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Results on:
• Transversity:

– Collins asymmetry
– 2 hadron asymmetries

• Sivers asymmetries
• Unpolarized azimuthal asymmetries



Transverse Spin PhysicsTransverse Spin Physics

q(x)

Δq(x)

ΔTq(x) = q↑↑(x) - q↑↓(x)

3 distribution functions are necessary to describe the
spin structure of the nucleon at LO:

momentum distribution

helicity distribution

transversity distribution

well known - unpolarized DIS

known - polarized DIS

still poorly known

ΔTq(x) decouples from inclusive DIS: 
helicity flip of quark

SIDIS experiment



Transversity Distribution FunctionTransversity Distribution Function
is chiral-odd:

observable effects are given only by the 
product of  ΔTq (x)  and  an other chiral-odd function

“Collins” asymmetry
“Collins” Fragmentation Function

“two-hadron” asymmetry
“Interference” Fragmentation             
Function

can be measured in SIDIS on a transversely polarised target 
via “quark polarimetry”

Xhl'Nl →↑

Xhhl'Nl →↑
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The Collins FF correlates  the 

transverse spin of the fragmenting quark and the 

transverse momentum Ph⊥ of produced hadron h

CollinsCollins--EffectEffect
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The measured asymmetry ACol gives access to the transversity distribution
times the Collins fragmentation function:
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Collins AsymmetryCollins Asymmetry

Fragmentation of a transversely polarized quarks into hadrons 
azimuthal asymmetry:

SIDIS on a transversely polarized target:    l N↑ l´h X

-Col h Sφ φ πΦ = +

0( ) 1 sinh
h Col h T NN Col ColN N P D A± ⎡ ⎤Φ = ± ⋅ ⋅ ⋅ Φ⎣ ⎦

In SIDIS, the Collins 
angle ΦColl is defined as:



SIDIS Event Selection and KinematicsSIDIS Event Selection and Kinematics

DIS event selection:
• Q2>1 (GeV/c)2

• 0.1<y<0.9
• W>5 GeV/c2



SIDIS Event Selection and KinematicsSIDIS Event Selection and Kinematics

DIS event selection:
• Q2>1 (GeV/c)2

• 0.1<y<0.9
• W>5 GeV/c2

Hadron selection:
• pT>0.1 GeV/c
• z>0.2



Collins Asymmetries Collins Asymmetries -- Deuteron dataDeuteron data

Asymmetries compatible with 0 within statistical errors
(systematical errors considerably smaller)

charged hadrons
• 2004: first results from 2002 data [PRL94 (2005) 202002] confirmed in
• 2006: final results from 2002-2004 data [NPB765 (2007)31]



Collins Asymmetries Collins Asymmetries -- Deuteron dataDeuteron data

identified hadrons
• 2007: final results from 2002-2004 data [PLB 673 (2009) 127]

π+/-

K+/-

K0



Collins Asymmetry Collins Asymmetry –– Proton dataProton data



Collins Asymmetry Collins Asymmetry –– comparison with HERMES datacomparison with HERMES data



CollinsCollins--Asymmetry Asymmetry –– PredictionsPredictions



Collins Fragmentation function Collins Fragmentation function –– Fits to DataFits to Data

new results 
using
HERMES (p) 

and 
COMPASS 

(d) 
pion data,  

and 
BELLE data

A. Prokudin et al.,
Transversity ´08
Ferrara, Mai ´08



Transversity Transversity –– Fits to DataFits to Data

new results 
using
HERMES (p) 

and 
COMPASS 

(d) 
pion data,  

and 
BELLE data

A. Prokudin et al. 
Ferrara ´08



Transversity in hadron pair productionTransversity in hadron pair production

Collins-Angle replaced by:

ΦRS = φR + φS - π

 φR defined by:

R = (z1p2 – z2p1)/(z1+z2)

(X. Artru, hep-ph/0207309)



Transversity in hadron pair productionTransversity in hadron pair production

The measured asymmetry ARS is a product of Transversity
and the „Interference Fragmentation Function“
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Hadron Pairs Hadron Pairs –– Deuteron DataDeuteron Data

ρ0
Ks

K*



Hadron pairs Hadron pairs –– Proton dataProton data



Hadron pairs Hadron pairs –– Proton dataProton data

Calculation by Ma et al. , TPSH09, Armenia, June 2009.



Hadron pairs Hadron pairs –– Comparison with HERMESComparison with HERMES



Hadron pairs Hadron pairs –– Proton dataProton data

Prediction by Bacchetta, Radici, hep-ph/0608037
(Interference Fragmentation function scaled down to fit HERMES data)

still waiting for extraction of Interference FF by BELLE 



Sivers EffectSivers Effect

A distortion in the distribution of quarks in transverse space 
can give rise to a nonzero Sivers function

The presence of spin can distort the distribution of quarks 
(needs orbital angular momentum of quarks)

1T1 , Df ⊥h ssin( )
UT 0 1( )TF q x Dφ φ+ ∝ Δ ⊗

Distribution of unpolarized quarks Distribution of unpolarized quarks 
with transverse momentum with transverse momentum kkTT in a in a 
transversely polarized nucleontransversely polarized nucleon



Sivers EffectSivers Effect
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Sivers angle independent
of Collins angle:
measure both in the same data

The Sivers asymmetry:
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Sivers asymmetry Sivers asymmetry -- deuteron datadeuteron data
• 2004: first results from 2002 data [PRL94 (2005) 202002] confirmed in
• 2006: final results from 2002-2004 data [NPB765 (2007)31]

asymmetries compatible with zero within the statistical errors
(systematic errors much smaller)

possible cancellation between u and d 
quark contributions in the deuteron



Sivers asymmetry Sivers asymmetry -- deuteron datadeuteron data
identified hadrons
• 2007: final results from 2002-2004 data [PLB 673 (2009) 127]



Sivers Asymmetry Sivers Asymmetry –– Proton DataProton Data



Sivers AsymmetrySivers Asymmetry–– Proton DataProton Data



Sivers Asymmetry: Comparison with HERMESSivers Asymmetry: Comparison with HERMES



Results: Sivers AsymmetryResults: Sivers Asymmetry
comparison with predictions from

S.Arnold, A.V.Efremov, K.Goeke, M.Schlegel and P.Schweitzer, arXiv:0805.2137



Sivers Distribution FunctionSivers Distribution Function
new results using COMPASS
pion and kaon data 
on deuteron
and HERMES proton data
(but not COMPASS
proton data)

M. Boglione
in collaboration with
M. Anselmino, U. D’Alesio, 
A. Kotzinian, S. Melis,
F. Murgia, A. Prokudin, C. Turk



Azimuthal asymmetries in unpolarized SIDISAzimuthal asymmetries in unpolarized SIDIS

• Cahn effect

• Boer-Mulders distribution function



Experimental statusExperimental status

• Azimuthal modulations in lp→l’hX measured by

Large modulations up to 40% for cosφ, while cos2φ~ 5%

EMC E665

Since last year, new data from COMPASS and HERMES

Fits from M. Anselmino, V. Barone, E. Boglione,U. D’Alesio, F. Murgia, A. 
Prokudin, A. Kotzinian, and C. Turk



Cahn effectCahn effect

The unpolarized SIDIS cross section is:
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BoerBoer--Mulders EffectMulders Effect

down

up

proton

quarks

Side view Front view

A distortion in the distribution of quark spin in transverse space 
can give rise to a Boer-Mulders function Burkardt, hep-ph/0510408

Quark spin can be unevenly distributed in transverse space

A. Bacchetta

⊥⊥
11 , Hh

Convoluted with Collins function

Contributes to cos φh and cos 2φ h moments
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COMPASS dataCOMPASS data

data sample: 
part of the 2004 data collected with L and T target polarization

with both target orientation configurations to cancel possible polarization 
effects

event selection:
• Q2>1 (GeV/c)2

• 0.1<y<0.9
• W>5 GeV/c2

• 0.2 < z < 0.85
• 0.1 < pT < 1.5 GeV/c

final statistics:



Unpolarized CrossUnpolarized Cross--section section 

initial  azimuthal distribution

the azimuthal distributions have been 
corrected by the acceptance of the 
experiment

MC simulations 
for L and T target polarization data

acceptance

final azimuthal distribution



Unpolarized CrossUnpolarized Cross--section section 
acceptance

final azimuthal distribution

the final azimuthal distributions are 
fitted with the function:



Results: cosResults: cosφφ ModulationModulation
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Results: cosResults: cosφφ ModulationModulation

comparison with theory



Results: cos 2Results: cos 2φφ ModulationModulation
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Results: cos 2Results: cos 2φφ ModulationModulation



ConclusionsConclusions

interesting COMPASS results for:

• large unpolarized hadron asymmetries on deuteron
for positive and negative hadrons

• Collins and Sivers asymmetries on protons and deuterons

• Two hadron asymmetries

near future:

• identified hadron asymmetries on proton

• all TMD asymmetries on the proton



OutlookOutlook

the study of transverse spin effects needs further precise measurements 
and the COMPASS facility is the only place where SIDIS can be 
measured at high energy

one full year of transverse data taking in 2010

h+ h-





N

SPS

LHC

luminosity:      ~5 . 1032 cm-2 s-1

beam intensity: 2.108 μ+/spill (4.8s/16.2s) 
beam momentum:      160 GeV/c

longitudinally polarised muon beam
longitudinally or transversely polarised 

target



COMPASSCOMPASS

SM1

SM2

μ beam

MuonWall

MuonWall

E/HCAL E/HCAL

RICH

Polarized Target

two stages spectrometer 
Large Angle Spectrometer (SM1) 
Small Angle Spectrometer (SM2)

• high energy beam
• large angular acceptance
• broad kinematical range 

calorimetry, PID
RICH detector



COMPASSCOMPASS

μ beam

Polarized Target

RICH detector

radiator C4F10

threshold: π ~2 GeV/c
K ~ 10 GeV/c

RICH



COMPASSCOMPASS

μ beam

Polarized Target



The Target SystemThe Target System

2007: NH3 (polarized protons)
dilution factor f = 0.14 
polarization PT = 90%

during data taking  with transverse polarization,
polarization reversal in the cells after ~ 4-5 days

solid state target operated in frozen spin mode

2002-2006: 6LiD (polarized deuteron)
dilution factor f = 0.38 
polarization PT = 50%

two 60 cm long cells
with opposite polarization


