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COMPASS

Nucleon spin structure Meson spectroscopy

Polarized muon beam: Hadron beam :
160 GeV It, Py=80% 190 GeV n/p
Polarized target: LH, 2008-2009
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SciFi-eon NIMA 577 (2007) 455 0.003 < x < 0.5 o
10-3< Q2 < 10 (6eV/c)?




How is the nucleon spin distributed
among i1ts constituents?

Nucleon Spin -;-: 1Az + A\G + L

quark  gluon orbl‘ral momentum

A e <—  Parton spin parallel or anti parallel
q9-=-9-9 to nucleon spin

Theory : QCD, Ellis- Jaffe sum rule assuming As =0, AT ~ 0.6
Experiment: World data on polarized DIS g; + SU«(3) > a5 ~ 0.3

QCD (KS scheme) aq;= AX
- "Spin crisis” 1988, EMC measured a, = 0.12 + 0.17
QCD (AB scheme) ay, = AZ —n¢ (ay/21) AG

* For a;~0.3, need AG ~ 2.5 to restore AX~0.6. (Then L,~- 2.3)
- AG enters in the spin 3 sum rule

— motivated direct measurements of gluon polarization AG



AG/G Measurement- Photon Gluon fusion PGF

Need:

- a process sensitive to gluon distribution = Photon Gluon Fusion

- measure longitudinal spin asymmetry of cross sections—>
incident polarized lepton beam and polarized nucleon target.

At leading order A = Rpgr <a > <AG/G>

w Two signatures for PGF:

/<tl

*gq=c  opencharm c>D%—->Kmn

: % Clean signhature of PGF
—»,% pQCD scale p?= 4 (m2+ p:%)
i Combinatorial background & limited statistics
— Difficult experiment

- g=u,d,s high prhadron pair gq—= hh

High statistics

pQCD scale Q% or ZXp+?

Physical background, better described for high Q2



Open charm - D° and D* events

DO selection. Thick target, no D° vertex reconstruction: Kr invariant mass
D* tagging :

CUT on MD*-MDO _ COMPASS 2002-2006 D, (D" tagged) 1200 COMPASS 2007 D, (D* tagged)
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AG/6 = -0.08 + 0.21 (stat) £ 0.11 (syst)
at <x>=0.11 and <u®= 13 (GeV/c)?

AG/G extracted at LO : compatible with O.
NLO extraction ongoing.



AG/G from high p; hadron pairs

Q2> 1 (6eV/c)? Q%<1 (6eV/c)?
q
+
q
EZCS)T;): ng(())r“’/o Leading Order QCD Compton Resolved y ~50%

* R (fraction of process) and g,, (analysing power)
calculated from effective model in Monte-Carlo for all processes
* Parameterized on event basis by Neural Network trained on MC

<x>=0.08 p?~ 3 (6eV/c)
-2004
Q*>16eV/c2 AG/6 = 0.08 + 0.10 (stat) £ 0.05 (syst) el

Q*<16eV/c2 AG/G = 0.016 + 0.058 (stat) + 0.055 (syst)  PLB633(2006)25
2002-2003 data

Two independent results with AG/G compatible with O

Future: <2006 & 2007 data, still o come
* Splitting in 2- 3 x bins




Results for A G/G direct measurements

w COMPASS, open charm, prel., 02-07
® COMPASS, high p , Q%<1 (GeVic)?, prel., 02-04
0.6 v COMPASS, high p, @%1 (GeV/c)?, prel., 02-04
_E'! . HERMES, single high p_hadrons, all QZ, arXiv:1002.3921 7
o ] SMC, high p_, Q%1 (GeV/c)? J/
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All measurements compatible with O for 0.04< x < 0.2

Also in agreement with RHIC results on double spin asymmetry
in polarized pp reactions, which probe same kinematical range

Direct measurements exclude values for the
integral of AG as large as 1 or 2



A 6(x) from global QCD analysis of polarized DIS data
QI(XIQZ)

Use Q? evolution of spin
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Consequence for nucleon spin

* AG = Ag(x)dx not large, both from direct measurements
(essentially PGF + RHIC) and g; QCD fit: |AG[<0.35

AZ =0y +(30,/2n) AG

within  0.06 for AG within £ 0.35 at Q2=3

—AY ~ 0.30 small (= predictions)

possible scenarios:

3= A+ AG+L

( 30.3+035+ 00
1 30.3+00 + 035
- 30.3-035 + 0.7




Spin structure functions g, and g,°
Polarized DIS

inclusive 1 —
O-DISI oc g, (X) o< 5 Zes (Aq(x) +AQ (X))
Polarized PDFs
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From first moment of g;, at Q2> oo:
* AX=0.30 + 0.01 (stat.) + 0.02 (evol.) All data

- As+As=—0.08 + 0.01 + 0.02 Compass data alone



World data for proton & deuteron g;(x,Q?)
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Input to global QCD fits

- Extract polarized parton distribution functions
including AG(x) through Q2 evolution of spin
dependent gluon and singlet quark distribution.



Non Singlet structure function and Bjorken sum rule
Non-singlet combination : g;P(x) - g;"(x)

The first moment provides a test of the Bjorken sum rule,
a fundamental r'esul’r of QCD derived from current algebra

9A| ~ANS
/ 91 = C
6 |9gv
NS 1
Xg, (X) J g;“'s(x)dx
0.1 “mng 2 Bjorken sum rule
: 1ol 31 44
0.08~ 0.16 F { }
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Fit fo COMPASS data: g,/g,=
1.28 +0.07(stat) + 0.10(syst)

PDG value:
1.268 +0.003




Helicity quark distributions

Polarized Semi inclusive DIS
)

K * Outgoing hadron tags quark flavour

* Need to know fragmentation functions of
quark q into hadron h: D"

et DjAq().
Spin asymmetry Alh(p 9) Z

Z e; Dq q(x)

With deuteron + proton data, can separate all flavours at LO

Input: unpolarized PDFs (MRS TO4)
& parameterization of FFs (e+e-, DIS and hadron-hadron) (DSS)

De Florian, Sassot, Stratmann



LO Helicity auark distributions

g s 11 LF N
0.2} | NS parametrization ot *Full flavour decomposition down to x~0.004
0.1F o
2 T _._——‘-"r"'%’ . . .
ﬂ'::'_ — — e *Sea quark distributions ~ zero
- :I_ L1l 1 L1111l 1 L1 o1
0.05F
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0.1 * %i’{ ¢ 1 —%( to g, inclusive data, except for As.
—0.152 I i

0.2E

025, However, for As:

g o0sk | i - Large uncertainty on strange quark
O —HT 5= —i— fragmentation functions.
005 | % - New global fits (DSSV) suggest

O [ ] negative contribution at lower x (x<0.01),

-015F —— . . . .
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Light sea quark polarized distributions, flavour asymmetry

IS 0.15
IS 0.1
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./0.004

x(Au-Ad) measured via polarized SIDIS

e COMPASS, preliminary
o HERMES, PRD71(2005)
—— DNS parameterization
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(AT — Ad)dx = 0.052 + 0.035(stat.) & 0.013(syst.)

Flavour asymmetry not as large as in unpolarized case:
1

(7 — d)dx = 0.118 £0.012
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Nucleon Structure Functions

Nucleon
longitudinally pol.
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Collins and Sivers asymmetries

* Transversely polarized target

* Measure simultaneously several azimuthal asymmetries
of outgoing hadron in SIDIS up = up h

Collins: Outgoing hadron direction & _quark fransverse spin
Sivers: nucleon spin & quark fransverse momentum

Collins '
q transverse spin distr. Sivers
/ \
Collins —
2 (A-q-AD" f tati 2 ‘ "
Nk @Tq DA™ function A o2 @ ’q

= — £
Coll quﬁ'q'DQ SV qué-q-Dg

note: Aq also measured using
- "Two hadron” fragm. fct.
- lambda Transverse. Polarization



Transversity : Collins Asymmetry on proton

COMPASS data compared to predictions from Anselmino et a/,
based on fit of Hermes-p and Compass-d data

Coll

0.1

=N

=

0.05

Positive
hadrons

-0.05

—_—
-
=
=
L et

0.1

Negative®®

hadrons

-0.05

L. * COMPASS protons h'
Anselmino et al, Nucl. Phys.
Proc. Suppl. 191 (2009) 98

_“:rr- * +_ i_{. i i +_ S

. {'# —

| = COMPASS protons h’
— Anselmino et al, Nucl. Phys.
Proc. Suppl. 191 (2009) ‘}Ili

0.5 |

p’;(Gch)
* Large signal in valence region as seen by HERMES, of
opposite sign for + and - hadrons

* Data support the assumption of a weak Q? dependence
in this energy range



Extraction of Au; and Ad+

Several combined analyses of COMPASS deuteron, HERMES proton and
BELLE fragmentation fct. data, by Anselmino et al., Efremov at al.,
Vogelsang et al. ... lead to extraction of Atu and A.d

Ex: M. Anselmino et al. arXiv:0812.4366

‘g' *Atu>0and Ad <0
|_
<]
% | . * Do not saturate
o1l ol Soffer bound
01+ _.,‘_| 0.1k o
< 005 ye 005 -Smaller' than hehcu‘ry
S o
{j" -0.05
% 01"
-0.15
-0.2 0.2

0.2 04 06 08 1 0 02 04 06 08 1

X k| (GeV)



Transversity via "two hadron”

as an alternative for Atu and A-d

L 0‘1_ h*h P airs COMPASS|2007 transverse proton data
0f---- I——i ———————————————— B O I —————— P S =
11§ FII 3] 1
-0.1f I :[ o
L — — | —————
10 107 102 04 06 08 0.5 1 1.5 2
X Z M,,, [GeV/c?]

« Confirms non zero effect at large x; larger than Collins asymmetry

* (Smaller) signal was also seen in HERMES in different phase space;
difficult to describe both simultaneously A.Bacchetta et al., Mah et al.



Sivers Asymmetry- proton

Comparison with predictions from
based on fit of Hermes-p and Compass-d data

nselmino et al.,
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Sivers functions
from global analyes

There exist several combined

analyses of T LY T .
COMPASS deuteron Sivers asym. ‘> I
HERMES proton Sivers asym. 0021 02L
0.02 .
(Anselmino et al., o
Efremov at al.,
Vogelsang et al. ...) 2021
n
0 ———=
002 02y
0.02 % 0.2F x=0.1
o 0 ____:—__—_:-_h——"‘s?:_ lon 0 __;;:—%:-_-i___
002 02t
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Anselmino et al.
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Example of one azimuthal asymmetry

: . C
COS(Z(I)) modulation 0.1 COﬂfRfflSSfﬂa4b£jﬂ—(pﬂr‘f) . a nl
comparison with theory : Tota
s pQCD
E Boer-
Qo positive hadrons Mulders
o1 D P
0.1r
® [ ]
@
total e Boer Mulders ﬁ 0
....... Cahn s==ss=sr DQCD g
D .
V.Barone, A.Prokudin, B.Q.Ma ° neﬁahve hadr'ons
arXiv:0804.3024 [hep-ph] -0.1- -
10° 107 0.4 0.6
X Zz

Sensitivity to Transverse Momentum Distributions



Exclusive p° -Transverse Target SSA

- Asymmetry on proton sensitive to GPD E , part of Jisum rule onL,
-flip of nucleon helicity (and not of quark). Overall helicity not conserved
- angular momentum conservation — transfer of orbital ang. momentum

COMPASS 2007 Transversely polarized target

;ﬂo :;m COMPASS 2007 Transversely polarized target ';m COMPASS 2007 Transversely polarized target
s 0y & 03 Z o3
Zr £ Zr
=) B D =)
< oo L oo [ L oo
0.1t ‘ 01t 0.1t
0 + ! I 0 T 0 + I
T 1 L |
0.1 + 21t 0.1 T [
V457 25 3 35 4 45 5 027307 004 008 008 01 012 014 V2T 015 0z 025 03 035 04 .
Q*[(GeV/c)] Xgi P2 [(GeVic)]

Asymmetry compatible with O

In agreement with Goloskokov & Kroll prediction

- For p°, value of 0.02 /n EPTC 59 (2009); hep-ph/0809,4126)
- For ®, larger value expected : 0.10

- p° : Asymmetry on deuteron measured to be O by COMPASS



Future QCD studies at COMPASS II

COMPASS-IT proposal submitted to CERN SPSC, June 2010

* GPD (Generalized Parton Distributions) up— ppy

by exclusive reactions DVCS (Deep Virtual ComptonScattering)
and DVMP (Meson production),

2 year 'beam charge and spin asymmetry’ measurement DVC
5.iy

* Polarized Drell-Yan tp? — pru-X

Sivers & Boer-Mulders TMDs
2 years transversely polarised proton target
Test of factorization approach




Generalized Parton Distributions

«  Unified description of form factors and parton distribution functions
*  Transverse imaging = hucleon fomography
and (in far future) sensitivity to the quark angular momentum

Accessible through DVCS process
(which interferes with known Bethe-Heitler process)

singlet pion valence
quarks, gluons / cloud quarks — / .
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o P /)\: — —1 ry . COMPASS 160 GeV ’_,/ f
S \ O | A/ HERMES 27 GeV / i
/ « JLab 11 GeV
longitud. . . o ZEUS +H1
10
g‘ax\ﬁ\'exse / / 9
Impact parameter b *=— 3
Longitudinal momentum fraction x ® x<00l x~01 x~03 76
=) i 5
£ 0150 ES160GeV 1< QM 4GeV? 0.03 € x5 0.07
L A0 4
[P
&)
:S 0.1k — VGG Reggeized (x,t)-correlation 3
~ “— —— VGG Factorized (x,t)-dependence y
o I\
2 005 /
= 0.05 | Mueller fit on world data 2 /
= L - —— (with JLab Hall A) /
7 R N (without JLab Hall A) /
"g | - e o
S 7
g J.
= -0.05 1 :..5
= @ -
C; oy L by b by ey b by Qc 10
s 0 20 40 60 80 100 120 140 160 180
=]



Polarized Drell-Yan wp' 2> pu'uX

transversely polarised NH;target

T X

o PY o fﬁlﬁ‘ @ f ';|p

- Transverse Momentum
Dependent (TMD) parton
distribution functions

Sivers and Boer Mulders fct will
be measured :

- in Drell-Yan process

- in up SIDIS process

Expect opposite sign

- Test of factorization approach

Ayt -

COMPASS DY beam test 2009

Jhy

3170+70 events
M=3.092+0.005 GeV
0,,=0.227+0.004 GeV

4.'. < M,.,.<9 Ge

4 5

6

7
M, GeV

Ex: Ayt asymmetry in Drell-Yan process
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nselmino et al.

ncchetta et al
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COMPASS (Spin) Summary

* Gluon polarization
- High p1: at LO, AG/G ~ 0 at x ~ 0.1 two independent & precise results

- Charm: at LO, AG/G = -008 +0.21+0.11

* Quark helicity : extraction at LO for all flavours
As~0 from SIDIS in measured region

* Transversity:
Collins and Sivers deuteron, compatible ~ 0

— A+q and Sivers DF from BELLE (FF) + HERMES (p) + COMPASS (d)
Au>0and A{d <0

Collins proton: Signal in valence region, for pos. and neg. hadrons

Sivers proton: Signal for positive hadrons; possible W dependence

And exciting future program in preparation



