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TMD “science matrix”
Page 26 of 100 Eur. Phys. J. A (2016) 52: 268

Table 2. Science Matrix for TMD: 3D structure in transverse-momentum space: the golden measurements (upper part); the
silver measurements (lower part).

Deliverables Observables What we learn

Sivers & SIDIS with Quantum interference & spin-orbital correlations

unpolarized transverse 3D Imaging of quark’s motion: valence + sea

TMD quarks polarization; 3D Imaging of gluon’s motion

and gluon di-hadron (di-jet) QCD dynamics in an unprecedented Q2 (PhT ) range

Chiral-odd SIDIS with 3rd basic quark PDF: valence + sea, tensor charge

functions: transverse Novel spin-dependent hadronization effect

transversity; polarization QCD dynamics in a chiral-odd sector

Boer-Mulders with a wide Q2 (PhT ) coverage

x + ξ x − ξ

p p

x + ξ x − ξ

p p

γ ∗ γ ∗γ V

Fig. 23. Graphs for deeply virtual Compton scattering (left)
and for exclusive vector meson production (right) in terms of
generalized parton distributions, which are represented by the
lower blobs. The upper filled oval in the right figure represents
the meson wave function.

Weighting with the fractional quark charges eq and
integrating over x, one obtains a relation with the electro-
magnetic Dirac and Pauli form factors of the proton:

∑

q

eq

∫
dxHq(x, ξ, t) = F p

1 (t),

∑

q

eq

∫
dxEq(x, ξ, t) = F p

2 (t) (14)

and an analogous relation to the neutron form factors.
At small t the Pauli form factors of the proton and the
neutron are both large, so that the distributions E for up
and down quarks cannot be small everywhere.

2.4 Spatial imaging of quarks and gluons4

2.4.1 Physics motivations and measurement principle

Spatial imaging

Elastic electron-nucleon scattering has played a ma-
jor role in our understanding of strong interactions ever
since the Hofstadter experiment showed that protons and
neutrons are not point-like particles. Measurements of the
electromagnetic nucleon form factors have become ever
more precise [97] and give detailed information about the
spatial distribution of electric charge and magnetization

4 Conveners: Markus Diehl and Franck Sabatié.

in the nucleon. Further information (albeit with less ac-
curacy) can be obtained from neutral and charged weak
currents. However, elastic scattering does not reveal the
distribution of gluons, which carry only color charge, and
it is not selectively sensitive to sea quarks.

Hard exclusive scattering processes bring the idea of
imaging to a new qualitative level by probing the trans-
verse distribution of quarks, anti-quarks and gluons as a
function of their longitudinal momentum in the nucleon.
One may regard this as a tomography of the nucleon, with
two-dimensional spatial images being taken for different
“slices” of the parton momentum fraction, x. In different
terms, one maps out in this way the (2 + 1)-dimensional
structure of the nucleon, with two dimensions in space and
one in momentum.

Such spatial images of partons can provide insight into
the fundamental questions about QCD dynamics inside
hadrons spelled out in sect. 2.1. In particular, quantifying
the difference in the distributions of quarks and gluons
will shed light on their dynamical interplay, and the de-
pendence of the transverse distribution of quarks on x will
reveal to what extent sea and valence quarks have differ-
ent or similar characteristics. As the size of effects that
can be expected is not huge, measurements with high pre-
cision are crucial to uncover them.

We will show that with a suitable setup of detec-
tors and the interaction region, the EIC will be able to
probe partons at transverse distances bT up to about
1.5 fm or even higher. In this region, there are definite
predictions [98, 99] for the impact parameter distribution
f(x, bT ) of partons, namely an exponential falloff in bT

(akin to the one produced by a Yukawa potential) with
a characteristic length that depends on x and is of order
1/(2mπ) ≈ 0.7 fm. This behavior results from quantum
fluctuations with virtual pions at large bT , sometimes re-
ferred to as the “pion cloud” of the nucleon. The char-
acteristics of these fluctuations are a direct consequence
of the breakdown of chiral symmetry in QCD and can
be computed using effective field theory methods. From a
different point of view, one may hope that the structure
of the proton of distances on the femtometer scale will
eventually help us to better understand the mechanism of
confinement.

p. 94 of arXiv:1108.1713 and p. 41 of arXiv:1212.1701



TMD motivation from “White Paper”

2.3 Confined Motion of Partons in Nucleons: TMDs

Conveners: Haiyan Gao and Feng Yuan

2.3.1 Introduction

DIS is a powerful way to probe the in-
ternal structure of nucleons. After four
decades of experiments scattering high en-
ergy leptons o↵ nucleons, our knowledge of
the nucleon structure has made impressive
progress. However, our understanding of the
nucleon structure from inclusive DIS exper-
iments is basically one-dimensional. From
inclusive DIS we “only” learn about the
longitudinal motion of partons in a fast
moving nucleon, whose transverse momenta
are not resolved. Meanwhile, the past
decade has witnessed tremendous experi-
mental achievements which led to fascinat-
ing new insights into the structure of the nu-
cleon through semi-inclusive hadron produc-
tion in DIS (SIDIS) and hard exclusive pro-
cesses in DIS. These less inclusive methods

enable us to investigate the partonic struc-
ture of the nucleon beyond one-dimensional
space. As discussed at the beginning of this
chapter, these developments have stimulated
theoretical advances from a simple parton
model description of nucleon structure to
multi-dimensional distributions of partons,
including the generalized parton distribu-
tions (GPDs), the transverse momentum de-
pendent parton distributions (TMDs), and
the quantum phase space Wigner distribu-
tions. The focus of this section is on the
TMDs, their theoretical properties and phe-
nomenological implications, and the experi-
mental access to them. TMDs open a new
window to understand some of the most fun-
damental aspects of QCD. Several fascinat-
ing topics are related to the study of TMDs:

• 3D-imaging. The TMDs represent the intrinsic motion of partons inside the nucleon
(confined motion!) and allow reconstruction of the nucleon structure in momentum
space. Such information, when combined with the analogous information on the par-
ton spatial distribution from GPDs, leads to a 3-dimensional imaging of the nucleon.

• Orbital motion. Most TMDs would vanish in the absence of parton orbital angular
momentum, and thus enable us to quantify the amount of orbital motion.

• Spin-orbit correlations. Most TMDs and related observables are due to couplings of
the transverse momentum of quarks with the spin of the nucleon (or the quark). Spin-
orbit correlations in QCD, akin to those in hydrogen atoms and topological insulators,
can therefore be studied.

• Gauge invariance and universality. The origin of some TMDs and related spin asym-
metries, at the partonic level, depend on fundamental properties of QCD, such as
its color gauge invariance. This leads to clear di↵erences between TMDs in di↵erent
processes, which can be experimentally tested.

The “simplest” TMD is the unpolarized
function f

q
1 (x, kT ), which describes, in a fast

moving nucleon, the probability of finding a
quark carrying the longitudinal momentum
fraction x of the nucleon momentum, and

a transverse momentum kT = |kT |. It is
related to the collinear (‘integrated’) PDF
by

R
d2kT f

q
1 (x, kT ) = f

q
1 (x). In addition

to f
q
1 (x, kT ), there are two other TMDs:

g
q
1L(x, kT ) and h

q
1(x, kT ), whose integrals cor-

33
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Main topics of this week



Main topics of this week

❖ Unpolarized quark TMD phenomenology



Main topics of this week

❖ Unpolarized quark TMD phenomenology

❖ Sivers TMD phenomenology 



Main topics of this week

❖ Unpolarized quark TMD phenomenology

❖ Sivers TMD phenomenology 

❖ Transversity and Collins function phenomenology



Main topics of this week

❖ Unpolarized quark TMD phenomenology

❖ Sivers TMD phenomenology 

❖ Transversity and Collins function phenomenology

❖ Gluon TMDs unpolarized + polarised



Main topics of this week

❖ Unpolarized quark TMD phenomenology

❖ Sivers TMD phenomenology 

❖ Transversity and Collins function phenomenology

❖ Gluon TMDs unpolarized + polarised

❖ Jet TMDs (hadron-in-jet, photon-jet, jet-jet…)



Main topics of this week

❖ Unpolarized quark TMD phenomenology

❖ Sivers TMD phenomenology 

❖ Transversity and Collins function phenomenology

❖ Gluon TMDs unpolarized + polarised

❖ Jet TMDs (hadron-in-jet, photon-jet, jet-jet…)

❖ Higher twist



Connections with other weeks

❖ GPDs 

❖ Low-x physics

❖ Nuclear modifications



Connections with other topics

❖ Lattice QCD 

❖ Precision computations in jet physics

❖ Search for physics Beyond the Standard Model



Open questions

❖ Where can we trust the formalism?

❖ How much do we need to know about TMD 
Fragmentation Functions?

❖ How much do we need from other experiments?

❖ How good is the status of gluon TMD theoretical 
framework?

❖ …



Suggestions/requests

❖ Talks should be 30 min. + 10 min. discussion

❖ Please, keep focus on EIC physics 

❖ Feel free to ask questions during the talk

❖ “Brainstorming” is encouraged

❖ At some point, let’s be as concrete as possible

❖ We will collect proceedings from all of you


