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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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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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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

7

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
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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

|↑↓〉 = 1

2
(|+〉± |−〉)

〈↑| Ô |↑〉 − 〈↓| Ô |↓〉 ∝ 〈+| Ô |−〉 − 〈−| Ô |+〉

PDFs:
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PDFs:

need to couple to chiral-odd fragmentation function:
transverse spin transfer (polarized final-state hadron)

2-hadron fragmentation

Collins fragmentation
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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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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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−0.16 . (21)
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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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Fig. 2. Diagrams contributing in 1-particle inclusive deep-inelastic scattering.

(handbag) diagrams in Figs. 1(a) and 2(a) only involve quark–quark matrix elements. In

DIS the hadron momentum defines the lightcone direction n+ and the nonlocality in the

matrix elements is restricted along the lightcone direction n− (for which n+ · n− = 1). As

is well known, diagrams as in Fig. 1(b) with any number of A+ = A · n− gluons yield

the necessary gauge link connecting the two quark fields [11]. The nonlocal quark–quark

operator combination with a gauge link can be expanded into a tower of local twist-two

operators with different spins. Their matrix elements appear in the cross section as leading

terms in an expansion in inverse powers of the hard scale. Diagrams with (transverse)

Aα
T gluons or with A− gluons appear in matrix elements of higher twist operators, which

appear in the cross section in terms suppressed by inverse powers of the hard scale.

The situation in SIDIS (Fig. 2), discussed in Section 3, differs in a subtle way from

that of DIS, because the nonlocality in the operator combinations is not restricted to

the lightcone, but involves also transverse separations. The kinematics only constrain the

nonlocality to the light front. In our analysis we first consider theA+ gluon legs in diagrams

DIS
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Fig. 7. Quark–quark (a) and one of the quark–quark–gluon (b) correlators in tree-level diagrams for back-to-back

jet production in electron–positron annihilation.

where the hermiticity properties of the various matrix elements have been used (see

Section 7).

6. Back-to-back jet production in electron–positron annihilation

Also for 2-particle inclusive electron–positron annihilation we have a quite similar

procedure. The calculation involves two soft fragmentation parts and the creation of a

quark–antiquark pair. We will discuss only the case of creation from a (timelike) photon.

The handbag diagram is given in Fig. 7(a) and an example of a diagram involving an

additional gluon in Fig. 7(b).

The calculation of this tensor in a diagrammatic expansion proceeds as in the case of

leptoproduction and gives

Wµν(q;P1, S1;P2, S2)

=
∫

d4p d4k δ4(p + k − q)

{

Tr
(

∆̄(p)γµ∆(k)γν

)

−
∫

d4p1 Tr

(

γα
/k + /p1 + m

(k + p1)2 − m2 + iε
γν∆̄

α
A(p,p − p1)γµ∆(k)

)

−
∫

d4p1 Tr

(

γµ
/k + /p1 + m

(k + p1)2 − m2 − iε
γα∆(k)γν∆̄

α
A(p − p1,p)

)

−
∫

d4k1 Tr

(

γν
−/p − /k1 + m

(p + k1)2 − m2 + iε
γα∆̄(p)γµ∆α

A(k − k1, k)

)

(80)−
∫

d4k1 Tr

(

γα
−/p − /k1 + m

(p + k1)2 − m2 − iε
γµ∆α

A(k, k − k1)γν∆̄(p)

)}

+ · · · ,

e+e-
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Fig. 6. Quark–quark (a) and one of the quark–quark–gluon (b) correlators in tree-level diagrams for Drell–Yan

scattering.

5. The Drell–Yan cross sections

For Drell–Yan, one has a similar treatment as for leptoproduction. The calculation

involves now two soft distribution parts and annihilation of a quark–antiquark pair into

a gauge boson (we will only discuss the vector coupling here). The handbag diagram is

given in Fig. 6(a) and an example of a diagram with an additional gluon in Fig. 6(b).

A full calculation at tree level including quark–gluon matrix elements as discussed for

leptoproduction gives in this case

2MWµν(q;PA,SA;PB,SB)

=
∫

d4p d4k δ4(p + k − q)

{

Tr(Φ(p)γµΦ̄(k)γν)

−
∫

d4p1 Tr

(

γα
−/k − /p1 + m

(k + p1)2 − m2 + iε
γνΦ

α
A(p,p − p1)γµΦ̄(k)

)

−
∫

d4p1 Tr

(

γµ
−/k − /p1 + m

(k + p1)2 − m2 − iε
γαΦ̄(k)γνΦ

α
A(p − p1,p)

)

−
∫

d4k1 Tr

(

γν
/p + /k1 + m

(p + k1)2 − m2 + iε
γαΦ(p)γµΦ̄α

A(k − k1, k)

)

(68)−
∫

d4k1 Tr

(

γα
/p + /k1 + m

(p + k1)2 − m2 − iε
γµΦ̄α

A(k, k − k1)γνΦ(p)

)}

+ · · · ,

where Φ(p) and ΦA(p,p − p1) are the same as in leptoproduction, but the role of ∆ and

∆A is taken over by

(69)Φ̄ij (k;PB,SB) =
∫

d4ξ

(2π)4
e−ik·ξ 〈PB,SB |ψi (ξ)ψ̄j (0)|PB,SB〉,

(70)

Φ̄α
Aij (k, k − k1;PB,SB) =

∫

d4ξ

(2π)4
d4η

(2π)4
e−ik·ξ e−ik1·(η−ξ )

× 〈PB,SB |ψi (ξ)gAα(η)ψ̄j (0)|PB,SB〉
(note that this implies Φ̄α

∂ (x, kT ) = −kαΦ̄(x, kT )).

Drell-Yan

a QCD laboratory
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matrix elements is restricted along the lightcone direction n− (for which n+ · n− = 1). As

is well known, diagrams as in Fig. 1(b) with any number of A+ = A · n− gluons yield

the necessary gauge link connecting the two quark fields [11]. The nonlocal quark–quark

operator combination with a gauge link can be expanded into a tower of local twist-two

operators with different spins. Their matrix elements appear in the cross section as leading

terms in an expansion in inverse powers of the hard scale. Diagrams with (transverse)

Aα
T gluons or with A− gluons appear in matrix elements of higher twist operators, which

appear in the cross section in terms suppressed by inverse powers of the hard scale.

The situation in SIDIS (Fig. 2), discussed in Section 3, differs in a subtle way from

that of DIS, because the nonlocality in the operator combinations is not restricted to
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where the hermiticity properties of the various matrix elements have been used (see

Section 7).
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The handbag diagram is given in Fig. 7(a) and an example of a diagram involving an

additional gluon in Fig. 7(b).
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For Drell–Yan, one has a similar treatment as for leptoproduction. The calculation

involves now two soft distribution parts and annihilation of a quark–antiquark pair into

a gauge boson (we will only discuss the vector coupling here). The handbag diagram is

given in Fig. 6(a) and an example of a diagram with an additional gluon in Fig. 6(b).

A full calculation at tree level including quark–gluon matrix elements as discussed for

leptoproduction gives in this case
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∆A is taken over by
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∫

d4ξ

(2π)4
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(handbag) diagrams in Figs. 1(a) and 2(a) only involve quark–quark matrix elements. In

DIS the hadron momentum defines the lightcone direction n+ and the nonlocality in the

matrix elements is restricted along the lightcone direction n− (for which n+ · n− = 1). As

is well known, diagrams as in Fig. 1(b) with any number of A+ = A · n− gluons yield

the necessary gauge link connecting the two quark fields [11]. The nonlocal quark–quark

operator combination with a gauge link can be expanded into a tower of local twist-two

operators with different spins. Their matrix elements appear in the cross section as leading

terms in an expansion in inverse powers of the hard scale. Diagrams with (transverse)

Aα
T gluons or with A− gluons appear in matrix elements of higher twist operators, which

appear in the cross section in terms suppressed by inverse powers of the hard scale.

The situation in SIDIS (Fig. 2), discussed in Section 3, differs in a subtle way from

that of DIS, because the nonlocality in the operator combinations is not restricted to

the lightcone, but involves also transverse separations. The kinematics only constrain the

nonlocality to the light front. In our analysis we first consider theA+ gluon legs in diagrams
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where the hermiticity properties of the various matrix elements have been used (see

Section 7).
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Also for 2-particle inclusive electron–positron annihilation we have a quite similar

procedure. The calculation involves two soft fragmentation parts and the creation of a

quark–antiquark pair. We will discuss only the case of creation from a (timelike) photon.

The handbag diagram is given in Fig. 7(a) and an example of a diagram involving an

additional gluon in Fig. 7(b).

The calculation of this tensor in a diagrammatic expansion proceeds as in the case of
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Wµν(q;P1, S1;P2, S2)

=
∫

d4p d4k δ4(p + k − q)

{

Tr
(

∆̄(p)γµ∆(k)γν

)

−
∫

d4p1 Tr

(

γα
/k + /p1 + m

(k + p1)2 − m2 + iε
γν∆̄

α
A(p,p − p1)γµ∆(k)

)

−
∫

d4p1 Tr

(

γµ
/k + /p1 + m

(k + p1)2 − m2 − iε
γα∆(k)γν∆̄

α
A(p − p1,p)

)

−
∫

d4k1 Tr

(

γν
−/p − /k1 + m

(p + k1)2 − m2 + iε
γα∆̄(p)γµ∆α

A(k − k1, k)

)

(80)−
∫

d4k1 Tr

(

γα
−/p − /k1 + m

(p + k1)2 − m2 − iε
γµ∆α

A(k, k − k1)γν∆̄(p)

)}

+ · · · ,

e+e-

D. Boer et al. / Nuclear Physics B 667 (2003) 201–241 223

(a) (b)

Fig. 6. Quark–quark (a) and one of the quark–quark–gluon (b) correlators in tree-level diagrams for Drell–Yan

scattering.
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For Drell–Yan, one has a similar treatment as for leptoproduction. The calculation

involves now two soft distribution parts and annihilation of a quark–antiquark pair into

a gauge boson (we will only discuss the vector coupling here). The handbag diagram is

given in Fig. 6(a) and an example of a diagram with an additional gluon in Fig. 6(b).

A full calculation at tree level including quark–gluon matrix elements as discussed for

leptoproduction gives in this case
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(handbag) diagrams in Figs. 1(a) and 2(a) only involve quark–quark matrix elements. In

DIS the hadron momentum defines the lightcone direction n+ and the nonlocality in the

matrix elements is restricted along the lightcone direction n− (for which n+ · n− = 1). As

is well known, diagrams as in Fig. 1(b) with any number of A+ = A · n− gluons yield

the necessary gauge link connecting the two quark fields [11]. The nonlocal quark–quark

operator combination with a gauge link can be expanded into a tower of local twist-two

operators with different spins. Their matrix elements appear in the cross section as leading

terms in an expansion in inverse powers of the hard scale. Diagrams with (transverse)

Aα
T gluons or with A− gluons appear in matrix elements of higher twist operators, which

appear in the cross section in terms suppressed by inverse powers of the hard scale.

The situation in SIDIS (Fig. 2), discussed in Section 3, differs in a subtle way from

that of DIS, because the nonlocality in the operator combinations is not restricted to

the lightcone, but involves also transverse separations. The kinematics only constrain the

nonlocality to the light front. In our analysis we first consider theA+ gluon legs in diagrams
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(handbag) diagrams in Figs. 1(a) and 2(a) only involve quark–quark matrix elements. In

DIS the hadron momentum defines the lightcone direction n+ and the nonlocality in the

matrix elements is restricted along the lightcone direction n− (for which n+ · n− = 1). As

is well known, diagrams as in Fig. 1(b) with any number of A+ = A · n− gluons yield

the necessary gauge link connecting the two quark fields [11]. The nonlocal quark–quark

operator combination with a gauge link can be expanded into a tower of local twist-two

operators with different spins. Their matrix elements appear in the cross section as leading

terms in an expansion in inverse powers of the hard scale. Diagrams with (transverse)

Aα
T gluons or with A− gluons appear in matrix elements of higher twist operators, which

appear in the cross section in terms suppressed by inverse powers of the hard scale.

The situation in SIDIS (Fig. 2), discussed in Section 3, differs in a subtle way from

that of DIS, because the nonlocality in the operator combinations is not restricted to

the lightcone, but involves also transverse separations. The kinematics only constrain the

nonlocality to the light front. In our analysis we first consider theA+ gluon legs in diagrams
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procedure. The calculation involves two soft fragmentation parts and the creation of a

quark–antiquark pair. We will discuss only the case of creation from a (timelike) photon.

The handbag diagram is given in Fig. 7(a) and an example of a diagram involving an

additional gluon in Fig. 7(b).
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a gauge boson (we will only discuss the vector coupling here). The handbag diagram is

given in Fig. 6(a) and an example of a diagram with an additional gluon in Fig. 6(b).
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∆A is taken over by
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(handbag) diagrams in Figs. 1(a) and 2(a) only involve quark–quark matrix elements. In

DIS the hadron momentum defines the lightcone direction n+ and the nonlocality in the

matrix elements is restricted along the lightcone direction n− (for which n+ · n− = 1). As

is well known, diagrams as in Fig. 1(b) with any number of A+ = A · n− gluons yield

the necessary gauge link connecting the two quark fields [11]. The nonlocal quark–quark

operator combination with a gauge link can be expanded into a tower of local twist-two

operators with different spins. Their matrix elements appear in the cross section as leading

terms in an expansion in inverse powers of the hard scale. Diagrams with (transverse)

Aα
T gluons or with A− gluons appear in matrix elements of higher twist operators, which

appear in the cross section in terms suppressed by inverse powers of the hard scale.

The situation in SIDIS (Fig. 2), discussed in Section 3, differs in a subtle way from

that of DIS, because the nonlocality in the operator combinations is not restricted to

the lightcone, but involves also transverse separations. The kinematics only constrain the

nonlocality to the light front. In our analysis we first consider theA+ gluon legs in diagrams
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where the hermiticity properties of the various matrix elements have been used (see
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Also for 2-particle inclusive electron–positron annihilation we have a quite similar

procedure. The calculation involves two soft fragmentation parts and the creation of a

quark–antiquark pair. We will discuss only the case of creation from a (timelike) photon.

The handbag diagram is given in Fig. 7(a) and an example of a diagram involving an

additional gluon in Fig. 7(b).
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involves now two soft distribution parts and annihilation of a quark–antiquark pair into

a gauge boson (we will only discuss the vector coupling here). The handbag diagram is

given in Fig. 6(a) and an example of a diagram with an additional gluon in Fig. 6(b).

A full calculation at tree level including quark–gluon matrix elements as discussed for
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Collins amplitudes

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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Results: A12 vs. (pt1,pt2); A0 vs. pt0

17I. GarziaDIS-2013

FIRST MEASUREMENT of Collins

asymmetries vs. pt in e+e- annihilation

at Q2~110 (GeV/c)2 (time-like region)
• nonzero AUL and AUC

! only modest dependence on (pt1,pt2); disagreement with the expectation ???

! AUC < AUL; complementary information on H1
", fav and H1

", dis

! A0 < A12, but interesting structure in pt

BABAR preliminary

BABAR preliminary

Collins FF from e+e-

slide taken from  [I. Garzia, DIS 2013]
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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 –
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NEW: combined 2007/2010 data: comparison with model
predictions and HERMES
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data from e+e- by BELLE 
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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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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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Figure 4. The up (left) and down (right) valence transversities coming from the present analysis
evolved to Q2 = 2.4 GeV2. From top row to bottom, results with the rigid, flexible, and extra-flexible
scenarios are shown, respectively. The dark thick solid lines are the Soffer bound. The uncertainty
band with solid boundaries is the best fit in the standard approach at 1σ, whose central value is
given by the central thick solid line. The uncertainty band with dashed boundaries is the 68% of
all fitting replicas obtained in the Monte Carlo approach. As a comparison, the uncertainty band
with short-dashed boundaries is the transversity extraction from the Collins effect [15].

is likely to be significantly violated at a lower scale [46]. Therefore, if we want to maintain
the validity of the Soffer bound at Q2 < 1 GeV2, we would expect transversity to be clearly
below the Soffer bound at Q2 ≥ 1 GeV2. In fact, in our analysis with the Monte Carlo
approach there are a few replicas that do not saturate the Soffer bound. They fall outside
the 68% band drawn in the figure, but they are still compatible with the data due to the
large experimental error bars (this is true in particular for the deuteron bins number 7 and
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Figure 4. The up (left) and down (right) valence transversities coming from the present analysis
evolved to Q2 = 2.4 GeV2. From top row to bottom, results with the rigid, flexible, and extra-flexible
scenarios are shown, respectively. The dark thick solid lines are the Soffer bound. The uncertainty
band with solid boundaries is the best fit in the standard approach at 1σ, whose central value is
given by the central thick solid line. The uncertainty band with dashed boundaries is the 68% of
all fitting replicas obtained in the Monte Carlo approach. As a comparison, the uncertainty band
with short-dashed boundaries is the transversity extraction from the Collins effect [15].

is likely to be significantly violated at a lower scale [46]. Therefore, if we want to maintain
the validity of the Soffer bound at Q2 < 1 GeV2, we would expect transversity to be clearly
below the Soffer bound at Q2 ≥ 1 GeV2. In fact, in our analysis with the Monte Carlo
approach there are a few replicas that do not saturate the Soffer bound. They fall outside
the 68% band drawn in the figure, but they are still compatible with the data due to the
large experimental error bars (this is true in particular for the deuteron bins number 7 and

– 15 –

“rigid”

“flexible”

“extra-flexible”

collinear extraction of valence transversity 

22

Rigid scenario
up down χ2/d.o.f.

A 0.76± 0.35 2.3± 2.7 22.2/18 = 1.23

B 0.5± 2.0 −81± 69

Flexible scenario
up down χ2/d.o.f.

A 1.41± 0.62 −0.5± 6.8 17.9/16 = 1.12

B −11± 10 104± 413

C 35± 35 (−22± 54)× 102

Extra-flexible scenario
up down χ2/d.o.f.

A 1.79± 0.53 2.6± 5.0 17.6/14 = 1.26

B −24.7± 8.7 −239± 352

C 136± 53 (82± 99)× 102

D −183± 101 (−9.2± 10)× 104

Table 3. Best-fit parameters and χ2 values obtained in the standard approach for the three
scenarios described in the text and based on Eq. (3.2).

 0.0

 0.2

 0.4

 0.01  0.10
x

x h1
uV(x)-x h1

dV(x)/4

fit

data HERMES 

data COMPASS 

-0.4

-0.2

 0.0

 0.2

 0.4

 0.6

 0.01  0.10
x

x h1
uV(x)+x h1

dV(x)

fit

data COMPASS 

Figure 2. The combinations of Eq. (2.18), left panel, and Eq. (2.19), right panel. The squares
and triangles are obtained from the COMPASS and HERMES data, respectively (the values are
indicated in the last column of Tab. 1). The thick solid line indicates the central value of the
best-fit result in the standard approach with the flexible scenario (see text). The error band is the
outcome of the merging of all the straight lines connecting the statistical error bars of the fit for
each experimental point.
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Figure 4. The up (left) and down (right) valence transversities coming from the present analysis
evolved to Q2 = 2.4 GeV2. From top row to bottom, results with the rigid, flexible, and extra-flexible
scenarios are shown, respectively. The dark thick solid lines are the Soffer bound. The uncertainty
band with solid boundaries is the best fit in the standard approach at 1σ, whose central value is
given by the central thick solid line. The uncertainty band with dashed boundaries is the 68% of
all fitting replicas obtained in the Monte Carlo approach. As a comparison, the uncertainty band
with short-dashed boundaries is the transversity extraction from the Collins effect [15].

is likely to be significantly violated at a lower scale [46]. Therefore, if we want to maintain
the validity of the Soffer bound at Q2 < 1 GeV2, we would expect transversity to be clearly
below the Soffer bound at Q2 ≥ 1 GeV2. In fact, in our analysis with the Monte Carlo
approach there are a few replicas that do not saturate the Soffer bound. They fall outside
the 68% band drawn in the figure, but they are still compatible with the data due to the
large experimental error bars (this is true in particular for the deuteron bins number 7 and
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Figure 4. The up (left) and down (right) valence transversities coming from the present analysis
evolved to Q2 = 2.4 GeV2. From top row to bottom, results with the rigid, flexible, and extra-flexible
scenarios are shown, respectively. The dark thick solid lines are the Soffer bound. The uncertainty
band with solid boundaries is the best fit in the standard approach at 1σ, whose central value is
given by the central thick solid line. The uncertainty band with dashed boundaries is the 68% of
all fitting replicas obtained in the Monte Carlo approach. As a comparison, the uncertainty band
with short-dashed boundaries is the transversity extraction from the Collins effect [15].

is likely to be significantly violated at a lower scale [46]. Therefore, if we want to maintain
the validity of the Soffer bound at Q2 < 1 GeV2, we would expect transversity to be clearly
below the Soffer bound at Q2 ≥ 1 GeV2. In fact, in our analysis with the Monte Carlo
approach there are a few replicas that do not saturate the Soffer bound. They fall outside
the 68% band drawn in the figure, but they are still compatible with the data due to the
large experimental error bars (this is true in particular for the deuteron bins number 7 and
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First signal of transversity 
from  polarized p↑p->!+

!
-X 

forward region -> valence effect from polarized (beam) proton?

previous mid-rapidity preliminary data from PHENIX consistent with zero

dependence on cone cut; due to underlying pT dependence? 
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STAR shows significant Signal! 

• First significant signal of transversity in polarized proton collisions 
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Pretzelosity
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Results for AU T
sin(3!h-!S) deuteron & proton 
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Expected to be suppressed by a factor of ~|Ph T|2 with respect to the Collins and Sivers amplitudes 

Asymmetries for both proton and deuteron are compatible with zero within uncertainties 
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tracted from HERMES [13] and Belle [37] data, are plot-
ted as filled bands in Fig. 4. The kinematic dependence
of the SSA for π+ from the CLAS data is roughly consis-
tent with these predictions. The interpretation of the π−

data, which tend to have SSAs with a sign opposite to ex-
pectations, may require accounting for additional contri-
butions (e.g. interference effects from exclusive ρ0p and
π−∆++ channels). This will require a detailed study with
higher statistics of both double and single spin asymme-
tries from pions coming from ρ-decays.
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FIG. 4: The measured x-dependence of the longitudinal tar-
get SSA Asin 2φ

UL (triangles). The squares show the existing
measurement ofAsin 2φ

UL from HERMES. The lower band shows
the systematic uncertainty. The upper band shows the exist-
ing theory predictions with uncertainties due to the Collins
function [28, 50].

The sin 2φ moment of the π+ SSA at large x is domi-
nated by u-quarks; therefore with additional input from
Belle measurements [37] on the ratio of unfavored to fa-
vored Collins fragmentation functions, it can provide a
first glimpse of the twist-2 TMD function h⊥

1L.
In summary, kinematic dependencies of single and dou-

ble spin asymmetries have been measured in a wide kine-
matic range in x and PT with CLAS and a longitudi-
nally polarized proton target. Measurements of the PT -
dependence of the double spin asymmetry, performed for
the first time, indicate the possibility of different average
transverse momentum for quarks aligned or anti-aligned
with the nucleon spin. A non-zero sin 2φ single-target
spin asymmetry is measured for the first time, indicat-
ing that spin-orbit correlations of transversely polarized
quarks in the longitudinally polarized nucleon may be
significant.
New, higher statistics measurements of SSAs in SIDIS

at CLAS [51] will allow us to examine the Q2, x, and PT

dependences of azimuthal moments in multi-dimensional
bins and investigate the twist nature of different observ-
ables.
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tracted from HERMES [13] and Belle [37] data, are plot-
ted as filled bands in Fig. 4. The kinematic dependence
of the SSA for π+ from the CLAS data is roughly consis-
tent with these predictions. The interpretation of the π−

data, which tend to have SSAs with a sign opposite to ex-
pectations, may require accounting for additional contri-
butions (e.g. interference effects from exclusive ρ0p and
π−∆++ channels). This will require a detailed study with
higher statistics of both double and single spin asymme-
tries from pions coming from ρ-decays.
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The sin 2φ moment of the π+ SSA at large x is domi-
nated by u-quarks; therefore with additional input from
Belle measurements [37] on the ratio of unfavored to fa-
vored Collins fragmentation functions, it can provide a
first glimpse of the twist-2 TMD function h⊥

1L.
In summary, kinematic dependencies of single and dou-

ble spin asymmetries have been measured in a wide kine-
matic range in x and PT with CLAS and a longitudi-
nally polarized proton target. Measurements of the PT -
dependence of the double spin asymmetry, performed for
the first time, indicate the possibility of different average
transverse momentum for quarks aligned or anti-aligned
with the nucleon spin. A non-zero sin 2φ single-target
spin asymmetry is measured for the first time, indicat-
ing that spin-orbit correlations of transversely polarized
quarks in the longitudinally polarized nucleon may be
significant.
New, higher statistics measurements of SSAs in SIDIS

at CLAS [51] will allow us to examine the Q2, x, and PT

dependences of azimuthal moments in multi-dimensional
bins and investigate the twist nature of different observ-
ables.
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Orsay, France

§§ Current address:College of William and Mary, Williams-
burg, Virginia 23187-8795

[1] J. C. Collins and A. Metz, Phys. Rev. Lett. 93, 252001
(2004).

[2] J. C. Collins and D. E. Soper, Nucl. Phys. B193, 381
(1981).

[3] X. Ji, J. Ma, and F. Yuan, Phys. Rev. D71, 034005
(2005).

[4] A. Bacchetta et al., JHEP 02, 093 (2007).
[5] M. Anselmino and F. Murgia, Phys. Lett. B442, 470

(1998).
[6] S. J. Brodsky, D. S. Hwang, and I. Schmidt, Phys. Lett.

B530, 99 (2002).
[7] J. C. Collins, Phys. Lett. B536, 43 (2002).
[8] X. Ji and F. Yuan, Phys. Lett. B543, 66 (2002).
[9] D. W. Sivers, Phys. Rev. D43, 261 (1991).

[10] P. J. Mulders and R. D. Tangerman, Nucl. Phys. B461,
197 (1996).

[11] A. Airapetian et al. (HERMES), Phys. Rev. Lett. 84,
4047 (2000).

[12] A. Airapetian et al. (HERMES), Phys. Rev.D64, 097101
(2001).

[13] A. Airapetian et al. (HERMES), Phys. Rev. Lett. 94,
012002 (2005).

[14] A. Airapetian et al. (HERMES), Phys. Lett. B648, 164
(2007).

[15] V. Y. Alexakhin et al. (COMPASS), Phys. Rev. Lett. 94,

[CLAS, PRL 105 (2010) 262002]



IWHSS 2013, ErlangenG.S.

-0.1

0

0.1

0.2

2
 !

c
o

s
("

-"
S
)#

L
$
% %+ HERMES PRELIMINARY

8.0% scale    uncertainty

-0.1

0

0.1 %0

-0.1

0

0.1 %-

-0.2

0

0.2

2
 !

c
o

s
("

-"
S
)#

L
$

K K
+

-0.2

0

0.2

10
-1

x

K
-

0.4 0.6
z

0.5 1
Ph$ [GeV]

-0.1

0

0.1

0.2

2
 !

c
o

s
("

-"
S
)#

L
$
% %+ HERMES PRELIMINARY

8.0% scale    uncertainty

-0.1

0

0.1 %0

-0.1

0

0.1 %-

-0.2

0

0.2

2
 !

c
o

s
("

-"
S
)#

L
$

K K
+

-0.2

0

0.2

10
-1

x

K
-

0.4 0.6
z

0.5 1
Ph$ [GeV]

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

Worm-Gear II

29

3

polarized 5.9 GeV electron beam with an average cur-
rent of 12µA. Polarized electrons were excited from a
superlattice GaAs photocathode by a circularly polar-
ized laser [31] at the injector of the CEBAF accelerator.
The laser polarization, and therefore the electron beam
helicity, was flipped at 30 Hz using a Pockels cell. The
average beam polarization was (76.8± 3.5)%, which was
measured periodically by Møller polarimetry. Through
an active feedback system [32], the beam charge asym-
metry between the two helicity states was controlled to
less than 150 ppm over a typical 20 minute period be-
tween target spin-flips and less than 10 ppm for the entire
experiment. In addition to the fast helicity flip, roughly
half of the data were accumulated with a half-wave plate
inserted in the path of the laser at the source, providing
a passive helicity reversal for an independent cross-check
of the systematic uncertainty.

The ground state 3He wavefunction is dominated by
the S-state, in which the two proton spins cancel and the
nuclear spin resides entirely on the single neutron [33].
Therefore, a polarized 3He target is the optimal effective
polarized neutron target. The target used in this mea-
surement is polarized by spin-exchange optical pumping
of a Rb-K mixture [34]. A significant improvement in tar-
get polarization compared to previous experiments was
achieved using spectrally narrowed pumping lasers [35],
which improved the absorption efficiency. The 3He gas of
~10 atm pressure was contained in a 40-cm-long glass ves-
sel, which provided an effective electron-polarized neu-
tron luminosity of 1036 cm−2s−1. The beam charge was
divided equally among two target spin orientations trans-
verse to the beamline, parallel and perpendicular to the
central !l-!l′ scattering plane. Within each orientation, the
spin direction of the 3He was flipped every 20 minutes
through adiabatic fast passage [36]. The average in-beam
polarization was (55.4± 2.8)% and was measured during
each spin flip using nuclear magnetic resonance, which
in turn was calibrated regularly using electron paramag-
netic resonance [37].

The scattered electron was detected in the BigBite
spectrometer, which consists of a single dipole magnet
for momentum analysis, three multi-wire drift cham-
bers for tracking, a scintillator plane for time-of-flight
measurement and a lead-glass calorimeter divided into
pre-shower/shower sections for electron identification
(ID) and triggering. Its angular acceptance was about
64 msr for a momentum range from 0.6 GeV to 2.5 GeV.
The left High Resolution Spectrometer (HRS) [38] was
used to detect hadrons in coincidence with the Big-
Bite Spectrometer. Its detector package included two
drift chambers for tracking, two scintillator planes for
timing and triggering, a gas Cerenkov detector and a
lead-glass calorimeter for electron ID. In addition, an
aerogel Čerenkov detector and a ring imaging Čerenkov
detector were used for hadron ID. The HRS central mo-
mentum was fixed at 2.35 GeV with a momentum accep-
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Figure 1. 3He A
cos(φh−φS)
LT azimuthal asymmetry plotted

against x for positive (top left) and negative (top right)
charged pions. The ALL correction (see text) that was ap-
plied and its uncertainty are shown in the bottom panels.

tance of ±4.5% and an angular acceptance of ∼6 msr.
The SIDIS event sample was selected with particle

identification and kinematic cuts, including the four mo-
mentum transfer squared Q2 > 1 GeV2, the virtual pho-
ton-nucleon invariant mass W > 2.3 GeV, and the mass
of undetected final-state particles W ′ > 1.6 GeV. The
kinematic coverage was in the valence quark region for
values of the Bjorken scaling variable in 0.16 < x < 0.35
at a scale of 1.4 < Q2 < 2.7GeV2. The range of measured
hadron transverse momentum Ph⊥ was 0.24-0.44 GeV.
The fraction z of the energy transfer carried by the ob-
served hadron was confined by the HRS momentum ac-
ceptance to a small range about z ∼ 0.5-0.6. Events
were divided into four x-bins with equivalent statistics.
At high x, the azimuthal acceptance in φh−φS was close
to 2π, while at lower x, roughly half of the 2π range
was covered, including the regions of maximal and mini-
mal sensitivity to Acos(φh−φS)

LT at cos (φh − φS) ∼ ±1 and
zero, respectively. The central kinematics were presented
in Ref. [30].

The beam-helicity DSA was formed from the mea-
sured yields as in Eq. (1). The azimuthal asymme-
try in each x-bin was extracted directly using an az-
imuthally unbinned maximum likelihood estimator with
corrections for the accumulated beam charge, the data
acquisition livetime, and the beam and target polariza-
tions. The result was confirmed by an independent bin-
ning-and-fitting procedure [30]. The sign of the asymme-
try was cross-checked with that of the known asymmetry
of 3 !He(!e, e′) elastic and quasi-elastic scattering on lon-
gitudinally and transversely polarized targets [39]. The
small amount of unpolarized N2 used in the target cell to
reduce depolarization diluted the measured 3He asymme-
try, which was corrected for the nitrogen dilution defined
as

fN2
≡

NN2
σN2

N3Heσ3He +NN2
σN2

, (2)
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! d-quark Sivers DF > 0 

   (cancelation for !-)

Sivers amplitudes for pions
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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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accomplishing this experiment. This work was supported
in part by the U. S. National Science Foundation, and by
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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. 7  Polarization-averaged distributions, as in #gs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still a!ecting these pictures.
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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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Fig. 3: Sivers asymmetry as a function of x, z and ph
T for positive (top) and negative (bottom) hadrons

for x > 0.032 in the y bins 0.05< y < 0.1 (closed squares, !), 0.1 < y < 0.2 (open triangles, ", slightly

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

[Adolph et al., arXiv:1202.5122]

is y-dependence a Q2 dependence? Evolution?
! M. Boglione 
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Process dependence

add color: 
QCD 

result: Sivers|DIS  = - Sivers|DY

need Drell-Yan experiments with transverse polarization:
COMPASS, transverse SeaQuest, RHIC, …  ! C. Riedl 
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Transverse spin structure of the proton 

A natural next step in the investigation of nucleon structure is an expansion of our current picture of the 

nucleon by imaging the proton in both momentum and impact parameter space. At the same time we need to 

further our understanding of color interactions and how they manifest in different processes. In the new 
theoretical framework of transverse momentum dependent parton distributions (TMDs) we can obtain an 

image in the transverse as well as longitudinal momentum space (2+1 dimensions).  This has attracted 

renewed interest, both experimentally and theoretically in transverse single spin asymmetries (SSA) in 

hadronic processes at high energies, which have a more than 30 years history. First measurements at RHIC 
have extended the observations from the fixed-target energy range to the collider regime. Future PHENIX 

and STAR measurements at RHIC with transversely polarized beams will provide unique opportunities to 

study the transverse spin asymmetries in Drell-Yan lepton pair, direct photon, and W boson productions, and 
other complementary processes. Also evolution and universality properties of these functions can be studied. 

Polarized nucleon-nucleus collisions may provide further information about the origin of SSA in the forward 

direction and the saturation phenomena in large nuclei at small x. 

Transverse asymmetries at RHIC  

Single spin asymmetries in inclusive hadron production in proton-proton collisions have been measured at 

RHIC for the highest center-of-mass energies to date, !s=500 GeV.  Figure 6 summarizes the measured 
asymmetries from different experiments as functions of Feynman-x (xF ~ x1-x2) and transverse momentum. 

Surprisingly large asymmetries are seen that are nearly independent of  over a very broad range. To 

understand the observed significant SSAs one has to go beyond the conventional collinear parton picture in 

the hard processes.  Two theoretical formalisms have been proposed to generate sizable SSAs in the QCD 

framework: transverse momentum dependent parton distributions and fragmentation functions, which 
provide the full transverse momentum information and the collinear quark-gluon-quark correlation, which 

provides the average transverse information.   

 

At RHIC the pT-scale is sufficiently large to make the collinear quark-gluon-quark correlation formalism the 

appropriate approach to calculate the spin asymmetries. At the same time, a transverse momentum dependent 
model has been applied to the SSAs in these hadronic processes as well. Here, various underlying 

mechanisms can contribute and need to be disentangled to understand the experimental observations in 

detail, in particular the pT-dependence. These mechanisms are associated with the spin of the initial state 

nucleon (Sivers/Qiu-Sterman effects) and outgoing hadrons (Collins effects). We identify observables below, 
which will help to separate the contributions from initial and final states, and will give insight to the 

transverse spin structure of hadrons.  

 

Figure 6: Transverse single spin asymmetry measurements for neutral pions at different center-of-mass energies as function of 

Feynman-x (left) and pT-dependence at = 500 GeV (right). 

p!p!!X

no rigorous TMD factorization!
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Surprisingly large asymmetries are seen that are nearly independent of  over a very broad range. To 

understand the observed significant SSAs one has to go beyond the conventional collinear parton picture in 

the hard processes.  Two theoretical formalisms have been proposed to generate sizable SSAs in the QCD 

framework: transverse momentum dependent parton distributions and fragmentation functions, which 
provide the full transverse momentum information and the collinear quark-gluon-quark correlation, which 

provides the average transverse information.   

 

At RHIC the pT-scale is sufficiently large to make the collinear quark-gluon-quark correlation formalism the 

appropriate approach to calculate the spin asymmetries. At the same time, a transverse momentum dependent 
model has been applied to the SSAs in these hadronic processes as well. Here, various underlying 

mechanisms can contribute and need to be disentangled to understand the experimental observations in 

detail, in particular the pT-dependence. These mechanisms are associated with the spin of the initial state 

nucleon (Sivers/Qiu-Sterman effects) and outgoing hadrons (Collins effects). We identify observables below, 
which will help to separate the contributions from initial and final states, and will give insight to the 

transverse spin structure of hadrons.  

 

Figure 6: Transverse single spin asymmetry measurements for neutral pions at different center-of-mass energies as function of 

Feynman-x (left) and pT-dependence at = 500 GeV (right). 
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no rigorous TMD factorization!
sign mismatch 

(Kang, Qiu, Vogelsang, Yuan) 

4

into non-perturbative PDFs, FFs, or the correlation functions. Consequently, unlike for the TMD distributions, all
field operators defining the non-perturbative functions in the collinear factorization approach are evaluated at the
same light-cone separation with zero “+” and “⊥” components, as shown for example in Eq. (8).
Since the quark-gluon correlation functions in the collinear factorization approach have all their active partons’

transverse momenta integrated, these correlation functions can be related to k⊥-moments of the TMD parton distri-
bution functions. It was shown at the operator level [23, 33, 36] that the ETQS function Tq,F (x, x) is closely related
to the k⊥-moment of Sivers function:

gTq,F (x, x) = −
∫

d2k⊥
|k⊥|2
M

f⊥q
1T (x, k2⊥)|SIDIS (10)

where the subscript “SIDIS” emphasizes that the Sivers functions here are probed in the SIDIS process. We stress
again the importance of the sign convention for the coupling constant g in the definition of the gauge link. If the sign
convention used to define Tq,F (x, x) is different from that in the definition of f⊥q

1T (x, k2⊥), the difference will introduce
an extra factor “−1” in the relation between these two functions, so that there will be no minus sign on the right-hand
side of Eq. (10).
We emphasize that the operator definition in Eq. (8) does not completely fix the quark-gluon correlation function

Tq,F (x, x), unless the renormalization scheme is specified. As is well known from the case of ordinary PDFs, the matrix
element in Eq. (8) is ultraviolet (UV) divergent [39]. Like in the case of PDFs, the quark-gluon correlation function
is really defined in terms of the QCD factorization formalism. The leading UV divergent (the large k⊥) region of the
matrix element on the right-hand-side of Eq. (8) corresponds to the region of phase space with large parton virtuality,
and is required by factorization to be moved from the matrix element into the perturbatively calculated short-distance
functions. The removal or subtraction of the UV divergence is not unique, which leads to the factorization scheme
and scale (µ) dependence of the correlation functions Tq,F (x, x, µ) [40]. In this way, also the relation in Eq. (10) is
subject to the UV subtractions and the adopted factorization scheme, and hence not a unique identity. That said, the
relation (10) provides a natural “zeroth-order” connection between the Sivers and the ETQS functions. It plays an
important role in establishing the consistency between the TMD factorization approach and the collinear twist-three
quark-gluon correlation approach in the descriptions of the SSAs in SIDIS and the Drell-Yan process [33]. It also is a
useful starting point for phenomenological studies and is of much help in testing the various constraints on the quark
Sivers and quark-gluon correlation functions. In the following, we will therefore make use of relation (10), keeping
however in mind the caveats we have made regarding UV renormalization.

III. THE “SIGN MISMATCH”

The quark Sivers functions f⊥q
1T (x, k2⊥) (or equivalently, ∆Nfq/A↑(x, k⊥)) and the twist-3 quark-gluon correlation

functions Tq,F (x, x) have been extracted from experimental data on SSAs for single hadron production in SIDIS and
in hadron-hadron scattering, respectively. In this section, we compare the existing parameterizations of these two
functions and present our findings concerning the “sign mismatch”. We also introduce and discuss various loopholes
that might resolve the apparent inconsistency.

So far the quark Sivers functions have been extracted from the Asin(φh−φs)
UT azimuthal asymmetries in SIDIS. We

consider two such parametrizations here. One is from Ref. [10] (we refer it as “old Sivers”), the other one (“new Sivers”)
from Ref. [11] . They both parametrize the spin-averaged TMD PDFs f q

1 (x, k
2
⊥) and Sivers functions ∆Nfq/h↑(x, k⊥)

for each quark flavor q in the form

f q
1 (x, k

2
⊥) = f q

1 (x)g(k⊥), (11)

∆Nfq/h↑(x, k⊥) = 2Nq(x)f
q
1 (x)h(k⊥)g(k⊥), (12)

where f q
1 (x) is the quark’s spin-averaged collinear PDF,Nq(x) is a fitted function whose functional form is not relevant

for our discussion below, and g(k⊥) is assumed to have a Gaussian form,

g(k⊥) =
1

π〈k2⊥〉
e−k2

⊥/〈k2
⊥〉 (13)

with a fitting parameter 〈k2⊥〉 for the width. However, the two parameterizations adopt different functional forms for
the k⊥-dependence of the Sivers function:

old Sivers: h(k⊥) =
2k⊥M0

k2⊥ +M2
0

, (14)

new Sivers: h(k⊥) =
√
2e

k⊥
M1

e−k2
⊥/M2

1 , (15)
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Includes initial- and final-state 

color-charge interactions

sign mismatch 
(Kang, Qiu, Vogelsang, Yuan) 
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into non-perturbative PDFs, FFs, or the correlation functions. Consequently, unlike for the TMD distributions, all
field operators defining the non-perturbative functions in the collinear factorization approach are evaluated at the
same light-cone separation with zero “+” and “⊥” components, as shown for example in Eq. (8).
Since the quark-gluon correlation functions in the collinear factorization approach have all their active partons’

transverse momenta integrated, these correlation functions can be related to k⊥-moments of the TMD parton distri-
bution functions. It was shown at the operator level [23, 33, 36] that the ETQS function Tq,F (x, x) is closely related
to the k⊥-moment of Sivers function:

gTq,F (x, x) = −
∫

d2k⊥
|k⊥|2
M

f⊥q
1T (x, k2⊥)|SIDIS (10)

where the subscript “SIDIS” emphasizes that the Sivers functions here are probed in the SIDIS process. We stress
again the importance of the sign convention for the coupling constant g in the definition of the gauge link. If the sign
convention used to define Tq,F (x, x) is different from that in the definition of f⊥q

1T (x, k2⊥), the difference will introduce
an extra factor “−1” in the relation between these two functions, so that there will be no minus sign on the right-hand
side of Eq. (10).
We emphasize that the operator definition in Eq. (8) does not completely fix the quark-gluon correlation function

Tq,F (x, x), unless the renormalization scheme is specified. As is well known from the case of ordinary PDFs, the matrix
element in Eq. (8) is ultraviolet (UV) divergent [39]. Like in the case of PDFs, the quark-gluon correlation function
is really defined in terms of the QCD factorization formalism. The leading UV divergent (the large k⊥) region of the
matrix element on the right-hand-side of Eq. (8) corresponds to the region of phase space with large parton virtuality,
and is required by factorization to be moved from the matrix element into the perturbatively calculated short-distance
functions. The removal or subtraction of the UV divergence is not unique, which leads to the factorization scheme
and scale (µ) dependence of the correlation functions Tq,F (x, x, µ) [40]. In this way, also the relation in Eq. (10) is
subject to the UV subtractions and the adopted factorization scheme, and hence not a unique identity. That said, the
relation (10) provides a natural “zeroth-order” connection between the Sivers and the ETQS functions. It plays an
important role in establishing the consistency between the TMD factorization approach and the collinear twist-three
quark-gluon correlation approach in the descriptions of the SSAs in SIDIS and the Drell-Yan process [33]. It also is a
useful starting point for phenomenological studies and is of much help in testing the various constraints on the quark
Sivers and quark-gluon correlation functions. In the following, we will therefore make use of relation (10), keeping
however in mind the caveats we have made regarding UV renormalization.

III. THE “SIGN MISMATCH”

The quark Sivers functions f⊥q
1T (x, k2⊥) (or equivalently, ∆Nfq/A↑(x, k⊥)) and the twist-3 quark-gluon correlation

functions Tq,F (x, x) have been extracted from experimental data on SSAs for single hadron production in SIDIS and
in hadron-hadron scattering, respectively. In this section, we compare the existing parameterizations of these two
functions and present our findings concerning the “sign mismatch”. We also introduce and discuss various loopholes
that might resolve the apparent inconsistency.

So far the quark Sivers functions have been extracted from the Asin(φh−φs)
UT azimuthal asymmetries in SIDIS. We

consider two such parametrizations here. One is from Ref. [10] (we refer it as “old Sivers”), the other one (“new Sivers”)
from Ref. [11] . They both parametrize the spin-averaged TMD PDFs f q

1 (x, k
2
⊥) and Sivers functions ∆Nfq/h↑(x, k⊥)

for each quark flavor q in the form

f q
1 (x, k

2
⊥) = f q

1 (x)g(k⊥), (11)

∆Nfq/h↑(x, k⊥) = 2Nq(x)f
q
1 (x)h(k⊥)g(k⊥), (12)

where f q
1 (x) is the quark’s spin-averaged collinear PDF,Nq(x) is a fitted function whose functional form is not relevant

for our discussion below, and g(k⊥) is assumed to have a Gaussian form,

g(k⊥) =
1

π〈k2⊥〉
e−k2

⊥/〈k2
⊥〉 (13)

with a fitting parameter 〈k2⊥〉 for the width. However, the two parameterizations adopt different functional forms for
the k⊥-dependence of the Sivers function:

old Sivers: h(k⊥) =
2k⊥M0

k2⊥ +M2
0

, (14)

new Sivers: h(k⊥) =
√
2e

k⊥
M1

e−k2
⊥/M2

1 , (15)

compare

as extracted from fitting AN data, with that obtained by 

inserting in the the above relation the SIDIS extracted 

Sivers functions

similar magnitude, but opposite sign!  

the same mismatch does not occur adopting TMD 
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Unpolarized Drell-Yan
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possible source: Boer-Mulders effect

41

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 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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Signs of Boer-Mulders

valence and sea BM fctn
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similar BM fctn for up 
and down quarks?
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signs of Boer-Mulders
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signs of Boer-Mulders

not zero!

opposite sign for charged pions with larger magnitude for !- 

-> same-sign BM-function for valence quarks?
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signs of Boer-Mulders

not zero!

opposite sign for charged pions with larger magnitude for !- 

-> same-sign BM-function for valence quarks?

intriguing behavior for kaons

available in multidimensional binning both from HERMES and 
soon from COMPASS

[Airapetian et al., PRD 87 (2013) 012010]
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Conclusion  
transverse spin - a challenge to both experiment and theory

TMD factorization applied to SIDIS:

non-zero correlation between quark transverse momentum and nucleon 
transverse polarization (Sivers effect)

non-zero transversity, and correlation between transverse hadron momentum 
and transverse spin of fragm. quark (Collins effect)

dihadron fragmention as tool to measure transversity

worm-gear g1T is non-vanishing

hadron production in pp:

no clear interpretation of AN (sign mismatch between Sivers and twist-3, large 
asymmetries even at high pT, …)

preliminary signals of dihadron fragmentation (and of Collins effect) 

hint of a non-zero valence Boer-Mulders function from DY and SIDIS

let’s prepare for 

precision measurements at ongoing and future facilities

fundamental QCD tests in Drell-Yan experiments
46
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significant non-zero signal 
observed for negatively charged 
mesons also at COMPASS

must vanish after integration 
over Ph! and z, and summation 
over all hadrons 

various terms related to 
transversity, worm-gear, Sivers 
etc.: 

Subleading twist - sin("s)
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2-photon exchange signal from JLab

non-zero inclusive 
LR asymmetry on 
neutron

goes beyond single-
photon exchange 
interpretation

49
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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) 

50

Transversity from Proton data

Transversity from  pion pair production SIDIS off transversely polarized target

Band:

Torino 2009 transversity

• from COMPASS data

• DiFF analysis

 point by point from fit 

• new analysis

• from HERMES data

• DiFF analysis 

point by point from fit

• PRL107 
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Inclusive hadron electro-production

51

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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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) ~ sin!

Inclusive hadron electro-production
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single spin Asymmetry
sinPhi moments

SSA in inclusive hadron production 

at HERMES

Alejandro López Ruiz
Universiteit Gent
Florence/DIS 10

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.

The asymmetry was calculated as

AUT (pT , xF , φ) =
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N↑

L↑ +
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, (2.1)

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.

The differential yield for a given target spin direction (↑ upwards or ↓ downwards)
can be expressed as
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all together:
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$ hadronic component of 
photon relevant

cross section proportional to 
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Inclusive hadron electro-production
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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:
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“leptonic” variables, is to use instead:

• pT , the transverse momentum of the hadron,
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ep↑ → hX

!SN !ph
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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) ~ sin!

AN ≡
∫ 2π

π dφ σUT sin φ−
∫ π
0 dφ σUT sin φ

∫ 2π
0 dφ σUU

= − 2
π

Asin φ
UT

Inclusive hadron electro-production
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