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FIGURE 1. Definition of the azimuthal angle !h between the scattering plane (grey) and the hadron
production plane (yellow).

Unpolarized target, T (L) indicates the Transverse (Longitudinal) polarization of the

virtual photon," is the electromagnetic coupling constant, # = 2Mx/QwithM the target
mass, A(y) ≈ (1− y+1/2y2), B(y) ≈ (1− y) andC(y) ≈ (2− y)

√
1− y.

Two mechanisms are expected to give important contributions to the azimuthal de-

pendence of the unpolarized cross section in the hadron transverse momentum range

accessed at HERMES:

- the Cahn effect, a pure kinematic effect, generated by the non-zero intrinsic

transverse motion of quarks, already pointed out by R. Cahn in 1978 [2];

- the Boer-Mulders effect, introduced more recently (1997) by D. Boer and

P. J. Mulders [3]; this mechanism originates from a coupling between quark transverse

momentum and quark transverse spin.

The HERMES experiment

The fixed target HERMES experiment was operated for more than 10 years until 2007

at the electron-positron storage ring of HERA at DESY. The HERMES spectrometer [4]

was a forward angle instrument consisting of two symmetric halves (top, bottom) above

and below the horizontal plane. It was characterized by very high efficiency (98÷99%)
in electron-hadron separation, provided by a transition radiation detector, a preshower

scintillation counter and an electromagnetic calorimeter. In addition, a dual-radiator

Ring-Imaging CHerenkov detector (RICH) provided good hadron-type identification for

momenta above 2 GeV/c.

MULTI-DIMENSIONAL UNFOLDING AND RESULTS

The cross section azimuthal modulations can be measured via the 〈cosn!h〉-moments:

〈cosn!h〉 =

∫

cosn!h d
5$

∫

d5$
, (3)

where n= 1,2 and
∫

d5$ stands for
∫

dxdydzdP2h⊥ d!h
d5$

dxdydzdP2
h⊥ d!h

.

The extraction of these cosine moments from data is challenging because they couple

to a number of azimuthal modulations that are due to experimental sources, e.g. detector
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Φij(k;P, S) =
∑

X

∫
d3P X

(2π)3 2EX
(2π)4 δ4(P − k − PX)〈PS|Ψj(0)|X〉〈X|Ψi(0)|PS〉

=
∫

d4 ξ eik·ξ〈PS|Ψj(0)Ψ(ξ)|PS〉

Φ(x, S) =
1
2

[
f1(x) /n+ + SL g1L(x) γ5 /n+ + h1T iσµνγ5nµ

+Sν
T

]

The nucleon, as probed in DIS, in collinear 
configuration:  3 distribution functions 
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Fig. 1. – The handbag diagram for DIS. At leading QED order, the interaction between the
lepton (not shown) and the nucleon is mediated by the exchange of a virtual photon. Thus, the
DIS cross section is just the total cross section for the γ∗N → X process, which, by the optical
theorem, is related to the forward scattering amplitude. In the parton model, at leading QCD
order, the virtual photon scatters off a single quark in the nucleon, as represented in the figure.
The lower blob is thus the matrix element between the nucleon initial and final states of two
quark fields, one ”extracted from” and the other ”replaced into” the nucleon. It is a matrix in
the Dirac spinor space.

and it shows the chiral-odd nature of transversity, as it relates quarks with opposite
helicities. It is then clear why h1 cannot be measured in DIS: the bottom blob of fig. 2
cannot be inserted in the handbag diagram of fig. 1, as the QED (and QCD) interactions
conserve helicity and there is no way, by photon or gluon couplings, of flipping the helicity
of massles quarks.

A measurement of transversity requires a process in which h1 couples to another
chiral-odd function. Several suggestions have been discussed in the literature. At the
moment the most practicable way appears via SIDIS processes [7], in which h1 couples
to a chiral-odd fragmentation function, the Collins fragmentation function, as depicted
in fig. 3. In principle, the cleanest and most direct way should be via the measurement
of the double transverse spin asymmetry ATT in Drell-Yan processes, which couples two
transversity distributions (see fig. 4), as discussed in Section 5.

So far we have only considered collinear partonic configurations, in which the rele-
vant degrees of freedom, describing the nucleon structure, are the parton longitudinal
momentum fraction x and the helicities. Yet, it is already clear that the spin transverse
degree of freedom is at least as interesting, but much less known. It will be much more
so when also the intrinsic transverse motions of partons, k⊥, in addition to x, will be
considered. Which requires a detour into the issue of SSA.

3. – The (problem of) transverse Single Spin Asymmetries

Let us consider a 2 into 2 physical process, like AB → C D, in the center of mass
reference frame, A(p) + B(−p) → C(p′) + D(−p′), like in fig. 5. We wonder whether
or not the cross section for such a process can depend on the spin polarization S of one
particle only, say A; particle B is not polarized and the polarization of the final particles

Correlator:
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FIGURE 1. Definition of the azimuthal angle !h between the scattering plane (grey) and the hadron
production plane (yellow).

Unpolarized target, T (L) indicates the Transverse (Longitudinal) polarization of the

virtual photon," is the electromagnetic coupling constant, # = 2Mx/QwithM the target
mass, A(y) ≈ (1− y+1/2y2), B(y) ≈ (1− y) andC(y) ≈ (2− y)

√
1− y.

Two mechanisms are expected to give important contributions to the azimuthal de-

pendence of the unpolarized cross section in the hadron transverse momentum range

accessed at HERMES:

- the Cahn effect, a pure kinematic effect, generated by the non-zero intrinsic

transverse motion of quarks, already pointed out by R. Cahn in 1978 [2];

- the Boer-Mulders effect, introduced more recently (1997) by D. Boer and

P. J. Mulders [3]; this mechanism originates from a coupling between quark transverse

momentum and quark transverse spin.

The HERMES experiment

The fixed target HERMES experiment was operated for more than 10 years until 2007

at the electron-positron storage ring of HERA at DESY. The HERMES spectrometer [4]

was a forward angle instrument consisting of two symmetric halves (top, bottom) above

and below the horizontal plane. It was characterized by very high efficiency (98÷99%)
in electron-hadron separation, provided by a transition radiation detector, a preshower

scintillation counter and an electromagnetic calorimeter. In addition, a dual-radiator

Ring-Imaging CHerenkov detector (RICH) provided good hadron-type identification for

momenta above 2 GeV/c.

MULTI-DIMENSIONAL UNFOLDING AND RESULTS

The cross section azimuthal modulations can be measured via the 〈cosn!h〉-moments:

〈cosn!h〉 =

∫

cosn!h d
5$

∫

d5$
, (3)

where n= 1,2 and
∫

d5$ stands for
∫

dxdydzdP2h⊥ d!h
d5$

dxdydzdP2
h⊥ d!h

.

The extraction of these cosine moments from data is challenging because they couple

to a number of azimuthal modulations that are due to experimental sources, e.g. detector

resummation of soft gluon emission



The leading-twist correlator, with intrinsic k┴, 
contains several other functions .....  

Φ(x,k⊥) =
1
2

[
f1/n+ + f⊥1T

εµνρσγµnν
+kρ
⊥Sσ

T

M
+

(
SL g1L +

k⊥ · ST

M
g⊥1T

)
γ5/n+

+ h1T iσµνγ5nµ
+Sν

T +
(

SL h⊥1L +
k⊥ · ST

M
h⊥1T

)
iσµνγ5nµ

+kν
⊥

M

+ h⊥1
σµνkµ

⊥nν
+

M

]
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Fig. 1. – The handbag diagram for DIS. At leading QED order, the interaction between the
lepton (not shown) and the nucleon is mediated by the exchange of a virtual photon. Thus, the
DIS cross section is just the total cross section for the γ∗N → X process, which, by the optical
theorem, is related to the forward scattering amplitude. In the parton model, at leading QCD
order, the virtual photon scatters off a single quark in the nucleon, as represented in the figure.
The lower blob is thus the matrix element between the nucleon initial and final states of two
quark fields, one ”extracted from” and the other ”replaced into” the nucleon. It is a matrix in
the Dirac spinor space.

and it shows the chiral-odd nature of transversity, as it relates quarks with opposite
helicities. It is then clear why h1 cannot be measured in DIS: the bottom blob of fig. 2
cannot be inserted in the handbag diagram of fig. 1, as the QED (and QCD) interactions
conserve helicity and there is no way, by photon or gluon couplings, of flipping the helicity
of massles quarks.

A measurement of transversity requires a process in which h1 couples to another
chiral-odd function. Several suggestions have been discussed in the literature. At the
moment the most practicable way appears via SIDIS processes [7], in which h1 couples
to a chiral-odd fragmentation function, the Collins fragmentation function, as depicted
in fig. 3. In principle, the cleanest and most direct way should be via the measurement
of the double transverse spin asymmetry ATT in Drell-Yan processes, which couples two
transversity distributions (see fig. 4), as discussed in Section 5.

So far we have only considered collinear partonic configurations, in which the rele-
vant degrees of freedom, describing the nucleon structure, are the parton longitudinal
momentum fraction x and the helicities. Yet, it is already clear that the spin transverse
degree of freedom is at least as interesting, but much less known. It will be much more
so when also the intrinsic transverse motions of partons, k⊥, in addition to x, will be
considered. Which requires a detour into the issue of SSA.

3. – The (problem of) transverse Single Spin Asymmetries

Let us consider a 2 into 2 physical process, like AB → C D, in the center of mass
reference frame, A(p) + B(−p) → C(p′) + D(−p′), like in fig. 5. We wonder whether
or not the cross section for such a process can depend on the spin polarization S of one
particle only, say A; particle B is not polarized and the polarization of the final particles

... with partonic interpretation
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FIG. 3: Three dimensional kinematics of the SIDIS process.

and

p⊥ =

(
P T − P T · k⊥ + P 3

hk′3

|k′|2
k⊥ , P 3

h − P T · k⊥ + P 3
hk′3

|k′|2
k′3

)
(28)

= P T − zh k⊥ + O
(

k2
⊥

Q2

)
(29)

where k′0, k′3 and |k′| are given in Eqs. (25) and P 3
h = (zh W )/2 − P 2

T /(2zh W ).
Eqs. (26) and (28) allow us to describe the fragmentation process in terms of the variables (zh, P T ):

dz d2p⊥ = dzh d2P T
z

zh
, (30)

so that, finally, the SIDIS cross section (20) can be written in terms of physical observables as:

d5σ!p→!hX

dxB dQ2 dzh d2P T
=

∑

q

∫
d2k⊥ fq(x, k⊥)

dσ̂!q→!q

dQ2
J

z

zh
Dh

q (z, p⊥) (31)

=
∑

q

e2
q

∫
d2k⊥ fq(x, k⊥)

2πα2

x2
B
s2

ŝ2 + û2

Q4
Dh

q (z, p⊥)
z

zh

xB

x

(
1 +

x2
B

x2

k2
⊥

Q2

)−1

·

This is an exact expression at all orders in (k⊥/Q); x is given in Eq. (6) and the full expressions of z and pT in
terms of xB, Q2, k⊥, zh and P T can be derived from Eqs. (25), (26) and (28). Notice that, in the physical variables
xB and zh, the x − z factorization of Eq. (20) is lost, even in our simple parton model treatment; it can be recovered
at O(k⊥/Q) (see Eq. (32) below).

Let us now consider again the issue discussed at the end of Section II A, concerning the azimuthal dependence of the
cross section, by comparing Eqs. (19) and (31). The former equation describes the cross section for jet production and
depends, as we explained, on the azimuthal angle ϕ, that is on the azimuthal angle of the intrinsic k⊥ of the quark in
the proton. Such a dependence is integrated over in Eq. (31), which describes the cross section for the production of a
hadron, resulting from the non collinear fragmentation of the quark. Therefore, there cannot be any ϕ dependence in
this cross section. However, due to relations (26) and (28), the integration over k⊥ at fixed P T = PT (cosφh, sinφh, 0)
introduces a dependence on the azimuthal angle φh of the produced hadron h, that is the angle between the leptonic
and the hadronic plane, Fig. 3. This azimuthal dependence remains in the SIDIS cross section and will be studied in
the next Section (see also Appendix A).

factorization holds at large Q2, and PT ≈ k⊥ ≈ ΛQCD

d6σ ≡ d6σ!p↑→!hX

dxB dQ2 dzh d2P T dφS

(Collins, Soper, Ji, J.P. Ma, Yuan, Qiu, Vogelsang, Collins, Metz)

dσ!p→!hX =
∑

q

fq(x,k⊥;Q2)⊗ dσ̂!q→!q(y, k⊥;Q2)⊗Dh
q (z,p⊥;Q2)

PT ! Q2Two scales:
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Bacchetta et al., JHEP 0702 (2007) 093

many spin 
asymmetries

dσ(S) != dσ(−S)

SIDISLAND
dσ

dφ
= FUU + cos(2φ) F cos(2φ)

UU
+

1
Q

cos φ F cos φ
UU

+ λ
1
Q

sinφ F sin φ
LU

+ SL

{
sin(2φ) F sin(2φ)

UL
+

1
Q

sinφ F sin φ
UL

+ λ

[
FLL +

1
Q

cos φ F cos φ
LL

]}

+ ST

{
sin(φ− φS)F sin(φ−φS)

UT
+ sin(φ + φS) F sin(φ+φS)

UT
+ sin(3φ− φS) F sin(3φ−φS)

UT

+
1
Q

[
sin(2φ− φS) F sin(2φ−φS)

UT
+ sinφS F sin φS

UT

]

+ λ

[
cos(φ− φS) F cos(φ−φS)

LT
+

1
Q

(
cos φS F cos φS

LT
+ cos(2φ− φS)F cos(2φ−φS)

LT

)]}

F (...)
SBST

contains the TMDs



2 Will be inserted by the editor

where we have j(x) =
∫

d2pT j(x,p2
T ) for j = fa

1 , ea, gT , hL while ga
1(x) =

∫

d2pT ga
1L(x,p2

T )
and ha

1(x) =
∫

d2pT {ha
1T (x,p2

T ) + p2
T /(2M2

N)h⊥a
1T (x,p2

T )}.
The fragmentation of unpolarized hadrons is described in terms of two fragmentation func-

tions, Da
1 and H⊥a

1 , at leading-twist. In SIDIS (with polarized beams and/or targets, where
necessary) it is possible to access information on the leading twist TMDs by measuring the
angular distributions of produced hadrons. Some data on such processes are available [27–45].

The fragmentation functions and TMDs in SIDIS and other processes were subject to nu-
merous studies in the literature [46–73]. This is true especially for the prominent transversity
distribution ha

1 or the ’naively time-reversal-odd’ functions like the Sivers function f⊥a
1T , the

Boer-Mulders function h⊥a
1 and the Collins fragmentation function H⊥a

1 . Among the so far less
considered functions are h⊥a

1L and the ’pretzelosity’ distribution h⊥a
1T .

The purpose of this lecture (based on the works [67,68]) is fourfold. First, we discuss whether
some of the unknown TMDs could be approximated in terms of (possibly better) known ones.
Second, we review what is known about h⊥a

1T . Third, we mention the models these TMDs were
calculated. Fourth, we present estimates for SSAs in which these functions enter, and discuss
the prospects to measure these SSAs in experiments at Jefferson Lab and COMPASS.
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z!axis

h
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S

Fig. 1. Kinematics of SIDIS, lN → l′hX, and the
definitions of azimuthal angles in the lab frame.

The process of SIDIS is sketched in Fig. 1.
We denote the momenta of the target, in-
coming and outgoing lepton by P , l and l′

and introduce s = (P + l)2, q = l − l′ with

Q2 = −q2. Then y = Pq
Pl , x = Q2

2Pq , z = PPh

Pq ,

and cos θγ = 1− 2M2

N
x(1−y)
sy where θγ denotes

the angle between target polarization vector
and momentum q of the virtual photon γ∗,
see Fig. 1, and MN is the nucleon mass. The
component of the momentum of the produced
hadron transverse with respect to γ∗ is de-
noted by Ph⊥ and Ph⊥ = |Ph⊥|.

The cross section differential in the azimuthal angle φ of the produced hadron has schemat-
ically the following general decomposition [7,74] (the dots indicate power suppressed terms):

dσ

dφ
= FUU + cos(2φ)F cos(2φ)

UU + SL sin(2φ)F sin(2φ)
UL +λ

[

SLFLL+ ST cos(φ − φS)F cos(φ−φS)
LT

]

+ST

[

sin(φ−φS)F sin(φ−φS)
UT + sin(φ+φS)F sin(φ+φS)

UT + sin(3φ−φS)F sin(3φ−φS)
UT

]

+ . . . (3)

In Fweight
XY the index X = U(L) denotes the unpolarized (longitudinally polarized, helicity λ)

beam. Y = U(L, T ) denotes the unpolarized target (longitudinally, transversely with respect to
the virtual photon polarized target). The superscript reminds on the kind of angular distribution
of the produced hadrons with no index indicating an isotropic φ-distribution.

Each structure function arises from a different TMD. The chirally even f ’s and g’s enter the
observables in connection with the unpolarized fragmentation function Da

1 , the chirally odd h’s
in connection with the chirally odd Collins fragmentation function H⊥a

1

FUU ∝
∑

a

e2
a fa

1 ⊗ Da
1 , F cos(φ−φS)

LT ∝
∑

a

e2
a g⊥a

1T ⊗ Da
1 , (4)

FLL ∝
∑

a

e2
a ga

1 ⊗ Da
1 , F sin(φ−φS)

UT ∝
∑

a

e2
a f⊥a

1T ⊗ Da
1 , (5)

F cos(2φ)
UU ∝

∑

a

e2
a h⊥a

1 ⊗ H⊥a
1 , F sin(φ+φS)

UT ∝
∑

a

e2
a ha

1 ⊗ H⊥a
1 , (6)

F sin(2φ)
UL ∝

∑

a

e2
a h⊥a

1L ⊗ H⊥a
1 , F sin(3φ−φS)

UT ∝
∑

a

e2
a h⊥a

1T ⊗ H⊥a
1 . (7)

Avakian, Efremov, Schweitzer, Metz, Teckentrup, arXiv:0902.0689

chiral-even 
TMDs

chiral-odd 
TMDs

Cahn kinematical 
effects  

1
Q

cos φ F cos φ
UU

∼ fq
1 ⊗Dq

1 ⊗ dσ̂ +
(
hq⊥

1 ⊗Hq⊥
1 ⊗ d∆σ̂

)

FUU ∼
∑

a

e2
a fa

1 ⊗Da
1 F cos(φ−φS)

LT
∼

∑

a

e2
a g⊥a

1T ⊗Da
1

FLL ∼
∑

a

e2
a ga

1L ⊗Da
1 F sin(φ−φS)

UT
∼

∑

a

e2
a f⊥a

1T ⊗Da
1

F cos(2φ)
UU

∼
∑

a

e2
a h⊥a

1 ⊗H⊥a
1 F sin(φ+φS)

UT
∼

∑

a

e2
a ha

1T ⊗H⊥a
1

F sin(2φ)
UL

∼
∑

a

e2
a h⊥a

1L ⊗H⊥a
1 F sin(3φ−φS)

UT
∼

∑

a

e2
a h⊥a

1T ⊗H⊥a
1
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Fig. 36: HERAPDFs, xuv, xdv, xS, xg, at (left) Q2 = 4 GeV2 and (right) Q2 = 10 GeV2. Fractional uncertainty bands are shown

beneath each PDF. The experimental and model uncertainties are shown separately as the red and yellow bands respectively
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Fig. 37: HERAPDFs, xuv, xdv, xS, xg, at (left) Q2 = 100 GeV2 and (right) Q2 = 10000 GeV2. Fractional uncertainty bands are

shown beneath each PDF. The experimental and model uncertainties are shown separately as the red and yellow bands respectively
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Fig. 38: Left: PDFs from the ZEUS-JETS and H1PDF2000 PDF separate analyses of ZEUS and H1. Right: HERAPDF0.1 PDFs

from the analysis of the combined data set

integrated parton distribution functions, PDF

q(x) = fq
1 (x) =

∫
d2k⊥ fq

1 (x, k2
⊥)
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parabola and the 1σ uncertainty in any observable would correspond to ∆χ2 = 1. In order to account for unexpected
sources of uncertainty, in modern unpolarized global analysis it is customary to consider instead of ∆χ2 = 1 between
a 2% and a 5% variation in χ2 as conservative estimates of the range of uncertainty.

As expected in the ideal framework, the dependence of χ2 on the first moments of u and d resemble a parabola
(Figures 3a and 3b). The KKP curves are shifted upward almost six units relative to those from KRE, due to the
difference in χ2 of their respective best fits. Although this means that the overall goodness of KKP fit is poorer than
KRE, δd and δu seem to be more tightly constrained. The estimates for δd computed with the respective best fits
are close and within the ∆χ2 = 1 range, suggesting something close to the ideal situation. However for δu, they only
overlap allowing a variation in ∆χ2 of the order of a 2%. This is a very good example of how the ∆χ2 = 1 does not
seem to apply due to an unaccounted source of uncertainty: the differences between the available sets of fragmentation
functions.
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FIG. 4: Parton densities at Q2 = 10 GeV2, and the uncertainty bands corresponding to ∆χ2 = 1 and ∆χ2 = 2%

An interesting thing to notice is that almost all the variation in χ2 comes from the comparison to pSIDIS data.
The partial χ2 value computed only with inclusive data, χ2

pDIS , is almost flat reflecting the fact the pDIS data are

not sensitive to u and d distributions. In Figure 3, we plot χ2
pDIS with an offset of 206 units as a dashed-dotted line.

The situation however changes dramatically when considering δs or δg as shown in Figures 3c and 3f, respectively.
In the case of the variation with respect to δs, the profile of χ2 is not at all quadratic, and the distribution is much
more tightly constrained (notice that the scale used for δs is almost four times smaller than the one used for light
sea quarks moments). The χ2

pDIS corresponding to inclusive data is more or less indifferent within an interval around
the best fit value and increases rapidly on the boundaries. This steep increase is related to a positivity constraints on
∆s and ∆g. pSIDIS data have a similar effect but also helps to define a minimum within the interval. The preferred
values for δs obtained from both NLO fits are very close, and in the case of KRE fits, it is also very close to those
obtained for δu and δd suggesting SU(3) symmetry.

D. de Florian, G. A. Navarro, and R. Sassot 

∆q(x) = gq
1(x) =

∫
d2k⊥ gq

1L(x, k2
⊥)



transversity distributions 
(blue lines = Soffer’s bound)

extracted transversity distributions 
(blue lines = Soffer’s bound)

∆T q(x) = hq
1(x) =

∫
d2k⊥

[
hq

1T (x, k2
⊥) + k2

⊥
2m2

N
h⊥q

1T (x, k2
⊥)

]

M.A., M. Boglione, U. D’Alesio,  
A. Kotzinian, S. Melis, F. Murgia, 

A. Prokudin, C. Türk

Extraction from SIDIS 
(HERMES, COMPASS-D) +      
e+e- (Belle) data, h1 ⊗ H1

⊥



extracted Collins functions



dσ̂!q→!q ∝ ŝ2 + û2 =
Q4

y2

[
1 + (1− y)2 − 4

k⊥
Q

(2− y)
√

1− y cos ϕ

]
x = xB z = zh P T = z k⊥ + p⊥

1
Q

cos φ F cos φ
UU

∼ fq
1 ⊗Dq

1 ⊗ dσ̂ +
(
hq⊥

1 ⊗Hq⊥
1 ⊗ d∆σ̂

)
O(k⊥/Q)TMDs: “Cahn effect” at

d∆σ̂
cos Φ         dependence generated also by Boer-Mulders     
⊗ Collins term, via a kinematical effect in 

kinematical effect directly related to quark intrinsic motion 

cos(2φ)O(k2
⊥/Q2): also a               dependence 



EMC data, µp and µd, E between 100 and 280 GeV

M.A., M. Boglione, U. D’Alesio, A. Kotzinian, F. Murgia and A. Prokudin

(no B-M ⊗ Collins contribution) 
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FIG. 12: The p2
T -dependence of the φ-independent term H2 + εH1 at x = 0.24 and z = 0.30. The

lines represent exponential fits to the data for Q2 = 1.74 (GeV/c)2 (full circles and solid line),

Q2 = 2 (GeV/c)2 (full squares and dashed line), and Q2 = 2.37 (GeV/c)2 (triangles and dotted

line). The errors bars are statistical only.

in Eq. 8. Fig. 13 shows a clear rise of 〈p2
T 〉 with z. We compared this with the distribution

given in Eq. 9 with a2 = 0.25 and b2 = 0.20 (GeV/c)2 based on previous data [24, 25, 26].

Significant deviations from this behavior were found at low-z, which can be explained as

a threshold kinematic effect. The maximum achievable transverse momentum pmax
T # zν

becomes smaller at low z, because ν is limited by the 5.75-GeV beam energy, and pmax
T is

smaller than the intrinsic transverse momentum of partons. This leads to a cut on the p2
T -

distribution, which is not present in high energy experiments. To account for this low-energy

effect we modified the parameterization as:

〈p̃2
T 〉 =

〈p2
T 〉

1 + 〈p2
T 〉/(p2

T )max
. (26)

The dotted curve in Fig. 13 shows that this new parameterization follows the data points,

but the absolute normalization given by the parameters a and b is still too high. This

modification breaks the factorization between x, Q2 and pT in the low-z region.

At large z, pmax
T is also large. Therefore, we can check the factorization of p2

T from x and

Q2. Fig. 14 shows no appreciable dependence of the mean transverse momentum 〈p2
T 〉 on x.

The transverse momentum distribution exhibits a small variation with Q2 over the covered
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T = 0.5

(GeV/c)2 (full triangles) together with the results of the azimuthal moment (solid lines) and fitting

(dashed line) methods.

detector non-uniformities.

Systematic uncertainties arising from electron identification were estimated by comparing

two different methods (as in Ref. [42]) of pion rejection, one based on Poisson shapes of

Cherenkov counter spectra and another on the geometrical and temporal matching between

the measured track and Cherenkov signal.

The systematic uncertainty arising from π+ identification has two contributions. One was

estimated from the difference between the ratios of events in the missing neutron peak before

and after pion identification as calculated for data and GSIM simulations. The second part

comes from our treatment of kaon contamination (see section IVC), which was assumed to

be 20%. The two errors were added in quadrature.

Radiative corrections are model-dependent. To estimate this systematic uncertainty we

changed the model used in the radiative correction code by 15% and took the resulting

difference as an estimate of the uncertainty.

There is an additional overall systematic uncertainty of 1% due to uncertainties in the

target length and density. The target length was 5±0.05 cm and the liquid-hydrogen density

was ρ = 0.0708 ± 0.0003 g/cm3 giving approximately a 1% uncertainty.

23

CLAS data, arXiv:0809.1153 

d5σ

dx dQ2 dz dP 2
T dφ

= C [εH1 +H2 + A cos φ + B cos(2φ)]
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FIG. 13: The z-dependence of 〈p2
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from the present analysis. The curves show the maximum allowed p2
T = (p2

T )max (dashed), the

parameterization of high energy data from Eq. 9 (solid), and the low-z modification from Eq. 26.

The error bars are statistical only.

kinematic interval as seen in the different slopes in Fig. 12. However, the Q2 coverage is

insufficient to observe the logarithmic pQCD evolution of 〈p2
T 〉 with Q2 discussed in Ref. [51].

B. Comparison with pQCD

In order to compare the φ-independent term with pQCD predictions, we assumed a

constant longitudinal to transverse cross section ratio R = 0.18 [17].

Since there is no TMD-based approach to which we could directly compare our data, we

integrated the measured structure functions H2 in p2
T in order to compare H2 measured in

this experiment with H2 from pQCD calculations. We integrated Eq. 1 in φ and p2
T and

compared with Eq. 6 obtaining

H2(x, Q2, z) = πEh

∫ (p2
T )max

0

dp2
T

H2(x, z, Q2, pT )
√

E2
h − m2

h − p2
T

, (27)

where the upper limit of integration is given by the smaller of the quantities (p2
T )max =

(zν)2−m2
h and the value defined by the pion threshold, which limits the longitudinal hadron
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FIG. 14: The x-dependence of 〈p2
T 〉 at Q2 = 2.37 (GeV/c)2 and z = 0.34. The points are from the

present analysis. The curves show p2
T = (p2

T )max (dashed) and a constant fit to the data (solid).

The error bars are statistical only.

momentum in the lab frame to

p‖ > pmin
‖ =

1

2|q|

{

(M2
n − M2) + Q2 − 2Mν(1 − z) − m2

π + 2zν2 − 2Mnmπ

}

. (28)

This limits p2
T < |ph|2 − (p2

‖)
min. If we exploit the exponential behavior of the measured

structure function H2 in p2
T (see Eq. 8), the integration can be performed analytically leading

to

H2(x, Q2, z) = V (x, Q2, z)Ehe
−

|ph|2

〈p2
T
〉

√

π

〈p2
T 〉

[

Erfi

(
√

|ph|2
〈p2

T 〉

)

− Erfi

(

√

|ph|2 − (p2
T )max

〈p2
T 〉

)]

,

(29)

where V (x, Q2, z) is the pT -independent part of the structure function and Erfi is the imagi-

nary error function. By neglecting the factor Eh/|p‖| in Eq. 1 and by extending the integral

to infinity (as typically done in SIDIS analyses, see Eq. 8), we find

H2(x, Q2, z) = V (x, Q2, z) . (30)

In Fig. 15 our integrated structure function H2 is compared to pQCD calculations given

by:

H2(x, Q2, z) =

∫ 1

x

dξ

ξ

∫ 1

z

dζ

ζ

∑

ij

σij
hard

(

ξ, ζ ,
Q2

µ2
, αs(µ

2)
)x

ξ
fi

(x

ξ
, µ2

)z

ζ
Dπ+

j

(z

ζ
, µ2

)

, (31)
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PT dependence of data in agreement with a 
Gaussian k⊥ dependence of unpolarized TMDs 

Q2 = 2.37 (GeV)2

x = 0.27

Q2 = 2.37 (GeV)2

z = 0.34

〈P 2
T 〉 = z2〈k2

⊥〉 + 〈p2
⊥〉

solid line = 

z dependence at 
small z values 

no hint of x 
dependence in 

explored region 
〈k2
⊥〉 = 0.25 〈p2

⊥〉 = 0.20
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FIGURE 2. The cos"h moments for positive (upper panel) and negative (lower panel) hadrons, ex-
tracted from hydrogen (circles) and deuterium (squares) data, shown as projection versus the kinematic

variables x, y, z and Ph⊥.

geometrical acceptance and higher-order QED effects (radiative effects). Moreover,

typically the event sample is binned only in one variable (1-dimensional analysis), and

integrated over the full range of all the other ones, while the structure functions F used

in equation 2 and the instrumental contributions depend on all the kinematic variables x,

y, z and Ph⊥ simultaneously.
Therefore, in order to determine the cosine moments corrected for radiative and

detector smearing, an unfolding procedure [6] was used, in which the event sample is

binned simultaneously in all the relevant variables (multi-dimensional analysis1).
The unfolding algorithm is based on the relation between the unknown distribution of

Born yields B( j) and the distribution of measured yields X(i):

X(i) =
nb

$
j=1

S(i, j)B( j)+% (i). (4)

where nb is the total number of bins and % (i) is a vector that contains the events smeared
into the measured sample from outside the acceptance. The Smearing matrix S(i, j)
describes the probability that an event originating from the Born bin j, corresponding to

the original kinematics (free from experimental distortions), is actually observed in the

measured bin i. Both the background % (i) and the smearing matrix S(i, j) are determined
by a detailed Monte Carlo simulation of the experimental apparatus.

Assuming a non-singular S(i, j)matrix one obtains:

B( j) =
nb

$
i=1

S−1( j, i)
[

X(i)−% (i)
]

. (5)

The extraction of cosine moments from the Born yields B( j) can be performed by
linear regression that takes into account the correlations between bins introduced by

the smearing. In this way one pair of moments can be obtained in each kinematic bin

(〈cos"h〉, 〈cos2"h〉), which represents results that are fully differential in all variables.

1 For a more detailed discussion about 1- and multi-dimensional analysis see [5].

        dependence observed by HERMES cos φ
F. Giordano and R. Lamb, arXiv:0901.2438 [hep-ex] 
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does not include Boer – Mulders contribution 

comparison with:



dσ↑, ↓ =
∑

q

fq/p↑,↓(x,k⊥;Q2)⊗ dσ̂(y, k⊥;Q2)⊗Dh/q(z, p⊥;Q2)

dσ↑ − dσ↓ =∑

q

∆Nfq/p↑(x, k⊥) S · (p̂× k⊥)⊗ dσ̂(y, k⊥)⊗Dh/q(z,p⊥)

sin(ϕ− ΦS)

2〈sin(φ− φS)〉 = Asin(φ−φS)
UT

≡ 2

∫
dφdφS [dσ↑ − dσ↓] sin(φ− φS)

∫
dφdφS [dσ↑ + dσ↓]

fq/p↑,↓(x,k⊥) = fq/p(x, k⊥) ± 1
2
∆Nfq/p↑(x, k⊥) S · (p̂× k̂⊥)

F sin(φ−φS)
UTSivers effect in SIDIS -



X

p

S
γ*

Brodsky, Hwang, Schmidt model for Sivers function 

needs k┴ dependent quark distribution in p↑ and 
final state interactions

+ –diquark diquark

q q

AN ∝ S · (p× P T ) ∝ PT sin(φπ − φS)



2〈sin(φ− φS)〉 = Asin(φ−φS)
UT

≡ 2

∫
dφdφS [dσ↑ − dσ↓] sin(φ− φS)

∫
dΦh dΦS [dσ↑ + dσ↓]



New kaon 
data, large  K+ 

asymmetry!
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FIG. 3: The results obtained from our simultaneous fit of the SIDIS Asin (φh−φS)
UT Sivers asymmetries (solid lines) are compared

with HERMES experimental data [10] for pion and kaon production (left and right panel respectively). The shaded area
corresponds to the statistical uncertainty of the parameters, see Appendix A for further details. For completeness, we also show
the K0

S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers function
and the assumed fragmentation functions of Eq. (16).
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FIG. 4: The results obtained from our fit (solid lines) are compared with the COMPASS measurements of Asin (φh−φS)
UT for

pion (left panel) and kaon (right panel) production [11] off a deuteron target. The shaded area corresponds to the statistical
uncertainty of the parameters, as explained in Appendix A. The π0 asymmetry, not measured at COMPASS, is the result of
a computation based on our extracted Sivers functions. Also the K0

S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).

D
K0

S
s̄ = D

K0
S

s =
1

2

[

DK+

s̄ + DK+

sea

]

(16)

D
K0

S
u = D

K0
S

ū = DK+

sea ≡ DK+

d = DK+

ū = DK+

s = DK+

d̄ .

Our computation of the K0
S asymmetry at COMPASS can be compared with the available data [12], as shown in the

upper-right plots of Fig. 4. Notice that these curves, contrary to the others in the same figure, are not best fits, but
a simple estimate, based on the extracted Sivers functions and the adopted fragmentation functions of Eq. (16).

In Fig. 5, our results, obtained using the kaon fragmentation functions as given by De Florian et al. in Ref. [13]
(solid lines), are compared with the best fit we would find by using the KRE [21] (dotted lines) and HKNS [22] (dashed
lines) sets of fragmentation functions. It is clear that the use of the new – strange quark sensitive – fragmentation
functions yields a much better agreement with the experimental measurements of the SIDIS azimuthal asymmetries
for kaon production.

Sivers asymmetry best fits
M.A., M. Boglione, U. D’Alesio, A. Kotzinian, S. Melis, F. Murgia, A. Prokudin, C. Turk, 

Eur. Phys. J. A39 (2009) 89
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from Ref. [13] – as:

D
K0

S

d = D
K0

S

d̄
=

1

2

[

DK+

u + DK+

sea

]

D
K0

S
s̄ = D

K0
S

s =
1

2

[

DK+

s̄ + DK+

sea

]

(16)

D
K0

S
u = D

K0
S

ū = DK+

sea ≡ DK+

d = DK+

ū = DK+

s = DK+

d̄ .

Our computation of the K0
S asymmetry at COMPASS can be compared with the available data [12], as shown in

upper-right plots of Fig. 4. Notice that these curves, contrary to the others in the same figure, are not best fits, but
a simple estimate, based on the extracted Sivers functions and the adopted fragmentation functions of Eq. (16).

In Fig. 5, our results, obtained using the kaon fragmentation functions as given by De Florian et al. in Ref. [13]
(solid lines), are compared with the best fit we would find by using the KRE [18] (dotted lines) and HKNS [19] (dashed
lines) sets of fragmentation functions. It is clear that the use of the new – strange quark sensitive – fragmentation
functions yields a much better agreement with the experimental measurements of the SIDIS azimuthal asymmetries
for kaon production.

The Sivers functions generated by our best fit procedure are presented in Fig. 6, where we plot, on the left panel,
the first k⊥ moment defined as

∆Nf (1)
q/p↑(x) ≡

∫

d2 k⊥
k⊥
4mp

∆Nfq/p↑(x, k⊥) = −f⊥(1)q
1T (x) , (17)

and, on the right panel, the k⊥ dependence of ∆Nfq/p↑ at a fixed value of x = 0.1. The highest and lowest dashed
lines show the positivity limits |∆Nf | = 2f .
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FIG. 3: The results obtained from our simultaneous fit of the SIDIS Asin (φh−φS)
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corresponds to the statistical uncertainty of the parameters, see Appendix A for further details. For completeness, we also show
the K0

S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers function
and the assumed fragmentation functions of Eq. (16).
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pion (left panel) and kaon (right panel) production [11] off a deuteron target. The shaded area corresponds to the statistical
uncertainty of the parameters, as explained in Appendix A. The π0 asymmetry, not measured at COMPASS, is the result of
a computation based on our extracted Sivers functions. Also the K0

S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).
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Our computation of the K0
S asymmetry at COMPASS can be compared with the available data [12], as shown in the

upper-right plots of Fig. 4. Notice that these curves, contrary to the others in the same figure, are not best fits, but
a simple estimate, based on the extracted Sivers functions and the adopted fragmentation functions of Eq. (16).

In Fig. 5, our results, obtained using the kaon fragmentation functions as given by De Florian et al. in Ref. [13]
(solid lines), are compared with the best fit we would find by using the KRE [21] (dotted lines) and HKNS [22] (dashed
lines) sets of fragmentation functions. It is clear that the use of the new – strange quark sensitive – fragmentation
functions yields a much better agreement with the experimental measurements of the SIDIS azimuthal asymmetries
for kaon production.
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corresponds to the statistical uncertainty of the parameters, see Appendix A for further details. For completeness, we also show
the K0

S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers function
and the assumed fragmentation functions of Eq. (16).
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uncertainty of the parameters, as explained in Appendix A. The π0 asymmetry, not measured at COMPASS, is the result of
a computation based on our extracted Sivers functions. Also the K0

S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).
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Our computation of the K0
S asymmetry at COMPASS can be compared with the available data [12], as shown in the

upper-right plots of Fig. 4. Notice that these curves, contrary to the others in the same figure, are not best fits, but
a simple estimate, based on the extracted Sivers functions and the adopted fragmentation functions of Eq. (16).

In Fig. 5, our results, obtained using the kaon fragmentation functions as given by De Florian et al. in Ref. [13]
(solid lines), are compared with the best fit we would find by using the KRE [21] (dotted lines) and HKNS [22] (dashed
lines) sets of fragmentation functions. It is clear that the use of the new – strange quark sensitive – fragmentation
functions yields a much better agreement with the experimental measurements of the SIDIS azimuthal asymmetries
for kaon production.
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S asymmetry, although compared with data [12], is not a
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Our computation of the K0
S asymmetry at COMPASS can be compared with the available data [12], as shown in the

upper-right plots of Fig. 4. Notice that these curves, contrary to the others in the same figure, are not best fits, but
a simple estimate, based on the extracted Sivers functions and the adopted fragmentation functions of Eq. (16).

In Fig. 5, our results, obtained using the kaon fragmentation functions as given by De Florian et al. in Ref. [13]
(solid lines), are compared with the best fit we would find by using the KRE [21] (dotted lines) and HKNS [22] (dashed
lines) sets of fragmentation functions. It is clear that the use of the new – strange quark sensitive – fragmentation
functions yields a much better agreement with the experimental measurements of the SIDIS azimuthal asymmetries
for kaon production.
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• We notice that the Burkardt sum rule [31]

∑

a

∫

dx d2k⊥ k⊥ fa/p↑(x,k⊥) ≡
∑

a

〈ka
⊥〉 = 0 , (20)

where, from Eqs. (2) and (17),

〈ka
⊥〉 =

[

π

2

∫ 1

0
dx

∫ ∞

0
dk⊥ k2

⊥ ∆Nfa/p↑(x, k⊥)

]

(S × P̂ ) (21)

= mp

∫ 1

0
dx∆Nf (1)

q/p↑(x) (S × P̂ ) ≡ 〈ka
⊥〉 (S × P̂ ) , (22)

extracted 
Sivers 

functions



August 4, 2008 14:28 WSPC - Proceedings Trim Size: 9in x 6in Slevorato-transversity08

8

p S
iv

A
p S

iv
A

x z  (GeV/c)
T

p

Anselmino et al

arXiv:0805.2677

COMPASS preliminary-0.1

-0.05

0

0.05

0.1

+
h

-3
10

-2
10

-1
10

-0.1

-0.05

0

0.05

0.1 -
h

0.2 0.4 0.6 0.8 0.5 1 1.5

Fig. 6. COMPASS Sivers asymmetry on proton for positive and negative hadrons, with
the latest prediction of Anselmino et al.

4. D. Boer, P.J.Mulders, Phys. Rev. D 57, (1998) 5780.
5. E. S. Ageev et al. [COMPASS Collaboration], Phys. Lett. B 612 (2005) 154

[arXiv:hep-ex/0501073].
6. E. S. Ageev et al. [COMPASS Collaboration], Nucl. Phys. B 765, 31 (2007)

[arXiv:hep-ex/0610068].
7. M. Alekseev et al. [COMPASS Collaboration], arXiv:0802.2160 [hep-ex].
8. A. Prokudin DIS 2008, 7-11 April 2008
9. M. Diefenthaler [HERMES Collaboration], proceedings of DIS 2007, page 579;

arXiv:0706.2242 [hep-ex].
10. P. Abbon et al. [COMPASS Collaboration], Nucl. Instrum. Meth. A 577, 455

(2007) [arXiv:hep-ex/0703049].
11. A. Abashian et al (Belle): Nucl. Instrum. Meth.A 479 (2002)117.
12. M. Anselmino et al., “Sivers Effect for Pion and Kaon Production in Semi-

Inclusive Deep Inelastic Scattering,” arXiv:0805.2677 [hep-ph].
13. S.Arnold, A.V.Efremov, K.Goeke, M.Schlegel and P.Schweitzer, ”Sivers effect

at HERMES, COMPASS and CLAS12”, arXiv:0805.2137 [hep-ph].

Predictions for COMPASS, with a proton target, 
and comparison with data (arXiv:0808.0086



x                 

-2
10

-1
10

  
  
  
  
  
  
  
  
 

S
iv

A

-0.1

0

0.1

x                  

-2
10

-1
10

COMPASS 2007 proton data (part.)

preliminary

+COMPASS  h

 (’02-’05)+!HERMES   

-
COMPASS  h

 (’02-’05)-
!HERMES   

Sivers asymmetry: COMPASS vs HERMES, 
problems?  

courtesy of F. Bradamante



Predictions for JLab12, hydrogen target
15

)
S
!

 -
 

h
!

s
in

 (

U
T

A

x z  (GeV)TP

0

0.05

0.1

0.15 0" JLab P 12 GeV

0

0.05

0.1

0.15 +"

0.2 0.4 0.6 0.8 1

-0.1

0

0.05

0.1

-"
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1

)
S
!

 -
 

h
!

s
in

 (

U
T

A

x z  (GeV)TP

-0.2

-0.1

0

0.1

0.2

S
0K JLab P 12 GeV

-0.2

-0.1

0

0.1

0.2 +K

0.2 0.4 0.6 0.8 1

-0.2

-0.1

0

0.1

0.2

-K

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1

FIG. 9: Estimates for the single spin asymmetry Asin(φh−φS)
UT for pion and kaon production, which will be measured at JLab

operating on a polarized hydrogen target with a beam energy of 12 GeV.
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d∆σ̂ = dσ̂!q↑→!q↑ − dσ̂!q↑→!q↓

Asin(φ+φS)
UT ≡ 2

∫
dφdφS [dσ↑ − dσ↓] sin(φ + φS)

∫
dφdφS [dσ↑ + dσ↓]

dσ↑ − dσ↓ =
∑

q

h1q(x, k⊥)⊗ d∆σ̂(y, k⊥)⊗∆NDh/q↑(z,p⊥)

Collins effect in SIDIS couples to transversity

F sin(φ+φS)
UTCollins effect in SIDIS - 

q

q’Dh/q,sq
(z,p⊥) = Dh/p(z, p⊥) +

1
2
∆NDh/q↑(z, p⊥) sq · (p̂q × p̂⊥)



2〈sin(φ + φS)〉 = Asin(φ+φS)
UT

≡ 2

∫
dφdφS [dσ↑ − dσ↓] sin(φ + φS)

∫
dφdφS [dσ↑ + dσ↓]



Collins asymmetry best fit
M. A., M.  Boglione, U.  D'Alesio, A. Kotzinian, F. Murgia,         
A. Prokudin, S. Melis , e-Print: arXiv:0812.4366 [hep-ph] 
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Update on transversity and Collins functions from SIDIS and e+e− data 5

are the same for favoured and unfavoured Collins
fragmentation functions; we then remain with a
total number of 9 parameters.

The first study along this line was presented in
Ref. [20]. Here we repeat the analysis, exploit-
ing the new high-precision data recently released
by the HERMES [21] and COMPASS [22] Col-
laborations for SIDIS, and by the Belle Collab-
oration [23] for e+e− annihilation processes, in
order to refine and reduce the uncertainty of the
previous extraction.
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Figure 1. Fit of HERMES [21] data. The shaded
area corresponds to the statistical uncertainty in
the parameter values, see text.

New data from COMPASS operating on a
transversely polarized hydrogen target have re-
cently been released [40]: these are not included
in the fit but compared with our predictions.

The two sets of Belle data, coming from two
analyses of the same experimental events, are not
independent. Therefore we include only one set
of data in the fit, either A0 or A12 data. In this
analysis we report the results obtained by using
A12 data, the cos(ϕ1 + ϕ2) method. The conse-
quences of fitting A0 instead of A12 are presently
under investigation.

In Figs. 1 and 2 we show the best fit to the
HERMES [21] and COMPASS [22] data, respec-
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Figure 2. Fit of COMPASS [22] data. The shaded
area corresponds to the statistical uncertainty in
the parameter values, see text. The extra π phase
in addition to φh + φS comes from the different
convention adopted by COMPASS.

tively. Notice that the π0 data (HERMES) have
not been used in the fit; in Fig. 1 we show our
estimates, based on the extracted transversity
and Collins functions, and compare them to data.
Fig. 3 shows the fit to the Belle A12 asymmetry,
whereas in Fig. 4 our predictions for the A0 asym-
metry are compared with data [23].

The curves shown are evaluated using the cen-
tral values of the parameters in Table 1, while
the shaded areas correspond to a two-sigma devi-
ation at 95.45% Confidence Level (for details see
Appendix A of Ref. [41]).

Table 1 collects the results of our best fit to the
new data sets [21,22,23], while in Figs. 5 and 6 we
show our updated transversity distribution and
Collins fragmentation functions together with the
uncertainty bands of our previous extraction [20].
We can definitely say that the two extractions are
compatible with each other, with the new error
bands strongly reduced. The transversity for up
quarks results now larger (compared to our previ-
ous extraction), while that for down quarks is bet-
ter constrained in sign and non compatible with
zero. In this respect the new data from SIDIS
have been crucial. It is worth noticing that while
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0 0.5 1 1.5

our result
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 u!  d!

Figure 8. Tensor charge from different models
compared to our result. 1: Quark-diquark model
of Ref. [47], 2: Chiral quark soliton model of
Ref. [48], 3: Lattice QCD [49], 4: QCD sum
rules [50].

δd ≤ 0.5 (see Fig. 8). In this context it is worth
mentioning a subtle point concerning the strong
scale dependence of the tensor charge, recently
addressed in Ref. [51]. For the effective models
of baryons, as those referred to above, the choice
of their starting energy scale and their Q2 evolu-
tion could play a significant role and, eventually,
mask the true nature of the model. Consequently,
the results shown in Fig. 8, where our LO phe-
nomenological extraction seems in better agree-
ment with the quark-diquark model of Ref. [47]
than with other models, should be taken with
some care. A safer quantity, totally scale indepen-
dent, and therefore easy to compare with, would
be the ratio of two tensor charges. From our fit,
for instance, we obtain δd/δu = −0.42+0.0003

−0.20 , and
all model predictions considered above would fall
within our uncertainty band, as shown in Fig. 7
of Ref. [51].

4. Predictions

We now use the extracted transversity and
Collins functions to give predictions for new mea-
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Figure 9. Predictions for the single spin asymme-

try Asin(φh+φS+π)
UT compared to preliminary data

by the COMPASS experiment operating with a
transversely polarized hydrogen target [40].

surements performed or planned at COMPASS
and JLab. The transverse single spin asymme-

try Asin(φh+φS)
UT has been recently measured by

the COMPASS experiment operating with a po-
larized hydrogen target (rather than a deuterium
one). In Fig. 9 we show our predictions compared
with these preliminary data. The agreement is
excellent.

In Fig. 10 we present our estimates for JLab
operating with a proton target at 12 GeV. Notice
that JLab results will give important information
on the large x region, which is left basically un-
constrained by the present SIDIS data from HER-
MES and COMPASS. In this region our estimates
must be taken with some care. We recall that
the large x behaviour of our parameterization is
controlled by the same β parameter for ∆T u and
∆T d (since present data do not cover the large
x region). The same is true for the Collins frag-
mentation functions, whose large z behaviour is
driven by the same parameter δ for favoured and
unfavoured Collins FFs. On the other hand for
the small to medium x region, well constrained by
SIDIS measurements, data support the choice of
a universal behaviour xα for ∆T u and ∆T d. The
future JLab measurements, which will extend to
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larger x values, will test the validity of this ap-
proximations.

5. Conclusions

We have performed a re-analysis of recent high-
precision experimental data on spin azimuthal
asymmetries which involve the transversity dis-
tributions of u and d quarks and the Collins frag-
mentation functions. The values of the 9 free pa-
rameters are fixed by simultaneously best fitting
the HERMES, COMPASS and Belle data.

All data can be accurately described, lead-
ing to the extraction of the favoured and un-
favoured Collins functions, in agreement with
similar results previously obtained in the litera-
ture [43,42,20]. In addition, we have improved the
extraction of the so far poorly known transver-
sity distributions for u and d quarks, ∆T u(x) and
∆T d(x). They turn out to be opposite in sign,
with |∆T d(x)| smaller than |∆T u(x)|, and both
smaller than their Soffer bound [46]. The pre-
vious uncertainty bands are strongly reduced by
the present analysis. The new distributions are
compatible with our previous extraction [20] and
close to some model predictions for the transver-
sity distribution.

The extracted transversity distributions and
the Collins fragmentation functions allow to com-

pute the azimuthal asymmetry Asin(φh+φS)
UT for

any SIDIS process. In particular, our predictions
for the COMPASS measurements with a proton
target are in very good agreement with prelimi-
nary data, while the large x behaviour of ∆T q,
yet unknown, could be explored by JLab experi-
ments. These will provide further important tests
of our complete understanding of the partonic
properties which are at the origin of SSAs.

Further expected data from Belle will allow to
study in detail not only the z dependence of the
Collins functions, but also their p⊥ dependence.

The TMD approach to azimuthal asymmetries
in SIDIS and e+e− → h1h2 X processes has defi-
nitely opened a new powerful way of studying the
nucleon structure and fundamental QCD proper-
ties.
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Boer-Mulders effect in SIDIS - F cos(2φ)
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FIGURE 3. The cos2"h moments for positive (upper panel) and negative (lower panel) hadrons,
extracted from hydrogen (circles) and deuterium (squares) data, shown as projection versus the kinematic

variables x, y, z and Ph⊥.

The dependence of a moment on a single variable can be obtained by projecting the

fully differential result onto the variable under study by weighting the moment in each

bin k with the corresponding unpolarized 4$ cross section %4$k (defined by a Monte

Carlo), for instance in case of the !-th x-bin: 〈cosn"h〉(x!) = &k%
4$
k 〈cosn"h〉k/&k%4$k ,

where k runs over all the nb bins corresponding to x!.

The cos"h moments from hydrogen and deuterium data are shown in figure 2 as pro-
jections versus the relevant kinematic variables for both hadron charges. Both hydrogen

and deuterium data show similar behavior: the 〈cos"h〉 moments are found to be sizable
and negative for positive hadrons. The signal increases with Ph⊥ and with the hadron
energy fraction z, except in the very high z range, where the partonic interpretation of

the cross section is no longer valid2. The signal for the negative hadrons is significantly

lower, but the dependence versus z and Ph⊥ exhibits similar features.
Figure 3 shows the cos2"h moments that are found to be slightly negative for positive

hadrons, and slightly positive for negative hadrons. Different results for positive and

negative hadrons are not unexpected because both experimental evidence and theoretical

models predict opposite Boer-Mulders contributions for differently charged hadrons.
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what about the last 3 TMDs? any relation with 
the others? 

g⊥(1)a
1T (x) ! x

∫ 1

x

dy

y
ga
1 (y)

h⊥(1)a
1L (x) ! −x2

∫ 1

x

dy

y2
ha

1(y)

h⊥(1)a
1T (x) ! ga

1 (x)− ha
1(x)

neglecting 
twist-3 

contributions 

similar to the Wandzura-Wilczek relation 

ga
T (x) !

∫ 1

x

dy

y
ga
1 (y) supported by experiment

g⊥(1)a
1T (x) =

∫
d2k⊥

k2
⊥

2m2
N

g⊥a
1T (x, k2

⊥)

for a recent model of all twist-2 TMDs see Bacchetta et al.,  
arXiv:0807.0323
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Fig. 4. Longitudinal target SSA Asin 2φ
UL as function of x. The proton (a, b) and deuterium (c,d) target

data are from HERMES [28,30]. The theoretical curves are obtained using information on H⊥
1 [61,62],

predictions from the instanton vacuum model and chiral quark soliton model for ha
L and ha

1 [86,88],
and — this is crucial in our context — assuming the validity of the WW-type approximation (13). The
shaded error bands are due to the uncertainties in H⊥

1 , see [67] for details.

What is convenient for our purposes is that the Gauss Ansatz allows to solve the convolution
integral. Using the WW-type approximation (13) with ha

1(x) from the χQSM [88], and informa-
tion on the Collins effect from [60–62], we obtain the results shown in Fig. 4. The error bands
of the theoretical curves reflect the present uncertainties in the quantitative understanding of
the Collins effect, see [67] for explicit expressions and details.

Our results shown in Fig. 4 for pion production from proton and deuteron targets are con-
sistent with the HERMES data [28–30], and do not exclude that (13) is a useful approximation.

Further insights are expected from the CLAS experiment at Jefferson Lab, which promises
higher statistics due to two orders of magnitude higher luminosity, and provides access to
much larger x and larger z than HERMES and COMPASS. Large 〈z〉 may also enhance the

SSA due to Collins function H⊥(1/2)a
1 (z) ∝ zDa

1(z), as observed in [61]. This makes CLAS an
ideal experiment for studies of this SSA in particular and spin-orbit correlations in general.
Comparison of the various data sets will also allow to draw valuable conclusions on the energy
dependence of the process, possible power-corrections, etc.

The preliminary data from CLAS [37] have shown non-zero SSAs for charged pions, and
a compatible with zero within error bars result for π0. Within our approach it is possible to
understand the results for π+ and π0, however, we obtain for π− an opposite sign compared
to the data. In view of this observation, it is worth to look again on Fig. 4b which shows
HERMES data on the π−-SSA. Does Fig. 4b hint at an incompatibility? Charged pions and in
particular the π− may have significant higher twist contributions, in particular from exclusive
vector mesons and semi-exclusive pion production at large z.

New data expected from CLAS with Ebeam = 6 GeV [98], will increase the existing statistics
by about an order of magnitude and more importantly provide comparable to π+ sample of π0

events. Neutral pion sample is not expected to have any significant contribution from exclusive
vector mesons, neither it is expected to have significant higher twist corrections due to semi-
exclusive production of pions with large z [99], where the separation between target and current
fragmentation is more pronounced. The JLab upgrade to 12 GeV [100] will allow to run at an
order of magnitude higher luminosity than current CLAS, providing a comprehensive set of
single and double spin asymmetries covering a wide range in x and z. That will allow detailed
studies of kinematic dependence of target SSA and clarify the situation.

COMPASS has taken data with a longitudinally polarized deuterium target which are being
analyzed, and soon also a proton target will be used. The 160 GeV muon beam allows to
extend the measurements of SSAs to small x. With the cut Q2 > 1 GeV2 the average 〈Q2〉 at
COMPASS is comparable to that at HERMES. Therefore Fig. 4 shows roughly our predictions

for COMPASS. One may expect Asin 2φ
UL to be substantially smaller than Asin(φ+φS)

UT , especially at
small x. It will be interesting to see whether these predictions will be confirmed by COMPASS.

HERMES data, PRL 84 (2000) 4047; PL B562 (2003) 182 

8 Will be inserted by the editor
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Fig. 5. The transverse target SSA Asin(3φ−φS)
UT, π for deuteron estimated on the basis of the positivity

bound vs. preliminary COMPASS data [44] for positive (a) and for negative (b) hadrons.
(c) The same for the π+ production from proton in the kinematics of CLAS 12 as function of x (error
projections from [100]). Solid curve presents the prediction of relativistic covariant model [107]. The
shaded area is the region allowed by positivity (18).

5 Preliminary COMPASS data & prospects at JLab

In SIDIS pretzelosity gives rise (in combination with the Collins fragmentation function [5,4])
to the SSA

Asin(3φ−φS)
UT =

CGauss
∑

a e2
axh⊥(1)a

1T (x)H⊥(1/2)a
1 (z)

∑

a ea xfa
1 (x)Da

1 (z)
(22)

where we assumed the Gauss Ansatz, whose parameters are contained in the factor CGauss. This
factor is a slowly varying function of the Gauss model parameters and can be well approximated
for practical purposes by its maximum CGauss ≤ Cmax = 3/(2

√
2), see for further details [68].

At COMPASS the sin(3φ−φS) and other SSAs were measured on a deuteron target [44]. By
saturating the positivity bound for the transverse moment of pretzelosity (point (5) in Sec. 4)
we estimated [68] the maximum effect for the SSA. We used the parameterizations [89,109],
and for H⊥

1 the information from [61,62].
The results are shown in Fig. 5a,b and compared to the preliminary data [44]. At small x the

preliminary data favor that pretzelosity does not reach the bound. Whether due to the expected
suppression at small x or opposite signs of u and d-flavors, see Sec. 3, cannot be concluded.

The important observation is that preliminary COMPASS data [44] do not exclude a sizeable
effect in the region x > 0.1, see Fig. 5a,b, where JLab can measure with precision. This is
demonstrated in Fig. 5c showing the π+ SSA from a proton target in the kinematics of CLAS
with 12 GeV beam upgrade (with error projections for 2000 hours run time [100]).

It could be even more promising to look at SSAs due to Collins effect, like Asin(3φ−φS)
UT , in

kaon production. The statistics for kaon production is lower than for pion production, but the
SSA might be larger as it is suggested by a model [110] of the Collins function. With a RICH
detector at CLAS the kaon SSAs could be measured in the valence-x region [100].

6 Conclusions

The longitudinal SSAs in SIDIS [28–31] were subject to intensive, early studies [47–51] that
were based on assumptions concerning the flavour dependence of H⊥

1 [49,52,54] that turned out
not to be supported by data on the Collins effect from SIDIS with transverse target polarization
[32–34,36] and e+e−-annihilations [40,41]. These data give rise to a new, consistent picture of
H⊥

1 [60–62] which invites reanalyses of longitudinal SSAs.

In this work we did this for Asin 2φ
UL ∝

∑

a e2
ah⊥(1)a

1L H⊥a
1 from the particular point of view of

the question whether there are useful, approximate relations among different TMDs. In fact,
QCD equations of motion relate the TMDs entering this SSA to ha

L(x) and certain pure twist-3

(and quark mass) terms. Neglecting such terms yields an approximation for h⊥(1)a
1L similar in

spirit to the WW-approximation for ga
T (x) that is supported by data.

F sin(2φ)
UL

∼
∑

a

e2
a h⊥a

1L ⊗H⊥a
1

F sin(3φ−φS)
UT

∼
∑

a

e2
a h⊥a

1T ⊗H⊥a
1
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Conclusions 

relations among TMDs? and between TMDs and GPDs?

Sivers effect: is it there in SIDIS?
A↑B → h + XSivers effect in hadronic,                    , and 

Drell-Yan processes. SSAs.
(non) universality of the Sivers function:

[fq⊥
1T ]SIDIS = −[fq⊥

1T ]DY

TMDs: factorized gaussian k⊥ dependence? 
flavour dependence?   

Orbital angular momentum 
QCD evolution of TMDs ...... 

〈k2
⊥〉q(x) ? 〈p2

⊥〉q(z) ?


