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Motivation

» Motivation I: Nucleon spin structure

Where does the proton spin (complex structure in QCD) come from?
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\. Motivation II: Parton Distribution Functions (PDFs), TMDs and GPDs
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The spectrometer and polarised (longitudinal example) target
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Leading Order (LO) description of the nucleon structure
(when the intrinsic transverse momentum of quarks, k_, 1s also taken into account)

8 TMD PDFs are required: S Study Aq(x, Q) and
e Ag(x, Q )
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COMPASS results with a longitudinally
polarised target
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Asymmetry measurement (example): Al := —%=" L
y*N O-y*N

The number of reconstructed events inside each spin configuration of the target,
N (t=u,d,u', d"), can be used to extract the inclusive A /A P asymmetries:

upstream cell downstream cell

U
Aexp=1 N, = Ny N — Ny, %»Nuﬂ N, == =8 hr
N, + Ny N + N, T field rotation
=fPP‘ > AMN %'»Nu,- N,  mmmp =8 hr
\/
D = Depolarisation factor equal acceptance for both cells

Weighting each event with W= (fPuD):
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statistical gain:
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Interpretation of A in terms of structure functions

oo ~q° Aq(x) = q(x)" - q(x)
q(x) = q(x)" + q(x)°
+ quark 7T nucleon

o ~ q — quark T8 nucleon

Al(X9Q2> _ U;"N_O-J/_;N ~ ZinACI(X,(P) _ g1<X,Q2> _ gl(X,Q2>2X(1+R>

Ty 2. ed(x,Q")  F(x,Q) F,(x,Q’)

e g (polarised structure function) is obtained from the measured A using:

F - SMC parameterisation and R =0"/0" - SLAC parameterisation




COMPASS results for g °'* and first moments of g °
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Extraction of the quark helicity distributions from Semi-
Inclusive DIS (SIDIS)
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tags the quark ﬂatour RS

 We have at Leading Order (LO) in QCD :
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> €a(x,Q)D;(2,Q")

~ Unpolarised PDFs ( g(x, O°) ) - MRST04

- Fragmentation function of a quark to a hadron
(th(z, (’)) — DSS parameterisation

Results for A'; (p/d)( allows the separate extraction of Au, Ad, Au, Ad, As and As ):
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Quark helicities from SIDIS: Q* =3 (GeV/c)’ and x < 0.3
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As(SIDIS) = —0.01 = 0.01(stat.) = 0.01(syst.) @ 0.003 < x < 0.3




AS

As dependence on Fragmentation Functions (FFs)

* The relation between the semi-inclusive asymmetries and As depends only on the
following ratios:
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« Determination of R, from hadron multiplicities on the way



A first look on hadron multiplicities

e Assuming the quark parton model (leading order):

PDF FF
2 2 h 2
dM"(x,Q%,z) _ quqfq<X’Q )D,(z,Q7) _ hadron yields
dz Z eflfq(x,Qz) DIS events yields
q

Data can be used to improve our knowledge Experimental definition

on FFs, As(x) and s(x)
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Direct measurement of Ag/g at LO in QCD

photon-gluon fusion process (PGF) There are two methods to tag this process:

Open Charm production

i i '

PCF _ f dsAc"™ A g(x,,8)

N fd§UPGFg(xg,§)
N< PGF>£

~\LL
g

Obtained from Monte Carlo and parameterised
by a Neural Network (to be used on data)

y*g — ¢¢ [ reconstruct D° mesons
Hard scale: MC2

No intrinsic charm in COMPASS kinematics

No physical background
Weakly model dependent

Low statistics

« High-p_hadron pairs

YV¥g - qq O reconstruct 2 jets or h'h”
Hard scale: Q*or Zp’ [Q*> 1 or Q<1 (GeV/c)’]

High statistics

Physical background
Strongly model dependent



Results on Ag/g and xAg

World data at LO

COMPASS Open-Charm at NLO
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COMPASS results with a transversely
polarised target



Interpretation of Collins & Sivers asymmetries in terms of TMDs

Studies from SIDIS

Depends on spin!

A~
Coll Zeﬁ@@f’q

measured by fitting the corresponding (@, @) distributions (from ¢°°") in different x, z, p " bins

Collins Angle [ The “Collins Effect” ‘ The “Sivers Effect” Sivers Angle

- J_ -

i, +0) @@ PP Solk) © D) sin@, -y
Angle of hadron / Transversity  Collins Frag Funcn Swers Funcn Angle of hadron /
initial quark spin /t /z—w final quark spin

D@ e @-@ ORe

A &

sensitive to transversity and sensitive to quark orbital motion
spin-orbit effects in fragmentation i

i @ TE.FZ
|

& denotes convolution over intrinsic quark kr & fragmentation pr



(correlation between the hadron p, & the quark transverse spin in a

Results on the Collins asymmetry

transversely polarised nucleon)

COMPASS 2002 2003, 2004 deuteron data

e favored/unfavored Collins FF
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Transversity from Collins asymmetry

Afoll: COMPASS vs. HERMES

i COMPASS positive pions x<0.032 preliminary
L COMPASS positive pions x>0.032 preliminary
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J(u quark transversﬂy along nucleon spin)

_* Smaller amplitudes than helicity

e Combined analysis of HERMES-
proton, COMPASS-deuteron and
BELLE FF data:

M. Anselmino et al. arXiv:0812.4366
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Results on the Sivers asymmetry
(correlation between the nucleon transverse spin and the quark &)

COMPASS 2002, 2003, 2004 deuteron data
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Sivers function and Orbital Angular Momentum (OAM)
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A. Bacchetta and M. Radici

Final-state interaction

- (lensing function)
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Sivers TMD Lensing function.
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angular momentum from E?




COMPASS future



COMPASS future I (2015): TMDs from polarised Drell-Yan

DRELL-YAN PROCESS

S e

Y

7 4

z 4

>
P

Large acceptance in the valence region where

large single spin asymmetries (SSA) are expected

* Study the production mechanism and the polarisation of J/¥

e Convolution of 2 TMDs (no FF involved):

* Test of the TMD universality factoriza-
tion approach (for the description of SSA):

Opy <€ fg/n_ ® f'p

fiel

=—ful & h|  =—h|

DIS DY

DIS

Main modifications in the spectrometer

"4

Polarised target Absorber
i

Dipole

magnet

muon pairs

/

—_—

Clean access to 4 azimuthal
modulations
(Boer-Mulders, Sivers, Pretzelosity
and Transversity)




COMPASS future II (2016, 2017): GPDs and nucleon tomography

* Measurement of 4 generallsed parton distributions
(GPDs) for quarks: H, E, H, E(x, &, 1)

— Contain normal PDF and elastic form factor as limiting
cases: g(x) = H(x,0,0) and F(t) = fdx H(x, ¢, t)

— Correlates transverse spatial and longitudinal momentum
degrees of freedom (nucleon tomography)

—  Access the OAM of quarks via the Ji sum rule

 The GPD H will be determined by studying the azimuthal dependence of the DVCS
cross-section (combining the data of U™ and U~ beams on a liquid hydrogen target):

Deeply Virtual Compton

Scattermg (DVCS) ; sea quarks pion valence

gluons cloud quark

I N
/ P _-,---f\-: X //‘,
¢\, b / \

longimd.

* For the cases of £ =0, we have a /"

: ﬁ\-e:‘-“f,
purely transverseA*: = L /

7
Tomography! | ® x~0.003 x~003 x~03




Summary

Gluon contribution to the nucleon spin:

— All measurements point to zero or small contribution

Quark contribution to the nucleon spin:

— Extraction for all flavours from SIDIS (more knowledge on FF is needed for As)

— A global contribution of 30% was measured with high precision

Transversity and TMDs

— Precise results on Collins and Sivers asymmetries

Exciting future program in preparation (polarised Drell-Yan and DVCS):

3D imaging of the nucleon OAM

GPDs
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The polarised beam

- berylium target
- 500ymm |;3,,f~,5J Hadron absorber

- and K produced \ COMPASS target

h !

M2 beam line

N\ t

Primary beam: Tertiary beam 1™

- protons (400 GeV) - Focusing and momentum
- ~10*3 p / spill selection (160 GeV)
-spill: 4.8/ 16.8 s - BMS - momentum
measurement
Secondary beam: -2 x 10° p*/spill
- ~96% 1

- 500 m long decay pipe
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Inclusive asymmetries A “'": Q* > 1 (GeV/c)’
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Q’ dependence of g (x, Q°) for DGLAP evolution
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« A2 and AG can be extracted from Next-to-Leading Order (NLO) fits to the g data (g, o«
AZ and AG), using their Q* evolution obtained from the DGLAP equations:

d
din Q°

d (AqS
dinQ’\ Ag

* (Au + Au) and (Ad + Ad) are well constrained by the
data ( LSS PRD 80 2009 )

AP, AP Aq° : . 2
“ “| @ * Despite of the higher Q° measurements by COMPASS,
APy, AP, Ag the kinematic coverage is not yet sufficient for AG

Ag™ = AP ® Ag”




Bjorken sum rule

e According to the Bjorken sum rule the first moment of the non-singlet spin structure

function, g ™

, 1s proportional to the ratio of axial and vector coupling constants g / g,
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(e 07)dx = LI Baledsg2)  using g (x,Q°) = gf(x,Q") — g/ (x,Q)
) 1 e
" 68 = 2g"—2¢%/(1-1.5w,,)
(X) Jg”s(x
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« QCD fit of COMPASS data using Aq™ =g, / g | x (1 - x)":

A

v

= 1.28 £+ 0.07(stat) = 0.10(sys)

(PDGvalue: | g,/g,/= 1.269 + 0.003 )




D" mass spectra (all samples):
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* Wrong Charge Combination of KTtpairs: Example of a background model used for the
multidimensional kinematic parameterisation (performed by a Neural Network) of S/(S+B)
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s/(s+b): Obtaining final probabilities for a D’ candidate

Events with small [s/(s+b)]NN

e Mostly combinatorial
background is selected
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s/(stb) is obtained from a fit to

these spectra (correcting all
events with the corresponding

values of [s/(s+b)] )

Events with large [s/(s+b)] __

 Mostly Open Charm
events are selected
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AROMA with PS-ON versus COMPASS data

Differential cross section for D" meson production ( DOKH(2OO4) from D" and

[ ]
D"~ COMPASS data):
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Intrinsic charm models
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Ref. Hep-ph/0508126 and hep-ph/9508403
Phys. Lett. B93 (1980) 451
Data from EMC:Nucl.Phys.B213, 31(1983)




High-p_asymmetries (2002-2006): Q" > 1 (GeV/c)’

 Two samples are considered (fractions of the processes are estimated from MC):

o Inclusive asymmetry

] A g POE O_PGF,inc Lo o C,inc Lo O_LO,inc
— » 1NC ,inc
Al <X) — ?(Xg) = Totinc t Al <XC) 2 O_Tot,inc T Al <XBj) D Tot,inc
oh A" A PCET LO c o LO o"°
LL( ) fP p = —g<Xg) LL Tot —+ A1 (XC) aLLTot + A1 <XBj) D Tot
pu- T 4 (0} 0} 0

high-p_hadron pairs (p_ /p_ > 0.7/0.4 GeV/c) L enhancement of the PGF contribution

T1




High-p_analysis: Q* <1 (GeV/c)’
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2002-2004 Preliminary:
AG/G=0.016 £0.058 (stat) £ 0.055 (syst)

2002-2003 Published:

AG/G =0.024 +0.089 (stat) £ 0.057 (syst) Phys. Lett. B 633 (2006) 25 - 32
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