
Inclusive and semi-inclusive 
spin physics
Alessandro Bacchetta

In questo manuale sono illustrate 
le regole base per la corretta 
applicazione del marchio 
Università di Pavia. 
Il logo, i caratteri tipografici e i colori 
scelti sono infatti gli elementi 
che partecipano alla costruzione 
dell’identità visiva di qualsiasi attore 
che voglia presentarsi al mercato, 
sia esso un prodotto mass market, 
un’Istituzione o un ateneo. 
Sono il suo volto commerciale ma 
anche istituzionale, quello che 
permetterà all’Università di Pavia di 
essere riconoscibile nel tempo 
agli occhi del suo pubblico interno, 
ma anche esterno. 
Proprio per il ruolo centrale  
che rivestono, tali elementi devono 
essere rappresentati e utilizzati 

secondo regole precise e inderogabili, 
al fine di garantire la coerenza e 
l’efficacia dell’intero sistema di identità 
visiva. Per questo è importante che il 
manuale, nella sua forma cartacea 
o digitale, venga trasmesso a tutti 
coloro che in futuro si occuperanno 
di progettare elementi di 
comunicazione per l’Università di 
Pavia.
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What is the structure of the proton?
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Mapping partons is the first necessary step...
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Good reasons to map partons
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Good reasons to map partons

• Curiosity 

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

• Measure what we cannot calculate with QCD

• Use to make predictions in hadronic collisions
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↑

k+ = xP+
Longitudinal momentum partons

Transverse plane
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Transverse plane

↑

k+ = xP+
Longitudinal momentum

Transverse momentum

partons

~k?
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Transverse plane

↑

k+ = xP+
Longitudinal momentum

Transverse momentum

partons

for spatial dimensions, see talk by P. Kroll

~k?
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1D mapping (momentum space)

11/11/2014& Aharon&Levy,&HERA&Symp.&proton&structure& 19&

Comparison&to&other&popular&PDFs&
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Standard PDFs 
typically accessible in inclusive DIS
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1D mapping with spin: already a lot of fun
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3D mapping (momentum space)

Transverse-momentum distributions (TMDs)
typically accessible in semi-inclusive DIS
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3D mapping with spin

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

10

Thursday, 13 November 14



3D mapping with spin
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HERMES truly pioneered 
the field of 3D mapping
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HERMES truly pioneered 
the field of 3D mapping

(even though it was not foreseen in original plans!)
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From the HERMES Technical Design Report (93)

12

Thursday, 13 November 14



From the HERMES Technical Design Report (93)

• Precise determination of the g1 structure function
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From the HERMES Technical Design Report (93)

• Precise determination of the g1 structure function

• Determination of the g2 structure function 

• Study new structure functions associated with tensor spin variables (b1 in 
deuteron target) 

• First measurements of semi-inclusive DIS. Flavor dependence of polarized 
structure functions. 

• Measurement of the transversity distribution h1(x) 

• Flavor asymmetries in sea quark distributions

All “collinear” physics, no mentioning of 3D!
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Inclusive DIS
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naming according to AB, Diehl, Goeke, Metz, Mulders, Schlegel, JHEP093 (07)
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Inclusive structure functions: parton model
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Inclusive structure functions: QCD corrections
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evolution, gauge links, quark-
gluon correlators...
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What has been measured?
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main source of information for unpolarized PDFs
many talks!
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see talk by E. Nocera

measured by HERMES 

HERMES also looked for unexpected sinφS 
modulation
PLB 682 (2010)

measured by H1 and ZEUS
main source of information for unpolarized PDFs
many talks!
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What can you get out?
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Fig. 1. The spin-structure function xg2(x,Q
2) of the proton

as a function of Q2 for selected values of x. Data from the
experiments E155 [14] and E143 [13] are presented also. The
average values of x for these two experiments are slightly dif-
ferent from the HERMES values of 〈x〉 indicated in the panels.
The error bars represent the quadratic sum of the statistical
and systematic uncertainties. The solid curve is the result of
the Wandzura–Wilczek relation (3)

and then averaged. The evolution of A2(x,Q2) was car-
ried out assuming that the product

√

Q2A2 does not
depend on Q2, which follows from (7), since g1/F1 is
known to vary only weakly over Q2. The structure func-
tion g2(x,Q2) was evolved assuming that its Q2 depen-
dence is analogous to that for the Wandzura-Wilczek part
of g2.

The averaged results for xg2 and A2 and the statis-
tical and systematic uncertainties are listed in Table 2,
where the average values of x and Q2 are also given. The
quoted statistical uncertainties correspond to the diago-
nal elements of the covariance matrix obtained from the
unfolding algorithm. The correlation matrix for xg2 in
nine x-bins is presented in Table 3.1

The results for the virtual-photon asymmetry A2 and
the spin-structure function xg2 as a function of x are pre-
sented in Fig. 2 together with data from the experiments
E155 [14], E143 [13], and SMC [12]. The HERMES data
are shown for two regions of Q2, 〈Q2〉 > 1 GeV2 (closed
symbols) and 〈Q2〉 < 1 GeV2 (open symbols). The exper-

1 It is also available in 23 bins for the data in Table 1
at http://inspirehep.net/record/1082840 or from manage-
ment@hermes.desy.de.
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Fig. 2. Upper panel: The virtual-photon asymmetry A2

of the proton as a function of x. Bottom panel: The spin-
structure function xg2 of the proton as a function of x. HER-
MES data are shown together with data from the E155 [14],
E143 [13], and SMC [12] experiments. The total error bars
for the HERMES, E155, and E143 experiments represent the
quadratic sum of the statistical and systematic uncertainties.
The statistical uncertainties are indicated by the inner error
bars. The error bars for the SMC experiment represent the sta-
tistical uncertainties only. The solid curve corresponds to the
Wandzura–Wilczek relation (3) evaluated at the average Q2

values of HERMES at each value of x. For the HERMES data,
the closed (open) symbols represent data with 〈Q2〉 > 1 GeV2

(〈Q2〉 < 1 GeV2)
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Airapetian et al., EPJ C72 (2012)
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FIG. 5: Twist decomposition of the proton (red solid) and neutron (blue dashed) xg1 and xg2

structure function. For the xg1 structure function (left) the twist ⌧ = 2 (top panel), ⌧ = 3

(middle) and ⌧ = 4 (bottom) are shown, while for the xg2 structure function (right) the ⌧ = 2

(top) and ⌧ = 3 (bottom) contributions are illustrated. The dotted vertical lines on the ⌧ = 4

contribution to xg1 represent the knots used for the spline fit.

leading twist contribution.

This is indeed observed in Fig. 5, where we present the individual contributions to the xg1

and xg2 structure functions from the twist-2 and higher twist terms, for both the proton and

neutron, at Q2 = 1 GeV2. For the proton g1 structure function, the twist-3 contribution is

found to be positive at intermediate x values, x & 0.4, and negative for the twist-4 correction,

though compatible with zero within the errors. For the neutron, the twist-3 term is consistent

with zero, but the twist-4 contribution is large and positive at 0.3 . x . 0.7. To describe

the same experimental 3He asymmetry, the leading twist part of the neutron g1 structure

function, and hence the �d

+ distribution, must be more negative. The ratio of the (more

negative) �d

+ PDF from the full JAM fit to the (less negative) distribution in the leading

twist only fit therefore exceeds unity, as seen in Fig. 3(b).

24

Jimenez-Delgado, Accardi, Melnitchouk, PRD 89 (14)
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average values of x for these two experiments are slightly dif-
ferent from the HERMES values of 〈x〉 indicated in the panels.
The error bars represent the quadratic sum of the statistical
and systematic uncertainties. The solid curve is the result of
the Wandzura–Wilczek relation (3)

and then averaged. The evolution of A2(x,Q2) was car-
ried out assuming that the product

√

Q2A2 does not
depend on Q2, which follows from (7), since g1/F1 is
known to vary only weakly over Q2. The structure func-
tion g2(x,Q2) was evolved assuming that its Q2 depen-
dence is analogous to that for the Wandzura-Wilczek part
of g2.

The averaged results for xg2 and A2 and the statis-
tical and systematic uncertainties are listed in Table 2,
where the average values of x and Q2 are also given. The
quoted statistical uncertainties correspond to the diago-
nal elements of the covariance matrix obtained from the
unfolding algorithm. The correlation matrix for xg2 in
nine x-bins is presented in Table 3.1

The results for the virtual-photon asymmetry A2 and
the spin-structure function xg2 as a function of x are pre-
sented in Fig. 2 together with data from the experiments
E155 [14], E143 [13], and SMC [12]. The HERMES data
are shown for two regions of Q2, 〈Q2〉 > 1 GeV2 (closed
symbols) and 〈Q2〉 < 1 GeV2 (open symbols). The exper-

1 It is also available in 23 bins for the data in Table 1
at http://inspirehep.net/record/1082840 or from manage-
ment@hermes.desy.de.
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Fig. 2. Upper panel: The virtual-photon asymmetry A2

of the proton as a function of x. Bottom panel: The spin-
structure function xg2 of the proton as a function of x. HER-
MES data are shown together with data from the E155 [14],
E143 [13], and SMC [12] experiments. The total error bars
for the HERMES, E155, and E143 experiments represent the
quadratic sum of the statistical and systematic uncertainties.
The statistical uncertainties are indicated by the inner error
bars. The error bars for the SMC experiment represent the sta-
tistical uncertainties only. The solid curve corresponds to the
Wandzura–Wilczek relation (3) evaluated at the average Q2

values of HERMES at each value of x. For the HERMES data,
the closed (open) symbols represent data with 〈Q2〉 > 1 GeV2

(〈Q2〉 < 1 GeV2)
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What can you get out?

Involvement of quark-gluon correlations is challenging but 
stimulating                          see, e.g., talk by L. Motyka 

Higher precision for twist-2 PDF fits requires knowledge of twist-3
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FIG. 5: Twist decomposition of the proton (red solid) and neutron (blue dashed) xg1 and xg2

structure function. For the xg1 structure function (left) the twist ⌧ = 2 (top panel), ⌧ = 3

(middle) and ⌧ = 4 (bottom) are shown, while for the xg2 structure function (right) the ⌧ = 2

(top) and ⌧ = 3 (bottom) contributions are illustrated. The dotted vertical lines on the ⌧ = 4

contribution to xg1 represent the knots used for the spline fit.

leading twist contribution.

This is indeed observed in Fig. 5, where we present the individual contributions to the xg1

and xg2 structure functions from the twist-2 and higher twist terms, for both the proton and

neutron, at Q2 = 1 GeV2. For the proton g1 structure function, the twist-3 contribution is

found to be positive at intermediate x values, x & 0.4, and negative for the twist-4 correction,

though compatible with zero within the errors. For the neutron, the twist-3 term is consistent

with zero, but the twist-4 contribution is large and positive at 0.3 . x . 0.7. To describe

the same experimental 3He asymmetry, the leading twist part of the neutron g1 structure

function, and hence the �d

+ distribution, must be more negative. The ratio of the (more

negative) �d

+ PDF from the full JAM fit to the (less negative) distribution in the leading

twist only fit therefore exceeds unity, as seen in Fig. 3(b).
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dence is analogous to that for the Wandzura-Wilczek part
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The averaged results for xg2 and A2 and the statis-
tical and systematic uncertainties are listed in Table 2,
where the average values of x and Q2 are also given. The
quoted statistical uncertainties correspond to the diago-
nal elements of the covariance matrix obtained from the
unfolding algorithm. The correlation matrix for xg2 in
nine x-bins is presented in Table 3.1

The results for the virtual-photon asymmetry A2 and
the spin-structure function xg2 as a function of x are pre-
sented in Fig. 2 together with data from the experiments
E155 [14], E143 [13], and SMC [12]. The HERMES data
are shown for two regions of Q2, 〈Q2〉 > 1 GeV2 (closed
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MES data are shown together with data from the E155 [14],
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for the HERMES, E155, and E143 experiments represent the
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tion g2(x,Q2) was evolved assuming that its Q2 depen-
dence is analogous to that for the Wandzura-Wilczek part
of g2.

The averaged results for xg2 and A2 and the statis-
tical and systematic uncertainties are listed in Table 2,
where the average values of x and Q2 are also given. The
quoted statistical uncertainties correspond to the diago-
nal elements of the covariance matrix obtained from the
unfolding algorithm. The correlation matrix for xg2 in
nine x-bins is presented in Table 3.1

The results for the virtual-photon asymmetry A2 and
the spin-structure function xg2 as a function of x are pre-
sented in Fig. 2 together with data from the experiments
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are shown for two regions of Q2, 〈Q2〉 > 1 GeV2 (closed
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Is there still something to be done?
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measured by HERMES
main source of information for helicity PDFs 
see talk by E. Nocera

measured by HERMES 

HERMES also looked for unexpected sinφS 
modulation
PLB 682 (2010)

measured by H1 and ZEUS
main source of information for unpolarized PDFs
many talks!
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modulation
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main source of information for unpolarized PDFs
many talks!
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parity violating structure functions?
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Semi-inclusive DIS
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What can still be measured?
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Ẽa(z)

z

◆

Still some data to be analyzed (2006/07)
Possibly also π0, η, p

missing (out of HERMES’s reach)

missing
related to pp single-spin asymmetries

missing
included in ’93 tech rep!

Possibly also π0, η, p

21

Thursday, 13 November 14



Not integrated over transverse momentum

d⇤

dx dy d⌅S dz d⌅h dP 2
h⇥

=
�2

x y Q2

y2

2 (1� ⇧)

⇧
FUU,T + ⇧ FUU,L +

⌥
2 ⇧(1 + ⇧) cos ⌅h F cos �h

UU + ⇧ cos(2⌅h) F cos 2�h

UU

+ ⇥e

⌥
2 ⇧(1� ⇧) sin ⌅h F sin �h

LU + SL

⇤
⌥

2 ⇧(1 + ⇧) sin ⌅h F sin �h

UL + ⇧ sin(2⌅h)F sin 2�h

UL

⌅

+ SL ⇥e

⇤
⌥

1� ⇧2 FLL +
⌥

2 ⇧(1� ⇧) cos ⌅h F cos �h

LL

⌅

+ ST

⇤
sin(⌅h � ⌅S)

�
F sin(�h��S)

UT,T + ⇧ F sin(�h��S)
UT,L

⇥
+ ⇧ sin(⌅h + ⌅S) F sin(�h+�S)

UT

+ ⇧ sin(3⌅h � ⌅S) F sin(3�h��S)
UT +

⌥
2 ⇧(1 + ⇧) sin ⌅S F sin �S

UT

+
⌥

2 ⇧(1 + ⇧) sin(2⌅h � ⌅S) F sin(2�h��S)
UT

⌅
+ ST ⇥e

⇤
⌥

1� ⇧2 cos(⌅h � ⌅S) F cos(�h��S)
LT

+
⌥

2 ⇧(1� ⇧) cos ⌅S F cos �S

LT +
⌥

2 ⇧(1� ⇧) cos(2⌅h � ⌅S) F cos(2�h��S)
LT

⌅⌃

see e.g. AB, Diehl, Goeke, Metz, Mulders, Schlegel, JHEP093 (07)
22

Thursday, 13 November 14



Not integrated over transverse momentum

d⇤

dx dy d⌅S dz d⌅h dP 2
h⇥

=
�2

x y Q2

y2

2 (1� ⇧)

⇧
FUU,T + ⇧ FUU,L +

⌥
2 ⇧(1 + ⇧) cos ⌅h F cos �h

UU + ⇧ cos(2⌅h) F cos 2�h

UU

+ ⇥e

⌥
2 ⇧(1� ⇧) sin ⌅h F sin �h

LU + SL

⇤
⌥

2 ⇧(1 + ⇧) sin ⌅h F sin �h

UL + ⇧ sin(2⌅h)F sin 2�h

UL

⌅

+ SL ⇥e

⇤
⌥

1� ⇧2 FLL +
⌥

2 ⇧(1� ⇧) cos ⌅h F cos �h

LL

⌅

+ ST

⇤
sin(⌅h � ⌅S)

�
F sin(�h��S)

UT,T + ⇧ F sin(�h��S)
UT,L

⇥
+ ⇧ sin(⌅h + ⌅S) F sin(�h+�S)

UT

+ ⇧ sin(3⌅h � ⌅S) F sin(3�h��S)
UT +

⌥
2 ⇧(1 + ⇧) sin ⌅S F sin �S

UT

+
⌥

2 ⇧(1 + ⇧) sin(2⌅h � ⌅S) F sin(2�h��S)
UT

⌅
+ ST ⇥e

⇤
⌥

1� ⇧2 cos(⌅h � ⌅S) F cos(�h��S)
LT

+
⌥

2 ⇧(1� ⇧) cos ⌅S F cos �S

LT +
⌥

2 ⇧(1� ⇧) cos(2⌅h � ⌅S) F cos(2�h��S)
LT

⌅⌃

FUU,T (x, z, P 2
h�, Q2)

see e.g. AB, Diehl, Goeke, Metz, Mulders, Schlegel, JHEP093 (07)
22

Thursday, 13 November 14



Not integrated over transverse momentum

d⇤

dx dy d⌅S dz d⌅h dP 2
h⇥

=
�2

x y Q2

y2

2 (1� ⇧)

⇧
FUU,T + ⇧ FUU,L +

⌥
2 ⇧(1 + ⇧) cos ⌅h F cos �h

UU + ⇧ cos(2⌅h) F cos 2�h

UU

+ ⇥e

⌥
2 ⇧(1� ⇧) sin ⌅h F sin �h

LU + SL

⇤
⌥

2 ⇧(1 + ⇧) sin ⌅h F sin �h

UL + ⇧ sin(2⌅h)F sin 2�h

UL

⌅

+ SL ⇥e

⇤
⌥

1� ⇧2 FLL +
⌥

2 ⇧(1� ⇧) cos ⌅h F cos �h

LL

⌅

+ ST

⇤
sin(⌅h � ⌅S)

�
F sin(�h��S)

UT,T + ⇧ F sin(�h��S)
UT,L

⇥
+ ⇧ sin(⌅h + ⌅S) F sin(�h+�S)

UT

+ ⇧ sin(3⌅h � ⌅S) F sin(3�h��S)
UT +

⌥
2 ⇧(1 + ⇧) sin ⌅S F sin �S

UT

+
⌥

2 ⇧(1 + ⇧) sin(2⌅h � ⌅S) F sin(2�h��S)
UT

⌅
+ ST ⇥e

⇤
⌥

1� ⇧2 cos(⌅h � ⌅S) F cos(�h��S)
LT

+
⌥

2 ⇧(1� ⇧) cos ⌅S F cos �S

LT +
⌥

2 ⇧(1� ⇧) cos(2⌅h � ⌅S) F cos(2�h��S)
LT

⌅⌃

FUU,T (x, z, P 2
h�, Q2)

see e.g. AB, Diehl, Goeke, Metz, Mulders, Schlegel, JHEP093 (07)

DON’T PANIC!

22

Thursday, 13 November 14



Unpolarized sector
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HERMES did almost everything it could 
Can still analyze π0, η and some data from 2006/07

HERMES, PRD 87 (2013) 012010
HERMES, PRD 87 (2013) 074029
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HERMES did almost everything it could 
Can still analyze π0, η and some data from 2006/07

HERMES, PRD 87 (2013) 012010
HERMES, PRD 87 (2013) 074029

All four structure functions could be measured by H1 
and ZEUS, with their four-dimensional dependence

e.g., H1, EPJ C73 (13)
ZEUS, PLB 481 (00)
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Transverse-momentum-dependent multiplicities
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FIG. 8. Multiplicities of pions (left panels) and kaons (right panels) for the proton and the deuteron as a function of Ph?, xB,
and Q
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Fig. 4.

Airapetian et al., PRD 87 (2013)
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x-Q2 coverage

Coverage of polarized collinear measurements
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x-Q2 coverage
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dependent measurements. 
The coverage is limited, x-Q2 are correlated, but:
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6 bins in x, 8 bins in z, 
7 bins in PhT, 
2 targets, 4 final-state hadrons, 
= 2688 data points

Coverage of HERMES transverse-momentum 
dependent measurements. 
The coverage is limited, x-Q2 are correlated, but:
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hadron

photon

proton

quarkq

P

Ph

p

kk⊥

k⊥

PhT

P⊥

∼zk⊥

FUU,T (x, z,P 2
hT , Q

2) =
X

a

Z
dk? dP? f

a
1

�
x, k2

?
�
D

a!h
1

�
z,P 2

?
�
�

�
zk? � P hT + P?

�
+O�

M

2
/Q

2
�

“Parton model”

26

Thursday, 13 November 14



What can you get out?

hadron

photon

proton

quarkq

P

Ph

p

kk⊥

k⊥

PhT

P⊥

∼zk⊥

FUU,T (x, z,P 2
hT , Q

2) =
X

a

Z
dk? dP? f

a
1

�
x, k2

?
�
D

a!h
1

�
z,P 2

?
�
�

�
zk? � P hT + P?

�
+O�

M

2
/Q

2
�

“Parton model”
TMD Parton 
Distribution Functions

26

Thursday, 13 November 14



What can you get out?

hadron

photon

proton

quarkq

P

Ph

p

kk⊥

k⊥

PhT

P⊥

∼zk⊥

FUU,T (x, z,P 2
hT , Q

2) =
X

a

Z
dk? dP? f

a
1

�
x, k2

?
�
D

a!h
1

�
z,P 2

?
�
�

�
zk? � P hT + P?

�
+O�

M

2
/Q

2
�

“Parton model”
TMD Parton 
Fragmentation Functions

TMD Parton 
Distribution Functions

26

Thursday, 13 November 14



Signori, Bacchetta, Radici, Schnell JHEP 1311 (13)

Schweitzer, Teckentrup, Metz, PRD 81 (10)

Anselmino et al. JHEP 1404 (14) [HERMES]

Anselmino et al. JHEP 1404 (14) [HERMES, high z]

Outcome of extraction of unpolarized TMDs 
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Behavior with x
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Still difficult to say, but possibly 
a widening at lower x
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Flavor dependence of unpolarized TMDs
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Transverse-momentum convolutions
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Evolution of TMDs
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First attempts to use TMD evolution
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FIG. 2. The first three plots show comparisons with the Fermilab E288 Drell-Yan dilepton data at different CM energies√
s = 19.4 (left), 23.8, and 27.4 GeV [71]. The data points from top to bottom correspond to different invariant mass Q of the

lepton pair. For the top two plots, they are: [4, 5], [5, 6], [6, 7], [7, 8], and [8, 9] GeV. For the left bottom plot, it starts with
the [5, 6] GeV range (no [4, 5] GeV range. The right bottom plot is the comparison with the Fermilab E605 Drell-Yan dilepton
data at CM energy

√
s = 38.8 GeV [72]. Again the mass ranges are: [7, 8], [8, 9], [10.5, 11.5], [11.5, 13.5], and [13.5, 18] GeV.

GeV2 and 〈xB〉 = 0.093 for a deuteron target. The data points from top to bottom correspond to different zh
regions: zh ∈ [0.2, 0.25], [0.25, 0.3], [0.3, 0.35], [0.35, 0.4], [0.4, 0.5], [0.5, 0.6], [0.6, 0.7], and [0.7, 0.8]. We find that
for both negative and positive charged hadrons the QCD formalism in Eq. (30) gives a good description for the
Ph⊥-dependence of the hadron multiplicity distribution.
Finally, in Fig. 4 we compare our calculation with the HERMES multiplicity distribution data [75] for a proton

target at 〈Q2〉 = 2.45 GeV2 and 〈xB〉 = 0.117. The data points from top to bottom correspond to different zh regions:
zh ∈ [0.2, 0.3], [0.3, 0.4], [0.4, 0.6], and [0.6, 0.8]. We find that our formalism still gives a reasonable description for
π− multiplicity distribution data as a function of Ph⊥, though π+ becomes worse when going to the high zh region.
Note, however, that the normalization of such distributions is related to the fragmentation functions [75].
In summary we find that our proposed non-perturbative Sudakov factor in Eq. (27) along with bmax = 1.5 GeV−1

gives a reasonably good description of the hadron multiplicity distribution in SIDIS at rather low Q, DY lepton pair
production at intermediate Q, and W/Z production at high Q from rather low CM energies up to the LHC energies.
Even though the description is not perfect, one has to keep in mind that our QCD formalism is the very first attempt
to use a universal form to describe the experimental data on both SIDIS and DY-type processes. At the moment,
we are implementing the evolution at NLL accuracy along with the LO coefficient functions. All of these could be
further improved, and a first attempt to implement the approach presented in [29] is being pursued in [76]. Another
important consequence is that since the parameter g2 is a universal parameter, i.e. independent of the spin, we can
then use the same g2 to extract the Sivers functions from the current Sivers asymmetry measurements in SIDIS. This
will be the main focus of the next section.

III. QCD EVOLUTION OF TMDS: THE SIVERS EFFECT

In this section we will first extract the quark Sivers functions from the Sivers asymmetry measurements in SIDIS
from JLab, HERMES, and COMPASS experiments. We will then make predictions for the Sivers asymmetries of DY
dilepton and W boson production, to be compared with the future measurements.
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FIG. 4. Comparison of theoretical results with the HERMES data (proton target) [75] at 〈Q2〉 = 2.45 GeV2 and 〈xB〉 = 0.117.
The data points from top to bottom correspond to different zh region: [0.2, 0.3], [0.3, 0.4], [0.4, 0.6], and [0.6, 0.8].

A. Global fitting of Sivers asymmetries in SIDIS

Here we apply our QCD evolution formalism for the Sivers effect in SIDIS and use it to extract the quark Sivers
functions from the experimental data. The differential SIDIS cross section on a transversely polarized nucleon target
can be written as [13, 77, 78]

dσ

dxBdydzhd2Ph⊥
= σ0(xB , y, Q

2)
[

FUU + sin(φh − φs)F
sin(φh−φs)
UT

]

, (38)

where σ0 = 2πα2

em

xBy Q2

(

1 + (1− y)2
)

, and φs and φh are the azimuthal angles for the nucleon spin and the transverse

momentum of the outgoing hadron, respectively. FUU and F sin(φh−φs)
UT are the spin-averaged and transverse spin-
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A. Global fitting of Sivers asymmetries in SIDIS

Here we apply our QCD evolution formalism for the Sivers effect in SIDIS and use it to extract the quark Sivers
functions from the experimental data. The differential SIDIS cross section on a transversely polarized nucleon target
can be written as [13, 77, 78]

dσ

dxBdydzhd2Ph⊥
= σ0(xB , y, Q

2)
[
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]

, (38)

where σ0 = 2πα2
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UT are the spin-averaged and transverse spin-

6

Likewise, fq/A(xa, b;Q) and fq̄/B(xb, b;Q) are the QCD evolved TMD PDFs in Eq. (21). Similarly, for W/Z produc-
tion, A(PA) +B(PB) → W/Z(y, p⊥) +X , the differential cross sections are given by [16, 63]

dσW

dyd2p⊥
=

σW
0

2π

∑

q,q′

|Vqq′ |2
∫ ∞

0
db bJ0(q⊥b)fq/A(xa, b;Q)fq′/B(xb, b;Q), (35)

dσZ

dyd2p⊥
=

σZ
0

2π

∑

q

(

V 2
q +A2

q

)

∫ ∞

0
db bJ0(q⊥b)fq/A(xa, b;Q)fq′/B(xb, b;Q), (36)

where Vqq′ are the CKM matrix elements for the weak interaction, and Vq and Aq are the vector and axial couplings
of the Z boson to the quark, respectively. The LO cross sections σW

0 and σZ
0 have the following form

σW
0 =

√
2πGFM2

W

sNc
, σZ

0 =

√
2πGFM2

Z

sNc
, (37)

where GF is the Fermi weak coupling constant, and MW (MZ) is the mass of the W (Z) boson.
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FIG. 1. Comparison of theoretical results to W [67] (left) and Z [68, 69] (middle) production in p + p̄ collisions at
√
s = 1.8

TeV, and Z production [70] (right) in p+ p collisions at
√
s = 7 TeV.

To compare with experimental data, we use the unpolarized parton distribution functions fq/A(x,Q) as given by the
MSTW2008 parametrization [64] and the DSS unpolarized fragmentation functions Dh/q(z,Q) [65]. It is important
to remember that our QCD factorization formalism based on TMDs is only applicable in the kinematic region where
p⊥ # Q [26]. To describe the large p⊥ ∼ Q region, one needs the complete next-to-leading order calculation, more
precisely the so-called Y -term [39–41, 66]. To be consistent with our formalism, we thus restrict our comparison with
the experimental data as follows: for W/Z boson production, we choose p⊥ ≤ 20 GeV; for DY dilepton production,
we have p⊥ ≤ 1.3 GeV; for hadron production at COMPASS with 〈Q2〉 = 7.57 GeV2, we choose Ph⊥ ≤ 0.7 GeV; for
hadron production at HERMES with 〈Q2〉 = 2.45 GeV2, we choose Ph⊥ ≤ 0.6 GeV such that we still have enough
experimental data for the analysis.
We first compare in Fig. 1 our calculation, based on the QCD factorization formalism, Eqs. (35) and (36), with W/Z

production at both the Tevatron and LHC energies. With QCD evolved TMD PDFs given in Eq. (21) and the tuned
parameters for the Sudakov factor in Eq. (27), we plot the W and Z boson differential cross section as a function of
transverse momentum p⊥. The left and middle panels of Fig. 1 are the comparisons with the W/Z measurements [67–
69] in p + p̄ collisions at the Tevatron energy

√
s = 1.8 TeV. In the right panel of Fig. 1 we compare with the most

recent Z boson measurement [70] in p + p collisions from the CMS collaboration at LHC energy
√
s = 7 TeV. Our

formalism gives a reasonably good description of the W/Z boson production at both the Tevatron and LHC energies.
Next, we compare our calculation for the DY lepton pair production with the fixed-target Fermilab experimental

data at different CM energies
√
s = 19.4, 23.8, 27.4 for the E288 collaboration [71] and at

√
s = 38.8 GeV for the E605

collaboration [72], see Fig. 2. Since these experiments were really performed for p+Cu collisions, we use the EKS98
parametrization [73] for the collinear nuclear PDFs in the nucleus Cu. For both

√
s = 19.4 and 23.8 GeV, the curves

from top to bottom correspond to the different invariant mass bins, i.e., Q ∈ [4, 5], [5, 6], [6, 7], [7, 8], and [8, 9] GeV.
For

√
s = 27.4 GeV, we have Q ∈ [5, 6], [6, 7], [7, 8], and [8, 9] GeV. Finally, for

√
s = 38.8 GeV the mass ranges are:

Q ∈ [7, 8], [8, 9], [10.5, 11.5], [11.5, 13.5], and [13.5, 18] GeV. As can be seen, our QCD formalism gives a reasonably
good description of the Drell-Yan dilepton production in all the measured mass ranges.
Let us now turn to the hadron multiplicity distribution in the SIDIS processes. In Fig. 3, we compare our calculations

with the recent COMPASS experimental data for the charged hadron multiplicity distribution [74] at 〈Q2〉 = 7.57

SIDIS

SIDIS

DRELL-YAN

W AND Z PRODUCTION

Echevarria, Idilbi, Kang, Vitev, PRD 89 (14)
for Drell-Yan, see also D’Alesio, Echevarria, Melis, Scimemi, arXiv:1407.3311
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Sivers asymmetry

4

N↑(↓)h (φ, φS) as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is

Ah
UT (φ, φS) =

1

|ST |

(

N↑h(φ, φS) − N↓h(φ, φS)
)

(

N↑h(φ, φS) + N↓h(φ, φS)
) , (1)

The Collins azimuthal moment 〈 sin(φ + φS)〉
h

UT
and

Sivers moment 〈 sin(φ − φS)〉
h

UT
of the virtual-photon

asymmetry are extracted in the fit

Ah
UT (φ, φS)

2
= 〈 sin(φ + φS)〉

h

UT

B(〈y〉)

A(〈x〉, 〈y〉)
sin(φ + φS)

+ 〈 sin(φ − φS)〉
h

UT
sin(φ − φS) . (2)

Here B(y) ≡ (1 − y), A(x, y) ≡ y2

2 + (1 − y)(1 +
R(x, y))/(1+γ(x, y)2), R(x, y) is the ratio of longitudinal
to transverse DIS cross sections, γ(x, y)2 ≡ 2Mpx/(Ey).
The values for R(〈x〉, 〈y〉) [34] cannot be neglected here
as they fall in the range 0.1–0.34. The reduced-χ2 val-
ues for the fits are in the range 0.74–1.89. The statisti-
cal correlations between the Sivers and Collins moments
fall in the range -0.5 to -0.6. The addition of terms for
sin(3φ − φS), sin φS and sin(2φ − φS) resulted in coeffi-
cients that are negligible compared to their uncertainties,
and in negligible changes to the Collins and Sivers mo-
ments. Effects of acceptance, instrumental smearing and
QED radiation were all found to be negligible in Monte
Carlo simulations [35]. The largest contribution to the
systematic uncertainties is due to the target polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0.023 < x < 0.4 and 0.2 < z < 0.7, and the corre-
sponding mean values of the kinematic parameters are
〈x〉 = 0.09, 〈y〉 = 0.54, 〈Q2〉 = 2.41GeV2, 〈z〉 = 0.36 and
〈Pπ⊥〉 = 0.41GeV. The dependences of the charged pion
moments on x and z are shown in Fig. 2. Also shown
are simulations based on Pythia6 [36], tuned for Her-

mes kinematics, of the fractions of the semi-inclusive
pion yield from exclusive production of vector mesons,
the asymmetries of which are poorly determined.

The averaged Collins moment for π+ is positive at
0.021 ± 0.007(stat), while it is negative at −0.038 ±
0.008(stat) for π−. Such a difference is expected if the
transversity densities resemble the helicity densities to
the extent that δu is positive and δd is negative and
smaller in magnitude, as models predict [37]. However,
the magnitude of the negative π− moment appears to
be at least as large as that for π+. The left panel shows
that this trend becomes more apparent as the magnitudes
of these transverse moments increase at larger x where
valence quarks tend to dominate, as did the previously
measured longitudinal asymmetries. However, the large
negative π− moments might be considered unexpected
as neither quark flavor dominates π− production like the
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FIG. 2: Virtual-photon Collins (Sivers) moments for charged
pions as labelled in the upper (middle) panel, as a function of
x and z, multiplied by two to have the possible range ±1. The
error bars represent the statistical uncertainties. In addition,
there is a common 8% scale uncertainty in the moments. The
lower panel shows the relative contributions to the data from
simulated exclusive vector meson production.

up quark dominates π+, and one expects |δd| < |δu| in
analogy with |∆d| < |∆u|. This expectation is reflected
in model predictions [13, 14] based on the interpretation
of those longitudinal asymmetries. This failure of those
predictions could be due to the neglect of T-odd distri-
butions such as the Sivers function, the contribution of
sea quarks or disfavored Collins fragmentation.

One explanation of the larger negative π− azimuthal
moments could be a substantial magnitude with opposite
sign for the disfavored Collins function describing e.g. the
fragmentation of up quarks to π− mesons. Opposite signs
of the favored and disfavored Collins functions might be
understood in the light of the string model of fragmen-
tation. If a favored pion forms as the string end created

4

N↑(↓)h (φ, φS) as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is

Ah
UT (φ, φS) =

1

|ST |

(

N↑h(φ, φS) − N↓h(φ, φS)
)

(

N↑h(φ, φS) + N↓h(φ, φS)
) , (1)

The Collins azimuthal moment 〈 sin(φ + φS)〉
h

UT
and

Sivers moment 〈 sin(φ − φS)〉
h

UT
of the virtual-photon

asymmetry are extracted in the fit

Ah
UT (φ, φS)

2
= 〈 sin(φ + φS)〉

h

UT

B(〈y〉)

A(〈x〉, 〈y〉)
sin(φ + φS)

+ 〈 sin(φ − φS)〉
h

UT
sin(φ − φS) . (2)

Here B(y) ≡ (1 − y), A(x, y) ≡ y2

2 + (1 − y)(1 +
R(x, y))/(1+γ(x, y)2), R(x, y) is the ratio of longitudinal
to transverse DIS cross sections, γ(x, y)2 ≡ 2Mpx/(Ey).
The values for R(〈x〉, 〈y〉) [34] cannot be neglected here
as they fall in the range 0.1–0.34. The reduced-χ2 val-
ues for the fits are in the range 0.74–1.89. The statisti-
cal correlations between the Sivers and Collins moments
fall in the range -0.5 to -0.6. The addition of terms for
sin(3φ − φS), sin φS and sin(2φ − φS) resulted in coeffi-
cients that are negligible compared to their uncertainties,
and in negligible changes to the Collins and Sivers mo-
ments. Effects of acceptance, instrumental smearing and
QED radiation were all found to be negligible in Monte
Carlo simulations [35]. The largest contribution to the
systematic uncertainties is due to the target polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0.023 < x < 0.4 and 0.2 < z < 0.7, and the corre-
sponding mean values of the kinematic parameters are
〈x〉 = 0.09, 〈y〉 = 0.54, 〈Q2〉 = 2.41GeV2, 〈z〉 = 0.36 and
〈Pπ⊥〉 = 0.41GeV. The dependences of the charged pion
moments on x and z are shown in Fig. 2. Also shown
are simulations based on Pythia6 [36], tuned for Her-

mes kinematics, of the fractions of the semi-inclusive
pion yield from exclusive production of vector mesons,
the asymmetries of which are poorly determined.

The averaged Collins moment for π+ is positive at
0.021 ± 0.007(stat), while it is negative at −0.038 ±
0.008(stat) for π−. Such a difference is expected if the
transversity densities resemble the helicity densities to
the extent that δu is positive and δd is negative and
smaller in magnitude, as models predict [37]. However,
the magnitude of the negative π− moment appears to
be at least as large as that for π+. The left panel shows
that this trend becomes more apparent as the magnitudes
of these transverse moments increase at larger x where
valence quarks tend to dominate, as did the previously
measured longitudinal asymmetries. However, the large
negative π− moments might be considered unexpected
as neither quark flavor dominates π− production like the
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FIG. 2: Virtual-photon Collins (Sivers) moments for charged
pions as labelled in the upper (middle) panel, as a function of
x and z, multiplied by two to have the possible range ±1. The
error bars represent the statistical uncertainties. In addition,
there is a common 8% scale uncertainty in the moments. The
lower panel shows the relative contributions to the data from
simulated exclusive vector meson production.

up quark dominates π+, and one expects |δd| < |δu| in
analogy with |∆d| < |∆u|. This expectation is reflected
in model predictions [13, 14] based on the interpretation
of those longitudinal asymmetries. This failure of those
predictions could be due to the neglect of T-odd distri-
butions such as the Sivers function, the contribution of
sea quarks or disfavored Collins fragmentation.

One explanation of the larger negative π− azimuthal
moments could be a substantial magnitude with opposite
sign for the disfavored Collins function describing e.g. the
fragmentation of up quarks to π− mesons. Opposite signs
of the favored and disfavored Collins functions might be
understood in the light of the string model of fragmen-
tation. If a favored pion forms as the string end created
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N↑(↓)h (φ, φS) as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is

Ah
UT (φ, φS) =

1

|ST |

(

N↑h(φ, φS) − N↓h(φ, φS)
)

(

N↑h(φ, φS) + N↓h(φ, φS)
) , (1)

The Collins azimuthal moment 〈 sin(φ + φS)〉
h

UT
and

Sivers moment 〈 sin(φ − φS)〉
h

UT
of the virtual-photon

asymmetry are extracted in the fit

Ah
UT (φ, φS)

2
= 〈 sin(φ + φS)〉

h

UT

B(〈y〉)

A(〈x〉, 〈y〉)
sin(φ + φS)

+ 〈 sin(φ − φS)〉
h

UT
sin(φ − φS) . (2)

Here B(y) ≡ (1 − y), A(x, y) ≡ y2

2 + (1 − y)(1 +
R(x, y))/(1+γ(x, y)2), R(x, y) is the ratio of longitudinal
to transverse DIS cross sections, γ(x, y)2 ≡ 2Mpx/(Ey).
The values for R(〈x〉, 〈y〉) [34] cannot be neglected here
as they fall in the range 0.1–0.34. The reduced-χ2 val-
ues for the fits are in the range 0.74–1.89. The statisti-
cal correlations between the Sivers and Collins moments
fall in the range -0.5 to -0.6. The addition of terms for
sin(3φ − φS), sin φS and sin(2φ − φS) resulted in coeffi-
cients that are negligible compared to their uncertainties,
and in negligible changes to the Collins and Sivers mo-
ments. Effects of acceptance, instrumental smearing and
QED radiation were all found to be negligible in Monte
Carlo simulations [35]. The largest contribution to the
systematic uncertainties is due to the target polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0.023 < x < 0.4 and 0.2 < z < 0.7, and the corre-
sponding mean values of the kinematic parameters are
〈x〉 = 0.09, 〈y〉 = 0.54, 〈Q2〉 = 2.41GeV2, 〈z〉 = 0.36 and
〈Pπ⊥〉 = 0.41GeV. The dependences of the charged pion
moments on x and z are shown in Fig. 2. Also shown
are simulations based on Pythia6 [36], tuned for Her-

mes kinematics, of the fractions of the semi-inclusive
pion yield from exclusive production of vector mesons,
the asymmetries of which are poorly determined.

The averaged Collins moment for π+ is positive at
0.021 ± 0.007(stat), while it is negative at −0.038 ±
0.008(stat) for π−. Such a difference is expected if the
transversity densities resemble the helicity densities to
the extent that δu is positive and δd is negative and
smaller in magnitude, as models predict [37]. However,
the magnitude of the negative π− moment appears to
be at least as large as that for π+. The left panel shows
that this trend becomes more apparent as the magnitudes
of these transverse moments increase at larger x where
valence quarks tend to dominate, as did the previously
measured longitudinal asymmetries. However, the large
negative π− moments might be considered unexpected
as neither quark flavor dominates π− production like the
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FIG. 2: Virtual-photon Collins (Sivers) moments for charged
pions as labelled in the upper (middle) panel, as a function of
x and z, multiplied by two to have the possible range ±1. The
error bars represent the statistical uncertainties. In addition,
there is a common 8% scale uncertainty in the moments. The
lower panel shows the relative contributions to the data from
simulated exclusive vector meson production.

up quark dominates π+, and one expects |δd| < |δu| in
analogy with |∆d| < |∆u|. This expectation is reflected
in model predictions [13, 14] based on the interpretation
of those longitudinal asymmetries. This failure of those
predictions could be due to the neglect of T-odd distri-
butions such as the Sivers function, the contribution of
sea quarks or disfavored Collins fragmentation.

One explanation of the larger negative π− azimuthal
moments could be a substantial magnitude with opposite
sign for the disfavored Collins function describing e.g. the
fragmentation of up quarks to π− mesons. Opposite signs
of the favored and disfavored Collins functions might be
understood in the light of the string model of fragmen-
tation. If a favored pion forms as the string end created

4

N↑(↓)h (φ, φS) as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is

Ah
UT (φ, φS) =

1

|ST |

(

N↑h(φ, φS) − N↓h(φ, φS)
)

(

N↑h(φ, φS) + N↓h(φ, φS)
) , (1)

The Collins azimuthal moment 〈 sin(φ + φS)〉
h

UT
and

Sivers moment 〈 sin(φ − φS)〉
h

UT
of the virtual-photon

asymmetry are extracted in the fit

Ah
UT (φ, φS)

2
= 〈 sin(φ + φS)〉

h

UT

B(〈y〉)

A(〈x〉, 〈y〉)
sin(φ + φS)

+ 〈 sin(φ − φS)〉
h

UT
sin(φ − φS) . (2)

Here B(y) ≡ (1 − y), A(x, y) ≡ y2

2 + (1 − y)(1 +
R(x, y))/(1+γ(x, y)2), R(x, y) is the ratio of longitudinal
to transverse DIS cross sections, γ(x, y)2 ≡ 2Mpx/(Ey).
The values for R(〈x〉, 〈y〉) [34] cannot be neglected here
as they fall in the range 0.1–0.34. The reduced-χ2 val-
ues for the fits are in the range 0.74–1.89. The statisti-
cal correlations between the Sivers and Collins moments
fall in the range -0.5 to -0.6. The addition of terms for
sin(3φ − φS), sin φS and sin(2φ − φS) resulted in coeffi-
cients that are negligible compared to their uncertainties,
and in negligible changes to the Collins and Sivers mo-
ments. Effects of acceptance, instrumental smearing and
QED radiation were all found to be negligible in Monte
Carlo simulations [35]. The largest contribution to the
systematic uncertainties is due to the target polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0.023 < x < 0.4 and 0.2 < z < 0.7, and the corre-
sponding mean values of the kinematic parameters are
〈x〉 = 0.09, 〈y〉 = 0.54, 〈Q2〉 = 2.41GeV2, 〈z〉 = 0.36 and
〈Pπ⊥〉 = 0.41GeV. The dependences of the charged pion
moments on x and z are shown in Fig. 2. Also shown
are simulations based on Pythia6 [36], tuned for Her-

mes kinematics, of the fractions of the semi-inclusive
pion yield from exclusive production of vector mesons,
the asymmetries of which are poorly determined.

The averaged Collins moment for π+ is positive at
0.021 ± 0.007(stat), while it is negative at −0.038 ±
0.008(stat) for π−. Such a difference is expected if the
transversity densities resemble the helicity densities to
the extent that δu is positive and δd is negative and
smaller in magnitude, as models predict [37]. However,
the magnitude of the negative π− moment appears to
be at least as large as that for π+. The left panel shows
that this trend becomes more apparent as the magnitudes
of these transverse moments increase at larger x where
valence quarks tend to dominate, as did the previously
measured longitudinal asymmetries. However, the large
negative π− moments might be considered unexpected
as neither quark flavor dominates π− production like the
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FIG. 2: Virtual-photon Collins (Sivers) moments for charged
pions as labelled in the upper (middle) panel, as a function of
x and z, multiplied by two to have the possible range ±1. The
error bars represent the statistical uncertainties. In addition,
there is a common 8% scale uncertainty in the moments. The
lower panel shows the relative contributions to the data from
simulated exclusive vector meson production.

up quark dominates π+, and one expects |δd| < |δu| in
analogy with |∆d| < |∆u|. This expectation is reflected
in model predictions [13, 14] based on the interpretation
of those longitudinal asymmetries. This failure of those
predictions could be due to the neglect of T-odd distri-
butions such as the Sivers function, the contribution of
sea quarks or disfavored Collins fragmentation.

One explanation of the larger negative π− azimuthal
moments could be a substantial magnitude with opposite
sign for the disfavored Collins function describing e.g. the
fragmentation of up quarks to π− mesons. Opposite signs
of the favored and disfavored Collins functions might be
understood in the light of the string model of fragmen-
tation. If a favored pion forms as the string end created
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4

N↑(↓)h (φ, φS) as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is

Ah
UT (φ, φS) =

1

|ST |

(

N↑h(φ, φS) − N↓h(φ, φS)
)

(

N↑h(φ, φS) + N↓h(φ, φS)
) , (1)

The Collins azimuthal moment 〈 sin(φ + φS)〉
h

UT
and

Sivers moment 〈 sin(φ − φS)〉
h

UT
of the virtual-photon

asymmetry are extracted in the fit

Ah
UT (φ, φS)

2
= 〈 sin(φ + φS)〉

h

UT

B(〈y〉)

A(〈x〉, 〈y〉)
sin(φ + φS)

+ 〈 sin(φ − φS)〉
h

UT
sin(φ − φS) . (2)

Here B(y) ≡ (1 − y), A(x, y) ≡ y2

2 + (1 − y)(1 +
R(x, y))/(1+γ(x, y)2), R(x, y) is the ratio of longitudinal
to transverse DIS cross sections, γ(x, y)2 ≡ 2Mpx/(Ey).
The values for R(〈x〉, 〈y〉) [34] cannot be neglected here
as they fall in the range 0.1–0.34. The reduced-χ2 val-
ues for the fits are in the range 0.74–1.89. The statisti-
cal correlations between the Sivers and Collins moments
fall in the range -0.5 to -0.6. The addition of terms for
sin(3φ − φS), sin φS and sin(2φ − φS) resulted in coeffi-
cients that are negligible compared to their uncertainties,
and in negligible changes to the Collins and Sivers mo-
ments. Effects of acceptance, instrumental smearing and
QED radiation were all found to be negligible in Monte
Carlo simulations [35]. The largest contribution to the
systematic uncertainties is due to the target polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0.023 < x < 0.4 and 0.2 < z < 0.7, and the corre-
sponding mean values of the kinematic parameters are
〈x〉 = 0.09, 〈y〉 = 0.54, 〈Q2〉 = 2.41GeV2, 〈z〉 = 0.36 and
〈Pπ⊥〉 = 0.41GeV. The dependences of the charged pion
moments on x and z are shown in Fig. 2. Also shown
are simulations based on Pythia6 [36], tuned for Her-

mes kinematics, of the fractions of the semi-inclusive
pion yield from exclusive production of vector mesons,
the asymmetries of which are poorly determined.

The averaged Collins moment for π+ is positive at
0.021 ± 0.007(stat), while it is negative at −0.038 ±
0.008(stat) for π−. Such a difference is expected if the
transversity densities resemble the helicity densities to
the extent that δu is positive and δd is negative and
smaller in magnitude, as models predict [37]. However,
the magnitude of the negative π− moment appears to
be at least as large as that for π+. The left panel shows
that this trend becomes more apparent as the magnitudes
of these transverse moments increase at larger x where
valence quarks tend to dominate, as did the previously
measured longitudinal asymmetries. However, the large
negative π− moments might be considered unexpected
as neither quark flavor dominates π− production like the
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FIG. 2: Virtual-photon Collins (Sivers) moments for charged
pions as labelled in the upper (middle) panel, as a function of
x and z, multiplied by two to have the possible range ±1. The
error bars represent the statistical uncertainties. In addition,
there is a common 8% scale uncertainty in the moments. The
lower panel shows the relative contributions to the data from
simulated exclusive vector meson production.

up quark dominates π+, and one expects |δd| < |δu| in
analogy with |∆d| < |∆u|. This expectation is reflected
in model predictions [13, 14] based on the interpretation
of those longitudinal asymmetries. This failure of those
predictions could be due to the neglect of T-odd distri-
butions such as the Sivers function, the contribution of
sea quarks or disfavored Collins fragmentation.

One explanation of the larger negative π− azimuthal
moments could be a substantial magnitude with opposite
sign for the disfavored Collins function describing e.g. the
fragmentation of up quarks to π− mesons. Opposite signs
of the favored and disfavored Collins functions might be
understood in the light of the string model of fragmen-
tation. If a favored pion forms as the string end created

4

N↑(↓)h (φ, φS) as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is

Ah
UT (φ, φS) =

1

|ST |

(

N↑h(φ, φS) − N↓h(φ, φS)
)

(

N↑h(φ, φS) + N↓h(φ, φS)
) , (1)

The Collins azimuthal moment 〈 sin(φ + φS)〉
h

UT
and

Sivers moment 〈 sin(φ − φS)〉
h

UT
of the virtual-photon

asymmetry are extracted in the fit
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2
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A(〈x〉, 〈y〉)
sin(φ + φS)

+ 〈 sin(φ − φS)〉
h

UT
sin(φ − φS) . (2)

Here B(y) ≡ (1 − y), A(x, y) ≡ y2

2 + (1 − y)(1 +
R(x, y))/(1+γ(x, y)2), R(x, y) is the ratio of longitudinal
to transverse DIS cross sections, γ(x, y)2 ≡ 2Mpx/(Ey).
The values for R(〈x〉, 〈y〉) [34] cannot be neglected here
as they fall in the range 0.1–0.34. The reduced-χ2 val-
ues for the fits are in the range 0.74–1.89. The statisti-
cal correlations between the Sivers and Collins moments
fall in the range -0.5 to -0.6. The addition of terms for
sin(3φ − φS), sin φS and sin(2φ − φS) resulted in coeffi-
cients that are negligible compared to their uncertainties,
and in negligible changes to the Collins and Sivers mo-
ments. Effects of acceptance, instrumental smearing and
QED radiation were all found to be negligible in Monte
Carlo simulations [35]. The largest contribution to the
systematic uncertainties is due to the target polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0.023 < x < 0.4 and 0.2 < z < 0.7, and the corre-
sponding mean values of the kinematic parameters are
〈x〉 = 0.09, 〈y〉 = 0.54, 〈Q2〉 = 2.41GeV2, 〈z〉 = 0.36 and
〈Pπ⊥〉 = 0.41GeV. The dependences of the charged pion
moments on x and z are shown in Fig. 2. Also shown
are simulations based on Pythia6 [36], tuned for Her-

mes kinematics, of the fractions of the semi-inclusive
pion yield from exclusive production of vector mesons,
the asymmetries of which are poorly determined.

The averaged Collins moment for π+ is positive at
0.021 ± 0.007(stat), while it is negative at −0.038 ±
0.008(stat) for π−. Such a difference is expected if the
transversity densities resemble the helicity densities to
the extent that δu is positive and δd is negative and
smaller in magnitude, as models predict [37]. However,
the magnitude of the negative π− moment appears to
be at least as large as that for π+. The left panel shows
that this trend becomes more apparent as the magnitudes
of these transverse moments increase at larger x where
valence quarks tend to dominate, as did the previously
measured longitudinal asymmetries. However, the large
negative π− moments might be considered unexpected
as neither quark flavor dominates π− production like the
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FIG. 2: Virtual-photon Collins (Sivers) moments for charged
pions as labelled in the upper (middle) panel, as a function of
x and z, multiplied by two to have the possible range ±1. The
error bars represent the statistical uncertainties. In addition,
there is a common 8% scale uncertainty in the moments. The
lower panel shows the relative contributions to the data from
simulated exclusive vector meson production.

up quark dominates π+, and one expects |δd| < |δu| in
analogy with |∆d| < |∆u|. This expectation is reflected
in model predictions [13, 14] based on the interpretation
of those longitudinal asymmetries. This failure of those
predictions could be due to the neglect of T-odd distri-
butions such as the Sivers function, the contribution of
sea quarks or disfavored Collins fragmentation.

One explanation of the larger negative π− azimuthal
moments could be a substantial magnitude with opposite
sign for the disfavored Collins function describing e.g. the
fragmentation of up quarks to π− mesons. Opposite signs
of the favored and disfavored Collins functions might be
understood in the light of the string model of fragmen-
tation. If a favored pion forms as the string end created
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FIGURE 1. Fit of HERMES data [6] for pion (left panel) and kaon production (right panel).

-0.15

-0.1

-0.05

 0

 0.05

 0.1

 0.15

10
-2

10
-1

  

A
U

T
s
in

(
φ

h
-
φ

S
)

x

COMPASS Deuteron

π
-

-0.15

-0.1

-0.05

 0

 0.05

 0.1

 0.15

  

A
U

T
s
in

(
φ

h
-
φ

S
)

 

π
+

 

π
+

 0.3  0.4  0.5  0.6  0.7

z

π
-

 

π
+

 0.1  0.3  0.5  0.7  0.9

P  (GeV)T

π
-

-0.15

-0.1

-0.05

 0

 0.05

 0.1

 0.15

10
-2

10
-1

  

A
U

T
s
in

(
φ

h
-
φ

S
)

x

COMPASS Deuteron

K
-

-0.15

-0.1

-0.05

 0

 0.05

 0.1

 0.15

  

A
U

T
s
in

(
φ

h
-
φ

S
)

 

K
+

 

K
+

 0.3  0.4  0.5  0.6  0.7

z

K
-

 

K
+

 0.1  0.3  0.5  0.7  0.9

P  (GeV)T

K
-

FIGURE 2. Fit of COMPASS deuteron data [3] for pion (left panel) and kaon production (right panel).
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FIG. 7: The first moment of the valence u and d Sivers functions, evaluated at Q = Q0, obtained from our best fits of the
Asin (�h��S)

UT

azimuthal moments as measured by HERMES [11] and COMPASS [12, 23] Collaborations. The extraction
of the Sivers functions on the left side takes into account the TMD-evolution (left column of Table II), while for those
on the right side it does not (right column of Table II). The shaded area corresponds to the statistical uncertainty of the
parameters, see Appendix A of Ref. [5] for further details.

QCD framework in which to study the TMDs and their full Q2 dependence. That would put the study of TMDs
– and the related reconstruction of the 3-dimensional parton momentum structure of the nucleons – on a firm
basis, comparable to that used for the integrated PDFs.

Previous extractions of the Sivers functions from SIDIS data included some simplified treatment of the Q2

evolution, which essentially amounted to consider the evolution of the collinear and factorized part of the
distribution and fragmentation functions (DGLAP-evolution). It induced modest e↵ects, because of the slow
Q2 evolution and of the limited Q2 range spanned by the available data. The situation has recently much
progressed, for two reasons: the new TMD-evolution [8, 9] shows a strong variation with Q2 of the functional
form of the unpolarized and Sivers TMDs, as functions of the intrinsic momentum k?; in addition, some new
COMPASS results give access to Sivers asymmetries at larger Q2 values.

It appears then possible to test the new TMD-evolution. In order to do so one has to implement the full
machinery of the TMD-evolution equations in a viable phenomenological scheme. We have done so following
Ref. [9] and the simplified version of the TMD-evolution given in Eqs. (6)-(7). We have used them in our
previous procedure adopted for the extraction of the Sivers functions [5, 13, 18], with the same input parameters;
moreover, we have considered also the updated HERMES [11] and the new COMPASS [12] data.

A definite statement resulting from our analysis is that the best fit of all SIDIS data on the Sivers asymmetry
using TMD-evolution, when compared with the same analysis performed with the simplified DGLAP-evolution,
exhibits a smaller value of the total �2, as shown in Table I. Not only, but when analyzing the partial contribu-
tions to the total �2 value of the single subsets of data, one realizes that such a smaller value mostly originates
from the large Q2 COMPASS data, which are greatly a↵ected by the TMD evolution. We consider this as an
indication in favor of the TMD evolution.

A more comprehensive study of the TMD evolution and its phenomenological implications is now necessary.
Both the general scheme and its application to physical processes need improvements. The recovery of the usual
collinear DGLAP evolution equations, after integration of the TMD evolution results over the intrinsic momenta,
has to be understood. Consider, as an example, the simple expression of the evolution of the unpolarized TMD
PDF, as given in Eq. (27). Such an evolution describes how the TMD dependence on k? changes with Q2,
but does not induce any change in the x dependence, which, at this order, remains fixed and factorized. The
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azimuthal moments as measured by HERMES [11] and COMPASS [12, 23] Collaborations. The extraction
of the Sivers functions on the left side takes into account the TMD-evolution (left column of Table II), while for those
on the right side it does not (right column of Table II). The shaded area corresponds to the statistical uncertainty of the
parameters, see Appendix A of Ref. [5] for further details.

QCD framework in which to study the TMDs and their full Q2 dependence. That would put the study of TMDs
– and the related reconstruction of the 3-dimensional parton momentum structure of the nucleons – on a firm
basis, comparable to that used for the integrated PDFs.

Previous extractions of the Sivers functions from SIDIS data included some simplified treatment of the Q2

evolution, which essentially amounted to consider the evolution of the collinear and factorized part of the
distribution and fragmentation functions (DGLAP-evolution). It induced modest e↵ects, because of the slow
Q2 evolution and of the limited Q2 range spanned by the available data. The situation has recently much
progressed, for two reasons: the new TMD-evolution [8, 9] shows a strong variation with Q2 of the functional
form of the unpolarized and Sivers TMDs, as functions of the intrinsic momentum k?; in addition, some new
COMPASS results give access to Sivers asymmetries at larger Q2 values.

It appears then possible to test the new TMD-evolution. In order to do so one has to implement the full
machinery of the TMD-evolution equations in a viable phenomenological scheme. We have done so following
Ref. [9] and the simplified version of the TMD-evolution given in Eqs. (6)-(7). We have used them in our
previous procedure adopted for the extraction of the Sivers functions [5, 13, 18], with the same input parameters;
moreover, we have considered also the updated HERMES [11] and the new COMPASS [12] data.

A definite statement resulting from our analysis is that the best fit of all SIDIS data on the Sivers asymmetry
using TMD-evolution, when compared with the same analysis performed with the simplified DGLAP-evolution,
exhibits a smaller value of the total �2, as shown in Table I. Not only, but when analyzing the partial contribu-
tions to the total �2 value of the single subsets of data, one realizes that such a smaller value mostly originates
from the large Q2 COMPASS data, which are greatly a↵ected by the TMD evolution. We consider this as an
indication in favor of the TMD evolution.

A more comprehensive study of the TMD evolution and its phenomenological implications is now necessary.
Both the general scheme and its application to physical processes need improvements. The recovery of the usual
collinear DGLAP evolution equations, after integration of the TMD evolution results over the intrinsic momenta,
has to be understood. Consider, as an example, the simple expression of the evolution of the unpolarized TMD
PDF, as given in Eq. (27). Such an evolution describes how the TMD dependence on k? changes with Q2,
but does not induce any change in the x dependence, which, at this order, remains fixed and factorized. The
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FIGURE 1. Fit of HERMES data [6] for pion (left panel) and kaon production (right panel).
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FIGURE 2. Fit of COMPASS deuteron data [3] for pion (left panel) and kaon production (right panel).
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azimuthal moments as measured by HERMES [11] and COMPASS [12, 23] Collaborations. The extraction
of the Sivers functions on the left side takes into account the TMD-evolution (left column of Table II), while for those
on the right side it does not (right column of Table II). The shaded area corresponds to the statistical uncertainty of the
parameters, see Appendix A of Ref. [5] for further details.

QCD framework in which to study the TMDs and their full Q2 dependence. That would put the study of TMDs
– and the related reconstruction of the 3-dimensional parton momentum structure of the nucleons – on a firm
basis, comparable to that used for the integrated PDFs.

Previous extractions of the Sivers functions from SIDIS data included some simplified treatment of the Q2

evolution, which essentially amounted to consider the evolution of the collinear and factorized part of the
distribution and fragmentation functions (DGLAP-evolution). It induced modest e↵ects, because of the slow
Q2 evolution and of the limited Q2 range spanned by the available data. The situation has recently much
progressed, for two reasons: the new TMD-evolution [8, 9] shows a strong variation with Q2 of the functional
form of the unpolarized and Sivers TMDs, as functions of the intrinsic momentum k?; in addition, some new
COMPASS results give access to Sivers asymmetries at larger Q2 values.

It appears then possible to test the new TMD-evolution. In order to do so one has to implement the full
machinery of the TMD-evolution equations in a viable phenomenological scheme. We have done so following
Ref. [9] and the simplified version of the TMD-evolution given in Eqs. (6)-(7). We have used them in our
previous procedure adopted for the extraction of the Sivers functions [5, 13, 18], with the same input parameters;
moreover, we have considered also the updated HERMES [11] and the new COMPASS [12] data.

A definite statement resulting from our analysis is that the best fit of all SIDIS data on the Sivers asymmetry
using TMD-evolution, when compared with the same analysis performed with the simplified DGLAP-evolution,
exhibits a smaller value of the total �2, as shown in Table I. Not only, but when analyzing the partial contribu-
tions to the total �2 value of the single subsets of data, one realizes that such a smaller value mostly originates
from the large Q2 COMPASS data, which are greatly a↵ected by the TMD evolution. We consider this as an
indication in favor of the TMD evolution.

A more comprehensive study of the TMD evolution and its phenomenological implications is now necessary.
Both the general scheme and its application to physical processes need improvements. The recovery of the usual
collinear DGLAP evolution equations, after integration of the TMD evolution results over the intrinsic momenta,
has to be understood. Consider, as an example, the simple expression of the evolution of the unpolarized TMD
PDF, as given in Eq. (27). Such an evolution describes how the TMD dependence on k? changes with Q2,
but does not induce any change in the x dependence, which, at this order, remains fixed and factorized. The
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azimuthal moments as measured by HERMES [11] and COMPASS [12, 23] Collaborations. The extraction
of the Sivers functions on the left side takes into account the TMD-evolution (left column of Table II), while for those
on the right side it does not (right column of Table II). The shaded area corresponds to the statistical uncertainty of the
parameters, see Appendix A of Ref. [5] for further details.

QCD framework in which to study the TMDs and their full Q2 dependence. That would put the study of TMDs
– and the related reconstruction of the 3-dimensional parton momentum structure of the nucleons – on a firm
basis, comparable to that used for the integrated PDFs.

Previous extractions of the Sivers functions from SIDIS data included some simplified treatment of the Q2

evolution, which essentially amounted to consider the evolution of the collinear and factorized part of the
distribution and fragmentation functions (DGLAP-evolution). It induced modest e↵ects, because of the slow
Q2 evolution and of the limited Q2 range spanned by the available data. The situation has recently much
progressed, for two reasons: the new TMD-evolution [8, 9] shows a strong variation with Q2 of the functional
form of the unpolarized and Sivers TMDs, as functions of the intrinsic momentum k?; in addition, some new
COMPASS results give access to Sivers asymmetries at larger Q2 values.

It appears then possible to test the new TMD-evolution. In order to do so one has to implement the full
machinery of the TMD-evolution equations in a viable phenomenological scheme. We have done so following
Ref. [9] and the simplified version of the TMD-evolution given in Eqs. (6)-(7). We have used them in our
previous procedure adopted for the extraction of the Sivers functions [5, 13, 18], with the same input parameters;
moreover, we have considered also the updated HERMES [11] and the new COMPASS [12] data.

A definite statement resulting from our analysis is that the best fit of all SIDIS data on the Sivers asymmetry
using TMD-evolution, when compared with the same analysis performed with the simplified DGLAP-evolution,
exhibits a smaller value of the total �2, as shown in Table I. Not only, but when analyzing the partial contribu-
tions to the total �2 value of the single subsets of data, one realizes that such a smaller value mostly originates
from the large Q2 COMPASS data, which are greatly a↵ected by the TMD evolution. We consider this as an
indication in favor of the TMD evolution.

A more comprehensive study of the TMD evolution and its phenomenological implications is now necessary.
Both the general scheme and its application to physical processes need improvements. The recovery of the usual
collinear DGLAP evolution equations, after integration of the TMD evolution results over the intrinsic momenta,
has to be understood. Consider, as an example, the simple expression of the evolution of the unpolarized TMD
PDF, as given in Eq. (27). Such an evolution describes how the TMD dependence on k? changes with Q2,
but does not induce any change in the x dependence, which, at this order, remains fixed and factorized. The
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Collins asymmetry and transversity
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FIG. 1. Extracted transversity distribution and Collins frag-
mentation function at two different scales Q2 = 10 (solid
lines) and Q2 = 1000 (dashed lines) GeV2.
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FIG. 2. Collins asymmetries measured by BABAR [17] collab-
oration as a function of Ph⊥ in production of unlike sign “U”
over like sign “L” pion pairs at Q2 = 110 GeV2. The solid line
corresponds to the full NLL′ calculation, the dashed line to
the LL calculation, and the dotted to the calculation without
TMD evolution. Calculations are performed with parameters
from Table I.

that transversity for u quark is positive and for d quark
is negative.

We also show an example of description of experimen-
tal data, namely Ph⊥ dependence of asymmetry in e+e−

from BABAR [17] collaboration in Fig. 2. One can see
that NLL′ accuracy adequately describes the data. In
this plot we also show theoretical computations without
TMD evolution (dotted line), LL accuracy (dashed line),
and the complete NLL′ accuracy (solid line). The dif-
ference between these computations diminishes when we
include higher orders, it means that the theoretical un-
certainty improves. We conjecture that the difference
between NLL′ and NNLL will be smaller than difference
between NLL′ and LL and thus be comparable to exper-
imental errors. One can also observe that asymmetry at
Q2 = 110 GeV2 is suppressed by factor 2 – 3 with respect
to tree-level calculations due to Sudakov form factor.

Finally, we present an estimate at 90% confidence
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FIG. 3. χ2 profiles for up and down quark contributions to
the tensor charge. The errors of points correspond to 90%
C.L. interval.

level (C.L.) interval for the nucleon tensor charge con-
tributions using the strategy outlined in Refs. [52, 53].
Transversity enters directly in SIDIS asymmetry and we
find that the main constraints come from SIDIS data
only, its correlations with errors of Collins FF turn out
to be numerically negligible. Since the experimental data
has only probed the limited region 0.0065 < xB < 0.35,
we define the following partial contribution to the tensor
charge

δq[xmin,xmax]
(

Q2
)

≡

∫ xmax

xmin

dxhq
1(x,Q

2) . (16)

In Fig. 3, we plot the χ2 Monte Carlo scanning of SIDIS
data for the contribution to the tensor charge from such
a region, and find

δu[0.0065,0.35] = +0.30+0.12
−0.11 , (17)

δd[0.0065,0.35] = −0.20+0.35
−0.13 , (18)

at 90% C.L. at Q2 = 10 GeV2. We notice that this result
is comparable with previous TMD extractions without
evolution [19–21] and di-hadron method [35, 36].
Existing experimental data covers a limited kinematic

region, thus a simple extension of our fitted parametriza-
tion to the whole range of 0 < xB < 1 will signifi-
cantly underestimate the uncertainties, in particular, in
the dominant large-xB regime. It is extremely important
to extend the experimental study of the quark transver-
sity distribution to both large and small xB to constrain
the total tensor charge contributions. This requires fu-
ture experiments to provide measurements at the Jeffer-
son Lab 12 GeV upgrade [4] and the planned Electron
Ion Collider [5, 6].
Conclusions and outlook. — We have performed a

global analysis of the Collins azimuthal asymmetries in
e+e− annihilation and SIDIS processes, by taking into ac-
count the appropriate TMD evolution effects at the NLL′

order and constrained the nucleon tensor charge contri-
butions from the valence up and down quarks in the kine-
matics covered by the existing experiments . The result-
ing transversity and Collins fragmentation functions will
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, adopting the standard parameterisation (Table II). Similarly, in the right panel we plot the corresponding first
moment of the favoured and disfavoured Collins functions, Eq. (33). All results are given at Q

2 = 2.41 GeV2. The

dashed blue lines show the same quantities as obtained in Ref. [7] using the data then available on A

sin(�h+�S)

UT and A

UL
12

.

transversely polarised quark. In addition, the SIDIS asymmetry can only be observed if coupled to a non negligi-
ble quark transversity distribution. The first original extraction of the transversity distribution and the Collins
fragmentation functions [6, 7], has been confirmed here, with new data and a possible new functional shape of
the Collins functions. The results on the transversity distribution have also been confirmed independently in
Ref. [8].

A further improvement in the QCD analysis of the experimental data, towards a more complete understanding
of the Collins and transversity distributions, and their possible role in other processes, would require taking into
account the TMD-evolution of �T q(x, k?) and �NDh/q"(z, p?). Great progress has been recently achieved in the
study of the TMD-evolution of the unpolarized and Sivers transverse momentum dependent distributions [33–37]
and a similar progress is expected soon for the Collins function and the transversity TMD distribution [38].
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Figure 4. The up (left) and down (right) valence transversities coming from the present analysis
evolved to Q2 = 2.4GeV2. From top row to bottom, results with the rigid, flexible, and extra-flexible
scenarios are shown, respectively. The dark thick solid lines are the So↵er bound. The uncertainty
band with solid boundaries is the best fit in the standard approach at 1�, whose central value is
given by the central thick solid line. The uncertainty band with dashed boundaries is the 68% of
all fitting replicas obtained in the Monte Carlo approach. As a comparison, the uncertainty band
with short-dashed boundaries is the transversity extraction from the Collins e↵ect [15].
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Figure 3. Same observables and data symbols as in the previous figure. The uncertainty band
represents in the Monte Carlo approach the selected 68% of all fitting replicas (see text).

16% among the replicas’ values in each x point. As such, the set of selected replicas in
the 68% band can change in each different x point; consequently, the band itself can show
some irregular wiggles. For sake of comparison, each panel displays also the corresponding
results for the only other existing parametrization available [15], depicted as a band with
short-dashed boundaries. Since the latter was extracted at the scale Q2

= 2.4 GeV2, our
results are properly evolved at the same scale. Finally, the dark thick solid lines indicate
the Soffer bound, also evolved at the same scale Q2

= 2.4 GeV2 (using LO evolution as in
the rest of the analysis).

For the flexible scenario (middle row of Fig. 4), the uncertainty bands in the standard
and Monte Carlo approaches are quite similar. The main difference is that in the former
case the boundaries of the band can occasionally cross the Soffer bound. This is due to the
fact that the assumed quadratic dependence of �2 on the parameters around its minimum
is not a reliable one, when getting close to the bounds. On the contrary, in the Monte Carlo
approach each replica is built such that it never violates the Soffer bound; the resulting
68% band is always within those limits.

For the valence up contribution (left panel), the standard approach tends to saturate
the Soffer bound at x ⇠ 0.4 (outside the range where data exist). In the Monte Carlo
approach, some of the replicas saturate the bound already at lower values. However, there
are also a few replicas that do not saturate the bound at all, or even saturate the lower
Soffer bound. These replicas typically fall outside the 68% band drawn in the figures.
Nevertheless, they can still have a good �2 when compared to the data.

For the down valence contribution (right panel), both approaches saturate the lower
limit of the Soffer bound already at x ⇠ 0.1, i.e. in a region where data exist. This
behavior is driven by the data, in particular by the bins number 7 and 8 in the deuteron
measurement. No such trend is evident in the corresponding single-hadron measurement
of the Collins effect, from which the other parametrization of Ref. [15] is extracted. As a
matter of fact, this is the only source of significant discrepancy between the two extractions,
which otherwise show a high level of compatibility despite the fact that they are obtained
from very different procedures. Note that if the Soffer bound is saturated at some scale, it
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evolved to Q2 = 2.4GeV2. From top row to bottom, results with the rigid, flexible, and extra-flexible
scenarios are shown, respectively. The dark thick solid lines are the So↵er bound. The uncertainty
band with solid boundaries is the best fit in the standard approach at 1�, whose central value is
given by the central thick solid line. The uncertainty band with dashed boundaries is the 68% of
all fitting replicas obtained in the Monte Carlo approach. As a comparison, the uncertainty band
with short-dashed boundaries is the transversity extraction from the Collins e↵ect [15].
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Sivers asymmetry

4

N↑(↓)h (φ, φS) as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is

Ah
UT (φ, φS) =

1

|ST |

(

N↑h(φ, φS) − N↓h(φ, φS)
)

(

N↑h(φ, φS) + N↓h(φ, φS)
) , (1)

The Collins azimuthal moment 〈 sin(φ + φS)〉
h

UT
and

Sivers moment 〈 sin(φ − φS)〉
h

UT
of the virtual-photon

asymmetry are extracted in the fit

Ah
UT (φ, φS)

2
= 〈 sin(φ + φS)〉

h

UT

B(〈y〉)

A(〈x〉, 〈y〉)
sin(φ + φS)

+ 〈 sin(φ − φS)〉
h

UT
sin(φ − φS) . (2)

Here B(y) ≡ (1 − y), A(x, y) ≡ y2

2 + (1 − y)(1 +
R(x, y))/(1+γ(x, y)2), R(x, y) is the ratio of longitudinal
to transverse DIS cross sections, γ(x, y)2 ≡ 2Mpx/(Ey).
The values for R(〈x〉, 〈y〉) [34] cannot be neglected here
as they fall in the range 0.1–0.34. The reduced-χ2 val-
ues for the fits are in the range 0.74–1.89. The statisti-
cal correlations between the Sivers and Collins moments
fall in the range -0.5 to -0.6. The addition of terms for
sin(3φ − φS), sin φS and sin(2φ − φS) resulted in coeffi-
cients that are negligible compared to their uncertainties,
and in negligible changes to the Collins and Sivers mo-
ments. Effects of acceptance, instrumental smearing and
QED radiation were all found to be negligible in Monte
Carlo simulations [35]. The largest contribution to the
systematic uncertainties is due to the target polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0.023 < x < 0.4 and 0.2 < z < 0.7, and the corre-
sponding mean values of the kinematic parameters are
〈x〉 = 0.09, 〈y〉 = 0.54, 〈Q2〉 = 2.41GeV2, 〈z〉 = 0.36 and
〈Pπ⊥〉 = 0.41GeV. The dependences of the charged pion
moments on x and z are shown in Fig. 2. Also shown
are simulations based on Pythia6 [36], tuned for Her-

mes kinematics, of the fractions of the semi-inclusive
pion yield from exclusive production of vector mesons,
the asymmetries of which are poorly determined.

The averaged Collins moment for π+ is positive at
0.021 ± 0.007(stat), while it is negative at −0.038 ±
0.008(stat) for π−. Such a difference is expected if the
transversity densities resemble the helicity densities to
the extent that δu is positive and δd is negative and
smaller in magnitude, as models predict [37]. However,
the magnitude of the negative π− moment appears to
be at least as large as that for π+. The left panel shows
that this trend becomes more apparent as the magnitudes
of these transverse moments increase at larger x where
valence quarks tend to dominate, as did the previously
measured longitudinal asymmetries. However, the large
negative π− moments might be considered unexpected
as neither quark flavor dominates π− production like the
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FIG. 2: Virtual-photon Collins (Sivers) moments for charged
pions as labelled in the upper (middle) panel, as a function of
x and z, multiplied by two to have the possible range ±1. The
error bars represent the statistical uncertainties. In addition,
there is a common 8% scale uncertainty in the moments. The
lower panel shows the relative contributions to the data from
simulated exclusive vector meson production.

up quark dominates π+, and one expects |δd| < |δu| in
analogy with |∆d| < |∆u|. This expectation is reflected
in model predictions [13, 14] based on the interpretation
of those longitudinal asymmetries. This failure of those
predictions could be due to the neglect of T-odd distri-
butions such as the Sivers function, the contribution of
sea quarks or disfavored Collins fragmentation.

One explanation of the larger negative π− azimuthal
moments could be a substantial magnitude with opposite
sign for the disfavored Collins function describing e.g. the
fragmentation of up quarks to π− mesons. Opposite signs
of the favored and disfavored Collins functions might be
understood in the light of the string model of fragmen-
tation. If a favored pion forms as the string end created
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FIG. 2: Virtual-photon Collins (Sivers) moments for charged
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up quark dominates π+, and one expects |δd| < |δu| in
analogy with |∆d| < |∆u|. This expectation is reflected
in model predictions [13, 14] based on the interpretation
of those longitudinal asymmetries. This failure of those
predictions could be due to the neglect of T-odd distri-
butions such as the Sivers function, the contribution of
sea quarks or disfavored Collins fragmentation.

One explanation of the larger negative π− azimuthal
moments could be a substantial magnitude with opposite
sign for the disfavored Collins function describing e.g. the
fragmentation of up quarks to π− mesons. Opposite signs
of the favored and disfavored Collins functions might be
understood in the light of the string model of fragmen-
tation. If a favored pion forms as the string end created
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N↑(↓)h (φ, φS) as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is
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Here B(y) ≡ (1 − y), A(x, y) ≡ y2

2 + (1 − y)(1 +
R(x, y))/(1+γ(x, y)2), R(x, y) is the ratio of longitudinal
to transverse DIS cross sections, γ(x, y)2 ≡ 2Mpx/(Ey).
The values for R(〈x〉, 〈y〉) [34] cannot be neglected here
as they fall in the range 0.1–0.34. The reduced-χ2 val-
ues for the fits are in the range 0.74–1.89. The statisti-
cal correlations between the Sivers and Collins moments
fall in the range -0.5 to -0.6. The addition of terms for
sin(3φ − φS), sin φS and sin(2φ − φS) resulted in coeffi-
cients that are negligible compared to their uncertainties,
and in negligible changes to the Collins and Sivers mo-
ments. Effects of acceptance, instrumental smearing and
QED radiation were all found to be negligible in Monte
Carlo simulations [35]. The largest contribution to the
systematic uncertainties is due to the target polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0.023 < x < 0.4 and 0.2 < z < 0.7, and the corre-
sponding mean values of the kinematic parameters are
〈x〉 = 0.09, 〈y〉 = 0.54, 〈Q2〉 = 2.41GeV2, 〈z〉 = 0.36 and
〈Pπ⊥〉 = 0.41GeV. The dependences of the charged pion
moments on x and z are shown in Fig. 2. Also shown
are simulations based on Pythia6 [36], tuned for Her-

mes kinematics, of the fractions of the semi-inclusive
pion yield from exclusive production of vector mesons,
the asymmetries of which are poorly determined.

The averaged Collins moment for π+ is positive at
0.021 ± 0.007(stat), while it is negative at −0.038 ±
0.008(stat) for π−. Such a difference is expected if the
transversity densities resemble the helicity densities to
the extent that δu is positive and δd is negative and
smaller in magnitude, as models predict [37]. However,
the magnitude of the negative π− moment appears to
be at least as large as that for π+. The left panel shows
that this trend becomes more apparent as the magnitudes
of these transverse moments increase at larger x where
valence quarks tend to dominate, as did the previously
measured longitudinal asymmetries. However, the large
negative π− moments might be considered unexpected
as neither quark flavor dominates π− production like the
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FIG. 2: Virtual-photon Collins (Sivers) moments for charged
pions as labelled in the upper (middle) panel, as a function of
x and z, multiplied by two to have the possible range ±1. The
error bars represent the statistical uncertainties. In addition,
there is a common 8% scale uncertainty in the moments. The
lower panel shows the relative contributions to the data from
simulated exclusive vector meson production.

up quark dominates π+, and one expects |δd| < |δu| in
analogy with |∆d| < |∆u|. This expectation is reflected
in model predictions [13, 14] based on the interpretation
of those longitudinal asymmetries. This failure of those
predictions could be due to the neglect of T-odd distri-
butions such as the Sivers function, the contribution of
sea quarks or disfavored Collins fragmentation.

One explanation of the larger negative π− azimuthal
moments could be a substantial magnitude with opposite
sign for the disfavored Collins function describing e.g. the
fragmentation of up quarks to π− mesons. Opposite signs
of the favored and disfavored Collins functions might be
understood in the light of the string model of fragmen-
tation. If a favored pion forms as the string end created
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FIG. 2: Virtual-photon Collins (Sivers) moments for charged
pions as labelled in the upper (middle) panel, as a function of
x and z, multiplied by two to have the possible range ±1. The
error bars represent the statistical uncertainties. In addition,
there is a common 8% scale uncertainty in the moments. The
lower panel shows the relative contributions to the data from
simulated exclusive vector meson production.

up quark dominates π+, and one expects |δd| < |δu| in
analogy with |∆d| < |∆u|. This expectation is reflected
in model predictions [13, 14] based on the interpretation
of those longitudinal asymmetries. This failure of those
predictions could be due to the neglect of T-odd distri-
butions such as the Sivers function, the contribution of
sea quarks or disfavored Collins fragmentation.

One explanation of the larger negative π− azimuthal
moments could be a substantial magnitude with opposite
sign for the disfavored Collins function describing e.g. the
fragmentation of up quarks to π− mesons. Opposite signs
of the favored and disfavored Collins functions might be
understood in the light of the string model of fragmen-
tation. If a favored pion forms as the string end created
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N↑(↓)h (φ, φS) as the semi-inclusive luminosity-normalized
yield in that target spin state, the asymmetry is

Ah
UT (φ, φS) =

1

|ST |

(

N↑h(φ, φS) − N↓h(φ, φS)
)

(

N↑h(φ, φS) + N↓h(φ, φS)
) , (1)

The Collins azimuthal moment 〈 sin(φ + φS)〉
h

UT
and

Sivers moment 〈 sin(φ − φS)〉
h

UT
of the virtual-photon

asymmetry are extracted in the fit

Ah
UT (φ, φS)

2
= 〈 sin(φ + φS)〉

h

UT

B(〈y〉)

A(〈x〉, 〈y〉)
sin(φ + φS)

+ 〈 sin(φ − φS)〉
h

UT
sin(φ − φS) . (2)

Here B(y) ≡ (1 − y), A(x, y) ≡ y2

2 + (1 − y)(1 +
R(x, y))/(1+γ(x, y)2), R(x, y) is the ratio of longitudinal
to transverse DIS cross sections, γ(x, y)2 ≡ 2Mpx/(Ey).
The values for R(〈x〉, 〈y〉) [34] cannot be neglected here
as they fall in the range 0.1–0.34. The reduced-χ2 val-
ues for the fits are in the range 0.74–1.89. The statisti-
cal correlations between the Sivers and Collins moments
fall in the range -0.5 to -0.6. The addition of terms for
sin(3φ − φS), sin φS and sin(2φ − φS) resulted in coeffi-
cients that are negligible compared to their uncertainties,
and in negligible changes to the Collins and Sivers mo-
ments. Effects of acceptance, instrumental smearing and
QED radiation were all found to be negligible in Monte
Carlo simulations [35]. The largest contribution to the
systematic uncertainties is due to the target polarization.

When the azimuthal moments are averaged over the
experimental acceptance, the selected ranges in x and z
are 0.023 < x < 0.4 and 0.2 < z < 0.7, and the corre-
sponding mean values of the kinematic parameters are
〈x〉 = 0.09, 〈y〉 = 0.54, 〈Q2〉 = 2.41GeV2, 〈z〉 = 0.36 and
〈Pπ⊥〉 = 0.41GeV. The dependences of the charged pion
moments on x and z are shown in Fig. 2. Also shown
are simulations based on Pythia6 [36], tuned for Her-

mes kinematics, of the fractions of the semi-inclusive
pion yield from exclusive production of vector mesons,
the asymmetries of which are poorly determined.

The averaged Collins moment for π+ is positive at
0.021 ± 0.007(stat), while it is negative at −0.038 ±
0.008(stat) for π−. Such a difference is expected if the
transversity densities resemble the helicity densities to
the extent that δu is positive and δd is negative and
smaller in magnitude, as models predict [37]. However,
the magnitude of the negative π− moment appears to
be at least as large as that for π+. The left panel shows
that this trend becomes more apparent as the magnitudes
of these transverse moments increase at larger x where
valence quarks tend to dominate, as did the previously
measured longitudinal asymmetries. However, the large
negative π− moments might be considered unexpected
as neither quark flavor dominates π− production like the
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FIG. 2: Virtual-photon Collins (Sivers) moments for charged
pions as labelled in the upper (middle) panel, as a function of
x and z, multiplied by two to have the possible range ±1. The
error bars represent the statistical uncertainties. In addition,
there is a common 8% scale uncertainty in the moments. The
lower panel shows the relative contributions to the data from
simulated exclusive vector meson production.

up quark dominates π+, and one expects |δd| < |δu| in
analogy with |∆d| < |∆u|. This expectation is reflected
in model predictions [13, 14] based on the interpretation
of those longitudinal asymmetries. This failure of those
predictions could be due to the neglect of T-odd distri-
butions such as the Sivers function, the contribution of
sea quarks or disfavored Collins fragmentation.

One explanation of the larger negative π− azimuthal
moments could be a substantial magnitude with opposite
sign for the disfavored Collins function describing e.g. the
fragmentation of up quarks to π− mesons. Opposite signs
of the favored and disfavored Collins functions might be
understood in the light of the string model of fragmen-
tation. If a favored pion forms as the string end created
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up quark dominates π+, and one expects |δd| < |δu| in
analogy with |∆d| < |∆u|. This expectation is reflected
in model predictions [13, 14] based on the interpretation
of those longitudinal asymmetries. This failure of those
predictions could be due to the neglect of T-odd distri-
butions such as the Sivers function, the contribution of
sea quarks or disfavored Collins fragmentation.

One explanation of the larger negative π− azimuthal
moments could be a substantial magnitude with opposite
sign for the disfavored Collins function describing e.g. the
fragmentation of up quarks to π− mesons. Opposite signs
of the favored and disfavored Collins functions might be
understood in the light of the string model of fragmen-
tation. If a favored pion forms as the string end created
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FIGURE 1. Fit of HERMES data [6] for pion (left panel) and kaon production (right panel).
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FIGURE 2. Fit of COMPASS deuteron data [3] for pion (left panel) and kaon production (right panel).
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FIG. 7: The first moment of the valence u and d Sivers functions, evaluated at Q = Q0, obtained from our best fits of the
Asin (�h��S)

UT

azimuthal moments as measured by HERMES [11] and COMPASS [12, 23] Collaborations. The extraction
of the Sivers functions on the left side takes into account the TMD-evolution (left column of Table II), while for those
on the right side it does not (right column of Table II). The shaded area corresponds to the statistical uncertainty of the
parameters, see Appendix A of Ref. [5] for further details.

QCD framework in which to study the TMDs and their full Q2 dependence. That would put the study of TMDs
– and the related reconstruction of the 3-dimensional parton momentum structure of the nucleons – on a firm
basis, comparable to that used for the integrated PDFs.

Previous extractions of the Sivers functions from SIDIS data included some simplified treatment of the Q2

evolution, which essentially amounted to consider the evolution of the collinear and factorized part of the
distribution and fragmentation functions (DGLAP-evolution). It induced modest e↵ects, because of the slow
Q2 evolution and of the limited Q2 range spanned by the available data. The situation has recently much
progressed, for two reasons: the new TMD-evolution [8, 9] shows a strong variation with Q2 of the functional
form of the unpolarized and Sivers TMDs, as functions of the intrinsic momentum k?; in addition, some new
COMPASS results give access to Sivers asymmetries at larger Q2 values.

It appears then possible to test the new TMD-evolution. In order to do so one has to implement the full
machinery of the TMD-evolution equations in a viable phenomenological scheme. We have done so following
Ref. [9] and the simplified version of the TMD-evolution given in Eqs. (6)-(7). We have used them in our
previous procedure adopted for the extraction of the Sivers functions [5, 13, 18], with the same input parameters;
moreover, we have considered also the updated HERMES [11] and the new COMPASS [12] data.

A definite statement resulting from our analysis is that the best fit of all SIDIS data on the Sivers asymmetry
using TMD-evolution, when compared with the same analysis performed with the simplified DGLAP-evolution,
exhibits a smaller value of the total �2, as shown in Table I. Not only, but when analyzing the partial contribu-
tions to the total �2 value of the single subsets of data, one realizes that such a smaller value mostly originates
from the large Q2 COMPASS data, which are greatly a↵ected by the TMD evolution. We consider this as an
indication in favor of the TMD evolution.

A more comprehensive study of the TMD evolution and its phenomenological implications is now necessary.
Both the general scheme and its application to physical processes need improvements. The recovery of the usual
collinear DGLAP evolution equations, after integration of the TMD evolution results over the intrinsic momenta,
has to be understood. Consider, as an example, the simple expression of the evolution of the unpolarized TMD
PDF, as given in Eq. (27). Such an evolution describes how the TMD dependence on k? changes with Q2,
but does not induce any change in the x dependence, which, at this order, remains fixed and factorized. The
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of the Sivers functions on the left side takes into account the TMD-evolution (left column of Table II), while for those
on the right side it does not (right column of Table II). The shaded area corresponds to the statistical uncertainty of the
parameters, see Appendix A of Ref. [5] for further details.

QCD framework in which to study the TMDs and their full Q2 dependence. That would put the study of TMDs
– and the related reconstruction of the 3-dimensional parton momentum structure of the nucleons – on a firm
basis, comparable to that used for the integrated PDFs.

Previous extractions of the Sivers functions from SIDIS data included some simplified treatment of the Q2

evolution, which essentially amounted to consider the evolution of the collinear and factorized part of the
distribution and fragmentation functions (DGLAP-evolution). It induced modest e↵ects, because of the slow
Q2 evolution and of the limited Q2 range spanned by the available data. The situation has recently much
progressed, for two reasons: the new TMD-evolution [8, 9] shows a strong variation with Q2 of the functional
form of the unpolarized and Sivers TMDs, as functions of the intrinsic momentum k?; in addition, some new
COMPASS results give access to Sivers asymmetries at larger Q2 values.

It appears then possible to test the new TMD-evolution. In order to do so one has to implement the full
machinery of the TMD-evolution equations in a viable phenomenological scheme. We have done so following
Ref. [9] and the simplified version of the TMD-evolution given in Eqs. (6)-(7). We have used them in our
previous procedure adopted for the extraction of the Sivers functions [5, 13, 18], with the same input parameters;
moreover, we have considered also the updated HERMES [11] and the new COMPASS [12] data.

A definite statement resulting from our analysis is that the best fit of all SIDIS data on the Sivers asymmetry
using TMD-evolution, when compared with the same analysis performed with the simplified DGLAP-evolution,
exhibits a smaller value of the total �2, as shown in Table I. Not only, but when analyzing the partial contribu-
tions to the total �2 value of the single subsets of data, one realizes that such a smaller value mostly originates
from the large Q2 COMPASS data, which are greatly a↵ected by the TMD evolution. We consider this as an
indication in favor of the TMD evolution.

A more comprehensive study of the TMD evolution and its phenomenological implications is now necessary.
Both the general scheme and its application to physical processes need improvements. The recovery of the usual
collinear DGLAP evolution equations, after integration of the TMD evolution results over the intrinsic momenta,
has to be understood. Consider, as an example, the simple expression of the evolution of the unpolarized TMD
PDF, as given in Eq. (27). Such an evolution describes how the TMD dependence on k? changes with Q2,
but does not induce any change in the x dependence, which, at this order, remains fixed and factorized. The
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FIGURE 1. Fit of HERMES data [6] for pion (left panel) and kaon production (right panel).
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FIG. 7: The first moment of the valence u and d Sivers functions, evaluated at Q = Q0, obtained from our best fits of the
Asin (�h��S)

UT

azimuthal moments as measured by HERMES [11] and COMPASS [12, 23] Collaborations. The extraction
of the Sivers functions on the left side takes into account the TMD-evolution (left column of Table II), while for those
on the right side it does not (right column of Table II). The shaded area corresponds to the statistical uncertainty of the
parameters, see Appendix A of Ref. [5] for further details.

QCD framework in which to study the TMDs and their full Q2 dependence. That would put the study of TMDs
– and the related reconstruction of the 3-dimensional parton momentum structure of the nucleons – on a firm
basis, comparable to that used for the integrated PDFs.

Previous extractions of the Sivers functions from SIDIS data included some simplified treatment of the Q2

evolution, which essentially amounted to consider the evolution of the collinear and factorized part of the
distribution and fragmentation functions (DGLAP-evolution). It induced modest e↵ects, because of the slow
Q2 evolution and of the limited Q2 range spanned by the available data. The situation has recently much
progressed, for two reasons: the new TMD-evolution [8, 9] shows a strong variation with Q2 of the functional
form of the unpolarized and Sivers TMDs, as functions of the intrinsic momentum k?; in addition, some new
COMPASS results give access to Sivers asymmetries at larger Q2 values.

It appears then possible to test the new TMD-evolution. In order to do so one has to implement the full
machinery of the TMD-evolution equations in a viable phenomenological scheme. We have done so following
Ref. [9] and the simplified version of the TMD-evolution given in Eqs. (6)-(7). We have used them in our
previous procedure adopted for the extraction of the Sivers functions [5, 13, 18], with the same input parameters;
moreover, we have considered also the updated HERMES [11] and the new COMPASS [12] data.

A definite statement resulting from our analysis is that the best fit of all SIDIS data on the Sivers asymmetry
using TMD-evolution, when compared with the same analysis performed with the simplified DGLAP-evolution,
exhibits a smaller value of the total �2, as shown in Table I. Not only, but when analyzing the partial contribu-
tions to the total �2 value of the single subsets of data, one realizes that such a smaller value mostly originates
from the large Q2 COMPASS data, which are greatly a↵ected by the TMD evolution. We consider this as an
indication in favor of the TMD evolution.

A more comprehensive study of the TMD evolution and its phenomenological implications is now necessary.
Both the general scheme and its application to physical processes need improvements. The recovery of the usual
collinear DGLAP evolution equations, after integration of the TMD evolution results over the intrinsic momenta,
has to be understood. Consider, as an example, the simple expression of the evolution of the unpolarized TMD
PDF, as given in Eq. (27). Such an evolution describes how the TMD dependence on k? changes with Q2,
but does not induce any change in the x dependence, which, at this order, remains fixed and factorized. The
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azimuthal moments as measured by HERMES [11] and COMPASS [12, 23] Collaborations. The extraction
of the Sivers functions on the left side takes into account the TMD-evolution (left column of Table II), while for those
on the right side it does not (right column of Table II). The shaded area corresponds to the statistical uncertainty of the
parameters, see Appendix A of Ref. [5] for further details.

QCD framework in which to study the TMDs and their full Q2 dependence. That would put the study of TMDs
– and the related reconstruction of the 3-dimensional parton momentum structure of the nucleons – on a firm
basis, comparable to that used for the integrated PDFs.

Previous extractions of the Sivers functions from SIDIS data included some simplified treatment of the Q2

evolution, which essentially amounted to consider the evolution of the collinear and factorized part of the
distribution and fragmentation functions (DGLAP-evolution). It induced modest e↵ects, because of the slow
Q2 evolution and of the limited Q2 range spanned by the available data. The situation has recently much
progressed, for two reasons: the new TMD-evolution [8, 9] shows a strong variation with Q2 of the functional
form of the unpolarized and Sivers TMDs, as functions of the intrinsic momentum k?; in addition, some new
COMPASS results give access to Sivers asymmetries at larger Q2 values.

It appears then possible to test the new TMD-evolution. In order to do so one has to implement the full
machinery of the TMD-evolution equations in a viable phenomenological scheme. We have done so following
Ref. [9] and the simplified version of the TMD-evolution given in Eqs. (6)-(7). We have used them in our
previous procedure adopted for the extraction of the Sivers functions [5, 13, 18], with the same input parameters;
moreover, we have considered also the updated HERMES [11] and the new COMPASS [12] data.

A definite statement resulting from our analysis is that the best fit of all SIDIS data on the Sivers asymmetry
using TMD-evolution, when compared with the same analysis performed with the simplified DGLAP-evolution,
exhibits a smaller value of the total �2, as shown in Table I. Not only, but when analyzing the partial contribu-
tions to the total �2 value of the single subsets of data, one realizes that such a smaller value mostly originates
from the large Q2 COMPASS data, which are greatly a↵ected by the TMD evolution. We consider this as an
indication in favor of the TMD evolution.

A more comprehensive study of the TMD evolution and its phenomenological implications is now necessary.
Both the general scheme and its application to physical processes need improvements. The recovery of the usual
collinear DGLAP evolution equations, after integration of the TMD evolution results over the intrinsic momenta,
has to be understood. Consider, as an example, the simple expression of the evolution of the unpolarized TMD
PDF, as given in Eq. (27). Such an evolution describes how the TMD dependence on k? changes with Q2,
but does not induce any change in the x dependence, which, at this order, remains fixed and factorized. The
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Collins asymmetry and transversity
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FIG. 1. Extracted transversity distribution and Collins frag-
mentation function at two different scales Q2 = 10 (solid
lines) and Q2 = 1000 (dashed lines) GeV2.
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FIG. 2. Collins asymmetries measured by BABAR [17] collab-
oration as a function of Ph⊥ in production of unlike sign “U”
over like sign “L” pion pairs at Q2 = 110 GeV2. The solid line
corresponds to the full NLL′ calculation, the dashed line to
the LL calculation, and the dotted to the calculation without
TMD evolution. Calculations are performed with parameters
from Table I.

that transversity for u quark is positive and for d quark
is negative.

We also show an example of description of experimen-
tal data, namely Ph⊥ dependence of asymmetry in e+e−

from BABAR [17] collaboration in Fig. 2. One can see
that NLL′ accuracy adequately describes the data. In
this plot we also show theoretical computations without
TMD evolution (dotted line), LL accuracy (dashed line),
and the complete NLL′ accuracy (solid line). The dif-
ference between these computations diminishes when we
include higher orders, it means that the theoretical un-
certainty improves. We conjecture that the difference
between NLL′ and NNLL will be smaller than difference
between NLL′ and LL and thus be comparable to exper-
imental errors. One can also observe that asymmetry at
Q2 = 110 GeV2 is suppressed by factor 2 – 3 with respect
to tree-level calculations due to Sudakov form factor.

Finally, we present an estimate at 90% confidence
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FIG. 3. χ2 profiles for up and down quark contributions to
the tensor charge. The errors of points correspond to 90%
C.L. interval.

level (C.L.) interval for the nucleon tensor charge con-
tributions using the strategy outlined in Refs. [52, 53].
Transversity enters directly in SIDIS asymmetry and we
find that the main constraints come from SIDIS data
only, its correlations with errors of Collins FF turn out
to be numerically negligible. Since the experimental data
has only probed the limited region 0.0065 < xB < 0.35,
we define the following partial contribution to the tensor
charge

δq[xmin,xmax]
(

Q2
)

≡

∫ xmax

xmin

dxhq
1(x,Q

2) . (16)

In Fig. 3, we plot the χ2 Monte Carlo scanning of SIDIS
data for the contribution to the tensor charge from such
a region, and find

δu[0.0065,0.35] = +0.30+0.12
−0.11 , (17)

δd[0.0065,0.35] = −0.20+0.35
−0.13 , (18)

at 90% C.L. at Q2 = 10 GeV2. We notice that this result
is comparable with previous TMD extractions without
evolution [19–21] and di-hadron method [35, 36].
Existing experimental data covers a limited kinematic

region, thus a simple extension of our fitted parametriza-
tion to the whole range of 0 < xB < 1 will signifi-
cantly underestimate the uncertainties, in particular, in
the dominant large-xB regime. It is extremely important
to extend the experimental study of the quark transver-
sity distribution to both large and small xB to constrain
the total tensor charge contributions. This requires fu-
ture experiments to provide measurements at the Jeffer-
son Lab 12 GeV upgrade [4] and the planned Electron
Ion Collider [5, 6].
Conclusions and outlook. — We have performed a

global analysis of the Collins azimuthal asymmetries in
e+e− annihilation and SIDIS processes, by taking into ac-
count the appropriate TMD evolution effects at the NLL′

order and constrained the nucleon tensor charge contri-
butions from the valence up and down quarks in the kine-
matics covered by the existing experiments . The result-
ing transversity and Collins fragmentation functions will
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, adopting the standard parameterisation (Table II). Similarly, in the right panel we plot the corresponding first
moment of the favoured and disfavoured Collins functions, Eq. (33). All results are given at Q

2 = 2.41 GeV2. The

dashed blue lines show the same quantities as obtained in Ref. [7] using the data then available on A

sin(�h+�S)

UT and A

UL
12

.

transversely polarised quark. In addition, the SIDIS asymmetry can only be observed if coupled to a non negligi-
ble quark transversity distribution. The first original extraction of the transversity distribution and the Collins
fragmentation functions [6, 7], has been confirmed here, with new data and a possible new functional shape of
the Collins functions. The results on the transversity distribution have also been confirmed independently in
Ref. [8].

A further improvement in the QCD analysis of the experimental data, towards a more complete understanding
of the Collins and transversity distributions, and their possible role in other processes, would require taking into
account the TMD-evolution of �T q(x, k?) and �NDh/q"(z, p?). Great progress has been recently achieved in the
study of the TMD-evolution of the unpolarized and Sivers transverse momentum dependent distributions [33–37]
and a similar progress is expected soon for the Collins function and the transversity TMD distribution [38].
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Figure 4. The up (left) and down (right) valence transversities coming from the present analysis
evolved to Q2 = 2.4GeV2. From top row to bottom, results with the rigid, flexible, and extra-flexible
scenarios are shown, respectively. The dark thick solid lines are the So↵er bound. The uncertainty
band with solid boundaries is the best fit in the standard approach at 1�, whose central value is
given by the central thick solid line. The uncertainty band with dashed boundaries is the 68% of
all fitting replicas obtained in the Monte Carlo approach. As a comparison, the uncertainty band
with short-dashed boundaries is the transversity extraction from the Collins e↵ect [15].
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Figure 4. The up (left) and down (right) valence transversities coming from the present analysis
evolved to Q2 = 2.4GeV2. From top row to bottom, results with the rigid, flexible, and extra-flexible
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all fitting replicas obtained in the Monte Carlo approach. As a comparison, the uncertainty band
with short-dashed boundaries is the transversity extraction from the Collins e↵ect [15].
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Figure 3. Same observables and data symbols as in the previous figure. The uncertainty band
represents in the Monte Carlo approach the selected 68% of all fitting replicas (see text).

16% among the replicas’ values in each x point. As such, the set of selected replicas in
the 68% band can change in each different x point; consequently, the band itself can show
some irregular wiggles. For sake of comparison, each panel displays also the corresponding
results for the only other existing parametrization available [15], depicted as a band with
short-dashed boundaries. Since the latter was extracted at the scale Q2

= 2.4 GeV2, our
results are properly evolved at the same scale. Finally, the dark thick solid lines indicate
the Soffer bound, also evolved at the same scale Q2

= 2.4 GeV2 (using LO evolution as in
the rest of the analysis).

For the flexible scenario (middle row of Fig. 4), the uncertainty bands in the standard
and Monte Carlo approaches are quite similar. The main difference is that in the former
case the boundaries of the band can occasionally cross the Soffer bound. This is due to the
fact that the assumed quadratic dependence of �2 on the parameters around its minimum
is not a reliable one, when getting close to the bounds. On the contrary, in the Monte Carlo
approach each replica is built such that it never violates the Soffer bound; the resulting
68% band is always within those limits.

For the valence up contribution (left panel), the standard approach tends to saturate
the Soffer bound at x ⇠ 0.4 (outside the range where data exist). In the Monte Carlo
approach, some of the replicas saturate the bound already at lower values. However, there
are also a few replicas that do not saturate the bound at all, or even saturate the lower
Soffer bound. These replicas typically fall outside the 68% band drawn in the figures.
Nevertheless, they can still have a good �2 when compared to the data.

For the down valence contribution (right panel), both approaches saturate the lower
limit of the Soffer bound already at x ⇠ 0.1, i.e. in a region where data exist. This
behavior is driven by the data, in particular by the bins number 7 and 8 in the deuteron
measurement. No such trend is evident in the corresponding single-hadron measurement
of the Collins effect, from which the other parametrization of Ref. [15] is extracted. As a
matter of fact, this is the only source of significant discrepancy between the two extractions,
which otherwise show a high level of compatibility despite the fact that they are obtained
from very different procedures. Note that if the Soffer bound is saturated at some scale, it
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Figure 4. The up (left) and down (right) valence transversities coming from the present analysis
evolved to Q2 = 2.4GeV2. From top row to bottom, results with the rigid, flexible, and extra-flexible
scenarios are shown, respectively. The dark thick solid lines are the So↵er bound. The uncertainty
band with solid boundaries is the best fit in the standard approach at 1�, whose central value is
given by the central thick solid line. The uncertainty band with dashed boundaries is the 68% of
all fitting replicas obtained in the Monte Carlo approach. As a comparison, the uncertainty band
with short-dashed boundaries is the transversity extraction from the Collins e↵ect [15].
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Figure 3. Same observables and data symbols as in the previous figure. The uncertainty band
represents in the Monte Carlo approach the selected 68% of all fitting replicas (see text).

16% among the replicas’ values in each x point. As such, the set of selected replicas in
the 68% band can change in each different x point; consequently, the band itself can show
some irregular wiggles. For sake of comparison, each panel displays also the corresponding
results for the only other existing parametrization available [15], depicted as a band with
short-dashed boundaries. Since the latter was extracted at the scale Q2

= 2.4 GeV2, our
results are properly evolved at the same scale. Finally, the dark thick solid lines indicate
the Soffer bound, also evolved at the same scale Q2

= 2.4 GeV2 (using LO evolution as in
the rest of the analysis).

For the flexible scenario (middle row of Fig. 4), the uncertainty bands in the standard
and Monte Carlo approaches are quite similar. The main difference is that in the former
case the boundaries of the band can occasionally cross the Soffer bound. This is due to the
fact that the assumed quadratic dependence of �2 on the parameters around its minimum
is not a reliable one, when getting close to the bounds. On the contrary, in the Monte Carlo
approach each replica is built such that it never violates the Soffer bound; the resulting
68% band is always within those limits.

For the valence up contribution (left panel), the standard approach tends to saturate
the Soffer bound at x ⇠ 0.4 (outside the range where data exist). In the Monte Carlo
approach, some of the replicas saturate the bound already at lower values. However, there
are also a few replicas that do not saturate the bound at all, or even saturate the lower
Soffer bound. These replicas typically fall outside the 68% band drawn in the figures.
Nevertheless, they can still have a good �2 when compared to the data.

For the down valence contribution (right panel), both approaches saturate the lower
limit of the Soffer bound already at x ⇠ 0.1, i.e. in a region where data exist. This
behavior is driven by the data, in particular by the bins number 7 and 8 in the deuteron
measurement. No such trend is evident in the corresponding single-hadron measurement
of the Collins effect, from which the other parametrization of Ref. [15] is extracted. As a
matter of fact, this is the only source of significant discrepancy between the two extractions,
which otherwise show a high level of compatibility despite the fact that they are obtained
from very different procedures. Note that if the Soffer bound is saturated at some scale, it
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It would be nice if HERMES could provide more data
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Not easy to interpret theoretically (model that 
extrapolates TMD approach and twist-3 collinear 
approach?).  Koike, NPA 721 (03)

Anselmino et al., PRD 89 (14)

The bulk of the signal has PT~Q~ΛQCD
HERMES, PLB 728 (14)
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