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COMPASS at CERN

Highly polarized beam, 160 GeV muons
Large acceptance high flux spectrometer

Trigger Hodoscopes 2SN
Solid polarized target Longitudinal/ Transverse ‘

Polarisations ECALs & HCALs
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high energy beam(s), large angular acceptance, broad kinematical range



Quark polarisation

Nucleon partonic structure

Nucleon polarisation
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Nucleon spin structure: Longitudinal

= Longitudinally polarised DIS
- A%p, g9P, A and the Bjorken Sum Rule

= Semi-Inclusive DIS asymmetries and flavour separation
Au, Ad, ... etc

= Gluon polarisation in LO
- Open Charm
- High p+ hadron pairs

= Gluon polarisation in NLO (new)
- Open Charm



2= 2AZ + AG + Loeq

AY = AU + Ad +As

The European Muon Collaboration, EMC @ CERN
J. Ashman et al.,, Phys Lett B 206 (1988) 364

a, = AX = 0.12 + 0.09 + 0.14

@ "Spin Crisis"

Expected, AZ ~0.6 if As=0



. Results from

longitudinal
deuteron & proton
A polarisation




@ Polarized Deep Inelastic Scattering

+1

—
u~ 200 GeV

QZ:(M_M')Z * Quadri-momentum Tra;sfer

* fraction of momentum carried

XBJ:QZ/(ZPq) by quark Forbidden

= Measurement of cross section spin asymmetry A, gives g,
= g, allows one to calculate AZ, fraction of nucleon spin due
to the spin of quarks



! Inclusive asymmetries A,;4P Q2 > 1 (Gev/c)?

A AP

Deuteron data (2002- 2004) Proton data (2007)
oy R . Ry XY N

K+ = —

- H evire - — uew A

8-17

D0U dJreclrtier Jelweerl d xperirmernidl polir
= Significant improvement in precision at low x
= No negative trend for A,°




From A,%’f to g,%/p

q(x)* q(x)
Aq = q(x)" - q(x) — _

Ve SN
q(x) = q(x)* + q(x)" > 9’ AN

o —0  2.,.844(,Q)  g(x,Q)  g(x.Q)2x(1+R)

M e T T A RQ) | RGO

g1, polarised structure function is derived from A, using:

F, (SMC parameterisation) and R = ¢, /o (SLAC param.)
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qomeiss COMPASS results for 9,9 and first moment
of QIN
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I (Q:=3(GeV/e) fgl Jdx = 0.0502+0.0028(stat)=+0.0020(evol )=0.0051(syst)
2
= Lo alo )+0<o<§) 2,(Q°)+~a,
9 T 4

ASY™ = 033 = 0.03(stat) = 0.05(syst) (AS™ =a, @Q'—w»)

(As + AS) = %(AZM_S — a,) = —0.08 = 0.01(stat) = 0.02(syst)

= a, = 0.35 £ 0.03(stat) = 0.05(syst)
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- Bjorken sum rule from COMPASS g and g,

2 l‘& NS 2)| using gTS(Xan) = g?("an) — gT(Xan)
gl ( 9 Q )dx - 6 Cl (Q ) — d
v = 2g/—2g/(1-1.5w,)
xg¥%(x) [ (00
0.1— ming o —Bjorken sum rule
- @ Q?%=3(6eV/c)? .
008:_ Q (GeV/c) } 018—7‘4}{i *4 ;
" [ COMPASS data ;L% 0.16 - ° ;
N e 0.14 & ;
0.06 :— //? \,\‘ 012 ;_ E
N s
i L . - ‘ "“E COMPASS data ;
0.02— X 2 0.06
e Sl 0.04 ®
0'_:}}“]1 o - 0.02 -

«  QCD fit of COMPASS data using Aq™ = |g /g [ x*(1 - x)":

BAl_ 198 + 0.07 (stat) = 0.10(sys)

( PDGvalue: |g,/g/= 1.269 + 0.003 )
v
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The Q¢ dependence of g,(x,Q?)

./I'

The DGLAP evolution equations which rule the 3/9 InQ? dependence of
parton distribution functions allow to perform a Global NLO g, analysis

and to extract gluon polarisation A6 (result provided later)

The kinematical range is still limited (compared to F,).
Data at colliders are required |
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Nucleon spin structure: Longitudinal

= Longitudinally polarised DIS
- A,9?, 9’7, first moments and the Bjorken Sum Rule

= Semi-Inclusive DIS asymmetries and flavour separation
Au, Ad, ..etfc

= Gluon polarisation in LO
- Open Charm
- High p+ hadron pairs

= Gluon polarisation in NLO (new)
- Open Charm
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= The outgoing hadron tags the
quark flavor

= Required are the fragmentation

function of a quark q to a hadron h:

D(z.Q?), z = E,/(E, - E)

Y e:DyAq
2.0 Pia

Need to combine proton (uud) & neutron (udd) results

p(p/d)
4 =

15



Deer'on data 2002-2006
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Proton data 2007  First measurement ever of

- Inclusive and Semi-Inclusive asymmetries
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Using A", and A" 4 we can extract separately

Au, Ad, Au, Ad, As and As



Comparison of As with As

COMPASS PLB 693 (2010) 227

'fé’ 0.04 g } |
L 002 | 1 |
A RETLIR
= 002 I } ! | l
0o - | As-ASis compcmble with O ,
— 0.1 5_ As = AS assumed in subsequent analysis
<1 0.05 T
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| * Sea quark distributions ~ 0

5 Quark helicities from SIDIS (Q2= 3(6eV/c)?)

o COMPASS
PLB693(2010)227

© HERMES

DSSV global

fit including

RHIC data
(2008)

* Good agreement with global fits

« Full flavour separation until x ~ 0.004

As(SIDIS) = —0.01 + 0.01(stat) + 0.01(syst) @ 0.003<x<0.3
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As puzzle ?

Fr'o;n the g; 15 moment (+ neutron and hyperon decay + SU3)
we get As + As = - 0.08 + 0.01 (stat) = 0.02 (syst)

From SIDIS
we get As = - 0.01 =+ 0.01 (stat) + 0.01 (syst)
(0.003 < x)
AS VS Rge
5 3 | Uncertainty on Rgg, the ratio of
ol 002 3 strange to favoured Fragmentation
> F ’ = Functions (FFs) could explain
=004 discrepancy.
-0.06 F s
008 ___-~EMC-FF Need more data on FFs
01 F

:illllllllllI|IIII|IIII|IIII|II

g5 Need more As data at low x
Rse
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Au - Ad: Flavour asymmetry ?

Au - Ad is compatible with zero (slightly > 0)
/ (AT — Ad)dx = 0.052 & 0.035(stat.) + 0.013(syst.)
/0.004
T 0.15 —

15 0.1
a

x

0.05

0

-0.05

® COMPASS, full statistics
o HERMES, PRD71(2005)

——DNS parameterization
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Nucleon spin structure: Longitudinal

= Longitudinally polarised DIS
- A,9?, 9’7, first moments and the Bjorken Sum Rule

= Semi-Inclusive DIS asymmetries and flavour separation
Au, Ad, ... etc

= Gluon polarisation in LO
- Open Charm
- High p+ hadron pairs

= Gluon polarisation in NLO (new)
- Open Charm
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AG/G from Open Charm

= Photon Gluon Fusion (PGF) probes polarised gluons

- - Open charm, single D meson
c -> (D*) -> (m,) DO -> Kn(m,)

- no physical background
- .. but limited statistics

c
LL ~ PGF BKGR

~ 1.0

23



DO invariant mass spectra

All samples (2002 - 2007 deuteron + proton data)

) D* - D’n, — Knrg % D* - D' - Knmg % 200 D* > D'n, - Knnnr,
3 3 T
) ;_ 3000 N(DO) = 8500 ;_ - N(DO) = 4050
; 3 0f
$ N(D%) = 13000 5 E :
w 5
1000
Y 500
200 40 - 900 R . ﬂ - - -
My - Mye (MeVic?) M., - Mye (MeVIc?) Mys - Ms (MeV/c’)

% D* - p'ng =K. AR D’ = Krn
3 % 150 0
2 =t Number of D":
é 3000 RICH sub-threshold Kaons E
Pt 0 & o - Total — 90600
L N(D") = 3050 L
: : N(D") = 62000 «LiD — 65600
1000 0
. NH, — 25000
54;6".'366".'zbd"'106"'6"'iod"'zod"'sod"';uo T S 1 R TR )
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:\, ' Analysing power (u-gluon asymmtery a;,)

a,, dependent on the full knowledge of parton kinematics
(can't be experimentally obtained)

a,,, obtained from Monte Carlo (in LO), serves as input for
Neural Network parameterisation vsy, Xgj, Q?, zand p+

1 COMPASS 2006 MC: D’ — Knnn (D _tagged)

. me e ':F-j:'
“E 82% of correlation o =

a,, (generated)

Parameterised-q,, shows

strong correlation with
generated-q
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AG/G from Open Charm (LO)

) COMPASS 2002 - 2007 AG/G 010 COMPASS 2002 - 2007 Background Asymmetry
Q “[ gL
9 [ Preliminary £ Preliminary

i S [

R S S D 0} Y1 1| SRR F

a Tt

» 3 -

' 9

a £ L

- = -

0 I I m %0_00 '

T &

-1-— ------------------------------------------------------------------------- .0,05-— -------------------------------------------------------------------------

_2- 1 |0 1 1 1 1 _0_10- 1 1 1 1 1

D;u DKn D;\fnno DK*nnn I)sib(K)n T()t‘dl D;ZTI: DIO\'1|: Dinno Dzﬂ:nn D:ID(K)‘IE

AG

— = —0.08 + 0.21(stat) + 0.08(syst) @<x,>=0.11"7y, <p’> =13 (GeV/c)’
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AG/G from High-p+ hadron pairs

= Photon Gluon Fusion (PGF) probes polarised gluons

- - High p1 hadron pair
' qq -> hh'

- High statistics
9 - Monte Carlo needed to estimate
physical background

q
LL PGF

~ 0.3

»
27



High-p; asymmetries (2002-2006)
Q%> 1 (GeV/c)?

 Two samples are considered:

. Inclusive asymmetry

d /;_/A',él/’ PGF,inc O_PGF,inc LO C,inc Cine LO 0
Al (X) = G (Xg) LL Tot,inc Al <XC) LL Tot,inc T Al ( Bj) D
o )
2h A™ | _AG PORUT LO c O LO
N .
gh-p_hadron pairs (p_ /p_ > 0.7/0.4 GeV/c) = enhancement of the PGF contribution
|I i Q CD_ L*; y . T mt-q
| Compton 4 L
PGF { p " ioois |

i o N




Data vs Monte Carlo: comparison of Q?
and hadron variables

Monte Carlo (PS on): LEPTO generator with PDFs from MSTW2008LO

— data 2006

—— data 2006

—— data 2006
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o 2
= eb -
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AG/G High-py, Q2> 1 (GeV/c)? (LO)

% = 0.125 + 0.060(stat) = 0.063(syst) @ <x,>=0.09"00} , <u’> =34 (GeV/c)’

5 04
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-0.4

2002
2003
2004
2006

all
data
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Aglg

. World measurements of AG/G (LO)

1 - | | COMPASS, high p_, @*>1 (GeV/c)’, 02-06 [<u?> = 3 (GeV/c)? DIIS‘?SS]iODI S
0.8 @  cowmpass, high P, @’<1 (GeVicY’, 02:04 |¢25 = 3 (GeV/c)? AG ~ + 0.32
0.6 :_ Y COMPASS, Open Charm, all @, 02-07 (LO «u? =13 (GeV/c)? AG ~ - 033 (node)
- [0  sMC, highp, @*1(GeVic)* <u2> = 3 (GeV/c)?
0.4 :_ A HERMES, high p_, all @ <u2> = 3 ((5<>,V7/c)2 /
0.2 /
- -- — :
of e
-0.2F \ DSSV
- DIS + SIDIS +
-0.4F (node) RHIC
-0.6— AG = +0.02
-0.85- preliminary ‘
4E | | IR ||
1072 10 X

J 31



Nucleon spin structure: Longitudinal

= Longitudinally polarised DIS
- A,9?, 9’7, first moments and the Bjorken Sum Rule

= Semi-Inclusive DIS asymmetries and flavour separation
Au, Ad, ... etc

= Gluon polarisation in LO
- Open Charm
- High p+ hadron pairs

= Gluon polarisation in NLO (new)
- Open Charm
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AG/G from Open Charm from LO to NLO

= Aroma MC generator with Parton Shower (PS) which describes
COMPASS data very well is used to calculate a;; at NLO (PS on)

= q,, is calculated on event-by-event basis

Analysing power distributions

0 12
\ A \# g : :
\VAVANY —;—D— 2, AN © n -
9 s { z 200(— —J10(
| - ]
_______ 3 o - i
| —— > P 1501— _ 80
- —60
100 -
VAV o )\ [—— : _- 40
| ) < n -
%, e 5 0 -
5T ;Q- 0 lv-—b—}‘ i _-20
03 0
a.L



AG/G from Open Charm in NLO

0.6
U') — ® COMPASS, Open Charm, NLO, all QZ, all data,(pz)= 13(GeVlc)2
\ -
o) | = DSSV at Q=10 (GeVic)’
<] 04—
| mmmme— LSS at Q% =13 (GeV/c), Ag >0
0.2 ‘_ LSSatQ*=13 (GeV/c)z, Ag changing sign
e .
............ —
0 B —
0.2 —@—
~ Preliminary
0.4
-0.6_| IR |
1072 101

AG

G

=—020+ 021 + 0.08 (syst) @<x,>=02871, <

u’>=13(GeV/e)

|

Preliminary, theoretical errors still under study (a,,)
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PERCD fits of COMPASS gy(x,Q?) + OC/NLO
(béfore, PLB 647, 2007, 8-17) AG positive 0.34 + 0.07 (stat)

R. Windmolders (private communication)  + Open Char'm/NLOl result
0.8 AG positive 0.24 + 0.09

" | @ Q°=13(GeVicy
Q O.G—— * COMPASS open charm
= | | =—— COMPASS (set 1)
QD R COMPASS (set 2)
<] o04}—|--- Dssv

I EERERE LSS (set 1)

L | e LSS (801 2)

0.2
Y e -

92 AG negative -0.31+ 0.11
0.4 Preliminary

L L L I 1 1 1 L
10° 107
X
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a Conclusions (Longitudinal)

= Quark spin contribution to Nucleon spin, AZ ~ 0.33
= Bjorken Sum Rule perfectly verified

= precise separation of polarised flavors Aq for
0003 «<x<0.3

» From Open Charm and High-pT (at LO), AG/G ~ O

= QCD fit + NLO Open Charm (from measured region)
suggests |AG| ~ 0.3

" More global & consistent NLO analysis are needed



Conclusions (Longitudinal)

= As a consequence of the "axial anomaly”, the
measured quantity is:

ap = AZ - (3as/2n) AG

4

Within = 0.06 for AG within + 0.35

= Solution of spin crisis with AG ~ 2,3 and orbital
angular momentum L., ~ -2 highly improbable
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Results from
transverse
1 T0Eh mm { pr'OTon

polarisation
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Nucleon partonic structure

Nucleon polarisation

U
|
o o) = f. T

."é number density (] Sivers T-o0dd ivers
0
S
= L
Q.
xL T-odd

-0
2 K A'q
Qo T |y ) - Collins

Boer Mulders
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Nucleon spin structure: Transverse

* Transversity
- Collins asymmetries
- 2-hadron asymmetries

* ky and Transverse spin
- Sivers asymmetries

40



U~ Transverse spin: Collins asymmetry

Transversity Collins FF

2 0
2q¢ H4.9) >< Couple A9 to chiral odd
A - Collins FF A2D,"

Coll 2 h h
qu xq(x)xD" (z,p )
q q T

cross-section asymmetry:

Ao _
— X ACoII SIn ¢c
a

Gbc=dph—s—
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COMPASS Collins asymmetry (proton)

Final COMPASS results, 2007 data rLB 692 (2010) 240

- positive hadrons
- negative hadrons

— ———EREE _4
e 4
1 | 1 | | | |
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COMPASS Collins asymmetry (proton)

Final COMPASS results, 2007 data

)

&  positive K
- negative K

#; ..... b JL ___________ |

1 1 | B # ]
1 0.5 1 1.5
z pt (GeVic)
reliminai 1
s ¢ '3
----- N ELy LT R S
———e
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1 | 1 | 1 | 1 | 1 | 1
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ZI 4

1~ o COMPASS h™ PLE 692 (2010) 240-246

o HERMES T PLB 693 (2010)
rescaled by -(1-<y=)/fl-<y=+<yp>7)
11 I L1 I

1072 107

1= o COMPASSh™ PLE 692 (2010) 240-246
o HERMES T pPLB 693 2010
rescaled by -f{-<y=)fl-<y=+ "—T_]‘;‘"’)

1 lll Ill

1072 107"

' Collins proton (COMPASS vs HERMES)

Acoline NAVE at COMPASS and
HERMES, the same sign/strength

- a very important (not obvious)

result.

Indication for: not a higher twist
effect, weak Q2 dependence of
the Collins FF
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©° Transverse spin: 2-hadron asymmetry

Transversity 2-hadron interference FF

@ Couple A4 to chiral odd
2-hadron interference

FF H=

qeq quDq(z M? )

cross-section asymmetry:

Ao
—— o Aps sin ¢gg sin ¢
o

Ops = Op + Og — m; sinfl ~1
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| COMPASS 2-hadron asymmetry (proton)

= Sign in agreement with the Collins asymmetry
= Strength ~ larger than Collins asymmetry

-

7)) + - . COMPFASS|2007 transverse proton datua
o @ h* h pairs ‘ ¢ e

- T I

| — e
l 1 1 1 1 L

a2 taaa PR PEEPEPPTT | | 1
102 107 102 04 06 038 05 1 15 2

2

X z M, [GeV/cT]
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2-hadron asymmetry proton

(COMPASS vs HERMES)

= COMPASS signal larger than HERMES' one
* Different phase space but difficult to describe both together

-0.15—..

[ —&— h*h pairs COMPASS,

h*h pairs COMPASS,
-@— T palrs HERMES

?’éié

102 101 1
X

—
/ -~
\

\\\\\\
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Sivers asymmetry

2 [T h
y quq Ao Q(x’kT) Dq () Correlation between k-

— T—

2 h
e"xqg(x,k Y®D (z
2q¢ x4k )®OD (2)

Siv

cross-section asymmetry:

2o S |xA_ xsin(@)
T8 g @)

¢S =9, =%

(transverse momentum)
and transverse spin
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COMPASS Sivers asymmetry (proton)

COMPASS 2007 proton data
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COMPASS h™ PLB 692 (2000) 240-246

o HERMES T pRL 103 (2009 152002
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Conclusions (Transverse)

= SIDIS is an excellent tool to study the transverse
structure of the nucleon

» Solid evidence for:
- Transversity PDF to be different from zero
- Sivers function to be different from zero

= Still important points to be clarified
- New results expected from 2010 COMPASS

to know more: http//ecsac.ictp.it/transversity2011
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Possible scenarios

= 3AZ + AG
1

0.3 +0.35+0.0
20.3+00 +0.35
20.3-0.35+0.70

* Orbital momentum ?
= Need to study GPDs, also TMDs

COMPASS-IT programme

=
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xXAG

COMPASS, high p_, Q’>1 (GeVIc)., 02-06
COMPASS, high p Q%<1 (GeV/c)?, 02-04
COMPASS, Open Charm aIIQ2 02-07, NLO
SMC, high p_, Q*>1 (GeVic)?
2

HERMES, h|g|21 pallQ . +x°9
—— DSSV, NLO, =3
= DSSV, NLO,u?=13

+/-g(x): MRST2007NLO, u2=3
0.5 +1-g(x): MRST2007NLO, 12=13
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