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Spin -

@ Spin: extremely important quantity in quantum
physics with properties of angular momentum

& Spin-1/2 particles:

fundamental constituents [quarks, leptons (e, u,z,
neutrinos), proton, neutron,...]

@ Spin-1/2 responsible for stability of matter
(Pauli-principle):

No two Spin-1/2 particles can occupy a state
where all quantum numbers are identical



Nucleon Spin: constituent quark model -

Nucleon Spin

|

1 _ 1
2 = 7 AX
Contribution of quark spins:

AT =1




Determination of AX



Polarized deep-inelastic scattering -

e Asymmetries:
N N 1l ) NTT
N ) N 1, NTT

-+ L.S.
P = (EnPN) = (M0)

Q2= “(k- K2, v = Pg/M=E - E

X = QZ/(ZPq) = fraction of nucleon’s longitudinal momentum
carried by struck quark

q(x) = quark number density (quark momentum distribution)




Quark helicity distributions Aq(x) -

More precisely: .helicity weighted momentum distributions”

Proton

f Quark
7(x)=q" |

Aq(x) = q*(x) - 9°(x) ] [Aq = [aq(x) dx] [A% =%, aq

91(x) = 725 €,2Aq(x) Iy = Jlgl(x) dx



The EMC result for g,P(x) -
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r,r=0,126 £ 0,010 + 0,015 c Contribution of Quark Spins ’
to Nucleon-Spin very small

J. Ashman et al., PL B 206 (1988) 364 (1411 Cit.)
J. Ashman et al. Nucl. Phys. B 328 (1989) 1 (1212 Cit.) Spin-‘cri ses'

5th most cited paper in experimental accelerator based particle physics



Nucleon Spin: QCD picture -

% = %— /Y. (Quark spins)
+ AG (Gluon spins)

+Lq+Lg

(Orbital angular momenta)




Nucleon Spin - Tools -

Polarlsed DIS . T
’e n° or jet production in pp

(E,p) &

N
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Asymmetries in polarized DIS -
SLAC DESY JLAB
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HERMES

HERA MEasurement of Nucleon Spin

Ferrara group: 20 collaboration members in total



Electron beam:

E=2766GeV, I, <50mA

Comparison of rise time curve
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Internal polarized storage-cell

gas target -




Internal polarized storage-cell gas target -

Storage Cell
I -\ 27 - .'
1E j o . :I *

Principle: Stern-Gerlach separation of HF-states + RF-transitions
Target polarisation: P+~ 0.85, Dilution factor: f=1






HERMES Spectrometer -
@® +tracking: 5p/p~2%, 56<0.6 mrad, 40-220 mrad
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\ge)fg HERMES spectrometer - RICH -

Photon Detector

T

PMT plane

Two radiators
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t gg Data taking -

1995-2000: Longitudinal target polarisation
(1995: 3He, 1996-97 H, 1998-2000 D)

+ unpolarised targets (H,, D,, *He, N,, 2Ne, 84Kr, 131Xe)

2002-2005: Transverse target polarisation (H')

+ unpolarised targets

2006-30/06/2007: Recoil detector (H,, D,)

exclusive reactions



t (gg The Asymmetry A, = g,/F; -
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0.02f

-0.02}

Integrals, AX -

Most precise determination of A2

[Q%>1 GeV? data only]

0.04f

;g
iii;II

Q°=5 GeV?

e H *+ >

Tas 2

Assumption: I';9 saturates for x<0.05

= 0,042 + 0,001(stat) + 0,003(sys)
s QCD

1 9F‘iz 1 \
AC’S (1 — ng) B Z R ACNS
24 \

A =

M. Contalbrigo

/
D-state probability in
deuteron wave function

SU(3)

ATS (exp)
A2 = 0,330 +0,025 + 0,011 + 0,028

(theory) (evol.)

EMC: AT =0,12 £0,09+0,14




Quark helicity distributions from SIDIS-
(Ey

R,

Leading hadron originates with large probability from struck quark
D.h(z):= Fragmentation function (FF) |Z = Ep/v

224D 2)
D 22 q(x) D)

Measure hadron asymmetries | A;"(x,z) -

I+

Targets: l: D:h-= nt, Kt p




Quark helicity distributions-

HERMES, PRL 92 (2004) 012005, PRD 71 (2005) 012003 HERMES, PLB 666, 446 (2008)
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Valence-quark helicity distributions -
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Gluon helicity distribution
Ag(x)



Gluon helicity distribution -

COMPASS, open charm, prel., 02-06
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AG from Eﬁ —n0 (jet) X -

A. Adare et al. (PHENIX) arXiv:0810. 0694
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Spin budget -

& Origin of nucleon spin still unclear:

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

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

mm) [IC

& What is the contribution of orbital angular momenta
2?7
L. L, 22




Quark orbital angular momentum
L

q



The Sivers distribution function f, -

& Describes correlation between intrinsic D - @
quark p+ and transverse nucleon spin Z l

& fi1749(p+?) describes probability to find an unpolarised quark
with transverse momentum in a transversely polarised nucleon

Chiral - even & ndive T - odd

requires a quark rescattering via
soft gluon exchange (gauge link)
(Brodsky, Hwang, Schmidt)

& Non-zero Sivers DF requires non-vanishing
orbital angular momentum in the nucleon wave function



The Sivers effect -

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

¢ e

B Quark distributions depend on b u(x, b)
| '\J w |0 TR
lensing effect \ \ i !/ - 1= k\ij |
| green quark AN AN |
""""" \/ s e
- ,/ 1 @ e
| f S - = @
anti-green remnant v A, 4 oo R

L




Azimuthal angular distributions -

Amplitude has 2 components:

Transversity DF

2(sin(¢ + ds )"yt ~ 6q(x)-Hy19(z)

Collins Fragmentation Function

Unpolarised FF

A 4

2(sin(¢ - ¢sHMyr~f1719(x)-D,19(z)

Sivers DF

U: unpol. et-beam
T: transv. pol. Target

Z= Eh/V

(Requires non-vanishing orbital
angular momenta L, of quarks)



o4

Sivers amplitudes (p)-

2(sin(¢ - o)yt ~ f1719(x) ® D,9(z)

2 (sin{9-0sMir
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=]
-

o
8
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B

0.02 -

0.06

0.04

0.02

002 -

0.04

-0.06

M. Diefenthaler @ DIS07, hep-ex 0706.2242

(also HERMES, P. R. L. 94 (2005) 012002)
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& First observation of non-zero
Sivers distribution function in
DIS

=) E xperimental evidence for
orbital angular momentum L,
of quarks

But: Quantitative contribution of
L, to nucleon spin still unclear

L. Pappalardo
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Tool: Generalised Parton Distributions

Formfactors:

AN

Fouriertransform of e.g. a
radial charge distribution

X

Determination of Lq - GPDS-

PDFs:

A Y

6z, ~1/Q

xp B

“
) _d
: - =

e

® 9
-
-

Number density of quarks
with longitudinal
momentum fraction x

Generalised description in
2+ 1 dimensions



Determination of Lq -

Ji relation:
Ty =1/203 + L = lim[dx x [Hx,21) + E(x )]
t->0 1

H(x,C,1), E(x,C,T): 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



Azimuthal asymmetries -

DVCS: Beam-spin asymmetry

HERMES, PRL 87 (2001) 182001 CLAS, PRL 87 (2001) 182002
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Hard exclusive processes - L, -

DVCS: Beam charge asymmetry | Pioneer measurements
HERMES, JHEP 0806 (2008) 66

< E % DVCS: Transv. target spin asymme‘rry (SA)
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Determination of J q-
First model dependent attempt:

HERMES, JHEP 06 (2008) 066;
JLAB/HALL A, PRL 99 (2007) 242501
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Y Determination of L, [l

2006 - 2007:

Detailed study of exclusive processes with Recoil-Detector:

Photon Det. Lightgulde Connectors Photon Detector
(3 layers tungsten/scintlllator)

ScIFl/LIghtgulde
Connector Ring

—SelFl 2
——— 8eclFl 1
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Coollng -
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Target
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Ny
Sl Det. Hybrid

Flange to

HERA ha ., Thin-walled

Scattering

Chamber
Sl Det.

Connectors

C2 Collimator  C3 Collimator




Unpolarised DIS

SLAC, BCDMS, NMC, HERA...
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