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fascinated by spin ..

“You think you understand something? Now add spin...” -- R. Jaffe
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fascinated by spin ... an analogy
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Speaking in this analogy our planet has an orbital angular
momentum (around the sun / the nucleus) and in addition a
spin angular momentum (around its own axis).
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What is Spin ?

[www._markusehrenfried.de/science/physics/whatisspin._html]

e Stern-Gerlach (1921):

Spin can take
Zerofield on only two orientations
Photographic pattern - Classical expeciation
—

e Uhlenbeck, Goudsmit:

(1925)

explanation of atomic spectra
quantum number: m.=1/2
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What is Spin ?

[www._markusehrenfried.de/science/physics/whatisspin._html]

e Stern-Gerlach (1921):
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What is Spin ?

Spin and Symmetry: [S.Hawkins: A brief history of time]

spin: 2 spin: 1 spin: %?
4 )

math.
antisymmetric
wave function

g /
180° 360° 2x360°
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IS spin important ?

Paull principle ...

-> obey Pauli principle

—> antisymmetric under exchange

B half integer SPIN of identical particles
-> Fermi-Dirac statistics:
MATTER Fermions
-> don’t care for Pauli principle
E integer SPIN > symmetric
FORCES - Bose-Einstein statistics:
@ Pasquale i Nezza Bosons Spin Physics at HERMES_____
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IS spin important ?

Paull principle ...

matter constituents

FERMIONS spin = 1/2, 3/2, 5/2, ...

Leptons spin = 1/2 Quarks spin = 172
Approx. 7
Mass  Electric Flavor Mass  Electric

GeV/c? charge Geyjc2 Charge g e

Flavor

1 electron
€ neutrino

2 electron

i half integer SPIN [, men

M neutring

JL muon

tau

MATTER " o

tau

: .
BOSONS .in-o0.1,2, ..

Unified Electroweak spin =1 Strong (color) spin =1

Mass Electric Mass Electric
il GeV/c2  charge ol GeV/c?  charge

FORCES EAEuES
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how to study the proton spin ?

... deep-inelastic scattering (DIS)
Ep)~"

(E. p) lab

. = , .U Q2 _ _q2 — 2EE! (I'COS 9)

i s &) lab Q2 lab
N O ‘}%@ X = , v=E—-F
- D 2Mv

- “deep” <> high resolution: Q* >> M*

- “inelastic” > Mi =M’ = x<I
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" DIS cross section

(E, p)
=

. 4wt —a o(ep—oeX)
s 4

N 2 2
%) do o E WH

dOdE. MQ* E -_

Luv leptonic part of the xsection
-> Independent of proton structure
—> can be calculated explicitely

Ww hadronic part of the xsection
—> contains info on proton structure

+ strong interaction effects
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hadronic tensor W,

—>parametrised by structure functions
(Lorentz symmetry, current conservation, parity, ecc.)

TR
W, =-9" BeQ) + - - Bl
““"Ch S, g (@) + (p qS,~S-qp,) (. Q)
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hadronic tensor W,

—>parametrised by structure functions
(Lorentz symmetry, current conservation, parity, ecc.)

PM:
M -y el 0 a 0)- L X 00

momentum distribution of quarks
_
Wo=-0 ﬂﬁ’-ﬁﬁ. VAN %

+i8”m(3(86 g (X, +l(p-qSG —S-qpc) gzzx,z?;j

V
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hadronic tensor W,

—>parametrised by structure functions
(Lorentz symmetry, current conservation, parity, ecc.)

PM:
M. e 0 S ¥ elar 00+ a7 00)=5 X e 00

momentum distribution of quarks

W, =-g"
L
T1e ) g2 X9
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hadronic tensor W,

—>parametrised by structure functions
(Lorentz symmetry, current conservation, parity, ecc.)

QPM:

F.(%) =%Zi e?(qr<x>+qf(x))%ziezqi(x)

momentum distribution of quarks
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hadronic tensor W,

—>parametrised by structure functions
(Lorentz symmetry, current conservation, parity, ecc.)

PM:
M - el 00 a 0)- L X 00

momentum distribution of quarks
_ _ MV
W, =-9" BeQ), - g v

- UVAC I
+ig" %(SG g, (X, )+j(P'qSG _S'qpc) gz(X,C-Q )]

g,(x) = %Zief (47 (0 —a- ()= %Z#Aqi x)

helicity distribution of quarks
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helicity densities Aqg

because of helicity conservation, the virtual photon can
couple only to a quark of opposite helicity

1
Sy +SN :E
Gy 47 (X) 0, ~(Q (X)

by changing the orientation of target nucleon spin or the helicity
of incident lepton beam we can select g™ (x) or g"(x) 2> AQ
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the nucleon spin structure

PM:
Q gluons are
% %(Auv +Ad, —|—Aqs) important ! don't forget the
AS —1 11 orbital angular
—=—AX+AG momentum!
EMC ( 123+ ... 2 2

1 1

—=—Ax+L + AG+L,
>SLAC, CERN, DESY: 0.2-0.4 2 2
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polarised deep inelastic scattering

L
22

AYX+HL + AGHL :Jq+]g

q g

(Ey iInclusive dis
. (E, p)
polarised beam =) /
L
../Z .
Al g
and/or L '8/;272~-x . :
N j semi-inclusive
polarised target N <j/(\u)f> As DIS
xﬁj@/f AN T ™ flavour separation
\ inclusive
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Hermes @ DESY
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Hermes @ DESY

Spin Rotator

self-polarised electrons:

spin Rotator

Transverse
Polarimeter

" Direction

—» P
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Hermes @ DESY

TGA
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Hermes @ DESY

+ gas injection

target vacuum chamber -

.

wa ke field . wake field
SUppressor SUppressor
collimator .
¥ . -
thin walled beam pipe
- - - . P gw et . - -
e beam < .- - ¥ e 2 - &' beam
. "t .0 - L .-l - --0-.\- -t s L} T
. . ,_\\ i\
. sterage cell ‘-\,\ . thin
! +  polarized atoms . exit window
. sampling tube ——x_ . . \\

- I
. 1

* Y

to Breit-Rahi-Polarimeter
(Hand D only}

¢ to pump
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how to measure xsections /
asymmetries

0.8 e : ConSt A
0.7 : O *rilm;fﬁe (7(6, E') A yre O-(Xa Qz)
0.6 g

~
- &
0.5_1—
Coon
~ E
x 04| @

03

0.2}
04| /[ 1 T
0 _-r't'-."l'.‘.'J L L L L
0 2 4 6 8 10
Q? [GeV]
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0.1 [

how to measure xsections /
asymmetries

N 2 —;&Gﬁ‘ﬁ///f
s o(6,E") <> o(x,Q7)

N(Ax, AQ?

" / U(X,QZ) oc ( X, Q )

NBE/ L

f..f""r
/
| /naﬁ
P
- fﬁiﬁ.f#. L L
Q? [GeV]
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how to measure g,

virtual photon asymmetry:

A 261/2_63/2 :gl_yzgz ~ gl(xan)z |
1
Gyp T 03, k F(x,Q*) (1+y*)D

Ay(x,Q%)
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how to measure g,

virtual photon asymmetry:

O 1

= | |
AICE - R 5
0.8 o HERMES L (1 + Y )D

4 SLAC E-143

Ay(x,Q%)

0.6 = SMC

0.4 2
| P!
_ Al

..
i ne
+ Ll T
0.2 & g; =
LY
: ]
UM ﬁi
- _ i e
0 LI
| I 1 1 | (| | | 1 | |
0.01 0.1 1
X
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how to measure g,

gl(xa Q2)
Fl(xa Qz)

g, (X, Qz) = 'F1pa1:am(xa Qz)

x = (00050, i = 21
X = 0L0000R0, i = 20

meas

mlﬂr'; X = 000013, = 19
= [ X = 00020, i = 18
| x =0.00032,i=17
5 x = 0.00050, i = 16
10 7 -
x = 0080, i = 15
x=0.0013,i=14
x=00020,i=13
104
I 'param (X 2 o £ o x=0.0032,i=12
x=00030,i=11
, ° P X
1 103_ - x = 00080, 1
: wesmnsns  X=0013,
10+ gt AT = e x
2 1 105 Ge\ 72
L4 e 4 - - LRl - -
i | T T o eet i statey
| B san s e 0 o
e & T VLY. R, pennse s o
! ¥ L]
L]
— | MR S PR .
x:0.000005-0.7 _ .
: '*"M%u_—._“, gy
| AAS 1 o S
-1
10 |
S eansnss,
2| el t
0" H1 PDF 2000 3
extrapolation
|
10
3
1 10 10 10
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94-00

Hle'p low Q°
96-97

BCDMS

NMC

{1}

i=9

x = 0.020,i~§

0.032,i=7
x=0050,i=6

x=0080,i=35

.. x=0.13i=4

* i x=0I8i=3

L | 25,i=2
24 .x 025.i=2

¥ - x=040,i=|
-

bt S ) . 5 5

—t— x=065i=0
4 5

10 10

Q’/ GeV?
| the Spin of the Nucleon

HI Collaboration



how to measure g,

gl(xa Q2)

gl(xﬂQ ) — FI(X,QZ)

g7 (x,Q%):

Q°:1-10>GeV?
x :0.006-0.75
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the integral of g,

0.06 . sMC proton
X8 Ji B HERMES i:
0.04f @ HERMES prel. L [
O HERMES prel. rev. * t+
0.02} g E155 I ’& [
v E143 .:’Ph v
1:.- r:.‘:r.'l‘l,l:"r.l - %
of— s LT
0.04 deuteron
0.02} _
| )
Ol + + 77 +'I- 1#.‘.4.“twﬁ ?
0.02 neutron { He]
: %A
L T
o0z ¥ E142 Hi # I
) A E154
[1 JLab ES9-117 prel
-0.04|
Ll 1 il Ll I| 1 I| 1 Ll 1
0.0001 0.001 0.01 0.1 X
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5,00 =Y, €010~ ()

1
:5 Zf e” Aq; (X)

helicity distributions

(polarised quark distributions)
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sum rules for g,

1 _
[P = jo dx gP" (x) —M >qufl(Aq AQ)

->Bjorken sum rule: [P —T" = a; _ 021
(isospin symmetry) 6
fundamental QCD prediction

> Ellis-Jaffe sum rule: Ep(n):i a, -|-(—)1i2a3 ~(.19(-0.02)

As=( 36
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sum rules for g,

1 —
[P = jo dx gP" (x) —M )qufl(Aq AQ)

Proton

r
1 .
(+.1 143 V/O/ated
Lllis .!ﬁ!ﬂ“c sum Rule
Iy
HERMES
Neutron
~ El154
-1
Deuteron
As=0
00 Bjorken Sum Rule SMC
HERMES
Bjorken sum rule confirmed @ 8% C.L.
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Agq from g,(x,Q%)

()= Z . Aq(x,Q%)

one step further:

|
0" (0 =91+ 20 ¥ €l [Aq(x.Q") ®C, +AG(X.Q*) 8C,]
, parameterised
X minimisation :
(g — greie)? >evaluate
Z Zdata 2 parameter
Gstat
®_P33%ale Di Nezza Spin Physics at HERMES
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Agq from g,(x,Q?%)

LO 1 2 2
00=2 %, et Ad(x. Q")

one step further:

BB

3 o 0.05 2 o
0.08  xgi(x) ot Q7 = 5.0 GeV* F xqgy(x) ot O = 5.0 GeV*
¥ SMC B HERMES L1l 0'04:- Y SMC W HERMES (prelim.)
0.06 ) . 3
w EMC A El43 003 A ENM3 @ EI5SS
. I [
® FEl55 3 L ;
/ [ Method 2
0.04 0.02 A
— Method 2 *

0.02
...... 0
04 r
L -0.01
exper, syst. uncertainties
D02 [ theor, syst. uncertainties -0.02 - theor. syst. uncertainties
.J. e ..t.zl. T T T '3 g .......t2
B, = -1 o z
10 10 10 1 10 10
X

0.04 - _
xgl(x) ot @ = 5.0 GeV?
0.03
A FElq2 ® [li4
0,02+ W HERMES
0.01 - — Method 2 "
---- BB resans GRSV 1
-0.01 Ty
...... AAC . TR
1
-0.02
exper, syst. uncertainties
-0.03 +
theor. syst. uncertainties
-0.04 £ i T e e T
10 10 10" 1
X

Spin Physics at HERMES
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Agq and AG from g;(x,Q?)

s .15 :

8 1Ak
03y — — BB F ¥ I .
T e g e Au, and Aqv (quite)
s well determined
o ;__...--n-"":
- T ST R R P S ST BT
T T 1" 10~ T T
X L
a2
o0 e Ag and AG weakly
0 constraint by data
A ""'-"-':':-'-'."""--:,
vl e 7 | need more direct probes
S g | o ORSY | >flavour separation
25 = ) --- AAC L=S
05 ¢ potnl e A .4 L e QAG
10" 10 10 _ 10" 0" T ]
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polarised semi-inclusive DIS
(E!p'),/%

(E, p) #
e —N
o 4
N
@_Pasquale Di Nezza Spin Physics at HERMES
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polarised semi-inclusive DIS

e'E)

e®)

probability that struck quark
of flavour £ fragments into

hadron of type /1 with energy
fraction z

X

fragmentation
function

distribution
function

do"(2)c Y §;()®do; ®D{™"(2) . z=EW
f
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polarised semi-inclusive DIS
(E!p)/%

polarised parton
distribution
functions !

h h

h s>« O12 — O3
Al (XaQ ) Gh/ -|—Gh/ ~
S22

hadron asymmetries B
to be measured known quantities
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particle identification

Tty
07 mu“uuuuumf ® =
ettty b
R
LT
R L N R U
L AT
A A AT AT
#..hma #u«ua_ﬂ:ha?ﬁu )
*.‘
ﬁ# _-4_-__-_.1
i,
L
%

¥
gty
autry et eyt
) 7
ettt ey,
ety ety
I tepinlogh
LAl
-__-_-_
o,

LR
FRTAT

SRR

AR

LT

(R ,mw
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particle identification

double radiator RICH for 1t / K / p separation

aerogel: n=1.03
C4F10: N=1.0014

Cerenkov light emission:

1
cosd, =— = p

Cherenkov
Photons

Particle

I
Track

TOP . SIDE VIEW
. g Mi\rruw
il
‘l' .
BOTTOM
) i : g a 2 j Ill 1] a : 10 12 14 16 18 20 ) )
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Preface | Introduction to polarised DIS | Prerequisites | | the Spin of the Nucleon



quark/anti-quark helicity distributions

1/2 63/2 Z e Aqf(X Q )de Dh (z, Q )

Ah , 2 _
1 (6Q) = 61/2+G3/2 Z e qf(XQ)IdZDh(ZQ)
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quark/anti-quark helicity distributions

10, (.Q) [#2D7) ag o
> .14 (xQ%) [dzD}(» q

P (x,2)

(

Al(x,Q*) =)

FPURTT Y is an unpolarised quantityD

needs at least six independent asymmetry sets A h(x) to

determine six unknown helicity distributions: Au, Au Ad, Ad AS, As

:(A Ald,A” Afd,A )(X)

l,p? l,p?

~ Au Au Ad Ad As As
Q_ ) ) ) s _ _O (X)
u u ' d’ d’ s’ s
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measured hadron asymmetries

< ,5 L _— .
proton "' s e i |
°fincl A ﬁ T +
0.4 - " - h+ ﬂ; B
: . " - .y i ++++
0.2 " - = | =
z 40 A
o — — — — — — — - - - = = -F-——— - —=
deuteron eSS Serwevram——— ] Sevr—
003 0.1 osf E
4‘_0'52';\1.:: é'A:—u %‘A:Il._d + %.A:‘I; 0.6 - 5 sMC E— T[
wafinCl  y pome hwhz AN S S A Hﬂ : ot
02 | . 3 Ly 3 3 b4 0.2 #f* d
01 F . " £ ¢ 2 i L] +
0 E__!_._: __________ _+_¢_+L‘_'+j_l_f ______ __‘¢¢+++|__+++++ ————— 0 j S_]E_ﬂi _ __':__|_ ' _+i+__._—:;
o 5003 L m———— — _ ——— 005 0. VERrYTREY 0.4
AL AN X
0.2 3 $
0.1 \ $+ | — ) |
. §§L¢i% - ___g__t_(h-—#---- ¥+H+}
! .I..‘é_.. 1ol A

K-tus all sea objects
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purities

condaitional probability that yv* hits a quark of flavour q
when hadron of type h was detected

u quark i quark d quark d quark 8 qguark 8 guark
__...-j__c.."";’ | — — | 4 i
._,‘2:_’_:_?_?-_-';;?.5‘1' ' d d
< s u S S
Tc+ > 990 « proton I | '
= & neutron .
T ST,
f
X 5
K+ 4? 0.5
o
0
e
oz
=
-
o
D
S
K- 2
S
o, |
002 0.1 002 01 0.02 1 002 01 002 01 2 DA 0.8
X
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0.2 S t ++ S +
0 :'_'_:':_'+"—' -'"+-‘ +
x Ad
0 - = _+ - + + + +
[ B _+ -1
ol b
0 —.%.:.:.Jﬁ:._#._._.:_— —.:_—_—._-_f--? " 250e
i + 4 ¢ _ _ _ _ GRSV 2000
L _ LO std
-0.2 |- X Au ~-—-—- BBO1LO
0 _:_X %a* _._____#_:_#'_:_:t = ._._;.i —
L e :
-0.2 -

0

-0.2

w I UoYuMive v as

;-.:.:.:.i.=.=.=+.=.—+.:.:+:_:.;.:.-.t-_:.-.3.=._._._._._._.. .

X AS

03 0.1 0.6

X

quark/anti-quark helicity distributions

u quarks large positive polarisation
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- X AU _ +
0.2 — +++ - + - \\
0 - '_:':_'+"—' -'"+-‘ +
x Ad
0 - = _+ - + + + +
[ B _+ -1
bt
0 —.%.:.:.Jﬁ:._#._._.:_— —.:_—_—._-_f--?2=2.5GeV2
i + ¢ ¢ _ _ _ _ GRSV 2000
L _ LO std
-0.2 |- X Au ~—— BBO1LO
x Ad
0 Z - _'i'?_ oo %:':'j:':t = ._-,--i =
* ¢
-0.2 -
0 ;—-:.:.:.i:.:._j:.-—.+.:_:+:_:_¢.:.—.+:_=.—.$.=.-._._._._._.. .
0.2 :_ X As

w I UoYuMive v as

03 0.1 0.6

X

quark/anti-quark helicity distributions

u quarks large positive polarisation

d quarks negative polarisation
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where do we stand

the (spin) structure of the nucleon ...

HERMES, COMPASS:
first glimpse

H1, ZEUS,++

—->HERMES
—->CERN
—->RHIC
HERMES, ++
®_P35%ale Di Nezza Spin Physics at HERMES
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don't forget the orbital angular
momentum

1 1
2 2

|:> hard exclusive processes...

)
(;9/'

AZ+L + AG+L

: (E, p)
polarised e——)

beam Dy,

and/or

polarised N\
target exclusive dis \'@@]
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Generalized Parton Distributions

wide angle

Compton
scattering

de=ply virtual
_om pton
scattering

timelike =
Compton
scattering

w5 annihilation

orbital angular
momentum

transverse localisation

Y — T, ...
exclusve de=p inslastic
mescn production scattering
deep virtual [ larges ¢ FPDFs

—> (Quantum number of final state selects different GPDs:
Vector mesons (p, o, ¢): H E

Pseudoscalar mesons (wt, n): H E
DVCS (y) depends on H, E, H, E



"Tomographic” Images of the Proton's
Quark Content

Impact parameter:

bJ_

1

|-

(In the Infinite Momentum Frame)

transversely polarized target




\_ g )
HERMES:
first glimpse

H1, ZEUS,++

—->HERMES
- CERN
—-RHIC
—->SLAC

acture by its own
HERMES, ++
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Still fascinated by Spin ?

Thank you !
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