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Outline:

I Transversity: single hadrons, hadron pairs, Λ baryons

I TMDs: measured with transversely, longitudinally and
unpolarized nucleons
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COMPASS Detector (muon setup)
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I high energy muon beam (160 GeV)

high intensity (2 · 108µ+/spill)

naturally polarized ( ∼ 80 %)

I two stages spectrometer:

; large angular acceptance (0 ≤ θlab ≤ 180mrad)

; broad kinematical range in x and Q2



COMPASS Polarized Target
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COMPASS RICH
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COMPASS 2007 proton data
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Conclusions

Hadron identification

• Upgraded in 2005

• likelihood-based algorithm

• pπ
thr ∼ 3 GeV/c

• pK
thr ∼ 9 GeV/c

• pp
thr ∼ 17 GeV/c

• p2007
max = 50 GeV/c

• purity of π sample > 99%
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Nucleon in Leading Order
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COMPASS

transversity distribution
in polarized SIDIS

1. `N↑ → `′hX Collins FF

2. `N↑ → `′hhX Interference FF

3. `N↑ → `′Λ↑X FF of q↑ → Λ↑

helicity distribution
in polarized DIS
~̀ ~N → `′X

quark distribution
in unpolarized DIS
`N → `′X

∆Tq(x)=q↑↑(x)−q↑↓(x)

∆q(x)

q(x)

In leading order three parton distributions are
needed to describe the structure of the nucleon:



1. Collins Asymmetry: `N↑ → `′hX

Heiner Wollny (CEA-Saclay Irfu/SPhN) GPD 2010, Trento, 10-15 Oct 6

COMPASS

yz

x

S

l
l'

q

Phh

S

; azimuthal asymmetry:

Nh ∝ 1± A · sinφColl

φColl = φh + φS − π

φh: azimuthal angle of hadron

φS : azimuthal angle of spin of initial quark

AColl=
A

f PTDnn
∝ ∑

q e
2
q · ∆Tq ⊗∆0

TD
h
q

f = target dilution

PT = target polarization

Dnn = 1−y

1−y+ y2

2

= transverse spin transfer

Measuring transversity with Collins-FF ∆0
TD

h
q :

fragmentation of a transversely polarized

quark into an unpolarized hadron
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Collins Asymmetries: 6LiD (2003-2004)
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Figure 6: Collins asymmetry against x, z and ph
T for the “all” charged pions and kaons

samples from the 2003–2004 data, and the “all” K0
S’s sample from the 2002–2004 data.

both in Eq. (10) and in the equation giving Ac
π, and the errors have been evaluated

correspondingly.
The same approach was followed for the neutral kaons, where it has been checked

that the asymmetry of the background under the K0
S peak was compatible with zero.

6 Results and conclusion

The final results for the Collins and Sivers asymmetries AColl and ASiv for charged
pions and charged and neutral kaons on the deuteron target vs. the three kinematic
variables x, z and ph

T are given in Figs. 6–9.1) In the figures, the data points for negative
hadrons, which are calculated in the same x-, z- and pT -bin as for the positive hadrons,
have been slightly shifted for graphical reasons.

Extensive studies to evaluate the size of the systematic error have been performed.
For some of these studies the z cut has been opened and the data sample has been
enlarged by a factor of three. The measured Collins and Sivers asymmetries were checked
against stability among the five different periods of data taking, against the use of different
estimators to extract the asymmetries, against the reduction of the fiducial volume of
our spectrometer and against the influence of the trigger system of the experiment. In
these studies no deviations from the real asymmetries beyond the expected statistical
fluctuations was observed. Furthermore experimental false asymmetries have been studied
by combining the data set in such a way that the extracted asymmetries are expected
to be zero. During all these tests no asymmetries deviating from zero with statistical

1) All the numerical values, including the purities, are available on HEPDATA.

10

systematical error: σsys ≤ 0.3σstat

PLB 673 (2009) 127-135

all asymmetries are small,
compatible with zero

π±

K±

K0

COMPASS

Deuteron



Collins Asymmetries: NH3 (2007)

Heiner Wollny (CEA-Saclay Irfu/SPhN) GPD 2010, Trento, 10-15 Oct 8

COMPASS

I Large asymmetries for proton ∼ 10 %

I Small asymmetries for deuteron
; cancellation of ∆T u and ∆T d
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Collins Asymmetries for π± and K±: NH3 (2007)
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Collins Asymmetries for π±: NH3 (2007)
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I Good agreement in overlap region
(HERMES results are not Dnn corrected)
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Collins Asymmetries for π±: NH3 (2007)
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Predictions from fit to COMPASS deuteron, HERMES proton
and Belle e+e− data
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Collins Asymmetries for π±: NH3 (2007)
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2. Dihadron Interference: `N↑ → `′hhX
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; azimuthal asymmetry:

Nh+h− ∝ 1± A · sinφRS

φRS = φR + φS − π

ARS = A
f PTDnn

∝∑q e
2
q ·∆Tq · H^

1

f = target dilution

PT = target polarization

Dnn = 1−y

1−y+ y2

2

= transverse spin transfer

; azimuthal asymmetry:

Nh+h− ∝ 1± A · sinφRS · sin θ

φRS = φR + φS − π

Measuring transversity with polarized

Dihadron-Interference-FF H^
1 :

fragmentation of transversely polarized quark

into two unpolarized hadrons and rest X
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〈sin θ〉 = 0.94 For this analysis:
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Dihadron Asymmetries: 6LiD (2003-2004)
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Dihadron Asymmetries: NH3 (2007)
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Dihadron Asymmetries: NH3 (2007)
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where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of `′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS

is given in ref. [27]; in deep inelastic kinematics one has dψ ≈ dφS . The first and second

subscript of the above structure functions indicate the respective polarization of beam and

target, whereas the third subscript in FUU,T , FUU,L and F
sin(φh−φS)
UT,T , F

sin(φh−φS)
UT,L specifies

the polarization of the virtual photon. Note that longitudinal or transverse target polar-

ization refer to the photon direction here. The conversion to the experimentally relevant

longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward

and given in [27]. The ratio ε of longitudinal and transverse photon flux in (2.7) is given

by
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Figure 1: Definition of azimuthal angles for semi-inclusive deep inelastic scattering in the target

rest frame [28]. Ph⊥ and S⊥ are the transverse parts of Ph and S with respect to the photon

momentum.

have nonzero components g11
⊥ = g22

⊥ = −1 and ε12
⊥ = −ε21

⊥ = 1 in the coordinate system of

Fig. 1, our convention for the totally antisymmetric tensor being ε0123 = 1. We decompose

the covariant spin vector S of the target as

Sµ = S‖
Pµ − qµM2/(P · q)

M
√

1 + γ2
+ Sµ

⊥ , S‖ =
S · q
P · q

M
√

1 + γ2
, Sµ

⊥ = gµν
⊥ Sν (2.6)

and define its azimuthal angle φS in analogy to φh in eq. (2.3), with Ph replaced by S.

Notice that the sign convention for the longitudinal spin component is such that the target

spin is parallel to the virtual photon momentum for S‖ = −1. The helicity of the lepton

beam is denoted by λe. We consider the case where the detected hadron h has spin zero

or where its polarization is not measured.

Assuming single photon exchange, the lepton-hadron cross section can be expressed in

a model-independent way by a set of structure functions, see e.g. refs. [29, 30, 27]. We use

here a modified version of the notation in ref. [27], see appendix A, and write1

dσ

dx dy dψ dz dφh dP 2
h⊥

=

α2

xyQ2

y2

2 (1 − ε)
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[
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UL + ε sin(2φh)F sin 2φh
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]

1The polarizations SL and ST in [27] have been renamed to S‖ and |S⊥| here. This is to avoid a clash

of notation with section 3, where subscripts L and T refer to a different z-axis than in Fig. 1.
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Notice that the sign convention for the longitudinal spin component is such that the target

spin is parallel to the virtual photon momentum for S‖ = −1. The helicity of the lepton

beam is denoted by λe. We consider the case where the detected hadron h has spin zero

or where its polarization is not measured.

Assuming single photon exchange, the lepton-hadron cross section can be expressed in

a model-independent way by a set of structure functions, see e.g. refs. [29, 30, 27]. We use

here a modified version of the notation in ref. [27], see appendix A, and write1
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where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of `′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS
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longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward
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by
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Notice that the sign convention for the longitudinal spin component is such that the target

spin is parallel to the virtual photon momentum for S‖ = −1. The helicity of the lepton

beam is denoted by λe. We consider the case where the detected hadron h has spin zero

or where its polarization is not measured.

Assuming single photon exchange, the lepton-hadron cross section can be expressed in

a model-independent way by a set of structure functions, see e.g. refs. [29, 30, 27]. We use
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⊥ = −1 and ε12
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⊥ = 1 in the coordinate system of

Fig. 1, our convention for the totally antisymmetric tensor being ε0123 = 1. We decompose
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Sµ = S‖
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and define its azimuthal angle φS in analogy to φh in eq. (2.3), with Ph replaced by S.

Notice that the sign convention for the longitudinal spin component is such that the target

spin is parallel to the virtual photon momentum for S‖ = −1. The helicity of the lepton

beam is denoted by λe. We consider the case where the detected hadron h has spin zero

or where its polarization is not measured.

Assuming single photon exchange, the lepton-hadron cross section can be expressed in

a model-independent way by a set of structure functions, see e.g. refs. [29, 30, 27]. We use

here a modified version of the notation in ref. [27], see appendix A, and write1
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Notice that the sign convention for the longitudinal spin component is such that the target

spin is parallel to the virtual photon momentum for S‖ = −1. The helicity of the lepton

beam is denoted by λe. We consider the case where the detected hadron h has spin zero

or where its polarization is not measured.

Assuming single photon exchange, the lepton-hadron cross section can be expressed in

a model-independent way by a set of structure functions, see e.g. refs. [29, 30, 27]. We use
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Figure 7: Sivers asymmetry against x, z and ph
T for the “all” charged pions and kaons

samples from the 2003–2004 data, and “all” K0
S’s sample from the 2002–2004 data.

significance was observed.
Also, the correlation between the measured Collins and Sivers asymmetries which

originates from the non-uniform φh/φS acceptance of the spectrometer has been studied
and the corresponding systematic error has been evaluated to be negligible as compared
with the statistical error. The smallness of the asymmetries makes the systematic error
due to the uncertainties on PT and f totally negligible. These studies altogether lead to
the final conclusion that the systematic errors are considerably smaller (well below 30%)
than the statistical errors.

All the measured asymmetries are small, a trend which was already observed in the
published data of the non-identified hadrons. Small asymmetries are not a surprise, it was
expected that transverse spin effects be small in the deuteron due to the opposite sign
which was predicted for the u- and d-quark distributions, very much like in the helicity
case.

The interpretation of the results on the deuteron can be done only in conjunction
with corresponding proton data, measured by the HERMES Collaboration albeit at lower
energy. Proton target data have been collected by COMPASS in 2007, but the results are
not final at the time of writing. As shown in Refs. [8,11] a simple analysis of the HERMES
charged pion data and of the non-identified charged hadron data in COMPASS, assuming
that all the hadrons are pions, led to the following conclusions:

1. the favoured and unfavoured Collins functions have about the same size and the
COMPASS deuteron data are needed for the extraction of the d-quark transversity;

2. the null result for the Sivers asymmetry for the COMPASS data is a clear indication

11

systematical error: σsys ≤ 0.3σstat

PLB 673 (2009) 127-135

all asymmetries are small,
compatible with zero
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Sivers Asymmetries for π± and K±: NH3 (2007)
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Sivers Asymmetries: NH3 (2007)
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SIDIS Cross-Section: transversely polarized target
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where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of `′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS

is given in ref. [27]; in deep inelastic kinematics one has dψ ≈ dφS . The first and second

subscript of the above structure functions indicate the respective polarization of beam and

target, whereas the third subscript in FUU,T , FUU,L and F
sin(φh−φS)
UT,T , F

sin(φh−φS)
UT,L specifies

the polarization of the virtual photon. Note that longitudinal or transverse target polar-

ization refer to the photon direction here. The conversion to the experimentally relevant

longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward

and given in [27]. The ratio ε of longitudinal and transverse photon flux in (2.7) is given

by
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Figure 1: Definition of azimuthal angles for semi-inclusive deep inelastic scattering in the target

rest frame [28]. Ph⊥ and S⊥ are the transverse parts of Ph and S with respect to the photon

momentum.

have nonzero components g11
⊥ = g22

⊥ = −1 and ε12
⊥ = −ε21

⊥ = 1 in the coordinate system of

Fig. 1, our convention for the totally antisymmetric tensor being ε0123 = 1. We decompose

the covariant spin vector S of the target as

Sµ = S‖
Pµ − qµM2/(P · q)

M
√

1 + γ2
+ Sµ

⊥ , S‖ =
S · q
P · q

M
√

1 + γ2
, Sµ

⊥ = gµν
⊥ Sν (2.6)

and define its azimuthal angle φS in analogy to φh in eq. (2.3), with Ph replaced by S.

Notice that the sign convention for the longitudinal spin component is such that the target

spin is parallel to the virtual photon momentum for S‖ = −1. The helicity of the lepton

beam is denoted by λe. We consider the case where the detected hadron h has spin zero

or where its polarization is not measured.

Assuming single photon exchange, the lepton-hadron cross section can be expressed in

a model-independent way by a set of structure functions, see e.g. refs. [29, 30, 27]. We use

here a modified version of the notation in ref. [27], see appendix A, and write1

dσ

dx dy dψ dz dφh dP 2
h⊥

=
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]

1The polarizations SL and ST in [27] have been renamed to S‖ and |S⊥| here. This is to avoid a clash

of notation with section 3, where subscripts L and T refer to a different z-axis than in Fig. 1.
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Pretzelosity

: NH3 (2007) & 6LiD (2002-2004)
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Pretzelosity: NH3 (2007)

& 6LiD (2002-2004)
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Pretzelosity: NH3 (2007) & 6LiD (2002-2004)
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Worm-gear (TL)

: NH3 (2007) & 6LiD (2002-2004)

Heiner Wollny (CEA-Saclay Irfu/SPhN) GPD 2010, Trento, 10-15 Oct 28

COMPASS

x z (GeV/c) T
hP

2002-2004 data
COMPASS

all hadrons

)
Sϕ- hϕ

co
s(

L
T

A

preliminary

-210 -110 1

-0.2

0

0.2

positive
negative

0.2 0.4 0.6 0.8 1

-0.2

0

0.2

0 0.5 1 1.5 2

-0.2

0

0.2
COMPASS

Deuteron

x z  (GeV/c)hTP )2W (GeV/c

2007 proton data
COMPASS

all hadrons

)
Sϕ- hϕ

co
s(

LT
A

preliminary

-210 -110

-0.4

-0.2

0

0.2

0.4
positive
negative

0.2 0.4 0.6 0.8

-0.4

-0.2

0

0.2

0.4

0.5 1 1.5

-0.4

-0.2

0

0.2

0.4

6 8 10 12 14

-0.4

-0.2

0

0.2

0.4

new new

COMPASS

Proton

COMPASS 2007 proton data

F
cos(φh−φS )
LT ∝ gq

1T ⊗ Dh
q , worm-gear PDF gq

1T :

correlation of parton transv. momentum and long.

polarization in a transversely polarized nucleon



Worm-gear (TL): NH3 (2007)

& 6LiD (2002-2004)
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Worm-gear (TL): NH3 (2007) & 6LiD (2002-2004)
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Twist-3 Structure Functions: NH3 (2007)
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Figure 1: Definition of azimuthal angles for semi-inclusive deep inelastic scattering in the target

rest frame [28]. Ph⊥ and S⊥ are the transverse parts of Ph and S with respect to the photon

momentum.

have nonzero components g11
⊥ = g22

⊥ = −1 and ε12
⊥ = −ε21

⊥ = 1 in the coordinate system of

Fig. 1, our convention for the totally antisymmetric tensor being ε0123 = 1. We decompose

the covariant spin vector S of the target as

Sµ = S‖
Pµ − qµM2/(P · q)

M
√

1 + γ2
+ Sµ

⊥ , S‖ =
S · q
P · q

M
√

1 + γ2
, Sµ

⊥ = gµν
⊥ Sν (2.6)

and define its azimuthal angle φS in analogy to φh in eq. (2.3), with Ph replaced by S.

Notice that the sign convention for the longitudinal spin component is such that the target

spin is parallel to the virtual photon momentum for S‖ = −1. The helicity of the lepton

beam is denoted by λe. We consider the case where the detected hadron h has spin zero

or where its polarization is not measured.

Assuming single photon exchange, the lepton-hadron cross section can be expressed in

a model-independent way by a set of structure functions, see e.g. refs. [29, 30, 27]. We use

here a modified version of the notation in ref. [27], see appendix A, and write1

dσ

dx dy dψ dz dφh dP 2
h⊥

=

α2

xyQ2

y2

2 (1 − ε)

(

1 +
γ2

2x

)

{

FUU,T + εFUU,L +
√

2 ε(1 + ε) cos φh F cos φh

UU

+ ε cos(2φh)F cos 2φh

UU + λe

√

2 ε(1 − ε) sin φh F sinφh

LU

+ S‖

[

√

2 ε(1 + ε) sin φh F sin φh

UL + ε sin(2φh)F sin 2φh

UL

]

1The polarizations SL and ST in [27] have been renamed to S‖ and |S⊥| here. This is to avoid a clash

of notation with section 3, where subscripts L and T refer to a different z-axis than in Fig. 1.

– 3 –

A.Bacchetta et al
JHEP 0702:093,2007

E-print number: hep-ph/0611265
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COMPASS

Many new results from COMPASS:

I Collins asymmetries for π± and K± for deuteron and proton target
; New proton results ready to be used in a global analysis

I Dihadron asymmetries for deuteron and proton target
; Ultimate cross-check for Transversity extraction

I Sivers asymmetries for π± and K± for deuteron and proton target
; New proton results ready to be used in a global analysis

I Large azimuthal asymmetries of charged hadrons produced scattering
off unpolarized deuterons

COMPASS is a major player in nucleon spin physics
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Outlook: 2013 and beyond
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Predictions and expected statistical errors (2 GeV/c2 < Mµµ < 2.5 GeV/c2)
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Figure 29: Theoretical predictions and expected statistical errors for the four asymmetries
in the DY process π−p→ µ+µ−X with 190 GeV/c beam momentum, for the intermediate
dimuon mass region 2 GeV/c2 < Mµµ < 2.5 GeV/c2.

existing prediction that is given together with its uncertainties, which are derived from
a fit to the experimental data). For the other three asymmetries, equipopulated bins in
xF are chosen. In the case of the Boer-Mulders (BM) asymmetry Acos 2φ

U , the theoretical
predictions were obtained using the Boer-Mulders function of the pion extracted from
NA10 data [138] and a parametrisation of the Boer-Mulders function of the proton from
Ref. [139]. These predictions were also produced for medium-mass and J/ψ-mass ranges
and are shown in Figs. 29 and 30, respectively. In the case of the Boer-Mulders-transversity
asymmetry A

sin(2φ−φS)
T , the theoretical predictions were obtained using the Boer-Mulders

model for the pion BM function [102] and the evolution model for the transversity function
[140]. The predictions for the BM-transversity asymmetry were also produced for both
lower mass ranges and are also shown in Figs. 29 and 30, respectively.

In Figure 31, all available theoretical predictions on the Sivers asymmetry are shown
in one graph, again together with the already shown projected statistical and systematic
errors of the proposed measurement. The solid blue line in the centre of the grey shaded
band of uncertainties is the same as in the previous figure. The predictions are evaluated
at 〈Mµµ〉 ' 5 GeV. The black solid and dashed lines correspond to fits of the Sivers
function [141] to a parametrisation of experimental data (Fit I and II below), while the
dot-dashed line shows a fit from Ref. [142] (Fit III). The fits are given by:

60

Boer-Mulders

D.Boer PRD 60 (1999)
B.Zhang et al. PRD 77 (2008)

M.Anselmino et al.
Proc. of Transversity 2008

Sivers

πP↑ → µµ̄X

COMPASS-II proposal approved by SPSC

...proposal for two years GPD and two years DY...
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COMPASS Experiment
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Dihadron Interference

Heiner Wollny (CEA-Saclay Irfu/SPhN) GPD 2010, Trento, 10-15 Oct 40

COMPASS

; azimuthal asymmetry:

Nh+h− ∝ 1± A · sinφRS · sin θ

φRS = φR + φS − π

ARS = A
f PTDnn

∝∑q e
2
q ·∆Tq · H^

1

H^
1 = H^,sp

1 + cos θH^,pp
1

; only sensitive to H^,sp
1

Measuring transversity with polarized

Dihadron-Interference-FF H^
1 :

)θcos(
-1 -0.5 0 0.5 10
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20000

30000
COMPASS 2007 TRANSVERSE PROTON DATA

-h+h

〈cos θ〉 = 0.01



Definition of RT and φR
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Transverse Λ-Polarization: 6LiD (2002-2004)
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systematical errors are smaller than the statistical ones
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Sivers Asymmetries: NH3 (2007)
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The Sivers modulation

Comparison with the predictions from the fit to the COMPASS
deuteron, HERMES proton SIDIS data:

S
iv

p
A

-0.05

0

0.05

0.2 0.4 0.6 0.8

-0.05

0

0.05

0.5 1

-0.05

0

0.05

positive hadrons

x

-2
10

-1
10

S
iv

p
A

-0.05

0

0.05

z

0.2 0.4 0.6 0.8

-0.05

0

0.05

 h

T
p

0.5 1

-0.05

0

0.05

negative hadrons

— Anselmino et al,
Eur. Phys. J. A39 (2009)

Predictions from fit to COMPASS deuteron
and HERMES proton SIDIS data

COMPASS

Proton



Twist-3 Structure Functions: 6LiD (2002-2004)

Heiner Wollny (CEA-Saclay Irfu/SPhN) GPD 2010, Trento, 10-15 Oct 44

COMPASS

x z (GeV/c) T
hP

2002-2004 data
COMPASS

all hadrons

)
Sϕ- hϕ

co
s(

2

L
T

A

preliminary

-210 -110 1

-0.2

0

0.2

positive
negative

0.2 0.4 0.6 0.8 1

-0.2

0

0.2

0 0.5 1 1.5 2

-0.2

0

0.2

x z (GeV/c) T
hP

2002-2004 data
COMPASS

all hadrons

)
Sϕ- hϕ

si
n

(2

U
T

A

preliminary

-210 -110 1

-0.1

0

0.1

positive
negative

0.2 0.4 0.6 0.8 1

-0.1

0

0.1

0 0.5 1 1.5 2

-0.1

0

0.1

x z (GeV/c) T
hP

2002-2004 data
COMPASS

all hadronsSϕ
co

s

L
T

A

preliminary

-210 -110 1

-0.2

0

0.2

positive
negative

0.2 0.4 0.6 0.8 1

-0.2

0

0.2

0 0.5 1 1.5 2

-0.2

0

0.2

x z (GeV/c) T
hP

2002-2004 data
COMPASS

all hadronsSϕ
si

n

U
T

A

preliminary

-210 -110 1

-0.1

0

0.1

positive
negative

0.2 0.4 0.6 0.8 1

-0.1

0

0.1

0 0.5 1 1.5 2

-0.1

0

0.1

pre
lim

ina
ry

pre
lim

ina
ry

pre
lim

ina
ry

pre
lim

ina
ry

A
cos(2φh−φS )
LT

AcosφS
LT

A
sin(2φh−φS )
UT

AsinφS
UT

COMPASS

Deuteron



SIDIS Cross-Section: Longitudinally Polarized Target

Heiner Wollny (CEA-Saclay Irfu/SPhN) GPD 2010, Trento, 10-15 Oct 45

COMPASS

I FLL ∝ ∆q ⊗ Dh
q

I F sinφh
UL , F sin 2φh

UL , F cosφh
LL : twist-3, complex parton picture

J
H
E
P
0
2
(
2
0
0
7
)
0
9
3

+ S‖λe

[

√

1 − ε2 FLL +
√

2 ε(1 − ε) cos φh F cos φh

LL

]

+ |S⊥|
[

sin(φh − φS)
(

F
sin(φh−φS)
UT,T + εF

sin(φh−φS)
UT,L

)

+ ε sin(φh + φS)F
sin(φh+φS)
UT + ε sin(3φh − φS)F

sin(3φh−φS)
UT

+
√

2 ε(1 + ε) sin φS F sinφS

UT +
√

2 ε(1 + ε) sin(2φh − φS)F
sin(2φh−φS)
UT

]

+ |S⊥|λe

[

√

1 − ε2 cos(φh − φS)F
cos(φh−φS)
LT +

√

2 ε(1 − ε) cos φS F cos φS

LT

+
√

2 ε(1 − ε) cos(2φh − φS)F
cos(2φh−φS)
LT

]}

, (2.7)

where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of `′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS
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Figure 1: Definition of azimuthal angles for semi-inclusive deep inelastic scattering in the target

rest frame [28]. Ph⊥ and S⊥ are the transverse parts of Ph and S with respect to the photon

momentum.

have nonzero components g11
⊥ = g22

⊥ = −1 and ε12
⊥ = −ε21

⊥ = 1 in the coordinate system of

Fig. 1, our convention for the totally antisymmetric tensor being ε0123 = 1. We decompose

the covariant spin vector S of the target as

Sµ = S‖
Pµ − qµM2/(P · q)

M
√

1 + γ2
+ Sµ

⊥ , S‖ =
S · q
P · q

M
√

1 + γ2
, Sµ

⊥ = gµν
⊥ Sν (2.6)

and define its azimuthal angle φS in analogy to φh in eq. (2.3), with Ph replaced by S.

Notice that the sign convention for the longitudinal spin component is such that the target

spin is parallel to the virtual photon momentum for S‖ = −1. The helicity of the lepton

beam is denoted by λe. We consider the case where the detected hadron h has spin zero

or where its polarization is not measured.

Assuming single photon exchange, the lepton-hadron cross section can be expressed in

a model-independent way by a set of structure functions, see e.g. refs. [29, 30, 27]. We use

here a modified version of the notation in ref. [27], see appendix A, and write1

dσ

dx dy dψ dz dφh dP 2
h⊥

=

α2
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√
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]

1The polarizations SL and ST in [27] have been renamed to S‖ and |S⊥| here. This is to avoid a clash

of notation with section 3, where subscripts L and T refer to a different z-axis than in Fig. 1.

– 3 –

J
H
E
P
0
2
(
2
0
0
7
)
0
9
3

y

z

x

hadron plane

lepton plane

l
�

l S�

Ph

Ph�

φh

φS

Figure 1: Definition of azimuthal angles for semi-inclusive deep inelastic scattering in the target

rest frame [28]. Ph⊥ and S⊥ are the transverse parts of Ph and S with respect to the photon

momentum.

have nonzero components g11
⊥ = g22

⊥ = −1 and ε12
⊥ = −ε21

⊥ = 1 in the coordinate system of

Fig. 1, our convention for the totally antisymmetric tensor being ε0123 = 1. We decompose

the covariant spin vector S of the target as

Sµ = S‖
Pµ − qµM2/(P · q)

M
√

1 + γ2
+ Sµ

⊥ , S‖ =
S · q
P · q

M
√

1 + γ2
, Sµ

⊥ = gµν
⊥ Sν (2.6)

and define its azimuthal angle φS in analogy to φh in eq. (2.3), with Ph replaced by S.

Notice that the sign convention for the longitudinal spin component is such that the target

spin is parallel to the virtual photon momentum for S‖ = −1. The helicity of the lepton

beam is denoted by λe. We consider the case where the detected hadron h has spin zero

or where its polarization is not measured.

Assuming single photon exchange, the lepton-hadron cross section can be expressed in

a model-independent way by a set of structure functions, see e.g. refs. [29, 30, 27]. We use

here a modified version of the notation in ref. [27], see appendix A, and write1

dσ

dx dy dψ dz dφh dP 2
h⊥

=

α2

xyQ2

y2

2 (1 − ε)

(

1 +
γ2

2x

)

{

FUU,T + εFUU,L +
√

2 ε(1 + ε) cos φh F cos φh

UU

+ ε cos(2φh)F cos 2φh

UU + λe

√

2 ε(1 − ε) sin φh F sinφh

LU

+ S‖

[

√

2 ε(1 + ε) sin φh F sin φh

UL + ε sin(2φh)F sin 2φh

UL

]

1The polarizations SL and ST in [27] have been renamed to S‖ and |S⊥| here. This is to avoid a clash

of notation with section 3, where subscripts L and T refer to a different z-axis than in Fig. 1.

– 3 –

...

A.Bacchetta et al

JHEP 0702:093,2007

E-print number: hep-ph/0611265



Longitudinally Polarized Target: 6LiD (2002-2004)

Heiner Wollny (CEA-Saclay Irfu/SPhN) GPD 2010, Trento, 10-15 Oct 46

COMPASS

Publication is on the way

-210 -110

0

0.05

0.1

0.15

0.2

0.25

0.3

-h
+h
-h+h

x

THIS WORK
h
dA

h d
=A 0

/D
co

ns
t

a

0.1 0.2 0.3 0.4 0.5 0.6 0.7
-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

-h
+h

co
ns

t
a

z
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

-h
+h

co
ns

t
a

,GeV/ch
T

p

Figure 4: Dependence of the aconst parameter on the kinematical variables x, z, ph
T for h− and

h+. The values of Ah
d(x) from reference [18] are also shown.
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Figure 5: Dependence of the asinφ parameter on x, z, ph
T for h− and h+ and similar data of

HERMES [16] for identified leading pions.

to the asymmetry Ah
d(x), already published by COMPASS [18]. The agreement of these

data with those of the present analysis demonstrates the internal consistency of the results.
Fig. 5 shows the sin(φ) modulations of the AAs. Such a modulation would be ex-

pected from twist-3 PDFs entering dσ0L and twist-2 PDFs entering dσ0T (see Eqs. (4,
5)), both contributing to the AAs with a factor Mx/Q. The observed modulations is less
pronounced in COMPASS data than in HERMES data2).
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of this parameter is compared to the data of HERMES and calculations by H.Avakian et al. [19]:
dashed line – h−, solid line – h+.

The amplitudes of the sin(2φ) modulations shown in Fig. 6 are small, consistent
with zero within the errors. They are due to the PDF h⊥1L in dσ0L that is approximately
linked with the transversity PDF h1 by a relation of the Wandzura-Wilczek type [19].

2) The sign of HERMES data was inverted in order to correspond to our definition of spin asymmetry
by Eq.(4).

6

-210 -110

0

0.05

0.1

0.15

0.2

0.25

0.3

-h
+h
-h+h

x

THIS WORK
h
dA

h d
=A 0

/D
co

ns
t

a

0.1 0.2 0.3 0.4 0.5 0.6 0.7
-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

-h
+h

co
ns

t
a

z
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

-h
+h

co
ns

t
a

,GeV/ch
T

p

Figure 4: Dependence of the aconst parameter on the kinematical variables x, z, ph
T for h− and

h+. The values of Ah
d(x) from reference [18] are also shown.

-210 -110
-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

-h
+h
-π
+π

COMPASS

HERMES

φ
si

n
a

x
0.1 0.2 0.3 0.4 0.5 0.6 0.7

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02 -h
+h

-π
+πCOMPASS HERMES

φ
si

n
a

z
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02 -h+h
-π
+πCOMPASS HERMES

φ
si

n
a

,GeV/ch
T

p

Figure 5: Dependence of the asinφ parameter on x, z, ph
T for h− and h+ and similar data of

HERMES [16] for identified leading pions.
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d(x), already published by COMPASS [18]. The agreement of these

data with those of the present analysis demonstrates the internal consistency of the results.
Fig. 5 shows the sin(φ) modulations of the AAs. Such a modulation would be ex-

pected from twist-3 PDFs entering dσ0L and twist-2 PDFs entering dσ0T (see Eqs. (4,
5)), both contributing to the AAs with a factor Mx/Q. The observed modulations is less
pronounced in COMPASS data than in HERMES data2).
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Figure 7: Dependence of the asin 3φ parameter on the kinematical variables.

Fig. 7 displays some peculiarities of the asin 3φ modulation. For instance, the points
for h− are mostly positive while those for h+ are mostly negative, as for the COMPASS
results for the amplitude of sin(3φ − φS) modulation extracted from the transversally
polarized deuterons [20]. This modulation would be due to the pretzelosity PDF h⊥1T in
dσ0T , suppressed by the factor tan(θγ) ∼ xM/Q.
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Figure 8: Dependence of the acosφ parameter on the kinematical variables.

The cos(φ) modulation of the AAs from the LPT are studied here for the first time.
The data presented in Fig. 8 are consistent with no variations of the amplitudes vs. x, z
and ph

T . This modulation would be due to a pure twist-3 PDF g⊥L in dσLL, an analog to
the Cahn effect [21] in unpolarized SIDIS [2].

6 Stability of the results and systematics
In the above analysis the z-cut (z > 0.2) has been applied to reject completely the

hadrons originating from the target fragmentation region. To check if a lower cut can
affect the results presented in Figs. 4-8, we have repeated the calculations with the cut
z > 0.05 and obtained exactly the same results. Examples of the direct comparison of plots
with two z-cuts are given in Fig. 9 for the asymmetry parameter aconst(x)/D0, aconst(z)
and aconst(ph

T ). One can see that the x-dependence of this parameter does not depend on
the z-cut within indicated values, i.e. there is no influence of the target fragmentation
region on the selected sample of events up to z = 0.05. The observed z-dependence of
the parameter extends to smaller z and its ph

T -dependence looks smoother with higher
statistics.

The compatibility of the final results on the azimuthal asymmetries obtained with
the data taken in 2002 – 2004 has been checked by building distributions of ”pulls”

ai− < a >
√

σ2
ai
− σ2

<a>

, (10)
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Figure 6: Dependence of the asin 2φ parameter on the kinematical variables. The x-dependence
of this parameter is compared to the data of HERMES and calculations by H.Avakian et al. [19]:
dashed line – h−, solid line – h+.

The amplitudes of the sin(2φ) modulations shown in Fig. 6 are small, consistent
with zero within the errors. They are due to the PDF h⊥1L in dσ0L that is approximately
linked with the transversity PDF h1 by a relation of the Wandzura-Wilczek type [19].

2) The sign of HERMES data was inverted in order to correspond to our definition of spin asymmetry
by Eq.(4).
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