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History of Nuclear Physics

» 1932 Chadwick discovered neutron
marked the birth of nuclear physics

» Nuclei .'Name with A=1-292, Z=1-116 have
been discovered
A= 1. nuclear matter, e.g., neutron stars
nuclear astrophysics (Bethe)

Spectroscopy, electron scatterings (Hofstadter),
nuclear reactions (fission, fusion, f—decay,
fragmentation.....), high-spin states, super-deformed
nuclei, super-heavy nuclei etc.
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Figure 3
Gamma-ray spectrum in " Dy after a heavy jon fusion reaction with
which the Wﬁaw been detected. The spectrum shows
transitions from angular momentum 60 to 58 and from 58 to 56 and so on
till down to angular momentum 26. The regular spacing of this gamma-
ray transition energies indicates an extremely constant moment of inertia

within the superdeformed band. The axis ratio 2:1 is established by
measuring the E2 transition probabilities.



» Standard model of nuclear physics
Non-relativistic qguantum mechanics

with
Three-body force

® Bethe-Salpeter equation
® Faddeev equation, Faddeev-Yacubovsky equation
® Green’s function Monte Carlo method etc.

® Quantum many-body theory

> Models

® shell model -- Mayer and Jensen
® collective model — Bohr and Mottelson

® interacting boson model — lachello and Arima



Developments of QCD

» 1964 and Zweig proposed
quark model

» 1969
discovered partons in deep
Inelastic scattering of electrons
from nucleon

» 1973 formulation of QCD by



Hadron physics

» Structure of hadrons ( baryons and mesons )
experiments mostly performed with electron
accelerators like MAMI (Mainz), Bates (MIT),
Jlab etc.

» Quark-gluon plasma (QGP)
experiments mostly performed with heavy-ion
accelerators like SPS, GSI, RHIC, and LHC
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GDH SR GPD’s

SU(6) symmetry - You name it

Elastic form factors




A

Constituent Chiral
Quark Model Bag Model

Deformed Soliton
Bag Model Skyrme -Model



Little bag
of Brown
and Rho

STRUCTURE OF THE NUCLEON




Electromagnetic form factors
» Rutherford scattering

(1) Electron (spin-1/2) scattered by a spin-0 charged particle with mass M
(Mott scattering)

., 0
» (1-p%sin®2)
(d_aj _ 4(262)2 E - 2 , ﬂ: X
dQ Mott (O]C) 1+2Esin29 c
M 2

(2) Mott scattering from a spin-0 particle with extended structure

do) (do 2 2 e
(d—QHd—QJ F@) . F@)=[dr ADep(ian)

Mott
charge density




(3) Electron scattering from proton (Dirac particle) with finite extension

and anomalous magnetic moment,
In one-photon-exchange approximation,

Rosenbluth
formular

GZ(Q?)+bG;, (Q°
d_az(d_aj E(Q )+ M (Q )+2bG|\2/| (QZ)tanZ(gj |
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(4) In elastic scattering of longitudinally polarized electrons from unpolarized protons,
In one-photon-exchange approximation

Gy P E+E" o
S tan| = |,
G, P 2m, 2

P., P, : polarization components of the recoiling proton perpendicular
and parallel to its momentum in the scattering plane

roton
P /

The one-photon-exchange polarized electron-photon elastic scattering



Polarization transfer experiments from Jlab
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Fig. 16. Jeferson Lab data 585 on the proton form factor ratio, - as a function of Q2
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Proton form factors
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Fig. 18. World data on neutron electromagnetic form factor, G7

of Q2 together with calculations by Lomon
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Neutron form factors
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Rosenbluth vs polarization transfter
measurements of G./G,, of proton
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Two methods, two different results !



Two-photon exchange calculation :
elastic contribution
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Blunden, Tjon, Melnitchouk (2003, 2005)



Two-photon exchange : partonic calculation
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Rosenbluth w/2-y corrections vs. Polarization data
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Properties of A

® M, =1232 MeV, T',=120 MeV

® I(‘]P) — g[gj ie, spin:g, isospin = % (A**, AT, A, A')
A — 7 N (branching ratio > 99%)

® Is A spherical? Namely, does it have a D-state?

Alexandrou et al

Lattice QCD calculation
Nucl-th/0311007




H=T+V_ ., +V

Vv

V

ocen (1) = 5 o {Scf o (r))
conf :VH.O. — —
Fermi contact term
Pp(%) | Q(fm?)
N(938) | 0.4 0
A(1232)| 1.9 | -0.089

Tensor force
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<Z—= Small effect !!

How to measure It?
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"N <> A transition

Parity and angular momentum of multipole radiation
® clectric multipole of order (I,m), parity = (-1)!
® magnetic multipole of order (I,m), parity = (-1)'*1
1
FNE =2 R=4) > AU, P =)

Allowed multipole orders are I=1 and 2, with parity = +

|=1: P(E)=(=1)'=—, PMY =(-1)""=+ S-S
|=2: P(E2) =+, P(M2) == S—»D
N(J=1/2)  A=(J=3/2)

=&




— Gl << |Gyl

N__, |

GMl' GEZ
v - photo- and
S electro-production
of pion

A -

N__, . N

y+N —>7+N

e+N >e+7+N (v +N —>7z+N)



(rluon cElectron

Quarks are held together Electron approaches Electron exchanges virtual
by gluons in nucleon nucleon photon with ane quark and
transfers energy
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Tree diagrams
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Experimentally, it is only possible to extract the contribution of
the following process,

% //
): = L + 7T
— . ]

In particular, interests have been focused on the
extraction of EMR and CMR from experiments

/bl/ // LL //
o e e . 1
E2

_ . 9 ® e .
_ E,. _ c2 S
EMR = = |\/|11+ CMR= = |\}|1+
M1 M1
NEED A GOOD THEORY OF

ELECTROMAGNETIC PRODUCTION OF PION



Dynamical approach

it

7/ / |
7 7 I /7
71%" %”tﬁ ” 771%* g
. s e,
|

tfy*rr %) Unne taN
Both on- & off-shell

® Dubna-Mainz-Taipei (DMT)
® Sato-Lee

¢ MAID — K-matrix approximation



MAID

DMT

1.5 —

210}
o) L
3
S
EO'5
© E, = 185 MeV
0.0 " " 1 " | I " 1 " " 1 " " 1 " "
0O 30 60 90 120 150 180
6_(deg)
20 T T T T 7
=15 |
n L
\ L
Q
S0}
c [
o L
\ E
8 5F .
° T E, = 270 MeV
O -u " 1 " | I " 1 " " 1 " " 1 " "
0 30 60 (90 )120 150 180
0 (deg
30 ,.,.15,..,..,..
&
N
Q
3
(e}
Ll
N
S
'O -
O I " " 1 " 1 " " 1 " " 1 " " 1 " "
O 30 60 90 120 150 180

6_(deg)

(¢)]

do/dQ (ub/sr)

do/dQ (ub/sr)

3

do/dQ (ub/sr)

[&]] »

N

—_
T

E_’ = 220 MeV

L M B
30 60 90 120 150 180

8,(deg).

E_, = 320 MeV
M| PR | 1 M| L 1 L
30 60 90 120 150 180
6_(deg)
—_

o

6]

30 60 90 120 150 180

6_(deq)



do/dQ (ub/sr)

)]

(&N

do/dQ (ub/sr)
N

o

(0]

N

N

N

—
T T

) v ) v ) ) ) ] 4 i ) ) ) ) ) ]

yp —> m°p ] : ]

- 3 -

4 %) L 4

3| z

] 22 . ]

1 C | 1

1] I :

- b 1 -

495 MeV ] © o 580 MeV ]

X X 1 X X 1 X X 1 X X 1 X X 1 X h ] O [ X X 1 X X 1 X X 1 X X 1 X X 1 X X
0 30 60 90 120 150 180 0 30 60 90 120 150 180
6_(deq) . 6,(deg)
N ’ —~4
; E ;
[ o) '
| N
- S2¢f
E [
696 MeV T 1 [ E»/ = 790 MeV
PP BTSN SRR R R S 0 [ oy ey T
0 30 60 90 120 150 180 0 30 60 90 120 150 180

6_(deq) 6_(deg)



do/dQ (ub/sr)
N

do/dQ (ub/sr)
N

W

—
LI L

&)

—
LI L

yp —> mp _

Ey = 893 MeV B

30 60 90 120 150 180
6_(deq)

Ey = 1020 MeV

o

30

60 90 120 150 180
6_(deq)

do/dQ (ub/sr)
N

do/dQ (ub/sr)
N

W

—
LI L

0O 30 60 90 120 150 180

&)

—
LI L

o

E7 989 MeV

6_(deq)

E,/ = 1082 MeV




6_(deg)

-50 T T T T T T T T
[ yp —> 7% Y
I T TR
25 | L=~ i
L v
// N
/ NN
p N\
| E7 = 224 MeV N
.OO 1 n 1 n 1 n n 1 n n 1 n n 1 n
0 30 60 90 120 150 180
6_(deg)
.75 T LA B B B R B R
50 F . -
25 F -
E_’ = 300 MeV
.OO I ) n 1 n n 1 n n 1 n n 1 n n 1 n n
0 30 60 (90 ) 120 150 180
0 (deg
-75 T T T T 1!. T T T T T T T
[N
50 | 7 ts -
25 .
E7 = 360 MeV
‘OO I " 1 " 1 " " 1 " 1 " " 1 " "
0 30 60 90 120 150 180

.50 T T T T T T T T T
i _ £ Q
4 & 3
4 o
| / \
.25 \ -
L \&
E1 = 270 MeV
‘OO " " 1 " " 1 " " 1 " 1 M 1 " N
0 30 60 90 120 150 180
6_(deg)
.75 T T T T T T T
50 | ° §
25 | !
ET = 330 MeV
‘OO L L " 1 " " 1 " " 1 " " 1 " 1 "
0 30 60 (90 )120 150 180
0 _(deg
.75 —— T
Ti\i\
i / ]
.50 i 4
7
I 4
.25 4 -
E7 = 390 MeV
-OO I " 1 " " 1 " " 1 " 1 " " 1 " "
0 30 60 90 120 150 180
0 _(deq)
™



n+)

ImE,, (10°/m

ReE,, (107/m_)
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p(é,e' p)n’ Electroproduction near Threshold

E,=854.5 MeV, Q%=0.05 GeV?c? €=0.03, 6=90°, $=90°
¢ exp. data: M. Weis, Mainz 2003
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A1/2 QN 'A

A - | A
(10-3GeV-112) 312 (fm?) Hn
PDG 1135 255 0.072 3.512
LEGS 1135 267 -0.108 3.642
MAINZ 1131 251 -0.0846 3.46

- 1134 256 10.081 3.516
(-80) (-136) (0.009) (1.922)
o 121 226 10.051 3.132
(-90) (-155) (0.001) (2.188)

Comparison of our predictions for the helicity amplitudes, Q, ,, and p 4

with experiments and Sato-Lee’s prediction. The numbers within the

parenthesis in red correspond to the bare values.
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L—T Interference Structure Functions

W=1.18 GeV W=1.22 GeV W=1.26 GeV
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L—T Interference Structure Functions

W=1.18 GeV W=1.22 GeV W=1.26 GeV
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® CLAS Datd (Q%= 0.65 GeV?)
----- MAID2000 ----- Sato—Lee — DMT
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OUTLOOK and Conclusion

» Nucleon form factors

2 Jlab 12 GeV upgrade will extend the proton G¢/G,, measurement to Q°=14 (GeV/c)?

Gt will be extended to Q2=4 (GeV/c)? via *He (s,e'njand G to Q?=10 (GeV/c)?
via ratio technique of D(e,e'n)/D(e,e'p)

new analyses for the form factors, including the two-photon-exchange corrections
needed to be carried out

> N-A transition form factors

2 Jlab 12 GeV upgrade will extend the EMR and CMR measurements to Q?=14 (GeV/c)?

2

several precision measurements at low Q?are still being analyzed

A 1s deformed and oblate



» Theory

2 significantly improved nucleon model is urgently needed

2 better reaction description of e+p—e'+z+Nis needed

2 lattice QCD calculations



The End

Thanks you for your attention!



Dynamical Model
Dubna-Mainz-Taipel (DMT)
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T'he YNA(1232) Transition

== Model descriptions of the yYNA transition multipoles require
quarks and pions as the effective degrees of freedom
- M. Ry Rgy (Q9)
= Description of yNA from Lattice QCD?
- early LQCD results gave R, = 0.03(11)
compared to experiment R, =-0.0275(50)

- expect a factor 10 improvement from LQCD?
- absolute multipoles?

~~ Measure multipoles with higher precision and to higher Q°
- zero crossing of R, (Q?)?
- will Rg,, (QF) continue to get more negative?
- Measurements at 6 GeV planned at JLab in 2001
- develop analysis tools beyond truncated MP analysis

- polarization observables to reduce model-dependence
- Crystal Ball @ MAMI - p, . ...



deep inelastic scattering exsiraran ot cesn Tes ear threshold production

=
—]
—

=» elementary parton felds => CONstituent Jquarks, ghie S OCIennE, mesons

permuchative QCD Quarsmodels, Fluy ube models Chiral perturbation theory




346 EMR: E2/M1 Ratio (Theory)

MIT bag model:

0.0 9

Non. rel. quark model:

0 to -2.0%
Konuik, Isgur Phys. Rev. D21 1980 1868
Gershteyn Sov. J. Phys. 34 1981 870

Drechsel, Giannini  Phys. Lett. 143 B 1992 2864

Relativized quark model:
-0.1%

Capstick, Karl Phys. Rev. D41 1990 2767
Capstick Phys. Rev. D46 1992 2864
Cloudy bag model:
-2.0 10 -3.0%
Kalbermann Phys. Rev. D28 1983 71
Bermuth Phys. Rev. D37 1988 89
Chiral constituent quark model:
-4.0%
Glozman, Riska Phys. Report 268 1996 263

Sato, Lee Phys. Rev. C56 1997 1246

-1.0to



Skyrme model:
Adkins, Witten
Weise

Lattice QCD:
Leinweber

PQCD:

Nucl. Phys. B228 1983 552
Phys. Lett. B188 1987 6

Baryon 1992

-2.510 -6.0%

-6.0to -12.0%

-100%



Tree diagrams
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