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Available Maps: Parton Distribution Functions

monodimensional (in momentum space)

talk of M. Guzzi



PDFs: 1D map



How can we built up 
a multidimensional picture 

of the nucleon?
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~b?

GPDs: 1+2D map
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3+2D map!
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N
uc

le
on

 p
ol

ar
iz

at
io

n

GTMDs

TMDs

→
Δ= 0

GPDs

(16 complex functions)

(8 real functions)(8 real functions)
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Key information from TMDs

•Spin-Spin and Spin-Orbit Correlations of partons

•Transverse momentum size

•Test what we can calculate with QCD (perturbative and lattice)

•Non-perturbative structure we cannot calculate with QCD



Where can we access TMDs?

we are interested 
in the region of small transverse-momenta
 sensitive to non-perturbative QCD effects



Where can we access TMDs?
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 sensitive to non-perturbative QCD effects



How to measure the TMDs

TMD

FF

TMD

TMD

Fragmentation Functions

✓Factorization

✓Universality



Gauge link dependence of TMDs
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Gauge link dependence of TMDs

SIDIS

Drell-Yan

Collins, PLB 536 (2002) 43

Sivers function SIDIS = − Sivers function Drell-Yan

Boer-Mulders function SIDIS = − Boer-Mulders function Drell-Yan

Strong QCD prediction. Needs to be tested.
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hermes

EIC

Paste, present and future TMD measurements

Accardi et al., The Electron Ion Collider: the next QCD Frontier
arXiv:1212.1701

Gluons Sea quarks Valence quarks



The unpolarized TMD f1

Transverse momentum

Fraction of 
longitudinal momentum

We know the integrated PDF very well.
We know the TMD still poorly.

Correlation between x and k⊥

Flavor dependence of TMDs ?



Flavor structure of TMDs: indications from data
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width of up valence

Signori,et.al., JHEP 1311 (13)

fit to SIDIS multiplicities from HERMES:  

Flavor-inpependence is not ruled out:

0.4 < hk2?i < 0.8GeV2

fit to SIDIS multiplicities from HERMES and COMPASS  Anselmino,et.al., JHEP 1404 (14)



Adding the spin

correlation between x and k⊥

correlation between x, k⊥ and spin



Sivers function
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f�1T =

non-zero ONLY with final-state interaction

the helicity mismatch requires orbital angular momentum

unpolarized quarks in     pol. nucleon⊥

f?
1T |SIDIS = �f?

1T |DY
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Figure 7: Sivers asymmetry against x, z and ph
T for the “all” charged pions and kaons

samples from the 2003–2004 data, and “all” K0
S’s sample from the 2002–2004 data.

significance was observed.
Also, the correlation between the measured Collins and Sivers asymmetries which

originates from the non-uniform φh/φS acceptance of the spectrometer has been studied
and the corresponding systematic error has been evaluated to be negligible as compared
with the statistical error. The smallness of the asymmetries makes the systematic error
due to the uncertainties on PT and f totally negligible. These studies altogether lead to
the final conclusion that the systematic errors are considerably smaller (well below 30%)
than the statistical errors.

All the measured asymmetries are small, a trend which was already observed in the
published data of the non-identified hadrons. Small asymmetries are not a surprise, it was
expected that transverse spin effects be small in the deuteron due to the opposite sign
which was predicted for the u- and d-quark distributions, very much like in the helicity
case.

The interpretation of the results on the deuteron can be done only in conjunction
with corresponding proton data, measured by the HERMES Collaboration albeit at lower
energy. Proton target data have been collected by COMPASS in 2007, but the results are
not final at the time of writing. As shown in Refs. [8,11] a simple analysis of the HERMES
charged pion data and of the non-identified charged hadron data in COMPASS, assuming
that all the hadrons are pions, led to the following conclusions:

1. the favoured and unfavoured Collins functions have about the same size and the
COMPASS deuteron data are needed for the extraction of the d-quark transversity;

2. the null result for the Sivers asymmetry for the COMPASS data is a clear indication

11

hermes 4

x Q2 y z Ph⊥ W W′ fπ+

pair fπ−

pair 1− fπ+

p 1− fπ−

p

GeV2 GeV GeV GeV
0.156 1.38 0.81 0.50 0.435 2.91 2.07 22.0±4.4% 24.0±4.8% 0.212 ± 0.032 (0.027) 0.348± 0.032 (0.022)
0.206 1.76 0.78 0.52 0.38 2.77 1.97 8.0±2.0% 14.0±2.0% 0.144 ± 0.031 (0.029) 0.205± 0.037 (0.027)
0.265 2.16 0.75 0.54 0.32 2.63 1.84 2.5±0.9% 5.0±1.8% 0.171 ± 0.029 (0.028) 0.287± 0.036 (0.024)
0.349 2.68 0.70 0.58 0.24 2.43 1.68 1.0±0.5% 2.0±1.0% 0.107 ± 0.026 (0.030) 0.220± 0.032 (0.026)

TABLE I. Central kinematics for the four x bins. The fractional e− energy loss y, the hadron energy fraction z with respect
of electron energy transfer and the transverse momentum Ph⊥ are all defined following the notation of Ref. [10]. The pair

production background fπ±

pair and the proton dilution 1− fπ±

p are shown with their total experimental systematic uncertainties.
The numbers in parentheses represent the model uncertainties corresponding to unpolarized FSI effects.
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FIG. 1. (Color online) The extracted Collins/Sivers moments
on 3He are shown together with uncertainty bands (see text)
for both π+ and π− electro-production.

cluding 2〈sinφS〉 and 2〈sin (2φh − φS)〉, azimuthal mod-
ulations of the unpolarized cross section including the
Cahn (2〈cosφh〉) and Boer-Mulders (2〈cos(2φh)〉) ef-
fects [10], and leakage from the longitudinal SSA (AUL)
due to the small longitudinal component of the target po-
larization. The effects of these terms were estimated by
varying each term within an allowed range derived from
the HERMES data [34, 35], assuming the magnitude of
each term for the neutron is similar to that of the pro-
ton. The 2〈sinφS〉 term gives the largest effect, followed
by the 2〈sin(3φh − φS)〉 and 2〈sin (2φh − φS)〉 terms.
A Monte Carlo simulation of the experiment was

adapted from the package SIMC used in the analysis of
SIDIS cross section measurements on 1H and 2H from
JLab Hall C [12] to include models of our target and
spectrometers. SIMC was used to estimate the combined
effects of acceptance, resolution and radiative corrections
on the extraction of the Collins and Sivers moments, and
these effects were included in the experimental systematic
uncertainties. Additionally, the contamination in identi-
fied SIDIS events from decays of diffractively produced
ρ mesons was estimated to range from 3-5% (5-10%) for

π+ (π−) by PYTHIA6.4 [36]. Consistent with the HER-
MES analysis, no corrections for this background have
been applied to our results. The contamination from ra-
diative tails of exclusive electroproduction, estimated by
normalizing the MC spectrum to the data in the low-W
region, was found to be less than 3%.
The extracted 3He Collins AC ≡ 2〈sin(φh + φS)〉 and

Sivers AS ≡ 2〈sin(φh−φS)〉 moments are shown in Fig. 1
and tabulated in Table. II. The error bars represent sta-
tistical uncertainties only. The experimental systematic
uncertainties combined in quadrature are shown as the
band labeled “Exp.”. The combined extraction model
uncertainties due to neglecting other allowed terms are
shown as the band labeled “Fit”. The extracted 3He
Collins and Sivers moments are all below 5%. The
Collins moments are mostly consistent with zero, except
the π+ Collins moment at x=0.35, which deviates from
zero by 2.3σ after combining the statistical and system-
atic uncertainties in quadrature. The π+ Sivers moments
favor negative values, and the π− Sivers moments are
consistent with zero.
To extract the neutron Collins/Sivers SSAs (AC/S

n )

from the measured 3He moments (AC/S
3He

), we used,

AC/S
3He

= Pn · (1− fp) ·A
C/S
n + Ppfp ·A

C/S
p , (2)

which was shown to be valid in a calculation by Scopetta
[37] including initial-state nuclear effects. Here, Pn =
0.86+0.036

−0.02 (Pp = −0.028+0.009
−0.004) is the neutron (proton)

effective polarization [38]. The proton dilution fp = 2σp

σ3He

of 3He was measured by comparing the yields of unpolar-
ized hydrogen and 3He targets in the SIDIS kinematics.
An additional model uncertainty from spin-independent
FSI was estimated using pion multiplicity data [39] and a
Lund string model-based calculation of the pion absorp-
tion probability [40]. An upper limit of 3.5% on the size of
the FSI effect was used to estimate the uncertainty in fp,
shown in Table I, and included in the “Fit” systematic
uncertainty. The neutron SSAs due to spin-dependent
FSI were estimated to be well below 1% across the entire
x range with a simple Glauber rescattering model.
The resulting neutron Collins/Sivers moments calcu-

lated using Eq. (2), with fp from our data and proton
Collins/Sivers moments from Refs. [41–43], are shown in

4
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TABLE I. Central kinematics for the four x bins. The fractional e− energy loss y, the hadron energy fraction z with respect
of electron energy transfer and the transverse momentum Ph⊥ are all defined following the notation of Ref. [10]. The pair

production background fπ±

pair and the proton dilution 1− fπ±

p are shown with their total experimental systematic uncertainties.
The numbers in parentheses represent the model uncertainties corresponding to unpolarized FSI effects.
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FIG. 1. (Color online) The extracted Collins/Sivers moments
on 3He are shown together with uncertainty bands (see text)
for both π+ and π− electro-production.

cluding 2〈sinφS〉 and 2〈sin (2φh − φS)〉, azimuthal mod-
ulations of the unpolarized cross section including the
Cahn (2〈cosφh〉) and Boer-Mulders (2〈cos(2φh)〉) ef-
fects [10], and leakage from the longitudinal SSA (AUL)
due to the small longitudinal component of the target po-
larization. The effects of these terms were estimated by
varying each term within an allowed range derived from
the HERMES data [34, 35], assuming the magnitude of
each term for the neutron is similar to that of the pro-
ton. The 2〈sinφS〉 term gives the largest effect, followed
by the 2〈sin(3φh − φS)〉 and 2〈sin (2φh − φS)〉 terms.
A Monte Carlo simulation of the experiment was

adapted from the package SIMC used in the analysis of
SIDIS cross section measurements on 1H and 2H from
JLab Hall C [12] to include models of our target and
spectrometers. SIMC was used to estimate the combined
effects of acceptance, resolution and radiative corrections
on the extraction of the Collins and Sivers moments, and
these effects were included in the experimental systematic
uncertainties. Additionally, the contamination in identi-
fied SIDIS events from decays of diffractively produced
ρ mesons was estimated to range from 3-5% (5-10%) for

π+ (π−) by PYTHIA6.4 [36]. Consistent with the HER-
MES analysis, no corrections for this background have
been applied to our results. The contamination from ra-
diative tails of exclusive electroproduction, estimated by
normalizing the MC spectrum to the data in the low-W
region, was found to be less than 3%.
The extracted 3He Collins AC ≡ 2〈sin(φh + φS)〉 and

Sivers AS ≡ 2〈sin(φh−φS)〉 moments are shown in Fig. 1
and tabulated in Table. II. The error bars represent sta-
tistical uncertainties only. The experimental systematic
uncertainties combined in quadrature are shown as the
band labeled “Exp.”. The combined extraction model
uncertainties due to neglecting other allowed terms are
shown as the band labeled “Fit”. The extracted 3He
Collins and Sivers moments are all below 5%. The
Collins moments are mostly consistent with zero, except
the π+ Collins moment at x=0.35, which deviates from
zero by 2.3σ after combining the statistical and system-
atic uncertainties in quadrature. The π+ Sivers moments
favor negative values, and the π− Sivers moments are
consistent with zero.
To extract the neutron Collins/Sivers SSAs (AC/S

n )

from the measured 3He moments (AC/S
3He

), we used,

AC/S
3He

= Pn · (1− fp) ·A
C/S
n + Ppfp ·A
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p , (2)

which was shown to be valid in a calculation by Scopetta
[37] including initial-state nuclear effects. Here, Pn =
0.86+0.036

−0.02 (Pp = −0.028+0.009
−0.004) is the neutron (proton)

effective polarization [38]. The proton dilution fp = 2σp

σ3He

of 3He was measured by comparing the yields of unpolar-
ized hydrogen and 3He targets in the SIDIS kinematics.
An additional model uncertainty from spin-independent
FSI was estimated using pion multiplicity data [39] and a
Lund string model-based calculation of the pion absorp-
tion probability [40]. An upper limit of 3.5% on the size of
the FSI effect was used to estimate the uncertainty in fp,
shown in Table I, and included in the “Fit” systematic
uncertainty. The neutron SSAs due to spin-dependent
FSI were estimated to be well below 1% across the entire
x range with a simple Glauber rescattering model.
The resulting neutron Collins/Sivers moments calcu-

lated using Eq. (2), with fp from our data and proton
Collins/Sivers moments from Refs. [41–43], are shown in
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Sivers function has been extracted
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Key information from GPDs

• Transverse position size

•Decomposition of Form Factors w.r.t. x

•Sum rule for Angular Momentum 

•Access to Form Factors of Energy Momentum Tensor

 “mechanical” properties of the nucleon



How to measure the GPDs

‣accessible in exclusive reactions

‣factorization for large Q2,  |t|<< Q2 , W2

‣depend on 3 variables: x, ⇠, t



Compton form factors
Z +1

�1
dx

H(x, ⇠, t)

x� ⇠ + i✏
= P

Z +1
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dx

H(x, ⇠, t)

x� ⇠
� i⇡H(⇠, ⇠, t)



Paste, present and future DVCS experiments

Gluons Sea quarks Valence quarks

Accardi et al., The Electron Ion Collider: the next QCD Frontier
arXiv:1212.1701
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The unpolarized GPD H

H(x, 0,~b?) =

Z
d2�? H(x, 0, t) e�i~�?·~b?

t = �~�2
?

Guidal et al., Rep. Prog. Phys. 76 (2013) 066202

steep in t
wide in b⊥ 

flat in t
narrow in b⊥ 

extrapolation from data



The unpolarized GPD H

H(x, 0,~b?) =

Z
d2�? H(x, 0, t) e�i~�?·~b?

t = �~�2
?

As x      1, the active parton carries all the momentum 
 and represents the transverse centre of momentum

h~b 2
?(x)i =

R
d2~b?~b 2

? H(x, 0, b?)R
d2~b?H(x, 0, b?)

Dupré et al., arXiv:1606.07821



Unpolarized quarks in transversely pol. nucleon
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GPD E
“Helicity mismatch” requires 
orbital angular momentum

unpolarized quarks 
in ⊥ pol. nucleon

 “partner” of Sivers function

•no-forward limit to PDF

F2(t) =

Z
dxE(x, ⇠, t)• 



Unpolarized quarks in transversely pol. nucleon
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GPD E
“Helicity mismatch” requires 
orbital angular momentum

Lattice calculation

Goeckeler et al., Phys. Rev. Lett. 98 (2007) 222001

Transverse 
dipole moment:

quark contribution to 
proton anomalous 
magnetic moment

unpolarized quarks 
in ⊥ pol. nucleon

 “partner” of Sivers function

•no-forward limit to PDF

F2(t) =

Z
dxE(x, ⇠, t)• 



Angular Momentum Relation (“Ji’s Sum Rule”)
X. Ji, PRL 78 (1997) 610

not directly accessibleunpolarized PDF

 quark and gluon contribution to the nucleon spin

Proton spin decomposition

gauge invariant decomposition no further gauge-invariant 
decompositionsum rule for      from twist-3 GPDs

from DIS



Lattice Calculations of Angular Momentum
without disconnected insertion

connected insertions (CI)



Lattice Calculations of Angular Momentum
without disconnected insertion

connected insertions (CI)

with disconnected insertion

disconnected insertions (DI)

Deka et al., PRD 91 (2015) 014505

Lu + Ld ⇡ 33%



Different definitions of OAM

Lq Sq

SgLg

Lq Sq

Jg

Ji’s sum rule Jaffe-Manohar

 Lorcé, Leader, Phys. Rep. 541 (2014) 163 

• Each term is gauge invariant
• Accessible in DIS and DVCS
• Can be calculated in Lattice QCD

Pros: Pros:

• Satisfies canonical relations
• Complete decomposition

(      and       measured by 
 COMPASS, HERMES , RHIC)

Cons:

• Gauge-variant decomposition
• Missing observables for the OAM

Improvements:

• OAM accessible via Wigner distributions    
  and it can be calculated on the lattice

Cons:

• No decomposition of Jg
   in spin and orbital part

• Does not satisfy canonical commutation relations

Jg = Lg +�g

Improvements:

• Complete decomposition



Unpolarized quarks in unpolarized proton

Lorcé, Pasquini (2011)

Distortion due to correlations between       and

absent in             and            !GPD TMD

~k?

Left-right symmetry no net quark OAM

Heisenberg uncertainty principle not probabilistic interpretation  

favored

disfavored

up quark down quarkfixed       
integrated over x       

~k?



Unpolarized quarks in unpolarized proton

Lorcé, Pasquini (2011)

Distortion due to correlations between       and

absent in             and            !GPD TMD

~k?

Left-right symmetry no net quark OAM

Heisenberg uncertainty principle not probabilistic interpretation  

favored

disfavored

up quark down quark

favored

unfavored

fixed       
integrated over x       

~k?



Quark Orbital Angular Momentum

`

q
z =

R
dx d2~k?d2~b?(~b? ⇥ ~

k?)⇢
q
LU (

~

b?,~k?, x)

Wigner distribution for
Unpolarized quark  in a Longitudinally pol. nucleon

Lorce’, BP, Xiong, Yuan, PRD85 (2012)

Lorcé, BP, PRD 84 (2011) 014015

Lorcé, BP, Xiong, Yuan, PRD 85 (2012) 114006
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Quark Orbital Angular Momentum

`

q
z =

R
dx d2~k?d2~b?(~b? ⇥ ~

k?)⇢
q
LU (

~

b?,~k?, x)

=
R
d2~b?~b? ⇥ h~kq?i h~kq?i =

Z
dx d~k? ~

k?⇢
q
LU (

~

b?,~k?, x)

Lorce’, BP, Xiong, Yuan, PRD85 (2012)

Proton spin
u-quark OAM

d-quark OAM

Results in a light-front constituent quark model:

Lorcé, BP, PRD 84 (2011) 014015

Lorcé, BP, Xiong, Yuan, PRD 85 (2012) 114006



Status of spin sum rule

de Florian, Sassot, Stratmann, Vogelsang, PRL 113 (14) 
NNPDF, Ball... Nocera... NPB 887 (14), Tab. 12, 13
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Impact of EIC on proton spin

Aschenauer, Stratmann, Sassot,PRD86 (2012) 
Geesaman, et al., Reaching for the horizon: The 2015 long range plan for nuclear science (2015)



Conclusions

•TMDs and GPDs extend the concept of standard PDFs and provide a 3D description 
  of the partonic structure of the nucleon

•TMDs and GPDs provide complementary information and allow us to investigate 
  aspects of nucleon structure that are not accessible to standard collinear PDFs

•A lot of data is already available, but we expect more from e+e−, SIDIS at higher 
  energies, Drell-Yan, DVCS, ....

•Some parametrizations of TMDs and GPDs are available, but we are a long way from 
  anything similar to PDF global fits


