is it all about and
does it matter?”, Phys.Rept. 541 (2014) 163–248, arXiv:1309.4235.

[153] X.-D. Ji, “Gauge-Invariant Decomposition of Nucleon Spin”, Phys.Rev.Lett. 78 (1997)
610–613, arXiv:hep-ph/9603249.

[154] R. Jaffe and A. Manohar, “The G(1) Problem: Fact and Fantasy on the Spin of the
Proton”, Nucl.Phys. B337 (1990) 509–546.

[155] C. Lorce and B. Pasquini, “Quark Wigner Distributions and Orbital Angular Momentum”,
Phys.Rev. D84 (2011) 014015, arXiv:1106.0139.

[156] Y. Hatta, “Notes on the orbital angular momentum of quarks in the nucleon”, Phys.Lett.
B708 (2012) 186–190, arXiv:1111.3547.

[157] H. B. Meyer and J. W. Negele, “Gluon contributions to the pion mass and light cone
momentum fraction”, Phys.Rev. D77 (2008) 037501, arXiv:0707.3225.

89

http://xxx.lanl.gov/abs/0912.5483
http://xxx.lanl.gov/abs/hep-ph/9910306
http://xxx.lanl.gov/abs/hep-lat/0507007
http://xxx.lanl.gov/abs/1204.4146
http://xxx.lanl.gov/abs/1501.05348
http://xxx.lanl.gov/abs/1411.0891
http://xxx.lanl.gov/abs/1110.6285
http://xxx.lanl.gov/abs/1404.6816
http://xxx.lanl.gov/abs/1002.0925
http://xxx.lanl.gov/abs/1309.2990
http://xxx.lanl.gov/abs/1309.4235
http://xxx.lanl.gov/abs/hep-ph/9603249
http://xxx.lanl.gov/abs/1106.0139
http://xxx.lanl.gov/abs/1111.3547
http://xxx.lanl.gov/abs/0707.3225


[158] M. Deka, T. Doi, Y. Yang, B. Chakraborty, S. Dong, et al., “Lattice study of quark and
glue momenta and angular momenta in the nucleon”, Phys.Rev. D91 (2015), no. 1, 014505,
arXiv:1312.4816.

[159] A. V. Manohar, “Parton distributions from an operator viewpoint”, Phys.Rev.Lett. 65
(1990) 2511–2514.

[160] X.-S. Chen, X.-F. Lu, W.-M. Sun, F. Wang, and T. Goldman, “Spin and orbital angular
momentum in gauge theories: Nucleon spin structure and multipole radiation revisited”,
Phys.Rev.Lett. 100 (2008) 232002, arXiv:0806.3166.

[161] X. Ji, J.-H. Zhang, and Y. Zhao, “Physics of the Gluon-Helicity Contribution to Proton
Spin”, Phys.Rev.Lett. 111 (2013) 112002, arXiv:1304.6708.

[162] R. S. Sufian, M. J. Glatzmaier, Y.-B. Yang, K.-F. Liu, and M. Sun, “Glue Spin SG in The
Longitudinally Polarized Nucleon”, arXiv:1412.7168.

[163] D. de Florian, R. Sassot, M. Stratmann, and W. Vogelsang, “Evidence for polarization of
gluons in the proton”, Phys.Rev.Lett. 113 (2014), no. 1, 012001, arXiv:1404.4293.

[164] K. Kanazawa, C. Lorc, A. Metz, B. Pasquini, and M. Schlegel, “Twist-2 generalized
transverse-momentum dependent parton distributions and the spin/orbital structure of the
nucleon”, Phys.Rev. D90 (2014), no. 1, 014028, arXiv:1403.5226.

[165] M. Burkardt, “Parton Orbital Angular Momentum and Final State Interactions”, Phys.Rev.
D88 (2013), no. 1, 014014, arXiv:1205.2916.

[166] D. Kiptily and M. Polyakov, “Genuine twist three contributions to the generalized parton
distributions from instantons”, Eur.Phys.J. C37 (2004) 105–114, arXiv:hep-ph/0212372.

[167] M. Penttinen, M. V. Polyakov, A. Shuvaev, and M. Strikman, “DVCS amplitude in the
parton model”, Phys.Lett. B491 (2000) 96–100, arXiv:hep-ph/0006321.

[168] Y. Hatta and S. Yoshida, “Twist analysis of the nucleon spin in QCD”, JHEP 1210 (2012)
080, arXiv:1207.5332.

[169] A. Courtoy, G. R. Goldstein, J. O. G. Hernandez, S. Liuti, and A. Rajan, “On the
Observability of the Quark Orbital Angular Momentum Distribution”, Phys.Lett. B731
(2014) 141–147, arXiv:1310.5157.

[170] A. Courtoy, G. R. Goldstein, J. O. Gonzalez Hernandez, S. Liuti, and A. Rajan,
“Identification of Observables for Quark and Gluon Orbital Angular Momentum”,
arXiv:1412.0647.

[171] HERMES Collaboration, A. Airapetian et al., “Exclusive Leptoproduction of Real
Photons on a Longitudinally Polarised Hydrogen Target”, JHEP 1006 (2010) 019,
arXiv:1004.0177.

[172] L. Gribov, E. Levin, and M. Ryskin, “Semihard Processes in QCD”, Phys.Rept. 100 (1983)
1–150.

[173] A. H. Mueller and J.-W. Qiu, “Gluon Recombination and Shadowing at Small Values of x”,
Nucl.Phys. B268 (1986) 427.

[174] L. D. McLerran and R. Venugopalan, “Computing quark and gluon distribution functions
for very large nuclei”, Phys.Rev. D49 (1994) 2233–2241, arXiv:hep-ph/9309289.

[175] E. Iancu and R. Venugopalan, “The Color glass condensate and high-energy scattering in
QCD”, arXiv:hep-ph/0303204.

90

http://xxx.lanl.gov/abs/1312.4816
http://xxx.lanl.gov/abs/0806.3166
http://xxx.lanl.gov/abs/1304.6708
http://xxx.lanl.gov/abs/1412.7168
http://xxx.lanl.gov/abs/1404.4293
http://xxx.lanl.gov/abs/1403.5226
http://xxx.lanl.gov/abs/1205.2916
http://xxx.lanl.gov/abs/hep-ph/0212372
http://xxx.lanl.gov/abs/hep-ph/0006321
http://xxx.lanl.gov/abs/1207.5332
http://xxx.lanl.gov/abs/1310.5157
http://xxx.lanl.gov/abs/1412.0647
http://xxx.lanl.gov/abs/1004.0177
http://xxx.lanl.gov/abs/hep-ph/9309289
http://xxx.lanl.gov/abs/hep-ph/0303204


[176] C. Marquet, B.-W. Xiao, and F. Yuan, “Semi-inclusive Deep Inelastic Scattering at small
x”, Phys.Lett. B682 (2009) 207–211, arXiv:0906.1454.

[177] F. Dominguez, B.-W. Xiao, and F. Yuan, “kt-factorization for Hard Processes in Nuclei”,
Phys.Rev.Lett. 106 (2011) 022301, arXiv:1009.2141.

[178] A. Metz and J. Zhou, “Distribution of linearly polarized gluons inside a large nucleus”,
Phys.Rev. D84 (2011) 051503, arXiv:1105.1991.

[179] R. Baier, A. Mueller, and D. Schiff, “Saturation and shadowing in high-energy proton
nucleus dilepton production”, Nucl.Phys. A741 (2004) 358–380, arXiv:hep-ph/0403201.

[180] C. Marquet, “Forward inclusive dijet production and azimuthal correlations in p(A)
collisions”, Nucl.Phys. A796 (2007) 41–60, arXiv:0708.0231.

[181] A. Mueller, B.-W. Xiao, and F. Yuan, “Sudakov Resummation in Small-x Saturation
Formalism”, Phys.Rev.Lett. 110 (2013), no. 8, 082301, arXiv:1210.5792.

[182] Y. V. Kovchegov and A. H. Mueller, “Gluon production in current nucleus and nucleon -
nucleus collisions in a quasiclassical approximation”, Nucl.Phys. B529 (1998) 451–479,
arXiv:hep-ph/9802440.

[183] C. Bomhof, P. Mulders, and F. Pijlman, “The Construction of gauge-links in arbitrary hard
processes”, Eur.Phys.J. C47 (2006) 147–162, arXiv:hep-ph/0601171.

[184] A. Dumitru, J. Jalilian-Marian, T. Lappi, B. Schenke, and R. Venugopalan,
“Renormalization group evolution of multi-gluon correlators in high energy QCD”,
Phys.Lett. B706 (2011) 219–224, arXiv:1108.4764.

[185] Y. V. Kovchegov and M. D. Sievert, “Sivers function in the quasiclassical approximation”,
Phys.Rev. D89 (2014), no. 5, 054035, arXiv:1310.5028.

[186] Y.-Q. Ma and R. Venugopalan, “Comprehensive Description of J/ Production in
Proton-Proton Collisions at Collider Energies”, Phys.Rev.Lett. 113 (2014), no. 19, 192301,
arXiv:1408.4075.

91

http://xxx.lanl.gov/abs/0906.1454
http://xxx.lanl.gov/abs/1009.2141
http://xxx.lanl.gov/abs/1105.1991
http://xxx.lanl.gov/abs/hep-ph/0403201
http://xxx.lanl.gov/abs/0708.0231
http://xxx.lanl.gov/abs/1210.5792
http://xxx.lanl.gov/abs/hep-ph/9802440
http://xxx.lanl.gov/abs/hep-ph/0601171
http://xxx.lanl.gov/abs/1108.4764
http://xxx.lanl.gov/abs/1310.5028
http://xxx.lanl.gov/abs/1408.4075


Appendix 4: Facilities and Other Resources

All participants affiliated with this proposal have access to sufficient workspace and computing
to carry out the proposed research. Importantly, there is also workspace available at the various
institutions for collaborative visits.

In this Appendix, we provide a list of committed key domestic investigators who will be affiliated
with this proposal as active collaborators, which is a crucial resource of our proposal, and the
information on the Facilities and Other Resources of the Lead Institution, as well as all participating
Institutions of this proposal, organized according to the alphabetical order of the participating
institutions.

Affiliated key investigators (in alphabetical order of the name of the investigator):
A. Alexandru - George Washington University,
T. Bhattacharya - Los Alamos National Lab,
S.J. Brodsky - Standford Linear Accelerator Center,
J.C. Collins - Penn State University,
R. Gupta - Los Alamos National Lab,
Z.-B. Kang - Los Alamos National Lab,
S. Meinel - University of Arizona,
K. Orginos - The College of William & Mary,
D. Pitonyak - RIKEN/BNL Research Center, BNL,
D. Richards - Jefferson Lab,
P. Schweitzer - University of Connecticut,
G. Sterman - Stony Brook University,
M. Strikman - Penn State University,
S. Syritsyn - Jefferson Lab, and
C. Weiss - Jefferson Lab.

Brookhaven National Laboratory:
Brookhaven National Laboratory is home to the Relativistic Heavy Ion Collider (RHIC), where

polarized proton-proton collisions have provided novel information on the gluon contribution to
the proton’s spin, and on single spin asymmetries. The upcoming 2017 polarized proton-proton
run will provide data whose interpretation will likely provide fresh insight into transverse momen-
tum distributions in the proton. Achieving the physics goals of the TMD topical collaboration is
therefore a high priority to the RHIC program and to BNL.

The Nuclear and Particle Physics Directorate and Physics Department at BNL have committed
to supporting the Topical Collaboration Effort by providing adequate office space, computing re-
sources, and administrative support, as well as limited support for workshops and summer schools
at BNL. Matching funds for supporting a postdoctoral research associate working on the identified
projects of the TMD Collaboration have been promised by the Department. The medium energy
group at BNL is strongly supportive of the TMD collaboration and will assist in providing resources
and tools to achieve the required global analysis of data.

In addition, the RIKEN-BNL Research Center (RBRC) at BNL, have significant resources for
helping host workshops and meetings devoted to the physics of TMD distributions, as well as
computing resources for the TMD Collaboration’s lattice calculation effort.

Los Alamos National Laboratory:
Adequate office space and excellent administrative support are available for the senior investi-

gators, the Postdoctoral Research Associates and visitors at the Los Alamos National Laboratory.
LANL will also provide generous computational support for this project. The Nuclear and

Particle Physics, Astrophysics and Cosmology Group T-2 has acquired a 128 node Linux cluster
with 1 AMD Opteron CPUs per node, operating at 2.4GHz. 2GB of memory per node is available
and we have an estimated 24TB of disk space. This resource is extremely valuable for moderate
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size computations and for developing codes for very large-scale computations. We have performed
most of the numerical calculations associated with our recent reported progress in spin and heavy
ion theory on this cluster.

Our current assessment is that the local T-2 cluster at LANL will be sufficient to meet the
computational requirements for successful completion of our tasks on this project. Should the
need for additional processing power arise, we will apply for LANL Institutional Computing. For
example, we have access to the linux cluster ”Ganglia” at the Center for Non-Linear Studies (CNLS)
and can apply for High Performance Computing time.

A valuable resource at LANL is a large heavy-ion and spin physics experimental group, which
participates in the PHENIX collaboration at RHIC and has worked actively with the CMS col-
laboration at the LHC. It has active involvement at Fermilab in the fixed target Drell-Yan E906
exteriment and will lead a proposed polarized target Drell-Yan experiment E1039. We have an
established strong track record of working with the heavy-ion and spin phsics collaborations at
all accelerator facilities and of providing much-needed theoretical predictions for their hard probes
and nucleon structure programs. At LANL, we have initiated a number of successful high-impact
projects funded by our Laboratory Directed Research and Development program (LDRD). These
collaborations will continue in the future and provide first-hand experimental guidance on the most
exciting TMD applications of the theory of that we will develop.

MIT:
The nuclear theory group benefits critically on a daily basis from support provided within the

Center for Theoretical Physics (CTP) by an administrator, Scott Morley, one full-time support staff,
Charles Suggs, and one part-time support staff, Joyce Berggren. Morley and his staff provide a wide
array of indispensable services for the nuclear theory group, plus two other theory groups within the
CTP. They provide assistance with travel, seminar speakers, long- and short-term visitors to the
CTP, account finances, the coordination of RA and TA assignments, postdoctoral fellow support,
computer support, and various other types of administrative functions. All postdocs and students
in the CTP are provided with desktop computers and office space.

Nuclear and high energy physics research at MIT is conducted within the Laboratory for Nuclear
Science (LNS). LNS Central Facility provides the administrative infrastructure and support services
for researchers in nuclear and particle physics. The Director of LNS is appointed by and reports to
the Dean of Science at MIT. The Dean of Science is advised by an Advisory Committee for LNS
composed of eminent outside experts in nuclear and particle physics which meets biannually.

LNS administrative functions include personnel, travel, fiscal, property and general services.
The financial support for these services is provided through an administrative allocation applied
to all activities administered by the laboratory. It is applied to the Modified Total Direct Costs
(MTDC, which excludes equipment and tuition) less employee benefits and vacation accrual, and
carries no Facilities and Administration (F&A) overhead charge. The administrative allocation rate
is 7.6% for salaries and 0.6% for materials and services. These rates are evaluated yearly and are
approved by the Research Group Leaders in the Laboratory, by the Office of Cost Analysis within
the Office of Sponsored Programs of MIT and by the Office of Naval Research.

New Mexico State University:
Computational studies are an essential part of our work. For large-scale Lattice QCD production

purposes, we apply, or join broader collaborative applications for access to computational resources
at facilities available to the USQCD Collaboration, as well as at other DOE facilities such as
NERSC. On the other hand, for code development and test purposes as well as lower-volume
computations, adequate facilities are available to us locally at NMSU, including a 176 core cluster
at the NMSU computer center.

Adequate office space and administrative support are available to the senior investigators, and
will be extended to the new faculty member to be hired under a bridge position agreement within
this Topical Collaboration.

Temple University:
Temple University provides adequate office space for postdocs and graduate students. High
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performance computing is available, for instance through the Owl’s Nest environment. General
computer support is provided by the University and the College of Science and Technology. The
Temple University Physics Department has three full time secretaries which strongly support the
work of faculty, postdocs and graduate students.

University of Arizona:
The University of Arizona Physics Department provides return on overhead in the form of ad-

ministrative, bookkeeping, and information-technology support. It also provides support for grad-
uate students in the first two years of graduate studies and occasionally also later. All students
are also provided with office space by the department. Department infrastructure provides admin-
istrative support for assistance with travel, seminar speakers, visitors, account finances, graduate
students, postdoctoral fellows, computer support, and miscellaneous functions.

The Nuclear Theory group provides financial support through DOE grants to graduate student
RAs, and to postdoctoral fellows. In addition to salary there is travel support and each is provided
with a computer.

94



Appendix 5: Equipment

There are no major items of equipment needed for this proposal.
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Appendix 6: Data Management Plan

In this Appendix, we provide a Data Management Plan (DMP) for all relevant projects proposed
in the Narrative section of this proposal:

Global fitting analyses

The global TMD analyses undertaken in this project will collate large datasets of experimental
results from different sources in a coherent format along with appropriate metadata describing
the origin and context of the data. This collated data and the associated metadata will be made
available publicly on the internet once first publications are produced and will be maintained and
updated throughout the lifetime of the TMD collaboration.

The software used in performing the global fits will also be archived on the hepforge webpages.
A hepforge page already underway, and which would likely be folded into the project, is maintained
by T. Rogers and can be seen here http://tmd.hepforge.org/. The dissemination of TMD
parametrizations will follow a model similar to that of collinear distributions. The results of fits will
be made publicly available both through the website and through publications in journal articles.
As fits are updated, older ones will be kept available, along with records of changes, modifications
and improvements.

In addition, software for generating transverse momentum dependent observables from mod-
els, fits, and perturbative calculations will be made publicly available through public repositories
such as the hepforge website. Web interfaces for generating TMD distributions, with sensitivity
to non-perturbative parametrizations, will be developed (for an older example developed in the
context of high energy physics, see http://hep.pa.msu.edu/wwwlegacy/). This software is cur-
rently being developed at Jefferson Lab and is hosted on https://github.com/JeffersonLab/
TMD/subscription. We plan for this work ultimately to be built as public branches of open-source
software.

Finally, the TMD distribution generation software, along with publicly available fits, will be
interfaced with parallel projects in lattice QCD. Part of the global fitting analysis project will be
to facilitate the incorporation of lattice information into global fitting.

Lattice QCD calculations

The raw physics simulation data created by the lattice QCD calculations project will be in the
form of simulation results stored in standard lattice QCD data formats (http://usqcd.jlab.org/
usqcd-docs/c-lime/). These are very large files (tens of thousands of files, each of many GB)
and some will be stored only temporarily as it is more cost effective to recreate the simulations
than store such amounts of data. Parameter files, important configuration files and post-processed
summary files will be kept indefinitely. The physics research output associated with this project will
be made available publicly either as journal articles (with preprints freely available at arxiv.org) or
conference presentations.

An important component of the data produced by this project will be the software infras-
tructure that is created to study x-dependence of parton distributions and TMDs and related.
Software will be built as public branches of current open-source software projects that are hosted
on http://github.com and on MIT repositories (https://github.com/JeffersonLab/chroma,
and https://usqcd.lns.mit.edu/w/index.php/QLUA) All software will be made available for free
under the MIT license1 and will remain freely available to anyone for non-commercial use.

Rights and access management

The raw data will be freely available to other users after the first paper resulting from it has been
published. The research publications, software and algorithms will be freely available as specified in

1http://opensource.org/licenses/MIT
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the open access policies of the various participating institutions. The data acquired and preserved
in the context of this proposal will be further governed by relevant institutional policies pertaining
to intellectual property, record retention, and data management.

Archival policy

Physics simulation data and data collations that are to be retained in the long term will be archived
either locally or at national supercomputing facilities where much of the computing work in the
project will be performed. Critical data will be r eplicated in multiple distinct physical locations.
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Appendix 7: Other Attachments

In this Appendix, we provide a copy of the two letters from the Dean of College of Arts and
Science of New Mexico State University and the Dean of College of Science and Technology of
Temple University, respectively, committing the regular, tenure-track Assistant Professor positions
in Nuclear Physics Theory as the bridged positions in connection with our proposal, along with
supporting letters from various participating institutions.
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Michael L. Klein  ▪  SERC Building 704E  ▪  1925 North 12th Street  ▪  Philadelphia, PA 19122 
+1-215-204-1927   ▪  mlklein@temple.edu  ▪ https://icms.cst.temple.edu/ 

 

 

Michael L. Klein FRS, Dean 
Laura H. Carnell Professor and Director 
Institute for Computational Molecular Science 

SERC Building 704E 
1925 North 12th Street 
Philadelphia, PA 19122 

+1-215-204-1927 fax-2257 
mlklein@temple.edu 
https://icms.cst.temple.edu/ 

 
April  8th  2015  
  
  

Dr.  Timothy  Hallman,  Associate  Director  Office  of  Science  for  Nuclear  Physics  
Dr.  George  Fai,  Program  Manager  Nuclear  Theory  
Office  of  Nuclear  Physics,  SC-­‐‑26  
U.S.  Department  of  Energy  
19901  Germantown  Road,  Germantown,  MD  20874-­‐‑1290  
  
Subject:    
  
Bridge  position  at  Temple  University  through  the  Topical  Collaboration  “Coordinated  
Theoretical  Approach  to  Transverse  Momentum  Dependent  Hadron  Structure  in  QCD”  
  
Dear  Dr.  Hallman  and  Dr.  Fai,  
  
Andreas  Metz  from  the  Department  of  Physics  at  Temple  is  participating  in  the  proposal  for  
the  Topical  Collaboration  “Coordinated  Theoretical  Approach  to  Transverse  Momentum  
Dependent  Hadron  Structure  in  QCD”.    
  
The  College  of  Science  and  Technology  at  Temple  is  very  enthusiastic  about  this  proposal.  
In  particular,  Temple  is  willing  to  support  a  bridge  faculty  position  via  this  Topical  
Collaboration.  Specifically,  Temple  will  provide  50%  of  the  academic  year  salary  for  such  a  
position  for  four  years.    
  
In  addition,  Temple  will  provide  its  customary  summer  salary  support  for  Assistant  
Professors  (one  month  per  year)  as  part  of  the  start-­‐‑up  package.  Importantly,  subject  to  
satisfactory  performance  (e.g.,  mid-­‐‑term  review)  after  the  initial  four  years  the  position  will  
be  fully  supported  by  Temple.  The  position  will  be  further  continued  subject  to  a  successful  
tenure  review.  
  

Sincerely  
  
  

 
Michael  L.  Klein,  FRS  
Dean,  College  of  Science  &  Technology  
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