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EIC is a unique facility that is capable of performing a well
defined set of measurements in yet unexplored region and
reveal details of dynamics of sea quarks and gluons
in the nucleon.

Importance of these studies is corroborated by the interest 
of Nuclear Physics community in the USA and the rest of the 
world.

Why do we need an Electron Ion Collider?

Kinematic coverage

INT 26/09/2017 Spatial and Momentum Tomography 7
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Why is it so important for theory? 

We are a data-driven science!
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Nucleon landscape 
 

Nucleon is a many body dynamical system of 
quarks and gluons  

Changing x we probe different aspects of nucleon 
wave function  

How partons move and how they are
distributed in space is one of the directions of 
development of nuclear physics

Technically such information is encoded into 
Generalised Parton Distributions (GPDs) and 
Transverse Momentum Dependent distributions 
(TMDs)
   
   
These distributions are also referred to as 3D 
(three-dimensional) distributions               
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5D

Unified View of Nucleon Structure

3D
Transverse
Momentum 
Dependent
distributions

Generalized
Parton 
Distributions

Wigner function

We hope to be able to combine the knowledge on GPDs and 
TMDs and access Wigner functions or GTMDs 
(F.T. of Wigner distributions)

7 years ago possible experimental measures of GTMDs were 
not know, now we have some proposed avenues to measure 

A. Metz
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We hope to be able to combine the knowledge on GPDs and 
TMDs and access Wigner functions or GTMDs 
(F.T. of Wigner distributions)

5 years ago possible experimental measures of GTMDs were 
not know, now we have some proposed avenues to measure 

A. Metz

GTMDs as Mother Functions

(diagram from Lorcé, Pasquini, Vanderhaeghen, 2011)

• GTMDs describe the most general two-parton structure of hadrons

• Several GTMDs vanish for GPD and TMD limit of correlator ! genuine new physics

• In particular, modeling of GTMDs might be very useful
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Are There Novel Views on Nucleon Structure

The proton as an entangled multipartite state?

P. Mulders

Summary and implications for standard model & QCD 

  ‘Different view’ does not invalidate the standard model field theoretical results 
  it may affect way that (QCD+EW) loop corrections are implemented  
  It does away with the confinement issue: quarks are not asymptotic states.  
  Only for color singlet composites, rotational invariance can be employed in 
analogy to the lepton sector, implying that for valence quarks and 
antiquarks in hadrons a swap has to be made from SU(3)local in 1D to 
SU(3)global in 3D 

  Provides a new view for many phenomena in QCD (confinement, Bloom-Gilman 
duality, separation of hard/soft modes in SCET, jet physics, color-kinematic 
duality, multitude of effective models for QCD, CFT approaches a la Brodsky, de 
Téramond, Dosch, Lorcé getting to effective SUSY for baryons/mesons) 

  It could shed light on the transition from collinear à 3D picture  
  At level of partons/good fields: transition from PDFs to TMDs with staple 
gauge links 
  Role of Wilson loops in unifying dipole and TMD pictures at small x 

  Many open ends remain! 

27 
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Why TMDs, factorization, and evolution



12

proton

lepton lepton

pion

electron

positron
pion

Collins, Soper (1983) 
Collins, Soper, Sterman (1985) 

Collins (2011) 

TMD evolution equations

Collins, Soper (1983) 
Collins (2011)

Meng, Olnes, Soper (1992) 
Ji, Ma, Yuan (2005) 

Collins (2011)

TMD factorization
e+e–

SIDIS

Drell-Yan

proton positron

electronprotonpion

Collins, Soper, Sterman (1985) 
Ji, Ma, Yuan (2004) 

Collins (2011)
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TMD evolution equations

Qiu, Sterman (1990)

Only one scale is 
measured in PP 

TMD factorization is 
not applicable?

TMD factorization
e+e–

SIDIS

PP

?

Drell-Yan

proton positron
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Collins, Soper, Sterman (1985) 
Ji, Ma, Yuan (2004) 

Collins (2011)

Collins, Soper (1983) 
Collins, Soper, Sterman (1985) 
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Collins (2011)
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Ji, Ma, Yuan (2005) 
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proton
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pion
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Qiu, Sterman (1990)

e+e–

SIDIS

PP

!

Drell-Yan

proton positron

electronprotonpion

Collins, Soper, Sterman (1985) 
Ji, Ma, Yuan (2004) 

Collins (2011)

Twist-3 factorization
DGLAP equations

Global fit is needed.
Work in progress

• Twist-3 functions are related to TMD via OPE 
•  TMD and twist-3 factorizations are related in high QT region 
• Global analysis of TMDs and twist-3 is possible: 
All four processes can be used. 
• Data are from HERMES, COMPASS, JLab, 
BaBar, Belle, RHIC, LHC, Fermilab

TMD factorization
Collins, Soper (1983) 

Collins, Soper, Sterman (1985) 
Collins (2011) 

Collins, Soper (1983) 
Collins (2011)

Meng, Olness, Soper (1992) 
Ji, Ma, Yuan (2005) 

Collins (2011)

A. Bacchetta, A. Vladimirov, A. Signori



15

Studies of TMD evolution happened after EIC White paper!
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Why QCD evolution is interesting?

Study of evolution gives us insight on different aspects and origin of confined motion of partons, gluon 
radiation, parton fragmentation  

Evolution allows to connect measurements at very different scales.

TMD evolution has also a universal non-perturbative part. The result of evolution cannot be 
uniquely predicted using evolution equations until the non-perturbative part is reliably 
extracted from the data. 

Gluon 
shower

Confined 
motion

Emergence of a 
hadron

hadronization
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Collinear PDFs

✓ DGLAP evolution

✓ Resum

✓ Kernel: purely perturbative

TMDs

✓ Collins-Soper/rapidity evolution 
equation

✓ Resum

✓ Kernel: can be non-perturbative 
when 

● Just like collinear PDFs, TMDs also depend on the scale of the probe 
= evolution

TMDs evolve

slide courtesy of Z. Kang



18

Collins, Soper, Sterman 85, ResBos, Qiu, Zhang 99, Echevarria, Idilbi, Kang, Vitev, 14, 
Aidala, Field, Gamberg, Rogers, 14, Sun, Yuan 14, D’Alesio, Echevarria, Melis, Scimemi, 14, 
Rogers, Collins, 15, Vladimirov,  Scimemi 17…

longitudinal/collinear part transverse part ✓ Non-perturbative: fitted from data
✓ The key ingredient – ln(Q) piece is 

spin-independentSince the polarized scattering data is still limited kinematics, we 
can use unpolarized data to constrain/extract key ingredients 

for the non-perturbative part

▪ Fourier transform back to the momentum space, one needs the whole 
b region (large b): need some non-perturbative extrapolation
▪ Many different methods/proposals to model this non-perturbative   

part

▪ Eventually evolved TMDs in b-space

A. Bacchetta, A. Vladimirov, A. Signori, L. 
Gamberg

TMD evolution and non-perturbative component
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 TMD distributions 

8 functions in total (at leading 
twist)

Each represents dif ferent 
aspects of partonic structure

Each depends on Bjorken-x, 
transverse momentum, the 
scale 

Each function is to be studied
Kotzinian (1995), Mulders, Tangerman (1995), Boer, Mulders (1998)

Sabrina Cotogno INT2017, Seattle

12

GLUON POLARIZATION                                        WILSON LOOP

TA
RG

ET
 S

PI
N

Spin 0 and 1/2 
[Mulders,Rodrigues,2001] 
[Meissner, Metz and Goeke,2007]

Unpolarized Circular Linear

U f
1

h?
1

e

L g
1

h?
1L

T f?
1T

g1T h1, h?
1T

eT

The functions have dependence:
f, g, h e

f(x,k2
T ) e(k2

T )

Quark TMDs

Gluon TMDs

Sabrina Cotogno, Cristian Pisano
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 TMD distributions  TMD distributions 
 Definitions

Sivers function: unpolarized quark distribution inside a transversely
polarized nucleon

Sivers 1989

Spin independent Spin dependent
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 TMD distributions  TMD distributions 
 Definitions

Sivers function:                describes strength of correlation 
Sivers 1989

Sivers function gives rise to Single Spin 
Asymmetries in scattering processes. For 
instance in Semi Inclusive Deep Inelastic process 

This function is extensively studied experimentally, phenomenologically,
theoretically

Kotzinian (1995), 
Mulders, 
Tangerman (1995), 
Boer, Mulders (1998)

d� ⇠ sin(�h � �S)f
?
1T ⌦D1
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Sivers function                                                 
 

Large – Nc result

➔ Confirmed by phenomenological extractions 

➔ Confirmed by experimental measurements  

Pobylitsa 2003

Relation to GPDs (E) and anomalous magnetic moment

➔ Predicted correct sign of Sivers asymmetry in SIDIS
➔ Shown to be model-dependent
➔ Used in phenomenological extractions 

Burkardt 2002

Meissner, Metz, Goeke 2007

Bacchetta, Radici 2011
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Sivers function                                                 
 

Sum rule
➔ Conservation of transverse momentum
➔ Average transverse momentum shift of a quark inside a transversely 
polarized nucleon

➔  Sum rule

Burkardt 2004

X

a=q,g

Z 1

0
dxhki,aT i = 0

X

a=q,g

Z 1

0
dxf

?(1)a
1T (x) = 0
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Process dependence of Sivers function                                      
 

 
➔ First experimental hint on the sign change: AN in W and Z production

Anselmino et al  2016

➔ Results with sign change
➔ No TMD evolution
➔ Antiquark Sivers functions included

➔ STAR results hint on sign change
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Process dependence of Sivers function                                      
 

 
➔ First experimental hint on the sign change in Drell-Yan

➔ Sign change 
➔ No sign change 

COMPASS  2017

➔ COMPASS results hint on sign change

First measurement of transverse-spin-dependent azimuthal asymmetries . . . 5

1−10 1−10×2
0.4−

0.2−

0

0.2

0.4

S
ϕ

sin T
A 

COMPASS
proton 2015 data

1−10×3 1

0.4−

0.2−

0

0.2

0.4

0 0.5
0.4−

0.2−

0

0.2

0.4

1 2
0.4−

0.2−

0

0.2

0.4

0.4−

0.2−

0

0.2

0.4

1−10 1−10×2
0.4−

0.2−

0

0.2

0.4) S
ϕ 

−
CS

ϕ
sin

(2
T

A 

1−10×3 1

0.4−

0.2−

0

0.2

0.4

0 0.5
0.4−

0.2−

0

0.2

0.4

1 2
0.4−

0.2−

0

0.2

0.4

0.4−

0.2−

0

0.2

0.4

1−10 1−10×2

0.4−

0.2−

0

0.2

0.4) S
ϕ 

+
CS
ϕ

sin
(2

T
A 

Nx
1−10×3 1

0.4−

0.2−

0

0.2

0.4

πx
0 0.5

0.4−

0.2−

0

0.2

0.4

Fx
1 2

0.4−

0.2−

0

0.2

0.4

 (GeV/c)
T

q

0.4−

0.2−

0

0.2

0.4

integrated

Fig. 5: Extracted Drell-Yan TSAs related to Sivers, transversity and pretzelosity TMD PDFs (top to
bottom). Error bars represent statistical uncertainties. Systematic uncertainties (not shown) are 0.7 times
the statistical ones.
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Fig. 6: The measured mean Sivers asymmetry and the theoretical predictions for different Q

2 evolution
schemes from Refs. [19] (DGLAP), [20] (TMD1) and [21] (TMD2). The dark-shaded (light-shaded)
predictions are evaluated with (without) the sign-change hypothesis. The error bar represents the total
experimental uncertainty.

values from this measurement is available on HepData [37]. The last column in Fig. 5 shows the results
for the three extracted TSAs integrated over the entire kinematic range. The average Sivers asymmetry
A

sinj
S

T

is found to be above zero at about one standard deviation of the total uncertainty. In Fig. 6, it
is compared with recent theoretical predictions from Refs. [19, 20, 21] that are based on different Q

2-
evolution approaches. The positive sign of these theoretical predictions for the DY Sivers asymmetry was
obtained by using the sign-change hypothesis for the Sivers TMD PDFs, and the numerical values are
based on a fit of SIDIS data for the Sivers TSA [9, 11, 12]. The figure shows that this first measurement
of the DY Sivers asymmetry is consistent with the predicted change of sign for the Sivers function.

The average value for the TSA A

sin(2j
CS

�j
S

)
T

is measured to be below zero with a significance of about
two standard deviations. The obtained magnitude of the asymmetry is in agreement with the model
calculations of Ref. [38] and can be used to study the universality of the nucleon transversity function.
The TSA A

sin(2j
CS

+j
S

)
T

, which is related to the nucleon pretzelosity TMD PDFs, is measured to be above
zero with a significance of about one standard deviation. Since both A

sin(2j
CS

�j
S

)
T

and A

sin(2j
CS

+j
S

)
T

are
related to the pion Boer-Mulders PDFs, the obtained results may be used to study this function further and
to possibly determine its sign. They may also be used to test the sign change of the nucleon Boer-Mulders
TMD PDFs between SIDIS and DY as predicted by QCD [6, 7, 8], when combined with other past and
future SIDIS and DY data related to target-spin-independent Boer-Mulders asymmetries [39, 40, 41].



26

Sivers function                                                 
 

Expectation of EIC AP 2010

Page 24 of 100 Eur. Phys. J. A (2016) 52: 268
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Sivers function at five x values accessible to the EIC, and cor-
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Figure 21 showed the kinematic reach of the EIC which
would enable a measurement of the transverse-momentum
profile of the quark Sivers function over a wide range in
x, e.g. from the valence to the sea quark region. Note that
fig. 21 showed the total up quark Sivers function, while
fig. 20 shows the valence and the sea quarks separately.

Here, we emphasize the importance of the high Q2

reach of the EIC for SIDIS measurements. Most of the
existing experiments focus on the Q2 range of a few GeV2.
The EIC will, for the first time, reach Q2 values up to
hundreds and more GeV2. This will provide an unique op-
portunity to investigate the scale evolution of the Sivers
asymmetries, which has attracted strong theoretical in-
terests in the last few years [87–92]. As a leading power
contribution in the spin asymmetries, the associated en-
ergy evolution unveils the underlying strong interaction
dynamics in the hard scattering processes. The embedded
universality and factorization property of the TMDs can
only be fully investigated at the EIC with the planned
kinematic coverage in Q2. In particular, the theory cal-
culations including evolution effects agree with the cur-

rent constraints on the quark Sivers function presented in
fig. 21, while they do differ at higher values of Q2 [87–92].
Moreover, a recent study has shown that at the kinemat-
ics of HERMES and COMPASS, the leading-order SIDIS
suffers significant power corrections, which however will
diminish at higher Q2 [92]. This makes the EIC the only
machine to be able to establish the leading partonic pic-
ture of the TMDs in SIDIS.

The kinematic reach of the EIC also allows the mea-
surement of physical observables over a wide transverse-
momentum range. This is particularly important to un-
derstand the underlying mechanism that results in single-
spin asymmetries. Recent theoretical developments have
revealed that both the transverse-momentum–dependent
Sivers mechanism and the quark-gluon-quark correlation
collinear mechanism describe the same physics in the kine-
matic regions where both approaches apply [93, 94]. The
only way to distinguish between the two and understand
the underlying physics is to measure them over wide pT

ranges. The high luminosities at the EIC machine could
provide a golden opportunity to explore and understand
the mechanism of the transverse-spin asymmetries. In ad-
dition, with precision data in a large range of transverse
momentum, we shall be able to study the strong inter-
action dynamics in the description of large-transverse-
momentum observables and investigate the transition be-
tween the non-perturbative low-transverse-momentum re-
gion and the perturbative high-transverse-momentum re-
gion.

Access to the gluon TMDs

Beyond the gluon helicity measurements described in
sect. 2.2, the gluonic orbital angular momentum contribu-
tion would be studied in hard exclusive meson produc-
tion processes at the EIC. The transverse-momentum–
dependent gluon distribution can provide complementary
information on the spin-orbital correlation for the glu-
ons in the nucleon. Just as there are eight TMDs for
quarks, there exist eight TMDs for gluons [95]. Exper-
imentally, the gluon TMDs —in particular, the gluon

Update of this and other estimates is needed and work is in progress
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▪ There has been a lot of progress in the last few years in TMD physics

▪ TMD physics encompasses results of many different experimental facilities

▪ TMD physics is now extended to gluon TMD and small-x (not covered in this talk)

▪ Progress in lattice QCD is very exciting (not covered in this talk)
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INT 2018

Probing Nucleons and Nuclei in High Energy Collisions (INT-18-3)
October 1 - November 16, 2018
Y. Hatta, Y. Kovchegov, C. Marquet, A. Prokudin

New developments of EIC related physics will
be discussed, stay tuned for the program!


