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COMPASS results on the nucleon spin structure
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1. INTRODUCTION

1.1. What is COMPASS?

1.2. COMPASS physics goals.
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1.1. COMPASS: THE new fixed target facility at CERN !

1996 COMPASS proposal
1997 conditional approval
1998 MoU

1999 - 2001 construction
& installation

2001 technical run

2002 - 2011 data taking
COMPASS-II @CERN at least until 2015




The COMPASS Collaboration
(230 Physicists from 12 Countries)

Bielefeld, Bochum, Bonn
(ISKP & PI), Erlangen,
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Mainz, Miinchen (LMU &
TU)

Dubna (LPP and LNP),
Moscow (INR, LPI, State
University), Protvino

Warsaw (SINS),
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The COMPASS spectrnmeter and target
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Target: “LiD (02-06) - hH3 (2007
P_~ 50% / 90%

f (dilution factor) ~ 40% / 16%
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el o e NS Sl RS

With muon beam:

nucleon spin structure

Gluon Polarization AG/G

Transverse spin structure function
hy(x)

Flavor dependent polarized quark
helicity densities Aq(x)

Spin dependent fragmentation

functions

Diffractive VM-Production

With hadron beam:

hadron spectroscopy

Primakoff-Reactions
-polarizability of = and K

Glueballs and hybrids

Charmed mesons and
baryons

-semi-leptonic decays
-double-charmed baryons
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The Coyﬁs starting point

e

4 N

5=5AY +AG + L,

T 77

small unknown  unknown
EMC, SMC in 1997  up to now

Smallness (<30%) of A confirmed by SMC!

"Where, oh where is the proton spin?”  eotieace
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Theory Input 1988

CHIRAL EYMMETRY AND THE SPIN OF THE PROTON *

Stanley J, BRODSKY #, Joba ELLIS ** and Marek KARLINER

& Stanferd Linear dcoglarator Conter, Sianfird Unrvarsity. Stanfied, €4 54305, US4
B CERYN, CH-12E] Gonevs 25, Swirteriand

Reetived 22 Pebruary 1968 PLB 206 (1988) 309
A erisis in the parton model; |
where, oh wheve is the proton’s spin? bl
A.V.Efremor, 0.V. .
E. Leador and B, Anselninn® :
kbl i llr-i'witf b ].-l'l.i.:ﬂll'l... L;'F:fl,rw._!m
Yopartimmmte & Fiskin Tronei, Vaberaid ok Tomne BISE Tonme, dak ,
Fwrtead 15 Mach 1 SPIN STRUCTURE OF THE NUCLEON
ZPC 41 (1988) 239 AND TRIANGLE ANOMALY

THE ANOMALOUS GLUOMN CONTRIBUTION T PFOLA RIZED LEFTOPROLDECTION
&, ALTARELLI and G.G, ROSY !
CRRN. CH: 820 Gepons 31 Swptsasbusd

PLB 212 (1988) 391

Feesivod oF Jums LVGS

Large gluon contributions have been advocated and COMPASS planned to see it.

.
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2. DIS from longitudinally polarised targets

2.1. DIS x-sections & asymmetries
2.2. Inclusive asymmetries and spin structure functions

2.3. Semi-inclusive asymmetries and helicity PDF
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2.1. DIS x-section for Inclusive & Semi-Inclusive Deep
Inelastic Scattering

E k) “ O’ P-gq E-FE

N Inclusive: |+ NI +X
“Semi-Inclusive: 1+ N =21+ N +nh + X, n=1,2,..

Incusive x-section : product of contributions from the lepton vertex, which is
described in QED, and nucleon vertex, which is expressed via nucleon
Structure Functions (SF). In QPM structure functions are expressed via Parton
Distribution Functions (PDF) — factorisation theorem.

Semi-Inclusive x-section: product of contributions from lepton and nucleon
vertexes and from the Fragmentation Function (FF) of quarks into hadrons.
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Structure functions & Parton Distribution Functions

Three twist-2 (LO) SF & PDFs, equally important for description of the nucleon structure:

q(x)
f, 9 (x)

AQ(x)
g4%(x)

unpolarised PDF
guark with momentum xP in a nucleon
( well known — unpolarized DIS)

helicity PDF
quark with spin parallel to the nucleon
spin in a longitudinally polarised nucleon
( known — polarized DIS)

transversity PDF
quark with spin parallel to the nucleon
spin in atransversely polarised nucleon

(chiral odd, poorly known)

=
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PDF AND STRUCTURE FUNCTIONS

R |
Inclusive DIS: unpolarise
do __e Y[l 1 (.Y Y
dxdy 4wz |2\ ' J2xy | 2 4!
t

t

ey M
L — LELS-0) (prel ) 94-400 _ 2
: 7 umcorrelated ertor Q =10GeV |
T correbiled error |
¥ _xu., Fz(x) =t EX'F-I (K) Callan-Gross
08 ........... MREST 2001 - |
| =4l ZEUS-S
s
od B
"3

wal XS(x 008

%8
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2.2. Inclusive asymmetries and spin structure functions
2.2.1. World data on A1(x)

2.2.2. g1(x,Q2)
2.2.3. Test of the Bjorken sum rule

2.2.4. QCD fits and preliminary data on gluon polarisation

.Savin@HS'11 s



X-section asymmetries are measurable values for
studies of polarised SF and PDF

Inclusive scattering ; o
(E. k)
Wl )’
2q egﬁq(x, Q?) Do,
A — v o 4
1 ik

Y qegq(x, Q4)

Semi-inclusive scattering

- w
Al — 2.q egﬁﬂ?(% Qr‘))DQ(Z; Q%)
L= g EEQ(X, Q<) Dg(zi Q<) long. double spin asymmetry
Yq esATq(x)AY-DI(z, plF)
A _2q &gRTY THg\4 PT |
Coll — transverse single asymmetry

Sqe3q(x)Df(z, pT)
z=Ep/v
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Interpretation of AI in terms of structure functions

q AqQ(x) = q(x)” —q(x)
qQ(x) = q(x)" + q(x)
+ quark TT nucleon
q - quark T4 nucleon

: £ 2 i ; 2.
AmQ%—mfmmuLfFﬂLQR_w&Qf_wmQHMHR}
o outon ) eq(x.Q)  F(x.Q)) F,(x.Q)

+ g, (polarised structure function) is obtained from the asymmetry A using:

F. — SMC parameterisation and R=0¢"/¢" — SLAC parameterisation

b 1"
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2.2 1. Inclusive asymmetries Ald"P: Q> 1 (GeV/c)

Deuteron data (2002-2006) Proton data (2007)
e B * COMPASS 1 P Y " e
IRE! I { 11| sme l 08 E% h s
L] . [ " E143 u E 7 ' E155
i i .] L} 1| | = Ess 1111 3 03 oOF 4 iLd { " -.Eg?:uss
o } ] * HERMES T3 04 | — | | = cLAS w2
N _:1._{:_ T 4 03 1RE ; o | * COMPASS
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— .—_.'-.‘..—:-01 - . s em——
10° 10" x 1 i o’ x|
COMPASS, PLB 647 (2007) 330-340 COMPASS, PLB 090 (2010} 400-472

* Good agreement between all experimental points

« Significant improvement of precision in the low x region: compatible with zero
for x < 0.01

« No negative trend for A]d
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2.2.2. Q¢ evolution of g,(x,Q?)

Q¢ dependence of g, data related to gluon polarization (DGLAP)
 Limited kinematic range (c.f. unpol. HERA)
* Proton data will be updated in 2011
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2.2.3. Bjorken sum rule test s

?:-l -,,. TQ -
N9(Q?) = CY(Q4) F (2, Q) = gz, Q%) — g (2. Q%)
NS G v
Xg. (x) ngs \dx
011 “ing.2 | fBjorken sum rule
i 0.18 F } 4 ; ;
"L CoMPASS data } 0'16; ! {'}
L 0.14 —
0.06 - - ¢
: 0.12 F ;
- 0.1} o
0.04 :
K ; { o CoMPASS data ¢ ;
0.02 - 0.06 -
S S 0.04 |- 8
Oz_§{| . L] . L 0'02;_ s
102 10" ol e
X 10? 10 X .

ga/gyv| = 1.28 £ 0.07(stat.) & 0.10(syst.)

ga/gv| = 1.269  from neutron B decay

e
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2.2.4. QCD fits and preliminary data on the gluon polarisation

g, @ NLO
—

In QPM g, is related to the polarized parton distribution functions (PDF):

1 3 1
gff“’(x,Qj)=E(E‘m E{igdqj +an3}+cs ®AX +C, Eﬁ,—j{?]

Where C,. Cgand Cg; are Wilson coefficients,
Aq,, Agg - non-singlet polarized quark DF,
AX - singlet polarized quark DF,
AG - polarized gluon DF, 1

& - convolution: a(x)®@b(x) = J.%ﬂ [i] -b(y) .

In the 3 quark limits:
AZ = Au + Ad + As,
Aqgy = Au- Ad,
Aqg = Au + Ad - 2As
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FITTING PROGRAMS
.—

PROGRAM 1 [SMC, P.R. D58 (1998) 112002]
numerical solutions of the DGLAP evolution eguations for PDF’s.

PROGERAM 2 [Refered to in P.R. D70 (2004) 074032].
Works in two steps: 1. Analytical solution of the evolutions equations for the PDF

moments,

2. Inverse Mellin transformation of moments for PDF’s
reconstruction
(similar to one developed for the QCD analysis of F,

(x, Q%), [Krivokhizhin et al., Z.Phys. C36 (1987) 51])

Both programs work in the MS renormalization and factorization
scheme in next-to-leading (NLO) appreximation and require input
parametrizations of PDF's

Qe
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FITTED xg, & WORLD DATA

The world data on xg,(x) at Q,>=3 GeV* are shown in this slide together with
the QCD fit for AG < 0 (blue lines).

SEEEE
HH 1
2248

:

The fit reproduce trends of data rather well. But precisions of present
measurements, especially for gl and gl , are still poor.

S al
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Preliminary data on gluon polarisation and the QCD fits of the world
data on g1(x,Q2): two solutions, positive and negative values of
gluon polarisation are possible.

fit with AG>0, MS scheme, Q°=3(GeV/c)?

AG/G

I fit with AG<0, MS scheme, Q?=3(GeV/c)?
08 * COMPASS, open charm,u?= 13(GeV/c) prel.
I @ COMPASS, high p_, Q?<1(GeV/c)?, prel.
I v COMPASS, high p Q%>1(GeV/c)?, prel.
0.6, ] SMC, high p_, Q2>1(GeV/c)2
I A HERMES, hlghp all Q2
0.4 i
0.2—
_Or——m _______ :—
-0.2— O
0.4
B : e
0.6 — | | L1 1 1 1 | | | | L |
- -1
10 10 X
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2.3. Semi-inclusive asymmetries and helicity PDF

2.3.1. Proton & deuteron asymmetries
2.3.2. Helicity PDF

2.3.3. Gluon polarisation, direct measurements
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2.3.1. Proton asymmetries and...... o Y «};_’

* incl. & semi-incl. asymmetries,
ar data for deuteron

A1
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o COMPASS preliminary,
proton data 2007

O HERMES PRD71(2005)
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Deuteron asymmetries
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2.3.2. Helicity PDF and the role of quark flavours
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XAd
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Comparison of As with As

COMPASS PLB 6953 (2010) 227

g 004 L ;
g oftdg i g bt
= 002 : ! I ]

004 — T | '
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Quark helicities from SIDIS ( Q* =3 (GeV/c)’ and x <0.3)

04E xau s K ay || XAd « COMPASS
0.2 P ‘o | PLB693(2010)227
- B i )
'U T__E_E__.:___f__ﬁ:ﬁ_i ——————————————————— :——-.—-_——-_——‘-—_—_-——T——:l—t ——————————— phalin s ]
- i . r*r*-xf-i11).._:__3_§_ Sz | © HERMES
0.2 - ? :
~ il | |||||||| RN SRR | ||||||||k |__|||||_D551“’"
0.05— XAU L | .-l ~ xad ] J
0 :— Py +____ L : . o TR
0.05 : :
_ I |
0.02F xAs 107 107 x
. ¢ & T b . s .
] .{L_'_'_‘;__—_:.—.'.:.jf--_f—.;’_";_-- --F-T"-"-“'" * Sea quark distributions ~ 0
0.0z + * Good agreement with global fits
-0.04 |- . )
C ] L] Ll 11111« Full flavour separation until x ~ 0.004

1072 10"

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




Au — Ad: Flavour asymmetry?

* The considerable asymmetry observed for (u - d) is not verified in the

polarised case :

 Au-Ad is slightly positive but compatible with zero!

T
<
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2.3.2. Gluon polarisation

2.3.2.1. Direct measurements
2.3.2.2. Open charm analysis
2.3.2.3. High-pT analysis

2.3.2.4. World data
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2 32 1 Direct measurement of AG/G in LO

photon-gluon fusion process (PGFE)

—

W
.
4 q
Y

[a5A0"FAG(x,5)

PGF _
A;-h‘ - I"da FGF ~ 3
| dso | Xg.S)
AG
~<af&>AC
G

y

analysing power

There are two methods to tag this process:

Open Charm production

* y*z = = reconstruct DY mesons

« Hard scale: M::

¢ No imntrinsic charm in COMPASS kinematics

*» No physical background
«  Weaklv Monte Carlo dependent

e [ ow statistics

High-p_hadron pairs

* Y'z—qq = reconstruct2ijetsorhh”

e Hard scale: Q%or EpT: [Q"=10r Q" =1(GeV/c)

*» High statistics
* Physical background

» Strongly Monte Carlo dependent
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2.3.2.2. Open Charm analysis: Simultaneous extraction of AG/G and A"

* The relation between the number of reconstructed D° (for each target cell
configuration) and AG/G 1s given by:

N, =apn(S+B) 1+fPIPu[aLL > JG+D£A"E]), =(u,d,u',d")

;/ \.\\\ | S—B“E S+B
o S

acceptance, muon flux. number of target nucleons Open Charm event probability

« Each equation 1s weighted with a signal weight _=1P a S/(5+B) and also

with a background weight ®_=1P D B/(S+B):

8 equations with 7 unknowns: AG/G, A" + 5 independent o = (adn) factors

The system is solved by a * minimisation

e
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D' invariant mass spectra: All samples (2002-2007 data)

! D* - 0'r, — K, Y D*— D'n, — Knn,
= | =
e i N(D") = 8500
g F
H N(D")=13000 | 3
I é
1004 ‘]\ I ]
1004 'ﬂl'-l'-'l-
T T 0 m A ) 1 ] {
M, - ML, [MehTe W - W (M)
3 D' = p'm, =K, voaf D —Kr
i 3 )
T RICH sub-tehold Kaes =
1 E [
j l/ & 1
e N(D") = 3050 '

N(D') = 62000

K T T TR %’?D B T T T T T TR T
My i M- i)

Eventa § 10 Maw)

0t D* — D' x, - Ko,
: N(D") = 4050
15-|]-['_
1[l]'[l-
nf

Number of D

» Total — 00600
« LiD — 65600
+ NH, — 25000

.
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Open Charm results in LO

COMPASS 2002 - 2007 AG/G 0 COMPASS 2002 - 2007 Background Asymmetry
o 2T
2 | Preliminary e | Preliminary
; I
Jhe e e e v ———————— :-D.ﬂﬁ o R R e Fpesmsamannang
- -
i B
- E -
! } r ]
o— T g0.00f ;
_1_— ......................................................................... 'D.H o o o B e
4k : : : - L 010l - - - - !
D:I Di:'l D:'ﬂ:':' Dlziﬂ'la: D::h:i:m: Tﬂtﬂ] D:r{a: D:l{a: D:-::H'I- D*]:‘:l iE :-h{i::m
AG 0.11
— ’ ‘= =13 (GeV/e/

= —0.08 + 0.21(stat) = 0.08(syst)

@=<x,>=0.11_p, <p
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2.3.2.3. High—pT asymmetries (2002-20006): Q*>1 ((3‘-41&:\?';’«:)2

* Two samples are considered:

» Inclusive asymmetry

} ____EE____F_;;;'_ PGE,inc | Lo - C,inc | - | EJ'LDJMII
FN (o | Jne ine ()
Ay(x)====(x ) an m]”"] (Xl ary —fome | + A1 (3g)| Do
\ (r | | r | \ O |
eXp [ PGF| C LD
my | A _AG | pcFO Ln C
o '
K

11iglll-pT hadron pairs (pl_l /p,= 0.7 /0.4 GeV/c) = enhancement of the PGF contribution

_ﬂ'_tf.f- ' :If _p—--""dﬂff
L ||QCD- & 1,
PGE | Compton *

LO DIS
.l'h.\,_
vr'w.. -
e
oy e —
e — N

e
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Extraction of AG/G from high-p_: Q"> 1 (GeV/c)’

¢ The gluon polarisation 1s determined from two asymmetry samples: the two high-
p_ hadrons and the inclusive data samples. The final formula is:

| . R = o
ag —l[ﬁﬂ{}{ji—;ﬁmr‘ ‘auxﬁju L0 A (x)B, + A (x)B,
g p Rro
PGE PG 10 1 10C] RL'D FG ]uc]R RLDI;J:"HLI_
p= arr RPG"_ R“GFT nc D
RLE‘ RI_G

+ [, and [, are factors depending ona_‘and R,
¥ = | 1

« Each event 1s weighted with @ =1tD Pu B —  statistical improvement!

* The following parameters are obtamned from Monte Carlo. and then they are
parameterised event-by-event by a Neural Network (to allow for their use in data):

me Lt me PCF O L0 PGF e Cine LO, ine
Rj:-:-E‘Rc‘RL@‘R?Gf'Rc'Rm‘H"ﬂ"a"ﬂ' . a ﬂdu_

e
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High-pT results: Q°> 1 (GeV/c)’

ﬂc?— = 0.125 + 0.060(stat) + 0.063(syst) @ <x,>=0.09"5y ,<u’>=3.4(GeV/c)

) 0.4 ;
Sos '

0.2

0.1 '8 '

H
1 !

Preliminary

P
2 S5

e
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High-p_ analysis: Q° <1 (GeV/e)

T 0 01 02 03
pd-e w + 2hihigh p,) + X e | | !
rurflr: = O
000 i H s NT—gend | |
J . __ — —oDIS e drect
' %";‘?ﬂ? el ® 1esoly. g
1:]—’ " .r_—-"'_-'- _*'_-—_ I 1
Sk 10% of = s
tatistics A 7
s — = f,f
0 - ) -2 I -1 \L : | — -Fr_-.- - —
10 10 ;I 10 2‘lll'l S | | '
Q” [(GeVic)'] yove- .
__‘ﬁf% ., NEdlect LO DIS and low p,

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. Lerr. B 633 (2006) 25 - 32
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2.3.2.4. World measurements on AG/G in LO

Gluon contributions to the nucleon spin are small.

s
_E‘ B B COMPASS. high p 07 » 1 (GaVicy', [12.06] data,  o* | - 3 jGaicy”
E'.I' 0.8 - ] COMPASS, high pr. 0F < 1 (GaWicl’, [12.04] dets, { 57 = 3 {GeVicy?
"":j 0.6 :_ * COMPASS, Open Charm, L0 all &, [02,07) data,  p* ) = 13 fGabicy’
. B I:l SMC, high p , 0F = 1 |GeVWicF, 17} = 3 {Gelicf*
0.4 A HERMES. high p_, all &, " ) ~ 3 (Galcy
0.21- ‘ I o l
0 B — ¥ + * A
[* |
0.2 3
0.4
-0.6
0.8 NLO analysis is in progress
.1 | I I | | | | | | | | |
‘“TE 1 n=1 X



3. DIS from transversely polarised targets.
Transverse Spin and Transverse Momentum
effects in SIDIS.

3.1.Transverse Spin & Momentum structure of nucleons
3.2. Results on the Azimuthal modulations (AM) with T-targets

3.3. Results on the AM with L-targets
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3.1.Transverse Spin and Momentum structure of the Nucleon

Three distribution functions are necessary to describe the quark structure
of the nucleon at Twist-2 (LO) in the collinear case: f,, §; and hz

Transversity PDF, hl orA;q , describes correlation between the transverse spin

of the nucleon and the transverse spin of the quark.

Taking into account the

guark intrinsic transverse
momentum, k,, additionally
5 PDFs (“TMDs") are needed

for a full description
of the nucleon
structure at LO....

guark
polarisation

nucleon polarisation

U L T
/i
U number density q
g, (=m-(»
helicity A(
7 Y ~
T h 4 - (9

transversity




....additional to the “colinear” are PDFs:

Sivers function , correlation between the transverse spin of the nucleon and the
transverse momentum of the quark in T-polarised nucleons,

. 1L . .
Boer-Mulders function } - correlation between the transverse spin and the
transverse momentum of the quark in unpolarised nucleons,

il il

h]L (hIT) - similar to Boer-Mulders, but in L (T) polarised nucleons,

nucleon polarisation

8,7 -similarto8; , but U 1 T

in T- polarised nucleons .

]l -
! f, fin o -

number density q Sivers

» &

guark - (O | £ 7o) - («
polarisation - gl m

helicity A(

h . @

i il 1 &) - ¢

T h] Yy € hIL em- O» transversity

L 2
T-odd TMDs Boer - Mulders hIT o) - o

Asq




The azimuthal distributions of hadrons in SIDIS of leptons off
T-, L- and Un-polarised targets are sources of information on
new PDFs and PFFs, characterizing the longitudinal and
transverse spin structure of nucleons, e.g.:

do, |dg~h(x)®H*(z)-sing+... (+N >0 +X+h
f " 2 1';]!: ! ! ':._ J Production plane
I I’
. i f_:;:‘s s = 0y
P I £ e
|lll-'i| h]{:!:r) +“'-'E Scatfering plamne

A number of PDF’s and PFF’s enter in total SIDIS cross section. They
are characterizing by modulations vs. various azimuthal angles,
particulary vs. Collins or Sivers angles.
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Azimuthal modulations

Collins and Sivers

angles
Q. = ¢, - bs
Do= by - s T

- t'.';’,\
|.Savin@HS'11 &



The amplitudes of modulations have forms:

mod 2 q h
P G ¢ Z e, oD,
q T A

any TMD PDF

corresponding FF

The measurements of the modulation amplitudes using
different targets with different polarizations
and
looking at different final state hadrons
give information on the different TMD PDFs for the
different quark flavors ¢




General expression for the SIDIS cross section

do 14 azimuthal modulations

d dy di d= dgy, AP
2 02

¢h (s) hadron (nucleon spin)
azimuthal angle in GNS

2
Ty Q2 2(1 —2) (1 + %> {FUU,T +eFprr+2e(1 +¢e) cos oy, Frp ™"
3 with unpolarised target

+ £ cos(20p) F5 2 + Ao v/22(1 =€) sin gy, Fy "

2e(1 +¢) sinén, Fyp " + sin(2en) Fp "

+[ V1—e2Frp++/2e(1 —¢) cos oy, Ff‘f’@h
3(5) with L polarised

|

@ [Sin(th — $s) (F;ri;&?h@s) i EF(S;;(E)}L@S)) target

+ & sin(¢p, + o) F;};(@,Lms) + € sin(3¢p, — @) Fff;?(g%*@‘g) 8 with T polarised target

+/22(1 +2) singg Fip % + /22(1 + ) sin(26y, — ¢s) F;‘};@@MS)]

[\/ 1 — g2 cos(op, — dg) cmif(@h*@‘g) + V2:(1 — &) cos g F7 ¢s

+ V21— 2) cos(2y, — o) FnPon=os) } they can be measured
from the same data

900¢ “|e 1o epayooeg v



3.2.Results on azimuthal modulations with

transverse target polarization:
3.2.1. “Collins asymmetry”

do B
do dy dip dz dgy, dP? |

@ !Siﬂ(ﬁf’h — ¢5) (FSE;E,?”'_W ) 4 ¢ Ff};ffh_(b*g))
+ & sin(dp, + ds{Frm P TOINL ¢ gin(3¢y, — pg) Frm3on—0s)

+/2e(1 +¢) sinpg Fim?S + /2e(1 + ¢) sin(2¢), — ¢s) Ff}i;(%h_%)

[V 1 — &% cos(¢p, — ¢3) Fﬁ(ﬁ(é"‘_@‘g) + \/2 e(1 —¢) cos ¢g FE(;WS

“Collins asymmetry”:

+V/2e(1 =€) cos(2pn — ds) Fyp 0%




“Collins” asymmetry is characterised by the

amplitude Ff}i;(@’ﬁ%) of the sin(g,+¢-m) modulation
In the azimuthal distribution of the final state hadrons

transversity “Collins FF”

PR @‘D@M@)f)

Coll ~ I
quq qe Dy

It can be measured from one hadron , two hadron
azimuthal modulations and Lambda polarisation in SIDIS
and from the dataon e¢e¢ >z’ X  atBelle,where
pions are from two differend jets.

g
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“Collins™ @ Belle
Asymmetries are proportional to the product of two Collins FFs

0.2 __ 0.2<2,<0.3 __ 0.3<2,<0.5
015 - ‘A" i
Y aq [ ;
< | I A
0.05 R SR | SR ‘
o b mmm am e
-0.05 _I | | | | | | | | | | _I | | | | |
0.2  05<<07 | 07z *
0.15 - -
o 01 - : ok :
< L i A
005, * -
0 = n 8 - . - = '
| | ——
-0.05 _I 1 | | 1 1 | | 1 | | B | | | | | 1 | | 1 | |

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

e
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“Collins” asymmetry

2005
* first strong signals seen by HERMES on protons: MILESTONE!

*no signal seen by COMPASS on deuterons

the COMPASS d, HERMES p, and BELLE data are well described in global fits
-> first extractions of the Collins FFs and the transversity PDFs

8 [
g g* 08
S N o6l
= kS
< a o4l
> = .
< o2l M. Anselmino et al.,
1 ] - Nucl.Phys.Proc.Suppl.191 (2009) 98
01 S
T 0.05 g 08 L
T o N
= 06l
<']‘ -0.05 S
: 0O o4
> =0.1 ., =
0151 T o2t
—02 : : : : 0 . s s s
02 04 06 08 1 02 04 06 08
X Z

e
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“Collins” asymmetry - proton

FOMPAS
COMPASS results from 2007 data for Kaons and pions: compatible with z

at small x, large signal in valence region of opposite signs for pos and neg

hadrons %
T‘:—E ] - p-r:sil:ilv.-n.:‘li )
E:q:u ol + K } ] - negative kK ] } J
IR E P B N X S R TS S
g t t ]
_oa- } i i
P | . | r—
0‘2 Ll bl L1 I | I | I I | I | 1
102 10~ 0.5 1 0.5 L5
X z P%
S ] S e T
R 0.1~ T % -
o- %2;325%% ....... R %} ..... = . ﬁ ______
ol t
P B —~— | p—— e ——
D.Z Ll Lo vl L1 I | I | 1 | I | 1 |
102 10-! 0.5 1 0.5 1 1.5



“Collins” asymmetry — proton: Hermes vs. COMPASS

ﬂ;‘ . h+ %e{’}lﬁn+

« HERMES T PrLBs9: 2010

vesealed by - f-<y= ) f-<y=+<) =)

COMPASS h™ PLB 692 2000) 240-246

1072 107

S 0.1+

—).1] « COMPASSh PLB 692 (2000) 240-246
o HERMES T PpLB 693 2010)

vesealed by - f-<y= ) f-<y=+<) =)

1072 107

same sign and strength:

a very important, not obvious result!

indication for: not a higher twist effect,
weak Q2 dependence of the Collins FF

P:'? v {ph} (GeV/c) i <
% 25 5 {Z}Z ,, 1 %
= Vicy
:mQO‘ ® (O (GeV/c) 10.8 =)
- ;;l"
15 10.6
10 104
5r | 10.2
o- - 20
N;' 10_ i o % i, —=
e | . rmes
S, o
-~ 0 o
o u
g/ 1_ lo‘ ‘ll . II‘
-1
10

COMPASS sign convention



Two Hadron Asymmetry

£ ool | 1 + {IHEP 080? (2008) 017 %

< 0.02 —E + % + —— * + —- + + @es .

o 5+*j- ,,,,,, + ,,,,,,,,,,,,,,,,, + } 7777777777777777 transversely polarised
‘ ’ e ————— protons:

Xoosb v . N . ,., R o _'% LY. 1,2 first evidence for a
0.07 - B/ N Coests " «m_J{oor  different from zero
el Tt S | oefs X os  jntarference FF

0.6 0.8 1 0.05 0.1 0.15 0.2 0.4 0.6 0.8
M_ [GeV] X z

deuteron: compatible with zero at all x, for all the used combinations

proton: large signal in the valence region

0.1 _
. sign in agreement D&E | h* b pEiI'S COMPFPASS|2007 transverse proton data
with the Collins ; i -

asymmetry T 1%:% [$%; . 3
- strength ~ larger - } ii F % ¢ ¢ ﬁﬂ*i I
than the Collins o1 i % )
asymmetry . g -
102 10 10.2 04 06 08 0.5 1 15 2
X z M_, [GeV/c?]

same sign, higher values from COMPASS than from HERMES
different kinematics and extraction

.
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Results on azimuthal modulations with

transverse target polarization
3.2.4. “Sivers” asymmetry

1 . ” 2 lgq
i = ag;vrﬁrrrsletry' A= 24y Jir ©DF
dv dy dip dz dgy, dPE, - A Siv 2
! quq f,eD1?

@|[ sin(¢y, — QSJ ( ;;11(? ¢3)+8Fg%(§h_¢s))

_|_E€ Slﬂ((bh—Fqb}) ‘31“(@5h+¢8) —|—esm(3(;§h Cb ) g;(%h—ébs)

+/2e(1 +¢) sinpg Fim?S + /2e(1 + ¢) sin(2¢), — ¢s) Ff}i;(%h_%)

+ \/2 (1 —¢) cos(2¢ — og) Fg(;f(g%_%)

L.Oavinwros 11 e, 2



“Sivers” asymmetry F(S]i;(?h—CbS)

2005
- first 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
good description of the experimental results

M. Anselmino et al., Transversity2005

Ll L(1/2
X flT( )q(x) X flT( )q(x)
T | | T | ] C T | T T ‘ T ‘ T ]
Ref.20) ——] 03 - Ref.[20] ——
Ref.[23] ——- F Ref.[21] ------ .
0.05 [- 1 "0 ~ E
- TN~ O\ d-quark 1 o1 b d-quark
,/ T~ — ~ 3 — ~ :\
/4 N
0 === 0
AN :
— -0.1 —
0.05 <-_ u-quark N - u-quark
L 1 =02 -
X1 1 HERMES x-range 03 1 1 I I | HERMES x-range
o1 o T e E
0 0.2 0.4 0.6 0.8 X 0 0.2 0.4 0.6 0.8 X
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“Sivers” asymmetry - proton

COMPASS results from 2007 data

COMPASS 2007 proton data

|

KR

Wi # ______

&  negative K %

5 1 15

p‘_i’r ({:je‘vﬂ’c}

avin@HS'11
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Sivers asymmetry - proton

h‘ %f s T

—0.1— & COMPASSh™ PLB 692 2000) 240-246

# HERMES ®m PRL 103 (2009) 152002

1072 107! 8 & 0.1
=T
0
e Ssame sign
- COMPASS results in the overlap _g 4

region smaller by a factor ~ 2

good agreements

L *
P
_+____i___i____i____*_ __________ o '} _____
4
E% 1 S ﬂ:+
COMPASS h™ PLE 692 f2000) 240.2456

HERMES T PRL 103 ¢2009) 152002

1072 107!




Results on azimuthal modulations with transverse
target polarisation.

PP preliminary results

3) 6 other asymmetries all the other 6 are small,
compatible with zero both on p and d

do F 555~9s) positive for zt- on 3He

do dy dip dz dgy, dP?, at JLab E06-010

+ 18|

e
— sindg .
sin(¢p — ¢s) (F{}%(? ¢s) 4 ¢ _%.M / Fyr” different from zero

1

+ & sin(dp, + dg) Famv08) o in(3¢y, — pg) Frm3on—0s)

+ \/2 e(1+ ¢) sin ¢g Ff}i;(bs + \/2 (1 + ) sin(20p, — ¢s) Ff‘]i;(%h(bs)]

+ 1S 1A [\/ 1 — 2 coslbn — de) FOSP=95) | /o7 — A cos dha FEO59S




Results on azimuthal modulations with
longitudinal target polarisation

do
de dy dip dz déy, dP?, twist 3

V1—e2 Frp++/2¢e(1 —¢) coscph
V2e(1 + ¢) sin qb; ssin(ngh

twist 3 n L
h]LH]
worm-gear

_I_SH)‘E

+ SH

OMP4S

no clear signal (on deuteron) EPJC 70 (2010) 39

F[Sjiand’h from CLAS arXiv:1003.4549

sin¢,, ,f( — PLB 562(2003)182
Fo; from HERMES %M PLB 622(2005)14
I S

=
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The cross section and L-asymmetry of the h production in SIDIS:

do =do, +P,udGLO +P1:(do-01: +PﬂdO-LL)+ ‘PT‘(dGOT +PﬂdGLT )’

d «—<=
a(f) = d‘lc B|(do,, +P,do,, ) +|B,|tg(8 )do,, + Pdo,,) -

where contributions to o; (i=beam, j= target polarizations) from
each quark and anthuar'k (up to the order of (M/Q)) have forms:

Twist 3
do,, o« €xhl(x)® H} (z)sin(2¢)+/2 € (I- €) M [ h,()®H(2) + f; (x)® D,(2) |sin(g),
helicity ¢ Twist 3
do, x\I-€  xg,(x)®D,(z)+2e(—0) Ly (g5 (0®D,(2)+¢,(x)® H{(2) |eos(9),
transversity ¢ pretzelosity
doy ¢ €[xh(x)® H, (z)sin(§+ ¢ ) + xhy,(x) ® H; (2)sin(3¢ — ) Mo german
Sivers Bucchetta et al.
—x 1; (x)® D,(z)sin(¢—¢,)] ®=convolution in k;

do,, c ~Nl-€'xg, . (x)®D,(z)cos(p—¢p,). . ¢g = 0 for L-target

[.Savin@HS'11




Method of the analysis %

N (@) NP Cr(PL,0.(p) C/(PL,0(P) o.(p)
N°(p) Ny (p) CPPDL o (P CHHL 09 o (¢)

Rf(¢)_

_ (1 o P+I,Jfaf(¢)xl 15 P+],)faf (¢))
R, (¢) = - - ,
=P a, (HN1-Pa,(4)

Rf(¢)_l
U D U D
Rl—,f +1)+7f +1)_’f +1)—,f

af(¢) &
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The weighted sum of azimuthal asymmetries a(¢)=a,(¢) & a.
(¢) for h-and h* averaged over all kinematical variables :

0.02 0.02

COMPASS 2002-4 L COMPASS 2002-4
C HADROHN ASYMMETRY E HADRON ASYMMETRY
0015 = from L-POLARIZED D-TARGET 0L0is = from L-POLARIZED D-TARGET
T - N =
o - s i -
0.01 |- h 0.01 |
0.005 '-JI— " —L—_l_ E i 0.005 :—_1_ — e |
1= * : = =
i i | - ——— = I
o i o
-0.005 |- 0005 R
- e LN A Y - -] R.RR
T TR AU PO W TR PP EP ROl eIy S i B e s i s e
- A6 00 80 0 50 100 150 . -is0 -i00 50 O 50 100 150
¢, degree ¢, degree

a(¢) :aconst +asin¢ Sin(¢)+asin2¢ Sin(2¢)+asin3¢ Sin(3¢)+acos¢ COS(¢) or a(¢) — aconst

Fit parameters in units 10 -4 :

hh~ h* i ht
" e 20x11 3JoXxll 2V+11 30 =x1l
s 1416 -13+15 0 0
a=n e 04+ 16 -15+ 15 0 0
g=nse G+ 16 3+ 15 |l 0
ks 10+ 16 24+ 15 0 0
v!/nd.f. 3.42/5 5.18/5 4.82/9  8.03/9
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Modulations from L-target. Amplitudes vs . X, z and pT

"t ' | Agree with data on inclusive asymmetry

7, | Compatible with HERMES
Iy

z ’ pGeVie
ot . . e
= #lﬂ # ;- ﬁ* Consistent with zero within statistics
< T
z j:o 1oz o3 B4 98 °;;Fée2.fm'
| Tz::_ + I 'il + . . . . . .
* Ty b Consistent with zero within statistics
z . phiGeVic
x AE I : : s 4
T (BT TR . KT b U 0 Consistent with zero within statistics
7! + | h u n::,h ’T | | o::slf ’F + |
10 x % : oz oy Y [ 0.8 2 a7 o o4 0z o5 04 05 0% o;:‘;ée:;c 1

These are data from deuterium. Data from proton will follow.

u@' -
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Azimuthal asymmetries from the unpolarised target

3 independent azimuthal modulations :

do B
dx dy diy dz doy, dPE f
o v 1+l2 Four +eFuur ++/2<(1 +¢) COS@hF(}O?%
ryQ? 2(1 —¢) 2x ‘ ’ TR Ut
+ £ cos(2¢p) FE%Q(P"” _|_®\/25(1 — £) sin th + .. }
twist-3
Preliminary results on sin positive
for positive hadrons (d)
=

) -
positive for
% rmes positive pions (p,d)

CLAS: positive for
positive pions (p)

e
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Azimuthal asymmetries from the unpolarised target

3 independent azimuthal modulations Boer - Mulders
Cahn effect x Collins FF
do

' — 1 1 1
dx dy di dz doy, (ZPEL X Q(fl ® D1+ hi ® HY")

2 9 9
o' Y- 4 |
, 14+ — Foor+ebFuprp +v2e(l4+¢) coso
;EyQQ 2(1 8) ( 2;1?) { Uu,T UU,L \/ ( ) C()bC}

B sin ¢
(1 —¢) singy F, ;7" + ... }

+ € cos(2¢p

ochf‘@Hf‘+§1‘zf1®D1

Boer - Mulders Cahn effect
x Collins FF

Preliminary results on cos (phi) and cos (2phi) modulations are available

e
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cos ¢ and cos 2¢ modulations

first results for h+ and h- from COMPASS in 2008

<
:;_)‘QE ) | Y e e e g ——
3 satidg?t i 843
3 N s & @ i } #g? 2 ¢ % i
-0.05 TR I B 5;2 - g§§§
0.1 - - Poe
0as0s 1t - oL
COMPASS d, SPIN2010, preliminary
| | | | | | |
a2 a1l O 0.2 0.4 0.6 080 0.5 1
S
o - } { } -
&
0.05- i ; - i % ; i{}“{} {
Py i H
H BRI
n_.h_l__ ........................................ { .................. ; ............. OSSOSO RPN o LT } .........................
® h_
COMPASS d, SPIN2010, preliminary
I1I(;.2 '1'(;-1 xl] l].|2 {I.|4 l].lﬁ I].lazD D.IS 1

P! [GeVic]

OMP.

cos @

large signals over
all the x range

strong dependence
on X, z, P;"

surprising,
different for h* and h-
Boer-Mulders contribution?

Cos 2¢

large signals
at small x

strong dependence
on X, z, P
different for h* and h-



cos ¢ and cos 2¢ modulations: vs. 1l

.-
. S ]SS
‘QQ *
% 3 s ¢ @ $ }
-0.05- TR
-0.1-
01500 1
preliminary
II| 1 1 | 1| III|
107 10" )/
L3 0AfFem ]
> o 5
g Of : ]
~ 3% o0 B
0.1 ;
0 z: %M ]
B preliminary 1
AR AR TARKKRAA]

10"
X

uu

deuteron
data

cos2 @,

0.05

Yoy

K

2{cos(20

_ = L:
_0_05;%&{& .
X *’@-;

l.Savin@HS'11 %,

0.055— I . —
. _
1

(=

- preliminary

AN

10"

different contributions
of the Boer-Mulders
term at HERMES and
COMPASS?

from first fits to
extract the B-M
function (Barone et al.)

o difficult to fit all the
data

e« Cahn contribution
not negligible



Summary

A lot of SIDIS results have been produced by COMPASS
and other experiments since 2005 from L-, T-, and Un-
polarised targets, with some surprises.

L: QCD fits describe rather well the structure functions g1(x,Q2) but
produce ambiguous results for parton distributions.
Bjorken sum rule is OK up to NNNLO.
“Spin crises” is not over, qurks and gluons do not account for spin of
of nucleons. Next step — GPDs.

T : solid evidence for transversity PDF to be different from zero and
Sivers function to be different from zero.
Still, important points to be clarified concerning other TMD PDFs.

to know more: Transverity 2011
http://www.ecsac.ictp.it

Un : data on azimuthal modulations and corresponding PDFs are still preliminary.

=
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Back up slides
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DGLAP EVOLUTION EQUATIONS

[
iAqNS — a,( )PNS @Aqm (non - singlet),

dt 2

S 5 ) \
i[‘&E]_ ﬂ:.g(t) }:;’ﬁ' ZHIB?G ® AY (singlet & gluon),
dt\AG| 2rm |\F;, P, | |AG,

where [ = IDE(QE fﬂz) and ng:f;G:PGg are polarized
splitting funetions.

5l ad
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EVOLUTION OF MOMENTS
.

d . a (f)

1. E 3(8) (Q )—
n n )
d ‘5‘2{ )(QE) B o f) [;ng },gg}}{ 'QE[ :I(QE) (singlet & gluon

ygg ;Vgg A G(n} ( Qz L sector),

(n)

(mon-singlet sector),

dt| Ag™ (QE) 2

where ﬂq':"} j d}:r"ﬂq(x 0’ )

Vi -anomalous dimensions.

2. Aq(x.07)= 21:: :tjd”x_ﬂﬁqm

A ':.‘I.‘.-\ \al
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INPUT PARAMETRIZATIONS
-

-The PDF AZ, Aqg,, Aqg and AG at Q2= 3 GeV? are parametrized as:
% (1—x)% (1+7,x)
1 _ﬁ »
% (1—x)" (1+y.x)dx
Jox* (1) (1+7)
Ty Tg are fixed by the barion octet constants F&D assuming SU(3), flavor symmetry:
N = F+D, ng = 3F-D.
-The linear term y,X used for AZ only.

Positivity limits | As(x)| <s(x) & | AG(x)| <G(x) imposed at each step.
-Unpolarized PDF's are taken from MRST parametrizations
(Martin et al., Eur.Phys. 1.C4{1998) 463).

- Finally, there are 10 free parameters determined by minimizations of the sum (MINUIT):
2
fit 2 exp 2
7 30 1 & (I:':Qf )_gl (Ii?gf )}
X' =) -

- [g( x;, O; )r

AF, (x) =,

7, = [ AF, (x)dx

[.Savin@HS'11 . Wl



unpolarised target
SIDIS differential cross-section

g
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10"

unpolarised target

oM?e,

SIDIS differential cross-section deuteron
—— 0202028
L] L] L] I L] L 3 -'I L] Ll L] I L] +°M'm . . .
COMPASS 2004 LID (part) 0302035 hadron multiplicity
e Preliminary P Vs transverse momentum of
3 0. 40=2=0.50 .
e 0.502<0.80 the final state hadrons
e e —8— 0.60<2<0.70
“""n. —h— 0.70<2<0.80
‘ R W
' -ﬁ:}] JF Rajotte, Praha-Spin 2010 [ o2omen2s
¢n—ﬂ-+4}ﬁn|— ——r—r—r—r—T T —&— 0.252<0.30
{Q%:;.gggewc}z *ﬂ;*:*f?ﬂ B j0k. COMPASS 2004 LID (part) 0308
Xg=009%2 R B Preliminary ~enaan
0 0.2 0.4 0.6 0.8 1 =
p? (GeVicl* =
1
as well as the cos¢@, asymmetry,
these data can be used to extract *y -_j
10 o T

the intrinsic transverse momentum

g
(0% =1.48 (GeV/e
(Xg) = 0.0070

P | . PR | :  x  a |

0.2 0.3 0.6

p2 (GeV/c)?



unpolarised target oMP
SIDIS differential cross-section

JF Rajotte, Praha-Spin 2010

6}--. ----------------------------------
© * Ref: <kj>=0.28, <p{>=10.25 .
> * e 2 . .
= h': <k{>=0.15 £0.02, <p?>=0.45 +0.01|
o i Py the expected behaviour
9 — — = h <kj>=0.06 +0.02, <p?>=0.48 +0.01
&

COMPASS 2004 LiD (part) Preliminary =

= (1) = (1) + 22(k1)
peoio._ ] finalstate_t : '
———_F> 4 hadron FF PDF
(@) =1.92 3

does not reproduce the data
L (xBj>=0.0148 .
MEFEFEPE BPEPEPEEE EPEPEEEEE BPEPEPEE BPEPEPErE BT B asalreadyknown

using | (p3) = 2%(1 — 2)P(p32 ) + 2% (k3)

the extracted <ki) IS « smaller than in previous extractions
» different for h+ and h-
* Q2 dependent

a lot of interpretation work on the transverse momenum is ongoing:
news soon ?




Transverse Spin and Momentum Structure
of the Nucleon iIs studied from:

- the hard polarised pp scattering pj
RHIC / BNL,

- SIDIS off transversely and longitudinally polarised
targets: DESY (HERMES)

CERN (COMPASS)

JLab ,

- and several (future) projects for (polarised) Drell-Yan: "

CERN (COMPASS)
FNAL, JParc, RHIC, JINR(NICA), IHEP, GSI.  H

a
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Leading DIS experiments
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_// data taking with
[/ 458 T polarised target:

data taking with 2002-2004 (d)

T polarised target:

f
2002-2005 (p) %@es gg% %

 polarized (<60%) e*/e- beam » polarized (~-80%) u*
of 27 GeV, both helicity states of 160 GeV
« pure gas targets with T (p) and L (p,d) « NH; (p) and °LiD (d) targets with T and L
polarization, polarization, 2 (3) cells with opposite P,
fast spin-flip of target polarisation reversal every ~8h
 RICHPID K:2-15GeV  RICH PID K:9-50 GeV

Jefferson Lab
EO06-010 Collaboration

* 6 GeV electron beam
 transversely polarised 3He target
« identified final state hadrons

e
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kinematical regions

50 | ,A —
0* | 4% W
(GeV?) _ @GS
27.5 GeV
10
5|
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Collins asymmetry - proton

HERMES results:

* clear signal for t* and w at x>0.1,
opposite sign

« K*signal larger than &™:
role of sea quarks?

* higher twist effects?
limited statistics and range
to study the Q2 dependence

PLB 693 (2010) 11
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A polarisation ANTGWAX N AKX

A polarization axis

2
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Two Hadron Asymmetry
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azimuthal asymmetry in
¢RS= ¢R—|— - ¢s’

@rL is the azimuthal angle of the
plane defined by the two hadrons

R=(2,p,~ 2P (2,2,)
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Sivers asymmetry - proton

b7

final %e{mes results

* clear signal for t* and K+
over all the measured x range

- saturation for P;" > 0.4 GeV/c

 difference between K+ and 7™:
role of sea quarks?
larger at lower Q2
higher twist effects
in K production?

2 <Sin(¢'¢3)>u1' 2 <Sin(¢'¢s)>u1'

2 <Sin(¢'¢s)>u1'

2 <Sin(¢'¢s)>UT

2 <Sin(¢'¢s)>UT

e
—

0.05

o

e
—r

(=}

o
—

0.05 |

-0.05 |

0.2

0.1}F

0.1

o
T T § 7 171

N
E_ ; ++i* i + E_" - [ ¥ + :_ +++ ’ +
IS L o] I R
. tE
__+__{_Jf!r_;_f__+___+ +__+___*__t__+.-_f_+_+_+_f_t__t____+__
i b S T
- : + +_
+++++++;‘+++ i E_++++++ }
— T
K - + N'_
] H-}-+-+-5+-$--+-.+----1l-__.;_+.f’.+.f-+--+____+_.
'0-1_._.lﬁ'7.|_'_.|_.5. - .|.E....|....|
10-1 ) 0.4 0.6 ] ('.LSPhl [Ge\:]

PRL 103, 152002 (2009)




Sivers asymmetry

HERMES
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Sivers asymmetry - proton

final COMPASS results from 2007 data

PLB 692 (2010) 240

&  positive hadrons
#  pegative hadrons

AT

$
—0.1- —mn N —— s _#
—_——e ——ee ——
ul | I {]|5 I | | | |
-2 - ) 1 0.5 1 1.5
10 10 N . ph (GeVie)

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

systematic errors h™~ 0.5 ogy
h* ~0.8 o4, plus a scale (abs) uncertainty of + 0.01

e
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Sivers asymmetry - proton

COMPASS SIDIS

COMPASS SIDIS
IP'= I X

\’s = 17.3276 (GeV)

1072 107!

- 0.15
= P 1" X —_ 0.15
T ~ ?E
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-e_m 01l \s (GeV) -e_m 011
c - - =
— . i -
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0 l| — 0
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M. Boglione
X
a % positive hadrons .| negative hadrons
<t 0.1~ * COMPASS2007 proton data S0 g

0.05

-0.05

S.Arnold et al
arXiv: 08052137

higher precision

measurements needed

- 2010 data




Sivers asymmetry - proton

PLB 692 (2010) 240

hints for a possible unexpected -
W dependence of the h* Sivers asymmetn = 0.1  positive hadrons
same effect in K* asymmetry (SPIN2010) is 18 i }+ i
1) i RELE St &
-0.1-
Q2 dependence? L W75 GeV/e”
_U.E_I 11 ITIl H’Iri;TI-SI(TE:r:ITT | L 1 111
{5l ® x>0.032 102 =
*  x<0.032 X
> 10
=} R no definite conclusion with
5 5 - the present accuracy:
P higher precision
ae o * . measurements are needed
| I
0— [0 - 2010 data
W (GeV/c?)

S
[.Savin@HS'11 ¥



azimuthal asymmetries
unpolarised target

3 independent azimuthal modulations

do
dx dy diy dz doy, dPE fl

Q2 2(1 —2) o

+ £ cos(20p) F{%’&)h ®\/25(1 — ¢) sin (;)h +o }

twist-3

preliminary results gompsdy  poOsitive
for positive hadrons (d)

N positive for
s

positive pions (p,d)

92 9
a Y’ % o
(1 + )—) {Fl,r[,;:r +eFyur +V2e(1 +¢) cos oy, Eon

CLAS: positive for
positive pions (p)

e
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azimuthal asymmetries
unpolarised target

3 independent azimuthal modulations Boer - Mulders
Cahn effect x Collins FF
do

— 1 1 1
d:}?dyalzz’;alzdthde?L OCQ(f1®D1‘|‘h1 ® Hi)

o2 2 ~2
' I+ —|qF F 2e(1 s O
w02 2(1 = 2) ( + 2$) vt +eFpur +v2e(1 4+ ) cos ;
-+ 8608(2% Ae \/2 £(1 —¢) sin ¢y, Fz‘i(r}th + }

o hit @ Hi" + gz.f1 ® D

Boer - Mulders Cahn effect
x Collins FF

e
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cos¢@ modulation

EMC 1987

large effects
for h* + h-asymmetries

Xg =041

do/d, (arbitrary units)

used to extract <k;>>

o ) . . ) 4 6 M. Anselmino et al., PRD 71 (2005) 074006
o, (radians) iy, (radians)}
EMC 1991
— c:a 10 01<z <0.2 . 02<z,<04 | 04<z,<1.0
3 S |
—-— Q@ F ¥
2 e 1
A a- :
= % 10 _15
2 © : :
O ge] 2 i ] *
v o 10 + E . .
63 F + F
= 107 i * ¢
1 0 1 2 0 1 2 0 1 2

P2 (GeVic)®

e
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cos ¢ and cos 2¢ modulations

first results for h+ and h- from COMPASS in 2008
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cos @

large signals over
all the x range

strong dependence
on X, z, P;"

surprising,
different for h* and h-
Boer-Mulders contribution?

Cos 2¢

large signals
at small x

strong dependence
on X, z, P
different for h* and h-



cos ¢ and cos 2¢ modulations

b7

=2 — E ¥ - ]
=1 0_1|'_ T 4 4 HERMES preliminary
o s | 5 l ie{DeS

large signals

strong dependence
on Xx,z, P!

different values
for m+ and 7«-
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deuteron  (very similar for proton)
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cos ¢ and cos 2¢ modulations
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different contributions
of the Boer-Mulders
term at HERMES and
COMPASS?

from first fits to
extract the B-M
function (Barone et al.)
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data

e« Cahn contribution
not negligible
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cos ¢ and cos 2¢ modulations

i

b7

&rmes
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cos ¢ and cos 2¢ modulations

b7

=2 — E ¥ - ]
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o s | 5 l ie{DeS

large signals

strong dependence
on Xx,z, P!

different values
for m+ and 7«-
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cos ¢ and cos 2¢ modulations

b7

=2 — E ¥ - ]
=1 0_1|'_ T 4 4 HERMES preliminary
o s | 5 l ie{DeS

large signals

strong dependence
on Xx,z, P!

different values
for m+ and 7«-
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deuteron  (very similar for proton)
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