Status of polarized structure functions

C. Marchand, CEA Saclay

* Polarized structure functions in longitudinal momentum space:
quark and gluon helicities from inclusive, semi-inclusive DIS and pp

* Transverse momentum dependent (TMD) distribution functions
and relation to OAM from SIDIS, e*e- and pp
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The spin of the nucleon

Three twist-2 quark DF’s in collinear approximation (fdk , )
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Experiments: e(p) fixed target, pp collisions
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Inclusive DIS polarized structure functions
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Inclusive DIS: extraction of quark and gluon helicities

114

gl = E[E(AM+A;)+ (Ad+Ad)+

(As+ AE)]

a 1)1 (As+AE)]

g = E[E(Au+Aﬁ)+

Ol O]~
o= o~

(Aa’+ AE) +

Singlet : AS = [(Au +Au)++(Ad + Ad) +(As + AE)]
NS :Agq, = [(Au +Au)—(Ad + AE)]
NS:Aq, = [(Au +Au)+(Ad + Ad) - 2(As + AE)]

J’gldx I’ =f01glp (x)dx; re =f;gf’ (x)dx
= Moments I’-1¢= %(1+a2c0rr) (Bjorken SR)

a;= ALY, —AY;=F+ D =1.267,
ag= AL, + AL, —2AY, =3F — D~ 0.58

from neutron and hyperon decays
(As+AS)=1/3(ay-ag) = -0.08 + 0.01 + 0.02
Compass

NLO: DGLAP linksgand g

d as(Q?) .~
WAQNS(Q:: Q2) = %Pﬁ;s ® Agns

d AY \  as(Q%) [ Pgg Py o AZ
dnQ? \ AG )T " on P,, P, AG

Assume SU(3) flavor symmetry: Au=Ad = As = As
05 - 015
04 — XAu (x) 01

L ThisFit loy 005 |
03 | % :

[} e
02 "7

01

08 |
06 |
04l ...

02 |

o preE -003

w02 b - - -o.m'3 : —
107 10 107 X 1 10° 10° 107 X 1

Bliimlein, Béttcher arXiv 1101.0052

WG6: E. Nocera, A.L. Kataev

March 26, 2012

C. Marchand

DIS2012 Bonn



Semi-Inclusive DIS: extraction of quark helicities
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* Inputs needed for the extraction of Aq(x, Q%):
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SIDIS: direct extraction of quark helicity at LO
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Sensitivity of strange quark helicity to FF
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Polarized valence: difference asymmetries SIDIS

With charge conjugation D. h= D,
symmetry in fragmentation 19 19
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Polarized sea: parity violating W decay
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Polarized sea: parity violating W decay
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Direct measurements of DeltaG/G: Open charm (NLO)

* Open Charm production
* y*g—cc = reconstruct D’ mesons
« Hard scale: M *

g q e No intrinsic charm in COMPASS kinematics
* No physical background

Photon-Gluon fusion

* Weakly Monte Carlo dependent
Low statistics
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Direct measurements of DeltaG/G: High pT (LO)

v¥g = qq => reconstruct 2 jets or h'h™
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DeltaG/G from hig pT: validity of NLO

COMPASS <Vs>=17 GeV

., €[0.102.38]

c.m.s

Unpolarized X-section as function of pT

RHIC Vs = 200 Gev

BN F NLO pQCD curves by
IO ; W. Vogelsang (2011) . o
RN s G PHENIX pp— n® X STAR: pp—jet X PHENIX pp—y X
2 107 .S PRD76, 051106 10’ PRL 97, 252001 —r*s(a) PRL 98, 012002
e ~10°F o 15
%létlo? % 10, 500 x E Rc; STAR (hep-ex/0608030) ER \1 PHENN Data
-5 L & b S0 % . ren)2 S\ pip - et X 1> — NLOpQCD
& 1 3 a 3 8 - =0 (by W.Vogelsang)
= [ "at0’ > N =200 GeV B (V) y .vog 9
i . Ewof i s oy 3 L midpoint.cone ot CTEQ 6M PDF
10" s b L e, 10k Ny ER BFGII FF
F COMPASS 2004 g 10 \ W, " 8 F =04 3 10’ v =1/2p,,p,s
o b 10 L] ° 3] W p‘r p‘l 2pY
107 wd—wh*X Ns=174 GeV) [ total error ool % . Z10 e 02<1<08 4 N
E Q@<0.(GeV/cy,p >15GeVic | stat. error w E N 10 . 5 R T
03 [~ normalization uncen':'«iinty 10% C syst. error 10" ’\ 10° . Nﬁ] 03 ) X__ :] nb 10
= ' ' ' ' : x
10_5 _f \ 005 115225 Jpli(Gloc/::) § 3 B
o 12— dScompass / 4010 chD(“':ZPT) ‘ stat. error 10°F \l ! 102 . . - \ -
<1|’ I e dOcompass/ 9010 paco(H=P,) S ik .\ [n]<0.35 : C°’“bf”ed :f Eyi 3 10
10 d0compass / 49nLo pocn (W=P/2) - . NLO pQCD 107 Combined \ E|
o 10°F  eGoMPor HiP FF }\‘ — NLOQCD (Vogelsang) A— 3
8 4) 10°  H=PY/2 P 2P, = S 1 NLO + Nonperturbative E 1 1
— e ok R T VOO P TUOT FOUT IO PURT PO I 3 R
B ‘_\\\\v g B 9.7% normalization uncertainty >18 Sys!emlanc uncenamtly : 9 2
o ~,.® g 0.5 \"\.__:fm' included 21.4 = - Theory scale uncertainty ’.5 51
B ,\&v 2 o N% ------ o J10—% ;ST T 8E0 —
al- = e Fosp Eo.s' ¢~ g L = Y ‘
B ® e + - 0.2¢ = 0 2 4 6 8 10 12 14 16
1 0 2 4 6 8 10 12 14 16 18 20 "
o b, (Gevic) 0 10 20 30 ::) [GeVIc]so pi[GeVic]
o s 25 TS
p.. (GeV/c) . . .
: * CERN, HERMES data not included in NLO global fits yet
o . . -
WG6: C. Hoeppner RHIC CM energies OK for applicability of NLO to A, (pT)
M. Pfeuffer
March 26, 2012 C. Marchand DIS2012 Bonn 14



Direct measurements of DeltaG/G with pp->jets

Example: Production of neutral pions
~ probe gluon content with

with quark probes!
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Direct measurements of

DeltaG/G with pp-> jets

Kensuke Okada, for the PHENIX collaboration, DIS2011

Pibero Djawotho, for the STAR collaboration, DIS2011
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DIS+SIDIS+pp: global fit to extract g and g helicity

DSSV Phys. Lett. 101 (2008)
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10 0 x 10 10 X HERMES [15] SIDIS (4, 77) 9 195
HERMES [15] SIDIS (d, K*) 9 6.2
02 0,051 5 02 40,129 5 5 HERMES [15] SIDIS (d, k™) 9 58
= . =1)- — : — HERMES [15]  SIDIS (d, K™ +K°) 9 3.4
[ Ag(x)dx =0.0057503(Ax* =1); [~ Ag(x)dx=0005\8(Ax" / x* =2%)  HEEsiel - sps@reio o
COMPASS [16] SIDIS (d, #~) 12 120
1 1
+0.106 2 2 2 PHENIX [22] pp (200 GeV, 7%) 10 14.2
f Ag(x)dx = 0013_0 IZO(AX = 1),f Ag(x)dx =0.01 % AX /X = 2%) PHENIX [23] pp 200GeV, 7% 10 7.1 [138]°
0 : 0 PHENIX [24] pp (62 GeV, 7°) 5 31[28]°
STAR [25] pp (200 GeV, jet)y 10 88
STAR (prel) [26]  pp (200 GeV, jet) 9 6.9
TOTAL: 467 3926

% %AZ+AG+L§ + L} =O.16+@+L‘Z’ + L}
WG6: W. Vogelsang
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Constrain gluon helicity at future EIC

2 2 A | R | L |
s Q (GeV) J— L . x=32x10" o
o S s L e B ]
| AEHERA y | * E,_:5-30GeV N
‘e — Fixed target p-DIS 1| | . _ e 20007 2 00
< Fixed target e-DIS (il E,: 50-325 GeV [ 2 o
NN ..:‘ﬂ':;‘ I I T :\= - 5.1x107
A\ e Vs:30-200 GeV o [
RIS NN . -104- 02 =104 2 [ 13107
DS\ s Xmin = 10 Q% =101 GeV2 | KT
NSNS ~ [ e — 32x10°
Al hs§g§§§‘\\ * Polar: ~70% (e,p,3He,D) somot
AR 1033 2ol FTIN
“l Al QR \ * Lumi: >10° cm™s \
Al e\ - current "]
) — mill .\».n'!siiﬁiEﬁissssis“=§==-&o"\\\\\\§\\ ..... ) data \C
¥ N X
: wlﬂ l.‘ { ....-:iS:?:ilihiisa:iritt‘.ib&'s\\t&\. NAINNWRW | : dgl (.'L' Q2) 0 L ul il TP
10°  10° 10* 10® 10* 10 Lt i e < —Ag((L‘, Q2) 1 10 10° Q@ 10

dIn Q?

X
Sassot & Stratmann

L T :' Ll N 02 0.3 T illl"l T T TT TI””I T 1T l]lll TTTThT

— DSSV N B

XAg — DNS —DSSV a1l sg i DSSV Ay Vx*=2% band

. -~ GRSV DSSVaAL2% | b T

<€ ———t oz A \

a - . - \

: 0.1 . \\\
01T EiC 30x325 WG6+7: M. Stratmann
; 0 i EIC stage-1 AR
0 b sapesestos <8
s - R S = ]
“““ GRSV maxg ‘ . ’ Tl 1
L GRSVming £ f o O1F QPo10GeV .
2 : Rl TR RTTT MR RTTTT | SRTARTTTY MRATA 7Y N AR
’ Popx 10° 10* 107 107 0o
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g2 structure function

JLAB Hall A
LT Al - . res. Ol
a2 gt P — S mEme
- - I — MAID2007 4 b ES4-010:
ol + 01, Fi ) - e e
[ e 1 ol = o
oaos|. 3 TmeinenNEUELON : : skl
(2 ;liabE%ono & -
[ & Thewes ] oot
n L N %
d, M 5 .
2 WW 2 0 TR -b-e L i s
92(z, Q%) = g5 " (2, Q%) i [ A o
L P. Solvignon et al., in preparation - 001 P Solvignon etal, in preparation
Ll Ll L I . Loap®
0.01 0.1 1 10 05 1 2 4
WW,,. 2 2 ' 2,4y Q*(GeV/e)’ Q?
92 (2,Q°) = —g1(z,Q )+/ 91(y,Q )?
T

Hermes arXiv 1112.5584

Higher TW: quark-gluon correlations 2 g.s! 5 EiSs 2 0.5
1 ol
u(@)=3 [ : | ol
0 -0.05 T proton
0.1 F
. 0.05 |
. 0.05 Al
Burkhardt-Cottingham Sum Rule o - 0 Bl >
1
; : }%l }I 3
/ go(x,Q?%)dx =0 -0.06 !
Jo -0.1 - + =050 -0.05 | |
5 10 15 107 10 L
Q% [GeV]

d}(Q* = 5GeV*) = 0.0148+0.0096(star) = 0.0048(syst)

) : (')923 8¢ (x,0* =5GeV?) = 0.006 = 0.024(stat) = 0.017(syst)
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Quark distributions in nuclei: 3D picture

Quantum phase-space distributions of quarks

W, 3(x,ky,r) “Mother” Wigner distributions \

Probability to find a quark q in a nucleon P with a certain polarization in a position r & momentum k

o' 06
g | g I° 04 s Q
_" ‘ 2o \ o\ (05 e -
Bacchetta et al. 177"\ . S 6(\) ‘ﬁ £ o f4 Géckeler et al.
PRD78(2008) o2 / @ > PRL98(2007)
2 4 -04
04 -ozmgmozu . o 0%06-04-02 0 02 04 06

p(Gev ?

Py (GeV)
s £ 88 2

b,/ my
Sivers TMD € model dependent relation > GPD E
--in transverse momentum coordinates-- --in impact parameter coordinates--
. u .
T™D (xk) ' TMD PDFs: f8(x,ky),... GPDs: H(XE), ... GPDIx, 1)
. . Semi-inclusive measurements Exclusive Measurements . e
SPIN-orbit | Momentum transfer to quark A | Momentum transfer to target 2+1D imaging;
correlations | Direct info about momentum distribution 013{_ /Q’,\ Direct info about spatial distribution access to OAM
’d
May explain SSA & Lam-Tung K )
0.4 [-Vs=20Gev '} May solve
| # 4 PDFs f_Y(x),... :
AN oal Pre2Geyet T p (X), proton spin puzzle
L L ] * * 4
o |e- ._.}-,:,,_I_- R
° 1
R e T J,= A8+ L, =lim [ dr x [H(E0)+ E(xE0)]
—oal- - }ﬁ 2 =0

0O 02 04 0.6 0.8 XF

Contalbrigo M. PANIN 11, 30" September 2011, Marrakech 2
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Transverse Momentum Dependent (TMD) DF

N/q U L T
2 \fl ° hll (8) - (¢
U Numil:)egn Sity Boer-Mulders
_ g &n-(on| n, @»-n o
Twist-2 | ; ot » h1 = gl : relativistic effects
elici - - o o .
DF | B and no mix with gluons in
LA - L » - hI ? - ‘? = spin % nucleon
. [ & $ gir (= - Tranivers)"gh
Sivers Worm-gear hzlr o) - ( d
e —EEEE— * Survive k; integration
N/q U L i)
[é = | h,e ~ i - Nai \
ot g 2 Sivers & BM: Naive T-odd elements:
Twist-3 - »
DF L L_ Ji hL-f"i + -contain information about OAM
T | frfr | &r.97 | hrieri by, er -sign change between SIDIS and DY
__ Fragmentation Functions (FF) ’
- fuark - [ Chiral-Odd TMD (stl)]
d.| |Unpol. FF Collins FF
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Possible ways to access TMD’s

Physics reactions

[ SIDIS: rich phenomenology, the most explored so far J

spls o7 2‘@ o T®ED) 1K @

Jefferfon Lab

{ e*e: B-factories as powerful fragmentation laboratories J

ete oM < 2 q‘fi‘f@@@ FE) ?
q

[ DY: challenging for experiments (only unpolarized so far) ]

DY oPPeX 2@@ (qu:i L& rermilab
" &

L Hadron reactions: challenging for theory (ISI + FSI)

op o _ 2‘@‘@ g% ®@

WG6: Y. Makdisi ek

Contalbrigo M.

, 30t September 2011, Marrakech
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TMD formalism in SIDIS

WG6: P. Mulders, J.W. Qui

[ - Courtesy: Jiang, Wehai’11
¥ a \\: do ) o yz |
. dxdydgsdzd$,dP;,  xyQ” 2(1-¢)
; ({F,, . +.. )
° o cos(24,) Unpolarized
Boer-Mulders v -@ - @ LT £cos(2¢,) Fyp ™ +...
Worm-Gear b.-@-- @ * S, [€sin(2¢,) 'F(ZM") +...]
Transv/Collins ». @y - @ | Sylesin(@, + @) 'Ft;;nw“%) SSA Polarized
suers b - @ | +Sin@,~g) (A0 +..) Target
: . sin(3¢, -95)
Pretzelosity s, 6 - 6 \+8sm(3¢h_¢s) Fyr +...] )
- \
2 .
Helicity o @ - ©- TStANNI=€"F +..] DSA g:z:;:(ll
Worm-Gear en- & - ‘ |t SrA[N1-¢€* cos(@), — ) ot +]}) Target

S, St: Target Polarization; A,: Beam Polarization
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Collins and Sivers TMD’s

Courtesy: N. Makins, PANIC’11

The “Collins Effect” The “Sivers Effect”
. _L .
sin(®, +P,) .® - fir(x,kr) ® Di(z) sin(P®,-Dy)
Angle of hadron / Transversity  Collins Frag Funcn Sivers Funcn Angle of hadron /
initial quark spin final quark spin
1ORS0
- e (O-®
sensitive to transversity and sensitive to quark orbital motion

spin-orbit effects in fragmentation

T n+7
‘ i‘d’ “D«/—:—
e

& denotes convolution over intrinsic quark kr & fragmentation pr
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TMD: Collins SIDIS & pp SSA for 1

COMPASS d, PLB673(2009)

<3 [
0.1 F ‘{’
‘}g&-- P T L I sonk ¥
LS ¥ Tl L - ¥ T‘i’ L L) +
-0.1- + r r
102 ot 02 04 06 08 05 1 15
x z p’; (GeVic)
- COMP ASS p COMPASS 2010 proton data
a E 0.1+ o COMPASS positive-hadrons x>0.032 preliminary -
0.0s- O HERMES " PLB 693 (2010) rescaled by (1-<y>)/(1-<y 3+<y>2)
07 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
?‘i‘i@@é LR RN ; Y %{» {»
-0.05F ¢ ¢ ‘}’ + -
-0.1r I I 0 1 i L 1
<ol i L -
<t
0.0sF by L + 3 %"}
AR ©§4 44 bt
Ot (F__gl_‘? _________ LN t % iﬁ[é ______________________
—-0.05- ® COMPASS negative hadronsx>0.032 preliminary
_0‘1_. » ‘O I f{fﬁI‘:{ES T f.’l‘J‘.'il |693 (I2010) reszialed by (1-<y>)/(1-|<y3+<y>2) I ‘ I
— - 0.5 1 0.5 1 1.5
107 107 2 P! (GeVic)
_ JLAB neutron, PRL107(2011)
é | Neutron ot ATT
S | -
-i—w + == s Quark-diquark
o === Phenomenological Fit
g Y }  aeem Light-Cone Quark
i‘:’ -0.5- Fit =111= Axial Diquark
B L ) _',mn E"p ) —_— )
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
X,_,'i Xb]-

-
D

2 (sin(¢+0g))

0.08
0.06
0.04

0.02f

-0.02

0.05

-0.05
-0.1

-0.02
-0.04
-0.06
-0.08

PLB693(2010)

] glash + +
FUTTINR] WRRE A 1A TR
FTE A N TR
2 ' { * i t Tt *_ w. ' !
—-----+- ----- LA et 5-----_ -----------
:..+ ;l++
] LE g

10" . 0.4 0.6z h.S[Ge V1]

WGE: C. Adolf

~

¥ compatible with zero amplitude for 7 ©
M¥ Jarge negative amplitude for 7 -
M¥ increase in magnitude with x

M transyersity mainly receives
contribution from valence quarks

M increase with z

results

M positive for m + and negative for x -
M role of disfavored Collins FF:
HL fav
d= 7" (fav)
d = 7" (disfav)
> 0
< 0

Hi_,disfav

u=r;

U=,

hy
hy

STAR pp, mid rapidity

Collins Asymmetry A =2 <sln(¢ -0 )> vs.z

M ¥ positive amplitude for x +

¥ in qualitative agreement with BELLE

Collins Asymmetry A =2 <sin(¢h - os)> vs. 1'

0.1
= 7" Asymmetry STAR Prellmlnary
o 7= Asymmetry == data horizontally offset for clarity
005/
A F
P *
P —TL B
O‘ ......................................................
g T i
v [ '—+—
~ systematic uncertainties. | systematic uncertainties
05 L
to <1% of total RHIC 2006 Vs =200 GeV
[ plp—jet(x) + X; jet p>10 GeV
2 1 L 1 ! I 1 L I 1 il PP | il
0 01 02 03 o4 0506 07 08 09

10" N
i, Gev) !

March 26, 2012

C. Marchand DIS2012 Bonn



TMD: Collins SIDIS SSA for K

COMPASS d, PLB673(2009)

<3 04F u g+
o K
0.2 - % % - ;
O_ﬁ)#é&éﬁgﬁ_#%é i{) ..... é’ AAAAAAA o + _%Ei%ﬁﬂ:é+g
0.2 q} - 4
Eﬁ " KO !
0.2 % L
0_+ ....... * ....... + ...... + ................... _+**+ .................... i ........... L. + ..... + ..... + ..... * ........... } ...............
0.2F
1(;-2 1(',-1 02 04 06 08 03 I is
x 2 Pl (GeVic)
COMPASS p, 2007 data ‘
;‘:O ol + . { . cgative K . p/1‘1;/11//1(1!:'11
L
—0.1+ K+ * - - % }
102 107! 0.5 lZ 0.5 1 o (IGSéV/c)

Hermes p, PLB693(2010)

,5\50.15:— KF
g’ o1f i‘ 3
Fooshyy by et
) SRV | AL S 1 L
N 0.05 :
01 lK- T -
0.05f i -
b | 4 b \ E l |
bt b g
-0.05;— t — -t
o1 0" 04 o 05 1
X z P, [GeV]

K+
M K* amplitudes are similar to 7+ as
expected from the u-quark dominance
M K* are larger than 7t +

K—
M consistent with zero amplitudes
= K (@s) is all see object

March 26, 2012
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TMD: Global fits to Collins 1h

1
3 005 —— 5(‘1+A‘1)(x)

015 Q2=2.4Ge\V?

02 04 06 08 1
X

0 0:2 0.‘4 0:6 0:8 1(
kL(GeV)
Anselmino et al. Phys. Rev. D 75 (2007)

BaBar preliminary: Belle Off-peak: ) B.elle full “a“%“cs )
L2~45 fp 229 b (‘superse(‘i; psri;lcf);: results)
o 035 T T T T =
2 F *  BaBar preliminary =
0-3;_ o Helle PRL 96,232002(2005) BaBar 3
025F Eclle PRD 78 032011(2008) Prelissinary 3
oaf- | LE :
b G | 3 WG6: M. Leitgab
00sE- 5 ® Foip - ‘ 3
005= 2 3 6 8 0
(zz)

* Fitto Compass d + Hermes p (no Compass p in fit yet)
* h,%9slightly smaller than g,*“(Au,Ad)

0. chiral color-dielectric model [Barone et al. PLB 390
(97)]

1. Soffer bound [Soffer et al. PRD 65 (02)]

2. hi=g1 [Korotkov et al. EPJC 18 (01)]

3. chiral quark-soliton model [Schweitzer et al., PRD 64
(01)]

4. chiral quark-soliton model [Wakamatsu, PLB 509 (01)]

5. light-cone constituent quark model [Pasquini et al.,
PRD 72 (05)]

6. quark-diquark model [Cloet, Bentz, Thomas, PLB 659
(08)]

7. quark-diquark model [Bacchetta, Conti, Radici, PRD
78 (08)]

8. parametrization [Anselmino et al., arXiv:0807.0173]
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TMD: Collins asymmetry 2 h SIDIS

COMPASS 2010 proton data

L h’h’ COMPASS 2010, x>0.032 B
h'h” COMPASS 2010, x<0.032
o pi’pi HERMES (scaled with 1/Dnn)

= o1F
A=
<<
0.051
0.._ ...........
-0.05F
-0.1+
sanul L
) DR D=0 -2
N el (07 H (2, M;,0°) 10
Asin(ras)sing o &g
ur 2 25\ < 2 N2
D, e i(x.0MD; (2. M;.0%)
1 ASin(¢R+¢S) sin9(m QQ) - (Q2
R (2, Q%) — = zh® (z, Q%) ~ — 2UT ) u qq q+q 2
ahi* (@, Q%)—72h1* (2, Q°) / c, Q) q_%;“ f1I (z,Q%
tlf&ﬁ dc?giz(jl- .) ﬁttfi i from a PDF param.
0.5<Mn<l  0.28<Mn<1.2 [GeV] 9 ﬁ’:t ?:M?Viﬁ
Q%(<x>)~2.5 [GeV?] E

other choices

ME" (GeV/e?)

mv

Ip—=l'n"mX

LQZ'

WG6: C. Braun

WG6: A. Courtoy 0.4 | }
+ HERMES 0.3
* Independent access to h,“ + ~OHTp RS 0.2
 Combini +d — h,Y, h ¢
om |n|ng p 12" 0.1
—. Anselmino etal.,
(I’)Ot shown here) N.P.B191 (Pr.Sup.) (09) o0 1
0T
0.00 0.‘05 0.l10 0.|15 0.|20 0.A25 0.130 0.35
X
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TMD: Sivers SIDIS SSA for 1t

- _PRL103(2009)
COMPASS d, PLB673(2009) =% n—m.d‘ i
25 T §005_+ ++++ ' '_¢ " tt L +“ ot @ significantly positive
o : % e | I S L @ clear rise with z
Foyvoryg) ! wed o Bk bty % e e | & rise at low P,,, plateau at high Py,
0.1 - — _0'.2 04 0.6 03 _ 05 i L5 01 :_no + - + 3 H iti
0 o . bt (Govie) ) Phh th , | @ slightly positive
0_-+ ..... f.% ...... __J. +-.+ ..... + .-+--_—+ ...... + SR

COMPASS p COMPASS 2010 proton data E +

COMPASS positive hadrons x<0.032 preliminary

P
Siv

O s i oomzinmy 0.1 1 A p—
0.03- %380 o, S - ‘3’¢+‘f’+?§ - 0.05 7 g F kg consistent with zero
W §4% ¢ +<>f§” I TR RTIIW
. [ A L S R S AP
[ il
P IRUORO » S o -0.05 P =
U700 @ COMPAN e bty 032 s I 06 08 1
o HERMES x PRI 103 (2009) 10 0 - -
X z P, [GeV]
0.05 + - + = %
? o ¢ +
0_§§§$§$(}_§+$é$%+%§}ét§?z ..... * ........ .
ood. i I Compass confirms Hermes with 2010 new data set
102 107! B 0.5 1 0.5 1 , q (GJ\}S/C)

JLAB neutron, PRL107(2011)

0.2- Neutron ont [ AT

T WGé6: V. Sulkovsky

2(sin(¢h-¢s)) (Sivers)

-0.4 AR r NANNINNRN TR
77777 rrrrrrr s
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
xbi xbi
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TMD: Sivers SIDIS SSA for K

COMPASS d, PLB673(2009)

2&50.4— K
0.2 % F
t‘;;i‘.é]l h;*; PO ; ¥ i:q’ [ '
pob et R oty o S A
: ! i
<& " KO - -
0.2}
; f {I ; it t i f Fopeted
* i
-0.21 r +
0 e 0z 04 06 08 05 I is
x p;(GeV/c)
COMPASS p, 2007 data
a{% . ek preliminary
0.1~ %K' { - { - {
L e
-0.1~ K* - r
_0‘27.‘..‘?.”.4. i ? [ e e
10 10" ’ ’ p?_ (GeVic)

2 (sin(¢-0s))yr

Hermes p, PRL103(2009)

0.2f K+ :
g T AIRASIEN
0.1:—K- | E | II -rh_‘-;l |
A FRETINY NYRANY VLI
e, e a, e

[Airapetian et al., Phys. Rev. Lett. 103 (2009) 152002]
significantly positive

clear rise with z
rise at low P, plateau at high Py,

slightly positive
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Sivers asymmetry SIDIS and OAM

Final-state interaction
(lensing function)

Distortion in.
transverse momentum
(related to Sivers

function) & Burkards, PRD66 (02)

o GUhl G G )

|
|

Stvers TMD Lensing function.

Use SIDIS Sivers asymmetry 4 e&l{g .

data to constrain shape

0.10

Pavia

xf5 o

0.05

0.00

-0.05

-0.10%
1

Q=1 GeV

=\

up

£
down \"'
A
‘o

0 1072

107

X
PRL 107 (2011)

x5

x5

0.010,

0.1 r

0.08

0.06
0.04

Torino

0.02 fr

XAN '(1I(x)
o

-0.02

-0.04
-0.06

-0.08

AST@2) o al s x2 ® iq"i

Q=2.4 GeV2 arXiv: 1107.4446

%eff;s)on Lab ? o.ow§—
-0.005|
o) /1 do [2Euu T O T (D D e 0)] N oo Fit to Compass d, Hermes p
o 3 AT 02 10" 1 0° 107 10 1 + unpol FF
1 x X
e / % [w*v (2,0,0) — B*(z,0,0) — E*(z,0, 0)]
0
- :A.B
Use anomalous magnetzc moments WG6: A acc’?eﬂa
495 M. Boglione
to constrain integral
Courtesy Bacchetta, PINAN’11
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Sivers asymmetry SIDIS and quark OAM

Courtesy Bacchetta, PINAN’11

J* = 0.233 + 0.002:9:9%8 J% = —0.019 £ 0.00313:992,
J® = 0.011 % 0.0001:007, J® = 0.010 = 0.000-007 | Lattice: Wakamatsu, EPIA44(2010)
i — 2J* ——2L"
10 v . . * Q2 — 4 GeV 10 | T 2Jd T 2Ld _
[JLab Hall A PRL 07 .
HERMES JHEP 08) fo= | i
05 " \ - ‘ ,I:::"’*f _ 2 Ld
| v ] ..I LHPC arv 1001 3620(—PRD) * 0.5 e — — e _i 7]
’ Il LHPC PRD 08 o705 4205™
% 00, ! ...-_ 7 B QCDSF (Ohtani et al.‘)o-nmsia 0.0 p— S ——— T T
._ QCDSF/UKQCD preliminary ™ Stembeck. Pleiter, Zanott et al. [\ 2 Lu
| [y Goloskokov&Kroll EPJC’09 0800 4128 e e — K
05 [ Wakamatsu osos 0972 05 V— : . : :
Iy DiFeJakr EPJC ‘05 heppnoaos173 1 2 3 4
10 MS at 4 GeV? . (Myhrer&)Thomas PRL"08 0803 2775 Q2 [GCV]
Sl B - - " %) Bacchetta&Radici, arXiv:1107.5755
*[v\on-smgle( connected only, add uncertantes due 10 chiral extrapolations, renommalization)
INT writeup, Boer et al., arXiv:1108.1713 (fig. 4.3
1 .
J,==AS+L =lim [dx x [H(x,5,0+E(xC,1)]  WGE: F. Yuan
2 9 10 ’
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TMD: Boer-Mulders in SIDIS & (%~

h
~
/// Phl

ihf@Hll i

|

transversely polarised quarks

|

WGEG6: F. Giordano

< COMPASS *LiD [25% of 2004 data){ Dreliminary
§o.1— }
b . Hypop i
0.05/ .h+} ¥ ; " { [ ”{}h bor i{} }{ ;
o i % b ; L% T
10—2 104 xi 0.2 0.4 08 O.IZI 05 P..I![GOVIC;

h,* is chiral-odd and
naive T-odd (like fi+%)
requires FSI/ISI

9
\
v

with p; in unpolarised nucleon %
Q3 otf® n ’ﬁ/*/" HERMES preliminary |
& |ivi $ ¢ PR
R AR Lt :
~ l
o bHE o ul *H |
| | !
02 epeh X et e : DU TP \
10" 04 06 08 04 06 02 04 06 08
Clurtesy: K. Rith,YHera’11 Po. [GeV]
:.:3 s o ht 1 1 | HERMES preliminary
= T gt
% . * g+ X ; ) /
o |4
ST Y Ty e
0.1 * * * * * V
0.2+ ep—»e.h"'x , , , , , , , , , i
10" 04 06 08 04 06 02 04 06 08 1
X y P, [Ge

hi

Opposite sign for
n+ and =-, larger
magnitude for n-

hit¢ and hy*4
have same sign

Large signal with
same sign for K*

sea fragmentation

important

17
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TMD: Worm-Gear in SIDIS

Jlab n, PRL108(2012)

0.4F J
Neutron et | am | |
0.2 N | A | A
| A L ....... A-l _______
0 e © ——t
=== |
° | ......... WW-Type [26]
0.2 | ° — WW-Type[26,27] |
| —— LCCQM[12, 16]
-0.4[ T - LCQDM [21]
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The only TMD that is both chiral-even and

naive-T-even

requires interference between wave funct.

X

components that differ by 1 unit of OAM

» Many models support simple relations among g ILT and other TMDs:
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(also supported by Lattice QCD and first data)

consistent positive
signal for m* on p,n
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TMD: Sivers ( &BM) asymmetry DY (future)

Brodsky, Hwang, Schmidt;
Collins; Belitsky, Ji, Yuan;
Boer, Mulders, Pijiman

Crucial role of gauge-links in TMDs

process-dependence of Sivers functions
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Test of TMD factorization at QCD level
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WG7: G. Mallot, K. Boyle, M. Lamont
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Summary & Outlook

O Helicity distributions for quark and gluons:
-Valence Au,,Ad, quite well known, but Z(Aq) only 33% of nucleon spin

-Separated Aq,Aq obtained, but still issues with sea polarization
-AG/G(x) from direct measurements, but still limited in x range

O Transverse momentum dependent DF for quarks:
-Transversity (Collins): clean opposite signals for it*, v, Arq<Aq
-T-odd Sivers: confirmed signal#0 for t*, =0 for r on p, relation to OAM

-Many other SSA and SSA measured, more to come

O Expected improvements for future:

-Gluon sector: RHIC, EIC
-Quark sector (helicity, TMD-DY, GPD): COMPASS, JLAB12, RHIC, EIC, ....

WG7: G. Mallot, H. Wollny (COMPASS)
K. Griffioen, K. Allada (JLAB12)
K. Boyle, M. Lamont (RHIC)
A. Bazilewski (EIC)

WG6+7: F. Yuan, M. Stratmann (EIC)
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Stay tuned for further « surpises »

3D imaging of nucleon and GAM

g ¢

4

"

Theory:
TMDe GPDs | ———> WG6:  F. Yuan, S. Liuti, J. Wagner

[model calculation by B. Pasquini, F. Yuan) [model calculation by M. Burkardt] WGZ+6: M. Diehl
" pebo e WG6+7: D. Mueller
02 . [ o i

+ Experimental:

o - I WG6+7: S. Fazio

-0.4 _O'Zk. (OG(Z‘\'; 02 04-04 -0.2k (OGOe\') 02 04 b

‘ WG2+6: H. Moutarde, M. Murray
D. Sokhan
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