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Why? 
Exploring new dimensions, 3D momentum structure, tomography 

in momentum space, impact on high energy physics...
Friday, 2 October 2009



THE TMDs
talk by E. Boglione

Friday, 2 October 2009



THE TMDs

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

TMDs in black survive transverse‐momentum integra6on
TMDs in red are T‐odd

talk by E. Boglione

Friday, 2 October 2009



THE TMDs

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

TMDs in black survive transverse‐momentum integra6on
TMDs in red are T‐odd

helicity

transversity
Sivers

Boer-Mulders

talk by E. Boglione

Friday, 2 October 2009



THE TMDs

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

TMDs in black survive transverse‐momentum integra6on
TMDs in red are T‐odd

helicity

transversity
Sivers

Boer-Mulders

pretzelosity

worm-gear

talk by E. Boglione

Friday, 2 October 2009



PROBABILISTIC INTERPRETATION

f1 =

g1 =

h1 =

f⊥1T =

h⊥1 =

h⊥1T =

h⊥1L =

g1T =

parton with transverse or longitudinal spin

parton transverse momentum

nucleon with transverse or longitudinal spin

Proton goes out of the screen/ photon goes into the screen

Friday, 2 October 2009



MODELS
24

0

0.2

0.4

0.6

0.8

1

0

0.05

0.1

0.15

0

10

20

30

0.2

0.4

0.6

0.8

1

f1
u
!GeV!2"

x
k
!

2
!GeV2"

0

0.2

0.4

0.6

0.8

1

0

0.05

0.1

0.15

0

5

10

15

0.2

0.4

0.6

0.8

1

f1
d
!GeV!2"

x
k
!

2
!Gev2"

0

0.2

0.4

0.6

0.8

1

0

0.05

0.1

0.15

0

10

20

0.2

0.4

0.6

0.8

1

g1"L
u
!GeV!2"

x
k
!

2
!GeV2"

0
0.2

0.4

0.6

0.8

1
0

0.05

0.1

0.15
!5

!2.5

0

0
0.2

0.4

0.6

0.8

g1"L
d
!GeV!2"

x
k
!

2
!GeV2"

0

0.2

0.4

0.6

0.8

1

0

0.05

0.1

0.15

0

5

10

15

20

0.2

0.4

0.6

0.8

1

h1
u
!GeV!2"

x
k
!

2
!GeV2"

0

0.2

0.4

0.6

0.8

1
0

0.05

0.1

0.15

0

!2

!4

!6
0

0.2

0.4

0.6

0.8

h1
d
!GeV!2"

x
k
!

2
!GeV2"

Figure 1: (Color online) The TMDs f1, g1L, h1 as functions of x and k2
⊥ are shown in the upper,

middle and lower panels, respectively. Results for up and down quarks are given in the left (right)

panels.

talk by S. Boffi

Light-cone quark model
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SIVERS FUNCTION IN MODELS
Results Sivers

Results in a CQM
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• full: results at the hadronic scale µ2
o " 0.1 GeV2

• Shaded Area: Sivers function extracted from HERMES
and COMPASS data
[M. Anselmino et al., Eur. Phys. J. A39:89-100 (2009)]

Model at ∼ 0.1 GeV2 vs. Exp. at 2.5 GeV2

• Evolution
! Blue: results after NLO-standard evolution to

Q2 = 2.5 GeV2

! Correct evolution missing

The results in the CQM are ∼ in agreement
with this extraction of the Sivers function

A. Courtoy (Valencia) CQM & Bag 29/09/09 15/23MIT bag

A. Courtoy’s talk
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• Dashed Curve: 1st result in the MIT Bag model after
NLO-standard evolution

[Yuan, PLB 575 (2003)]

• Plain blue Curve: revised result in the MIT Bag model
after NLO-standard evolution

[A. C., Scopetta & Vento, arXiv:0811.1191 [hep-ph] ]

The results in the MIT Bag Model are now in
a better agreement with this extraction of the

Sivers function

. . . up to correct Evolution of the Sivers function

A. Courtoy (Valencia) CQM & Bag 29/09/09 17/23MIT bag Constituent quark
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A. Courtoy (Valencia) CQM & Bag 29/09/09 17/23MIT bag Constituent quark
Diquark spectator
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“Do not quench your inspiration and imagination;
do not become the slave of your model”

                                            Vincent Van Gogh

A. Courtoy’s talk
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CALCULATIONS
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EXPLORATORY LATTICE 
CALCULATIONS

g1Tandh⊥
1L

g1TmultipliesλSikiinTMD(λ=quarkhelicity):

↪→distributionoflongitudinallypolarizedquarksin⊥polarized
nucleon!

h⊥
1LmultipliesΛsiki(Λ=nucleonlong.pol.)

↪→distributionofquarktransversityinlongitudinallypolarized
nucleon!

in‘restframe’(i.e.withγ+→γ0),bothwouldvanishbyrotational
invariance

canbegeneratedbyaboosttotheIMF‘Meloshrotation’,e.g.
quarkswith⊥momentumandpolarizationacquirelong.

polarizationcomponentafterboosttoIMF(compareThomas
precession)

WhatcanwelearnfromTMDs?–p.34/58

P. Hägler’s talk

A worm gear
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Isola&ng TMD contribu&on

Measurement that depend on 
the azimuth about the trust axis

Hadron production with 
different spin and mass

Parton distribution (i.e. Sivers effect):

Jet (integrated) physics:

€ 

p↑p→ jet X, p↑p→ jet jet X,
p↑p→ γ X, p↑p→ γ jet X

Fragmentation (i.e. Collins effect):

Drell-Yan:

€ 

p↑p→ e+e−X

€ 

p↑p, ep↑ →π X, ω X, K∗X

Multidimensional analyses:

€ 

e p↑ → e' h X

Electron-positron reaction:

€ 

e+e− → h h X

Prompt gamma:

M. Contalbrigo 10EINN-09: TMD studies at future facilities

€ 

p p → (Λ↑ jet) jet X

Friday, 2 October 2009



e+e- annihilation:  FFs 

Non-zero Collins & IFF 

Drell-Yan:  PDFs 

Non-zero Boer-Mulders

SIDIS:    PDFs x FFs 

Non-zero Sivers
Non-zero h1, Collins & IFF
Non-zero Boer-Mulders
…….

pp reactions:  PDFs (x FFs) 

Strong SSA at large xF

ISI

FSI

ISI x FSI

FSI
RICH CLEAN 

Hadron probe

Lepton probe
M. Contalbrigo 11EINN-09: TMD studies at future facilities

TMD pale5e
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MISSION 1: TRANSVERSITY
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THE COLLINEAR APPROACH 

PΛ(x, y, z) = PT DNN (y)
∑

q e2
qh

q
1(x)Hq→Λ

1 (z)
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q e2
qf

q
1 (x)Dq→Λ

1 (z)
PΛ(x, y, z) = PT DNN (y)

∑
q e2

qh
q
1(x)Hq→Λ

1 (z)
∑

q e2
qf

q
1 (x)Dq→Λ

1 (z)

talk by 
R. Joosten
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hermes

2-Hadron Fragmentation

in Semi-Inclusive DIS

polarized 2-hadron cross section:
(Unpolarized beam, Transversely pol. target)

σ
UT

∼ sin(φR⊥ + φS)
∑

e2
q hq

1 H!
1

H!
1 = H!

1 (z, ζ,M2
ππ)

(ζ ∼ z1/(z1 + z2))

only relative momentum of hadron pair relevant

⇒ integration over transverse momentum of hadron pair
simplifies factorization and Q2 evolution

however, cross section becomes more complex (differ-
ential in 9 variables)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 39/50
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spin-dependent 2-hadron production:

Pπ−

Pπ+

Ph

θ

Pπ−

π+π− CM
frame

RT

ST

Pπ+

Ph

φR⊥

P

φSq

k k′

Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in Ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

relative momentum of the hadron pair.

– 3 –

THE COLLINEAR APPROACH II 

Friday, 2 October 2009



.

hermes

2-Hadron Fragmentation

in Semi-Inclusive DIS

polarized 2-hadron cross section:
(Unpolarized beam, Transversely pol. target)

σ
UT

∼ sin(φR⊥ + φS)
∑

e2
q hq

1 H!
1

H!
1 = H!

1 (z, ζ,M2
ππ)

(ζ ∼ z1/(z1 + z2))

only relative momentum of hadron pair relevant

⇒ integration over transverse momentum of hadron pair
simplifies factorization and Q2 evolution

however, cross section becomes more complex (differ-
ential in 9 variables)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 39/50

spin-dependent 2-hadron production:

Pπ−

Pπ+

Ph

θ

Pπ−

π+π− CM
frame

RT

ST

Pπ+

Ph

φR⊥

P

φSq

k k′

Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in Ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

relative momentum of the hadron pair.

– 3 –

THE COLLINEAR APPROACH II 

Friday, 2 October 2009



.

hermes

2-Hadron Fragmentation

in Semi-Inclusive DIS

polarized 2-hadron cross section:
(Unpolarized beam, Transversely pol. target)

σ
UT

∼ sin(φR⊥ + φS)
∑

e2
q hq

1 H!
1

H!
1 = H!

1 (z, ζ,M2
ππ)

(ζ ∼ z1/(z1 + z2))

only relative momentum of hadron pair relevant

⇒ integration over transverse momentum of hadron pair
simplifies factorization and Q2 evolution

however, cross section becomes more complex (differ-
ential in 9 variables)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 39/50

spin-dependent 2-hadron production:

Pπ−

Pπ+

Ph

θ

Pπ−

π+π− CM
frame

RT

ST

Pπ+

Ph

φR⊥

P

φSq

k k′

Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in Ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

relative momentum of the hadron pair.
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contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in Ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

relative momentum of the hadron pair.
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first evidence for T-odd 2-hadron fragmentation 
function  in semi-inclusive DIS!
invariant-mass dependence rules out Jaffe model 

IFF IN SEMI-INCLUSIVE DIS
HERMES

A. Airapetian et al.,  JHEP 0806:017,2008
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THE  TMD APPROACH

.

Collins Fragmentation Function
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Collins function H⊥
1
describes left-right asymmetry in the

direction of outgoing hadron

Originally proposed by Collins (& Heppelman)

T-odd ⇒ need interference of amplitudes

Schäfer-Teryaev Sum Rule:
∑

h

∫

dzH⊥,h
1 = 0

first data from Belle supports non-zero H⊥
1

Gunar Schnell Genties Group Meeting, February 17
th
, 2006 – p. 9/21

Friday, 2 October 2009



THE  TMD APPROACH

.

Collins Fragmentation Function

!

z

y
x

!

Ph⊥

Ph⊥quark

Collins function H⊥
1
describes left-right asymmetry in the

direction of outgoing hadron

Originally proposed by Collins (& Heppelman)

T-odd ⇒ need interference of amplitudes

Schäfer-Teryaev Sum Rule:
∑

h

∫

dzH⊥,h
1 = 0

first data from Belle supports non-zero H⊥
1

Gunar Schnell Genties Group Meeting, February 17
th
, 2006 – p. 9/21

Collins function provides a correlation between spin of quark 
and transverse momentum of hadron produced

Friday, 2 October 2009



THE  TMD APPROACH

.

Collins Fragmentation Function

!

z

y
x

!

Ph⊥

Ph⊥quark

Collins function H⊥
1
describes left-right asymmetry in the

direction of outgoing hadron

Originally proposed by Collins (& Heppelman)

T-odd ⇒ need interference of amplitudes

Schäfer-Teryaev Sum Rule:
∑

h

∫

dzH⊥,h
1 = 0

first data from Belle supports non-zero H⊥
1

Gunar Schnell Genties Group Meeting, February 17
th
, 2006 – p. 9/21

Collins function provides a correlation between spin of quark 
and transverse momentum of hadron produced
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1 (x, µ2)
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=
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ξ
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1 (ξ, µ2)Pqq(z)

∣∣∣
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by using the projection operator in Eq. (65). In this case, only diagrams (b) and (c) give nonvanishing results,

dI(b)
q∆q = δ(ξ − x)

∫ µ2
F dk2

T

k2
T

[
CA

2

]
αs

2π

(
1

2

1

x + ξ2

)
, (97)

dI(c)
q∆q = −δ(ξ + ξ2 − x)

1

ξ

∫ µ2
F dk2

T

k2
T

[
CA

2

]
αs

2π

(
1

2

)
. (98)

By comparing above calculated results with Eq. (67), we extract evolution kernels, Kqq(ξ, ξ +ξ2, x, x) and Kq∆q(ξ, ξ +
ξ2, x, x). By calculating the same diagrams in Fig. 3 with momentum fractions ξ and x switched with ξ + ξ2 and
x + x2, respectively, we derive evolution kernels, Kqq(ξ + ξ2, ξ, x, x) and Kq∆q(ξ + ξ2, ξ, x, x). By integrating Eq. (86)
over x2 weighted by δ(x2) or simply setting x2 = 0, we obtain the order of αs evolution equation for Tq,F (x, x, µF )
from flavor non-singlet interactions,

∂Tq,F (x, x, µF )

∂lnµ2
F

=
αs

2π

∫ 1

x

dξ

ξ

{
Pqq(z) Tq,F (ξ, ξ, µF )

+
CA

2

[
1 + z2

1 − z
[Tq,F (ξ, x, µF ) − Tq,F (ξ, ξ, µF )] + z Tq,F (ξ, x, µF )

]

+
CA

2

[
T∆q,F (x, ξ, µF )

]}
, (99)

where

Pqq(z) = CF

[
1 + z2

(1 − z)+
+

3

2
δ(1 − z)

]
(100)

is the LO quark-to-quark splitting function for the normal PDFs. The standard definition of “+” distribution is

∫ 1

x

dz
f(z)

(1 − z)+
=

∫ 1

x

dz
f(z) − f(1)

1 − z
+ f(1) ln(1 − x) (101)

for a smooth function f(z). In deriving Eq. (99), Eqs. (11) and (20) were used. It is clear from Eq. (99) that
the flavor non-singlet evolution kernels for the diagonal twist-3 quark-gluon correlation function Tq,F (x, x, µF ) =
2πTq,F (x, x, µF ) are all infrared safe. The evolution equation for the diagonal correlation function Tq,F (x, x, µF ) is
not a closed one since it gets contribution not only from the same diagonal function Tq,F (ξ, ξ, µF ) but also from the
off-diagonal part of the same function as well as gets the contribution from a different function T∆q,F (x, ξ, µF ).

In the rest of this section, we derive the order of αs evolution kernels involving gluons as well as those with the
flavor change. In Fig. 8, we list all cut Feynman diagrams at the order of αs that could contribute to the evolution

kernels, K(ij)
gg and K(ij)

∆g∆g with i, j = f, d, when proper cut vertices and projection operators are used. The gluon
propagator with a short bar in the diagrams (l), (m), (n), and (o) is the gluonic special propagator defined in Ref. [42],
which represents the contact interaction. The diagrams with the contact interaction are responsible for the twist-3
contribution from the diagram in Fig. 4(a). We calculate all diagrams with the cut vertices and projection operators
derived in this section and setting x2 = 0. We find that after taking x2 = 0 or integrating over x2 weighted with
δ(x2), only diagrams (a), (b), (c), (d), (e), (f), and (g) give the nonvanishing contribution to the evolution kernel,

K(i,j)
gg ,

dI(a)
gg = 2π δ(ξ2)

1

ξ

∫ µ2
F dk2

T

k2
T

[
CA −

CA

2

]
αs

2π
2z

(
z

1 − z
+

1 − z

z
+ z(1 − z)

)
; (102)

dI(b)
gg = 2π δ(ξ − x)

1

ξ2

∫ µ2
F dk2

T

k2
T

[
CA

2
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)
; (103)

dI(c)
gg = 2π δ(ξ + ξ2 − x)

1

ξ
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]
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2π
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; (104)

dI(d+e)
gg = −2π δ(ξ2) δ(ξ − x)
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2
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αs

2π
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+
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)
; (105)

dI(f+g)
gg = −2π δ(ξ2) δ(ξ − x)

∫ µ2
F dk2

T

k2
T

∫ 1
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dz
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2
(2 nf )
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]
αs

2π
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(1 − z)2 + z2

)
, (106)

∂fNS
1 (x, µ2)
∂ lnµ2

=
αs(µ2)

2π

∫ 1

x

dξ

ξ
fNS
1 (ξ, µ2)Pqq(z)

∣∣∣
z=x/ξ

TF (x, x) ≡
∫

d2pT p2
T f⊥1T (x, p2

T )
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by using the projection operator in Eq. (65). In this case, only diagrams (b) and (c) give nonvanishing results,

dI(b)
q∆q = δ(ξ − x)

∫ µ2
F dk2

T

k2
T

[
CA

2

]
αs

2π

(
1

2

1

x + ξ2

)
, (97)

dI(c)
q∆q = −δ(ξ + ξ2 − x)

1

ξ

∫ µ2
F dk2

T

k2
T

[
CA

2

]
αs

2π

(
1

2

)
. (98)

By comparing above calculated results with Eq. (67), we extract evolution kernels, Kqq(ξ, ξ +ξ2, x, x) and Kq∆q(ξ, ξ +
ξ2, x, x). By calculating the same diagrams in Fig. 3 with momentum fractions ξ and x switched with ξ + ξ2 and
x + x2, respectively, we derive evolution kernels, Kqq(ξ + ξ2, ξ, x, x) and Kq∆q(ξ + ξ2, ξ, x, x). By integrating Eq. (86)
over x2 weighted by δ(x2) or simply setting x2 = 0, we obtain the order of αs evolution equation for Tq,F (x, x, µF )
from flavor non-singlet interactions,

∂Tq,F (x, x, µF )

∂lnµ2
F

=
αs

2π

∫ 1

x

dξ

ξ

{
Pqq(z) Tq,F (ξ, ξ, µF )

+
CA

2

[
1 + z2

1 − z
[Tq,F (ξ, x, µF ) − Tq,F (ξ, ξ, µF )] + z Tq,F (ξ, x, µF )

]

+
CA

2

[
T∆q,F (x, ξ, µF )

]}
, (99)

where

Pqq(z) = CF

[
1 + z2

(1 − z)+
+

3

2
δ(1 − z)

]
(100)

is the LO quark-to-quark splitting function for the normal PDFs. The standard definition of “+” distribution is

∫ 1

x

dz
f(z)

(1 − z)+
=

∫ 1

x

dz
f(z) − f(1)

1 − z
+ f(1) ln(1 − x) (101)

for a smooth function f(z). In deriving Eq. (99), Eqs. (11) and (20) were used. It is clear from Eq. (99) that
the flavor non-singlet evolution kernels for the diagonal twist-3 quark-gluon correlation function Tq,F (x, x, µF ) =
2πTq,F (x, x, µF ) are all infrared safe. The evolution equation for the diagonal correlation function Tq,F (x, x, µF ) is
not a closed one since it gets contribution not only from the same diagonal function Tq,F (ξ, ξ, µF ) but also from the
off-diagonal part of the same function as well as gets the contribution from a different function T∆q,F (x, ξ, µF ).

In the rest of this section, we derive the order of αs evolution kernels involving gluons as well as those with the
flavor change. In Fig. 8, we list all cut Feynman diagrams at the order of αs that could contribute to the evolution

kernels, K(ij)
gg and K(ij)

∆g∆g with i, j = f, d, when proper cut vertices and projection operators are used. The gluon
propagator with a short bar in the diagrams (l), (m), (n), and (o) is the gluonic special propagator defined in Ref. [42],
which represents the contact interaction. The diagrams with the contact interaction are responsible for the twist-3
contribution from the diagram in Fig. 4(a). We calculate all diagrams with the cut vertices and projection operators
derived in this section and setting x2 = 0. We find that after taking x2 = 0 or integrating over x2 weighted with
δ(x2), only diagrams (a), (b), (c), (d), (e), (f), and (g) give the nonvanishing contribution to the evolution kernel,

K(i,j)
gg ,

dI(a)
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dI(d+e)
gg = −2π δ(ξ2) δ(ξ − x)
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dI(f+g)
gg = −2π δ(ξ2) δ(ξ − x)
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(
(1 − z)2 + z2

)
, (106)
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1 (x, µ2)
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=
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2π
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FIT OF COLLINS EFFECTMilos, 27-29 September 2009

• Collins effect in SIDIS: Best Fit

Anselmino, Boglione, UD, Kotzinian, Melis, Murgia, Prokudin, Turk, NP Proc. Suppl. 2009
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[left] HERMES data [Diefenthaler et al. 2007] (deuteron target)
(hydrogen target) [right] COMPASS data [Alekseev et al. 2008].
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talk by U. D’Alesio

Milos, 27-29 September 2009

• Collins effect in e+e− : Best Fit of Belle data
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BOER-MULDERS EFFECT IN 
DRELL-YAN

2 21 3 1 cos sin 2 cos sin cos 2
4 2

d
d
σ ν

λ θ µ θ φ θ φ
σ π
      = + + +      Ω      

• Lam-Tung relation: 1-λ = 2ν

• insensitive to QCD corrections

• clear sign for Boer-Mulders effect (~ν)

• violated in pion-induced Drell-Yan

talk by J.C. Peng
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valence BM fctn
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SIGNS OF BOER-MULDERS

valence and sea BM fctn
valence BM fctn

similar BM fctn for up 
and down quarks?

talk by J.C. Peng
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SIGNS OF BOER-MULDERS

SIDIS

talk by J.C. Peng

talk by H. Avakian
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SIVERS EFFECT IN SIDIS
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SIVERS EFFECT IN SIDIS
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☛ d-quark Sivers DF > 0 
   (cancelation for π-)

SIVERS EFFECT IN SIDIS
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THE “SIVERS RIDDLE”

talk by R. Joosten
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“please wait for better data from 
COMPASS” [R. Joosten]

only a fraction of 
proton data analyzed 

zero

THE “SIVERS RIDDLE”

talk by R. Joosten
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FIT OF THE SIVERS EFFECT
Milos, 27-29 September 2009

• Sivers effect in SIDIS: Best Fit

Anselmino, Boglione, UD, Kotzinian, Melis, Murgia, Prokudin, Turk, EPJA 2009
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Fit of HERMES data [Diefenthaler et al. 2006, and COMPASS data [Martin et al. 2006]
Pappalardo et al. 2008] (deuteron target)
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SIVERS FUNCTION 
FROM FIT
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FIG. 6: The Sivers distribution functions for u, d and s flavours as determined by our simultaneous fit of HERMES and
COMPASS data (see text for details). On the left panel, the first moment x ∆Nf (1)(x), Eq. (17), is shown as a function of x
for each flavour, as indicated. Similarly, on the right panel, the Sivers distribution x∆Nf(x, k⊥) is shown as a function of k⊥

at a fixed value of x for each flavour, as indicated. The highest and lowest dashed lines show the positivity limits |∆Nf | = 2f .

IV. PREDICTIONS FOR FORTHCOMING EXPERIMENTS

Using the Sivers functions determined through our fit, we can give predictions for other transverse single spin

asymmetries Asin(φh−φS)
UT which will be measured in the near future. Fig. 8 shows the results we obtain for the

COMPASS experiment operating with a hydrogen target, adopting the same experimental cuts which were used for
the deuterium target (Eq. (71) of Ref. [1]).

Forthcoming measurements at the energies of 6 and 12 GeV are going to be performed at JLab, on proton, neutron
and deuteron transversely polarized targets. The obtained data will be important for several reasons; they will
cover a kinematical region corresponding to large values of x, a region which is so far unexplored from other SIDIS

talk by U. D’Alesio

GPD←→ SSA (Sivers)

example: γp → πX

!pγ !pN d

u

π+

u, d distributions in ⊥ polarized proton have left-right asymmetry in

⊥ position space (T-even!); sign “determined” by κu & κd

attractive FSI deflects active quark towards the center of momentum

↪→ FSI translates position space distortion (before the quark is
knocked out) in +ŷ-direction into momentum asymmetry that
favors −ŷ direction

↪→ correlation between sign of κp
q and sign of SSA: f

⊥q
1T ∼ −κp

q

f⊥q
1T ∼ −κp

q confirmed by HERMES data (also consistent with

COMPASS deuteron data f⊥u
1T + f⊥d

1T ≈ 0)
What can we learn from TMDs? – p.13/58

talk by M. Burkardt

−f⊥q
1T ∼ κq κu = 1.67

κd = −2.03
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SSA IN PP COLLISIONS
ANL 

√s=4.9 GeV 
BNL 

√s=6.6 GeV 
FNAL 

√s=19.4 GeV 
RHIC 

√s=62.4 GeV 

• is it Sivers?
• is it Collins?
• or is it twist-3?

talk by C. Aidala
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C. Aidala, EINN 2009, September 27, 2009
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GLUON TMD AT H1
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!"#$%!#&' ()*+,-./01-2230.%.4566.!''$.%.7,++8+ !"

!"#"$%$
&'(')*+,-'./0')*))-
1'(')*)2-'./0')*))3
4'('05*6)'./0')*35
78"9/#:;'('9*,

<8='=>?@A';AB?C@'D604>E'F"G=H
A'H"F#";"BA#?'"$I@CG=$=#?'C;
?8=':A?A':=HB@"I?"C#'A?'JCK
A#:'8"F8'>*

1J%=':AH8=:'J"#='"H'?8='#=K
;"?

!"##"$%&#'(&)&*(+($*($,(&#-&#'(&+.-#-$&/#.0,#0.(&1&!2

Friday, 2 October 2009



PRETZELOSITY & OTHERS
h⊥

1T

multiplies si(2kikj − k2
⊥δijSj , where si quark

transversity, and Sj nucleon transverse spin

for example, h⊥
1T > 0 implies nucleon prolate when

quark transversity parallel nucleon spin

and more oblate when quark transversity
anti-parallel nucleon spin

and for some spin configurations may even
resemble a pretzel ... (G.A. Miller, 2003)

What can we learn from TMDs? – p.32/58

talk by M. Burkardt
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PRETZELOSITY AT     hermes

The 〈sin (3φ − φS)〉
U⊥Fourier component:
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PRETZELOSITY AT     hermes

The 〈sin (3φ − φS)〉
U⊥Fourier component:

-0.02

0

0.02

0.04

2
 !

s
in

(3
"
-"

S
)#

U
$

%+
HERMES
7.3% scale  uncertainty

PRELIMINARY

-0.1

-0.05

0

0.05 %0

-0.04

-0.02

0

0.02

0.04

10
-1

x

%-

0.4 0.6
z

0.5 1
Ph$ [GeV]

suppressed w.r.t.
Collins and Sivers amplitudes

-0.1

0

0.1

2
 !

s
in

(3
"
-"

S
)#

U
$

K
+

HERMES
7.3% scale  uncertainty

PRELIMINARY

-0.1

0

0.1

10
-1

x

K
-

0.4 0.6
z

0.5 1
Ph$ [GeV]

workshop “Partonic transverse momentum distributions” at EINN 2009, September 28th 2009 – p.31/32

zero

talk by M. Diefenthaler

Friday, 2 October 2009



PRESENT AND FUTURE

The TMD treasure map (from M. Contalbrigo’s talk)
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The TMD treasure map (from M. Contalbrigo’s talk)
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A 10 years party

M. Contalbrigo 39EINN-09: TMD studies at future facilities

pp

πp

ep

ppee
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M. Contalbrigo 40EINN-09: TMD studies at future facilities

We opened a window to a new world….

Jump in and see you at the beach….
Friday, 2 October 2009


