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OUTLINE

 the COMPASS experiment

« COMPASS results on TMDs from SIDIS off
 transversely polarised d and p targets
« Collins and Sivers asymmetries
 |longitudinally polarised d target
e unpolarised d target

e future TMD measurements

Weihai, August 9,2011 Anna Martin
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COmmon
Muon and
Proton
Apparatus for
Structure and
sy Spectroscopy

proposed 1996, approved 1998, data taking since 2002

goals

* meson and baryon spectroscopy i, high energy hadron beams
n polarizability

* nucleon spin structure with a high energy muon beam and
longitudinally polarised targets

« gluon polarisation
 helicity PDFs

and transversely polarised targets
» transversity PDFs

Weihai, August 9,2011 Anna Martin



COMPASS spectrometer C(jﬂ/*{fﬁb“

* high energy beams two stages spectrometer

* large angular acceptance Large Angle Spectrometer (SM1)
* broad kinematical range Small Angle Spectrometer (SM2)
variety of tracking detectors B

to cope with different particle 5.
flux from 6 = 0 to 6 = 200 mrad Fay

SciFi Straws
Silicon DC
Micromega MWPC ' M

- uonWall
(P)GEM LDC <

E/HCAL "
T {] _~ _~50m

Polarised Target

calorimetry, PID
RICH detector
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Polarised Target MuonWall

calorimetry, PID
RICH detector
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dN/dQ*

longitudinally polarised
muon beam
p, = 160 GeV/c

DIS cuts: Q%> 1 (GeV/c)?
0.1<y<0.9
W > 5 GeV/c?

COMPASS 2007 transverse proton duta ( part)
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the polarized target system (2005) C‘i%s‘?

3He — “4He dilution refrigerator (T~50mK)

solenoid 2.5T
dipole magnet 0.6T

11

[ 1008 mm |

acceptance *180 mrad

3 target cells
30, 60, and 30 cm long

opposite polarisation

d (°LiD) p (NH,)
polarization 50% 90%
diliution factor 40% 16%
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COMPASS

COMPASS data taking
AG
2002 N
2003 ; polarised deuteron target — L & T (25% of the time)
2004
>> results

2005 CERN shutdown
2006 polarised deuteron target — L only
2007 polarised proton target — L & T (50% of the time) y

2008 / 2009 spectroscopy
2010 polarised proton target — Tonly data analysis pngoing

first results soon

2011 polarised proton target — L only
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some
results on TMDs
from 2002-2007 data

Collins asymmetry and the transversity PDF
Sivers asymmetry

other azimuthal asymmetries and TMD PDFs

from SIDIS off transversely polarised
longitudinally polarised

unpolarised targets

Weihai, August 9,2011 Anna Martin



The Structure of the Nucleon

three distribution functions are necessary to describe the quark structure
of the nucleon at LO in the collinear case

Jaffe and Ji, '91

transversity PDF A;q or hz : correlation between the transverse spin of the
nucleon and the transverse spin of the quark

quark

polarisation

chiral odd

nucleon polarisation

U L T
u|/ q
number density
g;ew-(=»
L helicity Aq
o &
T hl 3 - By

transversity

Arq

tensor charge

Jax [Arq(x)-Arq(x)]

can be measured in SIDIS off transversely polarised nucleons

Collins effect:

Weihai, August 9,2011

LR asymmetry in the hadronisation of

transversely polarised quarks

Anna Martin



Collins asymmetry

in SIDIS off transversity polarised nucleons

e
D=0+ Og -

amplitude of the Sin @, modulation |
(I)h azimuthal angle of the hadron,

in the aZimUthaI diStribUtion ¢S azimuhtal angle of the nucleon spin
of the final state hadrons

Ni@)=N!|1+P, DAy, sind,]

transversity “Collins FF”

PR Q‘rq ®@

Coll = ~
S ¢74eD

today the most promising way to access transversity
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Collins asymmetry

in SIDIS off transversity polarised nucleons

Collins FF: gives a LR asymmetry in the hadronisation of
transversely polarised quarks

products of Collins FFs can be measured in

N T ee ->n X
0.15 — first low statistics results from LEP data
< :t;; o ‘ 2005 first data from BELLE
e “Collins FF”

-0.05 _I. 1 1 ] L 1 L J 1 | 1 ] L
2 0 Dh
02 04 06 080 quq A.q ®@
z, A =

Coll ~ 2 P
quq qeD;

today the most promising way to access transversity
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Collins asymmetry

) 2. et A,.q e 4D}

A =
Coll P P
E ezgeD

. q q® Dy

first results in
2005 measured by HERMES (proton target) and COMPASS (deuteron target)
different from zero compatible with zero

final COMPASS results on deuteron
2002-2004 data PRL 94 (2005) 202002, NPB 765 (2007) 31, PLB 673 (2009) 127
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charged pion and kaon asymmetries also compatible with zero

understood as u — d cancellation
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Collins asymmetry

the COMPASS d, HERMES p, and BELLE data are well described in global fits
- first extractions of the Collins FFs and the transversity PDFs, and tensor charge
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M. Anselmino et al., Nucl.Phys.Proc.Suppl.191 (2009) 98

Q2 dependence?
- COMPASS p data
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Collins asymmetry — proton

final COMPASS results from 2007 data
PLB 692 (2010) 240
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« at small x, the asymmetries are compatible with zero
 large signal in the valence region
of opposite sign for positive and negative hadrons
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Collins asymmetry — proton 2007 data
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Collins asymmetry — proton

S 0.1 P .
5 h 1
Q= e Sl i T
4
. {'é
—0.1 ® COMPASSh™ PLB 892 (2010) 240-246
e HERMES T PLB6932010)
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S 0.1 *
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Lol I L0l I I
107 107!
COMPASS sign convention
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same sign and strength:
a very important, not obvious resulit!
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indication for not a higher twist effect,

no strong Q2 dependence of the Collins FF

Anna Martin



Two Hadron Asymmetry ) >, el Arq(x)-H." (zM} )
T Y ea)D; M)
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Collins asymmetry

summary:

* large transverse spin effects observed in SIDIS off p
COMPASS and HERMES experiments in the valence r

 there is a left-right asymmetry in the hadronisation
of transversely polarised quarks

* the transversity distribution is different from zero

* the transversity distribution can be measured in

02 04 06 038

1
X

SIDIS off transversely polarised nucleons

more precise SIDIS data are needed, over all the x range, at different Q2

to study its properties

COMPASS contribution in the near future:

results from the 2010 proton data
factor ~ 4 in statistics with respect to the 2007 results

Weihai, August 9,2011
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results on TMDs
from 2002-2007 data

Collins asymmetry and the transversity PDF
Sivers asymmetry

other azimuthal asymmetries and TMD PDFs

from SIDIS off transversely polarised
longitudinally polarised

unpolarised targets

Weihai, August 9,2011 Anna Martin



The Structure of the Nucleon

three distribution functions are necessary to describe the quark structure
of the nucleon at LO in the collinear case

taking into account the quark intrinsic transverse momentum k.,

at leading order 8 PDFs are needed for a full description of the nucleon structure

“TMDs”

Sivers function

correlation between the
transverse spin of the nucleon
and the transverse momentum
of the quark

sensitive to orbital angular
momentum

quark

Boer-Mulders polarisation

function

correlation between the
transverse spin and the
transverse momentum

of the quark in unpol nucleons

T-odd

Weihai, August 9,2011

nucleon polarisation
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number density q '
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helicity Aq
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hJ- @ o
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SIDIS give access to all of them
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SIDIS cross-section

do
da dy di dz doy, dPj; 2

W08 Dy
FLI

T 7 sinldy —dig) sin(dy, —dg)
Fopr +elypy
1 ih
o

i gy, g wind 3¢y, —og )

+ & sin(op + os) i 4 elsin(3¢n, — ¢s) Frp

: 1
Collins h, H;
+ v/ 2<(1 4+ <) singg ffmm’ + v/ 2=(1 + ) sin(2¢, — og) F ‘muw’_(‘m]

sin( oy — f,-ir_c;

' 1'::;((,‘.1;,—(1-.. {l:)cﬂ’ =
T + /2 COS rh,

+ |8, | Ae [\/1 =2 cos(dy, — ds)

+ 25{] - -} [{]\(}”h — f-:‘".";} 1;,1}:'5;:‘{21’_);. —::r.u‘l] } :
18 structure functions

14 azimuthal modulations
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the Sivers function

a long debate

1992
1993
2002
2002

2005

introduced by D. Sivers

J. Collins demonstrate that it must vanish

S. Brodsky et al.: it can be # 0 because of FSI

J. Collins: process dependent, change of sign SIDIS «— DY

first measurements of the Sivers asymmetry in SIDIS

Y€ e D’ (ot
— q
A gy > J F
>q€ feD uu
q ~ 1 1

strong signal seen by HERMES for " on protons
no signal seen by COMPASS for h* and h™ on deuterons

Weihai, August 9,2011 Anna Martin



Sivers asymmetry

2005 first measurements of the Sivers asymmetry in SIDIS
strong signal seen by HERMES for " on protons

no signal seen by COMPASS for h* and h™ on deuterons
COMPASS

final COMPASS results on deuteron
2002-2004 data PRL 94 (2005) 202002, NPB 765 (2007) 31, PLB 673 (2009) 127

ﬂé;' eallh™
0.05} Oallh- - %) :
g ® §+ _________ NE T ST SN O I SY SR S S
0 Mémﬁﬁ) I I SRCEIT R
-0.05¢ - - %
T T olz 0{4 0!6 0|.8 015 i 1.|5
X z p’; (GeV/c)

similar results for identified hadrons

u and d quark contributions cancel in the deuteron
Weihai, August 9,2011 Anna Martin



Sivers asymmetry

2005 first measurements of the Sivers asymmetry in SIDIS
strong signal seen by HERMES for " on protons

no signal seen by COMPASS for h* and h™ on deuterons

-> first extractions of the Sivers function from HERMES p (and COMPASS d) data

L1y M. Anselmino et al., Transversity2005

L(1/2

x fi777(x) X flT( )q(x)
0.1 — U C | I e —
Ref.20) —— | 0.3 © Ref.[20] —
Ref.[23] —— - r Ref.[21] ------ .
0.05 |- 1 02 E
T — N\~ d-quark 1 od r d-quark .
L T~ ~ _ * F/ \~:\\ i
// — — : ~ i E
0 —== 0 - .
'\\ ~—— = 7 : ]
-~ * -0.1 — -
0.05 L <— H-(]ZJCH"k B r u-quark ]
R 402 - =
M T T T | HERMES x-range ] 0.3 FIT L I 1 ] HERMES x-range ]
01 L I | I B | I | E
0 0.2 0.4 0.6 0.8 X 0 0.2 0.4 0.6 0.8 X

good description of the experimental results

still, waiting for higher energy proton data

Weihai, August 9,2011 Anna Martin



Sivers asymmetry

2010: final COMPASS results from 2007 proton data

PLB 692 (2010) 240

- positive hadrons

5‘-.':&;‘1 0.1 B & negative hadrons B
it { { ;‘f % &
EpittH e e
0.1 ——nil T ——_——— - — ettt
vt

evidence for a positive signal for h*,
which extends to small x, in the region not measured before

systematic errors
h"~ 0.5 O
h* ~0.8 64, plus a scale (abs) uncertainty of +0.01

preliminary results for charged = e K: SPIN2010

Weihai, August 9,2011 Anna Martin



Sivers asymmetry

Ve %

¢

"""'F"i""*"";"*i‘"fi';"é"*'{"";"'

o COMPASS h PLB 692 2010) 240-246

o HERMES T PRL 103 (2009) 152002

IlilIII 1 1 lllllll 1 1

& COMPASS h™ PLB 692 2010) 240.246
o HERMES ™ PRL 103 (2009) 152002

1072 107"

e good agreements

e same sign

« COMPASS results in the overlap
region smaller by a factor ~ 2

higher precision
measurements needed soon
- 2010 run

also to investigate W dependence

Anna Martin



the Sivers function

a long debate
1992 introduced by D. Sivers

1993 J. Collins demonstrate that it must vanish
2002 S. Brodsky et al.: it can be # 0 because of FSI
2002 J. Collins: process dependent, change of sign SIDIS «— DY

2005 first measurements of the Sivers asymmetry in SIDIS
strong signal seen by HERMES for " on protons

no signal seen by COMPASS for h™ and h™ on deuterons

2010 final results for the Sivers asymmetry from COMPASS 2007 proton data
different from zero for h*
results from 2010 proton data coming soon
(factor ~8 in statistics, much smaller systematic uncertainty)

conclusion: the Sivers function is different from zero and can be
measured in SIDIS

and one can try to test the change of sign SIDIS < DY

Weihai, August 9,2011 Anna Martin



COMPASS Il proposal — Drell Yan

COMPASS-II proposal: H—
190 GeV/c n~ beam on
transversely polarised proton target T

cross section
= convolution of H, and H, PDFs

in valence region (u-quark dominance)

O.DY o fﬁ|7t‘ ®~f.u|p

-> extraction of the u-quark Sivers (and Boer-Mulders) function

Weihai, August 9,2011 Anna Martin



COMPASS Il proposal — Drell Yan
4. < My, <9. GeV/c?

projections with

2 years of data '5?— __1$in PsS — "‘”W

6 - 10% wspill (9.6 s) T sivers, :

1.1 m pol. NH3 / ot
one year of data taking o T LA
approved -um;_ | 1 1 | | 1 1 | | -o“;_ | 1 1 | | 1 1 | 1
(Decem ber 201 O) OT-5R 6 -84 B2 B B2 B4 &:szux_ VTR E B4 B2 0 62 Bd u:ﬁxu:x.

sin (26 +.6) - A:m (26 - 0,)
with the present J45i11(2¢’+¢5) ot ASIN(20—0s)
CERN schedule A r |
(shut down in 2013) ok BM, pretzelosity, orf BM, transversity,
the data taking :
will be in 2014 }l ..... H
| xF=x;E-xpﬂ )
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results on TMDs
from 2002-2007 data

Collins asymmetry and the transversity PDF
Sivers asymmetry

other azimuthal asymmetries and TMD PDFs

from SIDIS off transversely polarised
longitudinally polarised

unpolarised targets

Weihai, August 9,2011 Anna Martin



SIDIS cross-section

do -
da dy di) dz doy, r.EPJ,'f i
2

9
(A% = 1((1-1:;
, J ](I-I-—) {f‘rr r+elkuur +v2e(14¢) cosop F &

xyQ? 2(1 —¢

+ 5{705[2@},} 1t::-:2f'3,l + }" ,.-"EI ‘:tlIl (:"h 'E'-lI]{.?'_,l

+ Sy [ 22(1 + <) sin oy, Fim " 4 sin(20) fr;‘jfg"*“f'] + 5\ [ V1—=22 Frp 4 /2201 = 2) cosy F ﬂ

all the other 6 transverse

"il'l{ f * D = |: h "J-"i-\.l - 1.‘1.].'1':(_)‘12 —(,J_n‘_} S II l a
s (L f,:]‘_r.’ PI"IJII .|_ P "L p l'

irHE on d (2002-2004) and p (2007):
+ e sin(op, + bg) For TS) 4 (sin(3ep — dg) o On0S) all compatible with zero!

CWS&
+ w.;""):{] +5}(ﬁill{2qﬁh - (ﬁ&:] F!}l(l:#}!_ﬂkﬁ}]

+/2¢(1 - -((Db(Zqﬁh — ng)f'fm 20n _”L’\"] }




transversely polarised target Freo ) b oH;

1

“pretzelosity” PDF

?,)

sin[anp"-

g‘ +‘mzﬂ?_w all hadrons 2002-2004 data ® Collins FF
-E 5 04— hegahve B - CO‘-HPASS
q
{ t s I { ﬁ 1 : [
U'T{i—'i_ﬁ_ﬁ_é 11 ‘ *_g_ﬂ_ﬁ—%—% * I f% ' é H
- - [ "rJ"IF.{’___}.\.'._"\. -
04F -~ deuteron 2002-2004
terinl L1l A R N | | | | | |
10% 10" 2 04 06 08 9 05 1 15 y
X z P} (GeVie)
= 0 +P"”Hh.’e [ all hadrons I [ 2007 proton data
< - negative COMPASS
0.05F - - - [
n:—}l'ﬂ[{¥}} - & E'E '#i##ﬂ "l}}[-[ H{ }
S | {H} j q § t { [ # ] 1
1
-0.05 l - ol - B
proton 2007 1= SPIN2010
SN | TUPETTH BT BT J | 1 1 1 = | 1 E 1 | ] | 1
102 107 0.2 0.4 0.6 0.8 0.5 1 1.5 6 8 10 12 14
x z P, (GeVic) W (GeV/c)
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SIDIS cross-section

do -
da dy di) dz doy, r.EPJ,'f i
o2 2
xyQ? 2(1 —¢

) (1 + —) {J_L,[' vr+eFuop 4+ v22(1 4 ¢) cosop F MHU“

i , )
+ £ {105[2'&!};’ } [::H L, + /‘5. 32 3111 (:'h 1:-lI] LTS

+ 5 [ 2:(1 4 <) singy P;lE Oh 4 £sin(2¢y ) F

+ebyry

Jf@ Eﬁiu{@h — fl_jsD( F;l;l[ ;‘g. —dg)

sinl gy, —dg)

win 2y, + :<1-= i
UL H]+‘E’Il}-e-[v|—’-‘z Frp ++/2¢ ) cos op F ﬂ

all the other 6 transverse
spin azimuthal asymmetries
have been measured

sin gy, +5 )

+ & sin(on, + os) Firp 77+ elsin(3op, —

irHE on d (2002-2004) and p (2007):
o) For?r=es) | all compatible with zero!

] C WS&'

next:
results from 2010 p data




SIDIS cross-section

do -
da dy di) dz doy, l"iPE i
2

_ 2
- : J ) (1 + —) {f‘{r T+eFuurp 4+ v2<(14¢) cosop F ﬂlhm“

xyQ? 2(1 —¢

oy 1 )
+ E{TUE[Et}ﬁ;, } [I:H 2ehy, + }‘. ,.-"2 E 5111 (:"h 1:-,u1 oy,

all the longitudinal

- P 1!-jil'1|:':.'1h c.J_a:I “'1“':”:': EJ.‘»} . - =
+ 18] [”‘“{*’h os) (Forg' ™" +< Fopgt ™) spin azimuthal asymmetries
have been measured
+ ¢ sin(dy, + dg) F;_f.';.{r""“”'"‘“"] + £ sin(3dy, — dg) Fh’m( 3on=¢s) | on d (2004):

all compatible with zero!
COMPASS

+V2e(1 +¢) sinog me’ +V2(1 +¢) sin(20, — og) Firy sin(2¢én —¢s)

+ |SJ_ |‘:%'t l"u" 1 — 52 Efﬁ(ﬁ.}h - r*'"a} f‘if}%{ﬂh_ﬂﬁ} + 2:‘(] — E} COs (h, f’E‘F”H

+ 2 E'“ - E} L‘.U:-_ili?r___-";h — {.}‘,} E’ET;{ 2y, _‘-".H]] } |



sin2 @y,
Fyp ™ ee

longitudinally polarised target hpoH;

“‘worm gear” PDF
® Collins FF

0.06 0.02
s COMPASS 2002-4 -
S ol HADRON ASYMMETRY © 0.015—  Avakian et al., 2008
‘» “* | from L-POLARIZED D-TARGET ‘g n
< = 001
0.02 — -
1 S 0.005-
I CJ T :
0~ ‘"[ """" e .|L """" . """""""""""" T """" 0F
| N
002 - -0.005-
[ Oh c
+ -0.01— @ .
ooa kT hep-ex/1007.1562 - ope Thiswork '@
I (accepted EPJC) _0'015:7*”:HERMES Lﬁg
0.06 L 0,00 AT physics Letters B 562 (2003) 182 M

102 107

X

102

10"

X

small, compatible with zero

within the statistical errors COMPASS sign convention
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SIDIS cross-section

do -
da dy di) dz doy, r.EPJ,'f i
2

xyQ? 2(1 —¢)

+ 5{705[2@},} 1t::-:2f'3,l + }" ,.-"25 ‘:tlIl (:"h 'E'-lI]{.?'_,l

@[ 22(1 l *:.uln:?),r,,)“"w’ + ¢

. ! sinf o —dg) _ pein(dp—ds)
+ |SJ_| [h]ll{c-)f, — {I-:l'_r.;] (P;I(‘J—rf Og +e }‘{_”;'F_r: g )

9
x Y (HHH
: J (I-I-—) {f‘rr r4 ek +2e(1 4 ¢) cosoy Frp ™"

(1 —¢&) coson Hrp ’]

all the longitudinal
spin azimuthal asymmetries
have been measured

+e H'l]'l((-f)h + bg) F}.&i.ri‘;{r.'u.+r.'r.‘-;'] + & sin(3¢y, — ”H) F-:m( 3o, —ds) ond (2004):
all compatible with zero!
COMPASS
+ 25“ + :} sin :"h., fx.lnu:, + E{] +E} 31]1{ )l"?"h B (j%) i. ﬂ]l]l:z‘.l‘h—ﬂ.’ﬁ} { / 1

+ S 1| Ae !"v“ I — 2 cos(op — bs) f‘?ﬁm'_‘”} +v2:2(1 — £) cos ¢y

+ v 2e(1 —2) cos(20, — og) f,‘;:;*:‘{zf_'rh _;,-:_L,-]] }

next: results from
2006 d data
2007, 2010 p data




results on TMDs
from 2002-2007 data

Collins asymmetry and the transversity PDF
Sivers asymmetry

other azimuthal asymmetries and TMD PDFs

from SIDIS off transversely polarised
longitudinally polarised

unpolarised targets
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SIDIS cross-section
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cos® and cos2¢ modulations
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cos2® modulation

deuteron data
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work ongoing
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and interesting results on
hadron distributions in SIDIS
off unpolarised deuteron target
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hadron multiplicity vs transverse momentum ﬁ -
of the final state hadrons LOMLEASS
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as well as the cos¢@, asymmetry,
these data can be used to extract
the intrinsic transverse momentum
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hadron multiplicity vs transverse momentum
of the final state hadrons

JF Rajotte, Praha-Spin 2010
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hadron multiplicity vs x, z and Q2

Results : 2D (Q2,z) Multiplicities for n* & K*
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future

COMPASS Il Proposal

 pion (and kaon) polarizabilities 2012
* Drell-Yan 2014
* Deeply Virtual Compton Scattering with
* LH target 2015-2016

e 160 GeV muons

to access GPDs test run in 2012

2 years of data taking approved
by CERN in December 2010

in parallel to DVCS we proposed to measure
SIDIS off unpolarised p target

- azimuthal asymmetries
- P2 distributions
- multiplicities and FFs on p



future

COMPASS Il Proposal

 pion (and kaon) polarizabilities 2012
* Drell-Yan 2014
* Deeply Virtual Compton Scattering with
* LH target 2015-2016

e 160 GeV muons

to access GPDs test run in 2012

statistical errors from one week of data taking with LH target in parallel to DVCS
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summary

a lot of SIDIS results on TMDs have been produced since 2005
very interesting, with some surprises

» solid evidence for: transversity PDF to be different from zero
Sivers function to be different from zero
new results will come very soon from COMPASS (2010 data)

« several allowed TMD asymmetries seem to be hardly measurable in SIDIS
* new interesting results from SIDIS off unpolarised nucleons

future:
« COMPASSII will contribute measuring DY and SIDIS

« much more data in different channels (SIDIS, DY, pp) at different energies
are needed to study these new functions

SIDIS is an excellent tool to study the transverse spin and the transverse
momentum structure of the nucleon

- JLab 12 GeV
- ep collider
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