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We point out that the polarization P of a scattered or produced quark is calculable per-
turbatively in quantum chromodynamics for e e -qq, large-p z hadron reactions, and

large-Q leptoproduction, and is infrared finite. The quantum-chromodynamics predic-
tion is that P =0 in the scaling limit. Experimental tests are or wi11 soon be possible in

pp
—AX [where presently p(A) = 25'%%uo for pz, ) 2 Gev/c] and in e+e —quark jets.

In quantum chromodynamics (QCD), observa-

bles which are free of infrared divergences can

be computed in terms of the running coupling con-

stant n, . For an asymptotically free theory,
is expected to be small in a scattering at large
transverse momenta, so that observables can be

computed perturbatively. Thus, provided we can
relate quark observables to observed hadrons,

QCD may be rigorously tested.
This approach has been proposed by Sterman

and steinberg' and by Politzer, ' and recently
used by others' in e'e reactions or leptoproduc-
tion reactions. In this note we propose another

observable which can be measured in e'e reac-
tions, leptoproduction, and large-p r hadron colli-

sions, namely, the polarization of the scattered
or produced quark. More precisely, the relevant

observable is polarization times cross section,
which is given schematically by Im(NE*). For a
nontrivial result, one must have nonf lip (N) and

flip (E) amplitudes with a nonzero relative phase.
Note that this is qualitatively different from other

kinds of spin effects which could be obtained with

relatively real amplitudes and Born terms. 4

For large-pr scattering this procedure is slight-

ly less rigorous since the initial state involves

quarks confined in hadrons. But it has increasing-

ly been accepted' that at large p r one is observ-
ing quark-quark scattering and that in fact large

pr is a domain where a perturbative treatment of

qq -qq, qg- qg, and gg-gg (where g means
gluon) can quantitatively predict jet and hadron

distributions.

The polarization of a scattered quark is another
observable which is infrared finite and can be

computed perturbatively. A determination of the

polarization of a scattered quark can both test
the validity of the assumption that qq-qq, qg-qg,
etc. , dominate at large pr, and serve as a signifi-

cant test of QCD. The same remarks apply to the

polarization of a produced quark in e'e annihila-

tion or in leptoproduction. We give the discus-

sion in terms of large pr because this may be

the first place for an experiment test, We also
predict the large-pr left-right asymmetry on a

polarized test.
Because of confinement, to test the QCD pre-

diction we have to make some assumptions. For
unpolarized beam and target, we assume that the

initial quarks are unpolarized. To compute the

left-right asymmetry on a polarized target, in

general we need to know the wave function of the

quarks in a proton. However, for the actual QCD
prediction the individual qq scatterings produce

only a small left-right asymmetry (see below),
so that we necessarily predict a small left-right
asymmetry on a polarized target independent of

the details of the wave function. For production
of light-quark jets in e e the predicted polariza-
tion is also very small and so any observable

which could reflect polarization is satisfactory.
(For production of massive quarks in e'e the

predicted polarization may not be small above
threshold but below the scaling region, and we

must assume that a hadron, which is a fragment
of a polarized quark, will remember the polariza-
tion of the quark. ) It is, of course, possible that

light quarks could be produced with large polari-
zation (contrary to our QCD prediction), but that

the mechanism of quark fragmentation is such
that the quark spin direction is not remembered.
Because of such a possibility, the QCD predic-
tion would be contradicted by observing large
polarization effects; but an observation of small

polarization effects, while consistent with the

theory, is not a strong confir mation of the theory
until quark fragmentation is better understood.
On the other hand, by a general parity argu-

1978 The American Physical Society 1689
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Nature does not seem to cooperate

3

Generic p p data - xF and pT dependence

PΛ turns out to be negative

For pT above 1 GeV/c PΛ becomes flat

(measured up to pT ∼ 4 GeV/c)

DIS 2010, Florence, April 21, 2010 3

Generic p p data -
√

s (in)dependence

Comprehensive review of data by A.D. Panagiotou (Int.J.Mod.Phys.A 5 (1990) 1197)

DIS 2010, Florence, April 21, 2010 4

Comprehensive review of data by A.D. Panagiotou (Int. J. Mod. Phys. A5 (1990) 1197)

pp→ Λ↑X

p p

Λ

Λ
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• Measurement of AN in p p-scattering for different center of mass energies:

1976 2002 1991 2008

4.9 GeV 6.6 GeV 19.4 GeV 62.4 GeV

3

NR - NL

NR + NL
AN = 

• Only two models consistently describing the data:
* TMDs (Transverse Momentum Dependent) distributions
* high-twist correlations

• Interpretation not yet completely satisfactory

• All available models predict AN goes to zero at 
high pT  values.

• BUT: not yet DATA at such kinematic region

• all available data coming from p p scattering

MOTIVATION
Alejandro López Ruiz

Universiteit Gent
Florence/DIS 10

SSA in inclusive hadron production 

at HERMES

ANL BNL FNAL RHIC

√
s =

π+

π−

p p
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asymmetries persist 
even to RHIC energies
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 what’s the origin of these SSA?

fragmentation effect?

correlating transverse quark spin 
with transverse momentum

5

π+

π−

p p

+!

u
u

quark-distribution effect?

correlating transverse quark 
momentum with transverse spin 
of nucleon

!+

uv

d

[D.W. Sivers, PRD 41 (1990) 83]

+!

u
u

[J.C. Collins, NPB 396 (1993) 161]
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AFTER’13 - ECT*G. Schnell - UPV/EHU

Transverse spin

6

transverse-spin involves helicity flip

|↑↓〉 = 1

2
(|+〉± |−〉)
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hermes
Quark Distribution Functions

1
f =
q

g =
1L

-q

1
h = -
q

⇓ ⇓ ⇓
Unpolarized quarks
and nucleons

f
q
1
(x): spin averaged
(well known)

⇒ Vector Charge

〈PS|Ψ̄γµΨ|PS〉=
∫

dx(fq
1 (x) − f q̄

1 (x))

Longitudinally
polarized quarks
and nucleons

g
q
1
(x): helicity

difference (known)

⇒ Axial Charge

〈PS|Ψ̄γµγ5Ψ|PS〉=
∫

dx(gq
1(x) + gq̄

1(x))

Transversely
polarized quarks
and nucleons

h
q
1
(x): transversity
(hardly known!)

⇒ Tensor Charge

〈PS|Ψ̄σµνγ5Ψ|PS〉=
∫

dx(hq
1(x) − hq̄

1(x))

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 3/50
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quark polarimetry
helicity distribution:

transverse polarization:

7

!

z

y
x

!

➠ need additional “polarimeter” for transversely polarized quarks
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time reversal: spin & momentum directions change sign

if 
then (time-reversal invariance): 

                 SSA require interference effects!

Transverse SSA and time reversal

8

.

Transverse Single-Spin Asymmeties &

Time Reversion

!

!

Ph⊥

Ph⊥

Time reversion ⇒ spin and momentum directions reverse

or (using equations:) σ ∼ (k × Ph⊥) · S

! Time reversion ⇒ σ ∼ −(k × Ph⊥) · S

! Transverse SSA forbidden because of time-reversal
symmetry ???

Gunar Schnell Genties Group Meeting, February 17
th
, 2006 – p. 7/21

➠
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σ ∼ S · (k × Ph⊥)
σ ∼ −S · (k × Ph⊥)

σ
?≡ 0
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Transverse SSA and time reversal

non-vanishing                        structure requires interference 
of amplitudes (initial- of final-state interactions) with 
different imaginary parts

fragmentation functions involve interference of many 
amplitudes/channels:

➡ can those interfere constructively and produce such large 
effects?
(especially at high energies, when many particles can be 
produced)

what about leading-twist parton distribution functions?

9

S · (k × Ph⊥)
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+ +…
[S. Brodsky et al., Phys. Lett. B530, 99 (2002)]



AFTER’13 - ECT*G. Schnell - UPV/EHU

SSA: beyond leading-twist collinear approach

12

Low and high transverse momentum

Low High

q2
T ! Q2 M2 ! q2

T

M2 Q2

Intermediate

q2
T

M2 ! q2
T ! Q2

Thursday, April 16, 2009



AFTER’13 - ECT*G. Schnell - UPV/EHU

SSA: beyond leading-twist collinear approach

TMD: transverse-momentum-dependent distributions

12

Low and high transverse momentum

Low High

q2
T ! Q2 M2 ! q2

T

M2 Q2

Intermediate

q2
T

M2 ! q2
T ! Q2

Thursday, April 16, 2009

TMD 
factorization



AFTER’13 - ECT*G. Schnell - UPV/EHU

SSA: beyond leading-twist collinear approach

TMD: transverse-momentum-dependent distributions

12

Low and high transverse momentum

Low High

q2
T ! Q2 M2 ! q2

T

M2 Q2

Intermediate

q2
T

M2 ! q2
T ! Q2

Thursday, April 16, 2009

TMD 
factorization

twist-3 collinear 
factorization



AFTER’13 - ECT*G. Schnell - UPV/EHU

SSA: beyond leading-twist collinear approach

TMD: transverse-momentum-dependent distributions

12

Low and high transverse momentum

Low High

q2
T ! Q2 M2 ! q2

T

M2 Q2

Intermediate

q2
T

M2 ! q2
T ! Q2

Thursday, April 16, 2009

TMD 
factorization

twist-3 collinear 
factorization

overlap 
region



AFTER’13 - ECT*G. Schnell - UPV/EHU

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

each TMD describes a particular spin-
momentum correlation

functions in black survive integration 
over transverse momentum

functions in green box are chirally odd

functions in red are naive T-odd

13

1
2
Tr

[
(γ+ + λγ+γ5) Φ

]
=

1
2

[
f1 + Siεijkj 1

m
f⊥1T + λΛ g1 + λ Siki 1

m
g1T

]

1
2
Tr

[
(γ+ − sjiσ+jγ5) Φ

]
=

1
2

[
f1 + Siεijkj 1

m
f⊥1T + siεijkj 1

m
h⊥1 + siSih1

+ si(2kikj − k2δij)Sj 1
2m2

h⊥1T + Λ siki 1
m

h⊥1L

]
,

Spin-Momentum Structure of the Nucleon



AFTER’13 - ECT*G. Schnell - UPV/EHU

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

each TMD describes a particular spin-
momentum correlation

functions in black survive integration 
over transverse momentum

functions in green box are chirally odd

functions in red are naive T-odd

13

1
2
Tr

[
(γ+ + λγ+γ5) Φ

]
=

1
2

[
f1 + Siεijkj 1

m
f⊥1T + λΛ g1 + λ Siki 1

m
g1T

]

1
2
Tr

[
(γ+ − sjiσ+jγ5) Φ

]
=

1
2

[
f1 + Siεijkj 1

m
f⊥1T + siεijkj 1

m
h⊥1 + siSih1

+ si(2kikj − k2δij)Sj 1
2m2

h⊥1T + Λ siki 1
m

h⊥1L

]
,helicity

transversity
Sivers

Boer-Mulders

pretzelosity

worm-gear

Spin-Momentum Structure of the Nucleon



AFTER’13 - ECT*G. Schnell - UPV/EHU

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

14

ha
dr

on
 p

ol
.  

    

        

        

                        

        

        D1

G1

H⊥
1T

H⊥
1L

G⊥
1T

H⊥
1

TMD  fragmentation functions

similarly characterize hadronization process:

H1D⊥
1T



AFTER’13 - ECT*G. Schnell - UPV/EHU

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

14

ha
dr

on
 p

ol
.  

    

        

        

                        

        

        D1

G1

H⊥
1T

H⊥
1L

G⊥
1T

H⊥
1

TMD  fragmentation functions

similarly characterize hadronization process:

☚ relevant for unpolarized final state

H1D⊥
1T



AFTER’13 - ECT*G. Schnell - UPV/EHU

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

14

ordinary FF:

ha
dr

on
 p

ol
.  

    

        

        

                        

        

        D1

G1

H⊥
1T

H⊥
1L

G⊥
1T

H⊥
1

TMD  fragmentation functions

similarly characterize hadronization process:

☚ relevant for unpolarized final state

Collins FF:

Dq→h
1

H⊥,q→h
1

H1D⊥
1T



AFTER’13 - ECT*G. Schnell - UPV/EHU 15

q
?

Collins fctn. - chiral-odd fragmentation



AFTER’13 - ECT*G. Schnell - UPV/EHU 15

q
?

transverse-spin dependence 
in fragmentation

Collins fctn. - chiral-odd fragmentation



AFTER’13 - ECT*G. Schnell - UPV/EHU 15

q
?

transverse-spin dependence 
in fragmentation

left-right asymmetry in 
hadron direction transverse 
to both quark spin and 
momentum

Collins fctn. - chiral-odd fragmentation



AFTER’13 - ECT*G. Schnell - UPV/EHU 15

q
?

transverse-spin dependence 
in fragmentation

left-right asymmetry in 
hadron direction transverse 
to both quark spin and 
momentum

extracted from SIDIS and 
e+e- annihilation data

Collins fctn. - chiral-odd fragmentation



AFTER’13 - ECT*G. Schnell - UPV/EHU 15

transverse-spin dependence 
in fragmentation

left-right asymmetry in 
hadron direction transverse 
to both quark spin and 
momentum

extracted from SIDIS and 
e+e- annihilation data

Collins fctn. - chiral-odd fragmentation
π+

π−

u

 d
(x

)
T∆

x
 u

(x
)

T∆
x

  )
 d

(x
, k

T∆
x

  )
 u

(x
, k

T∆
x

x   (GeV)k

−0.1

0

0.1

0.2

0.3

0.4

0.2 0.4 0.6 0.8 1
−0.2

−0.15

−0.1

−0.05

0

0.05

0.1

−0.1

0

0.1

0.2

0.3

0.4

x = 0.1

0 0.2 0.4 0.6 0.8 1
−0.2

−0.15

−0.1

−0.05

0

0.05

0.1

x = 0.1

Figure 5. The transversity distribution functions
for u and d flavours as determined by our global
fit, at Q2 = 2.4 GeV2; we also show the Sof-
fer bound [46] (highest or lowest lines) and the
(wider) uncertainty bands of our previous extrac-
tion [20].

As it is well known, in a non relativistic the-
ory the helicity and the transversity distributions
should be equal. We then show in Fig. 7 the
extracted transversity distribution together with
the helicity distribution of Ref. [38] at Q2 = 2.4
GeV2. It results that, both for u and d quarks,
we have |∆T q| < |∆q|.

Another interesting quantity, related to the
first x-moment of the transversity distribution,
is the tensor charge:

δq =

∫ 1

0
dx (∆T q − ∆T q̄) =

∫ 1

0
dx∆T q (20)

where the last equality is valid for zero antiquark
transversity, as assumed in our approach. From
our analysis we get, at Q2 = 0.8 GeV2,

δu = 0.54+0.09
−0.22 δd = −0.23+0.09

−0.16 . (21)

Such values are quite close to various model pre-
dictions [47–50] for tensor charges which span the
ranges 0.5 ≤ δu ≤ 1.5 and −0.5 ≤ δd ≤ 0.5 (see
Fig. 8). In this context it is worth mentioning a
subtle point concerning the strong scale depen-
dence of the tensor charge, recently addressed in
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Figure 6. Favoured and unfavoured Collins frag-
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fit, at Q2 = 2.4 GeV2; we also show the positiv-
ity bound and the (wider) uncertainty bands as
obtained in Ref. [20].
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Figure 7. Comparison of the extracted transver-
sity (solid line) with the helicity distribution
(dashed line) at Q2 = 2.4 GeV2. The Soffer
bound [46] (blue solid line) is also shown.

Ref. [51]. For the effective models of baryons, as
those referred to above, the choice of their start-
ing energy scale and their Q2 evolution could play

M. Anselmino et al. / Nuclear Physics B (Proc. Suppl.) 191 (2009) 98–107104

[Anselmino et al., Nucl.Phys.Proc.Suppl.191 (2009) 98]
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Azimuthal spin asymmetries

.

hermes Azimuthal Single-Spin Asymmetries
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+ . . . I[. . .]: convolution integral over initial (pT )

and final (kT ) quark transverse momenta

⇒ 2D Max.Likelihd. fit of to get Collins and Sivers amplitudes:

PDF (2〈sin(φ ± φS)〉UT , . . . , φ, φS) = 1
2{1 + PT (2〈sin(φ ± φS)〉UT sin(φ ± φs) + . . .)}

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 11/50
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Fit azimuthal modulations, e.g., using Max.Likelihood:
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The COMPASS experiment @ CERN
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Jülich, SPIN 2010                                                             Krzysztof Kurek / 284
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The quest for transversely 
polarized quarks
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Twist-2 TMDs

significant in size and 
opposite in sign for charged 
pions

disfavored Collins FF large 
and opposite in sign to 
favored one

leads to various cancellations 
in SSA observables
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transversity distribution
(Collins fragmentation)
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Collins amplitudes

wealth of new results 
available and/or 
analyses ongoing

Jefferson Lab
[PRL 107 (2011) 072003]

COMPASS
[PLB 692 (2010) 240, 
 PLB 717 (2012) 376]

HERMES
[PLB 693 (2010) 11]

BELLE

BaBar

estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the!þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
We acknowledge the outstanding support of the JLab

Hall A technical staff and the Accelerator Division in
accomplishing this experiment. This work was supported
in part by the U. S. National Science Foundation, and by
DOE contract number DE-AC05-06OR23177, under
which the Jefferson Science Associates (JSA) operates
the Thomas Jefferson National Accelerator Facility.
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[HERMES, PLB 693 (2010) 11; COMPASS, PLB 717 (2012) 376]
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Collins FF and transversity fit
Milos, 27-29 September 2009

• Collins effect in SIDIS: Best Fit

Anselmino, Boglione, UD, Kotzinian, Melis, Murgia, Prokudin, Turk, NP Proc. Suppl. 2009
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• Collins effect in e+e− : Best Fit of Belle data
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

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

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

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

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

tributions to the fragmentation function H!

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

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

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

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

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

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

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

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

behavior.

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

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

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

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

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

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

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

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

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

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

relative momentum of the hadron pair.

– 3 –

transversity distribution
(2-hadron fragmentation)
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Fig. 4: Deuteron and proton asymmetries, integrated over the angle θ , as a function of x, z and Mhh, for
the data taken with the 6LiD (top) and NH3 target (bottom), respectively. The open data points in both
asymmetry distributions vs. Mhh include all hadron pairs with an invariant mass of Mhh ≥ 1.5 GeV/c2.
These pairs are discarded for the two other distributions, which are integrated over Mhh. The grey bands
indicate the systematic uncertainties, where the last bin in Mhh is not fully shown. The curves show the
comparison of the extracted asymmetries to predictions [37, 38] made using the transversity functions
extracted in Ref. [15] (solid lines) or a pQCD based counting rule analysis (dotted lines).1

5 Discussion of Results

The resulting asymmetries are shown in Fig. 4 as a function of x, z and Mhh for the 6LiD (top) and NH3
(bottom) targets, respectively. For 6LiD, no significant asymmetry is observed in any variable. For NH3,
large negative asymmetries are observed in the region x > 0.03, which implies that both transversity
distributions and polarised two-hadron interference fragmentation functions do not vanish. For x < 0.03,
the asymmetries are compatible with zero. Over the measured range of the invariant mass Mhh and z, the
asymmetry is negative and shows no strong dependence on these variables.
When comparing the results on the NH3 target to the published HERMES results on a transversely po-
larised proton target [28], the larger kinematic region in x and Mhh is evident. However, both results can-
not be directly compared for several reasons: (1) The opposite sign is due to the fact that in the extraction
of the asymmetries the phase π in the angle φRS is used in the COMPASS analysis; (2) COMPASS calcu-
lates asymmetries in the photon-nucleon system, while HERMES published them in the lepton-nucleon
system; both agree reasonably well when including Dnn corrections for HERMES; (3) HERMES uses
identified π+π− pairs and COMPASS h+h− pairs; (4) COMPASS applies a minimum cut on z, removing
a possible dilution due to contributions from target fragmentation.
A naive interpretation of our data, based on Eq. (7) and on isospin symmetry and charge conjugation,
yields D1,u = D1,d and H!

1,u =−H!
1,d [27]. When considering only valence quarks, the asymmetry AsinφRS

UT,d

is proportional to [hu
1 +hd

1 ]H
!
1,u for the deuteron target, while for the proton target AsinφRS

UT,p ∝ [4hu
1 −hd

1 ]H
!
1,u.

Therefore, like in the case of the Collins asymmetry, the small asymmetries observed for the deuteron
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Fig. 4: Deuteron and proton asymmetries, integrated over the angle θ , as a function of x, z and Mhh, for
the data taken with the 6LiD (top) and NH3 target (bottom), respectively. The open data points in both
asymmetry distributions vs. Mhh include all hadron pairs with an invariant mass of Mhh ≥ 1.5 GeV/c2.
These pairs are discarded for the two other distributions, which are integrated over Mhh. The grey bands
indicate the systematic uncertainties, where the last bin in Mhh is not fully shown. The curves show the
comparison of the extracted asymmetries to predictions [37, 38] made using the transversity functions
extracted in Ref. [15] (solid lines) or a pQCD based counting rule analysis (dotted lines).1

5 Discussion of Results

The resulting asymmetries are shown in Fig. 4 as a function of x, z and Mhh for the 6LiD (top) and NH3
(bottom) targets, respectively. For 6LiD, no significant asymmetry is observed in any variable. For NH3,
large negative asymmetries are observed in the region x > 0.03, which implies that both transversity
distributions and polarised two-hadron interference fragmentation functions do not vanish. For x < 0.03,
the asymmetries are compatible with zero. Over the measured range of the invariant mass Mhh and z, the
asymmetry is negative and shows no strong dependence on these variables.
When comparing the results on the NH3 target to the published HERMES results on a transversely po-
larised proton target [28], the larger kinematic region in x and Mhh is evident. However, both results can-
not be directly compared for several reasons: (1) The opposite sign is due to the fact that in the extraction
of the asymmetries the phase π in the angle φRS is used in the COMPASS analysis; (2) COMPASS calcu-
lates asymmetries in the photon-nucleon system, while HERMES published them in the lepton-nucleon
system; both agree reasonably well when including Dnn corrections for HERMES; (3) HERMES uses
identified π+π− pairs and COMPASS h+h− pairs; (4) COMPASS applies a minimum cut on z, removing
a possible dilution due to contributions from target fragmentation.
A naive interpretation of our data, based on Eq. (7) and on isospin symmetry and charge conjugation,
yields D1,u = D1,d and H!

1,u =−H!
1,d [27]. When considering only valence quarks, the asymmetry AsinφRS

UT,d

is proportional to [hu
1 +hd

1 ]H
!
1,u for the deuteron target, while for the proton target AsinφRS

UT,p ∝ [4hu
1 −hd

1 ]H
!
1,u.

Therefore, like in the case of the Collins asymmetry, the small asymmetries observed for the deuteron
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first (collinear) extraction of transversity 
(compared to Anselmino et al.)
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considering the errors on the parametrization and taking
the upper and lower limits for the combination of interest.
Our data points seem not in disagreement with the extrac-
tion. However, a word of caution is needed here: while the
error bars of our data points correspond to 1! deviation
from the central value, the uncertainty on the parametriza-
tion [32] corresponds to a deviation !"2 ! 17 from the
best fit (see Ref. [33] for more details). In any case, to draw
clearer conclusions more data are needed (e.g., from the
COMPASS Collaboration [18]).

In summary, we have presented a determination of the
transversity parton distribution in the framework of collinear
factorization by using data for pion-pair production in deep-
inelastic scattering off transversely polarized targets, com-
bined with data of eþe# annihilations into pion pairs. The
final trend of the extracted transversity seems not to be in
disagreement with the transversity extracted from the
Collins effect [32]. More data are needed to clarify the issue.
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transversity extraction

combining SIDIS (COMPASS & HERMES) and e+e- data (BELLE):

promising agreement between collinear and TMD extraction of transversity

no obvious sign of difference in TMD (Collins) from collinear (dihadron) FF 
evolution
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Figure 8.4.6: Illustration of the scattering process off a u quark in the semi–

classical picture with the production of a π+ meson.

momentum adds to the quark momentum in the top and subtracts in the bottom. Hence,

a quark with a given momentum fraction xq is probed by the virtual photon at a higher

momentum fraction xobs > xq in the top and a smaller fraction xobs < xq in the bottom.

In the top the unpolarised DF is therefore shifted towards higher x values while in the

bottom it is shifted to smaller x values as shown in the right panel of Figure 8.4.5. Since the

unpolarised DF decreases with increasing values of x in the valence region, the increase

of the momentum on one side of the nucleon spin results in a larger number of quarks for

a certain observed momentum fraction xobs at this side. At the opposite side, less quarks

are observed at xobs due to the decrease of the quark momentum, resulting in a distortion

of the DF at xobs towards the top. For quarks with antialigned orbital angular momentum,

the DF is distorted towards the bottom. This semi–classical picture thus yields a positive

orbital angular momentum for u quarks and a negative orbital angular momentum for d

quarks.

In Figure 8.4.6 the scattering process is schematically illustrated for a nucleon spin

orientation perpendicular to the scattering plane, i.e., φS = π/2. For a positive orbital

angular momentum of the u quarks, the u quark density is enhanced in the left hemi-

sphere of the nucleon when looking along the virtual–photon direction so that it will be

absorbed more likely by a u quark in that region. After the absorption, final–state inter-

actions (FSI) (cf. Section 2.4.3) bend the quark towards the centre. The FSI are attractive

since struck quark and the spectators—the remaining quarks from the nucleon—form a

colour antisymmetric state. The outgoing positive pion that contains the struck quark is

therefore observed on the right–hand side of the nucleon spin, i.e., φ = π. Thus, the de-

scription of the quark DFs in the impact parameter space yields a positive Sivers moment

sin(φ − φS) = sin π > 0 for u quarks fragmenting into π+. This is consistent with the positive

Sivers amplitudes for π+ in the HERMES data which are dominated by the scattering off u

quarks. In case of π− production, both u and d quarks have to be taken into account

because of the quark–charge factor e2
q and the results cannot be interpreted solely in

terms of d quark scattering. Scattering from d quarks alone would yield a negative Sivers

moment so that the two quark flavours contribute with opposite sign to the Sivers moment

and their contributions might cancel.
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Sivers amplitudes for pions
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Sivers amplitudes for pions
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☛ d-quark Sivers DF > 0 
   (cancelation for π-)

Sivers amplitudes for pions
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cancelation for D target 
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cancelation for D target 
supports opposite signs of 
up and down Sivers

new results from JLab using 
3He target and from 
COMPASS for proton 
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the!þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
We acknowledge the outstanding support of the JLab

Hall A technical staff and the Accelerator Division in
accomplishing this experiment. This work was supported
in part by the U. S. National Science Foundation, and by
DOE contract number DE-AC05-06OR23177, under
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.
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in Fig. 2. Corrections from the proton Collins or Sivers
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behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].
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provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
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ments of TMDs with a large acceptance detector SoLID
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the!þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the!þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the!þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the!þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty infp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the!þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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Fig. 2: Sivers asymmetry as a function of z and ph
T for positive (top) and negative (bottom) hadrons. The

open points (◦ , slightly shifted horizontally) are the values obtained in the range 0.032 < x < 0.70. The

closed points (•) refer to the full x range and are the same as in fig. 1.
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shifted horizontally) and 0.2 < y < 0.9 (open squares, #) .

shows the Sivers asymmetries measured in these three bins ofy as a function of x, z, and ph
T respectively.

No particular trend is observed in the case of the asymmetries for negative hadrons (bottom plots), which

stay compatible with zero as for the standard sample. A clear increase of the Sivers asymmetry for

positive hadrons is visible for the low-y data. This strong effect can not be due to the slightly different

mean values of x, since the Sivers asymmetry does not exhibit an x dependence for x > 0.032. On
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the contrary, it could be associated with the smaller values of Q2 and/or with the smaller values of the

invariant mass of the hadronic systemW . A similar dependence of the asymmetries on y was already

noticed in the published results from the 2007 data. As can be seen from fig. 4 (left panel), there is a

strong correlation between the y andW mean values: the mean values ofW in the high x bins are about

3 GeV/c2 for the sample 0.05 < y < 0.1 and larger than 5 GeV/c2 for the standard sample 0.1 < y < 0.9

(middle panel of fig. 4). On the other hand, as can be seen in the right panel of fig. 4, bins at smaller

y have smaller values of 〈Q2〉. In particular, in each x bin the Q2 mean value decreases by about a

factor of 3 for the sample 0.05 < y < 0.1 with respect to the standard sample. Although the situation

might be different in the target fragmentation region [27], in the current fragmentation region the Sivers

asymmetry is not expected to depend on y (or onW ), while some Q2 dependence should exist due to the

Q2 evolution of both the FFs and the TMD PDFs.

Very recently first attempts to estimate the impact of the Q2 evolution of the Sivers function [28] led

to encouraging results. In ref. [29] the Sivers asymmetry was evaluated for the HERMES kinematic

region using the Sivers functions of ref. [30] and then evolved to the COMPASS kinematic region. The

measured z dependence of the Sivers asymmetries for 0.1 < y < 0.9 is compared with the calculated

one in fig. 5, for the entire x region and for x > 0.032. The linear trend of the data up to z $ 0.75 is
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dashed curve is the result of evolving to the COMPASS scale using the full TMD-evolution of Ref. [16].

was not available at that time. We note that the anal-
ysis of Ref. [22] also uses deuteron data [32] from the
COMPASS experiment, which corresponds to higher val-
ues of Q2. However, the COMPASS asymmetry [32] on
deuteron target is very small due to strong cancellations
between the up and down quark Sivers functions and thus
is not heavily affected by the evolution. We have verified
that the results of the Torino fits are negligibly altered
if the deuterium data are excluded and only HERMES
data [27] are used in the fit, and the main result of our
present analysis is not affected.

Our calculations will follow the steps of Ref. [16]. For
gK , we use the functional form gK = 1

2g2b
2
T with g2 =

0.68 GeV2 [33], which was obtained by fits performed
using Drell-Yan data. In Eq. (4), this corresponds to
using C1 = 1.123 and bmax = 0.5 GeV−1. All anomalous
dimensions and K̃ are calculated to lowest non-vanishing
order as in Refs. [14, 15].

In Fig. 1(a,b), we show the evolution using the full
TMD-factorization approach as expressed in Eq. (4),
where the evolution is due to the terms in the expo-
nential. The evolution is applied to the most recent
Torino fits [22] as a function z and Ph⊥ , and use
hard scales corresponding to both HERMES data [27]
and recent preliminary COMPASS data [28]. The re-
sult of the evolution is compared with the data. The
x-dependent asymmetry is not ideal for the comparison
because there are strong correlations between x and Q2.
(Recall Q2 ! xys.) However, z or Ph⊥ dependent asym-
metries are measured at almost the same hard scales,
namely 〈Q2〉Hermes ! 2.4 GeV2 and 〈Q2〉COMPASS ! 3.8
GeV2, so we focus on the Sivers asymmetry as a func-
tion of these variables. (For the preliminary h+ COM-
PASS data that we use, 〈Q2〉 varies between 3.63 GeV2

and 3.88 GeV2, in the range of z from 0.2 to 0.7. The
corresponding variation in our calculation is negligible

relative to the variation between the HERMES and pre-
liminary COMPASS data sets.) We observe that includ-
ing QCD evolution leads to excellent consistency between
the HERMES [27] and preliminary COMPASS data [28],
without the need for further fitting. A critical point
is that the information about the non-perturbative evo-
lution contained in gK is taken from the measurement
of a totally different observable, at much higher energy
scales [33] (unpolarized Drell-Yan scattering up to Teva-
tron energies). In Fig. 1(b) we show a similar plot but
for the Ph⊥ dependence. That the same gK successfully
describes TSSA at HERMES and COMPASS is com-
pelling evidence for the universality of gK predicted by
the TMD-factorization theorem.

In Fig. 2, we show the evolution of the full asymmetry
to higher values ofQ2. The precise quantity plotted is the
asymmetry given in Eq. (3) as a function of z, integrated
over x, y and PT . Note that, although Refs. [15, 16] re-
port a strong suppression of the unpolarized TMDs and
the Sivers function itself with increasing Q2, the TSSA is
not as heavily suppressed. Therefore, it may be expected
that the Sivers SSA remains significant at the higher Q
values of experiments planned at the Relativistic Heavy
Ion Collider (RHIC) and the EIC. Still, the QCD evolu-
tion effects are clearly non-negligible and should be cor-
rectly included in future extractions. Ref. [9] predicts a
roughly ∼ 1/

√
Q suppression for the peak of the Sivers

asymmetry as a function of transverse momentum, for
large Q2 >∼ 10 GeV2. We find that, for the full asymme-
try integrated over all transverse momentum, a power-
like scaling law does not provide a good description in
the range of Q in Fig. 2. Generally, we find that the evo-
lution leads to suppression that is faster than ∼ 1/

√
Q,

but slower than ∼ 1/Q2. We caution, however, that a
completely correct treatment at large Q must include the
Y -term in Eq. (2), and it is possible that this will weaken

arXiv:1112.4423
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the contrary, it could be associated with the smaller values of Q2 and/or with the smaller values of the

invariant mass of the hadronic systemW . A similar dependence of the asymmetries on y was already

noticed in the published results from the 2007 data. As can be seen from fig. 4 (left panel), there is a

strong correlation between the y andW mean values: the mean values ofW in the high x bins are about

3 GeV/c2 for the sample 0.05 < y < 0.1 and larger than 5 GeV/c2 for the standard sample 0.1 < y < 0.9

(middle panel of fig. 4). On the other hand, as can be seen in the right panel of fig. 4, bins at smaller

y have smaller values of 〈Q2〉. In particular, in each x bin the Q2 mean value decreases by about a

factor of 3 for the sample 0.05 < y < 0.1 with respect to the standard sample. Although the situation

might be different in the target fragmentation region [27], in the current fragmentation region the Sivers

asymmetry is not expected to depend on y (or onW ), while some Q2 dependence should exist due to the

Q2 evolution of both the FFs and the TMD PDFs.

Very recently first attempts to estimate the impact of the Q2 evolution of the Sivers function [28] led

to encouraging results. In ref. [29] the Sivers asymmetry was evaluated for the HERMES kinematic

region using the Sivers functions of ref. [30] and then evolved to the COMPASS kinematic region. The

measured z dependence of the Sivers asymmetries for 0.1 < y < 0.9 is compared with the calculated

one in fig. 5, for the entire x region and for x > 0.032. The linear trend of the data up to z $ 0.75 is

[PLB 717 (2012) 383]
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AUU2 ! charged hadrons ! 2004 data preliminary

↑ ph
T ; → x σsys ≈ 2 · σstat

↪→ strongest signal at low x and low ph
T

Chr. Braun (Uni Erlangen) COMPASS TMD results QCD-N’12 Bilbao 63 / 82

preliminary results by COMPASS confirm non-vanishing cosine 
modulations

 [G. Sbrizzai @ SPIN’12]
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Deviation from Lam-Tung relation in NNLO O(!s2) pQCD is (at least) an order 
of magnitude smaller and of opposite sign   

[Brandenburg, Nachtmann & Mirkes '93; Mirkes & Ohnemus '95]

With collinear parton densities, only higher order gluon emission can generate 
deviations from Lam-Tung  
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Large deviations from Lam-Tung 
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possible source: Boer-Mulders effect

40

Deviation from Lam-Tung relation in NNLO O(!s2) pQCD is (at least) an order 
of magnitude smaller and of opposite sign   

[Brandenburg, Nachtmann & Mirkes '93; Mirkes & Ohnemus '95]

With collinear parton densities, only higher order gluon emission can generate 
deviations from Lam-Tung  

Failure of collinear pQCD treatment

Large deviations from Lam-Tung 
relation observed in pion-induced DY 
[NA10 ('86/'88) & E615 ('89)]

Spin averaged scattering of protons

!*

Large deviations from the Lam-Tung 
relation were observed in DY
[NA10 ('86/'88) & E615 ('89)]

ẑ
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possible source: Boer-Mulders effect

much smaller effect for pp and pd DY
➟valence BM effect? 
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TABLE I: Mean values of the λ, µ, ν parameters and the quan-
tity 2ν − (1 − λ) for three Drell-Yan measurements. The pT

dependence of these quantities is shown in Fig. 1.

p + d π− + W π− + W

800 GeV/c 194 GeV/c 252 GeV/c

(E866) (NA10) (E615)

〈λ〉 1.07 ± 0.07 0.83 ± 0.04 1.17 ± 0.06

〈µ〉 0.003 ± 0.013 0.008 ± 0.010 0.09 ± 0.02

〈ν〉 0.027 ± 0.010 0.091 ± 0.009 0.169 ± 0.019

〈2ν − (1 − λ)〉 0.12 ± 0.07 0.01 ± 0.04 0.51 ± 0.07

Several settings of the currents in the three dipole mag-
nets (SM0, SM12, SM3) were used in order to optimize
acceptance for different dimuon mass regions. Data col-
lected with the “low mass” and “high mass” settings [26]
on liquid deuterium and empty targets were used in this
analysis. The detector system consisted of four track-
ing stations and a momentum analyzing magnet (SM3).
Tracks reconstructed by the drift chambers were extrapo-
lated to the target using the momentum determined from
the bend angle in SM3. The target position was used to
refine the parameters of each muon track.

From the momenta of the µ+ and µ−, kinematic vari-
ables of the dimuons (xF , mµµ, pT ) were readily recon-
structed. The muon angles θ and φ in the Collins-Soper
frame [27] were also calculated. To remove the quarko-
nium background, only events with 4.5 < mµµ < 9
GeV/c2 or mµµ > 10.7 GeV/c2 were analyzed. A total
of 118,000 p + d Drell-Yan events covering the decay an-
gular range −0.5 < cos θ < 0.5 and −π < φ < π remain.
Detailed Monte-Carlo simulations for the experiment us-
ing the MRST98 parton distribution functions [28] for
NLO Drell-Yan cross sections have shown good agree-
ments with the data for a variety of measured quantities.

Figure 1 shows the angular distribution parameters
λ, µ, and ν vs. pT . To extract these parameters, the
Drell-Yan data were grouped into 5 bins in cosθ and 8
bins in φ for each pT bin. A least-squares fit to the data
using Eq. 1 to describe the angular distribution was per-
formed. Only statistical errors are shown in Fig. 1. The
primary contributions to the systematic errors are the
uncertainties of the incident beam angles on target. The
analysis has been performed allowing the beam angles to
vary within their ranges of uncertainty. From this study,
we found that the systematic errors are comparable to the
statistical errors for each individual pT bin. However, the
pT averaged values 〈λ〉, 〈µ〉, and 〈ν〉, are dominatd by the
statistical errors.

For comparison with the p + d Drell-Yan data, the
NA10 π− +W data at 194 GeV/c and the E615 π− +W
data at 252 GeV/c are also shown in Fig. 1. To test the
validity of the Lam-Tung relation, also shown in Fig. 1
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FIG. 2: Parameter ν vs. pT in the Collins-Soper frame for
three Drell-Yan measurements. Fits to the data using Eq. 3
and MC = 2.4 GeV/c2 are also shown.

is the quantity, 2ν − (1 − λ), for all three experiments.
For p + d at 800 GeV/c, Fig. 1 shows that λ is consis-
tent with 1, in agreement with previous studies [3, 25],
while µ and ν deviate only slightly from zero. This is in
contrast to the pion-induced Drell-Yan results, in which
much larger values of ν are found. Table I lists the mean
values of λ, µ, ν and 2ν − (1 − λ) for these three experi-
ments. Again, the qualitatively different behavior of the
azimuthal angular distributions for p + d versus π− + W
is evident. It is also interesting to note that while E615
clearly establishes the violation of the Lam-Tung rela-
tion, the NA10 and the p + d data are largely consistent
with the Lam-Tung relation.

In an attempt to extract information on the magnitude
of the h⊥

1 function from the NA10 data, Boer [17] as-
sumed that h⊥

1 is proportional to the spin-averaged par-
ton distribution function f1:

h⊥

1 (x, k2
T ) = CH

αT

π

MCMH

k2
T + M2

C

e−αT k2

T f1(x), (2)

where kT is the quark transverse momentum, MH is the
mass of the hadron H (pion or nucleon), and MC and
CH are constant fitting parameters. A Gaussian trans-
verse momentum dependence of e−αT k2

T with αT = 1
(GeV/c)−2 was assumed. The cos 2φ dependence then
results from the convolution of the pion h⊥

1 /f1 term with
the nucleon h⊥

1 /f1 term, and the parameter ν is given as

ν = 16κ1

p2
T M2

C

(p2
T + 4M2

C)2
, (3)

where κ1 = CH1
CH2

/2, and H1, H2 denote the two inter-
acting hadrons. As shown in Fig. 2, a good description
of the NA10 data is obtained with κ1 = 0.47 ± 0.14 and
MC = 2.4 ± 0.5 GeV/c2. A fit to the E615 ν data at
252 GeV/c using MC = 2.4 GeV/c2, also shown in Fig.
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FIG. 10: (color online)AN as a function of the corrected mean
pT for 2006 transverse data. The panels present AN for four
different η bins. AN is the left-right single-spin asymmetry for
a transversely polarized beam. The errors shown combine the
statistical uncertainties, which dominate, with all systematic
uncertainties except trigger and reconstruction bias. See Sect.
VA for a discussion of the latter.

cross-ratio technique [64], and the results combined. The
statistical precision for this measurement was sufficient
to allow measurements as a function of jet transverse
momentum in 4 bins of pseudorapidity relative to the
polarized beam, as shown in Fig. 10.

The double-spin asymmetry AΣ was determined by av-
eraging over the entire range of pseudorapidity and az-
imuth, using analysis procedures identical to those for
ALL. The results for AΣ are given in Fig. 11. We are not
aware of any theoretical predictions for AΣ. However, it
plays an important role in the estimation of the system-
atic uncertainty in ALL due to residual transverse spin
components in the beam (see Sect. IVC2). A statis-
tically significant measurement of ATT could be made
only by averaging over the full data set and extract-
ing the coefficient of the cos(2φ) dependence on the az-
imuthal angle from the fit shown in Fig. 12. We find
ATT = −0.0049 ± 0.0046. This precision is not yet
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FIG. 11: (color online) AΣ versus corrected mean pT for 2006
transverse data, averaged over the range |η| < 0.8. AΣ, the
transverse double-spin asymmetry for transversely polarized
beams, is defined in more detail in the text.
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FIG. 12: (color online) Measured transverse double-spin
asymmetry versus azimuthal angle φ for 2006 transverse data.
The points are fit with the function AΣ+ATT cos(2φ). These
data are averaged over 7.5 < pT <40 GeV/c and |η| < 0.8.

sufficient to confront predictions of ATT due to quark
transversity [41].

C. Systematic Uncertainties

1. Trigger and Reconstruction Bias

Jet pT resolution effects shown in Fig. 5 cause aver-
aged shifts in the jet pT scale as discussed in the previ-
ous section. Additionally, jet events are selected based
on neutral energy triggers, that preferentially select jets
with characteristics that differ from those of the unbiased
jet distribution. For example, for the same jet momen-
tum, the HT trigger will preferentially fire on jets with

[STAR, PRD 86 (2012) 032006]
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photon relevant

cross section proportional to 
SN (k x ph) ~ sinφ
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NU - ND

NU + ND
AUT = 

target spin UP

target spin DOWN

transversely polarized target

unpolarized beam

collected hadrons with

Here, σUU is the unpolarized cross section, L↑(↓) is the total luminosity in the ↑ (↓)
polarization state, L↑(↓)

P =
∫

L↑(↓)(t) P (t) dt is the integrated luminosity weighted by the
magnitude P of the target polarization, and Ω is the detector acceptance efficiency. The
sin φ azimuthal dependence derivates from the integration of the spin-dependent part of
the cross section over all leptonic variables [11]; Asin φ

UT refers to its amplitude.
With the use of Eq. (2.2), it can be approximated, for small differences of the two

average target polarizations 〈P ↑(↓)〉 = L↑(↓)
P /L↑(↓), as

AUT (pT , xF , φ) % Asin φ
UT sin φ +

1

2

〈P ↓〉 − 〈P ↑〉
〈P ↑〉〈P ↓〉 . (2.3)

Variable Bins Bin borders

pT 10 [0.0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0, 1.2, 3.0] GeV

xF 10 [-0.01, 0.1, 0.13, 0.17, 0.2, 0.23, 0.27, 0.3, 0.37, 0.43, 1]

φ 20 [0.0, 0.27, 0.54, 0.81, 1.08, 1.35, 2.02, 2.29, 2.56, 2.83,
3.10, 3.37, 3.64, 3.91, 4.18, 4.45, 5.17, 5.44, 5.71, 5.98, 6.29] rad

Table 1: Binning in the kinematic variables pT and xF . For the azimuthal angle φ, the
binning was carefully selected to avoid having bins with no (or very low) statistics due
to the gap in the acceptance around the beam pipe.

As shown in Table 2, 〈P ↑〉 and 〈P ↓〉 are the same for all data taking periods.

Year 〈P ↑〉 〈P ↓〉 〈∆P 〉 ∆Apol
UT

2002 0.783 0.783 0.041 5.24%

2003 0.795 0.795 0.033 4.15%

2004 0.737 0.737 0.056 7.53%

2005 0.705 0.705 0.065 9.24%

all 0.713 0.713 0.063 8.81%

Table 2: Average target polarizations for the data sets used in this analysis. The last two
column contain the average uncertainty on the measurement of the target polarization,
and the relative uncertainty which is transferred to the asymmetries.

The relation between the sinφ amplitude Asin φ
UT and the left-right asymmetry AN can

be easily obtained, in the case of a detector with full 2π-coverage, as

AN =

∫ π

0 dφσUT sin φ∫ π

0 dφσUU
= 2

π · Asin φ
UT . (2.4)

3

relation to the left-right asymmetry:

Figure 1: Overview of measured SSAs in inclusive hadron production.

are undefined, like xB, Q2 or φS. A natural choice, an equivalent to the previous set of
“leptonic” variables, is to use instead:

• pT , the transverse momentum of the hadron,

• , xF = 2pL/
√

s, related to the longitudinal momentum pL of the hadron

• φ, the azimuthal angle about the beam direction between the hadron momentum
and the “upwards” target spin direction.

The reader is also reffered to Florian’s thesis[10] for further information on the analysis
that may not have been covered in this report.
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where N↑(↓) are the number of events measured in bins of pT and φ. The complete analysis
was analogously performed in bins of xF and φ.

Given the extense set of data collected (about 120 million tracks), a much finer binning
was chosen in comparison to what other (SI)DIS analyses at Hermes allow. The same
binning was used for kaons and pions making comparisons and interpretations easier. See
Table 1 for details. For the 2D analysis, see section 4.2.
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can be expressed as
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s, related to the longitudinal momentum pL of the hadron

• φ, the azimuthal angle about the beam direction between the hadron momentum
and the “upwards” target spin direction.

The reader is also reffered to Florian’s thesis[10] for further information on the analysis
that may not have been covered in this report.
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Here, σUU is the unpolarized cross section, L↑(↓) is the total luminosity in the ↑ (↓)
polarization state, L↑(↓)

P =
∫

L↑(↓)(t) P (t) dt is the integrated luminosity weighted by the
magnitude P of the target polarization, and Ω is the detector acceptance efficiency. The
sin φ azimuthal dependence derivates from the integration of the spin-dependent part of
the cross section over all leptonic variables [11]; Asin φ

UT refers to its amplitude.
With the use of Eq. (2.2), it can be approximated, for small differences of the two

average target polarizations 〈P ↑(↓)〉 = L↑(↓)
P /L↑(↓), as

AUT (pT , xF , φ) % Asin φ
UT sin φ +

1

2

〈P ↓〉 − 〈P ↑〉
〈P ↑〉〈P ↓〉 . (2.3)

Variable Bins Bin borders

pT 10 [0.0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0, 1.2, 3.0] GeV

xF 10 [-0.01, 0.1, 0.13, 0.17, 0.2, 0.23, 0.27, 0.3, 0.37, 0.43, 1]

φ 20 [0.0, 0.27, 0.54, 0.81, 1.08, 1.35, 2.02, 2.29, 2.56, 2.83,
3.10, 3.37, 3.64, 3.91, 4.18, 4.45, 5.17, 5.44, 5.71, 5.98, 6.29] rad

Table 1: Binning in the kinematic variables pT and xF . For the azimuthal angle φ, the
binning was carefully selected to avoid having bins with no (or very low) statistics due
to the gap in the acceptance around the beam pipe.

As shown in Table 2, 〈P ↑〉 and 〈P ↓〉 are the same for all data taking periods.

Year 〈P ↑〉 〈P ↓〉 〈∆P 〉 ∆Apol
UT

2002 0.783 0.783 0.041 5.24%

2003 0.795 0.795 0.033 4.15%

2004 0.737 0.737 0.056 7.53%

2005 0.705 0.705 0.065 9.24%

all 0.713 0.713 0.063 8.81%

Table 2: Average target polarizations for the data sets used in this analysis. The last two
column contain the average uncertainty on the measurement of the target polarization,
and the relative uncertainty which is transferred to the asymmetries.

The relation between the sinφ amplitude Asin φ
UT and the left-right asymmetry AN can

be easily obtained, in the case of a detector with full 2π-coverage, as

AN =

∫ π

0 dφσUT sin φ∫ π

0 dφσUU
= 2

π · Asin φ
UT . (2.4)

3

relation to the left-right asymmetry:

Figure 1: Overview of measured SSAs in inclusive hadron production.

are undefined, like xB, Q2 or φS. A natural choice, an equivalent to the previous set of
“leptonic” variables, is to use instead:

• pT , the transverse momentum of the hadron,

• , xF = 2pL/
√

s, related to the longitudinal momentum pL of the hadron

• φ, the azimuthal angle about the beam direction between the hadron momentum
and the “upwards” target spin direction.

The reader is also reffered to Florian’s thesis[10] for further information on the analysis
that may not have been covered in this report.
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where N↑(↓) are the number of events measured in bins of pT and φ. The complete analysis
was analogously performed in bins of xF and φ.

Given the extense set of data collected (about 120 million tracks), a much finer binning
was chosen in comparison to what other (SI)DIS analyses at Hermes allow. The same
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all together:

Inclusive hadron electro-production
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ep↑ → hX

!SN !ph

φ

scattered lepton undetected
➥ lepton kinematics unknown 

dominated by quasi-real 
photo-production (low Q2) 
➥ hadronic component of 
photon relevant

cross section proportional to 
SN (k x ph) ~ sinφ

AN ≡
∫ 2π

π dφ σUT sin φ−
∫ π
0 dφ σUT sin φ

∫ 2π
0 dφ σUU

= − 2
π

Asin φ
UT
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Inclusive hadron electro-production
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ep↑ → hX

!SN !ph

φ

lepton beam going 
into the page

!SN !ph

φS

φh

lepton scattering plane

ep↑ → ehX

virtual photon going 
into the page φ ! φh − φS

➠ “Sivers angle”
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Inclusive hadrons in ep
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Inclusive hadrons in ep
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Don’t forget these hyperons?
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Generic p p data - xF and pT dependence

PΛ turns out to be negative

For pT above 1 GeV/c PΛ becomes flat

(measured up to pT ∼ 4 GeV/c)

DIS 2010, Florence, April 21, 2010 3

Generic p p data -
√

s (in)dependence

Comprehensive review of data by A.D. Panagiotou (Int.J.Mod.Phys.A 5 (1990) 1197)

DIS 2010, Florence, April 21, 2010 4

Comprehensive review of data by A.D. Panagiotou (Int.J.Mod.Phys.A 5 (1990) 1197)

pp→ Λ↑X

p p

Λ

Λ
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combining all these data

47

 [Burkardt,  PRD 66 (2002) 114005]

will be more likely to result in a neutron that is deflected to

the left !Fig. 6". In summary, we therefore expect neutrons to
be more likely to be produced to the left of the beam if the

proton spin is downward and to the right if its spin is up-

ward, corresponding to a negative analyzing power. This re-

sult agrees with a recent measurement at RHIC #14$.
We should emphasize that similar reasoning for inclusive

hyperon production also implies a spin asymmetry with re-

spect to the incident proton spin. If we define again a posi-

tive analyzing power AN if protons with spin up give rise to

a final state hadron that is deflected to the left, then p→%
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and the target have initially opposite momenta. As an ex-
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inclusive electro-production of pions on a transversely polar-
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a u valence quark !e.g. (#,(0,)0,K#) occurs dominantly
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