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= The spin puzzle
Introduction to spin physics
= HERMES physics:
Modest aims and rich harvest
= HERMES technology:
Polarization and novel techniques
= Physics results in more detail:
- Spin structure of the nucleon
- Hard exclusive reactions
- Quarks in nuclei

= Conclusions

Some transparencies are stolen from
Aschenauer, di Nezza, Hasch, Nowak, Ji, ...
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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

- 7 IR
L '
Planets have an orbital angular tOO nalveo

momentum around the sun and
a spin angluar momentum
around their own axis...

Just like electrons in
an atomic orbit!??
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What is Spin ?

[http://www.markusehrenfried.de/science/physics/hermes/whatisspin.html

e Stern-Gerlach (1921):

Photographic™]
plaie —

« Uhlenbeck, Goudsmit: e i
(1925) s o i
explanation of atomic spectra
quantum number: m;=1/2 [
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- What is Spin ?

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

spin: 1 spin: %?

A 0

math:
antisymmetric
wave function

—
3600 2x360°
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Is spin important ?
&

: !‘ Pauli principle ...

-> obey Pauli principle

- antisymmetric under exchange

B half integer SPIN of identical particles
- Fermi-Dirac statistics:
Fermions
M. Diiren, Univ. Giessen 7

lh | Is spin important ?

P -
: !‘ Pauli principle ...

FERMIONS i1 3250, ..

Leptons spin =12 Quarks spin=12
Approx. z
Flavor Mass | El Flavor Mass_  Electric

GeV/ic?  charge Gevic? Ccharge

i half integer SPIN

MATTER
BOSONS
Unified Electroweak spin = 1 ng (celor) spin=1
Hama Mass  Electric i Mass  Electric
GeViel  charge GeVied  charge
FORCES
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The proton spin structure

The proton spin structure ... (1987)

Quark parton model

L 1(Auv +Ad, +Aq,)
\—ﬁ/——d

2
AX =1

Prediction by Ellis and Jaffe
(based on SU(3); and

the assumption that strange quarks
do not play an important role)

AYX=3F-D=0.58

The quarks carry 58%
of the proton spin!

Measurement by the
European Muon Collaboration (CERN) ‘87

AYX =0.123 ...

The quarks do not dominate
the proton spin!

The proton spin structure ... today

. luons are
QPM: igmportant | don’t forget the
1 1 ' orbital angular
- §@u+Ad+Aq) momentum!

AY +AG

quark orb. j[ gluon orb.
angular mom angular mom.

—_—AE+L + AG+L

->SLAC, CERN, DESY: 0.2-0.4 | ‘ .

NI'—‘

1
AYX =1 -

HERMES physics




Why HERMES?

1l

A historical review

Why HERMES?
A historical review

1l

: ) x:Au RN
= In 1987 EMC discovered Original physics program of HERMES: Results (in short): oz 7 +*+ L up>0
the §p|n 'puzzle : ' = Tn 1989 we decided to solve the . Fsll:‘séjlaféﬁoskir: rule: , $+%
- Violation of the Ellis “spin puzzle" with a semi-inclusive realy —
Jaffe sum rule DIS experiment doing a flavor ' ?J‘;er"fsu';‘ r“'f'l et down<O
- A large negative decomposition of the quark spin is fine (fortunately) o2l b P
strange sea polarization . Re_measure inclusive polarized " 913 are well known 'nc?wadays : * + Iy
Both results were based DIS on proton and neutron: " Au(x)is large and positive of=—L - e ux0
on inclusive DIS data - Ellis-Taffe sum rule = Ad(x) is smaller and negative E _Jﬁii: ?CBF;S&‘E&O
. . o1l : val
and validity of SU(3); - Bjorken sum rule . Aii(X) is approx. zero o 1 + | B
- €. of—— e ! d=0
9i- 92 - SU(3); is (probably) ;——»f—lﬁ +M/¥
» Measure semi-inclusive polarized broken and oL —r
DIS onp and n: - only ~30% of the spin of : 4 Lo strange
- Au(x), Ad(x), As(x) the nucleon is due to the 0 o T TR 20
spin of the quarks o1l
0.63 — HDfl ' ' ' ‘Utﬁ
8 13 M. Diiren, Univ. Giessen x 14
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Spin of the nucleon héeses Physics program at HERMES today:
§ 03 nerves reL AR Q) = UGB 4 (X) £ d(X) iLa’rest results!
2 1f = Flavor decomposition of = Fragmentation process in
g 04 J-l AQ dx = 0.29+0.03+ 0,01 quark sp.in (done? . vac.uum an'd nuclear medium
N 002 = Gluon spin contribution = Spin matrix elements of
E a H
: (first result but large vector meson production
2] ‘ ~307% up anq d°‘.’"” errors) = Positive Pentaquark signal
T quark contribution . :
10 X . | . = Transversity, Collins and .
_ . ifvaienceiregion Sivers functions
io.l [ HERMES PRELIMINARY | S(x) =s(X) +5(x) (first non-zero results)
¥ | + = Orbital angular momentum
1 .
0 b J . + I AS dx=0.006+0.029 +0.007 of quarks (first results, In many areas HERMES
e but model dependent) e @
0.1} I E— <3% strange quark " Generalized parton pioneering experiment
distributions (first results

contribution

X
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on BCA,BSA, TTSA,..)
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HERMES technology

%, HERa MEasurement of Spin

S l+] ™= 11
m =3t =
-l e =

Collaboration of ~180 Phys., 33 Inst., 12 Countries

HERMES
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Polarization and novel techniques

HERMES regquires: Solution:
* Large polarization of beam = High HERA beam Eolar'izaﬂon
and target; pure target (pushed by HERMES) and ABS
= Relatively large luminosity = Storage cell technique
(Much larger than EMC) (new at that time)

= Relatively high beam energy = HERA fixed target
(Q?>1 GeV?; larger than
Jlab)

* Relatively large acceptance = Standard open spectrometer
(Much larger than SLAC)

= Strangeness identification = RICH upgrade in 2000

(kaons) (well working RICH)
= Recoil protons = Recoil upgrade in 2006
(for exclusive reactions) (for GPD program)

M. Diiren, Univ. Giessen 19

Beam polarization




— A A
i 920 GeV protons; super
HERA tunnel conducting magnets

N

27 GeV positrons; normal
conducting magnets

wr 88 OR [CEtY

superconducting
cavities

Laser beam: '

*Transport in tunnel (180 m)

»collision head on positron
beam (0.3 mm)

»Observation of Compton
back scattering (15 GeV)

7
e

27 GeV Posn’rr'on

Polarization at HERA

Longitudinal

Transverse
Polarimeter

/B’eam
~ Direction

i}

Vertical electron
polarization due to
Sokolov-Ternov effect




Polarization at HERA

Sokolov Ternov effect: *  Depolarizing resonances will usually reduce
emission of synchrotron the equilibrium polarization significantly
radiation leads to electron (e.g. the quardupole fields precess the
polarization electron spin direction)

Probability for a spin flipof = = Many complicated schemes have been

the electron during the invented to compensate the resonances
emission of a synchrotron (e.g. the harmonic bumps are tuned to
photon is 101! compensate individual harmonics of

The probability to flip the spin ~ depolarizing frequencies)
parallel or antiparallel to the

magnetic field is different El }
(96_4) nh __.«-’,”.-—-‘.
The polarization will slowly . T
increase according to an i

exponential curve with an e

initial slope of 2.5%/min at k. ==
275 GeV s

This is a very slow process
compared to betatron
oscillations or even to the
revolution time of 21 us. s
The equilibrium polarization M-Dt |~ & L
is 92.38% ‘ ;i i =

(]

Spin rotator at HERA

Side view
F1.0m

- 105 = ~E7 protons
Fo. i

TR _
- Ep =

o i Bty S SN — o — m@:if-'n —

ke i E
electrons - - HSEP HTRA
F05

| y
mi v Ty 14
AL A

Sty

L e e B S B S B S S B R St e B T

200m 150 100 50 0 50 100 150 200m

Top view

P IEmmng
—=4
S
-

= Quad [
Triplet

Spin rotator

*The spin precesses in the magnetic field of the dipole magnets

*Only the vertical direction is stable due to the dipole magnets of the storage ring

*To obtain longitudinal polarization one needs spin rotators

*The spin rotator is based on two effects:
*The spin precession angle is larger by a factor 62.5 compared to the beam
deflection (depends on the energy and the anomalous magn. moment)
*Rotations are not commutative

ORBIT HI TH2 PH3
- ! horizontal deflections
vertical deflections I
63° 97° 36°
e

SPIN A

E
e-beam
‘. s z direction
m L LR : P 27
41°- 77° 36°

HERA polarization

_ o World premiere in May '94:

70 HERA WITH SPIN ROTATORS 4-May-94
o
S 60F
=
S50t
=0
g 40t
3 30t
St Rise of electron polarization at HERA
&
10: Longitudinal polarization at HERMES
0= 136 138 14 14z 144 .
TIME (h)
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Polarization at HERA

Bunch dependence of polarization

o\";‘ 80 L7 12 & i 1 . . o L] ’ b * L] . * * T * x . - T s *
x‘s_i? 70 F | ® Transversales Polarimeter E
o’ [ | © Longitudinales Polarimeter ] im
- =
| :
aa
= . . .y o
3 - pal e . = o e, Myl
- .l" - i. f‘ '.‘# - .‘ .’r - -
70 . ] .
B FRET T el AT
& - 0 . . . Ll s P Tar *s
] [ ') .. b 1)
L) =
o ] =0 L v ¥
2 E a0 4 v
D ] Y v Y v
6 6.5 7 7.5 8 » v Y 7 7 Y
Zeit/ h 20 Y
® Colliding Bunches
@ Mittl. Strahlpolarisati B HH% " v Pilot Bunches
ittl. Strahlpolarisation (Pg) ~ 55%
o Ll !
29 a 25 =0 75 100 125 150 175 200 30
“ 5PB/PB—]834%\ Bunch Number
e, oo 918 Transverse Polarimeter
—)
Beam polarimetry
Optical system
s \
Mmmor Min || pe—— MimocMib N\
il * Right/left-handed polarized circular light
Produced by switched Pockels cell Targ et pOI arization
Pump = MMm
Norbert Meynecs, Sepe. 9, I.W&
.‘“. Alml.;;‘ . m| -‘-/ .;-.:“ Mimor M3 \
! .‘.__ WR 1335 E""-:'::::"“‘ k’ . Miscar M4 P \
!I H.ERA..;- : . E.a:‘_____.______.__————_'_ e __-_-r_e.-f‘:k....\-. I:I\}\ )

9 Interaction P 0 m e
Exit Windaw YN\ Posimans s

Focus <Imm at 190 m

Light Analyzer Bex
HERA Tunnel, Sectivn West Right (WK}




Cloud of
polarized
atoms

The HERMES
Target:
a storage cell

L e R

i,

.>-

Semi-inclusive and
exclusive physics!

Low density:
. noexternal rad. corrections,

no rescattering of hadronic final
\ state
No dilution, high polarization:
50% (3He) - 95% (H, D)
Nuclear targets: H, D,3He, N, Ne,
X Kr (13 Mio DIS in 2000)
Unpolarized targets at high lumi:

:; 5*1033/s cm?

Positron ;
beam _ End-of-fill running: Killing the
HERA beam in a gas cloud

Target region

+ gas injection

target vacuum chamber

. J
. a
wa ke field . wake field
SUppressor SURPressor /
collimator . . Cea
¥ ! thin walled beam pipe
. P |
+ '. - - . '] i
€ heam e e . = @ heam
' . . e 8" \‘ -t . LI
storage cell N . 4 thin
polarized atoms o . % exitwindow
sampling tube ~a. A \'\
. ]
I : |
to pump + to pum
* to Breit-Rabi-Polarimeter S
[H and D only)

Transverse

The source of atom Magnet

Breit-Rabi Storage cell 1 ' 5
polarimeter and i fore, .
== superconducting §

; Atomic beam
¥ source (H&D)

i )

g g
4

| Positron beam

Atomic beam source
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The Storage Cell and Target Holding Field Magnet

o Cell walls made out of 75 pgm thick aluminum (hadrons de-
tectable).

o Drifilm coating to minimize wall depolarization and recombi-
nation.

# Helium cooled cell - temperature range of 34. .. 300 K.

o Holding field range 0...350 mT.

Select indvidual hyperfine states

Es HES M, M, My
" Deuterium Cllm 432 4l +1/2
EZ; /;.|z> TR ] 1z

3 02 -l a2
e

-¥2 -l =12
V2o -2
+U2 41 =112
0 1 2 3 4 5 6 7 8 17
Bm”“

The Atomic Beam Source (ABS)

ABS

E o0
£ chiscrarge tube istsexp. magn.sySt  gop e 2ndsexp. MAEN. IS grpwEr
coll.
0
g =g ] Infecton tube
20 rozzle
o i/ e - et P
20 cell
0
o
zrmm

e RF dissociator with ~ 80% degree of dissociation.
e 5 (tapered) magnets in 2 subsystems.
e 4 transition units, 3 of them independently operational.

e DD beam intensity ~ 3.5 - 10'6 nucs—! (3 hyperfine states).

Default Injection Modes:

Pol. Tnj. HFS high frequency transitions
appendix between sextupole subsystems
2 [1y,12Y.13) OFF OFF
Py [1).16) SFT 2-6 (s26) SFT 3-5 (t35)
P._ 13).14) WET 1-4/2-3 (wl4) SFT 3-5 (t35)
P, 13).16) SFT 26 (s26) MET 1-4 (m14)
P.._ 12).15) SFT 3-5 (s85) MFT 1-4 (m14)
Poro Pt 1y OF T MFET 34 (m34), ST 2.6 (£26)
Poyy Pee_ 12} OFF WET 1-4/2-3 (v14), SFT 2-6 (£26)
Py, P 13) OFF WET 1-4/2-3 (v14), SFT 3-5 (t35)
Po, P |4} WEFT 1-4/2-3 (wl4) | MFT 3-4 (m34), SFT 2-6 (t26)
Poey P 15) SFT 3-5 (s35) WET 1-4/2-3 (v14), SFT 2-6 (£26)
Pae, Py 16) SFT 2-6 (s26) WET 1-4/2-3 (v14), SFT 3-5 (+35)

The HERMES detector




The spectrometer

~—— FIELD CLAMPS ——, TRIGGER HODOSCOPE HA
m r ] 1 \
| DRIFT CHAMBERS
2 . | .,
Recoil ; N
y A PRESHOWER (H2)
Proton /

DRIFT I3

CHAMBERS ol =
1 Iy < |

1 1 |
LuMinosiTy 27862V
IR . e O s B L TR - - L -
MONITOR oy
HODOSCOPE HO |
! TRD CALORIMETER
STEEL PLATE J
— RICH
2l RECOIL ;
DETECTOR e AAGHET
T T T T T T T T T T
] 1 2 3 4 5 6 7 8 9 m
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Particle identification

‘Pésitrons| - Ml Hadons. .|

a
5

) : v
10 2 20 &
s . &
o TRE » O
P Pl e ofo
40 E 5 Loy
°9mﬁ'f4.e PRt WK
q, - 20 e
e, 50
%))
M. Diiren, Univ. Giessen 42

Particle identification

double radiator RICH for 1t / K / p separation
aerogel: n=1.03 e
C4F1o: N=1.0014

Cherenkov light emission:
mcf

Particle |

cos, = L = p
Bn

Track

Mirrow

43

Recoil detector

Photon Det. Lightguide Connectors Photon Detector
(2 layers tungsten/scintillator)

SciFi/Lightguide
Connector Ring

SciFi 2

SciFi 1

‘g:;;g TIGRE Sensors
for Si Det. Si Det. Frame

(Aln)

Target
Cell

Si Det. Hybrid
Flange to !
HEFI.gA beam pipe Thin-walled
Scattering

Chamber
Si Det.

Connectors

C2 Collimator  C3 Collimator 4




Scintillating fiber detector
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HERMES' guide to success:

Novel technologies (at time of proposal)

Unique facility (energy, luminosity, precision, ...)
Polarization (that is where one can falsify models)
Flexibility for upgrades
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* The spin puzzle
Introduction to spin physics
= HERMES physics:
Modest aims and rich harvest
= HERMES technology:
Polarization and novel techniques
= Physics results in more detail:
- Spin structure of the nucleon
- Hard exclusive reactions
- Quarks in nuclei

= Conclusions
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spins

Comment by Bjorken:
If my sum rule is wrong
then QCD is wrong as well

The spin crisis (1987)
We measured the quark spin distributions
in the EMC experiment

The results violated naive expectations
(Ellis Jaffe sum rule)

Most of the proton spin is not due to the quark

Comment by Frank Close:
If the violation would
have been discovered in
the sixties, the quark

E & Y model would have been
E 25+ 0 O measurement discarded
£ ' A saqm
- 15-
=
)
E 454 : Today we do not understand
§ ’ . J any more why the magnetic
moments come out so well in
o .05 Y ) the naive quark model
© )
c &
g 4.5 ~ & 2 .
= ! a Magnetic moments:
AT T T T T T T T T i Great success of
N A I+ I-I-AZ° =-
F the quark model!
Baryon




Unpolarized structure
functions

F (X, Q%)= XZ eizqi (X)

Hadronen

drdQ? @

for longitudinally (#;) and transversely (o) polarised photons:

Lo
ded()?

=T{ar + ear).

Elektron
I' describes the flux of virtual photons and ¢ is the degree of transverse polarisation
af the virtual photon:

1-y
E= ——————————.
1—y+y?/2

The ratio B = az /oy of the longitudinal and transverse cross sections is related to
the structure functions by the following equation:

(2.23)

(L+ 4027 Q) Py, @) — 2B (2, @)
2z Fi(z, G

‘ZXFI(X) # F2(X)mlan—6ross—relaﬁon holds only approxima‘reD 49

R(x,Q?) small but not equal to zero in QCD

Rz, Q%) = : (2.24)

polarisarion plane

Polarized structure functions Mge?

olarization
Cross section is as usual the product of
a leptonic and a hadronic tensor:

Ba a’E’
—_— - “V 4
doonfdg iy~ GREL Ve

P

k

Beam
polarization
longitudinal

lepton spin vector

scatrering plane

leptonic tensor

LM = 2[R 4 kY — k- g — i Py

hadronic tensor

. Fi(@?,
ﬁ’,_w = — l(f{‘y)g;‘v
F{(Q%v) Unpolarized structure functions
PpPu

+ Mp-q
i (@ v =
+ T)‘#”WA%
iga (@ v - .
+ E(Jfﬂ)eﬁm@(p-qsh — a1 q5%)-

¢ Polarized structure functions s

polarisaiion plane
Polarized structure functions N et
P
Polarized part of cross section e
(o - )
Blo(a)—o(r+a)) vy v, o _ Y 2 2
dz dy do = inicp ["“5”([1‘5_7’] (= &) -5 92(”3’@)) =
H scatteri lane
— &in o cos gy | 72 [1 —y- %71} (% afz, Q%)+ gz(m-.Qz))}- {2.31) rrerms b

- - ; Quark distribution with
@e\rlmen’rally, asymmetries are measureD quark spin parallel to

proton spin

aTl — g1t P g O

A = —) =
e e LT A=y el F(z, @) = Zﬁ (qf(x)+qf(x)
' 2
)
iz, = .
Interpretation of T\ (2.9 2XF1(X) anti-parallel
structure functions in the & ) Helict
simple quark model GRS Zf: % (q}(m) - (I)) disTr‘ibu’r)ilon
w09 = 0 a7 —9; =Aq,

Partonic Interpretation

QPM:
g(z) = qT (@) +q (2)

1
Fi(z) = =Y e3qs(x)
1 2% F4f
Fy = 22K
Ag(x) = ({l'(;z:-)—q_(a:-)
g1(z) = =Y e3Aqs(2)
91 25 fedf

g =0

+
G 17127 g (X) Nucleon

Y 3/2 ~q (X) Nucleon

simple physical interpretation of g; in terms of quark he-
licity distributions Ag(x)

g, is NOT zero.
Moments of g,
can be calculated
in QCD

BUT no simple partonic picture for go




How are spin distributions of quarks measured?
Principle: Helicity conservation in polarized DIS

* Polarized beam
» Exchanged photon (spin 1)
is polarized
> It is absorbed by
quark (spinz)
with opposite spin

M. Diiren, Univ. Giessen

\- /chlr‘gef spin is flipped

Fion

experimentally

Hadron

> Measured asymmetry | tagging
is related to quark selects
polarization quark

flavor

Spin Structure Functions in DIS

-——

orientations of beam and target spins LB/

beam target  det.

form cross section asymmetries w.r.t. . é-)N »

measured asymmetries:

o —o~ o= — gt—
A== 3 AT
o= 4o~ At Y

relation to virtual photon asymmetries Ay and A,:
A= D(4;1 +n43) A= d(CA1 + A3)
relation to spin structure functions g7 and g»:

_(g1—-729) _ 0 . (g1t 92)
A= = Ap= y————75
2 2 F

D. d: photon depolarization factors () == y)
Qs M?
J 0)

These relations
take the non-zero
angles into account

n, ¥, ¢ : kinematic factors (5 =~

The spin structure function

97 (X) == (Au(x) +Ad(X) +AT(X) + Ad (x))+%(As(x) +AS(X))

d
9
Fd I
104 = HERMES PRELIMINARY
I (DD data, no smearing correction) + {
03| }
i 1] exp. systematic uncertainty +
0.2 {77 uncertainty due to R ++
+
I +
01 I '
[ *i
2 i s
Ay= (91 — 92)%9_1 o[ a‘ﬁ”“.gu
107 107
Rk x
@RMES is a precision experim@

The spin structure function
97 (X) == (Au(x)+Ad(X) +AT(X) + Ad (x))+1—18 (As(X) +AS(x))

9
086 -
HERMES/DESY: electron/positron E - HERMES PRELIMINARY
scattering off a polarized gas target asf ¢ » 1o smearing correction)
F © smc
SMC/CERN: muon scattering of f a p (wininxmnge of HERWES)
polarized solid state mrge‘r/l/v{: Gk
94 L o E155
SLAC: electron scattering of f g [ VEmOSAbY HERMES) u %
a polarized solid state target s } ,;
i W
o Fl ‘# R .u < i
T f R
‘ <«Q? differs by factor 10 21k ' w
between SMC and HERMES 10 107 1

P <Q> F e o @ 2 ° o
<x>and <Q?®> are correlated Gev?® E o B 0 % o8 eareees
. . F = b
in all experiments due to 1k Sy oS

experimental acceptance —= : :

T

1

M.D 10~ 107 1




Kinematics and cuts in DIS

Kinematics and cuts in DIS

x and Q2 are correlated 1025 * EMC (p)
in all experiments due to F 0 SMC (low Q2 a®
experimental acceptance J , .o o7 oso At large Q* the S - ®m SMC E;),\g)Q } " *
number of < L 0 E143 (p,d) B *
events dies out O 19k ©E142(n) :* .0"
— £ A Hermes (n) !! A
o~ - g
e - ® E154 (n) !! .' 999___
angle | . Ui i Welefe ) Averaged 5 L -
reduces radiative values for SMC 3 o ¢
o corrections and HERMES - '
SLAC measures [ ]
at fixed Q2 . o
(angles) = o
O
. ; beam energy r
Q*®>1 6eV* cut defines smallest B e ppimmal ovavernl o ervinl e e
allows to , ____possible x ; -3 -2 -1
interprete data in i i Amm\0025 Q 1GeV 10 10 10 10 1
X= —
quark model L= oMy~ 2.0938 E Xgi >
~0.02
. . 2 H
The spin structure function Q? evolution g,
d — I = —_—
0! () =5 (AU(X)+ Ad (X) +AT(X) + Ad () + 5 (As() + AS(X)) A ——
gd Né r ! I —  HNLOD QCD fit
*F, varies with Q? according FZ' s | *F, varies with Q? according IR _H_*, D s
to DGLAP equations T T et iom) to DGLAP equations a o C AL
05 2 F -k 1 EMC
-g; has a similar Q* L © smc *g; has a similar Q* SEETT cooms
dependence as F1 04 — N (within x range of HERMES) dependence as F1 [ i .
*Q* evolution for g; can be I *Q? evolution for g, can be [ 5F T x0ome

; . E155
calculated in QCD ina F = (averaged by HERMES) ij %
similar way as for F; 2 r j

0.1 :*
g,/F, is almost | 4 I ﬂLﬁg"
Q°independent! J © i ~f" | iaan
<Q2> differs by factor 10 01 | . w
between SMC and HERMES 107 107 1

<Q> . o o 2 2 °n o
10 | 3 o o ey
Gev2 F - = 2 ﬂ;ag.mﬁ'vﬂéams%ﬂiw“
1k Nt
o el 1 L
M.D 10~ 107" 1

calculated in QCD ina
similar way as for F,

NLO QCD fit
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0.5

. i E}‘f*l T m00i0

I L TT—L}’ .

?F | h_if-o,om
! ff'r-a- L o x=0.122
r 1, X

L BRI s
[ 3o pelE— -

x=0.245

ISP

x=0.346
5 S _ x=0.490
Ly B R T
A E155 e K073
LT AL Al
F]
1 10 10

Q? (Gev?)




Q2 evolution of F, and g,
|

oy
L | % 4
H o NMC O BCDMS o SLAC e HY 2
N [ A Re 00000 1 B === simple fit
R Rt ) B — £ | |x=o0085 o
. L r —
w ot )w/ 2=0.00008 asr) B o |
My r'/ 20.00011,q % HL 57 Preliminary ¥ 35 i B HERMES
T+ 200002 low Q1 o N x=0.0141 * SMC
3 wopon @ H1$-97 Prelimipany 1 @ i
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Sum rules for g,

1 —
0= dxgl"(0—25 3" el(Aq+AQ)

Same symbol for
function and integral!
1

Aq = j dx Aq(x)

0

a,=Au+Au-Ad—Ad =126

related to axial charges of proton:

SU(2);

ag =Au+Au+Ad+Ad-2As-As=0.58 SU(3);

measured in weak baryon decays

M. Diiren, Univ. Giessen
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Sum rules for g,
1 J—
0P = [ degP" (00— el(Aq+AQ)

—>Bjorken sum rule:
(isospin symmetry)

fundamental QCD prediction

- Ellis-Jaffe sum rule:
As=0
SU(3); symmetry

M. Diiren, Univ. Giessen 64




Sum rules for g,

1 —
0= degP" (00— el(Aq+AQ)

Proton

I,
violated

—>Bjorken sum rule:
(isospin symmetry)

Ellis-Jafle Sum Rule

fundamental QCD prediction |

Neutron

- Els4
. 01 F
—>Ellis-Jaffe sum rule: Deuteron
. Bjorken Sum Rule
0.2
SU(3); symmetry i
HERMES
Bjorken sum rule confirmed @ 8% C.L.
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Spin crisis

»  SU(3); decomposition of first moment of structure function:

1
Ff(“) = j‘; gf(n)(az) de = 11—2 (j:aa + E) + 1au+ QCD corrections

3 9
with System of equations with
three variables and two
= gf¢. =F+D =Au—Ad known values (F and D)
ag = 3F =D = Au+ Ad—2As

. A3 = Au+ Ad+ As As~-10%

» EMC measurement allows to solve SPIN CRISIS:
the system of equations: large negative strange

quark polarization and a
i (4Au +Ad + AS) = _[ g7 ()dx =0.126 smallpfo’ral quark spin!
A

Compatible

* Later it was realised that the total spin carried by
with zerol

guarks can be interpreted in different ways

* It becomes scheme dependent in higher order
QCD calculations (due to the Adler-Bell-Jackiw
anomaly and the mixing with the gluon spin 66
distribution)

Aq from g;(x,Q?)

1
00 . S

one step further:

a, 1
0000 =9/ + =3 o] [BIRIQH © C, + AG(x. Q") ®C, ]

1 i

parameterised

2
A minimisation :

) (9% - gl-)2 Sevaluate
X = Zdata 2

parameter
O-stat
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Aq from g;(x,Q?)

1
00 . S

0.
3 I 08 - f " ot i
0ok xgilx) at OF = 5.0 GeV® vgi(x) ot O = 5.0 GeV* xgi(x) ot &7 = 5.0 GeV
0.0 i
¥ OSHC W HERMES ‘) WE oy suC O ERMES fpreiim) 4 £l LR
.06 £
EME & Bl SEC BT e 001f W HERMES
® s AT 001 Wethod 2
004 02 s _
Methad ~== BB ' -—-- BB OR3V
. Z W s |
B8 \ GRSV . ' ..
waz cRev L e ! ., .
..... me - = 001 - ey b kA
0 e L]
" e '
} e " @02
SUrrs s 01 o il A pov, il et
o, sy, uncetsintien a
BOLE oo, syst. uncertainties 02 [ theor. syst, uncerointiel theor. syst. unceriointle:
" 0,04
w' w? w' [T w? w! 1 w' w? w' 1
X - X
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Aq and AG from g;(x,Q?)

0.3 - T s

val NLO “ ‘— NLO
A 005

0wy - — BB 'y o

7|« Au, and Ad, (quite)
well determined

.. GRsV

175
1.5 E

» Ag and AG weakly
constraint by data

£l WL 0.01
125 ¢ .

1o~ BB

-

need more direct probes
v h -~ | =>flavour separation

a5 = - - L I :

05l vl S e Bl vl 2>AG

" 0’ 10 w? w? 0’

002

003

X
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Gluon spin
* How can the gluon polarization be measured?

Pion

= Tricks:

- Use QCD evolution
equations, which involve
AG(x)

- Photon gluon fusion (PGF)
graph allows direct
measurement
Select PGF e.g. by charmed
hadrons, large pT jets,...
(Compass, RHIC)

& =Polarisiertes Ghaon

HERMES selects two hadrons
with large opposite
transverse momentum to
enhance event sample
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Gluon spin at HERMES W y

€W =Polaresiertes Gon

HERMES selects two hadrons
with large opposite
transverse momentum to
enhance event sample

Four different processes can contribute:

Semi-inclusive DIS




Probability to find a quark
flavor f with momentum
fraction x in the proton

Semi-inclusive DIS:
extract the spin-flavor distributions

M Factorization of
__— 1 Quark scattering

-7y> a, (%,Q")

(described by quark
distribution function)

. Hadron generation

D! (2) (described by

pion fragmentation function)

Probability to produce a
hadron h from a quark f

How are spin distributions of quarks measured?
Principle: Helicity conservation in polarized DIS

with energy fraction = Polarized beam ~~ arget spin is flipped
Fragmentation function: D} (z) =B/ > Exck\langeddphofon (spin1) experimentally Hadron
2 PN Is polarize > Measured asymmetry| tagging
I doeN —ehX) 1 dN" Zf €19 (x,Q")D;(2) > It is absorbed by related to quark selects
N - 2 2 quark (spinz) olarization quark
Ot dz N dz Zf €1d; (x,Q%) with opposisre spin P flavor
M. Diiren, Univ. Giessen 73 M. Diiren, Univ. Giessen
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_ _ Purity formalism "=
Fragmentation function: D"(7)

1 do(eN —>e‘hX)_idNh _Zfe?qf(x,Qz)D?(z) SO
Cu 2 Nz ) e, (6Q)

Ji‘/z o ‘7;?/2 Zq ffg AQ(I) f dz D(?;(z)ﬁir;eo;\;assumes.‘rhm
R n 5 7 Y gmentation
T2 T 0370 2q¢74(x) J dz Dj(z) process is independent
of the spin of the
e2 g(x) [ dz D"(z fragmenting quark! That
= Z d g( ,) [ — ( h) -AQ('T) should be especially true
7 Lg €pd () [dzDy(z) q(x) for the fragmentation
> N—— into scalar mesons
=Pi(2,2) “Purity (pions, kaons,..) _/

D "(z) = probability to

HOR

P,(z) = probability that a
hadron h with energy
fraction z originates from
a quark f 75

produce a hadron h
from a quark f with
energy fraction z

Purity formalism

J?/'z - 53/2 N >q ¢ DAal) [dz Dy(z)
R

Al () = _ :
(=) Ty U:?/z 2oq €5 a(x) J dz D}(z)

_ ez a(z) [dz Dj(z)  Aq(x)
Zq:\qu ey (z) [dz Dy (z) qlz)

'

=Ph(z,z) “Purity”

Matrix equation to invert and solve:

h h Al
S
q

A-PG G-P'A

Q= (8 80,84 8 2e As ) ()

—

A= (Al,py A17d7 Aﬂ—i

+ +
1,p? A71T,d7 Afd (z)
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Tuning of hadron multiplicities in MC
Monte Carlo extraction of purities and quark polarization

HERMES preliminary (in HERMES acceptance)
06
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Semi-inclusive spin asymmetries
(deuterium)

Semi-inclusive spin asymmetries
Results of the 5 parameter fit

1l

X.AS(X)

-0.1

IOIOZAQ dx=0.29+0.03+0.01

~30% up and down
quark contribution
in valence region

j;oz AS dx = 0.006 % 0.029 +0.007

Bj
M. Diiren, Univ. Giessen

<3% strange quark
contribution
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Transversity

xan !
. ) ) 02 ot 4 +,»;’:*/” LIP»O
Hadron selection: 0.2 <z = B, /v <0.8, zp >0.1, W2 > 10 GeV Au(x) is large and positive e
o Ad(x) is smaller and F L
05 _ . _ ) _ " | _ . negaﬂve 0 F —f :.:‘;_;vi:? f:‘tv:‘;::*/j; = dOWH<O
E oA oA, Ee Ay t LAy . ook 4 +
04 E 3 ¢ F 2 As(x) is approx. zero -
E 0 SMC h+ E o SMCh- : ] . :
03 3 E E lLe. *741 7777777 + Q®=25GeV? |  __
83 L - 3 | E - SU(3)is broken and 0 =t T{ —2—881;&0 uxr0
04k 0 jL . £ + £ H’ + * | B - only ~30% of the spin  1fE2m _,Jﬁi;: Loval
NIRRT E é A % E ++ + E_ \ of the nucleon is due to | xa } l _
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Where do we stand?
Helicity sum rule: %

72=" (AutAd+As) + AG+ L +L,

quark spin / gluon spin /

HERMES,
Compass, Rhic

orbital angular momentum
=  Semi-inclusive DIS * Photon gluon fusion * Hard exclusive scattering

GPDs: generalized parton
distributions:
HERMES recoil project

Why do we need this extra piece?

M. Diiren, Univ. Giessen
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The almost forgotten twist-2 quark distribution %I

Transversity: &, (X,Q?%)

* Non-relativistically: The transverse quark spin distribution in a
transversely polarized proton is identical to the longitudinal spin
distribution in a longitudinally polarized target!

* In relativistic kinematics, this is NOT the case as boost and rotation do

not commute!
A(X) = Aq(X)
Ti it

Interesting properties:
= QCD-evolution independent of gluon distribution Fundamental twist-2
(to be tested by experiment) distribution function!

= 1st moment of dq is tensor charge (pure valence object)

predicted by fattice QCD: | o5 — 0.562+0.088 at Q> = 2 GeV>

« Soffer bound: |h (x)| f (X)+ g, (X))

h00 = T e,

» Transversity is chiral odd (i.e.does not contribute to inclusive DIS cross section!) ‘

Transverse spin distribution of quarks

* There are three leading-twist structure functions:

Quark density

il

‘ Q. ) ~ el
| )

&

(' "') - t"' " | ~ a5y [Helicity distribution |

:
\ /’.“
i (.é )- (1) -

M. Diiren, Univ. Giessen
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Transverse spin distribution of quarks

* The azimuthal angular distributions of hadrons from a
transversely polarized target show two effects:

- Collins asymmetry in ¢+,

Target spin

- Sivers asymmetry in ¢-¢

M. Diiren, Univ. Giessen 88




Transverse spin distribution of quarks

* The azimuthal angular distributions of hadrons from a
transversely polarized target show two effects:

- Collins asymmetry in ¢+b,
Product of the chiral-odd
transversity distribution h,(x)
and the chiral-odd
fragmentation function H;'(z)
— related to the transverse
spin distribution of quarks

First
results
from Belle

- Sivers asymmetry in ¢-o

M. Diiren, Univ. Giessen

Target spin
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Transverse spin distribution of quarks

= The azimuthal angular distributions of hadrons from a
transversely polarized target show two effects:

- Collins asymmetry in ¢+b,
Product of the chiral-odd
transversity distribution hy(x)
and the chiral-odd
fragmentation function H(z)
— related to the transverse
spin distribution of quarks

First
results
from Belle

Target spin

- Sivers-Asymmetrie in ¢-o.:
Product of the T-odd -
distribution function f ()
and the ordinar
fragmentation function D,(z)
— related to the orbital
angular momentum of quarks

M. Diiren, Univ. Giessen 90

Collins asymmetries
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Hard exclusive reactions

Quantum phase-space ..tomography"
of the nucleon

Quantum phase-space
Wigner distribution

* A classical particle is defined by its coordinate and

momentum (x,p): phase-

space

= A state of classical identical particle system can be
described by a phase-space distribution f(x,p). The time
evolution of f(x,p) obeys the Boltzmann equation.

= In quantum mechanics, because of the uncertainty principle,
the phase-space distributions seem useless, but...

* Wigner introduced the first phase-space distribution

in quantum mechanics (
= Wigner function:

1932)

Wie.p) = [0 = a/2(a+ /2"y

M. Diiren, Univ. Giessen
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Wigner function

* When integrated over x, one gets the momentum density.
= When integrated over p, one gets the probability density.
= Any dynamical variable can be calculated from it!

most complete (one-bodly) info

The Wigner function contains the I
about a quantum system. .

= A Wigner operator can be defined that describes quarks in the
nucleon W (7, k) = /ﬁ(?— n/2)TE(F +n/2)e*1d'y |

* The reduced Wigner distribution is related to
Generalized parton distributions (GPDs)
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What is a GPD?

= A proton matrix element which is a hybrid of elastic form factor
and Feynman distribution

= Depends on
x: fraction of the longitudinal momentum carried by parton
t=q% t-channel momentum transfer squared
§: skewness parameter

There are 4 important GPDs (among others):
HED, E'x a0, AUk £, E'(x &)

Limiting cases:

= Integrating over x: Parton
momentum information is lost,
spatial distributions = form factors
remain

* 1-0: Ignoring the impact
parameters leads to ordinary
parton distributions

q(x) = H(x,0,0) Fui(t) = j HY(x,&,t) dx
Aq(x) = H(x,0,0)

FiO=[E'x&dx| 7

3-D contours of quark distributions for
various Feynman x values

x=0.01 x =0.40 x=0.70

[
o=

c
3
s — S

=a

Fits to the known form factors and parton distributions
with additional theoretical constraints (e.g. polynomiality) and model assumptions

Conclusions: Quarks in the
guantum mechanical phase-space

» Elastic form factors — charge distribution (space coordinates)

= Parton distributions — momentum distribution of quarks
(momentum space)

= (Generalized parton distributions (6PDs) are reduced Wigner
functions — correlation in phase-space — e.g. the orbital
momentum of quarks:
9 L=rxp

= Angular momentum of quarks can be extracted from GPDs:

Jisumrule: |3 _ %J‘_ll xdx[H a (Xx,&,0)+ Eq (X, 6830)]

q

= GPDs provide a unified theoretical framework for various
experimental processes

M. Diiren, Univ. Giessen 929

Generalized Parton Distributions

wide angle
desply virtual Compton
Compton scattering
scattering

orbital angular
momentum

transverse localisation

axclusive deap inalastic
meson production scattering
deep virtual / large ¢ FDFs

— Quantum number of final state selects different GPDs:
Vector mesons (p, ®, ¢): H E
Pseudoscalar mesons (m, n): H E

DVCS (y) depends on H, E, H, E
M. Diiren, Univ. Giessen 100




Hard exclusive reactions at %ggé/

Kinematic coverage

Fixed-target experiments

S oliz (> A
38 Irig R
= = o~ S5
& 8 H T i ".‘}(f
{ +  Upgraded <8
H 4 JLab )
6H e
S|
4l
31 JLab
2
1k

U 1 1 L L 1 L
0 01 02 03 04 05 06 07
XB
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Experimental Access to GPDs

* QCD handbag diagram

A o A
2 & o o
b L A5y e s
7\ .
/ \ . .
GPDs GPDs
Proten Proton Froton Baryon
Deeply virtual Compton Hard exclusive meson
scattering (DVCS) production (HEMP)

M. Diiren, Univ. Giessen
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Deeply virtual Compton scattering
(DVCYS)

» DVCS is the cleanest way to access GPDs: y"N— yN

Factorization theorem is proven!

// = /"L“-\\ /q/ Handbag diagram separates

<— hard scattering process
(QED & QCD) and

<— non-pertubative structure of
the nucleon (GPDs)

x+¢&: longitudinal momentum fraction of the quark

N . X
—2&:exchanged longitudinal momentum fraction |& = %ﬁ
~ B

t :squared momentum transfer

GPDs = probability amplitude for N to emit a parton (x+&)
and for N' to absorb it (x-&)




DVCS and BH Interference (ep—e'‘yp)

v Erne Cpr g . o
506 2Gev’ \\//
- E_ xg=01 = ]
55_ 105 - b .
a E 3 =%
g‘-?_ 1045_ A : FF
° £ 2
a® 10 =z v 4
S E 3
£ 10’y T  Bethe-Heitler DVCs
-6 |: e (R 1 :| (BH)
° 10 10 20
Bw.,deg . .
\ Kinematics:

do oo Tryes |© + | Ty |

DVCS BH XG[-].,].] &zXB/(z' XB)

t=(q-q)* Q*=-q?

* *
+ (T Toves T TovesTen)

—_—

DVCS-BH interference I gives Use BH as a vehicle to
non-zero azimuthal asymmetry study DVCS. 105

Laser and nucleon holography

reference source

laser splitter lens ITOr p4
&
 W— - j
i E -
lepton beam .
lens  ==m ' < _Ej = ]
object w object beam — F T
e
cad e o o !'
5 — ~f
\ a"}r \"1 -— .,HJr detector
P, T
3 t '
mirror reference beam holographic _.@_._
plate beam diffracted off a purton

(Belitsky/Mueller)
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Azimuthal asymmetries in
beam spin and beam charge

Fourier decomposition of interference term:

| oc i(c(') + icn' cos(Ng) + zi s sin(n¢)J
n=l1 /\ n=1

spin

Access to real and imaginary part of helicity conserving amplitude M1
(GPDs enter in linear combinations in amplitudes)

* beam spin asymmetry (BSA)

do(ép)—do(ep)oc s/sing oc sing-Im M b

* beam charge asymmetry (BCA)
do(e+p)—dc5(e'p)oc C,cos¢ oc cosgp-Re M ™!

HERMES is the only
experiment which
measures BCA
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Results: BSA and BCA on proton

A= N@-NG@) apy DN
V] N1 N1 - —
P[> N(#)+N(g) N"(#)+N"(¢)
.qa - etposetyX (Me17GeV) “U * HERMES PRELIMINARY (<t = 0.12 GeV")
08 HERMES PHEL. 2000 (refinech i e'p—=e’yX (M= 1.7 GeV)
04 L — P1+P2sing+P3sin 2y ) — c0+clcosd+slsing
02 =k o2 + *
o | ‘?—1—_‘\\ n m
02 | W
-04 | 02 | -+-
P1=-0.04 4 0.02 {stat) indl: 11478
08 P2 =-0.184 0.03 (stat) c0 = 0.009 + 0.020 (stat)
- P3= 0.00+0.03 (stat) 0.4 1 =0.059 = 0.028 (stat)
=t = 0.18 GeV?, ox,> = 012, <0%> = 2.5 GeV? s1 =0.094 = 0.028 (stat)
2 -t.a -Iz -1 |I: 1 ; ; s .Ia .z - l; ‘; ; '-:i
BSA: ¢ (rac) BCA: o (rac)

Significant sin(¢) dependence Significant cos(¢) dependence

’dc(ép)— do(ep)oc s/sing oc sing - Im M "1‘ ’d0(6+p)— dc(e'p)oc C/cosg oc cosg-Re M !




BCA and BSA on proton

HERMES results
and prolected error-bars of the recoil running
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DVCS: Transverse Target Spln Asymmetry
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HERMES can constrain the total angular
momentum of up and down quarks (J,+Jg)!
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Generalized EMC-Effect in nuclear DVCS

= Beam spin asymmetries in nuclear DVCS (Neon)

0.8 - 03 - -
'3 # He— o'y X (M= 17 GV iz * Ne e a1 X 5 Joa| T
kg HERMES PRELIMINARY < o2 il < HERMES PRELIMINARY
A HERMES PRELIMINARY
o4 — P1+P2sing+Pisin2y a1 0z
- LA | {
oz |, 7 ~ 4 ] .t [} SRS ENEEERE .
p T T r oz ¥ '
° et e g 04 b + 1 +
R EEI 1
22 + 4 - 22 |
t s 1 o4
24 a3 bEe | i
P1= 0,00+ 0.02 stat)
0.6 P2 = 0,22 £ 003 (stat) 04 F 08
Pl 008 0.03 jstar) A . reay™0AT40.07 st |£0.03(zy5 )
08 o8 4 =
4= 043 GoV, cxys = 008, <OF- = 2.2 GaV - 0.8 [t on!cuv’ =, 08, <0" o221 Gav'
e T e S o b R e o e
4 (rad) M, (GeV) M, (GeV)

More to come: 2H,*He 1*N ,20Ne 82-86Kp 129-134X g:

A-dependence of coherent DVCS processes
to study quarks in nuclei
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First results for Hard Exclusive Meson Production First results for HEMP from HERMES:
(HEMP) from HERMES: Pseudoscalar Mesons Vector Mesons (p° ¢ co)
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Study fragmentation K. 2-hadron production in nuclei
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Conclusions %
S

» HERMES has done and still does unique and
pioneering measurements in the fields of

- Spin structure of the nucleon
- Exclusive reactions and GPDs
- Hadronization studies in nuclei

= We have millions of interesting events on
tape that might have more surprises
waiting for being analyzed by YOU!
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