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nuclear structure & NN interaction AND

nuclear Nucleon-nucleon neutron stars
many body Interaction
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Schrodinger equation =T
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mean field
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NN potentials

choose NN potential

define system

minimize through variation (+GFMC)

(v H|yy)

E, = E
(wylwy)
Potenzial /MeV °H ‘He || 3Body °H “He
Experiment 848 28.40 8.48 28.40
Nijm 1 7.74 2498
CD-Bonn 8.01 2626 ™ 8.48 28.40
AV18 76 2401 || U/IX | 848 2850
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Outline

@ Introduction

@ Some experimental details

& real and virtual photon induced 2N emission
& momentum distributions

& neutron electric form factor

& summary

& 20 years of neutron detector TOF
(blueprints to Bonn, COSY, J.Rapaport ff.)
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NN correlations AN
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NN correlations

H. Muther: exp(S) method
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NN correlations

H. Muther: exp(S) method
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NN correlations AN

e 3 body forces
* NN correlations
* in medium effects
\ phw(rira) = 3lon(r1) - p(ra) — pv(ralra) - piv(ralry)]
_f:.;e e.g.Pau!i—Erre!aﬁons

Dynamic Correlations

Cayn(r1,T2) = pNN — !
_ Saynr ) = @NN, — PnN,

correlated wave

potential / wave function

core dynamic genuine  free
0.4 fm '
potential
DR R AStro and Particle Physics P, Grabmayr Feb 24, 2009 MSU Seminar experiments @ Mainz

EBERHARD KARLS

UNIVERSITAT
TUBINGEN

Kepler Center for Astro and Particle Physics /  Physikalisches Institut



from few body to heavier nuclel

51fm

| /\

MeV
300
VNN
100
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i
Vopt

mean field

many-body system

Pauli principle requires
larger distance between nucleons

cartoon:

spectral

function

mean field approach

generic structure

NIKHEF (25 years)
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PROTONEN . NEUTRONEN
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momentum distributions

H.Muther for nuclear matter

MeV CDB AV18 Nijm1l
o N Eur | 464 3034 1208
R.Schivilla, RB.Wiringa etal Ecorr | -17.11 -15.85 -15.82
PRL 98 (07) 132501 Viar | 167 158 150
( ) VaCorr -2.30 -40.35 -28.98
T 36.23 47.07 39.26
Glockle,J. Golak etal 02
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(e,e'N) and (e,e'NN) e

trivial correlations:
Pauli-principle, pairing, kinematical

(e,e'N) :
correlations at high excitation energy
D. Rohe @ Jlab

(e,e'NN):
correlations at low excitation energy
reduced background
use final states as spin/isospin filters
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reactions

+rrrrN[EC +J_rr IC +

(e,e'pp) (v.np)(Y.pPpP)
MEC=0,IC=0 for o, purely o_;o__ for polarized y
central correlations tensor correlations
but small ¢ MEC & IC separation
(e,e'pn) via kinematics and isospin
IC=0 for 5,
tensor correlations large Kin. ranges L
but MEC \\
\ /e no Rosenbluth separation A2
Al q PiP/ “

o

super parallel TOF
7z . . /
el _z— kinematics
///yy@/é /
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kinematics and observables

Y . k P,
p ﬁ:n B,
ﬁ {J PWIA:
A AD By=Tiy
Pp=k - B - P, = P formi
En=E,-T,-T,-Tg | - E,in(A-2
P,.;=(B, - p,)2 — rel. motion
after !

VaVase

Gottfried (1958) 50 years!
factorized model

do ~
F(p_) S(E-E)d’p,d’p_
2h spectral
function 0

o ~¥Y'Y¥Y

unfactorized models:
Ghent (JR), Pavia(CG)
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HDSM 34 beam lines between
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apparatus for real photons

MAMI A2-Hall TOF
7 frames a 8 Sc
AQ ~ lsr
PIP Efficiency 10%
dE + 4 E layers
AQ ~ lsr
T, < 350 MeV
T, < 180 MeV

TAGGER

352 ch a2 MeV

114-792MeV b——5Sm———  °
rate ~ lﬂsfaa’chn

5ﬂﬂi5ﬂﬂﬂﬂ.

Target
3.2 1LHe, 12h operation

BEAM | AE detector

— ]
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P2 chamber
photon camera

Tagger

reaction- i
roduct

coincidence
unit photon beam
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neutron detection AN

Ne110: 10(50) x 200 x 3000 mm*3
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dwmeds s
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°Li vs °C

breackup of a-cluster

5 25
K a—breakup (E, = 20 — 50 MeV)
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angular distribution
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T. Yau etal, EPJA 1 (98) 241
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‘He(y,np), “He(y,pp) and “He(y,nnp) ~
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photon asymmetries AN
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now (e,e'pN) reactions

=N

N
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'80O(e,e'pn) ST

D(e,e'pn) &=

2000

1500[—
Spectrometer A o
1000[—
Beam line

\J

Target cell © TT— 500

n \\ / T 0 10 20 36
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2 & FWHM ~2.1 MeV
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!
/
/
\ ff
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
D. Middleton etal.
EPJA 29(2006) 261
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HADRON for °He

NIKHEF
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setup in 3-spectrometer hall of A1
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triple coincidences for
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missing energy and momentum
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nuclei as spin/isospin filter
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nuclei as spin/isospin filter
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M.Schwamb and C.Giusti
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improved orthogonalisation
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kinematics for *He(e,e'pn)

similar to the *He(e,e'pp) @NIKHEF .|
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timing and randoms
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missing energy
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J. Golak etal.
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missing momentum

A1 kinematics Golak etal.
. 1045
rrrrrr 10° §—+
% 10° N
104 j1+MEC
| T i
‘o . MeVic]
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ratio pp vs pn

Dependence of two-nucleon momentwm densities on total pair momentum
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p. missing momentum  g=300, w=220 MeV
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69 model

VI Kukulin; Moscow-Tubingen

PR C74 (2006) 64005
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summary

@ 2N emission experiments test
reaction mechanisms and NN interaction

HY = EY

@ NN correlations are a model dependent concept

@ use results from ab initio calculations for
reaction calculations, solve 3He problem

@ correlations (SRC) input to NME calculations for
neutrinoless double beta decay (GERDA starts in 2009)
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the nucleon

do we understand the nucleon ?
Gerasimov Drell Hearn sum rule

neutron electric form factor

use (double) polarisation to find small amplitudes

Kepler Center for Astro and Part P. Grabmayr Feb 24, 2009 MSU Semir



the setting

nucleons play a key role

# bags for the quarks
# constituents of nuclei (stable or exotic)
a stable

electro magnetic form factors

elastic scattering (relatively easy to measure)
response to momentum transfer by em probe
meeting point for experiment & theory

GPD, strange FF, structure functions

L L L L

Goal: understanding of strong interaction

Kepler Center for Astro and Part P. Grabmayr Feb 24, 2009 MSU Semir



Introduction

What is 'easy' ? The proton !7?
Gp(Q2)=(1+Q2/N\2)2
Low g, m cloud N5 = 0,71 GeV-2

CQM + n : BATES
FW-fit [EPJA 17 (2003) 607]

Rosenbluth analysis
Arrington, Jones, Day

o,=1G,,(0°)+eG.(O0) &
T:Q2/4M]2\, o Eses ¥ s wo oWu oo o awaTaaualen ey :
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models : relativistic constituent quark model

Melde,Plessas etal., accepted by PRD (2007) , nucl-th/0612013

Goldstone Boson Exchange CQM
within relativistic quantum mechanics
spectator model currents in instant/point form
compare to NRIA

in the PFSM: in all frames the photon strikes only one quark
the PFSM current is manifestly invariant
one factor N more than IFSM (charge @ Q?2=0)

FARLE 1: _'l.|;|-_:1|rl| i mornenis of the proton ancd neEutbron 10 TABLE 11: Charee madii of Lhe Proton ane neEutron Cin |1II-II

nan.| a= predictes! by the GRE CQNM with the the [FEL, as predicted by the GBEE COMN with the the TFEN, PEFEM,
PESA, and the NRIA currenl operators. Experimental data anc the NRIA current operators, Experimnental daka after the
after the PTG [51]. PG [51].
CGHE CON FExperiment CGHRE I:"I:,']_'I.I |'::H{|:-"|'i1|||'\-|||
Wuckon [FEM FPEFSM NERIA MNuclen [ & PE=R MRLA
P L.:24 2.70 2.1 2.7 P 0.156 0.824 0.102 0.7
r -0.79 -1.70 -1.82 -1.491 r -1, (20 -0.135 -0.00%9 -0 116
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models : point/instant form

Melde,Plessas etal.,

accepted by PRD (2007) , nucl-th/0612013
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FI1G. 1: Electric and magnetic form factors of the proton az prediclied by the GEE COM with the the |IF2M [dashed line),
PFSM [full lin=), and the MR A [dash-dotted line] current operators. Experimental data are from Aefz [22-31] and [32-38].

........... T T T T T [T ..|._._..._.__H_IH_JJ_':
1 Edan _--ﬂ'___ L ]
+ HeparhoH .___.-" o i e e =]
& Lug s ]
4 Herbarg o
o Fom 5 -
{3 Owinck g
%  Bachar [corr. Golak] __."'4
¥ Poosdar c
<] Thu L) e 0 Lug
B Echimals _ _ =1 4.0 T D Workomix -
L1 Barrmsh T & Faoch
# Hoday o gl.rl
Y i L) ao
e g % Eeking8
= L s W & frklin
! & R 3000
|ﬁ €] Kuhon
] L T | ] N
[EAPIPPRR, Go. Firirard=r lecuiiis [ P PR PN L]
3 - =g i 7 3 F
el

FIG. 2: Same asin Fig. 1 but for the neutron. Experimenial data are from Refs, [22-31, 32-50].

Instant form point form

Kepler Center for Astro and Pa P. Grabmayr

Feb 24, 2009 MSU Semir



models :
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FIG. 1: Electric and magnetic form factors of the proton az predicted by the GBE COM with the the IF2M [d:
PFSM [full line), and the NAIA [dash-dotted line] current cperators. Experimental data are from Refe [22-31] an
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FIG. 2: Same asin Fig. 1 but for the neutron. Experimenial data are from Refs, [22-31, 32-30].
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models : VDM, Soliton,

shown by L. Cardmann
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form factor ratio Ry = p, G"g / Y, GPy
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form factor ratio Rg = u Gg/Gy,

b=0.5fm, m g =400 MeV

Kepler Center for Astro and Part

CQM + OGE

A A }j i

frfjl:-lr ] ! Ilhf ¥ 2rd iy o f
(7) } o W { 2"{.3 } Kig)

frlf.jt“'r (g”) mﬁ q —2/9
2 3 o5
[q]——*]l'l [3 riafl,1; ’:"2 z) — al'g “'J-:E'E:E:']
with z = —b’q _,"'3 and g = |q|.

MM Kaskulov,pg, PRC 67 (2003) 042201

PRC 69 (2004) 028201
P. Grabmayr Feb 24, 2009 MSU Semir



form factor ratios Rg . Ry

QQM b=0.5 fm. m, =400 MeV
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form factor ratio R"= p, Gg / Gy
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neutron electric form factor

polarisation data
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chiral interpretation

Thomas / Weise:

chiral Quark Model

photon-quark
photon-pion

A,=0,53

use dipole

Galster type

’,g-\ e g P
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’ L) q ¥ J it
L :
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.’ i
f— ' H
e ¥ 5 /
G s \ .
[l ¥ fa
| z | ?

() (e) ®
Kepler Center for Astro and Part

Kaskulov, EPJA19 (2004) 157

SU(2)pxSU(2); Wy = (Vs Uspir)
renormalisation : Zo=1-— Z X (E)/OE|g=p,
spectrosc.factor : LER Z S"" = (2 — 1)/2Z;

F

Gl(a®)
. {z é Sf'r
GEr.r[q‘J

where £y = 2/3 and &€ = —1/3

pion e.m. form factor Fy(q) = (1+Q7/A2)!
nucleon axial form factor £ (qj.
core electrie form factor G(q ); assume F'(g* }

G(q?)

Gr(@®) = G(d®)

] E “:..-t:—"‘—:"‘lﬂl
= ) &.Se [—sz A
€157 1+Qij'r1"!-£_

; bt
G 2 s !
(@) : 1+ br

and o' = ZQHS”‘ ==

| a2

Gp(Q?)

= 4M2/A2

Gp(@Q%) = — Q*F.(Q%) Gp(Q?)

P. Grabmayr
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chiral interpretation

polarisation data
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chiral interpretation

Schiavilla, Sick, PRC 64 (2001) 041002
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chiral interpretation

Pion data : Bebek PR 17 (1978) 1693 ; Volmer PRL 86 (2001)1713
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chiral interpretation

Pion data : Amendolia NPB 277 (1986) 168
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the neutron
no free neutron target:  “quasi-free n” in D or °He

D: ‘'only' 2N, less FSI, no internal Coulomb
H. Arenhovel

>

*He: 2 protons (S=0); M(°He) ~ (n)
P.Sauer, H.Glockle,

>

009009090

mixed
S—state S’—state D state

90% 2% 8%
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the neutronve 't E
no free neutrc " | 13
05 [ =

D:  ‘'only'! st :
nE 5

—0.7% |- ~

SHe: 2 prot : :

—05 [— -

o 100 ZUU 00 400

Me;/c - P. Sauer
e

o3 - 440804048

mixed
u(EHe) = S—state S’—state D state
n
Kepler Center for Astr 90% 2% 8% ‘eb 24, 2009 MSU Semir



polarised 3He
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SetupforG,, @ Q°=1,5GeV?
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Test with 5cm Pb in front of hadron detector
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Asymmetries in 3He(e,e'p) X

X=dorpn
2B- or 3B-breakup
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Asymmetries in 3H€(€,e‘p) X

Gloeckle / Golak
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Asymmetries in 3H€(€,e‘p) pN

Gloeckle / Golak
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neutron electric form factor

2 (new) measurements @ MAMI
@ Q2=0,25GeV2(0,15)
@ Q2= 1,5 GeV?

equipment:
2 MAMI e-beam: [=10-20pA, P~80%
# polarised 3He gas (opt. pumped) P~50%
# spectrometer A

# Hadron detector + heavy lead shield

Erice, Sep 23, 2007 P. Grabmayr



old vs new neutron data:

charge distribution
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summary and outlook

@ 2N emission experiments test
reaction mechanisms and NN interaction

HY = EY

@ NN interaction including quark degrees of freedom for high
momentum contributions and exotic phenomena 3SHe

@ nucleon form factors, resonances and nuclear structure

@ correlations (SRC) input to NME calculations for
neutrinoless double beta decay (GERDA starts in 2009)

Kepler Center for Astro and Part P. Grabmayr Feb 24, 2009 MSU Semir



