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The Nucleon Spin Pizzas 11
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The COMPASS experiment @ CERN
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Compass on spin                                                               
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HERMES Experiment (†2007) @ DESY

.

hermes HERMES at DESY

27.5 GeV e+/e− beam of HERA

forward-acceptance spectrometer

⇒ 40mrad< θ <220mrad

high lepton ID efficiency and purity

excellent hadron ID thanks to dual-radiator RICH

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 14/50

11

unpolarized (H, D, He,…, Xe) 
as well as transversely (H) 
and longitudinally (H, D, He) 
polarized (pure) gas targets  

27.6 GeV polarized e+/e- 
beam scattered off ...
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6GeV e- @ Jefferson Lab
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Inclusive DIS (one-photon exchange)

14

INTRODUCTION

e↔ + p⇕ → e′ + X

φ = (k⃗×S⃗N)·k⃗′

|(k⃗×S⃗N)·k⃗′|
arccos (k⃗×k⃗′)·(k⃗×S⃗N)

|k⃗×k⃗′||k⃗×S⃗N|

Spin Plane

Scattering Plane
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→

φ

θ

α

k′
→

k ,
→

Sl

→
‘

S⃗N(0,−1,0)

1 < Q2 < 15 GeV2

W2 > 4 GeV2

0.023 < x < 0.7

0.1 < y < 0.85

03c0 + 04c1 + 05c1: 6.9 mln DIS events

A.Ivanilov HERMES Collaboration Meeting, 05. 03. 2008 – p. 2
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where ∆CMS
NS (αs(Q2)) and ∆CMS

S (αs(Q2)) are the first
moments of the non-singlet and singlet Wilson coefficient
functions, respectively.

The difference of the g1 moments for proton and neu-
tron leads to the Bjorken Sum Rule [15, 16], which in
leading twist reads:

Γp
1(Q

2) − Γn
1 (Q2) =

1
6
a3∆CMS

NS (αs(Q2)), (12)

while their sum is given by:

Γp
1(Q

2) + Γn
1 (Q2) =

1
18

[
a8∆CMS

NS (αs(Q2))

+4a0∆CMS
S (αs(Q2))

]
. (13)

This sum equals twice the deuteron moment apart from
a small correction due to the D-wave admixture to the
deuteron wave function (see Eq. (23)). The measurement
of Γd

1 hence allows for a straightforward determination of
a0 using only a8 as additional input.

In the MS scheme, the non-singlet (singlet) coefficient
has been calculated up to third (second) order in the
strong coupling constant [17]:

∆CMS
NS (αs(Q2)) = 1 −αs

π
−3.583

(αs

π

)2
−20.215

(αs

π

)3

(14)

∆CMS
S (αs(Q2)) = 1 −

(αs

π

)
− 1.096

(αs

π

)2
, (15)

for Nq = 3 [18]. Estimates exist for the fourth (third)
order non-singlet (singlet) term [19].

The first determination of ∆Σ was a moment anal-
ysis of the EMC proton data [20], using Eq. (11) and
the moments of the Wilson coefficients in O(α1

s). It re-
sulted in ∆Σ = 0.120 ± 0.094(stat) ± 0.138(sys), much
smaller than the expectation (∆Σ ≈ 0.6) [21, 22] from the
relativistic constituent quark model. This result caused
enormous activity in both experiment and theory. A se-
ries of high-precision scattering experiments with polar-
ized beams and targets were completed at CERN [23–25],
SLAC [26–28], DESY [29] and continue at CERN [30] and
JLAB [31]. Such measurements are always restricted to
certain x and Q2 ranges due to the experimental con-
ditions. However, any determination of ∆Σ requires an
‘evolution’ to a fixed value of Q2 and an extrapolation of
g1 data to the full x range and substantial uncertainties
might arise from the necessary extrapolations x → 0 and
x → 1. This limitation applies also to recent determina-
tions of ∆Σ based on NLO fits [32–36] of the x and Q2

dependence of g1 for proton, deuteron, and neutron, us-
ing Eq. (10) and the corresponding evolution equations.

This paper reports final results obtained by the HER-
MES experiment on the structure function g1 for the pro-
ton, deuteron, and neutron. The results include an anal-
ysis of the proton data collected in 1996, a re-analysis of
1997 proton data previously published [37], as well as the
analysis of the deuteron data collected in the year 2000.

While the accuracy of the HERMES proton data is com-
parable to that of earlier measurements, the HERMES
deuteron data are more precise than all published data.
By combining HERMES proton and deuteron data, pre-
cise results on the neutron spin structure function gn

1 are
obtained.

For this analysis, the kinematic range has been ex-
tended with respect to the previous proton analysis, to
include the region at low x (0.0041 ≤ x ≤ 0.0212) with
low Q2. In this region the information available on g1

was sparse. As will be discussed in Sect. VI, the first
moment Γd

1 determined from HERMES data appears to
saturate for x < 0.04. This observation allows for a de-
termination of a0 with small uncertainties and for a test
of the Bjorken Sum Rule, as well as scheme-dependent
estimates of ∆Σ and the first moments of the flavor sep-
arated quark helicity distributions, ∆u + ∆ū, ∆d + ∆d̄
and ∆s +∆s̄.

The paper is organized as follows: the formalism lead-
ing to the extraction of the structure function g1 will
be briefly reviewed in Sect. II, Sect. III deals with the
HERMES experimental arrangement and the data anal-
ysis is described in Sect. IV. Final results are presented
in Sect. V and discussed in Sect. VI.

II. FORMALISM

In the one-photon-exchange approximation, the differ-
ential cross section for inclusive deep-inelastic scattering
of polarized charged leptons off polarized nuclear targets
can be written [38] as:

d2σ(s, S)
dx dQ2

=
2πα2y2

Q6
Lµν(s)Wµν(S) , (16)

where α is the fine-structure constant. As depicted in
Fig. 1 the leptonic tensor Lµν describes the emission of
a virtual photon at the lepton vertex, and the hadronic
tensor Wµν describes the hadron vertex. The main kine-
matic variables used for the description of deep-inelastic
scattering are defined in Tab. I. The tensor Lµν can
be calculated precisely in Quantum Electro-Dynamics
(QED) [15]:

Lµν(s) = 2(kµk′
ν + kνk′

µ − gµν(k · k′ − m2
l ))

+ 2iϵµναβ(k − k′)αsβ . (17)

Here the spinor normalization s2 = −m2
l is used. In the

following the lepton mass ml is neglected. For a spin-1/2
target the representation of Wµν requires four structure
functions to describe the nucleon’s internal structure. It
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strong coupling constant [17]:

∆CMS
NS (αs(Q2)) = 1 −αs

π
−3.583

(αs

π

)2
−20.215

(αs

π

)3

(14)

∆CMS
S (αs(Q2)) = 1 −

(αs

π

)
− 1.096

(αs

π

)2
, (15)

for Nq = 3 [18]. Estimates exist for the fourth (third)
order non-singlet (singlet) term [19].

The first determination of ∆Σ was a moment anal-
ysis of the EMC proton data [20], using Eq. (11) and
the moments of the Wilson coefficients in O(α1

s). It re-
sulted in ∆Σ = 0.120 ± 0.094(stat) ± 0.138(sys), much
smaller than the expectation (∆Σ ≈ 0.6) [21, 22] from the
relativistic constituent quark model. This result caused
enormous activity in both experiment and theory. A se-
ries of high-precision scattering experiments with polar-
ized beams and targets were completed at CERN [23–25],
SLAC [26–28], DESY [29] and continue at CERN [30] and
JLAB [31]. Such measurements are always restricted to
certain x and Q2 ranges due to the experimental con-
ditions. However, any determination of ∆Σ requires an
‘evolution’ to a fixed value of Q2 and an extrapolation of
g1 data to the full x range and substantial uncertainties
might arise from the necessary extrapolations x → 0 and
x → 1. This limitation applies also to recent determina-
tions of ∆Σ based on NLO fits [32–36] of the x and Q2

dependence of g1 for proton, deuteron, and neutron, us-
ing Eq. (10) and the corresponding evolution equations.

This paper reports final results obtained by the HER-
MES experiment on the structure function g1 for the pro-
ton, deuteron, and neutron. The results include an anal-
ysis of the proton data collected in 1996, a re-analysis of
1997 proton data previously published [37], as well as the
analysis of the deuteron data collected in the year 2000.

While the accuracy of the HERMES proton data is com-
parable to that of earlier measurements, the HERMES
deuteron data are more precise than all published data.
By combining HERMES proton and deuteron data, pre-
cise results on the neutron spin structure function gn

1 are
obtained.

For this analysis, the kinematic range has been ex-
tended with respect to the previous proton analysis, to
include the region at low x (0.0041 ≤ x ≤ 0.0212) with
low Q2. In this region the information available on g1

was sparse. As will be discussed in Sect. VI, the first
moment Γd

1 determined from HERMES data appears to
saturate for x < 0.04. This observation allows for a de-
termination of a0 with small uncertainties and for a test
of the Bjorken Sum Rule, as well as scheme-dependent
estimates of ∆Σ and the first moments of the flavor sep-
arated quark helicity distributions, ∆u + ∆ū, ∆d + ∆d̄
and ∆s +∆s̄.

The paper is organized as follows: the formalism lead-
ing to the extraction of the structure function g1 will
be briefly reviewed in Sect. II, Sect. III deals with the
HERMES experimental arrangement and the data anal-
ysis is described in Sect. IV. Final results are presented
in Sect. V and discussed in Sect. VI.

II. FORMALISM

In the one-photon-exchange approximation, the differ-
ential cross section for inclusive deep-inelastic scattering
of polarized charged leptons off polarized nuclear targets
can be written [38] as:

d2σ(s, S)
dx dQ2

=
2πα2y2

Q6
Lµν(s)Wµν(S) , (16)

where α is the fine-structure constant. As depicted in
Fig. 1 the leptonic tensor Lµν describes the emission of
a virtual photon at the lepton vertex, and the hadronic
tensor Wµν describes the hadron vertex. The main kine-
matic variables used for the description of deep-inelastic
scattering are defined in Tab. I. The tensor Lµν can
be calculated precisely in Quantum Electro-Dynamics
(QED) [15]:

Lµν(s) = 2(kµk′
ν + kνk′

µ − gµν(k · k′ − m2
l ))

+ 2iϵµναβ(k − k′)αsβ . (17)

Here the spinor normalization s2 = −m2
l is used. In the

following the lepton mass ml is neglected. For a spin-1/2
target the representation of Wµν requires four structure
functions to describe the nucleon’s internal structure. It

Lepton Tensor
Hadron Tensor

parametrized in terms of 
Structure Functions
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a small correction due to the D-wave admixture to the
deuteron wave function (see Eq. (23)). The measurement
of Γd

1 hence allows for a straightforward determination of
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In the MS scheme, the non-singlet (singlet) coefficient
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for Nq = 3 [18]. Estimates exist for the fourth (third)
order non-singlet (singlet) term [19].

The first determination of ∆Σ was a moment anal-
ysis of the EMC proton data [20], using Eq. (11) and
the moments of the Wilson coefficients in O(α1

s). It re-
sulted in ∆Σ = 0.120 ± 0.094(stat) ± 0.138(sys), much
smaller than the expectation (∆Σ ≈ 0.6) [21, 22] from the
relativistic constituent quark model. This result caused
enormous activity in both experiment and theory. A se-
ries of high-precision scattering experiments with polar-
ized beams and targets were completed at CERN [23–25],
SLAC [26–28], DESY [29] and continue at CERN [30] and
JLAB [31]. Such measurements are always restricted to
certain x and Q2 ranges due to the experimental con-
ditions. However, any determination of ∆Σ requires an
‘evolution’ to a fixed value of Q2 and an extrapolation of
g1 data to the full x range and substantial uncertainties
might arise from the necessary extrapolations x → 0 and
x → 1. This limitation applies also to recent determina-
tions of ∆Σ based on NLO fits [32–36] of the x and Q2

dependence of g1 for proton, deuteron, and neutron, us-
ing Eq. (10) and the corresponding evolution equations.

This paper reports final results obtained by the HER-
MES experiment on the structure function g1 for the pro-
ton, deuteron, and neutron. The results include an anal-
ysis of the proton data collected in 1996, a re-analysis of
1997 proton data previously published [37], as well as the
analysis of the deuteron data collected in the year 2000.

While the accuracy of the HERMES proton data is com-
parable to that of earlier measurements, the HERMES
deuteron data are more precise than all published data.
By combining HERMES proton and deuteron data, pre-
cise results on the neutron spin structure function gn

1 are
obtained.

For this analysis, the kinematic range has been ex-
tended with respect to the previous proton analysis, to
include the region at low x (0.0041 ≤ x ≤ 0.0212) with
low Q2. In this region the information available on g1

was sparse. As will be discussed in Sect. VI, the first
moment Γd

1 determined from HERMES data appears to
saturate for x < 0.04. This observation allows for a de-
termination of a0 with small uncertainties and for a test
of the Bjorken Sum Rule, as well as scheme-dependent
estimates of ∆Σ and the first moments of the flavor sep-
arated quark helicity distributions, ∆u + ∆ū, ∆d + ∆d̄
and ∆s +∆s̄.

The paper is organized as follows: the formalism lead-
ing to the extraction of the structure function g1 will
be briefly reviewed in Sect. II, Sect. III deals with the
HERMES experimental arrangement and the data anal-
ysis is described in Sect. IV. Final results are presented
in Sect. V and discussed in Sect. VI.

II. FORMALISM

In the one-photon-exchange approximation, the differ-
ential cross section for inclusive deep-inelastic scattering
of polarized charged leptons off polarized nuclear targets
can be written [38] as:

d2σ(s, S)
dx dQ2

=
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Q6
Lµν(s)Wµν(S) , (16)

where α is the fine-structure constant. As depicted in
Fig. 1 the leptonic tensor Lµν describes the emission of
a virtual photon at the lepton vertex, and the hadronic
tensor Wµν describes the hadron vertex. The main kine-
matic variables used for the description of deep-inelastic
scattering are defined in Tab. I. The tensor Lµν can
be calculated precisely in Quantum Electro-Dynamics
(QED) [15]:

Lµν(s) = 2(kµk′
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l ))

+ 2iϵµναβ(k − k′)αsβ . (17)

Here the spinor normalization s2 = −m2
l is used. In the
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Figure 1: Two-photon exchange contribution to inclusive DIS in the parton model. The Hermitian
conjugate diagram, not shown in the figure, has to be considered as well. A diagram where the
ordering of the lower vertices of the two photons is interchanged (crossed box graph) does not
contribute to the transverse SSA.

When performing the calculation we ignore a term proportional to m3 in the lepton tensor Lµνρ

and also the mass in the denominator of the lepton propagator in the loop. Both effects are
suppressed for large Q2. The quark is treated as massless particle. On the other hand, to avoid a
potential IR divergence, a mass λ is assigned to the photon.
It turns out that in the collinear parton model only the imaginary part of the loop-integral in (6)
survives as soon as one adds the contribution coming from the Hermitian conjugate diagram. This
imaginary part can be conveniently evaluated by means of the Cutkosky rules. Here we avoid giving
details of the calculation and just quote our final result for the spin dependent part of the single
polarized cross section,

k′0 dσL,pol

d3k⃗′

=
4α3

em

Q8
m xy2 εµνρσ SµP νkρk′σ

∑

q

e3
q xf q

1 (x) . (7)

At this point several comments are in order. The result in Eq. (7) is the leading term in the Bjorken
limit (Q2 → ∞, x fixed). Corrections to this formula are suppressed at least by a factor M/Q. The
sign of the spin dependent part of the polarized cross section depends on the charge of the lepton
which enters to the third power. The result in (7) holds for a negatively charged lepton. (It is
interesting to note that in one of the early measurements of the target SSA [6] there is evidence for
the expected sign change when switching from an electron to a positron beam.) We have taken the
convention ε0123 = 1 for the Levi-Civita tensor. The spin dependent part of the single polarized
cross section behaves like αem m/Q relative to the unpolarized cross section given in Eq. (1) (and
relative to the dominant term of the double polarized DIS cross section). In this context note that
the correlation (3) showing up in Eq. (7) is given by

εµνρσ SµP νkρk′σ ∝
Q3

x y

√

1 − y (8)

in the Bjorken limit.
We emphasize that the expression in Eq. (7) is IR finite. Terms proportional to ln(Q2/λ2) ap-
pearing at intermediate steps of the calculation cancel in the final result. In related studies of

4

Two-photon exchange

Candidate to explain discrepancy in form-factor 
measurements

Interference between one- 
and two-photon exchange 
amplitudes leads to SSAs 
in inclusive DIS off transversely polarized targets

cross section proportional to S(kxk’) - either measure 
left-right asymmetries or sine modulation 

sensitive to beam charge due to odd number of e.m. couplings 
to beam
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Fig. 1. The xB dependence of the sinφS amplitudes AsinφS
U T measured with an elec-

tron beam (top) and a positron beam (center). The open (closed) circles identify the
data with Q 2 < 1 GeV2 (Q 2 > 1 GeV2). The error bars show the statistical uncer-
tainties, while the error boxes show the systematic uncertainties. The asymmetries
integrated over xB are shown on the left. Bottom panel: average Q 2 vs. xB from
data (squares), and the fraction of elastic background events to the total event sam-
ple from a Monte Carlo simulation (triangles).

Table 2
The integrated transverse single-spin asymmetry amplitude AsinφS

U T with its statisti-
cal and systematic uncertainties and the average values for xB and Q 2 measured
separately for electron and positron beams in the two Q 2 ranges Q 2 < 1 GeV2 (up-
per rows) and Q 2 > 1 GeV2 (lower rows). The systematic uncertainties contain the
effects of detector misalignment and beam position and slope at the target, as esti-
mated by a Monte Carlo simulation, but not the scale uncertainties from the target
polarization which amounts to 9.3% (6.6%) for the electron (positron) sample. Also,
the results are not corrected for smearing, radiative effects and elastic background
events.

Beam AsinφS
U T

× 10−3
δAsinφS

U T (stat.)
× 10−3

δAsinφS
U T (syst.)

× 10−3
⟨xB ⟩ ⟨Q 2⟩

[GeV2]

e+ −0.61 3.97 0.63 0.02 0.68
e− −6.55 3.40 0.63

e+ −0.60 1.70 0.29 0.14 2.40
e− −0.85 1.50 0.29

Systematic uncertainties from other sources like particle identifi-
cation or trigger efficiencies were found to be negligible.

The transverse single-spin asymmetry amplitudes AsinφS
U T for

electron and positron beams integrated over xB are given sepa-
rately for the “low-Q 2 region” and the “DIS region” in Table 2
along with their statistical and systematic uncertainties. All asym-
metry amplitudes are consistent with zero within their uncertain-
ties, which in the DIS region are of order 10−3. The only excep-

tion is the low-Q 2 electron sample, where the asymmetry is 1.9
standard deviations different from zero. No hint of a sign change
between electron and positron asymmetries is observed within un-
certainties.

In conclusion, single-spin asymmetries were measured in inclu-
sive deep-inelastic scattering at Hermes with unpolarized electron
and positron beams and a transversely polarized hydrogen target
with the goal of searching for a signal of two-photon exchange.
No signal was found within the uncertainties, which are of order
10−3.
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Fig. 1. The xB dependence of the sinφS amplitudes AsinφS
U T measured with an elec-

tron beam (top) and a positron beam (center). The open (closed) circles identify the
data with Q 2 < 1 GeV2 (Q 2 > 1 GeV2). The error bars show the statistical uncer-
tainties, while the error boxes show the systematic uncertainties. The asymmetries
integrated over xB are shown on the left. Bottom panel: average Q 2 vs. xB from
data (squares), and the fraction of elastic background events to the total event sam-
ple from a Monte Carlo simulation (triangles).

Table 2
The integrated transverse single-spin asymmetry amplitude AsinφS

U T with its statisti-
cal and systematic uncertainties and the average values for xB and Q 2 measured
separately for electron and positron beams in the two Q 2 ranges Q 2 < 1 GeV2 (up-
per rows) and Q 2 > 1 GeV2 (lower rows). The systematic uncertainties contain the
effects of detector misalignment and beam position and slope at the target, as esti-
mated by a Monte Carlo simulation, but not the scale uncertainties from the target
polarization which amounts to 9.3% (6.6%) for the electron (positron) sample. Also,
the results are not corrected for smearing, radiative effects and elastic background
events.

Beam AsinφS
U T

× 10−3
δAsinφS

U T (stat.)
× 10−3

δAsinφS
U T (syst.)

× 10−3
⟨xB ⟩ ⟨Q 2⟩

[GeV2]

e+ −0.61 3.97 0.63 0.02 0.68
e− −6.55 3.40 0.63

e+ −0.60 1.70 0.29 0.14 2.40
e− −0.85 1.50 0.29

Systematic uncertainties from other sources like particle identifi-
cation or trigger efficiencies were found to be negligible.

The transverse single-spin asymmetry amplitudes AsinφS
U T for

electron and positron beams integrated over xB are given sepa-
rately for the “low-Q 2 region” and the “DIS region” in Table 2
along with their statistical and systematic uncertainties. All asym-
metry amplitudes are consistent with zero within their uncertain-
ties, which in the DIS region are of order 10−3. The only excep-

tion is the low-Q 2 electron sample, where the asymmetry is 1.9
standard deviations different from zero. No hint of a sign change
between electron and positron asymmetries is observed within un-
certainties.

In conclusion, single-spin asymmetries were measured in inclu-
sive deep-inelastic scattering at Hermes with unpolarized electron
and positron beams and a transversely polarized hydrogen target
with the goal of searching for a signal of two-photon exchange.
No signal was found within the uncertainties, which are of order
10−3.
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The pos and neg subscripts indicate the polarity of the
BigBite magnet (standard running conditions are neg).
The f5 were estimated based on f3. Further information
on these background corrections is provided as
Supplemental Material [23].
A small quantity of unpolarized N2 was used in the 3He

target-cell to improve the efficiency of the optical pumping.
The asymmetry was corrected by a dilution factor
defined as

ηN2
≡ 1

1þ
!

ρN2
ρ3He

"!
σN2
σ3He

" ; ð7Þ

where ρ are the densities and σ are the unpolarized cross
sections for each gas. The ratio of densities is taken from
the target cell filling data. The cross-section ratio is
determined experimentally by inelastic scattering from a
reference cell filled with known densities of either N2 or
3He. The dilution factors for BigBite measured for T1 and
T6 triggers agree with each other. The final dilution was
determined by combining results from T1 and T6 according
to their statistical uncertainties, giving η ∼ 0.9 for all
kinematics with an uncertainty of ∼2%. The dilution factor
for the LHRS was determined to be 0.851$ 0.018. The
3He asymmetries from BigBite T1, T2 and T6 triggers were
extracted independently and were consistent with each
other within the statistical uncertainties for each bin. The
final 3He asymmetries were obtained by combining the
results from the T1, T2 and T6 asymmetries according to
their statistical uncertainties.
Neutron asymmetries were obtained from the 3He

asymmetries using the effective polarizations of the proton
and neutron in polarized 3He using [24],

A
3He
y ¼ ð1 − fpÞPnAn

y þ fpPpA
p
y : ð8Þ

Here, Pn ¼ 0.86þ0.036
−0.02 (Pp ¼ −0.028þ0.009

−0.004 ) is the effective
neutron (proton) polarization [25].
The proton dilutions of 3He for BigBite, fp ¼ 2σp=σ3He,

were measured for the T1 and T6 triggers using the yields
from unpolarized hydrogen and 3He targets and are con-
sistent with each other. The final dilutions, which varied
between 0.75–0.82, with uncertainties of 0.02–0.08, were
determined by combining the T1 and T6 results according to
their statistical uncertainties. Neutron asymmetries were
calculated separately for each trigger type and combined
according to their statistical uncertainties. The proton dilu-
tion for the LHRS was 0.715$ 0.007. A value of
Ap
y ¼ ð0$ 3Þ × 10−3 was used in Eqn. (8) based on the

HERMES measurements [16]. External radiative corrections
were applied to both the BigBite and LHRS data using a
Monte Carlo simulation that included detailed modeling of
geometry and material in the target and spectrometers. No
correction was made on the asymmetries since the radiative
corrections to the two-photon exchange process are not yet
available and the phase space of this measurement is limited.

The dominant systematic uncertainty for BigBite is from
background contamination, the largest of which is from pair-
produced electrons (see Table I). The π− contamination in
the T6 triggers ranges from 0.5% to 2.0% (rel.) from the
lowest to highest W bin, respectively. The uncertainties on
the contamination are ∼0.5%, which were estimated using
the difference between information from the Monte Carlo
simulation and contamination estimation based on data.
Further details about these corrections for the other two
triggers (T1 and T2) can be found in the Supplemental
Material [23]. The uncertainties associated with backgrounds
contribute to both the asymmetries and dilution factors. The
final results were extracted taking into account the full
correlation of these uncertainties. Other BigBite systematic
uncertainties include the detector acceptance (1.2 × 10−4),
detector response drift (9 × 10−5), and live time asymmetry
(6 × 10−5). For the LHRS, systematic uncertainties include
the live time asymmetry (6 × 10−5) and tracking efficiency
(7 × 10−5). The correction to the LHRS asymmetry due to
pair-produced electrons is 1.56 × 10−4 with a 100% relative
uncertainty. Systematic uncertainties from the polarized
target include target polarization and misalignment (5%),
and luminosity fluctuations (1.2 × 10−5).
The 3He and neutron results are presented in Table I along

with the pair-produced electron contamination. Neutron
results are shown in Fig. 3. The asymmetry is generally
negative and nonzero across the measured kinematic range.
At the largest value ofW, the systematic uncertainty is quite
large due to the uncertainty in the pair-produced electron
contamination. In order to evaluate how much the data
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FIG. 3 (color online). Neutron asymmetry results (color
online). Left panel: Solid black data points are DIS data
(W > 2 GeV) from the BigBite spectrometer; open circle has
W ¼ 1.72 GeV. BigBite data points show statistical uncertainties
with systematic uncertainties indicated by the lower solid band.
The square point is the LHRS data with combined statistical and
systematic uncertainties. The dotted curve near zero (positive) is
the calculation by A. Afanasev et al. [11], The solid and dot-
dashed curves are calculations by A. Metz et al. [12] (multiplied
by −1). Right panel: The average measured asymmetry for the
DIS data with combined systematic and statistical uncertainties.
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The systematic uncertainty bands are dominated by an overall normalization uncertainty common to all points. The
results are in reasonable agreement with the published results from the Eg1b experiment [6], but have typically five times
higher statistical precision, and a factor of two better systematic precision. The Eg1b results are on average a few percent
lower than the present results, which is well within the overall systematic uncertainty of the two experiments (about 3%
for this experiment and 7% for Eg1b).

The bands at the bottom of each panel represent the total systematic uncertainty (point-to-point as well as overall
normalization uncertainties combined). Note the o↵set from 0 in the vertical axis of most of the panels.

These higher precision results for g1/F1 clearly shows some resonant-like structure for values of W as high as 2.4 GeV.
To see the higher-W structures more clearly, we plot xg1 in Fig. 10. In this plot, pairs of adjacent Q

2 bins have been
averaged together.

FIG. 10: Results for xg1 as a function of W for the proton in four bins of Q2. The dashed lines simply connect the results at
a particular value of Q2.

The downward trend seen in the g1/F1 plot, near W = 1.23 GeV can be attributed to transitions to the spin-3/2
�(1232). The dip can be understood by realizing that g1/F1 is closely related to

A1 =

�1/2 � �3/2

�1/2 + �3/2
, (31)

where �1/2 (�3/2) represent transitions to final state helicity 1/2(3/2). For a pure N ! � transition, A1 = �0.5.
The strong peak near 1.5 GeV seen in both the g1/F1 and the xg1 plots is dominated by transitions to two nucleon

resonances, the N(1520) 3/2

� and N(1535) 1/2

� states. The spin-1/2 N(1535) resonance has only helicity = 1/2
transition amplitudes contributing, while the spin-3/2 N(1520) state has contributions from both helicity = 1/2 and
helicity = 3/2 transition amplitudes, and therefore can exhibit a range of asymmetry values, from A1 = �1 for �3/2

dominance to A1 = +1 for �1/2 dominance. As was found in the analysis of single pion (⇡) and single eta (⌘) exclusive
cross section measurements from other CLAS experiments [30, 31], the helicity structure of this state changes rapidly from
A1 = �1 at Q2

= 0 GeV2 to A1 = +1 at Q2
> 1 GeV2. In the Q

2-range of this experiment both states have A1 = +1 to
create the strong peak at 1.5 GeV.

The peak near 1.7 GeV has a similar origin. While more resonances contribute in this mass range, the N(1680) 5/2

+

state was found to be by far the most dominant one for a proton target. The helicity structure is similar to the N(1520)

3/2

� discussed above, and shows a dominant helicity 3/2 transition at Q

2
= 0 GeV2, which changes to helicity 1/2

dominance for Q2
> 1 GeV2, resulting in asymmetry A1 > 0, growing with Q

2. All of these features have been seen before,
at somewhat lower Q2 [6, 32]. What is interesting is that all three primary resonance regions are visible for Q2 values as
high as 4 GeV2.

What is new in the present results is a confirmation of an apparent dip near W = 1.9 GeV, with a possible peak near
the W = 2.2 GeV (sometimes known as the fourth resonance region). Hints of these structures were seen in the Eg1b
results [6]. The strength of the dip near W = 1.9 GeV seems to decrease with increasing Q

2. This could indicate significant
contributions from resonances with dominant helicity = 3/2 transitions. There is a number of states in this mass range
that could contribute to the observed structure.

Y. Prok et al., arXiv:1404.6231

CLAS
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FIG. 1. Our An

1 results in the DIS regime (filled circles),
compared with world An

1 data extracted using 3He targets
(SLAC E142 [45], SLAC E154 [46], JLab E99117 [38], and
HERMES [42]). Selected model predictions are also shown:
RCQM [8], statistical [13, 47], NJL [14], and (at x = 1) two
DSE-based approaches [15]. Quark OAM is assumed to be ab-
sent in the LSS(BBS) parameterization [11], but is explicitly
allowed in the Avakian et al. parameterization [12].

measured asymmetry A
3He
1 on the nuclear target, we used

a model for the 3He wavefunction incorporating S, S′,
and D states as well as a pre-existing ∆(1232) compo-
nent [37]:

An
1 =

F
3He
2

[

A
3He
1 − 2 Fp

2

F
3He
2

PpA
p
1

(

1− 0.014
2Pp

)]

PnFn
2

(

1 + 0.056
Pn

) . (4)

The effective proton and neutron polarizations were
taken as Pp = −0.028+0.009

−0.004 and Pn = 0.860+0.036
−0.020 [38].

F2 was parameterized with F1F209 [29] for 3He and with
CJ12 [39] for the neutron and proton, while Ap

1 was mod-
eled with a Q2-independent, three-parameter fit to world
data [1, 28, 40–44] on proton targets. Corrections were
applied separately to the two beam energies, at the aver-
age measured Q2 values of 2.59 (GeV/c)2 (E = 4.7 GeV)
and 3.67 (GeV/c)2 (E = 5.9 GeV). The resulting neu-
tron asymmetry, the statistics-weighted average of the
asymmetries measured at the two beam energies, is given
as a function of x in Table I and Fig. 1 and corre-
sponds to an average Q2 value of 3.078 (GeV/c)2. Ta-
ble I also gives our results for the structure-function ratio
gn1 /F

n
1 = [y(1+ ϵR)]/[(1− ϵ)(2− y)] · [A∥ +tan(θ/2)A⊥],

where y = (E − E′)/E in the laboratory frame, which
was extracted from our 3He data in the same way as An

1 .

Combining the neutron g1/F1 data with measurements
on the proton allows a flavor decomposition to separate
the polarized-to-unpolarized-PDF ratios for up and down

TABLE I. An

1 and gn1 /F
n

1 results.

⟨x⟩ An

1 ± stat± syst gn1 /F
n

1 ± stat± syst

0.277 0.043 ± 0.060 ± 0.021 0.044 ± 0.058 ± 0.012

0.325 −0.004 ± 0.035 ± 0.009 −0.002 ± 0.033 ± 0.009

0.374 0.078 ± 0.029 ± 0.012 0.053 ± 0.028 ± 0.010

0.424 −0.056 ± 0.032 ± 0.013 −0.060 ± 0.030 ± 0.012

0.474 −0.045 ± 0.040 ± 0.016 −0.053 ± 0.037 ± 0.015

0.548 0.116 ± 0.072 ± 0.021 0.110 ± 0.067 ± 0.019

quarks, which are still more sensitive than An
1 to the

differences between various theoretical models. When
the strangeness content of the nucleon is neglected, these
ratios can be extracted at leading order as

∆u +∆ū

u+ ū
=

4

15

gp1
F p
1

(

4 +Rdu
)

−
1

15

gn1
Fn
1

(

1 + 4Rdu
)

(5)

∆d+∆d̄

d+ d̄
=

−1

15

gp1
F p
1

(

1 +
4

Rdu

)

+
4

15

gn1
Fn
1

(

4 +
1

Rdu

)

(6)
where Rdu ≡ (d+ d̄)/(u+ ū) and is taken from the CJ12
parameterization [39]; gp1/F

p
1 was modeled with world

data in the same way as Ap
1. Neglecting the strangeness

contribution results in an uncertainty of < 0.009 for
(∆u+∆ū)/(u+ū) and < 0.02 for (∆d+∆d̄)/(d+ d̄). Our
results are given in Table II, and plotted in Fig. 2 along
with previous world data and selected model predictions
and parameterizations. The (∆u + ∆ū)/(u + ū) results
reported here are dominated by proton measurements.

TABLE II. ∆u/u and ∆d/d results. Systematic uncertainties
include those due to neglecting the strangeness contribution.

⟨x⟩ ∆u/u± stat± syst ∆d/d± stat± syst

0.277 0.447 ± 0.011 ± 0.035 −0.166 ± 0.094 ± 0.029

0.325 0.505 ± 0.006 ± 0.040 −0.292 ± 0.055 ± 0.033

0.374 0.541 ± 0.005 ± 0.046 −0.252 ± 0.048 ± 0.040

0.424 0.600 ± 0.005 ± 0.052 −0.514 ± 0.054 ± 0.051

0.474 0.631 ± 0.006 ± 0.058 −0.579 ± 0.070 ± 0.067

0.548 0.642 ± 0.009 ± 0.070 −0.384 ± 0.138 ± 0.092

Our results for An
1 and (∆d + ∆d̄)/(d + d̄) support

previous measurements in the range 0.277 ≤ x ≤ 0.548.
The An

1 data are consistent with a zero crossing between
x = 0.4 and x = 0.55, as reported by the JLab E99117
measurement [38]; a pQCD parameterization that ex-
plicitly permits quark OAM [12] is a significantly better
match to our data at large x than one that explicitly
disallows it [11]. Our extraction of (∆d + ∆d̄)/(d + d̄)
shows no evidence of a transition to a positive slope,

D.S. Parno et al., arXiv:1406.1207
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The systematic uncertainty bands are dominated by an overall normalization uncertainty common to all points. The
results are in reasonable agreement with the published results from the Eg1b experiment [6], but have typically five times
higher statistical precision, and a factor of two better systematic precision. The Eg1b results are on average a few percent
lower than the present results, which is well within the overall systematic uncertainty of the two experiments (about 3%
for this experiment and 7% for Eg1b).

The bands at the bottom of each panel represent the total systematic uncertainty (point-to-point as well as overall
normalization uncertainties combined). Note the o↵set from 0 in the vertical axis of most of the panels.

These higher precision results for g1/F1 clearly shows some resonant-like structure for values of W as high as 2.4 GeV.
To see the higher-W structures more clearly, we plot xg1 in Fig. 10. In this plot, pairs of adjacent Q

2 bins have been
averaged together.

FIG. 10: Results for xg1 as a function of W for the proton in four bins of Q2. The dashed lines simply connect the results at
a particular value of Q2.

The downward trend seen in the g1/F1 plot, near W = 1.23 GeV can be attributed to transitions to the spin-3/2
�(1232). The dip can be understood by realizing that g1/F1 is closely related to

A1 =

�1/2 � �3/2

�1/2 + �3/2
, (31)

where �1/2 (�3/2) represent transitions to final state helicity 1/2(3/2). For a pure N ! � transition, A1 = �0.5.
The strong peak near 1.5 GeV seen in both the g1/F1 and the xg1 plots is dominated by transitions to two nucleon

resonances, the N(1520) 3/2

� and N(1535) 1/2

� states. The spin-1/2 N(1535) resonance has only helicity = 1/2
transition amplitudes contributing, while the spin-3/2 N(1520) state has contributions from both helicity = 1/2 and
helicity = 3/2 transition amplitudes, and therefore can exhibit a range of asymmetry values, from A1 = �1 for �3/2

dominance to A1 = +1 for �1/2 dominance. As was found in the analysis of single pion (⇡) and single eta (⌘) exclusive
cross section measurements from other CLAS experiments [30, 31], the helicity structure of this state changes rapidly from
A1 = �1 at Q2

= 0 GeV2 to A1 = +1 at Q2
> 1 GeV2. In the Q

2-range of this experiment both states have A1 = +1 to
create the strong peak at 1.5 GeV.

The peak near 1.7 GeV has a similar origin. While more resonances contribute in this mass range, the N(1680) 5/2

+

state was found to be by far the most dominant one for a proton target. The helicity structure is similar to the N(1520)

3/2

� discussed above, and shows a dominant helicity 3/2 transition at Q

2
= 0 GeV2, which changes to helicity 1/2

dominance for Q2
> 1 GeV2, resulting in asymmetry A1 > 0, growing with Q

2. All of these features have been seen before,
at somewhat lower Q2 [6, 32]. What is interesting is that all three primary resonance regions are visible for Q2 values as
high as 4 GeV2.

What is new in the present results is a confirmation of an apparent dip near W = 1.9 GeV, with a possible peak near
the W = 2.2 GeV (sometimes known as the fourth resonance region). Hints of these structures were seen in the Eg1b
results [6]. The strength of the dip near W = 1.9 GeV seems to decrease with increasing Q

2. This could indicate significant
contributions from resonances with dominant helicity = 3/2 transitions. There is a number of states in this mass range
that could contribute to the observed structure.

Y. Prok et al., arXiv:1404.6231
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latest HERMES data consistent with (sparse) world data

rather low beam polarization during HERA II ➥ small f.o.m. 
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Results on A2 and xg2
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… the neutron case

sizable in the lower-Q2 / -x  region

opposite sign compared to proton case 
(as expected, e.g., by M. Burkardt, PRD 88, 114502 (2013) 
due to “instantaneous transverse color force”)

24

dn2 ¼
d

3He
2 − ð2Pp − 0.014Þdp2

Pn þ 0.056
; ð12Þ

where Pp and Pn are the effective proton and neutron
polarizations in 3He, and the factors 0.056 and 0.014 are
due to the Δ-isobar contributions [32]. dp2 in Eq. (12) was
calculated from various global analyses [46,51–55] to be
ð−17.5% 5.3Þ × 10−4 and ð−16.9% 4.7Þ × 10−4 at the
kinematics of E06-014 at average hQ2i values of 3.21
(where Q2 ranged from about 2.0 to 4.9 GeV2=c2) and
4.32 GeV2=c2 (where Q2 ranged from about 2.6 to
6.6 GeV2=c2), respectively. Additionally, other neutron
extraction methods were studied in Ref. [57]; those results
were found to be consistent within our total uncertainty.
The dn2 values measured during E06-014 represent only

partial integrals. The full integrals can be evaluated by
computing the low- and high-x contributions. The low-x
contribution is suppressed due to the x2 weighting of the
d2 integrand, and was calculated by fitting existing gn1
[47–49,58] and gn2 [23,47,59] data. The fits to both structure
functions were dominated by the precision data from
Ref. [47], and extended in x from 0.02 to 0.25. A possible

Q2 dependence of this low-x contribution was presumed to
be negligible in this analysis. The high-x contribution,
dominated by the elastic x ¼ 1 contribution with a negli-
gible contribution from 0.9 < x < 1, was estimated using
the elastic form factors Gn

E and Gn
M, computed from the

parametrizations given in Refs. [60,61], respectively. The
individual contributions used to evaluate the full dn2 integral
are listed in Table I.
The fully integrated dn2 results from this experiment are

shown as a function ofQ2 in Fig. 2 alongwith theworld data
and available calculations. Our dn2 results are in agreement
with the lattice QCD [13] (evaluated at Q2 ¼ 5 GeV2=c2),
bag model [21] (evaluated at Q2 ¼ 5 GeV2=c2), and chiral
soliton model [22] (evaluated at Q2 ¼ 3 and 5 GeV2=c2)
calculations, which predict a small negative value of dn2 at
largeQ2.We note that at lowerQ2, the elastic contribution of
dn2 dominates the measured values and is in agreement with
the QCD sum rule calculations [19,20] (evaluated at
Q2 ¼ 1 GeV2=c2). Given our precision, we find a dn2 value
near Q2 ¼ 5 GeV2 that is about 3 standard deviations
smaller than the lowest error bar reported by SLAC E155x.
Primed with a new value of dn2 , we proceeded to

determine fn2 and extract the average electric and magnetic
color forces. The quantity fn2 was extracted following
the analysis described in Refs. [17,34]. Our fn2 extraction
used an2 matrix elements evaluated from global analyses
[46,51–55], which were found to be ð4.3% 12.1Þ × 10−4

and ð0.6%11.3Þ×10−4 at hQ2i ¼ 3.21 and 4.32 GeV2=c2,
respectively, our measured dn2 values, and the inclusion of
the Γ1 data from the JLab RSS experiment [62] and the
most recent JLab E94-010 data [63]. The singlet axial
charge ΔΣ was determined from values of Γn

1 at Q2 ≥
5 GeV2=c2 to be 0.375% 0.052, in excellent agreement
with that found in Ref. [64]. We note that our extracted fn2
values are consistent with the value found in Ref. [17]. A
summary of our fn2 and average color force values, along
with calculations from several models, are presented in
Table II.
In summary, we have measured the DSA and unpolar-

ized cross sections from a polarized 3He target, allowing for
the precision measurement of the neutron d2. We find that
dn2 is small and negative at hQ2i ¼ 3.21 and 4.32 GeV2=c2.
We find that our results are consistent with the lattice QCD
[13], bag model [21], and chiral soliton [22] predictions.

]2/c2 [GeV2Q
1 2 3 4 5

n 2d

-0.04

-0.03

-0.02

-0.01

0

0.01
E01-012 (Resonance)
E155x
E99-117 + E155x (combined)
This Work

Lattice QCD
Sum Rules
Chiral Soliton
Bag Models
RSS (Resonance)
Elastic Contribution (CN) 3 3.5 4 4.5 5 5.5

-0.006

-0.005

-0.004

-0.003

-0.002

-0.001

0

0.001

This Work (with low-x)

FIG. 2 (color). dn2 data plotted against Q2 for data with
hQ2i ≥ 1 GeV2=c2. The error bars on the world data from
E01-012 [50], E155x [23], E99-117þ E155x [24], and RSS
[62] represent the in quadrature sum of their statistical and
systematic uncertainties. Our results are displayed with and
without the low-x contribution added, and are offset in Q2 for
clarity. The inset figure zooms in around our results, with the
shaded boxes representing our systematic uncertainty.

TABLE II. Our results for fn2, F
n
E, and Fn

B compared to model calculations. The value for dn2 is assumed to be zero in the instanton
model calculation, as it is much smaller than fn2 [65]. Note that we have divided Eqs. (6) and (7) by ℏc to obtain force units of MeV=fm.

Group Q2ðGeV2=c2Þ fn2 × 10−3 Fn
E (MeV=fm) Fn

B (MeV=fm)

E06-014 3.21 43.57% 0.79stat % 39.38sys −26.17% 1.32stat % 29.35sys 44.99% 2.43stat % 29.43sys
E06-014 4.32 39.80% 0.83stat % 39.38sys −29.12% 1.38stat % 29.34sys 30.68% 2.55stat % 29.40sys
Instanton [65,66] 0.40 38.0 −30.41 30.41
QCD sum rule [12,19] 1 −13.0% 6.0 54.25% 15.52 79.52% 30.06
QCD sum rule [20] 1 10.0% 10.0 29.73% 16.62 81.75% 30.64

PRL 113, 022002 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
11 JULY 2014

022002-5

[M. Posik et al., PRL 113, 022002 (2014)]
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Transverse spin

27

transverse-spin asymmetries involve helicity flip

|"#i = 1

2
(|+i± |�i)

h"| Ô |"i � h#| Ô |#i / h+| Ô |�i � h�| Ô |+i
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Transverse spin

27

transverse-spin asymmetries involve helicity flip
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hermes Quark Distribution Functions
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and nucleons

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

⇒ Vector Charge
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∫

dx(fq
1 (x) − f q̄

1 (x))

Longitudinally
polarized quarks
and nucleons

g
q
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(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

|"#i = 1

2
(|+i± |�i)

h"| Ô |"i � h#| Ô |#i / h+| Ô |�i � h�| Ô |+i

PDFs:
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PDFs:

need to couple PDF to chiral-odd fragmentation function:
transverse spin transfer (polarized final-state hadron)
2-hadron fragmentation
Collins fragmentation
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Quark polarimetry

28

unpolarized quarks: easy - “just” hit them (and count)

longitudinally polarized quarks: use polarized beam
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Quark polarimetry

28

transversely polarized quarks: need final-state polarimetry, e.g.

unpolarized quarks: easy - “just” hit them (and count)

longitudinally polarized quarks: use polarized beam
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1-Hadron production (ep➙ehX)

31

.

SIDIS Cross Section

(up to subleading order in 1/Q)
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1-Hadron production (ep➙ehX)
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… possible measurements

32
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Azimuthal spin asymmetries

.
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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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… some complications

theory done w.r.t. virtual-photon direction

experiments use targets polarized w.r.t. lepton-beam direction

➡  mixing of longitudinal and transverse polarization effects
[Diehl & Sapeta, EPJ C 41 (2005) 515], e.g., 

34

.

hermes Mixing of Azimuthal Moments
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Experiment: Target Polariza-
tion w.r.t. Beam Direction (l)!
Theory: Polarization along virtual photon di-
rection (q)
⇒ mixing of “experimental” and “theory”
asymmetries via:
[Diehl and Sapeta, Eur. Phys. J. C41 (2005)]
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(cos θγ∗ ≃ 1 , sin θγ∗ up to 15% at HERMES energies)

Gunar Schnell, Universiteit Gent QCD-N’06 – Frascati, June 14th , 2006 – p. 22/36
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… back to results ...
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Fig. 3. Comparison of final asymmetries of COMPASS as a function of x with results of HERMES [7]. Bands at bottom of graphs represent systematic uncertainties. Solid
markers and bands correspond to COMPASS data. Open markers and bands are taken from the HERMES publication.

tained with different microwave settings. No significant difference
was found. The possible error due to false asymmetries was eval-
uated as a fraction of the statistical error σsyst < 0.4σstat [4]. The
total systematic uncertainty is shown by the bands at the bottom
of each plot in Fig. 3.

4. Polarised PDFs from a fit to the asymmetries

As in our previous LO analysis [3], we assumed that hadrons
in the current fragmentation region are produced by independent
quark fragmentation, so that their spin asymmetries can be writ-
ten in terms of parton distribution functions (q(x, Q 2),"q(x, Q 2))
and fragmentation functions (FFs) Dh

q(z, Q 2) according to Eq. (2).
In the present analysis we use the unpolarised parton distribution
functions (PDFs) from MRST [21]17 and the recent DSS parameter-
isation of FFs at LO which was obtained from a combined analysis
of inclusive pion and kaon production data from e+e− annihilation,
semi-inclusive DIS data (SIDIS) from HERMES and proton–proton
collider data [22]. In order to test the dependence of the po-
larised PDFs on the FFs, we also show the values obtained with
the EMC FFs [23]. In contrast to other parameterisations which are
derived from global fits, the latter ones have been extracted from
the EMC data only, so that only non-strange quark fragmentation
could be measured. Therefore, in addition to the assumptions gen-
erally made to reduce the number of FFs, the EMC analysis also
assumed that D K+

s̄ = Dπ+
u .

The recent HKNS parameterisation of FFs [24] strongly disagrees
with the ratio of negative to positive hadrons observed in our data,
as was already observed in [3] for the KRE parameterisation [25].
For this reason, these parameterisations based only on e+e− col-
lider data are not usable in the kinematic range of the present
analysis.

Since the analysis is based on deuteron data only, only the sums
of u and d densities can be extracted: "uv + "dv and "ū + "d̄.
In principle "s and "s̄ could both be extracted from the charged
kaon asymmetries AK+

1,d and AK−
1,d but in view of the precision of

the data, they are assumed to be equal. All asymmetries are also

17 We use the LO set with three quark flavours.

assumed to be independent of Q 2. In this way the resulting PDFs
are obtained at a common Q 2 fixed to 3 (GeV/c)2.

The five measured asymmetries form a linear system of equa-
tions with three unknowns ("uv + "dv , "ū + "d̄, "s), which
is solved by a least-square fit independently in each x bin. Only
statistical errors are used in the fit and correlations between asym-
metries are taken into account. Two corrections (c1, c2) are applied
in the evaluation of quark helicity distributions from the asym-
metries. The first one, c1 = 1–1.5ωD , accounts for the deuteron
D-state contribution (ωD = 0.05 ± 0.01 [26]). The second one ac-
counts for the fact that, although R(x, Q 2) = 0 at LO, the unpo-
larised PDFs originate from F2 distributions in which R = σL/σT
was different from zero [20]. In the present analysis we assume R
to be the same for inclusive and semi-inclusive reactions, so that
the same correction, c2 = 1 + R(x, Q 2), can be used for inclusive
and hadron asymmetries. The resulting quark helicities thus are
corrected by a factor ξ = c1c2.

The results of the fit obtained with the two sets of fragmenta-
tion functions are shown in Fig. 4. Significant differences are ob-
served only for "s. Indeed the main difference of DSS with respect
to EMC is the enhanced s (s̄) quark contribution to the production
of K − (K +), the ratio

∫ 1
0.2 D K+

s̄ (z)dz/
∫ 1

0.2 D K+
u (z)dz, which is equal

to 3.4 for the quoted EMC values, increases to 6.6 in DSS. The sta-
tistical precision of "s for the two parameterisations changes in
the same proportion. The curves obtained with the LO DNS param-
eterisation of polarised PDFs [27] are also shown. As in our previ-
ous publication on the asymmetry of unidentified hadrons [3], a
nice agreement is observed in the valence sector. The asymmetries
of the non-strange sea are also compatible with the DNS curve, al-
though we observe a tendency for the data points to be above and
below the curve at low and high x, respectively. The shape of the
x"s curve of DNS is quite typical for QCD fits of g1(x, Q 2) data,
showing a minimum in the medium x region (x ≈ 0.2). With the
DSS fragmentation functions, the SIDIS measurements of COMPASS
do not seem to support this behaviour, while with the EMC ones,
the errors become too large to draw any conclusion.

The elements of the correlation matrix for the obtained densi-
ties are shown in Fig. 5. The correlation between the non-strange
densities "uv + "dv and "ū + "d̄ is large and negative. This
feature can be explained by the fact that their sum is highly con-
strained by the very precise value of A1,d . Since the term with "s

flavor separation via final-state hadron- flavor tagging

[M. Alekseev et al., PLB 680 (2009) 217]
[A. Airapetian et al., PRL 92 (2004) 012005]
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Fig. 3. Comparison of final asymmetries of COMPASS as a function of x with results of HERMES [7]. Bands at bottom of graphs represent systematic uncertainties. Solid
markers and bands correspond to COMPASS data. Open markers and bands are taken from the HERMES publication.

tained with different microwave settings. No significant difference
was found. The possible error due to false asymmetries was eval-
uated as a fraction of the statistical error σsyst < 0.4σstat [4]. The
total systematic uncertainty is shown by the bands at the bottom
of each plot in Fig. 3.

4. Polarised PDFs from a fit to the asymmetries

As in our previous LO analysis [3], we assumed that hadrons
in the current fragmentation region are produced by independent
quark fragmentation, so that their spin asymmetries can be writ-
ten in terms of parton distribution functions (q(x, Q 2),"q(x, Q 2))
and fragmentation functions (FFs) Dh

q(z, Q 2) according to Eq. (2).
In the present analysis we use the unpolarised parton distribution
functions (PDFs) from MRST [21]17 and the recent DSS parameter-
isation of FFs at LO which was obtained from a combined analysis
of inclusive pion and kaon production data from e+e− annihilation,
semi-inclusive DIS data (SIDIS) from HERMES and proton–proton
collider data [22]. In order to test the dependence of the po-
larised PDFs on the FFs, we also show the values obtained with
the EMC FFs [23]. In contrast to other parameterisations which are
derived from global fits, the latter ones have been extracted from
the EMC data only, so that only non-strange quark fragmentation
could be measured. Therefore, in addition to the assumptions gen-
erally made to reduce the number of FFs, the EMC analysis also
assumed that D K+

s̄ = Dπ+
u .

The recent HKNS parameterisation of FFs [24] strongly disagrees
with the ratio of negative to positive hadrons observed in our data,
as was already observed in [3] for the KRE parameterisation [25].
For this reason, these parameterisations based only on e+e− col-
lider data are not usable in the kinematic range of the present
analysis.

Since the analysis is based on deuteron data only, only the sums
of u and d densities can be extracted: "uv + "dv and "ū + "d̄.
In principle "s and "s̄ could both be extracted from the charged
kaon asymmetries AK+

1,d and AK−
1,d but in view of the precision of

the data, they are assumed to be equal. All asymmetries are also

17 We use the LO set with three quark flavours.

assumed to be independent of Q 2. In this way the resulting PDFs
are obtained at a common Q 2 fixed to 3 (GeV/c)2.

The five measured asymmetries form a linear system of equa-
tions with three unknowns ("uv + "dv , "ū + "d̄, "s), which
is solved by a least-square fit independently in each x bin. Only
statistical errors are used in the fit and correlations between asym-
metries are taken into account. Two corrections (c1, c2) are applied
in the evaluation of quark helicity distributions from the asym-
metries. The first one, c1 = 1–1.5ωD , accounts for the deuteron
D-state contribution (ωD = 0.05 ± 0.01 [26]). The second one ac-
counts for the fact that, although R(x, Q 2) = 0 at LO, the unpo-
larised PDFs originate from F2 distributions in which R = σL/σT
was different from zero [20]. In the present analysis we assume R
to be the same for inclusive and semi-inclusive reactions, so that
the same correction, c2 = 1 + R(x, Q 2), can be used for inclusive
and hadron asymmetries. The resulting quark helicities thus are
corrected by a factor ξ = c1c2.

The results of the fit obtained with the two sets of fragmenta-
tion functions are shown in Fig. 4. Significant differences are ob-
served only for "s. Indeed the main difference of DSS with respect
to EMC is the enhanced s (s̄) quark contribution to the production
of K − (K +), the ratio

∫ 1
0.2 D K+

s̄ (z)dz/
∫ 1

0.2 D K+
u (z)dz, which is equal

to 3.4 for the quoted EMC values, increases to 6.6 in DSS. The sta-
tistical precision of "s for the two parameterisations changes in
the same proportion. The curves obtained with the LO DNS param-
eterisation of polarised PDFs [27] are also shown. As in our previ-
ous publication on the asymmetry of unidentified hadrons [3], a
nice agreement is observed in the valence sector. The asymmetries
of the non-strange sea are also compatible with the DNS curve, al-
though we observe a tendency for the data points to be above and
below the curve at low and high x, respectively. The shape of the
x"s curve of DNS is quite typical for QCD fits of g1(x, Q 2) data,
showing a minimum in the medium x region (x ≈ 0.2). With the
DSS fragmentation functions, the SIDIS measurements of COMPASS
do not seem to support this behaviour, while with the EMC ones,
the errors become too large to draw any conclusion.

The elements of the correlation matrix for the obtained densi-
ties are shown in Fig. 5. The correlation between the non-strange
densities "uv + "dv and "ū + "d̄ is large and negative. This
feature can be explained by the fact that their sum is highly con-
strained by the very precise value of A1,d . Since the term with "s

flavor separation via final-state hadron- flavor tagging
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[A. Airapetian et al., PRL 92 (2004) 012005]

and analogously for NP ~Q. The polarizations follow by
minimizing

!2 ! " ~A1 #NP ~Q$TV#1
A " ~A1 #NP ~Q$; (39)

where V A is the statistical covariance matrix [Eq. (A7)] of
the asymmetry vector ~A1. It accounts for the correlations of
the various inclusive and semi-inclusive asymmetries as
well as the interbin correlations.

The systematic uncertainties of the asymmetries were
not included in the calculation of !2. The dominant con-
tribution to these uncertainties arises from the beam and
target polarizations, which affect the asymmetries in a
nonlinear manner. It is natural to linearly approximate
these contributions as off-diagonal interbin correlations
in the systematic covariance matrix of the set of asymme-
tries for all bins. However, when such a matrix is included
in the fit based on linear recursion, the inaccuracies in this
linearization were found to introduce a significant bias in
the fit. Hence, the systematic uncertainties were excluded
from the fit, but were included in the propagation of all of
the uncertainties in the asymmetries into those on the
results of the fit.

It was found that the data do not significantly constrain
!"s"x$. The results presented here were extracted with the
constraint !"s"x$ % 0. A comparison of the fit using this
constraint with a fit without assumptions on the polariza-
tions of the quark flavors showed that the constraint had a
negligible impact on the final results for the unconstrained
flavors and their uncertainties. In addition the resulting
polarizations were found to be in good agreement with
the results of a fit under the assumption of a symmetrically
polarized strange sea &!s=s'"x$ ! &!"s="s'"x$.

Assuming an unpolarized antistrange sea the vector of
polarizations ~Q"x$ in each x-bin is given by

~Q"x$ !
!
!u
u

"x$;!d
d

"x$;!"u
"u
"x$;!

"d
"d
"x$;!s

s
"x$
"

: (40)

As a further constraint the polarizations of the "u, "d, and
s-quarks were fixed at zero for values of x > 0:3. The
effects of this and of fixing the "s polarization at zero
were included in the systematic error. The constraints
reduced the number of free parameters by 15, leaving 39
parameters in the fit. The solution obtained by applying
linear regression is
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flavor separation of quark-helicity distribution using DIS data only

[M. Alekseev et al., PLB 693 (2010) 227]
232 COMPASS Collaboration / Physics Letters B 693 (2010) 227–235

Fig. 3. The quark helicity distributions x!u, x!d, x!u, x!d and x!s at Q 2
0 = 3 (GeV/c)2 as a function of x. The values for x < 0.3 (black dots) are derived at LO from the

COMPASS spin asymmetries using the DSS fragmentation functions [30]. Those at x > 0.3 (open squares) are derived from the values of the polarised structure function g1(x)
quoted in [20,35] assuming !q = 0. The bands at the bottom of each plot show the systematic errors. The curves show the predictions of the DSSV fit calculated at NLO [1].

The results for the quark helicity distributions !u, !d, !u,
!d and !s (!s = !s) are shown in Fig. 3. As for the asym-
metries, they are in good qualitative agreement with the results
from HERMES [14]. A quantitative comparison is not made here,
since the HERMES helicity distributions are extracted under dif-
ferent assumptions for the fragmentation functions and for the
unpolarised flavour distributions. In the range 0.3 < x < 0.7 three
additional values of !u and !d, derived from the g p

1 (x) and gd
1(x)

[35] structure functions, are also displayed. The gd
1(x) values in-

clude the target material corrections quoted in [20]. The dominant
contribution to the systematic error of !u and !d comes from
the uncertainty of the beam polarisation, which affects all data
in the same way and leads to an uncertainty of 5% for all fitted
values. The systematic error on the antiquark and strange quark
distributions is mainly due to possible false asymmetries gener-
ated by time-dependent effects on the detector acceptance. The
curves show the results of the DSSV fit at Next-to-Leading Order
(NLO) [1]. The comparison with the experimental results derived
at LO is thus only qualitative. Nevertheless, the curves reproduce
fairly well the shape of the data, confirming a previous observa-
tion that a direct extraction at LO provides a good estimate of the
shape of the helicity distributions [36]. The antiquark distributions,
!u and !d, do not show any significant variation in the x range
of the data, the former being consistent with zero, the latter being
slightly negative.

The values of the strange quark helicity distribution confirm
with slightly reduced errors the results obtained from the deuteron
data [17] alone. With the same fragmentation functions (DSS) no
significant variation of !s(x) is observed in the range of the data.
Only the first point at low x shows a small deviation from zero
(≈ 2.5σ ). This distribution is of special interest due to the appar-
ent contradiction between the SIDIS results and the negative first
moment derived [35] from the spin structure function g1(x). The
DSSV fit includes a negative contribution to !s for x ! 0.03, which
reconciles the inclusive and semi-inclusive results. The evaluation
of the first moment of !s(x) from inclusive measurements relies

Table 4
First moments of the quark helicity distributions at Q 2

0 = 3 (GeV/c)2 truncated to
the range of the measurements and derived with the DSS fragmentation functions.
The first error is statistical, the second one systematic. The values of the sea quark
distributions for x ! 0.3 are assumed to be zero.

x range 0.004 < x < 0.3 0.004 < x < 0.7

!u 0.47±0.02±0.03 0.69±0.02±0.03
!d −0.27±0.03±0.02 −0.33±0.04±0.03
!u 0.02±0.02±0.01 –
!d −0.05±0.03±0.02 –
!s(!s) −0.01±0.01±0.01 –

!uv 0.46±0.03±0.03 0.67±0.03±0.03
!dv −0.23±0.05±0.02 −0.28±0.06±0.03
!u − !d 0.06±0.04±0.02 –
!u + !d −0.03±0.03±0.01 –
!Σ 0.15±0.02±0.02 0.31±0.03±0.03

on the value of the octet axial charge a8, which is derived from
hyperon weak decays under the assumption of SU(3)f symmetry.
A recent model calculation suggests that a8 may be substantially
reduced and become close to the singlet axial charge a0 extracted
from the data [16]. In this case the inclusive data would no longer
imply a negative value of !s. Finally, as pointed out in our pre-
vious paper [17], one has to keep in mind that the semi-inclusive
results on !s(x) strongly depend on the choice of a set of fragmen-
tation functions. This dependence is quantified in the next section.

The first moments of the helicity distributions truncated to the
range of the measurements are listed in Table 4. The missing con-
tributions at low and at high x have been evaluated by extrap-
olating the measured values and alternatively by using the DSSV
parameterisation [1]. The contributions at high x are all small and
do not exceed 0.01. The two methods lead to similar values for
the valence quark moments !uv = !u − !u and !dv = !d − !d.
In contrast, they differ for the sea quark moments and particu-
larly for !s due to the sizable low-x contribution assumed in the
DSSV fit. The resulting full first moments for both methods are
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Fig. 3. The quark helicity distributions x!u, x!d, x!u, x!d and x!s at Q 2
0 = 3 (GeV/c)2 as a function of x. The values for x < 0.3 (black dots) are derived at LO from the

COMPASS spin asymmetries using the DSS fragmentation functions [30]. Those at x > 0.3 (open squares) are derived from the values of the polarised structure function g1(x)
quoted in [20,35] assuming !q = 0. The bands at the bottom of each plot show the systematic errors. The curves show the predictions of the DSSV fit calculated at NLO [1].

The results for the quark helicity distributions !u, !d, !u,
!d and !s (!s = !s) are shown in Fig. 3. As for the asym-
metries, they are in good qualitative agreement with the results
from HERMES [14]. A quantitative comparison is not made here,
since the HERMES helicity distributions are extracted under dif-
ferent assumptions for the fragmentation functions and for the
unpolarised flavour distributions. In the range 0.3 < x < 0.7 three
additional values of !u and !d, derived from the g p

1 (x) and gd
1(x)

[35] structure functions, are also displayed. The gd
1(x) values in-

clude the target material corrections quoted in [20]. The dominant
contribution to the systematic error of !u and !d comes from
the uncertainty of the beam polarisation, which affects all data
in the same way and leads to an uncertainty of 5% for all fitted
values. The systematic error on the antiquark and strange quark
distributions is mainly due to possible false asymmetries gener-
ated by time-dependent effects on the detector acceptance. The
curves show the results of the DSSV fit at Next-to-Leading Order
(NLO) [1]. The comparison with the experimental results derived
at LO is thus only qualitative. Nevertheless, the curves reproduce
fairly well the shape of the data, confirming a previous observa-
tion that a direct extraction at LO provides a good estimate of the
shape of the helicity distributions [36]. The antiquark distributions,
!u and !d, do not show any significant variation in the x range
of the data, the former being consistent with zero, the latter being
slightly negative.

The values of the strange quark helicity distribution confirm
with slightly reduced errors the results obtained from the deuteron
data [17] alone. With the same fragmentation functions (DSS) no
significant variation of !s(x) is observed in the range of the data.
Only the first point at low x shows a small deviation from zero
(≈ 2.5σ ). This distribution is of special interest due to the appar-
ent contradiction between the SIDIS results and the negative first
moment derived [35] from the spin structure function g1(x). The
DSSV fit includes a negative contribution to !s for x ! 0.03, which
reconciles the inclusive and semi-inclusive results. The evaluation
of the first moment of !s(x) from inclusive measurements relies

Table 4
First moments of the quark helicity distributions at Q 2

0 = 3 (GeV/c)2 truncated to
the range of the measurements and derived with the DSS fragmentation functions.
The first error is statistical, the second one systematic. The values of the sea quark
distributions for x ! 0.3 are assumed to be zero.

x range 0.004 < x < 0.3 0.004 < x < 0.7

!u 0.47±0.02±0.03 0.69±0.02±0.03
!d −0.27±0.03±0.02 −0.33±0.04±0.03
!u 0.02±0.02±0.01 –
!d −0.05±0.03±0.02 –
!s(!s) −0.01±0.01±0.01 –

!uv 0.46±0.03±0.03 0.67±0.03±0.03
!dv −0.23±0.05±0.02 −0.28±0.06±0.03
!u − !d 0.06±0.04±0.02 –
!u + !d −0.03±0.03±0.01 –
!Σ 0.15±0.02±0.02 0.31±0.03±0.03

on the value of the octet axial charge a8, which is derived from
hyperon weak decays under the assumption of SU(3)f symmetry.
A recent model calculation suggests that a8 may be substantially
reduced and become close to the singlet axial charge a0 extracted
from the data [16]. In this case the inclusive data would no longer
imply a negative value of !s. Finally, as pointed out in our pre-
vious paper [17], one has to keep in mind that the semi-inclusive
results on !s(x) strongly depend on the choice of a set of fragmen-
tation functions. This dependence is quantified in the next section.

The first moments of the helicity distributions truncated to the
range of the measurements are listed in Table 4. The missing con-
tributions at low and at high x have been evaluated by extrap-
olating the measured values and alternatively by using the DSSV
parameterisation [1]. The contributions at high x are all small and
do not exceed 0.01. The two methods lead to similar values for
the valence quark moments !uv = !u − !u and !dv = !d − !d.
In contrast, they differ for the sea quark moments and particu-
larly for !s due to the sizable low-x contribution assumed in the
DSSV fit. The resulting full first moments for both methods are

COMPASS Collaboration / Physics Letters B 693 (2010) 227–235 233

Fig. 4. The flavour asymmetry of the helicity distribution of the sea x(!u − !d) at Q 2
0 = 3 (GeV/c)2. The shaded area displays the systematic error. The dashed curve is the

result of the DSSV fit at NLO. The other curves are model predictions from Wakamatsu [33] (long dash-dotted line), Kumano and Miyama [39] (short dash-dotted line) and
Bourrely, Soffer and Buccella [10] (dotted line). The solid curve shows the MRST parameterisation for the unpolarised difference x(d − u) at NLO.

Table 5
Full first moments of the quark helicity distributions at Q 2

0 = 3 (GeV/c)2. The un-
measured contributions at low and high x were estimated by extrapolating the data
towards x = 0 and x = 1 and by using the DSSV parameterisation [1].

Extrapolation DSSV

!u 0.71±0.02±0.03 0.71±0.02±0.03
!d −0.34±0.04±0.03 −0.35±0.04±0.03
!u 0.02±0.02±0.01 0.03±0.02±0.01
!d −0.05±0.03±0.02 −0.07±0.03±0.02
!s(!s) −0.01±0.01±0.01 −0.05±0.01±0.01

!uv 0.68±0.03±0.03 0.68±0.03±0.03
!dv −0.29±0.06±0.03 −0.28±0.06±0.03
!Σ 0.32±0.03±0.03 0.22±0.03±0.03

listed in Table 5. The sum of the quark and antiquark contribu-
tions !Σ = 0.32 ± 0.03(stat.), obtained by linearly extrapolating
the data, is nearly identical to the value of a0 = 0.33±0.03(stat.)17

derived [35] from the first moment of gd
1(x) using the octet ax-

ial charge a8. Not surprisingly, the extrapolation with the DSSV
parameterisation results in a much smaller value for !Σ . The ob-
served difference comes mainly from the negative behaviour of !s
assumed at small x. The sum of the valence quark contributions
!uv + !dv = 0.39 ± 0.03(stat.) is also consistent with our previ-
ous determination based on the difference asymmetry of positive
and negative hadrons in a subsample of the present deuteron data
(0.41 ± 0.07(stat.) at Q 2

0 = 10 (GeV/c)2) [37].
The flavour asymmetry of the helicity distribution of the sea,

!u − !d, is shown in Fig. 4. Although compatible with zero,
the values indicate a slightly positive distribution. The DSSV fit
at NLO [1] and the unpolarised asymmetry d − u are shown for
comparison. The first moment !u − !d truncated to the range
0.004 < x < 0.3 is 0.06±0.04(stat.)±0.02(syst.). It is worth noting
that the polarised first moment is about one standard deviation
smaller than the unpolarised one truncated to the same range
(≈ 0.10 for the MRST parameterisation [29]). The data thus dis-
favour models predicting !u − !d ≫ d − u (see Refs. [9,38] and
references therein). Three model predictions are shown in Fig. 4.
The statistical model of Ref. [10] and the SU(3) version of the Chi-
ral Quark–Soliton model of Ref. [33] both predict positive distribu-
tions, while the Meson Cloud model of Ref. [39] predicts a slightly

17 The admixture of 7Li and 1H in the target material reduces the value of a0
quoted in Ref. [35] by 0.02 [20].

negative distribution. Within the statistical errors, the COMPASS
data are compatible with all three predictions. The sum of the
light quark helicity distributions, !u + !d, is mainly constrained
by the deuteron data and nearly identical to the result published
in Ref. [17]. The first moment truncated to the range of the data is
found to be −0.03 ± 0.03(stat.) ± 0.01(syst.).

5. Influence of the fragmentation functions on the helicity
distributions

The relation between the semi-inclusive asymmetries and the
quark helicity distributions (Eq. (2)) depends only on the ratios
of fragmentation functions integrated over the selected range of
z (0.2 < z < 0.85). Relevant for the kaon asymmetries are the
unfavoured-to-favoured FF ratio, RUF , and strange-to-favoured FF
ratio, RSF :

RUF =
∫

D K +
d (z)dz

∫
D K +

u (z)dz
, RSF =

∫
D K +

s (z)dz
∫

D K +
u (z)dz

. (3)

In the DSS parameterisation, the RUF and RSF ratios are equal
to 0.13 and 6.6 respectively. In the earlier EMC parameterisation
[32] RSF is substantially smaller, RSF = 3.4, whereas RUF is larger,
RUF = 0.35. Since the pion fragmentation functions are better con-
strained by the data than the kaon ones, the effect of the corre-
sponding ratios on the final result is expected to be much smaller.
The dependence of the truncated moments quoted in Table 4 was
evaluated by varying RSF from RSF = 2.0 to RSF = 7.0. In order to
keep the K + multiplicity approximately constant, the value of RUF
was simultaneously varied from 0.45 to 0.10 according to the re-
lation RUF = 0.35 − 0.07(RSF − 3.4). The resulting truncated first
moments !u, !u, !d, !d, !s and !u − !d are shown in Fig. 5
as a function of RSF . We observe that the values of !u (!u) in-
crease (decrease) by more than one standard deviation when the
ratios evolve from the DSS to the EMC values. In contrast both
!d and !d remain nearly constant. The variation of !s is much
more pronounced: its value evolves from −0.01 to −0.04, although
with a much larger error. The difference !u −!d follows the same
trend as !u. It slightly decreases with RSF , down to one standard
deviation from zero at RSF = 3.4. We note that the simultaneous
changes of the two ratios, while leaving the K + rate practically
unchanged, affect the K − rate only for x ! 0.1. Precise values of
RUF and RSF may thus be difficult to extract from the data.
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caveat: potentially large dependences on knowledge of FFs!

[M. Alekseev et al., PLB 680 (2009) 217]

224 COMPASS Collaboration / Physics Letters B 680 (2009) 217–224

Fig. 7. The strange quark spin distribution x!s(x) at Q 2 = 3 (GeV/c)2 derived from
the charged kaon asymmetry AK ++K −

1,d using DSS FFs and from A1,d , compared to
the result of the corresponding least square fit. The quoted errors are statistical only.

Fig. 8. Integral of !s over the measured range of x, as a function of the ratio RSF
for RUF fixed at the DSS value of 0.13 (thick solid curve). The light-grey area shows
the statistical uncertainty and the hatched band inside of it shows the effect of
increasing RUF to 0.35 (EMC value). The horizontal band represents the full moment
of !s derived from the COMPASS value of the first moment of gd

1(x) (Eq. (1)). The
values of RSF corresponding to DSS [22], EMC [23] and KRE [25] parameterisations
of FFs are indicated by arrows.

6. Conclusions

We have presented a first measurement of the longitudinal spin
asymmetries for charged pions and kaons identified with the RICH
detector in the COMPASS experiment. These measurements are
used in combination with the inclusive asymmetries to evaluate
the polarised valence, non-strange sea and strange quark distribu-

tions. The results for valence quarks and non-strange sea quarks
are in good agreement with the DNS parameterisation. They show
weak dependence on the selected parameterisation of the frag-
mentation functions. The distribution of !s is compatible with
zero in the whole measured range, in contrast to the shape of
the strange quark helicity distribution obtained in most LO and
NLO QCD fits. The value of the first moment of !s and its er-
ror are very sensitive to the assumed value of the ratio of the
s̄-quark to u-quark fragmentation functions into positive kaons∫

D K +
s̄ (z)dz/

∫
D K +

u (z)dz.
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Fig. 4. The quark helicity distributions evaluated at common value Q 2 = 3 (GeV/c)2

as a function of x for two sets of fragmentation functions (DSS and EMC). Bands
at bottom of graphs represent systematic uncertainties. Solid markers and bands
correspond to PDFs obtained with DSS parameterisation of FFs. Open markers and
bands are obtained with EMC parameterisation of FFs. The curves represent the LO
DNS parameterisation of polarised PDFs [27].

Fig. 5. Correlation coefficients of PDFs obtained in the fit with DSS parameterisation
as a function of x.

in Eq. (2) is smaller than the other ones, A1,d fixes well the sum
of non-strange densities and forces them to anti-correlate.

The estimates of the truncated first moments !uv + !dv ,
!ū + !d̄ and !s are given in Table 1. The systematic errors have
been estimated by refitting the asymmetries shifted simultane-
ously within the limits of their systematic uncertainty. The value
quoted for valence quarks is in good agreement with the one de-
rived in our previous publication from the difference asymmetries
for non-identified hadrons obtained from a partially overlapping
data sample (0.26 ± 0.07 ± 0.04 at Q 2 = 10 (GeV/c)2) [3].

As stated in the introduction, the evaluation of the first moment
of the strange quark from the Q 2 evolution of g1 data (see e.g.

Table 1
First moments !uv +!dv , !ū +!d̄ and !s at Q 2 = 3 (GeV/c)2 from the COMPASS
data and also from the DNS fit at LO [27] truncated to the range of the measure-
ments (0.004 < x < 0.3).

Measur. (DSS FF) Measur. (EMC FF) DNS

!uv + !dv 0.26 ± 0.06 ± 0.02 0.30±0.08±0.02 0.225
!ū + !d̄ −0.04 ± 0.03 ± 0.01 −0.05±0.04±0.01 −0.009
!s (= !s̄) −0.01 ± 0.01 ± 0.02 −0.05±0.03±0.03 −0.035

Table 2
Values of the inclusive asymmetry A1,d with their statistical and systematic errors
as a function of x, with the corresponding average value of Q 2.

x-bin ⟨x⟩ ⟨Q 2⟩
(GeV/c)2

A1,d ± δAstat ± δAsyst

0.004–0.006 0.0052 1.17 0.001±0.005±0.002
0.006–0.010 0.0079 1.48 −0.001±0.003±0.001
0.010–0.020 0.0141 2.15 −0.002±0.003±0.001
0.020–0.030 0.0244 3.23 0.010±0.005±0.002
0.030–0.040 0.0346 4.33 0.003±0.006±0.003
0.040–0.060 0.0487 5.87 0.016±0.006±0.003
0.060–0.100 0.0765 8.63 0.039±0.007±0.004
0.100–0.150 0.121 12.9 0.090±0.010±0.008
0.150–0.200 0.172 17.8 0.126±0.015±0.011
0.200–0.300 0.240 24.9 0.159±0.017±0.014

Ref. [27]) relies on the assumption of SU(3)F symmetry. It has been
suggested that this symmetry could be broken at a level of 20%
[9]. However recent fits of inclusive and semi-inclusive data have
found a much smaller symmetry breaking, of the order of a few
per mill [10].

5. Direct evaluation of !s from the charged kaon asymmetry

The dependence of !s(x) on the FFs can be further explored in
relation with the charged kaon asymmetry AK ++K −

1,d . This asymme-

try is a weighted average of AK +
1,d and AK −

1,d with weights given by
the spin-averaged K + and K − cross-sections

AK ++K −
1,d =

σ K +
AK +

1,d + σ K −
AK −

1,d

σ K + + σ K − . (3)

It is found to be very stable with respect to the ratio σ K −
/σ K +

.
Indeed a change of this ratio by ±10% which would cover, for in-
stance, the replacement of the MRST PDFs by those from CTEQ
[28], does not modify AK ++K −

1,d by more than 10% of its statistical
error. At LO, the cross-section ratio only depends on the unpo-
larised PDFs and on the ratios of unfavoured to favoured, RUF, and
strange to favoured, RSF, fragmentation functions

RUF =
∫

D K +
d (z)dz

∫
D K +

u (z)dz
, RSF =

∫
D K +

s̄ (z)dz
∫

D K +
u (z)dz

, (4)

which are respectively equal to 0.13 and 6.6 for the DSS FFs at
Q 2 = 3 (GeV/c)2 (0.35 and 3.4 for the EMC FFs).18 The values
shown in Fig. 6 have been obtained with the MRST PDFs and the
DSS FFs. As for the K + and K − asymmetries, they are in very good
agreement with the HERMES values of Ref. [7].

For an isoscalar target, the charged kaon asymmetry and the
inclusive asymmetry can be written at LO as

AK ++K −
1,d = ξ

!Q + α!s
Q + αs

, A1,d = ξ
!Q + 4

5 !s

Q + 4
5 s

, (5)

18 These values remain practically unchanged when the range of z is limited to
0.85 instead of 1.
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caveat: potentially large dependences on knowledge of FFs!

[M. Alekseev et al., PLB 680 (2009) 217]
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Fig. 7. The strange quark spin distribution x!s(x) at Q 2 = 3 (GeV/c)2 derived from
the charged kaon asymmetry AK ++K −

1,d using DSS FFs and from A1,d , compared to
the result of the corresponding least square fit. The quoted errors are statistical only.

Fig. 8. Integral of !s over the measured range of x, as a function of the ratio RSF
for RUF fixed at the DSS value of 0.13 (thick solid curve). The light-grey area shows
the statistical uncertainty and the hatched band inside of it shows the effect of
increasing RUF to 0.35 (EMC value). The horizontal band represents the full moment
of !s derived from the COMPASS value of the first moment of gd

1(x) (Eq. (1)). The
values of RSF corresponding to DSS [22], EMC [23] and KRE [25] parameterisations
of FFs are indicated by arrows.

6. Conclusions

We have presented a first measurement of the longitudinal spin
asymmetries for charged pions and kaons identified with the RICH
detector in the COMPASS experiment. These measurements are
used in combination with the inclusive asymmetries to evaluate
the polarised valence, non-strange sea and strange quark distribu-

tions. The results for valence quarks and non-strange sea quarks
are in good agreement with the DNS parameterisation. They show
weak dependence on the selected parameterisation of the frag-
mentation functions. The distribution of !s is compatible with
zero in the whole measured range, in contrast to the shape of
the strange quark helicity distribution obtained in most LO and
NLO QCD fits. The value of the first moment of !s and its er-
ror are very sensitive to the assumed value of the ratio of the
s̄-quark to u-quark fragmentation functions into positive kaons∫

D K +
s̄ (z)dz/

∫
D K +

u (z)dz.
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Fig. 4. The quark helicity distributions evaluated at common value Q 2 = 3 (GeV/c)2

as a function of x for two sets of fragmentation functions (DSS and EMC). Bands
at bottom of graphs represent systematic uncertainties. Solid markers and bands
correspond to PDFs obtained with DSS parameterisation of FFs. Open markers and
bands are obtained with EMC parameterisation of FFs. The curves represent the LO
DNS parameterisation of polarised PDFs [27].

Fig. 5. Correlation coefficients of PDFs obtained in the fit with DSS parameterisation
as a function of x.

in Eq. (2) is smaller than the other ones, A1,d fixes well the sum
of non-strange densities and forces them to anti-correlate.

The estimates of the truncated first moments !uv + !dv ,
!ū + !d̄ and !s are given in Table 1. The systematic errors have
been estimated by refitting the asymmetries shifted simultane-
ously within the limits of their systematic uncertainty. The value
quoted for valence quarks is in good agreement with the one de-
rived in our previous publication from the difference asymmetries
for non-identified hadrons obtained from a partially overlapping
data sample (0.26 ± 0.07 ± 0.04 at Q 2 = 10 (GeV/c)2) [3].

As stated in the introduction, the evaluation of the first moment
of the strange quark from the Q 2 evolution of g1 data (see e.g.

Table 1
First moments !uv +!dv , !ū +!d̄ and !s at Q 2 = 3 (GeV/c)2 from the COMPASS
data and also from the DNS fit at LO [27] truncated to the range of the measure-
ments (0.004 < x < 0.3).

Measur. (DSS FF) Measur. (EMC FF) DNS

!uv + !dv 0.26 ± 0.06 ± 0.02 0.30±0.08±0.02 0.225
!ū + !d̄ −0.04 ± 0.03 ± 0.01 −0.05±0.04±0.01 −0.009
!s (= !s̄) −0.01 ± 0.01 ± 0.02 −0.05±0.03±0.03 −0.035

Table 2
Values of the inclusive asymmetry A1,d with their statistical and systematic errors
as a function of x, with the corresponding average value of Q 2.

x-bin ⟨x⟩ ⟨Q 2⟩
(GeV/c)2

A1,d ± δAstat ± δAsyst

0.004–0.006 0.0052 1.17 0.001±0.005±0.002
0.006–0.010 0.0079 1.48 −0.001±0.003±0.001
0.010–0.020 0.0141 2.15 −0.002±0.003±0.001
0.020–0.030 0.0244 3.23 0.010±0.005±0.002
0.030–0.040 0.0346 4.33 0.003±0.006±0.003
0.040–0.060 0.0487 5.87 0.016±0.006±0.003
0.060–0.100 0.0765 8.63 0.039±0.007±0.004
0.100–0.150 0.121 12.9 0.090±0.010±0.008
0.150–0.200 0.172 17.8 0.126±0.015±0.011
0.200–0.300 0.240 24.9 0.159±0.017±0.014

Ref. [27]) relies on the assumption of SU(3)F symmetry. It has been
suggested that this symmetry could be broken at a level of 20%
[9]. However recent fits of inclusive and semi-inclusive data have
found a much smaller symmetry breaking, of the order of a few
per mill [10].

5. Direct evaluation of !s from the charged kaon asymmetry

The dependence of !s(x) on the FFs can be further explored in
relation with the charged kaon asymmetry AK ++K −

1,d . This asymme-

try is a weighted average of AK +
1,d and AK −

1,d with weights given by
the spin-averaged K + and K − cross-sections

AK ++K −
1,d =

σ K +
AK +

1,d + σ K −
AK −

1,d

σ K + + σ K − . (3)

It is found to be very stable with respect to the ratio σ K −
/σ K +

.
Indeed a change of this ratio by ±10% which would cover, for in-
stance, the replacement of the MRST PDFs by those from CTEQ
[28], does not modify AK ++K −

1,d by more than 10% of its statistical
error. At LO, the cross-section ratio only depends on the unpo-
larised PDFs and on the ratios of unfavoured to favoured, RUF, and
strange to favoured, RSF, fragmentation functions

RUF =
∫

D K +
d (z)dz

∫
D K +

u (z)dz
, RSF =

∫
D K +

s̄ (z)dz
∫

D K +
u (z)dz

, (4)

which are respectively equal to 0.13 and 6.6 for the DSS FFs at
Q 2 = 3 (GeV/c)2 (0.35 and 3.4 for the EMC FFs).18 The values
shown in Fig. 6 have been obtained with the MRST PDFs and the
DSS FFs. As for the K + and K − asymmetries, they are in very good
agreement with the HERMES values of Ref. [7].

For an isoscalar target, the charged kaon asymmetry and the
inclusive asymmetry can be written at LO as

AK ++K −
1,d = ξ

!Q + α!s
Q + αs

, A1,d = ξ
!Q + 4

5 !s

Q + 4
5 s

, (5)

18 These values remain practically unchanged when the range of z is limited to
0.85 instead of 1.

☛ global analysis of DIS, pp, and e+e- data
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data mainly probe the region 0.05 ≤ x ≤ 0.2, but the more
precise 2009 results help to constrain ΔgðxÞ better down to
somewhat lower values x≃ 0.02. Here, some very limited
information on Δg is also available from scaling violations
of the DIS structure function g1 which is, of course, fully
included in our global QCD analysis. Overall, the con-
straints on ΔgðxÞ in, say, the regime 0.001 ≤ x ≤ 0.05 are
much weaker than those in the RHIC region, as can be
inferred from Fig. 1. Very little contribution to ΔG is
expected to come from x > 0.2.
Figure 5 shows our estimates for the 90% C.L. area in the

plane spanned by the truncated moments of Δg calculated
in 0.05 ≤ x ≤ 1 and 0.001 ≤ x ≤ 0.05 for Q2 ¼ 10 GeV2.
Results are presented both for the DSSV* and our new fit.
The symbols in Fig. 5 denote the actual values for the
best fits in the DSSV, DSSV*, and the present analyses. We
note that for our new central fit the combined integralR
1
0.001 dxΔgðx;Q2Þ accounts for over 90% of the full ΔG
at Q2 ¼ 10 GeV2. Not surprisingly, the main improvement
in our new analysis is to shrink the allowed area in the
horizontal direction, corresponding to the much better
determination of ΔgðxÞ in range 0.05 ≤ x ≤ 0.2 by the
2009 RHIC data. Evidently, the uncertainty in the smaller-x
range is still very significant, and better small-x probes
are badly needed. Data from the 2013 RHIC run at

ffiffiffi
s

p
¼

510 GeV may help here a bit. In the future, an electron-ion
collider would provide the missing information, thanks to
its large kinematic reach in x and Q2 [20].
Conclusions and outlook.—We have presented a new

global analysis of helicity parton distributions, taking into
account new and updated experimental results. In particu-
lar, we have investigated the impact of the new data on ALL

in jet and π0 production from RHIC’s 2009 run. For the first
time, we find that the jet data clearly imply a polarization of
gluons in the proton at intermediate momentum scales, in
the region of momentum fractions accessible at RHIC. This
constitutes a new ingredient to our picture of the nucleon.
While it is too early to draw any reliable conclusions on the
full gluon spin contribution to the proton spin, our analysis
clearly suggests that gluons could contribute significantly
after all. This in turn also sheds a new light on the possible
size of orbital angular momenta of quarks and gluons.
We hope that future experimental studies, as well as lattice-
QCD computations that now appear feasible [21], will
provide further information onΔgðxÞ and eventually clarify
its role for the proton spin. We plan to present a full new
global analysis with details on all polarized parton dis-
tributions once the 2009 RHIC data have become final and
additional information on the quark and antiquark helicity
distributions, in particular from final data on W boson
production at RHIC, has become available. Also, on the
theoretical side, a new study of pion and kaon fragmenta-
tion functions should precede the next global analysis of
polarized parton distributions.
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data mainly probe the region 0.05 ≤ x ≤ 0.2, but the more
precise 2009 results help to constrain ΔgðxÞ better down to
somewhat lower values x≃ 0.02. Here, some very limited
information on Δg is also available from scaling violations
of the DIS structure function g1 which is, of course, fully
included in our global QCD analysis. Overall, the con-
straints on ΔgðxÞ in, say, the regime 0.001 ≤ x ≤ 0.05 are
much weaker than those in the RHIC region, as can be
inferred from Fig. 1. Very little contribution to ΔG is
expected to come from x > 0.2.
Figure 5 shows our estimates for the 90% C.L. area in the

plane spanned by the truncated moments of Δg calculated
in 0.05 ≤ x ≤ 1 and 0.001 ≤ x ≤ 0.05 for Q2 ¼ 10 GeV2.
Results are presented both for the DSSV* and our new fit.
The symbols in Fig. 5 denote the actual values for the
best fits in the DSSV, DSSV*, and the present analyses. We
note that for our new central fit the combined integralR
1
0.001 dxΔgðx;Q2Þ accounts for over 90% of the full ΔG
at Q2 ¼ 10 GeV2. Not surprisingly, the main improvement
in our new analysis is to shrink the allowed area in the
horizontal direction, corresponding to the much better
determination of ΔgðxÞ in range 0.05 ≤ x ≤ 0.2 by the
2009 RHIC data. Evidently, the uncertainty in the smaller-x
range is still very significant, and better small-x probes
are badly needed. Data from the 2013 RHIC run at

ffiffiffi
s

p
¼

510 GeV may help here a bit. In the future, an electron-ion
collider would provide the missing information, thanks to
its large kinematic reach in x and Q2 [20].
Conclusions and outlook.—We have presented a new

global analysis of helicity parton distributions, taking into
account new and updated experimental results. In particu-
lar, we have investigated the impact of the new data on ALL

in jet and π0 production from RHIC’s 2009 run. For the first
time, we find that the jet data clearly imply a polarization of
gluons in the proton at intermediate momentum scales, in
the region of momentum fractions accessible at RHIC. This
constitutes a new ingredient to our picture of the nucleon.
While it is too early to draw any reliable conclusions on the
full gluon spin contribution to the proton spin, our analysis
clearly suggests that gluons could contribute significantly
after all. This in turn also sheds a new light on the possible
size of orbital angular momenta of quarks and gluons.
We hope that future experimental studies, as well as lattice-
QCD computations that now appear feasible [21], will
provide further information onΔgðxÞ and eventually clarify
its role for the proton spin. We plan to present a full new
global analysis with details on all polarized parton dis-
tributions once the 2009 RHIC data have become final and
additional information on the quark and antiquark helicity
distributions, in particular from final data on W boson
production at RHIC, has become available. Also, on the
theoretical side, a new study of pion and kaon fragmenta-
tion functions should precede the next global analysis of
polarized parton distributions.
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data mainly probe the region 0.05 ≤ x ≤ 0.2, but the more
precise 2009 results help to constrain ΔgðxÞ better down to
somewhat lower values x≃ 0.02. Here, some very limited
information on Δg is also available from scaling violations
of the DIS structure function g1 which is, of course, fully
included in our global QCD analysis. Overall, the con-
straints on ΔgðxÞ in, say, the regime 0.001 ≤ x ≤ 0.05 are
much weaker than those in the RHIC region, as can be
inferred from Fig. 1. Very little contribution to ΔG is
expected to come from x > 0.2.
Figure 5 shows our estimates for the 90% C.L. area in the

plane spanned by the truncated moments of Δg calculated
in 0.05 ≤ x ≤ 1 and 0.001 ≤ x ≤ 0.05 for Q2 ¼ 10 GeV2.
Results are presented both for the DSSV* and our new fit.
The symbols in Fig. 5 denote the actual values for the
best fits in the DSSV, DSSV*, and the present analyses. We
note that for our new central fit the combined integralR
1
0.001 dxΔgðx;Q2Þ accounts for over 90% of the full ΔG
at Q2 ¼ 10 GeV2. Not surprisingly, the main improvement
in our new analysis is to shrink the allowed area in the
horizontal direction, corresponding to the much better
determination of ΔgðxÞ in range 0.05 ≤ x ≤ 0.2 by the
2009 RHIC data. Evidently, the uncertainty in the smaller-x
range is still very significant, and better small-x probes
are badly needed. Data from the 2013 RHIC run at
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¼

510 GeV may help here a bit. In the future, an electron-ion
collider would provide the missing information, thanks to
its large kinematic reach in x and Q2 [20].
Conclusions and outlook.—We have presented a new

global analysis of helicity parton distributions, taking into
account new and updated experimental results. In particu-
lar, we have investigated the impact of the new data on ALL

in jet and π0 production from RHIC’s 2009 run. For the first
time, we find that the jet data clearly imply a polarization of
gluons in the proton at intermediate momentum scales, in
the region of momentum fractions accessible at RHIC. This
constitutes a new ingredient to our picture of the nucleon.
While it is too early to draw any reliable conclusions on the
full gluon spin contribution to the proton spin, our analysis
clearly suggests that gluons could contribute significantly
after all. This in turn also sheds a new light on the possible
size of orbital angular momenta of quarks and gluons.
We hope that future experimental studies, as well as lattice-
QCD computations that now appear feasible [21], will
provide further information onΔgðxÞ and eventually clarify
its role for the proton spin. We plan to present a full new
global analysis with details on all polarized parton dis-
tributions once the 2009 RHIC data have become final and
additional information on the quark and antiquark helicity
distributions, in particular from final data on W boson
production at RHIC, has become available. Also, on the
theoretical side, a new study of pion and kaon fragmenta-
tion functions should precede the next global analysis of
polarized parton distributions.
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(with still large uncertainties!)
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PT at moderately small PT for π+. The slope for π−

could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-

[Avakian et al. [CLAS], PRL 105, 262002 (2010)[
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CLAS data hints at width µ2 of g1 
that is less than the width µ0 of f1
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could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
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tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].
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distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),
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1
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(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
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functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-
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CLAS data hints at width µ2 of g1 
that is less than the width µ0 of f1 New CLAS data will allow multi-D binning 

to study Ph⊥ dependence for fixed x
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T (initial quak spin) : component of target spin perpendicular to !*

T’ (final quark spin) : symmetric of the T w.r.t. the normal to the scattering plane

M. Anselmino & F. Murgia,

Physics Letters B 483 (2000) 74-86

Quantization axis for transverse " polarization

If q fragments into " hyperon, the measurement of polarization w.r.t. T’

reveals information about the initial quark polarization in the nucleon

Extraction of transverse " polarization
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compatible with zero

low sensitivity to u & d quark 
polarization?

measured at lower x where 
transversity is expected not 
to be large

2010 data will reduce 
statistical uncertainty by 
factor 2

if spin transfer related to 
hyperon spin structure, 
Lambda potentially bad probe
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Quark polarizations in hyperons

43

[G.S., Ph.D. thesis, NMSU (1999)]
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Quark polarizations in hyperons

better sensitivity to u and d quarks via charged Sigma’s

large analyzing power of the parity-violating decay

good probe of u-quark polarization 

need good acceptance and neutral pion reconstruction
43
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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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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 in fp, 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 in fp, 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 in fp, 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 in fp, 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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proton as a function of x, z and p
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Collins amplitudes

since those early days, a 
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proton as a function of x, z and p
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cancelation of (unfavored) u and d 
fragmentation (opposite signs of up and 
down transversity)?
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proton as a function of x, z and p

h
T .

[Adolph et al., arXiv:1408.4405]

x
−210 −110

p C
ol
l

A

−0.05

0

0.05

0.1
−210 −110

p C
ol
l

A

−0.1

−0.05

0

0.05  2010 data+π
 2007 data+π

 2010 data−π
 2007 data−π

x
−210 −110

p Si
v

A

−0.05

0

0.05

−210 −110

p Si
v

A

−0.05

0

0.05

 2010 data+π
 2007 data+π

 2010 data−π
 2007 data−π

Fig. 5: Left: comparison between the Collins asymmetries for pions as a function of x, extracted from 2007 and
2010 data taking. Right: the same comparison for the Sivers asymmetries.

x−210 −110

 
p C

ol
l

A

−0.05

0

0.05

0.1 +π
−π

z0.5 1

 
p C

ol
l

A

−0.05

0

0.05

0.1

)c(GeV/ h
T

p0.5 1 1.5

 
p C

ol
l

A

−0.05

0

0.05

0.1

x−210 −110

 
p C

ol
l

A

−0.1

0

0.1
+K
−K

z0.5 1

 
p C

ol
l

A

−0.1

0

0.1

)c(GeV/ h
T

p0.5 1 1.5

 
p C

ol
l

A

−0.1

0

0.1

x
−210 −110

 
p C

ol
l

A

−0.1

0

0.1 0K

z
0.5 1

 
p C

ol
l

A

−0.1

0

0.1

)c(GeV/ h
T

p
0.5 1 1.5

 
p C

ol
l

A

−0.1

0

0.1

Fig. 6: The Collins asymmetries for charged pions (top), charged kaons (middle) and neutral kaons (bottom) on
proton as a function of x, z and p

h
T .

4

xbj y z Q2 Pt W W ′

GeV2 GeV GeV GeV
K+ 0.137 0.85 0.48 1.29 0.46 3.0 2.08
K+ 0.190 0.81 0.51 1.69 0.40 2.85 1.96
K+ 0.250 0.77 0.53 2.11 0.33 2.69 1.83
K+ 0.324 0.73 0.56 2.60 0.26 2.51 1.69
K− 0.210 0.80 0.51 1.83 0.38 2.80 1.93

TABLE I. Tabulated central values for kinematical variables
xbj , y, Q

2, z, Pt, W , W ′, where y = q·P
l·P , W =

√

(P + q)2,

W ′ =
√

(q + P − Ph)2, and l is the four-momentum of the
incoming lepton.

The likelihood was formed by the φh and φS dependent
yield as shown in Eq. (1),

yield(φh,φS) = ρ ·σ ·a±(φh,φS)(1+P
2∑

j=1

ϵjAj(φh,φS)),

(1)
where ρ is the target density, σ is the unpolarized cross
section, a±(φh, φS) is the acceptance for target spin state
±, Aj(φh, φS) is the jth azimuthal angular modulation,
sin(φh + φS) or sin(φh - φS), P is the target polarization,
and ϵj is the amplitude of each modulation. The φh and
φS definition follows the Trento Conventions [31]. The
MLE method has been used for charged pion analysis
[23] and has been checked through Monte Carlo simula-
tions. The results extracted from MLE take into account
the unbalanced beam charge associated with two target
spin directions and the data acquisition livetime. The
3He Collins and Sivers moments were then obtained by
correcting the dilution from unpolarized N2 gas in the
target cell. The nitrogen dilution factor is defined as

fN2
≡

ρN2
σN2

ρ3Heσ3He + ρN2
σN2

, (2)

where ρ is the density of the gas in the production target
cell and σ is the unpolarized SIDIS cross section. The ra-
tio of unpolarized cross sections σN2

/σ3He was measured
in dedicated runs on targets filled with known amounts
of unpolarized N2 or 3He gas. The fN2

in this experiment
was determined to be about 10%.
The dominant systematic uncertainty in our mea-

surement was the contamination from photon-induced
charge-symmetric e± pairs, of which the e− was detected
in BigBite. The yield of (e+, K±) coincidences was mea-
sured directly by reversing the magnetic field of BigBite,
and hence the contamination of photon-induced electrons
in the electron sample was determined. The contamina-
tion for K− detection was 14±7%. Hardly any events
were observed in the latter 3 bins for K+ detection from
calibration runs which indicated that the contamination
in these bins was small. To be conservative, the con-
taminations were given by a limit in these bins with
the assumption that the contamination decreases linearly
through 4 bins. The photon-induced electron contamina-
tion for K+ was determined to be 18.6±8.3%, <10%,
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FIG. 3. (Color online) The extracted Collins and Sivers mo-
ments on 3He are shown together with their statistical errors
and systematic error bands for both K+ and K− electro-
production. The Sivers moments are compared to theoretical
predictions from a phenomenological fit to the world data.

<5%, <3%, respectively for the four xbj-bins. Since
this contamination is primarily from photon-induced pair
production, it carries the same asymmetry as photon pro-
duction. The asymmetry contamination correction for
K− and the first bin of K+ was given by the asymme-
try from high energy γ-K± coincidence events. Addi-
tional experimental systematic uncertainties include: 1)
π− contamination in the electron sample, 2) π± contam-
ination in the K± sample, 3) random coincidence con-
tamination in the (e−, K±) coincidence sample, 4) target
density fluctuations, 5) detector response drift caused by
radiation damage to the BigBite calorimeter, 6) target
polarization, and 7) bin-centering effects. The quadra-
ture sum of these uncertainties is quoted as the “experi-
mental” systematic uncertainty for our measurement.
For the asymmetry extraction from Eq. (1), we only

included sin(φh + φS) and sin(φh - φS) modulations by
neglecting other modulations, including sin(3φh - φS)
modulation at twist-2 [32], sin(φS) and sin(2φh - φS)
modulations at twist-3, Cahn cos(φh) and Boer-Mulders
cos(2φh) modulations from unpolarized cross section.
The leakage from the longitudinal polarized target sin-
gle spin asymmetry (AUL) due to the small longitudinal
component of the target polarization was also neglected.
These effects were estimated by varying each term within
an allowed range derived from the HERMES proton data
[33], assuming that the magnitude of each term for the
neutron is similar to that of the proton. These effects
were summed in quadrature to yield the “fit” systematic
uncertainty, which is dominated by the sin(φS) term.
The extracted 3He Collins and Sivers moments are

shown in Fig. 3 and tabulated in Table II. The error bars
represent statistical uncertainties. Experimental system-
atic uncertainties combined in quadrature from different
sources are shown as a band labeled “Exp.”. System-
atic uncertainties due to neglecting other modulations
are shown as a band labeled “Fit”. The K+ Collins
and Sivers moments are consistent with zero within er-
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and systematic error bands for both K+ and K− electro-
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<5%, <3%, respectively for the four xbj-bins. Since
this contamination is primarily from photon-induced pair
production, it carries the same asymmetry as photon pro-
duction. The asymmetry contamination correction for
K− and the first bin of K+ was given by the asymme-
try from high energy γ-K± coincidence events. Addi-
tional experimental systematic uncertainties include: 1)
π− contamination in the electron sample, 2) π± contam-
ination in the K± sample, 3) random coincidence con-
tamination in the (e−, K±) coincidence sample, 4) target
density fluctuations, 5) detector response drift caused by
radiation damage to the BigBite calorimeter, 6) target
polarization, and 7) bin-centering effects. The quadra-
ture sum of these uncertainties is quoted as the “experi-
mental” systematic uncertainty for our measurement.
For the asymmetry extraction from Eq. (1), we only

included sin(φh + φS) and sin(φh - φS) modulations by
neglecting other modulations, including sin(3φh - φS)
modulation at twist-2 [32], sin(φS) and sin(2φh - φS)
modulations at twist-3, Cahn cos(φh) and Boer-Mulders
cos(2φh) modulations from unpolarized cross section.
The leakage from the longitudinal polarized target sin-
gle spin asymmetry (AUL) due to the small longitudinal
component of the target polarization was also neglected.
These effects were estimated by varying each term within
an allowed range derived from the HERMES proton data
[33], assuming that the magnitude of each term for the
neutron is similar to that of the proton. These effects
were summed in quadrature to yield the “fit” systematic
uncertainty, which is dominated by the sin(φS) term.
The extracted 3He Collins and Sivers moments are

shown in Fig. 3 and tabulated in Table II. The error bars
represent statistical uncertainties. Experimental system-
atic uncertainties combined in quadrature from different
sources are shown as a band labeled “Exp.”. System-
atic uncertainties due to neglecting other modulations
are shown as a band labeled “Fit”. The K+ Collins
and Sivers moments are consistent with zero within er-

but relatively large K- asymmetry on 3He?
(however, no full Fourier decomposition in JLab 
analysis -> possible mixing with other moments?)

[Zhao et al., arXiv:1404.7204]
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k k′

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

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

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

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

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

tributions to the fragmentation function H!

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

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

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

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

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

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

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

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

behavior.

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

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

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

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

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

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

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

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

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

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

relative momentum of the hadron pair.

– 3 –

Transversity 
(2-hadron fragmentation)
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NEW: combined 2007/2010 data: comparison with model
predictions and HERMES

COMPASS 2007/2010 proton data
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Transversity
(2-hadron fragmentation)

COMPASS 2007: [C. Adolph et al., Phys. Lett. B713 (2012) 10]
[A. Airapetian et al., JHEP 06 (2008) 017]

COMPASS 2010: [C. Braun et al., Nuovo Cimento C 035 (2012) 02]
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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.

We thank the Belle Collaboration and, in particular,
Anselm Vossen for many fruitful discussions. We thank
also Andrea Bianconi for many illuminating discussions.
This work is partially supported by the Italian MIUR
through the PRIN 2008EKLACK, and by the European
Community through the Research Infrastructure
Integrating Activity HadronPhysics2 (Grant Agreement
No. 227431) under the 7th Framework Programme.

*alessandro.bacchetta@unipv.it
†aurore.courtoy@pv.infn.it
‡marco.radici@pv.infn.it

[1] J. P. Ralston andD. E. Soper, Nucl. Phys.B152, 109 (1979);
R. L. Jaffe and X. Ji, Phys. Rev. Lett. 67, 552 (1991); J.
Cortes, B. Pire, and J. Ralston, Z. Phys. C 55, 409 (1992).

[2] X. Artru and M. Mekhfi, Z. Phys. C 45, 669 (1990).
[3] M. Gockeler et al. (QCDSF Collaboration), Phys. Rev.

Lett. 98, 222001 (2007).

[4] V. Barone, A. Drago, and P. G. Ratcliffe, Phys. Rep. 359, 1
(2002).

[5] J. C. Collins, Nucl. Phys. B396, 161 (1993).
[6] A. Airapetian et al. (HERMES Collaboration), Phys. Lett.

B 693, 11 (2010); M. Alekseev et al. (COMPASS
Collaboration), Phys. Lett. B 692, 240 (2010).

[7] D. Boer, R. Jakob, and P. J. Mulders, Nucl. Phys. B504,
345 (1997).

[8] K. Abe et al. (Belle Collaboration), Phys. Rev. Lett. 96,
232002 (2006); R. Seidl et al. (Belle Collaboration), Phys.
Rev. D 78, 032011 (2008).

[9] M. Anselmino et al., Phys. Rev. D 75, 054032 (2007).
[10] J. C. Collins and D. E. Soper, Nucl. Phys. B193, 381

(1981); X. Ji, J.-P. Ma, and F. Yuan, Phys. Rev. D 71,
034005 (2005).

[11] D. Boer, Nucl. Phys. B806, 23 (2009).
[12] J. C. Collins, D. E. Soper, and G. Sterman, Adv. Ser. Dir.

High Energy Phys. 5, 1 (1988); R. Brock et al. (CTEQ
Collaboration), Rev. Mod. Phys. 67, 157 (1995).

[13] M. Radici, R. Jakob, and A. Bianconi, Phys. Rev. D 65,
074031 (2002).

[14] A. V. Efremov, L. Mankiewicz, and N.A. Tornqvist, Phys.
Lett. B 284, 394 (1992); J. C. Collins and G.A. Ladinsky,
arXiv:hep-ph/9411444.

[15] R. L. Jaffe, X. Jin, and J. Tang, Phys. Rev. Lett. 80, 1166
(1998).

[16] A. Bacchetta and M. Radici, Phys. Rev. D 67, 094002
(2003).

[17] A. Airapetian et al. (HERMES Collaboration), J. High
Energy Phys. 06 (2008) 017.

[18] H. Wollny, Ph.D. thesis, Freiburg U., 2010, CERN-
THESIS-2010-108.

[19] R. Yang (PHENIX Collaboration), AIP Conf. Proc. 1182,
569 (2009).

[20] X. Artru and J. C. Collins, Z. Phys. C 69, 277
(1996).

[21] D. Boer, R. Jakob, and M. Radici, Phys. Rev. D 67,
094003 (2003).

[22] A. Vossen et al. (Belle), arXiv:1104.2425.
[23] X.-R. Lu, Ph.D. thesis, Tokyo Institute of Technology,

2008, DESY-THESIS-2008-034.
[24] A. Bacchetta and M. Radici, Phys. Rev. D 74, 114007

(2006).
[25] T. Sjostrand, L. Lonnblad, S. Mrenna, and P. Z. Skands,

arXiv:hep-ph/0308153.
[26] A. D. Martin, W. J. Stirling, R. S. Thorne, and G. Watt,

Eur. Phys. J. C 63, 189 (2009).
[27] A. Bacchetta, F. A. Ceccopieri, A. Mukherjee, and M.

Radici, Phys. Rev. D 79, 034029 (2009).
[28] F. A. Ceccopieri, M. Radici, and A. Bacchetta, Phys. Lett.

B 650, 81 (2007).
[29] D. de Florian, R. Sassot, and M. Stratmann, Phys. Rev. D

75, 114010 (2007).
[30] G. P. Salam and J. Rojo, Comput. Phys. Commun. 180,

120 (2009).
[31] A. Courtoy, A. Bacchetta, A. Bianconi, and M. Radici (to

be published).
[32] M. Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, F.

Murgia, A. Prokudin, and S. Melis, Nucl. Phys. B, Proc.
Suppl. 191, 98 (2009).

[33] M. Anselmino et al., Eur. Phys. J. A 39, 89 (2009).

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

0.0

0.1

0.2

0.3

x

x h1
uv x x h1

dv x 4

9 th. unc.

FIG. 1. The xhuv1 # xhdv1 =4 of Eq. (8) as a function of x. The
error bars are obtained by propagating the statistical errors of each
term in the equation. The uncertainty band represents the same
observable as deduced from the parametrization of Ref. [32].

PRL 107, 012001 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
1 JULY 2011

012001-4

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

49

Transversity
(2-hadron fragmentation)

HERMES, COMPASS: 
for comparison scaled 
HERMES data by 
depolarization factor and 
changed sign

2H results consistent with 
zero

COMPASS 2007: [C. Adolph et al., Phys. Lett. B713 (2012) 10]
[A. Airapetian et al., JHEP 06 (2008) 017]

COMPASS 2010: [C. Braun et al., Nuovo Cimento C 035 (2012) 02]

Interference Fragmentation – 
thrust method 

!"#

! e+e-! (!+!-)jet1(!
"!#)jet2X 

! Find pion pairs in opposite 
hemispheres 

! Observe angles $1+$2 between the 
event-plane (beam, jet-axis) and 
the two two-pion planes. 

! Theoretical guidance by papers of 
Boer,Jakob,Radici[PRD 67,(2003)] 
and 
Artru,Collins[ZPhysC69(1996)] 

! Early work by Collins, 
Heppelmann, Ladinsky 
[NPB420(1994)] 
 

% & % & % &
21221111 m,zHm,zHA $$ "' ((

!"#

$!#!)

!#$$)

1h
P
!

2h
P
!

2h1h
PP
!!

"

Model predictions by: 

•Jaffe et al. [PRL 80,(1998)] 

•Radici et al. [PRD 65,(2002)] 

 

[A. Vossen et al. PRL 107 (2011) 072004]



OAM 2014, ECT* TrentoGunar Schnell 

NEW: combined 2007/2010 data: comparison with model
predictions and HERMES

COMPASS 2007/2010 proton data

x

−210 −110

〉θ
 s

in
 

R
S

φ
si

n
 

U
T

,p
〈A

−0.15

−0.1

−0.05

0

0.05

0.1

z

0.5 1
−0.15

−0.1

−0.05

0

0.05

0.1 2cGeV/<1.5 
ππ

inv
x > 0.032 & M
x < 0.032

nn
HERMES data mult. by −D
Bacchetta, Radici
Ma et al.: SU6
Ma et al.: pQCD

)2c(GeV/ 
−π+π

invM

0.5 1 1.5
−0.15

−0.1

−0.05

0

0.05

0.1 preliminary

Airapetian A. et al. et al. [HERMES collaboration], J. High Energ. Phys. 06 (2008) 017
scaled with 1

Dnn and sign changed
Bacchetta A. and Radici M., Phys. Rev. D 74 (2006) 114007

Ma B.-Q. et al., Phys. Rev. D 77 (2008) 014035

�� Good agreement of the two measurements and model
predictions
Chr. Braun (Univ. Erlangen) COMPASS results for dihadron SSA StrucNucNuc 2013 41 / 44

data from e+e- by BELLE 

PRL 107 (2011) 012001

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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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 So✓er bound. The uncertainty
band with solid boundaries is the best fit in the standard approach at 1�, whose central value is
given by the central thick solid line. The uncertainty band with dashed boundaries is the 68% of
all fitting replicas obtained in the Monte Carlo approach. As a comparison, the uncertainty band
with short-dashed boundaries is the transversity extraction from the Collins e✓ect [15].

is likely to be significantly violated at a lower scale [46]. Therefore, if we want to maintain
the validity of the So✓er bound at Q2 < 1 GeV2, we would expect transversity to be clearly
below the So✓er 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 So✓er 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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“rigid”
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“extra-flexible”

collinear extraction of valence transversity 
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Rigid scenario
up down �2/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 �2/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 �2/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 �2 values obtained in the standard approach for the three
scenarios described in the text and based on Eq. (3.2).
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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
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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 So✓er bound. The uncertainty
band with solid boundaries is the best fit in the standard approach at 1�, whose central value is
given by the central thick solid line. The uncertainty band with dashed boundaries is the 68% of
all fitting replicas obtained in the Monte Carlo approach. As a comparison, the uncertainty band
with short-dashed boundaries is the transversity extraction from the Collins e✓ect [15].

is likely to be significantly violated at a lower scale [46]. Therefore, if we want to maintain
the validity of the So✓er bound at Q2 < 1 GeV2, we would expect transversity to be clearly
below the So✓er 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 So✓er 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 So✓er bound. The uncertainty
band with solid boundaries is the best fit in the standard approach at 1�, whose central value is
given by the central thick solid line. The uncertainty band with dashed boundaries is the 68% of
all fitting replicas obtained in the Monte Carlo approach. As a comparison, the uncertainty band
with short-dashed boundaries is the transversity extraction from the Collins e✓ect [15].

is likely to be significantly violated at a lower scale [46]. Therefore, if we want to maintain
the validity of the So✓er bound at Q2 < 1 GeV2, we would expect transversity to be clearly
below the So✓er 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 So✓er 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 So✓er bound. The uncertainty
band with solid boundaries is the best fit in the standard approach at 1�, whose central value is
given by the central thick solid line. The uncertainty band with dashed boundaries is the 68% of
all fitting replicas obtained in the Monte Carlo approach. As a comparison, the uncertainty band
with short-dashed boundaries is the transversity extraction from the Collins e✓ect [15].

is likely to be significantly violated at a lower scale [46]. Therefore, if we want to maintain
the validity of the So✓er bound at Q2 < 1 GeV2, we would expect transversity to be clearly
below the So✓er 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 So✓er 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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Di-hadron vs. 
Collins fragmentation

apparent similarity of Collins and di-
hadron asymmetries

suggested common origin of Collins and 
di-hadron FF in PLB 736 (2014) 124

C. Adolph et al. / Physics Letters B 736 (2014) 124–131 129

Fig. 5. Proton asymmetry, integrated over the angle θ , as a function of x, z and Mh+h− , for the combined data taken with the proton (NH3) target in the years 2007 and 
2010 (top plot). The grey bands indicate the systematic uncertainties. The bottom plot shows the same data for the valence quark region (x ≥ 0.032). The curves in the upper 
plots show predictions [36,37] made using the transversity functions extracted in Ref. [11] (solid lines) or a pQCD based counting rule analysis (dotted lines). The curves in 
the lower plots show the predictions of [36] in the same x ≥ 0.032 region. Note that the sign of the original predictions was changed to accommodate the phase π in the 
definition of the angle φR S used in the COMPASS analysis.

data. Significant asymmetry amplitudes are predicted and the x de-
pendent shape is well described, as well as for the dependence on 
z in the case of the calculations by Bacchetta et al. A good agree-
ment in terms of the Mh+h− dependence is only in the mass region 
of the ρ meson; no optimization of parameters in the calculation 
of the dihadron fragmentation function to extend the agreement 
over a larger Mh+h− region (as e.g., the fraction of the ω to 3π
decay in the s–p interference) was performed by the authors. The 
prediction of Ma et al. [37] (dashed lines in Fig. 5 (top)) uses the 
parametrisations of [23] for the dihadron fragmentation, together 
with a model for the transversity distributions, based on a pQCD 
counting rule analysis. This prediction describes the main trend of 
the data but tends to overestimate the measured asymmetry.

5. Comparing the dihadron asymmetry and the Collins 
asymmetry

There is a striking similarity among the Collins asymmetry for 
positive and for negative hadrons [27] and the dihadron asym-
metry as functions of x, as clearly shown in Fig. 6, where the 
combined results from the 2007 and 2010 COMPASS runs are 
presented. First, there is a mirror symmetry between the Collins 
asymmetry for positive and for negative hadrons, the magnitude 
of the asymmetry being essentially identical and the sign being 
opposite. This symmetry has been phenomenologically described 
in terms of opposite signs of u and d quark transversity distribu-
tions with almost equal magnitude and opposite sign for favoured 
and unfavoured Collins fragmentation functions [11].

The new results show that the values of the dihadron asymme-
try are slightly larger in magnitude, but very close to the values of 
the Collins asymmetry for positive hadrons and to the mean of the 
values of the Collins asymmetry for positive and negative hadrons, 
after changing the sign of the asymmetry of the negative hadrons. 
The hadron samples on which these asymmetries are evaluated are 
different [29,27] since at least one hadron with z > 0.2 is required 

Fig. 6. Comparison of the asymmetry vs. x obtained in the analysis of dihadron pro-
duction to the corresponding Collins asymmetry for the combined 2007 and 2010
data. 

to evaluate the Collins asymmetry, while all the combinations of 
positive and negative hadrons with z > 0.1 are used in the case of 
the dihadron asymmetry. It has been checked, however, that the 
similarity between the two different asymmetries stays the same 
when measuring the asymmetries for the common hadron sample, 
selected with the requirement of at least two oppositely charged 
hadrons produced in the primary vertex. This gives a strong indica-
tion that the analysing powers of the single and dihadron channels 
are almost the same.

More work has been done to understand these similarities. 
Since the Collins asymmetries are the amplitudes of the sine mod-
ulations of the Collins angles φC± = φh± + φS − π , where φh±

[C. Adolph et al., PLB 736 (2014) 124]
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Fig. 7. Difference between the two dihadron angles φR and φ2h .

are the azimuthal angles of positive and negative hadrons in the 
γ ∗-nucleon system, the mirror symmetry suggests that in the 
multi-hadrons fragmentation of the struck quark azimuthal angles 
of positive and negative hadrons created in the event differ by 
≈ π , namely that when a transversely polarised quark fragments, 
oppositely charged hadrons have antiparallel transverse momenta. 
This anti-correlation between φh+ and φh− could be due to a local 
transverse momentum conservation in the fragmentation, as it is 
present in the LEPTO [38] generator for spin-independent DIS. The 
relevant point here is that such a correlation shows up also in the 
Collins fragmentation function that describes the spin-dependent 
hadronisation of a transversely polarised quark q into hadrons.

If this is the case, asymmetries correlated with the dihadrons 
can also be obtained in a way different from the one described 
above. For each pair of oppositely charged hadrons, using the unit 
vectors of their transverse momenta, we have evaluated the an-
gle φ2h of the vector R N = p̂T ,h+ − p̂T ,h− which is the arithmetic 
mean of the azimuthal angles of the two hadrons after correcting 
for the discussed π phase difference between both angles. This 
azimuthal angle of the dihadron is strongly correlated with φR , 
as can be seen in Fig. 7 where the difference of the two angles is 
shown. The same correlation is present also in the LEPTO generator 
for spin-independent DIS. Introducing the angle φ2h,S = φ2h − φS ′ , 
one simply obtains the mean of the Collins angle of the posi-
tive and negative hadrons (again after correcting for the discussed 
π phase difference between the two angles), i.e. a mean Collins 
type angle of the dihadron. The amplitudes of the modulations of 
sin φ2h,S , which could then be called the Collins asymmetry for the 
dihadron, are shown as a function of x in Fig. 8 for all the h+h−

pairs with z > 0.1 in the 2010 data, and compared with the di-
hadron asymmetry already given in Fig. 3, where an additional cut 
of pT > 0.1 GeV/c on the transverse momentum of the individual 
hadrons was applied for a precise determination of the azimuthal 
angles. The asymmetries are very close, hinting at a common phys-
ical origin for the Collins mechanism and the dihadron fragmenta-
tion function, as originally suggested in the 3 P0 Lund model [39], 
in the recursive string fragmentation model [32,40] and in recent 
theoretical work [41].19

6. Conclusions

In this paper we present the results of a new measurement of 
the transverse spin asymmetry in dihadron production in DIS of 

19 After finalizing the present paper, a new publication appeared [42] reproducing 
with Monte Carlo calculations the observations of this section.

Fig. 8. Comparison between the dihadron asymmetry (black points) and the Collins-
like asymmetry for the dihadron (open blue points) as a function of x for the 2010
data.

160 GeV/c muons off a transversely polarised proton (NH3) target. 
The measured asymmetry amplitudes are in agreement with our 
previous measurement performed with data collected in 2007. The 
statistical and systematic uncertainties are considerably reduced. 
The combined results show a clear signal in the x range of the 
valence quarks and are in agreement with a recent theoretical cal-
culation, using as input the transversity distribution obtained from 
global fits to the Collins asymmetry. As expected, the results do 
not show a strong z dependence. Clear structures are exhibited as 
a function of the dihadrons’ invariant mass, with values compat-
ible with zero at about 0.5 GeV/c2 and a sharp fall to −0.05 at 
the ρ mass. These new combined results will allow a more pre-
cise extraction of the transversity distributions along the lines of 
the models recently developed. The high precision and the large 
kinematic range of the COMPASS proton data allows us to compare 
the dihadron asymmetry and the Collins asymmetry. In the paper 
we underline the striking similarity between them and give argu-
ments in favour of a common underlying physics mechanism, as 
already suggested in the past by several authors. In particular we 
show that in our data the angle commonly used in the dihadron 
asymmetry analysis is very close to the mean Collins angle of the 
two hadrons, and that thus the asymmetries evaluated using the 
two angles turn out to be very similar.
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Fig. 5. Proton asymmetry, integrated over the angle θ , as a function of x, z and Mh+h− , for the combined data taken with the proton (NH3) target in the years 2007 and 
2010 (top plot). The grey bands indicate the systematic uncertainties. The bottom plot shows the same data for the valence quark region (x ≥ 0.032). The curves in the upper 
plots show predictions [36,37] made using the transversity functions extracted in Ref. [11] (solid lines) or a pQCD based counting rule analysis (dotted lines). The curves in 
the lower plots show the predictions of [36] in the same x ≥ 0.032 region. Note that the sign of the original predictions was changed to accommodate the phase π in the 
definition of the angle φR S used in the COMPASS analysis.

data. Significant asymmetry amplitudes are predicted and the x de-
pendent shape is well described, as well as for the dependence on 
z in the case of the calculations by Bacchetta et al. A good agree-
ment in terms of the Mh+h− dependence is only in the mass region 
of the ρ meson; no optimization of parameters in the calculation 
of the dihadron fragmentation function to extend the agreement 
over a larger Mh+h− region (as e.g., the fraction of the ω to 3π
decay in the s–p interference) was performed by the authors. The 
prediction of Ma et al. [37] (dashed lines in Fig. 5 (top)) uses the 
parametrisations of [23] for the dihadron fragmentation, together 
with a model for the transversity distributions, based on a pQCD 
counting rule analysis. This prediction describes the main trend of 
the data but tends to overestimate the measured asymmetry.

5. Comparing the dihadron asymmetry and the Collins 
asymmetry

There is a striking similarity among the Collins asymmetry for 
positive and for negative hadrons [27] and the dihadron asym-
metry as functions of x, as clearly shown in Fig. 6, where the 
combined results from the 2007 and 2010 COMPASS runs are 
presented. First, there is a mirror symmetry between the Collins 
asymmetry for positive and for negative hadrons, the magnitude 
of the asymmetry being essentially identical and the sign being 
opposite. This symmetry has been phenomenologically described 
in terms of opposite signs of u and d quark transversity distribu-
tions with almost equal magnitude and opposite sign for favoured 
and unfavoured Collins fragmentation functions [11].

The new results show that the values of the dihadron asymme-
try are slightly larger in magnitude, but very close to the values of 
the Collins asymmetry for positive hadrons and to the mean of the 
values of the Collins asymmetry for positive and negative hadrons, 
after changing the sign of the asymmetry of the negative hadrons. 
The hadron samples on which these asymmetries are evaluated are 
different [29,27] since at least one hadron with z > 0.2 is required 

Fig. 6. Comparison of the asymmetry vs. x obtained in the analysis of dihadron pro-
duction to the corresponding Collins asymmetry for the combined 2007 and 2010
data. 

to evaluate the Collins asymmetry, while all the combinations of 
positive and negative hadrons with z > 0.1 are used in the case of 
the dihadron asymmetry. It has been checked, however, that the 
similarity between the two different asymmetries stays the same 
when measuring the asymmetries for the common hadron sample, 
selected with the requirement of at least two oppositely charged 
hadrons produced in the primary vertex. This gives a strong indica-
tion that the analysing powers of the single and dihadron channels 
are almost the same.

More work has been done to understand these similarities. 
Since the Collins asymmetries are the amplitudes of the sine mod-
ulations of the Collins angles φC± = φh± + φS − π , where φh±
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Fig. 7. Difference between the two dihadron angles φR and φ2h .

are the azimuthal angles of positive and negative hadrons in the 
γ ∗-nucleon system, the mirror symmetry suggests that in the 
multi-hadrons fragmentation of the struck quark azimuthal angles 
of positive and negative hadrons created in the event differ by 
≈ π , namely that when a transversely polarised quark fragments, 
oppositely charged hadrons have antiparallel transverse momenta. 
This anti-correlation between φh+ and φh− could be due to a local 
transverse momentum conservation in the fragmentation, as it is 
present in the LEPTO [38] generator for spin-independent DIS. The 
relevant point here is that such a correlation shows up also in the 
Collins fragmentation function that describes the spin-dependent 
hadronisation of a transversely polarised quark q into hadrons.

If this is the case, asymmetries correlated with the dihadrons 
can also be obtained in a way different from the one described 
above. For each pair of oppositely charged hadrons, using the unit 
vectors of their transverse momenta, we have evaluated the an-
gle φ2h of the vector R N = p̂T ,h+ − p̂T ,h− which is the arithmetic 
mean of the azimuthal angles of the two hadrons after correcting 
for the discussed π phase difference between both angles. This 
azimuthal angle of the dihadron is strongly correlated with φR , 
as can be seen in Fig. 7 where the difference of the two angles is 
shown. The same correlation is present also in the LEPTO generator 
for spin-independent DIS. Introducing the angle φ2h,S = φ2h − φS ′ , 
one simply obtains the mean of the Collins angle of the posi-
tive and negative hadrons (again after correcting for the discussed 
π phase difference between the two angles), i.e. a mean Collins 
type angle of the dihadron. The amplitudes of the modulations of 
sin φ2h,S , which could then be called the Collins asymmetry for the 
dihadron, are shown as a function of x in Fig. 8 for all the h+h−

pairs with z > 0.1 in the 2010 data, and compared with the di-
hadron asymmetry already given in Fig. 3, where an additional cut 
of pT > 0.1 GeV/c on the transverse momentum of the individual 
hadrons was applied for a precise determination of the azimuthal 
angles. The asymmetries are very close, hinting at a common phys-
ical origin for the Collins mechanism and the dihadron fragmenta-
tion function, as originally suggested in the 3 P0 Lund model [39], 
in the recursive string fragmentation model [32,40] and in recent 
theoretical work [41].19

6. Conclusions

In this paper we present the results of a new measurement of 
the transverse spin asymmetry in dihadron production in DIS of 

19 After finalizing the present paper, a new publication appeared [42] reproducing 
with Monte Carlo calculations the observations of this section.

Fig. 8. Comparison between the dihadron asymmetry (black points) and the Collins-
like asymmetry for the dihadron (open blue points) as a function of x for the 2010
data.

160 GeV/c muons off a transversely polarised proton (NH3) target. 
The measured asymmetry amplitudes are in agreement with our 
previous measurement performed with data collected in 2007. The 
statistical and systematic uncertainties are considerably reduced. 
The combined results show a clear signal in the x range of the 
valence quarks and are in agreement with a recent theoretical cal-
culation, using as input the transversity distribution obtained from 
global fits to the Collins asymmetry. As expected, the results do 
not show a strong z dependence. Clear structures are exhibited as 
a function of the dihadrons’ invariant mass, with values compat-
ible with zero at about 0.5 GeV/c2 and a sharp fall to −0.05 at 
the ρ mass. These new combined results will allow a more pre-
cise extraction of the transversity distributions along the lines of 
the models recently developed. The high precision and the large 
kinematic range of the COMPASS proton data allows us to compare 
the dihadron asymmetry and the Collins asymmetry. In the paper 
we underline the striking similarity between them and give argu-
ments in favour of a common underlying physics mechanism, as 
already suggested in the past by several authors. In particular we 
show that in our data the angle commonly used in the dihadron 
asymmetry analysis is very close to the mean Collins angle of the 
two hadrons, and that thus the asymmetries evaluated using the 
two angles turn out to be very similar.
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are the azimuthal angles of positive and negative hadrons in the 
γ ∗-nucleon system, the mirror symmetry suggests that in the 
multi-hadrons fragmentation of the struck quark azimuthal angles 
of positive and negative hadrons created in the event differ by 
≈ π , namely that when a transversely polarised quark fragments, 
oppositely charged hadrons have antiparallel transverse momenta. 
This anti-correlation between φh+ and φh− could be due to a local 
transverse momentum conservation in the fragmentation, as it is 
present in the LEPTO [38] generator for spin-independent DIS. The 
relevant point here is that such a correlation shows up also in the 
Collins fragmentation function that describes the spin-dependent 
hadronisation of a transversely polarised quark q into hadrons.

If this is the case, asymmetries correlated with the dihadrons 
can also be obtained in a way different from the one described 
above. For each pair of oppositely charged hadrons, using the unit 
vectors of their transverse momenta, we have evaluated the an-
gle φ2h of the vector R N = p̂T ,h+ − p̂T ,h− which is the arithmetic 
mean of the azimuthal angles of the two hadrons after correcting 
for the discussed π phase difference between both angles. This 
azimuthal angle of the dihadron is strongly correlated with φR , 
as can be seen in Fig. 7 where the difference of the two angles is 
shown. The same correlation is present also in the LEPTO generator 
for spin-independent DIS. Introducing the angle φ2h,S = φ2h − φS ′ , 
one simply obtains the mean of the Collins angle of the posi-
tive and negative hadrons (again after correcting for the discussed 
π phase difference between the two angles), i.e. a mean Collins 
type angle of the dihadron. The amplitudes of the modulations of 
sin φ2h,S , which could then be called the Collins asymmetry for the 
dihadron, are shown as a function of x in Fig. 8 for all the h+h−

pairs with z > 0.1 in the 2010 data, and compared with the di-
hadron asymmetry already given in Fig. 3, where an additional cut 
of pT > 0.1 GeV/c on the transverse momentum of the individual 
hadrons was applied for a precise determination of the azimuthal 
angles. The asymmetries are very close, hinting at a common phys-
ical origin for the Collins mechanism and the dihadron fragmenta-
tion function, as originally suggested in the 3 P0 Lund model [39], 
in the recursive string fragmentation model [32,40] and in recent 
theoretical work [41].19

6. Conclusions

In this paper we present the results of a new measurement of 
the transverse spin asymmetry in dihadron production in DIS of 

19 After finalizing the present paper, a new publication appeared [42] reproducing 
with Monte Carlo calculations the observations of this section.

Fig. 8. Comparison between the dihadron asymmetry (black points) and the Collins-
like asymmetry for the dihadron (open blue points) as a function of x for the 2010
data.

160 GeV/c muons off a transversely polarised proton (NH3) target. 
The measured asymmetry amplitudes are in agreement with our 
previous measurement performed with data collected in 2007. The 
statistical and systematic uncertainties are considerably reduced. 
The combined results show a clear signal in the x range of the 
valence quarks and are in agreement with a recent theoretical cal-
culation, using as input the transversity distribution obtained from 
global fits to the Collins asymmetry. As expected, the results do 
not show a strong z dependence. Clear structures are exhibited as 
a function of the dihadrons’ invariant mass, with values compat-
ible with zero at about 0.5 GeV/c2 and a sharp fall to −0.05 at 
the ρ mass. These new combined results will allow a more pre-
cise extraction of the transversity distributions along the lines of 
the models recently developed. The high precision and the large 
kinematic range of the COMPASS proton data allows us to compare 
the dihadron asymmetry and the Collins asymmetry. In the paper 
we underline the striking similarity between them and give argu-
ments in favour of a common underlying physics mechanism, as 
already suggested in the past by several authors. In particular we 
show that in our data the angle commonly used in the dihadron 
asymmetry analysis is very close to the mean Collins angle of the 
two hadrons, and that thus the asymmetries evaluated using the 
two angles turn out to be very similar.

Acknowledgements

This work was made possible thanks to the financial support 
of our funding agencies. We also acknowledge the support of the 
CERN management and staff, as well as the skills and efforts of the 
technicians of the collaborating institutes.

References

[1] R.L. Jaffe, X. Ji, Phys. Rev. Lett. 67 (1991) 552–555.
[2] R. Jaffe, X. Ji, Nucl. Phys. B 375 (1992) 527–560.
[3] A. Kotzinian, Nucl. Phys. B 441 (1995) 234–256, arXiv:hep-ph/9412283.
[4] P.J. Mulders, R.D. Tangerman, Nucl. Phys. B 461 (1996) 197–237, arXiv:hep-ph/

9510301;
P.J. Mulders, R.D. Tangerman, Nucl. Phys. B 484 (1997) 538 (Erratum).

[5] V. Barone, A. Drago, P.G. Ratcliffe, Phys. Rep. 359 (2002) 1–168, arXiv:hep-ph/
0104283.

[6] V. Barone, F. Bradamante, A. Martin, Prog. Part. Nucl. Phys. 65 (2010) 267–333, 
arXiv:1011.0909 [hep-ph].

[7] HERMES Collaboration, E.A. Airapetian, Phys. Rev. Lett. 94 (2005), 
012002-012-012007.

“Collins angle” of 



OAM 2014, ECT* TrentoGunar Schnell 

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

52

Di-hadron vs. 
Collins fragmentation

apparent similarity of Collins and di-
hadron asymmetries

suggested common origin of Collins and 
di-hadron FF in PLB 736 (2014) 124

C. Adolph et al. / Physics Letters B 736 (2014) 124–131 129

Fig. 5. Proton asymmetry, integrated over the angle θ , as a function of x, z and Mh+h− , for the combined data taken with the proton (NH3) target in the years 2007 and 
2010 (top plot). The grey bands indicate the systematic uncertainties. The bottom plot shows the same data for the valence quark region (x ≥ 0.032). The curves in the upper 
plots show predictions [36,37] made using the transversity functions extracted in Ref. [11] (solid lines) or a pQCD based counting rule analysis (dotted lines). The curves in 
the lower plots show the predictions of [36] in the same x ≥ 0.032 region. Note that the sign of the original predictions was changed to accommodate the phase π in the 
definition of the angle φR S used in the COMPASS analysis.

data. Significant asymmetry amplitudes are predicted and the x de-
pendent shape is well described, as well as for the dependence on 
z in the case of the calculations by Bacchetta et al. A good agree-
ment in terms of the Mh+h− dependence is only in the mass region 
of the ρ meson; no optimization of parameters in the calculation 
of the dihadron fragmentation function to extend the agreement 
over a larger Mh+h− region (as e.g., the fraction of the ω to 3π
decay in the s–p interference) was performed by the authors. The 
prediction of Ma et al. [37] (dashed lines in Fig. 5 (top)) uses the 
parametrisations of [23] for the dihadron fragmentation, together 
with a model for the transversity distributions, based on a pQCD 
counting rule analysis. This prediction describes the main trend of 
the data but tends to overestimate the measured asymmetry.

5. Comparing the dihadron asymmetry and the Collins 
asymmetry

There is a striking similarity among the Collins asymmetry for 
positive and for negative hadrons [27] and the dihadron asym-
metry as functions of x, as clearly shown in Fig. 6, where the 
combined results from the 2007 and 2010 COMPASS runs are 
presented. First, there is a mirror symmetry between the Collins 
asymmetry for positive and for negative hadrons, the magnitude 
of the asymmetry being essentially identical and the sign being 
opposite. This symmetry has been phenomenologically described 
in terms of opposite signs of u and d quark transversity distribu-
tions with almost equal magnitude and opposite sign for favoured 
and unfavoured Collins fragmentation functions [11].

The new results show that the values of the dihadron asymme-
try are slightly larger in magnitude, but very close to the values of 
the Collins asymmetry for positive hadrons and to the mean of the 
values of the Collins asymmetry for positive and negative hadrons, 
after changing the sign of the asymmetry of the negative hadrons. 
The hadron samples on which these asymmetries are evaluated are 
different [29,27] since at least one hadron with z > 0.2 is required 

Fig. 6. Comparison of the asymmetry vs. x obtained in the analysis of dihadron pro-
duction to the corresponding Collins asymmetry for the combined 2007 and 2010
data. 

to evaluate the Collins asymmetry, while all the combinations of 
positive and negative hadrons with z > 0.1 are used in the case of 
the dihadron asymmetry. It has been checked, however, that the 
similarity between the two different asymmetries stays the same 
when measuring the asymmetries for the common hadron sample, 
selected with the requirement of at least two oppositely charged 
hadrons produced in the primary vertex. This gives a strong indica-
tion that the analysing powers of the single and dihadron channels 
are almost the same.

More work has been done to understand these similarities. 
Since the Collins asymmetries are the amplitudes of the sine mod-
ulations of the Collins angles φC± = φh± + φS − π , where φh±
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are the azimuthal angles of positive and negative hadrons in the 
γ ∗-nucleon system, the mirror symmetry suggests that in the 
multi-hadrons fragmentation of the struck quark azimuthal angles 
of positive and negative hadrons created in the event differ by 
≈ π , namely that when a transversely polarised quark fragments, 
oppositely charged hadrons have antiparallel transverse momenta. 
This anti-correlation between φh+ and φh− could be due to a local 
transverse momentum conservation in the fragmentation, as it is 
present in the LEPTO [38] generator for spin-independent DIS. The 
relevant point here is that such a correlation shows up also in the 
Collins fragmentation function that describes the spin-dependent 
hadronisation of a transversely polarised quark q into hadrons.

If this is the case, asymmetries correlated with the dihadrons 
can also be obtained in a way different from the one described 
above. For each pair of oppositely charged hadrons, using the unit 
vectors of their transverse momenta, we have evaluated the an-
gle φ2h of the vector R N = p̂T ,h+ − p̂T ,h− which is the arithmetic 
mean of the azimuthal angles of the two hadrons after correcting 
for the discussed π phase difference between both angles. This 
azimuthal angle of the dihadron is strongly correlated with φR , 
as can be seen in Fig. 7 where the difference of the two angles is 
shown. The same correlation is present also in the LEPTO generator 
for spin-independent DIS. Introducing the angle φ2h,S = φ2h − φS ′ , 
one simply obtains the mean of the Collins angle of the posi-
tive and negative hadrons (again after correcting for the discussed 
π phase difference between the two angles), i.e. a mean Collins 
type angle of the dihadron. The amplitudes of the modulations of 
sin φ2h,S , which could then be called the Collins asymmetry for the 
dihadron, are shown as a function of x in Fig. 8 for all the h+h−

pairs with z > 0.1 in the 2010 data, and compared with the di-
hadron asymmetry already given in Fig. 3, where an additional cut 
of pT > 0.1 GeV/c on the transverse momentum of the individual 
hadrons was applied for a precise determination of the azimuthal 
angles. The asymmetries are very close, hinting at a common phys-
ical origin for the Collins mechanism and the dihadron fragmenta-
tion function, as originally suggested in the 3 P0 Lund model [39], 
in the recursive string fragmentation model [32,40] and in recent 
theoretical work [41].19

6. Conclusions

In this paper we present the results of a new measurement of 
the transverse spin asymmetry in dihadron production in DIS of 

19 After finalizing the present paper, a new publication appeared [42] reproducing 
with Monte Carlo calculations the observations of this section.

Fig. 8. Comparison between the dihadron asymmetry (black points) and the Collins-
like asymmetry for the dihadron (open blue points) as a function of x for the 2010
data.

160 GeV/c muons off a transversely polarised proton (NH3) target. 
The measured asymmetry amplitudes are in agreement with our 
previous measurement performed with data collected in 2007. The 
statistical and systematic uncertainties are considerably reduced. 
The combined results show a clear signal in the x range of the 
valence quarks and are in agreement with a recent theoretical cal-
culation, using as input the transversity distribution obtained from 
global fits to the Collins asymmetry. As expected, the results do 
not show a strong z dependence. Clear structures are exhibited as 
a function of the dihadrons’ invariant mass, with values compat-
ible with zero at about 0.5 GeV/c2 and a sharp fall to −0.05 at 
the ρ mass. These new combined results will allow a more pre-
cise extraction of the transversity distributions along the lines of 
the models recently developed. The high precision and the large 
kinematic range of the COMPASS proton data allows us to compare 
the dihadron asymmetry and the Collins asymmetry. In the paper 
we underline the striking similarity between them and give argu-
ments in favour of a common underlying physics mechanism, as 
already suggested in the past by several authors. In particular we 
show that in our data the angle commonly used in the dihadron 
asymmetry analysis is very close to the mean Collins angle of the 
two hadrons, and that thus the asymmetries evaluated using the 
two angles turn out to be very similar.
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γ ∗-nucleon system, the mirror symmetry suggests that in the 
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of positive and negative hadrons created in the event differ by 
≈ π , namely that when a transversely polarised quark fragments, 
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This anti-correlation between φh+ and φh− could be due to a local 
transverse momentum conservation in the fragmentation, as it is 
present in the LEPTO [38] generator for spin-independent DIS. The 
relevant point here is that such a correlation shows up also in the 
Collins fragmentation function that describes the spin-dependent 
hadronisation of a transversely polarised quark q into hadrons.
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vectors of their transverse momenta, we have evaluated the an-
gle φ2h of the vector R N = p̂T ,h+ − p̂T ,h− which is the arithmetic 
mean of the azimuthal angles of the two hadrons after correcting 
for the discussed π phase difference between both angles. This 
azimuthal angle of the dihadron is strongly correlated with φR , 
as can be seen in Fig. 7 where the difference of the two angles is 
shown. The same correlation is present also in the LEPTO generator 
for spin-independent DIS. Introducing the angle φ2h,S = φ2h − φS ′ , 
one simply obtains the mean of the Collins angle of the posi-
tive and negative hadrons (again after correcting for the discussed 
π phase difference between the two angles), i.e. a mean Collins 
type angle of the dihadron. The amplitudes of the modulations of 
sin φ2h,S , which could then be called the Collins asymmetry for the 
dihadron, are shown as a function of x in Fig. 8 for all the h+h−

pairs with z > 0.1 in the 2010 data, and compared with the di-
hadron asymmetry already given in Fig. 3, where an additional cut 
of pT > 0.1 GeV/c on the transverse momentum of the individual 
hadrons was applied for a precise determination of the azimuthal 
angles. The asymmetries are very close, hinting at a common phys-
ical origin for the Collins mechanism and the dihadron fragmenta-
tion function, as originally suggested in the 3 P0 Lund model [39], 
in the recursive string fragmentation model [32,40] and in recent 
theoretical work [41].19

6. Conclusions

In this paper we present the results of a new measurement of 
the transverse spin asymmetry in dihadron production in DIS of 

19 After finalizing the present paper, a new publication appeared [42] reproducing 
with Monte Carlo calculations the observations of this section.

Fig. 8. Comparison between the dihadron asymmetry (black points) and the Collins-
like asymmetry for the dihadron (open blue points) as a function of x for the 2010
data.

160 GeV/c muons off a transversely polarised proton (NH3) target. 
The measured asymmetry amplitudes are in agreement with our 
previous measurement performed with data collected in 2007. The 
statistical and systematic uncertainties are considerably reduced. 
The combined results show a clear signal in the x range of the 
valence quarks and are in agreement with a recent theoretical cal-
culation, using as input the transversity distribution obtained from 
global fits to the Collins asymmetry. As expected, the results do 
not show a strong z dependence. Clear structures are exhibited as 
a function of the dihadrons’ invariant mass, with values compat-
ible with zero at about 0.5 GeV/c2 and a sharp fall to −0.05 at 
the ρ mass. These new combined results will allow a more pre-
cise extraction of the transversity distributions along the lines of 
the models recently developed. The high precision and the large 
kinematic range of the COMPASS proton data allows us to compare 
the dihadron asymmetry and the Collins asymmetry. In the paper 
we underline the striking similarity between them and give argu-
ments in favour of a common underlying physics mechanism, as 
already suggested in the past by several authors. In particular we 
show that in our data the angle commonly used in the dihadron 
asymmetry analysis is very close to the mean Collins angle of the 
two hadrons, and that thus the asymmetries evaluated using the 
two angles turn out to be very similar.
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are the azimuthal angles of positive and negative hadrons in the 
γ ∗-nucleon system, the mirror symmetry suggests that in the 
multi-hadrons fragmentation of the struck quark azimuthal angles 
of positive and negative hadrons created in the event differ by 
≈ π , namely that when a transversely polarised quark fragments, 
oppositely charged hadrons have antiparallel transverse momenta. 
This anti-correlation between φh+ and φh− could be due to a local 
transverse momentum conservation in the fragmentation, as it is 
present in the LEPTO [38] generator for spin-independent DIS. The 
relevant point here is that such a correlation shows up also in the 
Collins fragmentation function that describes the spin-dependent 
hadronisation of a transversely polarised quark q into hadrons.

If this is the case, asymmetries correlated with the dihadrons 
can also be obtained in a way different from the one described 
above. For each pair of oppositely charged hadrons, using the unit 
vectors of their transverse momenta, we have evaluated the an-
gle φ2h of the vector R N = p̂T ,h+ − p̂T ,h− which is the arithmetic 
mean of the azimuthal angles of the two hadrons after correcting 
for the discussed π phase difference between both angles. This 
azimuthal angle of the dihadron is strongly correlated with φR , 
as can be seen in Fig. 7 where the difference of the two angles is 
shown. The same correlation is present also in the LEPTO generator 
for spin-independent DIS. Introducing the angle φ2h,S = φ2h − φS ′ , 
one simply obtains the mean of the Collins angle of the posi-
tive and negative hadrons (again after correcting for the discussed 
π phase difference between the two angles), i.e. a mean Collins 
type angle of the dihadron. The amplitudes of the modulations of 
sin φ2h,S , which could then be called the Collins asymmetry for the 
dihadron, are shown as a function of x in Fig. 8 for all the h+h−

pairs with z > 0.1 in the 2010 data, and compared with the di-
hadron asymmetry already given in Fig. 3, where an additional cut 
of pT > 0.1 GeV/c on the transverse momentum of the individual 
hadrons was applied for a precise determination of the azimuthal 
angles. The asymmetries are very close, hinting at a common phys-
ical origin for the Collins mechanism and the dihadron fragmenta-
tion function, as originally suggested in the 3 P0 Lund model [39], 
in the recursive string fragmentation model [32,40] and in recent 
theoretical work [41].19

6. Conclusions

In this paper we present the results of a new measurement of 
the transverse spin asymmetry in dihadron production in DIS of 

19 After finalizing the present paper, a new publication appeared [42] reproducing 
with Monte Carlo calculations the observations of this section.

Fig. 8. Comparison between the dihadron asymmetry (black points) and the Collins-
like asymmetry for the dihadron (open blue points) as a function of x for the 2010
data.

160 GeV/c muons off a transversely polarised proton (NH3) target. 
The measured asymmetry amplitudes are in agreement with our 
previous measurement performed with data collected in 2007. The 
statistical and systematic uncertainties are considerably reduced. 
The combined results show a clear signal in the x range of the 
valence quarks and are in agreement with a recent theoretical cal-
culation, using as input the transversity distribution obtained from 
global fits to the Collins asymmetry. As expected, the results do 
not show a strong z dependence. Clear structures are exhibited as 
a function of the dihadrons’ invariant mass, with values compat-
ible with zero at about 0.5 GeV/c2 and a sharp fall to −0.05 at 
the ρ mass. These new combined results will allow a more pre-
cise extraction of the transversity distributions along the lines of 
the models recently developed. The high precision and the large 
kinematic range of the COMPASS proton data allows us to compare 
the dihadron asymmetry and the Collins asymmetry. In the paper 
we underline the striking similarity between them and give argu-
ments in favour of a common underlying physics mechanism, as 
already suggested in the past by several authors. In particular we 
show that in our data the angle commonly used in the dihadron 
asymmetry analysis is very close to the mean Collins angle of the 
two hadrons, and that thus the asymmetries evaluated using the 
two angles turn out to be very similar.
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for spin-independent DIS. Introducing the angle φ2h,S = φ2h − φS ′ , 
one simply obtains the mean of the Collins angle of the posi-
tive and negative hadrons (again after correcting for the discussed 
π phase difference between the two angles), i.e. a mean Collins 
type angle of the dihadron. The amplitudes of the modulations of 
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dihadron, are shown as a function of x in Fig. 8 for all the h+h−

pairs with z > 0.1 in the 2010 data, and compared with the di-
hadron asymmetry already given in Fig. 3, where an additional cut 
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hadrons was applied for a precise determination of the azimuthal 
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160 GeV/c muons off a transversely polarised proton (NH3) target. 
The measured asymmetry amplitudes are in agreement with our 
previous measurement performed with data collected in 2007. The 
statistical and systematic uncertainties are considerably reduced. 
The combined results show a clear signal in the x range of the 
valence quarks and are in agreement with a recent theoretical cal-
culation, using as input the transversity distribution obtained from 
global fits to the Collins asymmetry. As expected, the results do 
not show a strong z dependence. Clear structures are exhibited as 
a function of the dihadrons’ invariant mass, with values compat-
ible with zero at about 0.5 GeV/c2 and a sharp fall to −0.05 at 
the ρ mass. These new combined results will allow a more pre-
cise extraction of the transversity distributions along the lines of 
the models recently developed. The high precision and the large 
kinematic range of the COMPASS proton data allows us to compare 
the dihadron asymmetry and the Collins asymmetry. In the paper 
we underline the striking similarity between them and give argu-
ments in favour of a common underlying physics mechanism, as 
already suggested in the past by several authors. In particular we 
show that in our data the angle commonly used in the dihadron 
asymmetry analysis is very close to the mean Collins angle of the 
two hadrons, and that thus the asymmetries evaluated using the 
two angles turn out to be very similar.
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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.
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FIG. 3. The extracted pretzelosity asymmetries on 3He nuclei
(top panels) and on the neutron (bottom panels) are shown
together with uncertainty bands for both π+ and π− electron
production.

tron, the effective polarization method was used:

AP
n =

1

(1− fp)Pn

(

AP
he − fpA

P
p Pp

)

, (3)

where the proton dilution factor fp ≡ 2σp/σ3He was ob-
tained by measuring the yields of unpolarized proton and
unpolarized 3He targets at the same kinematics. The
same model uncertainty due to final-state interactions as
in [24] was taken into account for fp. Pn = 0.86+0.036

−0.02

and P p = −0.028+0.009
−0.004 are the effective polarizations of

the neutron and proton in a 3He nucleus [30, 31]. Due
to the scarcity of available data and the small effective
polarization of the proton, in this analysis no correction
was applied to account for the effect due to the proton
asymmetry. The uncertainty due to this omission was es-
timated and included in the systematic uncertainty. For
positive pions at the highest x bin, the asymmetry is
magnified by nearly one order of magnitude from 3He to
the neutron, due to the large proton dilution.
The extracted pretzelosity moment on the neutron is

shown in the bottom two panels of Fig. 3 and is com-
pared with the quark-diquark model [16] and light-cone
constitute-quark model [32, 33] calculations. Like in
the two upper panels, the error bars shown only repre-
sent the statistical uncertainties, while the bands labeled
“Sys.” represent the systematic uncertainties. Since
the differences between the two model predictions are
hardly visible compared to the statistical uncertainties,
the curves in the two panels are multiplied by a factor of
10. The extracted neutron asymmetries of both (e, e′π+)
and (e, e′π−) are consistent with zero. Compared to the
sin(φh + φs) terms, the sin(3φh − φs) terms are sup-
pressed by a factor of order k2⊥/M

2 [20], in which k⊥
is the parton transverse momentum and M is the mass

of the nucleon. As suggested in [16], a large Ph⊥ cover-
age such as that planned for future experiments [34] with
a higher statistical precision, is required to observe any
non-zero pretzelosity asymmetry. It is worth mentioning
that the small value for the asymmetry predicted by the
quark-diquark model (of the order of 10−3) is mainly due
to kinematic suppression and hence does not necessarily
predict that h⊥

1T is small. In that calculation h⊥
1T is pro-

portional to the OAM of the quarks, originating from a
Melosh rotation of the quark spin distribution between
the instant and the light-cone frame, and thus can be a
significant contribution to the spin of the nucleon.

In summary, we present the first measurement of pret-
zelosity asymmetries on a transversely polarized 3He tar-
get, utilizing charged pion production in SIDIS process.
The asymmetries are consistent with zero within ex-
perimental uncertainties in this kinematic region, and
are also consistent with model expectations. This work
demonstrates an experimental approach for studying the
h⊥
1T TMD and lays a foundation for future high-precision

measurements [34].
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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.

-0.1

-0.05

0

0.05

0.1
HERMES

0 0.25

A
U
L

s
in
2
φ

CLAS

π
+

π
-

0 0.25

x

π
0

0 0.25 0.5

FIG. 4: The measured x-dependence of the longitudinal tar-
get SSA Asin 2φ

UL (triangles). The squares show the existing
measurement of Asin 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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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 l⃗-⃗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 3H⃗e(e⃗, 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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Fig. 6  The transverse-momentum distribution may be different for quarks of 
different flavors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.

VOL28 / NO1-2 / ANNO2012 > 23

Fig. 7  Polarization-averaged distributions, as in figs. 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 affecting these pictures.
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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 affecting these pictures.
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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 in fp, 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 in fp, 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 in fp, 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 in fp, 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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A. BACCHETTA, M. CONTALBRIGO: THE PROTON IN 3D

Fig. 6  The transverse-momentum distribution may be different for quarks of 
different flavors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.

VOL28 / NO1-2 / ANNO2012 > 23

Fig. 7  Polarization-averaged distributions, as in figs. 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 affecting these pictures.

A. BACCHETTA, M. CONTALBRIGO: THE PROTON IN 3D

Fig. 6  The transverse-momentum distribution may be different for quarks of 
different flavors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.

VOL28 / NO1-2 / ANNO2012 > 23

Fig. 7  Polarization-averaged distributions, as in figs. 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 affecting these pictures.

[A. Bacchetta et al.]

x
−210 −110

p Si
v

A

−0.05

0

0.05

0.1
+π

+K

Fig. 10: The Sivers asymmetries for positive pions and kaons, as a function of x.

x
−210 −110

p Si
v

A

−0.1

0

0.1

0.2

z
0.5 1

−0.1

0

0.1

0.2

)c(GeV/ h
T

p
0.5 1 1.5

−0.1

0

0.1

0.2−210 −110

p Si
v

A

−0.05

0

0.05

0.1

0.5 1
−0.05

0

0.05

0.1

0.5 1 1.5
−0.05

0

0.05

0.1
<0.032x +πCOMPASS 
>0.032 x +πCOMPASS 

 PRL 103 (2009)+πHERMES  

<0.032 x +COMPASS K
>0.032 x +COMPASS K

 PRL 103 (2009)+HERMES  K

Fig. 11: The Sivers asymmetries for positive pions (top) and kaons (bottom) on proton as a function of x, z and
p

h
T , requiring x > 0.032. The asymmetries are compared to HERMES results.

x
−210 −110

p Si
v

A

−0.05

0

0.05

0.1
+π

+K

Fig. 10: The Sivers asymmetries for positive pions and kaons, as a function of x.

x
−210 −110

p Si
v

A

−0.1

0

0.1

0.2

z
0.5 1

−0.1

0

0.1

0.2

)c(GeV/ h
T

p
0.5 1 1.5

−0.1

0

0.1

0.2−210 −110

p Si
v

A

−0.05

0

0.05

0.1

0.5 1
−0.05

0

0.05

0.1

0.5 1 1.5
−0.05

0

0.05

0.1
<0.032x +πCOMPASS 
>0.032 x +πCOMPASS 

 PRL 103 (2009)+πHERMES  

<0.032 x +COMPASS K
>0.032 x +COMPASS K

 PRL 103 (2009)+HERMES  K

Fig. 11: The Sivers asymmetries for positive pions (top) and kaons (bottom) on proton as a function of x, z and
p

h
T , requiring x > 0.032. The asymmetries are compared to HERMES results.

[arXiv:1408.4405]

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

new results from JLab 
using 3He target and from 
COMPASS for proton 
target



OAM 2014, ECT* TrentoGunar Schnell 

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

Sivers amplitudes
COMPASS vs. HERMES

61

[arXiv:1408.4405]

x
−210 −110

p Si
v

A

−0.05

0

0.05

0.1
+π

+K

Fig. 10: The Sivers asymmetries for positive pions and kaons, as a function of x.

x
−210 −110

p Si
v

A

−0.1

0

0.1

0.2

z
0.5 1

−0.1

0

0.1

0.2

)c(GeV/ h
T

p
0.5 1 1.5

−0.1

0

0.1

0.2−210 −110

p Si
v

A

−0.05

0

0.05

0.1

0.5 1
−0.05

0

0.05

0.1

0.5 1 1.5
−0.05

0

0.05

0.1
<0.032x +πCOMPASS 
>0.032 x +πCOMPASS 

 PRL 103 (2009)+πHERMES  

<0.032 x +COMPASS K
>0.032 x +COMPASS K

 PRL 103 (2009)+HERMES  K

Fig. 11: The Sivers asymmetries for positive pions (top) and kaons (bottom) on proton as a function of x, z and
p

h
T , requiring x > 0.032. The asymmetries are compared to HERMES results.
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Fig. 10: The Sivers asymmetries for positive pions and kaons, as a function of x.
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Fig. 11: The Sivers asymmetries for positive pions (top) and kaons (bottom) on proton as a function of x, z and
p

h
T , requiring x > 0.032. The asymmetries are compared to HERMES results.
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Fig. 11: The Sivers asymmetries for positive pions (top) and kaons (bottom) on proton as a function of x, z and
p

h
T , requiring x > 0.032. The asymmetries are compared to HERMES results.
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4

xbj y z Q2 Pt W W ′

GeV2 GeV GeV GeV
K+ 0.137 0.85 0.48 1.29 0.46 3.0 2.08
K+ 0.190 0.81 0.51 1.69 0.40 2.85 1.96
K+ 0.250 0.77 0.53 2.11 0.33 2.69 1.83
K+ 0.324 0.73 0.56 2.60 0.26 2.51 1.69
K− 0.210 0.80 0.51 1.83 0.38 2.80 1.93

TABLE I. Tabulated central values for kinematical variables
xbj , y, Q

2, z, Pt, W , W ′, where y = q·P
l·P , W =

√

(P + q)2,

W ′ =
√

(q + P − Ph)2, and l is the four-momentum of the
incoming lepton.

The likelihood was formed by the φh and φS dependent
yield as shown in Eq. (1),

yield(φh,φS) = ρ ·σ ·a±(φh,φS)(1+P
2∑

j=1

ϵjAj(φh,φS)),

(1)
where ρ is the target density, σ is the unpolarized cross
section, a±(φh, φS) is the acceptance for target spin state
±, Aj(φh, φS) is the jth azimuthal angular modulation,
sin(φh + φS) or sin(φh - φS), P is the target polarization,
and ϵj is the amplitude of each modulation. The φh and
φS definition follows the Trento Conventions [31]. The
MLE method has been used for charged pion analysis
[23] and has been checked through Monte Carlo simula-
tions. The results extracted from MLE take into account
the unbalanced beam charge associated with two target
spin directions and the data acquisition livetime. The
3He Collins and Sivers moments were then obtained by
correcting the dilution from unpolarized N2 gas in the
target cell. The nitrogen dilution factor is defined as

fN2
≡

ρN2
σN2

ρ3Heσ3He + ρN2
σN2

, (2)

where ρ is the density of the gas in the production target
cell and σ is the unpolarized SIDIS cross section. The ra-
tio of unpolarized cross sections σN2

/σ3He was measured
in dedicated runs on targets filled with known amounts
of unpolarized N2 or 3He gas. The fN2

in this experiment
was determined to be about 10%.
The dominant systematic uncertainty in our mea-

surement was the contamination from photon-induced
charge-symmetric e± pairs, of which the e− was detected
in BigBite. The yield of (e+, K±) coincidences was mea-
sured directly by reversing the magnetic field of BigBite,
and hence the contamination of photon-induced electrons
in the electron sample was determined. The contamina-
tion for K− detection was 14±7%. Hardly any events
were observed in the latter 3 bins for K+ detection from
calibration runs which indicated that the contamination
in these bins was small. To be conservative, the con-
taminations were given by a limit in these bins with
the assumption that the contamination decreases linearly
through 4 bins. The photon-induced electron contamina-
tion for K+ was determined to be 18.6±8.3%, <10%,
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FIG. 3. (Color online) The extracted Collins and Sivers mo-
ments on 3He are shown together with their statistical errors
and systematic error bands for both K+ and K− electro-
production. The Sivers moments are compared to theoretical
predictions from a phenomenological fit to the world data.

<5%, <3%, respectively for the four xbj-bins. Since
this contamination is primarily from photon-induced pair
production, it carries the same asymmetry as photon pro-
duction. The asymmetry contamination correction for
K− and the first bin of K+ was given by the asymme-
try from high energy γ-K± coincidence events. Addi-
tional experimental systematic uncertainties include: 1)
π− contamination in the electron sample, 2) π± contam-
ination in the K± sample, 3) random coincidence con-
tamination in the (e−, K±) coincidence sample, 4) target
density fluctuations, 5) detector response drift caused by
radiation damage to the BigBite calorimeter, 6) target
polarization, and 7) bin-centering effects. The quadra-
ture sum of these uncertainties is quoted as the “experi-
mental” systematic uncertainty for our measurement.
For the asymmetry extraction from Eq. (1), we only

included sin(φh + φS) and sin(φh - φS) modulations by
neglecting other modulations, including sin(3φh - φS)
modulation at twist-2 [32], sin(φS) and sin(2φh - φS)
modulations at twist-3, Cahn cos(φh) and Boer-Mulders
cos(2φh) modulations from unpolarized cross section.
The leakage from the longitudinal polarized target sin-
gle spin asymmetry (AUL) due to the small longitudinal
component of the target polarization was also neglected.
These effects were estimated by varying each term within
an allowed range derived from the HERMES proton data
[33], assuming that the magnitude of each term for the
neutron is similar to that of the proton. These effects
were summed in quadrature to yield the “fit” systematic
uncertainty, which is dominated by the sin(φS) term.
The extracted 3He Collins and Sivers moments are

shown in Fig. 3 and tabulated in Table II. The error bars
represent statistical uncertainties. Experimental system-
atic uncertainties combined in quadrature from different
sources are shown as a band labeled “Exp.”. System-
atic uncertainties due to neglecting other modulations
are shown as a band labeled “Fit”. The K+ Collins
and Sivers moments are consistent with zero within er-

surprisingly large K- asymmetry for 3He 
target (but zero for K+?!)

[Zhao et al., arXiv:1404.7204]



OAM 2014, ECT* TrentoGunar Schnell 

Modulations in spin-independent 
SIDIS cross section
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signs of Boer-Mulders

not zero!
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signs of Boer-Mulders

not zero!

opposite sign for charged pions with larger magnitude for π- 

-> 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 π- 

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

intriguing behavior for kaons

[Airapetian et al., PRD 87 (2013) 012010]
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signs of Boer-Mulders

not zero!

opposite sign for charged pions with larger magnitude for π- 

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

intriguing behavior for kaons

available in multidimensional binning both from HERMES and 
from COMPASS

[Airapetian et al., PRD 87 (2013) 012010]
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Figure 13: AUU
cos 2φh

asymmetries for positive (red points) and negative (black triangles) hadrons as a function of x for the different bins in ph
T

(from left to right) and z (from bottom to top). The error bars show statistical uncertainties only.
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unlike HERMES same sign for 
h+ and h-, though still 
different
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asymmetries for positive (red points) and negative (black triangles) hadrons as a function of x for the different bins in ph
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(from left to right) and z (from bottom to top). The error bars show statistical uncertainties only.
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Summary
first round of SIDIS measurements coming to an end

current knowledge on quark- and gluon-spin contribution to nucleon 
spin leaves room for orbital angular momentum

transversity is non-zero and quite sizable

can be measured, e.g., via Collins effect or s-p interference in 
2-hadron fragmentation

Sivers and Boer-Mulders effects are also non-zero

Sivers: opposite sign for up and down quarks in line with their 
contributions to the nucleon’s anomalous magnetic moment

so far no sign of a non-zero pretzelosity distribution

first evidences for non-vanishing worm-gear functions

precision measurements at ongoing and future SIDIS facilities 
needed to fully map TMD landscape
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