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Present and Future Exploration of the Nucleon
Spin and Structure at COMPASS

1 Longitudinal spin structure

2 Transverse spin structure

3 Gluon polarization

4  Primakov: pion polarizabilities

5 DY: Transverse Momentum Dependent PDF

6 DVCS: Generalized Parton Distributions
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COMPASS
phase |

Beam: 160 GeV p*, pol. 80%
from 7T decay

longitudinally or
transversely polarized
fixed target

n filter & \
: s
P 7
MWPC
Straws

Drift chambers

«~ Micromegas
SciFi Silicon
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Longitudinal
Spin structure

Parton distribution functions

Three leading twist-2 PDFs after integration over kr

q(x) unpolarised PDF
‘ | .

q (X) quark with momentum xP in a nucleon
well known — unpolarised DIS

_@_» _@_» helicity PDF
ACI(X) quark with spin parallel to the nucleon
949(x)

spin in a longitudinally polarised nucleon
known — polarised DIS

transversity PDF
quark with spin parallel to the nucleon
spin in a transversely polarised nucleon

chiral odd, poorly known

A7ql(x)
h,9(x)
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Longitudinal
Spin structure

Double-spin asymmetries

gt N =N ;A" =D(A4, +nd,) g~ B4
BBRf N +N- 2x(1+ R)
Phys. Lett. B 690 (2010) 466 Phys. Lett. B 647 (2007) 8
0.08 < . 004
R 007F] * EMC N
E‘? o.oeé o l ‘{Ql 2? 003 | ::3 I
LR |- e ‘
0.04f o cLASWs25 } } { 0’02; o COMPASS ; l
0.03; > Cowpass glﬁi [ 0.01:_ o {] (i
0.02f Ii I;lf i - [ I t
0.01F- 1 i3 o:—¥0 oy ° 1 1 i”
oE—: » °8° q - } H [
:lll Ll r gl 1 I T T | .0_01:1-|||||| 1 1 bl
10? 10" 1 10? 10"

Proton data - world ¥ Deuteron data - world * 1

(As+As)=1/3(ay-ag) = -0.08 £ 0.01 + 0.02
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Longitudinal
Spin structure

Test of Bjorken sum rule

lig
. NS (2 ) NS 2\ _ Al NS (A2
N (107)-gl (:0°)-gr (x0°)  TN(Q7)= fdrg (x.0%)=—24 M (0)
\
XQI;IS(X) jgNS dx
01 Xming o |- B]orken sum rule
: 3 Par. NLO Fit} 0187 $ 43 44
"PF compass data 0165 ¢ }§
i 0.14—
00617 OF =3GeV*/c? 0.12F : ¢
- 0.1F ¢
0.04 o
B 0.08 §
- - COMPASS data 3
0.02 0'06:
- 0.04 ]
ol . o 5 0.02f .
10° 10" X T e e Xm|n1
C,NSup to 3 order in a (Q?) Larin et al. PLB 404 (1997)153
f dx g (x,0%) extrapolated to f with NLO fit — EAl_128+007+0.10
0.004 gv

(1.2694 = 0.0028 from f decay)
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Transverse
Spin structure

Transversity PDF /5.1

q
i

Couple A7 q to chiral odd Collins FF A}D]

>, €eArq(x)ATD(z, pt)
> g €2q(x)Dh(z. p})

ACo/I —

Azimuthal cross-section asymmetry:

Ao _
— X ACoII Sin (DC
o

Pe=dp+ods—m
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Transverse
Spin structure

Spin dependent fragmentation of transversely polarised quarks into hadrons
COMPASS 2007 proton data
@  positive hadrons

0.1+ +{ ~ @ megative hadroms -

<
- Ah’Si“‘DcOu _E ejATD; ; *
O e e I

=007 —— T ——————— B -
@ - @ COMPASS 2007 proton data

3 0.1F® COMPASS " x>0.050 prelifsinary B

Coll

Y

< | O HERMES®
) ¢

’ ””éi m"*P 2 | #é"'ﬁc}ﬁﬂ

Comparison with HERMES —0.1- . n '
= COMPASS data with x>0.050 l

Sub. Phys. Lett. B (hep-ex/1005.5609) °;§ 0.1 ﬁ - - % '
f} L
O 1. #+{+¢+<§i + ﬁ;igﬁ{ ; |

@ COMPASS h x>0.050 prelinjinary
_0.1_0 HERMES = -
roul ol L1 1 | 1 | | | |
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Transverse
Spin structure

Sivers Asymmetry: Ao |
Z €2AT (X h /Z)Dh(Z) 7 X As,'v SN ¢S
AS[V — q 4 0 q ’pT q q) - |
> e2q(x, pt/z) DI (2) s = 6n— s

« proposed (1990, Sivers)
« though to vanish (1993, Collins)

» resurrected (2002, Brodsky,
Hwang, Schmitt)

» different sign in DY and SIDIS
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Transverse

Spin structure Sievers assymetl‘y = pI‘Oton @

Intrinsic k; dependence of the quark distribution correlated to nucleon transverse spin
COMPASS 2007 proton data

= &  positive hadrons
Qwo'l_ @ negative hadrons —

<
A?,sind)sw qujD;’ $ }} i 5 ¢ 4
A, = 7P B qus.q@)pj 0_&%‘%—**}* §§ ‘ ’_i E * H* %

0.1 ——niill T —— | o |
h COMPASS 2007 proton data
a5 0.]-® COMPASS i x>0032 prelimihary } B
<¢ | O HERMES =* PRL 103 (2009) l‘.},l

o 37 QQ aq;? ¢
. %;ﬂg{ gﬁzf d { (,FP#*{* ¢ }

Comparison with HERMES
= COMPASS data with x>0.032 | i i

Sub. Phys. Lett. B (hep-ex/1005.5609) = 0.IF® COMPASSo002prdiniay - *

o HERMES x PRL 103 (?0)

" . o § o
Additional data in 2010 0 fﬁ!‘ﬁﬁ'},@ oo ga}{% ok +
9{ : T+ +

~0.1 - -
yinl raaannl L 1 | 1 | | | |
|0-2 lo—l 0.5 l 0.5 l l.5

x Z p’;_ (GeV/c)
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Mol Gluon polarization via PGF @

Principle: Gluon polarisation enters via
photon-gluon fusion (PGF)

1 1
AN _ pPGF  PGF AG
v q L = 197) G
9 q

* g=c (open charm): no physics bgd
T~ * measure A for events with D°

PGF _PGF
R

A, by MC

e calculate
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Gluon
Polarization

1200 COMPASS 2007 Dy_(D* tagged) COMPASS 2007 D COMPASS 2007 Dy_ (D* tagged)
S TF % v L
s . s i o s N(D°) = 3100 Preliminary
C Prel ° b 800
2 L0000 reliminary 240000 Preliminary g %007 Kord
e - o - e L
: r z 5 s [
800(— 30000— 600(—
r N(D°) = 4600 C r
600/ C i
C — 400—
£ 200007 N(D°) = 19000 -
400— C -
C 10000/— 200—
200_— C =
o | P SR IS | T I NI RN ATEN AT AN AET T INA A AT i ol
Boo 200 200 0 200 Q00 300 200 -100 0 100 200

PETT EY
My, - Mg (MoV/cE)

D°, ; D°. .; D°
D°,  (untagged)
2002 - 2007 : proton + deuteron data

K ®

AG/G =—0.08x0.21,, +0.11

Syst

(x,)=0.11, u* =13 (GeV/c)
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D°sub(K)n (allD" tagged) \:
<

200 300 = I4.!)!1
My - Ms (MeVi/c?)

t COMPASS, open charm, preL, 02-07
v
¥
O

COMPASS, high p_, Q%1 (GeV/c)? prel., 02-04
COMPASS, high p_, Q%1 (GeV/c)? prel., 02-04

HERMES, single high p_hadrons, all Q?, arXiv:1002.3921 7 \
SMC, high p, Q%1 (Gevic)? ,‘
o4l ———— fit with AG>0, 1*=3(GeV/c)® .
il [R— fit With AG<0, u’,amylc,i /

--:_." : J

0.2~ 0 .
0.4 :—

: I | | | | | | | | | | | |
-0.6

2 1
10 10 X
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el COMPASS — II proposal @

Long Term Plans for at least 5 years (starting in 2012)
Submitted to CERN SPSC commitee June 29

Primakoff with m, K beam = Test of Chiral Perturb. Theory 2012

DVCS & DVMP with p beams = Transv. Spatial Distrib. with GPDs 2013
SIDIS (with GPD prog.) 2 Strange PDF and Transv. Mom. Dep. PDFs

Drell-Yan with 7t beams = Transverse Momentum Dependent PDFs 2014
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Pion

e Primakov experiment

Inverse Compton Scattering on 1, K

7t (or K)
. (or K) -
(190 GeV)
Q?~0
‘ AZ Access to n polarisabilities
do do —m?> i
Y _ Ty +C. (S ’2””) ((1_Cosecm)2(an—ﬁﬂ)+(1+cos€)cm)2((xn— +ﬂj’[’)s_
dQcm dgcm pt A\ ( —m2)2 m;
+(1—cos6cm)3(a2—ﬁ2) 4” )

the point-like cross section is measured with the muon beam
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Pion

il 1 polarizability and ChPT

The polarisabilities give the deformation of the pion shape by an EM field

b
O B
4
a >

o, >0 S=0 diamagnetic contr. 3, <0

my
A D\

Present experiments: o_-f, from 4 to 14 .10-4fm?

in 120 days .
9 days for nbeam  %x T Pa @ B g - 2
30 days for u beam Ty O f ) Tr) 1O fyp)? Jg) L0 Fpy?
2-loop ChPT prediction 5.70 + 1.0 0.16 = 0.10 16
COMPASS accuracy +0.66 +0.025 +1.94
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Drell-Yann
TMDs

« 8 intrinsic transverse momentum dependent PDFs at LO

« Asymmetries with different angular dependences on hadron and
spin azimuthal angles, @, and @,

quark

polarization

Boer—
Mulders

July 5,2010

nucleon polarization

U L T
; 1
f] ? ) f]T o] = (o)
number density ol
o o Fas Fas
;-\ 8ir® -
helicity
h ES &
n 1 1 & -@
h] 8) -(¢9 hIL e ¢ ®| transversity
h-L & B
ITE -~ &

Claude Marchand - INPC2010
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Transversity
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Drell-Yann
TMDs

Pure valence u dominance because of the - beam

Cross sections:
In SIDIS: convolution of a TMD with a fragmentation function
In DY: convolution of 2 TMDs 6?Y oc f o f
ulm ulp

- complementary information and universality test
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ghenllll Drrell-Yan cross section at LO

dO’DY

Boer-Mulders
2 2 7. L 2 1 2
o ¢ (1 +fd le d sz W(le,sz) hl (xl, le) Y hl (x2, sz) COS2¢)

Sivers

@fdzle d° ko Xikipokyp) fi(er kiT) @ fip (o, kap) singg
+fd2k1T d> ko Vikyg ko) b (x), ki) @ hllT (x5, k57) Sin(2¢ + dg)

+fd2k1T d’kyp Z(kipkyr) by (), kip) ® By (x,k37) sin(2¢ - gg )

Boer-Mulders
The T-odd character of the 1 h
Boer-Mulders and Sivers function h(SIDIS) = -hy (DY)
implies that these functions are | Sivers |
process dependent ST (SID1S) = - fi7 (DY)
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bt Background estimates

In the dimuon mass spectrum, 2 background
sources must be considered:

§104— TR e pmasmc ¢ physics background:

2 PRELLTAN D and D decays to u*X;

1§"’ E surnTcE JIy and ¢, also a subject of research.
% "" ¢ Combinatorial background

7w and K decaying to uv

10

S
IN
Q/,
s
-

- ‘ N The cleanest region to study Drell-Yan is
A/ NN I 4 < a7 < 9. GeVie?
- 6 7 5
M, (GeVic)

In the region 2.0 < M < 2.5 GeV/c? there is im-
portant contribution from background sources.

Polarized Drsll-Yan measurements in COMPASS C. Quintans
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Drell-Yann
TMDs

sm1

T [ mTARGET ABSORBE o
190 GeV L |\-__
(6.107 s°)

Absorber to reduce secondary particle flux

COMPASS Polarised Target (2x55cm cells)

Tracking system and beam telescope

Muon trigger (LAS of particular importance - 60% of the DY acceptance)
RICH1, Calorimetry - also important to reduce the background

gAwN R
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Drell-Yann
TMDs

sin LR
T
0.25-

0.2
0.5

0.1

Blue line with grey band: A

Anselmino et al., PRD79 (2009)
Black solid and dashed:

Efremov et al., PLB612 (2005)
Black dot-dashed:

Collins et al., PRD73 (2006)
Squares:

Bianconi et al., PRD73 (2006)
Green short-dashed:

Bacchetta et al., PRD78 (2008)

July 5,2010

DY predictions at COMPASS

4. < My, <9. GeV/c?

A singg —
AT

0.05

P ¥ ___________

005

Y] i T FEE R FET SRR FEE ST R

7" 08 06 -04 -02 0 02 04 06 08
Xp=XoX 0

sin(2¢+¢s)
0.25 Ar

1 4t

[Py T P T N N NS NS S R R
08 -06 -04 -02 0 02 04 06 08

Xp =X, =X

Claude Marchand - INPC2010

O“A;os% |
g Acos 20
3 U
e X S 2

'l NS I A N NS IS ITArare s
¢ 08 06 -04 -02 0 02 04 06 08

A

sin (20-0)

ASn(2¢0—¢s)

‘ _____ \ _______

-08 -06 -04 -02 0 02 04 06 08

Xp =X, =X
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Drell-Yann

TMDs
Entries 2832
Expected: 3600£600 J/yp and 110£22 DY|  jq nrASS DYtest run 2009 e 105

Measured: 3170+70 J/y and 84:10 DY | 2o W>2.7GeV '
200
COMPASS DY beam test 2009 wsoF-
C Jhy 1602—
i 3170+70 events 140
10° M=3.092+0.005 GeV 120F-
= 6,,=0.227+0.004 GeV vooF-
: 80
102 5 s0F
g aoF
B 20F

o_llllIIIIIIIIIIIIIII|III j -
10 E_ Gev 0 0.5 1 1.5 2 2.5 3 P-,if GeVI:
15 S <Pt> = 1 GeV/c
il BT | ey ¢
o 1 2 3 4 5 & 17 =» COMPASS sensitive to TMDs
M,... eV
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DVCS
GPDs

Deeply Virtual Compton Scattering Elastic Form Factors
up— Wp'y
v %7Q2_§ Y X
X+E \5_5 ) ==
p=>~ GPDs p A J H(x,§.t)dx = F(1)
S t —7 H,H,E,E (x.£,1)
PS “ordinary” parton density
x P b
o - 9
S
“© o0 y
x boost
Generalized Partons Distrib. H(X,E,1) H/(xo 0) = q(x)
( Px, b,) H(x,0,0) = Aq(x)
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Ay Generalized Parton Dist.

Deeply Virtual Compton Scattering
up— upy

Ji's sum rule
2T, = [ x(H+E)(x,§,0)dx
\f’—H
1/2 = 1/2 AZ + g + AG + Lg

\)

Generalized Partons Distrib. H(X,E,t )

(P, by)
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DVCS
i Nucleon tomography

GPDs allow simultaneous measurement of longitudinal
momentum and transverse spatial structure

singlet pion valence

quarks. gluons /Qd quarks

longitud.

'

Impact parameter b, x~0.0038 x~0.03 x~0.3
Longitudinal momentum fraction x Tomographic parton images of the nucleon
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GPDs
20 COMPASS 160 Gev 1 | CERN High energy muon beam
/// HERMES 27 GeV s v 100 - 190 GeV
it v ¢* and p- available
19 v 80% Polarisation
8 with opposite polarization
6
5 /i > Will explore
4 A the intermediate xg; region
7
’ i » Uncovered region between
R 7 ZEUS+H1 and HERMES+Jlab
y o before new colliders may be
Zi s/ available
1 S Re Q% y /
N 2 < -1
S 10 71 1
*B
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DVCS
GPDs

Phase 1 OGS
~ 2.5 m Liquid Hydrogen Target QN e
~ 4 m Recoil Proton Detector (RPD)

,,,,,,,,
~~~~~~

2

- ECALs upgraded

+ ECALO before SM1
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DVCS

P Interferences DVCS - BH

v
U
i /]
i/

da(l-IP—>I-IPY) = do®H + d‘J'Dvcsunpol + Pp daDVCSPoI

. BH DVCS - BH DVCS
e, an ® A e, P,a* mA
0.005 < x,, < 0.01 0.01 < x,, < 0.03 Xg, > 0.03 Monte-Carlo
§ [oruoes oopver |§ foewowe e | fmeoer oo | Simulation
=l 3 3 for COMPASS
Z | Baof - set-up with
2 A g only ECAL1+2
I ] : €Missing
| ' T - DYCS acceptance
- °r A wijthout ECALO
B Lo o o | S
-150 -100 -50 o 50 10‘;: (d‘l:)g) -150 -100 -50 o 50 1(;)(;:)9) -150 -100 -50 o 50 10; (d‘lzog)
BH dominates study of Interference DVCS dominates
excellent > Re ADVCS study of do®Ves/dt

reference yield or Im ADVCS - Transverse Imaging



Ay Beam charge and spin sum

do(l-'P*I-’PY) = dofH + d‘Jbvcsunpol + W spol

Ses. o= o ) + dou ) x do B v ao VT + Ks{™sing

\

doPVeS At ~'exp(-BIt) s 0

Transverse imaging
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DVCS - .
o Transverse imaging

Integrating Scs over ® and substracting BH — doPVCS 4t ~ exp(-Blt|)

B (GeV?)

8 - 1
- * Blxe) = 3 <12 (xg)>
6 |- R _
4 o' =0.125 ri=b,/(1-x)
e (0.65 fm at low x)
= N e Y o' =0.26
_ Y A A 2 years of data
2 - « HI-HERATI <Q’> =8 GeV’ + ¢ o o + 160 GeV muon beam
I with ECAL1+2 2.5m LH, target
- « COMPASS P> =2GeV? =10°
0 280 days at 160 ézev> Egiobal = 10%
I & @ o @ .
N with ECALO+142 ansatz at small xg:
lll 1 1 1 | N - ll | | 1 L1l ll | B(XB) = bo + 2 a ' In(xo/xB)
4 3 2 1
10 10 10 10 Xg

«determination of B with 0.1 GeV~2 accuracy, a' with 2.50 acc. if a' 20.12
*no model dependence
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Ay Beam charge and spin diff

- D DVCS
d0p—pr) M * Wﬂl + P, do®¥es,,
+ e, aBH g, ADVCS +e, Py‘B"‘%ADVCs

Des y= 20l ) = dou 1) « ()" +c/"cosp ], and <4¥ ~ Re(F, %)

Advantage: BH contribution cancels
Difficulty: needs control of absolute X-section at few % level

Alternative: Beam charge and spin asymmetry

A ool dof)
U dofu ™) + dofu)
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Ay Beam charge and spin diff

2 2
| 1 E =160GeV 1< Q< 4GeV™ 0.03 <x,<50.07 I
0.15 5 [ 0 B ceetC " COSQ+ ..
0.1~ — VGG Reggeized (x.t)-correlation o’=0.8

—— VGG Factorized (x,t)-dependence o0 =0.05 =>Re (F1ﬂ)

=
=
n

Mueller fit on world data

Ny, (vithout ILab Hall A4) 160 GeV muon beam
2.5m LH, target

o S0 S +v * ----- +_ €global = 10%
1 | 1 1 | | l | Il | | 1 l l 1 l Il | | Il l I 1 l 1 | | Il l | 1 l |

0 20 40 60 80 100 120 140 160 180

1

=

S

N
I

Beam Charge and Spin Diff. (nb/GeV4rad)

Systematic error bands assuming a 3% charge¢-dependent effect
between u+ and u- (control with inclusive evts, BH..)
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DVCS
GPDs

g2 0.4
8‘? 03sk 0.005 < Xg < 0.01 o é’ 0.3sk 0.01< Xg < 0.02 o é) 0ask 0.02< Xg; < 0.03
0.3f = Compass projected 0.3F — Compass projected 03F — Compass projected
0.25
0.2
0.15
0.1
0.05
o ------ - -
-0.05|
A 5o g 8 1 0. 1 T A
-t [(Gewc) -t [(GeV/c)’]
6 1 0.4 g =] 0.4 = g =] 0.4
g é’; oos 8 é,"’ oask- 007 <Xy <0.15 8 <8 0ask| 0-15 <X, <0.30
0.3 03fF = Compass pro;ecte(} Z 0.3f-4 = Compass prqjeéted
— Hermes JHEP 0911 - Hermes JHEP 0911
0.25 Y 0.25 K
0.2 0.2 y
0.15 0.15 " il T
0.1 Alas 0.1
0.05 il 0.0 1A
(17 o, S e Y | L L L (] G Rl e L E R
-0.05| -0.05
t t 1 1 1 L ] l_ 1 1 i q{ 1 b
0% 01 02 03 04 06 07 08 ; ; ; . 5 06 07 08 0% 01 02 03 04 05 06 07 08
-t [(GeV/c)?] -t [(GeV/c)*] -t [(GeV/c)?]

Projection with VGG model (Regge Ansatz) compared to HERMES data
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DVCS
GPDs

Results from 2009 DVCS test

Im long recoil proton detector (RPD) and 40cm long LH2 target
Selection of events: vertex with p and g’ (no other charged track)
one high energy photon
proton in RPD + exclusivity cuts

0.005 < xg; < 0.01 0.01 < x; < 0.03 Xg; > 0.03
2 2 ¥ 2
c E 278 events = |BH+DVCSP C35. 134 events = |[BH+DVCSP c gl 54events = |[BH+DVCSP
ef 2%l g
o r == |BHJ? o T == [BH? o [ == [BHP?
S F S [ S L
ol 230+ Qo 7_
c I c | c [
60} 25: 6:—
: ) 10.BH events expe\l:ted
o i v 244 p VCS evyents
L - . r
[ 151 I
X _ 1 L
i ' |/
10 C
[ r
sk =1
- Tm- O;HI:’I IIIIIIIIIIIIIIIIIIII Trl 11l othd_ﬂﬁrl‘ll‘lllIIIIIIIIIII~II.HT
4150 100 50 0 50 100 150 4150 100 50 0 50 100 150 4150 100 50 0 50 100 150
0 (deg) 0 (deg) 0 (deg)
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Conclusions @

*New results for spin structure:

-precise test of Bjorken sum rule

-non zero transverse spin and momentum effects
-constraints on gluon polarization

*Future program (2012...) submitted to CERN SPSC:
-Primakov: ChPT tests and 1T polarizabilities
-DY: TMD PDFs and univerality DY-SIDIS

-DVCS: constrain GPD H, do/dt — tranverse imaging
(phase 2: GPD E, needs transv. pol. target + RPD)

— New groups welcome to join COMPASS
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