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Nucleon Spin: QCD picture -

(Quark spins) (Gluon spins)
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@ Quark and gluon helicity distributions
B Experiments
B Spin-dependent structure function g;(x), AX
B Quark helicity distributions
B Gluon polarisation, AG
& Transverse-momentum-dependent distribution functions
B Transversity - Collins fragmentation function
B Sivers distribution function, L,

& Generalised parton distributions, DVCS, J,
& Summary



Nucleon Spin - Tools -

Polarised DIS

n° or jet production in pp
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‘%&g HERMES Experiment -

Data taking: 1995-2007

27.5 GeV e' /e~ beam of HERA
polarisation < 60 %

Internal gas ’rar'ge‘rs
> >

polarized : 1H tH 2H, 3He
unpolarized: H, ?H, 3He, “He,
N, Ne, Kr, Xe




]

{77 COMPASS spectrometer -
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Polarized proton collider - RHIC
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Quark helicity distributions Aq(x) -

More precisely: .helicity weighted longitudinal-momentum distributions”

Proton
f /Quark

q*(x) = q"

Aq(x) = q*(x) - q~(x)

Other convention: g,9(x)



Asymmetries in polarized DIS -
SLAC DESY JLAB
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o .| © HERMES (Q*< 1 GeV?)
e HERMES (Q%> 1 GeV?)
F % SMC (low x - low Q)
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g9:(x), AX -

o007
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Quark Distributions from SIDIS -

Flavor tagging

Leading hadron originates with large probability from struck quark
D,"(z):= Fragmentation function (FF) [z = E,/(E - E)

: ququq(x) By"(2)
Measure hadron asymmetries | A (x,z)= S ez 400 b0
1842 4(x) D(z
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Semi-inclusive Asymmetries -

i

COMPASS
P:arXiv:1007.4061

d: Phys. Lett. B 680 (2009) 217

HERMES (p + d):

Phys. Rev. D 71 (2005) 012003

SMC (h, p+d):

Phys. Lett. B 420 (1998) 180
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PRD 71 (2005) 012003
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Quark Helicity Distributions Aq(x)-

B u quarks:

large positive polarisation

B d quarks:

negative polarisation

B Sea quarks (4, d, s):

polarisation compatible with O.
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Quark Helicity Distributions Aq(x)-

arXiv:1007.4061
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Valence-quark helicity disfribufions-
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Phys. Lett. B 660 (2008) 458
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Flavor asymmetric polarized sea (Au = - Ad) favoured
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AqQ & Aq at RHIC via W* production -

unpol.

Ad+u ->W~
Ab_t-l—d W AL
Ad+u—->W"
Au+d—>W*

Afrf

Expectation
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10 10
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AqQ & Aq at RHIC via W* production -

new

unpol.

Ad+u W~
Au+d ->W"
Ad+u—>W*
Au+d—>W*

First glimpse:
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Gluon helicity distribution -

* COMPASS, open charm, prel., 02-07
@ COMPASS, high p, Q%<1 (GeVic)?, prel., 02-04
v COMPASS, high p_, Q2>1 (GeVic)?, prel., 02-04

. (@] 0.6 HERMES, single high p_ hadrons, all @2, arXiv:1002.3921
PhOTOﬂ-gIUO” fUS'On .-5) SMC, high p_, @%>1 (GeVie)?
4 0.4 " fit with AG>0, p’=3(GeVic)?

-------------------- fit with AG<0, u’=3(GeVic)®

o=t
%

l o_E,
o| [ |T||
e
1

0.2 N
g N
0.41—
— 0.6k | | I Lo | | |
-2 -
10 10 X

N

HERMES: Ag/g = 0.045:0.034+0.126

@ Hadrons with high pt . .
Measurements are compatible with O,

& Charm production large values of AG excluded

But: sign and shape still unknown
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A. Adare et al.., Phys. Rev. Lett. 103 (2009) 012003
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Fits to Ag(x) and Aq(x) -

De Florian et al.: P.R.L. 101 (2008) 072001
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Spin budget -

& Origin of nucleon spin still unclear:

Where do the remaining ~65% come from?
X. Ji: ,Dark Spin’

& Isthere asubstantial contribution of Ag and/or Aq
at very low x?

mm) F[IC ENC?

& What is the contribution of orbital angular momenta
L ?2??

20



Outline {00

& Transverse-momentum-dependent distribution functions

B Transversity - Collins fragmentation function

B Sivers distribution function, L,

4
>
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DIS in infinite momentum frame -

o

% ® =g
! pL = xP P
"NANNSEEERANAN. ¢ ._
=
< o
Y
x = fraction of nucleons longitudinal (4-)momentum P
carried by struck quark

L - .
Only longitudinal quark momentum p, considered.
Transverse quark momentum p+ ignored, as p, >> p

Consequence: ;"= 0
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Quark intrinsic transverse momentum -

Quarks are confined in nucleon's volume —> O
Quarks radiate and absorb gluons ) P77
e
> < o
PL -

i L

VU
Consequences: - R = o,/ o1 # 0, 2xF(x) # F,(x)
< - more distribution functions

Azimuthal asymmetries in SIDIS
23



Transverse Momentum Dependent DFs -

Mulders and Tangerman,

LO quark distribution functions Nucl. Phys. B 461 (1996) 197

A. Bacchetta et al.,

quark JHEP 0702 (2007) 093
U L T
WAL SO hy (&) - (o)< Boer-Mulders DF
u
c|L 91 @*' @— hj; @—'- @—e—-'worm-gear 1' DF
VAUV
= Transversity DF
o T flLTé-Q ngé'@
n t 1 h; @ C.b Prezelosity DF
Sivers DF | 'worm-gear 2' DF

Only f, and g, measurable in inclusive DIS, all others in SIDIS

D, = D" = .normal’ FF,
H,;t = spin-dependent Collins FF
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Transverse Momentum Dependent DFs -

Mulders and Tangerman,

LO quark distribution functions Nucl. Phys. B 461 (1996) 197

A. Bacchetta et al.,

quark JHEP 0702 (2007) 093
U L T
WAL SO hy (8) - (¢)<}H Boer-Mulders DF *
u
¢ | L 91 @*' @— h, @*- @—e—-'worm-gear 1' DF
(T ViVieavivs
= Transversity DF
o Tl d) ) gir é - @
n t 1 h; @ C.b Prezelosity DF

Sivers DF*| 'worm-gear 2' DF

Only f, and g, measurable in inclusive DIS, all others in SIDIS

D th' ,normal' FF,
E:EI spin-dependent Collins FF *

*lT-Odd requires FSI/IST
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Transverse Momentum Dependent DFs -

LO quark distribution functions

Mulders and Tangerman,
Nucl. Phys. B 461 (1996) 197
A. Bacchetta et al.,

JHEP 0702 (2007) 093

Boer-Mulders DF *#

_'worm-gear 1' DF#

quark
U L T
v |l h ®-@
SACI._ Sl R
e 1
:I) T fleg'ﬂ ngd?'@ hlLT@ C.b

Transversity DF#

Prezelosity DF#

Sivers DF*| 'worm-gear 2' DF

Only f, and g, measurable in inclusive DIS, all others in SIDIS

D, = th' ,normal’ FF,
spin-dependent Collins FF *#

*lT-Odd requires FSI/IST

‘# chiral-odd ‘ 24




Angular distributions in electroproduction -

d: angle between lepton scattering plane
and hadron production plane

¢s: angle between lepton scattering plane and
transverse spin component S, of target nucleon

25



do =

o TMDs from SIDIS [l

dx dy dz do do, dP"

do =day, +c0s2¢ doy, +écos¢ doy, +keésin¢ doy,

A sin(g—gs) dot; +sin(g+¢s) dod; +sin(3¢—¢;) dofs

dcxy

v N\

Beam Target
Polarisation

1 . 1 .
+65|n(2¢—¢5) do: +63|n d.dos

{cosw ~4) do %cos%daii +écos(2¢ —g)do }}
{sin 2¢ dajL+ésin¢dajL{dafﬁécow da[L}

Detailed studies require: longitudinally polarised beam (-)
longitudinally and transversely polarised target (m



TMDs in SIDIS at LO -

LO Function
T

sin(¢ + ¢) h, ® H* Transversity <

U
dod; sin(g-9) fL®D, Sivers ¢
dotyy cos(20) ht®H* Boer-Mulders
dotfr sin(3¢ - ¢,) h, - ®H* Prezelosity
do?,, sin(20) h,t®H,-  Worm-gear 1
\ Mulders-Kotzinian
dG;LT cos(d - b)) 0+ ® Dy Worm-gear 2

The others are subleading, i.e., suppressed by 1/Q -



4 gfﬂ Transversity, Collins Amplitudes -

Transversity DF m—
20500 + 02)om o« M) @ H@) G.b ] é I
Collins FF T {fir | g :;hn

Phys. Lett. B 693 (2010) 11

- 0.08 - : & First measurement of non-zero
l‘iﬂ? o T F E .
= %% Fproton | ] % Collins effect

z °:°2§‘ +++ : + Y i +:—+++++  1[VV'@ Both Collins fragmentation
S S S— ‘N function and transversity

distribution function are sizeable

GH“HHHH#MHJF/ @ Surprisingly large - asymmetry

@ Possible source: large contribution
(with opposite sign) from
unfavored fragmentation,

l.e. u—> m-

1 ~ 1
Hl disf ~ 7 Hl fav
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Phys. Lett. B673 (2009) 127 Collins amplifudes d -

~§ " " [ Nig | U L
* L | deuteron | i T -
L . | ng
%ﬁﬁfﬁ;sﬁﬁﬁrﬁ‘f%%%ﬁ#’%%%gi##%+ —
0.1 } —

— M | 1 Loyl " PR 1 1 1 1 1 1 1
3.\30.4_ "t B B
e o K
0.2— - % -—

O’&;%éééif?%ﬁi‘%%ﬁé%éi#ﬁ?&% ﬁi%&#%:

ar | ;IL

0*{}§¥}}]'}'}$%{

1 1 | | 1 1 | 1 1
02 0! 02 04 06 08 0.3 | L5
x - p’; (GeVic)

& Compatible with zero over whole x-range

n+: [hy4(x) +hy9(x)] ® [4H 400 (2) + Hitgis(2)]
n-t [hy¥(x) +h;9(x)] ® [Hiteo(2) + 4H 1 4i0(2)]

=) h,v & h? largely cancel Il 29




Collins amplitudes p -

Phys. Lett. B692 (2010) 240

u fy
L
T ]

N/q U

L

J1

Jir

COMPASS 2007 proton data

r.:‘,ﬁ EU | ppofon % } — : E:;:ti::el;;‘?i?;:s B
BTN, fyo
ol $§_§ $ PR ¢ ] 3
i #” 538§ 1 [fTeettoe !
0.1 [— ] M — e
[ | | ——mmmsen
IIII| | IIIIIII| | L1 111 | | I |
1072 107! 0.5 0.5 1 1.5
x z p’; (GeVic)

@ At small x asymmetries are compatible with zero

@  Large signal in valence region

30



o

Collins amplitudes p -

Nig | U L
U fy h*
L J1 hlt
PhyS Lett. B692 (2010) 240 T ir | g (1 by Yni:
~~
COMPASS 2007 proton data
=, E 0.1— r'oTon B =O —=#— h' preliminary COMPASS 2007 —=— h’ preliminary COMPASS 2007
ja P % b —&— 1* HERMES 2002-2005 —&— 5" HERMES 2002-2005
0.1 - & hew
EY W I }1
o # ; X
i t ey
ol i !
_
IIII| | | IIIIII| | L1 111 -0'1_ B
107 107! T RN NN B B
< 10° 107 10 107
-y .

@ At small x asymmetries are compatible with zero

@  Large signal in valence region
@  Nice agreement between HERMES and COMPASS
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Extraction of Tr'ansver'sﬂy -

Fit to HERMES (ep ->th) COMPASS (ud ->uhX),
BELLE (e*e” ->h*h-X) data

M. Anselmino et al., Nucl. Phys. Proc. Suppl. 191 (2009) 98

04 - ,.-/- -

0.3 /-

2 xAu(x)

0.2 - &

0.1 4

xdu(x)

0

-01

0.1
0.05 |-

N 0
R
S -0.05
)
X 0.1

-0.15

_D|2 1 1 1 1
0.2 04 0.6 0.8 1
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¢ e

The Sivers effec'r-

Attractive FSI deflects quark inwards
Left-right distribution asymmetry is converted into

right-left momentum asymmetry
& Impact parameter formalism (M. Burkardt hep-ph/030926)
B Orbital angular momentum of quarks
m) Virtual photon sees different x for different b

B Quark distributions depend on b u(x, b)
lensing effect o b‘?\ N + | A8 .\ @)
—_.green quark / R N

anti-green remnant




b7 Sivers Amplitudes for Pions -
EM Sivers DF

Nig | U L | T

2(sin(¢ - dshHhyt o ff‘rL'q(X) ® D;9(z) @ = @ - 0,

> > >
- = =
e —

s
T flT) J1r

<

L
th

PRL 103 (2009) 152002

- 04F . = d Fi i -
5 0f " proton 1| First observation of non-zero
< 1ost L b by Sivers DF in DIS
E’E E — @ Rise at low P, |,
! plateau at high P, ,
P NS : :
0.1} @ Clear rise with z
of ™~ @ Non-zero at low x
01 C Experimental evidence for
0.05| orbital angular momentum L,
of of quarks
ook e S But: Quantitative contribution
- "'1';-1 — - I0_|4I | IOIGI o IDISI - I‘|| Of Lq TO nUC|eon Spin STi”
X 2 Py [GeV] unclear
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Sivers ampln‘udes d -

Phys. Lett. B673 (2009) 127

N/q L

2 02—
R deuteron

h
0.1 - - L °F1 hlLi
h

{J T fllT Qi1

D_# f%%ﬁﬁ‘ﬁﬁ#_h!ﬁ:’fé iéi{;i%*_éﬁﬁ%gﬁﬁ’#%}

-0.1F - -

L 5’ 0.4~ = K*I I - I | I I - I I I

ey o K -

N B ©-@
; ;

”M‘%%*%"%H%%*M%*E *ﬁﬂ%%g{‘%

1 1 | 1 | | | | |
0 Jpr 02 04 06 08 0.5 l 5
x z p’; (GeVic)

@ Compatible with zero over whole x-range

mmm) Cancellation of f it & fi4td
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P
Siv

Sivers amplltudes p -

N/q L
u fy h,*
L 91 hy
Phys. Lett. B692 (2010) 240 T é) o | hy hit
C hton data
0.1 | #  positive hadrons |
. pr‘01'0n } # negative hadrons *
; d i‘L R %} ; it 4 i ﬂ(
$ L1 Y ’
0 +
% ﬁ 3 ! $ % % 1{# g % ﬁﬁ'f + i
017 c——— 7 —— — ———m
|||||| | |||||||| | 1 11 | | |
107 10" 0.5 0.5 1.5
(GeVic)

@ Evidence for positive signal for h+

@ Same sign as HERMES result smaller by factor ~ 2
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Sivers distribution -
A A
Fit to HERMES (ep -> ehX) and COMPASS (ud -> phX) data

M. Anselmino et al., Phys. Rev. D79 (2009) 054010
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Sivers distribution -
A A
Fit to HERMES (ep -> ehX) and COMPASS (ud -> phX) data

M. Anselmino et al., Phys. Rev. D79 (2009) 054010
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o
o

Outline -

Quark and gluon helicity distributions

Experiments
Spin-dependent structure function g;(x), AX
Quark helicity distributions

Gluon polarisation, AG

Transverse-momentum-dependent distribution functions

B Transversity - Collins fragmentation function

Sivers distribution function, Lq

Generalised parton distributions, DVCS, J,
Summary
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ﬁéfﬁ Determination of Lq - GPDS-

Tool: Generalised Parton Distributions (GPDs)

Generalised description of nucleon structure in 2+1 dim
A Y

dz, ~1/O | f(x.r)

-

® <"
M - -

T

-

Number density of quarks with longitudinal momentum

fraction x at radial position r,
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Determination of Lq -

Ji relation:

Ty 217205 oL )= lim [ dx x [H(x.C.1) + E(x L 1)
H(x,;,t), E(x,C,1): Generalised Parton Distributions (GPDs)
Access: exclusive processes

Q2/> e’
: -8 Final state sensitive to different
iy T( GPDs
Vector mesons (p, o, ) H, E
y

Lt B

V‘W\ Pseudoscalar mesons(,n) ﬁ g
N

t DVCS (y) H, E, H, E
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Deeply Virtual Compton Scattering & GPDs -

@ Same initial and final states in DVCS and Bethe-Heitler == Interference

J

s 2 -
gep X |Tpu|” +|Tpves

2 £ k e P g P
| T }_BH }}___JT;’(_'TE{ + }_BH I}_‘_}Ij(_'.*f_i;
\_\—/

T

do ~ cf.o'g lr_{jr

+Pp ST, cfrJ'BH

Py SpdoBH

+ ey dG’{rU + ('I]:{Tg:? g;’CS

-+ E;j‘Png‘iU + Py dJDI’ ¢S

+  eeSL dU{rL + S f{TDL ¢S

+  erST dJI{TT + ST EJDL ¢S
+ ePySpdopy + PiSpdop) ©°
+ e PySpdot . + PpSpdoP S

4

BH calculable in QED

Tovesl << |Tenl @ HERMES

Access to GPD combinations
through
azimuthal asymmetries
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Y DVCS @ HERMES [0

Complete measurement of amplitudes in eN — e'N y possible at
HERMES:

& Both beam charges
Longitudinal beam polarisation (both helicities)
Unpolarised H, D and nuclear targets

Longitudinally polarised H and D targets

Transversely polarised H target

¢ ¢ ¢ ¢ ¢

Recoil Detector

Axy

beam target
polarisation
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Azimuthal asymmetries -

DVCS: Beam-spin asymmetry

HERMES, PRL 87 (2001) 182001 CLAS, PRL 87 (2001) 182002
-::3 06 L 0.4;—
a 03F S
04| =
i 02f
02 [ I _
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i 23k
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Azimuthal asymmetries -

DVCS: Beam-spin asymmetry

HERMES, PRL 87 (2001) 182001 CLAS, PRL 87 (2001) 182002
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t ﬁg DVCS asymmetries measured @ HERMES -
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Beam charge asymmetry
GPD H

\H: THEP 11 (2009) 083
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Beam helicity asymmetry
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Transverse target spin asymmetry

GPD E H: JHEP 06 (2008) 066

Longitudinal target spin asymmetry
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Longitudinal double spin asymmetry
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t ﬁg DVCS asymmetries measured @ HERMES -

® Hydrogen
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Ao & Beam charge asymmetry
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Sensitive to GPD E

Proton: transverse target pol. asymmetry -

JHEP 06 (2008) 066
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t {fg Proton: transverse target pol. asymmetry -
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Nucleon Spin Structure

Unpolarised DIS —2>Ag/g : small ?
SLAC, BCDMS, NMC, HERA...
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Summary -

Spin experiments have provided a wealth of
detailed information about the
nucleon spin structure

We know much more about the nucleon spin
than 20 years ago, but its origin
still remains to be somewhat mysterious

There is still a lot to do for
COMPASS, JLAB12, RHIC, EIC ..
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