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The Beauty of Simplicity

consider the complex series z, .1 = 2z + ¢
where ¢ IS some complex constant and map out the
complex plane for which this series converges:
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Simplicity in Nuclear Physics I:
Duality

Lepton-Nucleon Scattering exhibits different “faces™.

Resonance region:
Excitations of nucleon
Mesonic degrees of freedom

Deep Inelastic Scattering (DIS) region:

Substructure - described in terms of (asymptotically
free) partons (quarks, gluons)

application of perturbative QCD

DUALITY = CONNECTION between RESONANCE and DIS
REGION
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Simplicity in Nuclear Physics Il:
Gerasimov-Drell-Hearn Sum Rule

- GDH (GDHHY)'!  Sum Rule:

/VOO B o1 () = 03(0)] = —2;;20‘&2

0

— A low-energy limit is expressed in terms of an integral that
runs over all energies

IHosoda and Yamamoto are often ignored when talking about the derivation of the

GDH sum rule. They actually were the first using current-algebra techniques!
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Outline

* (Opening Remarks)

* Introduction
* DIS & Parton Model
» Concepts of Duality

* The GDH Sum Rule
* Generalized GDH Integral

* The HERMES experiment
* g1 and the helicity distribution functions

* Duality in polarized case
* Measurements of the (generalized) GDH integrals
* Summary
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Lepton-Nucleon Scattering

Scattering off Nucleons

/ N\

- scattering off asymptotically ¢ complicated structure

free quarks » strong coupling constant
» pQCD applicable = non-perturbative regime
- data well reproduced in * hard to reproduce in
models models

* “well-understood”

Can we use knowledge from DIS in Resonance Region?

 DUALITY: Compare DIS and Resonance regions
 GDH: Combine DIS and Resonance regions
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Lepton Deep Inelastic Scattering

use well-known probe to study hadronic structure
o lab ;] . 2 S
' = Y il
(E',p) o) Q EEsm(Q)
v = E—-F
w2 £ M?+2My— Q>

T lab V
e Y =3

E
lab Q2
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Lepton Deep Inelastic Scattering

RIKEN Seminar November 5th, 2003 -p.7



Lepton Deep Inelastic Scattering

Factorization = o —¢"* = 3" P71 @ g% @ DI"
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Fi, Fy
g1, g2

Inclusive (polarized) DIS

T = Q?%Luv(kaqv s)WH (P, q,S)

Lepton Tensor (exactly calculable in QED)

Hadron Tensor (parametrized in terms of
structure functions)

" Fi(2,Q) + P By, @)

—He“mﬁ (Sggl(x Q )+ 1(]? -qSg — S - qpg) g2 (=, Q2)>

unpolarized structure functions
polarized structure functions
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Quark Parton Model

structure functions can be written as probability
densities (on the light cone)

1

i (:13) = 5 eqq(x) momentum distribution
q

FQ (a:') — 2$F1 (33) Callan-Gross relation

gi(x) = % Z egAq(zI:) helicity distribution
q

ga(x) = 0

Including transverse momentum of partons:
g2 (.CE‘) = ggVW (.CIZ‘) + gngst—?)(x) (Wandzura-Wilczek ’77)

where gV () = [ %g,(y) — g1(2)
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Origin of the Proton’s Spin

Helicity distribution Aq(z) = ¢! — ¢!

¢!V (x) — probability to find quark of flavor g

with momentum fraction x and
spin (anti)aligned to proton spin
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Origin of the Proton’s Spin

Helicity distribution Ag(z) = ¢! — ¢}
|

?

Sy =12 %quAq(a:)da: e 2 AY

only valence quarks / \1

Naive Quark Model: AY =1 EMC('88): AY ~ 10 — 20%

N /

"SPIN CRISIS”
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Origin of the Proton’s Spin

Helicity distribution Aq(z) = ¢! — ¢!
|}

%quAq(a:) dr & % AY

only valence quarks / \1

Naive Quark Model: AY =1 EMC('88): AY ~ 10 — 20%

Sv=1 = s AN+ AG+ L,

Angular Momentum Sum Rule

include also gluons, sea quarks & orbital angular momentum
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Concept of Duality

DUALITY = RELATION BETWEEN DIS AND
RESONANCE REGIONS (Bloom & Gilman ’70)

» Curve measured in the resonance region (low 1W?)
IS in average equal to the curve measured in DIS
region (high W?)

» Originally introduced for unpolarized
photo-absorption cross section

. .. . L
Quantified by means of ratios R; = 3 where

LQ?) — / T R (@) de

xmaa:
/ FDIS( )dx
xmini
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Kinematic Plane
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Duality in Unpolarized Case
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Duality in Unpolarized Case Il

1.15 < W? < 3.90 GeV*
2 L R S I I B S B

Q? > 1.5(GeV/c)?

* Holds for individual
resonance contributions

% 1 - Duality observed for

——{H———
|

| l L L

14 I %

- ¥
o g i SR as well as for whole range

R = 1 115 < W2 < 3.9(GeV/c)?
1f 3¢ ¢ V¥ JI_ } f { 1

? v Resonance fit 1 ¢ Holds for phenomenolog-
0.8 * MRS(G) LQ (Q* = 10 (GeV/c)) - - -

§ - cmos e newey ] iC@l DIS fits but not for
06 o aMepaam @=10Geve)|  leading order fits

I T R A S R

Q° (GeV/e)
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Duality in Polarized Case

Duality extensively studied for unpolarized case

» Duality hardly explored for spin-dependent
photoabsorption cross section

* There 1S no a-priori reason to have the same
situation as in unpolarized case

» Duality expected to fail at low @Q? since for the
proton the Ellis-Jaffe sum rule (integral over DIS
region) and the GDH sum rule (real photon limit of

integral over DIS+Resonance region) have
opposite signs

Gunar Schnell, HERMES Collaboration RIKEN Seminar November 5th, 2003 -p.15



The GDH Sum Rule

Relates anomalous contribution x to the magnetic
moment of the nucleon with total absorption cross
section for circularly polarized real photons on
polarized nucleons

= A low-energy limit is expressed In terms of an
integral that runs over all energies

[GDH:/VOOd—V [U%(V) _U%(V)} = TR K

0

V- pion production threshold

EVENE polarized photoabsorption cross section with total helicity in initial
3

state equal % (2)
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GDH Sum Rule Il

« for proton (neutron, deuteron): 1.79 (—1.91, —0.143)

1%,y = —204pub
I&ny = —0.65 ub

* hard to verify experimentally because of up-to-now
limited range in photon energies

* results for low-energy part of integral in conjunction with
Regge extrapolations = sizeable contributions from
higher energies and multi-pion photoproduction needed

» expected NOT to fail EXCEPT in case of existence of
J =1 fixed poles
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The Generalized GDH Integral

use virtual photons instead of real (Q? = 0) photons

> d
[ 2 s
1672 /"”0 dxgl(x,QQ) — 72 g2(z, Q%)
Q* Jo V142
8mlar [0 dx Ai(x, Q%) Fy(z, Q%)
M 0 xr K

1(Q°)

N
[\ [V

K: virtual photon flux factor (in Gilman convention)

v =Q*/V?

Ajq: longitudinal cross-section asymmetry for virtual-photon absorption
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Connections with other Sum Rules

* In leading-twist approximation, v — 0, Burkhardt-
Cottingham sum rule holds, I.e.

1
/0 ga(x, Q2)da: = ()

16m2a [0 g1(x, Q?) —’}/292(£E,Q2) 1672
Icpr(Q%) 0 = oL /dl’ S e 0

o T1(Q?) = fo g1(z, Q%) dz Ellis-Jaffe Integral
* difference between proton and neutron = Bjorken SR:

—2 1
1622&{[?}DH(Q2) — pu(Q*)} 2o =T1(Q%) — I'T(Q%) = 9o
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Experimental Prerequisits

* Polarized lepton beam \ o .
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Experimental Prerequisits

* Polarized lepton beam
* Polarized target

* Large acceptance spectrometer -
» Good Particle IDentification (PID)
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Polarized Beam at HERA
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Polarized Beam at HERA

L ongitudinal

==
ETsteeos sl
53525252535

~’Spin Rotator

Transverse
Polarimeter

* 27.5 GeV et/e~ beam
» Self-polarizing through Sokolov-Ternov-Effect
* Average beam polarization of about 55%
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HERMES Internal Gas Target

» Storage cell with atomic beam source
* Pure target (NO dilution)
» Polarized or unpolarized targets possible

» Different gas targets available (H, D, He, N, Kr ...)

source for .
solenoid

polarized gas 0.35 Tesa

10" atoms/sec /

(movable) collimators
against synchrotron radiation

29 x 9.8 x 400 mm3 3 um
d <0.1mmAl 3% pump
n=1-3.5x 10 atoms/cm

storage cell polarimeter V
2
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The HERMES Spectrometer

FIELD CLAMPS TRIGGER HODOSCOPE H1
m ' 3
X EATJ%NNT DRIFT CHAMBERS - 270mrad _
HODO -7 //l?grnrad/”
- PRESHOWER  (H2)_ e -
BRIET _-7 ~ 140 mrad
1- CHAMBERS } y
_FC12 - -
PROP-
- + CHAMBERS LUMINOSITY 27.5 GeV
0+- =—= ——————————— I - - — === - ----------==== TVIE);\II_T_O_R —————————————— -
TARGET ©~-_ 1,: - e+
- MG-1-3
CELL / - ==
DVC f T
14 HODOSCOPE HO
BC 1/2 .
STEEL PLATE R BC3/4 ‘ TRD CALomMETER T _ 140 mrad
RICH =~ IRON WALL™ 7,5
-2 “~-_ 270 mrad /170 mrag- - .
WIDE ANGLE MUON HODOSCOPES
MUON HODOSCOPE
~—— MAGNET
T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 m

® Internal storage cell: pure gas target

® Forward acceptance spectrometer: 40 mrad < 6 < 220 mrad

® Tracking: 57 tracking planes: éP/P = (0.7 — 1.3)%, 6© < 0.6 mrad
® PID: Cherenkov (RICH after 1997), TRD, Preshower, Calorimeter
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Particle Identification

Excellent e™/e~ identification:
 Efficiency > 98%
 Hadron contamination < 1%
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Inclusive Asymmetries

measure double spin asymmetries:

1 gl gt
Aj = = D(4; — nA
| = (PrPg) o1l + 011 (A1 —ndy)
O1—03
3 7 2
A =755, =(1—=7")%

* F» from world data
* Ag: use A% =0, fitto AS data or 44 = AW
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Polarized Deuterium Data

d d
95 | 91 i
|:d 06 I 0.2 |
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World Data on z - ¢;(x)

xg 2%+ swc PO “back-on-the-envelope”
1 B HERMES
0.04- e HERMES prel. : D d n
2odl g II-EI:ESRSMESpeI. ev. L%' # 91 > 91 > 91
V¥V E143
N L ﬁ%@ﬁ’ : (neglecting sea quark contributions)
d oo Lol IR ERET] B R
0.04 deuteron D : 2. %Aup s %Adp
0.02} i H%‘ d: p+n
Ll Lo 1 4
N uﬁﬁr ¢ n: 2-5Ad, + 5Auy,
0 ‘ e atHa S | _ 1 4
‘ B l | ¥ T o — 2' Z_?Aup_l_ gAdp
0.0l neutron (*He) £
0 : ﬁua Ay, > 0 Ad, <0
002 ¥ E12 A%M%ﬁ
: E154
.04l ] JLab E99-117 prel. lej’d >~ (0 VS. ]GDH(O) < O
doo Lol Lo Lo
0.0001 _ 0.001 _ 0.01 0 X |
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Hadron Asymmetries
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05 A oa b P 04 b Arg
04 F * HERMESpreim. s + T
03 b o SMC + 0.2 3 ¢ 02 F +
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Polarized Quark Distributions

— 1« 5-param. flavor
— : decomposition

O Frrpmtecyp b b7 assume symmetric quark
- sea

* y-quark strongly polarized

ottt | * d-quark strongly
01 Fyiad anti-polarized

orl U U liermespreim| * Sea quark polarizations

= — (1996-2000) : .
0.1 ?XthS} | - cB;BRs\//(1+R) CO”S'Stent W|th Zero
[ ¢ .
0 ___4»+-_L2+i ......... — . good agreement with LO-
01 E — Q" =25GeV QCD f|tS

0.02 0.1 0.7

Gunar Schnell, HERMES Collaboration RIKEN Seminar November 5th, 2003 -p.29



Analysis of Resonance Region

gﬁes’Dls(xa Qz) — Al(x) | Fl(xa Qz)

Resonance Region:

* R=0.18; Fy= Fj**
Bodek et al’79

* Ay =0.06 +0.16 (Q* = 3)
E143 98

Gunar Schnell, HERMES Collaboration

DIS Region:

* A; from parametrization
(l.e. z® with o = 0.7) or
from data

° _ F
I = 2x(liR)

* R = R(z,Q%); F, = Fy!®
Whitlow et al. '90; NMC '95

RIKEN Seminar November 5th, 2003 - p.30



g1-Integrals

want to study R; = I;/.S; with

xmaacz-

L(Q%) = / g1 (z)da

?’I’L’L’I’Li

5:(Q?) / gD (2)de

Az; delimited by AW? region (1 < W? < 4.0 GeV?):
Q; (GeV?) Az,
1.2-2.4 |0.35-0.93

24-40 |10.49-0.96
4.0-12.0 | 0.63-0.98
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Background Contributions

fﬁneas — felA + fResARes + f ISADIS

A = (A = faAfl = forsAP"S)/ fres

”g Contributions to Resonance Region:
%’ @*-bin | from elastic peak | from DIS
1 0.091 0.099
2 0.054 0.135
3 0.038 0.184
small contribution from elastic tall

6 8
w2 (Gev?)
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Duality for Polarized Proton

- 2 10 ° W2=1.0- 4.0 GeV?
14 e A, HERMES L -
oA A?ISHERMES - 83\ i e HERMES préliminary
121 4 A'i's|5143 3 1 ‘L‘_, . © SLAC
DIS T
1| 7 AL SMC T e A T S
7 #
el
'SU(B)- 1
10
% syst. unc. < 20% (8% exp, +14% A,
— £7% A, +10% Fy )
O ‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ 10-2 L L ““‘ | | | | ““‘
0O 01 02 03 04 05 06 07 08 09 1 1 10
X Q° [Gev?

° (Aftes JAPISY — 1,11 £ 0.16 (stat.) & 0.18 (syst.)
© Ifes )P DIS independent of Q% in HERMES region
® Duality holds for Q% > 1.6 GeV/?

¢ First observation of duality in polarized lepton scattering
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evaluate generalized GDH integral:

1% =
GDH ™1 _ 1 50,

An

Al = 7 —nAs

A . NTLLTT NTTLTl
[— NNL;TJFNTTL}}

_ 14~7

= 22(1+R)

K =vy/1+~2

V2 = Q2 /17

Ty = QQ/QMV()

Gunar Schnell, HERMES Collaboration

T A
]GDH(QQ) 8Ma 05130 dxx (, Q;{ 1 ( Q )
d
IGDH

p
o [GDH

FD[S — NMC fit
RD[S — SLAC fit

ADIS.d(p) _ 0.2(0.53)Ma
2 BNGE

Fifies — Bodek fit
RPIS — or,/or = 0.18
Alesd®) — 0 (0.06+0.16)

RIKEN Seminar November 51, 2003

The Generalized GDH at HERMES

Combine data from DIS and Resonance regions to
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Proton

+ Deuteron

10 : R R R RR N BRI BNRNAATIN “ ‘ L -10 e

Q°* (Gev?) Q* (Gev?)
¢ Parametrization by Soffer and Teryaev (solid) describe both data sets well

¢ Model for resonance contribution (dashed) by Aznauryan falls off to early at low Q2
@ Q2— behaviour consistent with pQCD evolution of integral

¢ DIS contribution dominates at higher Q2
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GDH Integral

= 60
= 0 -
‘ b0 | PROTON
[ S t ..... w.‘.wwn..“.w.ww"..*« .................. 8 . ‘ ® DCUTERON
/+/#+/’///‘/— — 40 | ® NEUTRON
0 | |
20 ; ®
10 | | -« P
F S S
O }\ ......................................................................................................................................
(11 73 _10 ;
Deuteron - Proton o * The JLab Data on *He, PRL 89, 242301(2002)
20 F A The E154 Data, PL, B 493, 19(2000)
% The E142 Data, PR, D 58, 112003(1998)
'30 I~ ¢ The E143 Data
O The E155 Data, PL, B 463, 339(1999)
-40 -
M =0
R R RSN AR AR AR AR 60 Eol \ \ L. \ !
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Q*(Gev?) Q*(Gev?)

® Iqapy for neutron is negativ and smaller than for proton
® Iqpy for deuteron is positiv and smaller than for proton
¢ Agreement with SLAC and JLab data

¢ Turn-over to meet real-photon prediction not seen (Ig’g’g=-204, -233, -0.65)
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® No deviation from 1/Q2-dependence seen
® No indication of higher-twist or resonance form factor contributions
¢ Agreement with Bjorken Sum Rule prediction and measurements for Q2 = 5 GeV?

® No turn-over seen to meet GDH prediction: I (0) — I 5 (0) = 29
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Conclusions

¢ Precision measurement of polarized deuteron structure function presented
® First 5-parameter flavor decomposition of quark polarization
¢ First evidence of Quark-Hadron-Duality in spin structure function

¢ First extensive measurement of the generalized GDH integral for proton,

deuteron and neutron
¢ DIS contribution to generalized GDH integral dominates for Q2 > 3 GeV?

¢ Turn-over of proton and deuteron GDH integral towards (negative) real
photon prediction NOT observed at HERMES

¢ GDH difference Proton-Neutron in good agreement with Bjorken Sum Rule
prediction and SLAC data

¢ Leading-Twist (1/Q2—behaviour) for Q2 down to 1.5 GeV?
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