ECT Trento 2004
Workshop on Spectroscopic Factors

Spectroscopic Factors from (e,e'p) reactions

L. Lapikas

NiﬂE,!LEﬂﬁl

Amsterdam

ﬁlntroduction \

some early (e,e’p) results, spectroscopic factors
effective mass, theoretical approaches

2. Beyond Mean Field Theory

Variational Monte Carlo, “Li(e,e’p)
3. Towards larger momentum
208pp(e,e’p), relativistc effects
4. Towards deeper energies
208pp(e,e’p), Rescattering, MEC
5. Towards higher Q2

12C(e,e’p), FSI, Transparencies

6. Summary and Conclusion /

NIEEF

L. Lapikas

Spectroscopic factors from (e,e'p) reactions

TRENTO 2004

p1



Introduction ) . i
, Spectroscopic strength with the reaction (e,e'
Some early (e,e’p) results P P g (e.e'p)

® seventies : pioneering experiments Frascati, Tokyo, Saclay

® eighties : high res. NIKHEF (e,e’p) program for nuclei A=2-209
®spectral function at low (E_, p,,)
® Momentum distributions of valence orbits

® nineties —present : NIKHEF/Mainz/Bates also 2N knockout

[ J . . 2
NIKHEF RESULTS \ present : JLAB towards higher Q%, larger p,, , E,, /

Results for valence orbits
in closed-shell nuclei:

Curves scaled by about

0.65
wrt. mean field theory !!

Explanation : Effect of
long-range
and
short-range
correlations

momentum disfribution [ GeVic) “ar I] —

P [MeVic] —
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Introduction
Spectroscopic Factors

<¢=== RPA ( LRC), G-matrix

_| «mmmmm NM (SRC) +RPA (LRC)

Original data

-

35 % reduction w.r.t MIFT A
® 10-15 % due to LRC
for finite nuclei in RPA
® 10-15 % effect due to SRC
calculated for infinite NM y

(d,*He) Local/Zero-range

arbitrary BSWF

NIKHEF Reanalysis
(d,*He) Non-Local/Finite-range
BSWF from (e,e'p)
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Introduction
- ~ Theoretical Approaches

Perturbation theory
® need to calculate ME : <¢" ;¢ IVI¢, ¢, >
® diverge with realistic interaction V
® take soft-core effective V

\’ RPA : typically 10 % reduction

.

——

/
100 I .

G-matrix approach - ‘I .
° iy, _ . 80 — —
G-matrl).(.replacebe .G_V-VQe1G [ Etensnr |

results in < 20 % reduction (160, 4°Ca, %Zr) 60 al
= _
| | _
p N = 40 |'1 —
Phenomenological approach D B 11 i
® Introduce an effective nucleon mass :m*(r,E) / m = 20F \ —
> i . _

® Calculate overlap matrix elements with m*

results in 15-25 % reduction y 0 i _
_2{} | — ]
central

Realistic approach 40
® Variational Monte Carlo < Light Nuclei
® Correlated Basis Functions & Nuclear Matter

! I
0 2

r[ffm] ——=
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Introduction
Effective mass

m*(r,E) / m = 1- 9/ V(r,E)

Introduce an effective mass in the overlap function to account for correlations

2> <®lexp(ip,r) m(r,E)/mI|d>

1p3/2 radial wave functions from
'°B(e,e’)
1°B(e,e’p) with eff. mass

no eff. mass

=3

Ratio of wave functions
yields effective mass for
1p3/2 wave function

=3

Effective mass calculation
for 2°Pb with SRC (+LRC)

016 I I T I T [ " T 1T 1 T T ]
1p.,» Rachal Wave Function 1P, . Effective Mass o oY .
Fourier-Bessel analysis Fourier-Bessal analysis [ / _-
010 ‘“E“ _ - - .
o "Ble.e' M3 T o ]
& HH‘ﬁ‘P * "Bieep) By { L caP E
E E lﬂ . = [ ]
= ol H += n = | 'Jr+++ d » & Lel .. Ma & wambach ]
- — .+ | B ]
s { ni‘: E- F‘Jr [ - - - Mahaux & Sartor
% It -
o Fandharipand s ]
ALY [ 8= :— —-
::' L’- I :'.- I 5] . 1 Beg !-. I-.- Il.: I ::l I =Il.: —
rfm] —= rim] ——- rnm] ——e—
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Beyond MFT -> VMC
Li(e,e'p)

) 2+

Full calculation

® Variational Monte Carlo (VMC) 0+ 6He P12 fpa/z
® V= AVi8/UIX pw\ 2 12
(Argonne 2-nucleon + Urbana 3-nucleon interaction) 3/2 -
® Done for few- body systems 7Li
K. Now available for A=6,7, 9 )
/Technique A ( MFT VMC A
® Minimize and diagonalize <%, |H ¥, > (Ip) — (p+1)
® Trial wave function ¥, =[1 + Ui I[STI(1+U) 1%, 3/2->0* 0.59 0.41

® Two/three body correlation functions U; , U, 3/2->2* 0.40  0.19

® <w, (%He") la(p,) | ¥, (7Li) > measured in (e,e'p)

Sum 099  0.60
o /

Pudliner, Pandharipande, Carlson,
Wiringa, Pieper, Forest
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Variational Monte Carlo
Li(e,e'p)

Pudliner, Pandharipande, Carlson,
Wiringa, Pieper, Forest

Momentum distributions for 'Li

Argonne v, + Urbana [X (VMC)

] ! ] ! ] ! ]

5 pectroscopic factor VMC CK
® Li(p)- “He(p) .00 1.00
= “He(@4+pip32)  0.41 0.50
o He(2+mpipl2)  0.13 018
m He(2+Mpip3/2)  0.05 0.22
o "He(X++pipl.32) 0.05 0.01

measured in (e,e’p)
at NIKHEF
1 atlowE

E I® mgh o “He(all+p(f3.7/2) 0.01 0 .
= E : we ."* ® "He+p sum 0.65 1.00 '
= 'k ER w?
Z ¢ O
. =]
- r
& ————— total strength
TN Ti I ] atall E_
JGJ 1 | 1 | gtm*‘“l 1 :
0 | 2 3 4 5
k(f mI 1
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VMC versus MFT
"Li(e,e'p) Compare MFT and VMC overlap wave functions
H

° normalize both overlaps to 1
® choose MFT rms radii equal to VMC rms radii

0" T T T T T T T T T 10 T T T T T T T T
. : ; Li 'p)eH
32 -0 — MFT B 10 — ¥ VMG (ﬁj
ja _MFT
] T s )
_ :frq 1|:|-':I3 -
. § 101 -
&$r
. % 1072 -
Cgaj E | -‘;.E 1,:,-':3 ﬂ -
LT L = dh SR,
“\ .:%:] N ik 10 b }%%féeg 0
[P . ‘ RS >>{ % D
. 1078 (5l ¢
4 L L | L .ICl-*.E l I | 1 l ! 1 :
o 200 400 G600 200 100C 0 200 400 600 200 1C
P, MeVic] —— p., MeVic] —=
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“Li(e,e'p)
Spectroscopic Strength

4 N

Summarized results
spectroscopic strength
o+ 2+ 0*+2*
Exp 0.42(4) 0.16(2) 0.58(5)
VMC 0.41 0.19 0.60
MFT 0.59 0.40 0.99

\ )

4 N

« for <6He | 7Li > overlap VMC explains exactly
measured 40% reduction w.r.t. MFT

- for successful description of (e,e'p)
momentum distributions (size and shape)
full correlations

necessary in nuclear-structure calculations

- )

107

10®

p(p,) [(MeV/c)®]

1070

107 |

O NIKHEF

| .
"Li(e,e’p)°He
1p knockout

NIEeF L. Lapikas

— VMC E
- --- MFT :
I I I l
0 100 200 300
p, [MeV/c] —m
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10~
Towards larger momentum | | | |
2°8Pb(e,e'p) 208 Ph(e, Erp}
10° - u
T ME‘E[” FEE‘Ed Wf
&3
107 |- Correlated w.f.+
/Correlations reduce \ ™ 10° I~ N
wave functions at small radius, O
hence the E
momentum distributions > O
at large momentum = 10 - 1
Is this measurable? E
- / E_=[0-25] MeV
10719 m _
* NIKHEF/MEA - 1987
Warning! : at large p,, interpretation difficult : 11 a
107" o NIKHEF/AmPS - 1995
- Coulomb distortions (Gent, Madrid, Ohio)
- Relativistic effects (Madrid, Gent, Ohio)
- 2-body currents (Gent) (012 | . | .
0 200 400 g00
P, [MeVic] —m
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Towards deeper energies
208pp(e,e'p)

1 2 T T I
/Measured spectroscopic strengths below E =30 MeV \ 10 __ __
are influenced both by LRC and SRC. ' i |
08 —
For deeper lying shells (at large E,, ): = i i
E’ 06— —
* LRC tend to disappear Ih) i i
 Quasi-hole strength Z, approaches occupation n, ﬁ 0.4 N
Most realistic NM calculations predict n,=0.80-0.85 02k MM _
. - rﬁl"' . -
\Measure 208pp(e,e’p) to large E,, / 0.0 : | ﬁ .

60 -40) 20 0
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208pp(e,e'p) Experiment

Gperiment @ AmPS : \

® Measured 2°8Pb(e,e’p) in spectral function
range {E,,p,, }={0-100 MeV, 0-270 MeV/c}

® Difficulties above E, (16 MeV) :
MEC and A-excitation may contribute

Rescattering (e,e'N) (Np) may contribute

®Data measured at two beam energies
--> study MEC

Calculate experimental spectral functions

Model spectral function

n,(E, fractional occupations
P, (P, ) distorted momentum distributions: CDWIA
Woods-Saxon MFT wave functions ,
optical Model Potential that describes 2°Pb(p,p) at T, = 161 MeV,
2" order eikonal Coulomb distortion
non-relativistic o,

P.(E,) Breit-Wigner shape for energy distributions, two fragments
I',(E,) level width depends on distance to E. (Brown-Rho)

@P(Em,pm) = 0™/ Ko, /

First calculate contributions due to :
1. MEC

2. Rescattering

S(EmsPm) = %na(Ea)pSDW'A(pm) Py (Em)

T . a(Eny - Eg)?
P (E,)= @ with T, (E,) =
T 2n{(€ - Eq)? +T2) *m b2 (€, —Ef)?
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208pp(e,e'p)
Rescattering

Pandharipande -> van Batenburg

Rescattering

Barbieri
direct process rescattering process below_ Em;(,jo L
plotted S(E ,,p.)Pm> AP, (e,e’p) -> S(model) (e,e’N)(N,P) -> S(rescat) IS <37
m1§"2c:'a"'l"§ 1[]15"255"","5 1m1§.|2G.E|.|.!|.§
: Pb(e.e'p) 3 : Pb(e.e’p) 3 : Pb(e,e’p) -
1 b Pm=250 ME"IHG_E 10° & Pm= 150 I\.ﬂe‘u'ﬁ::Lg 10° & Py =240 Mew%
1.;.. 107 = 10 g = 107 & =
- Smt::del - = = - Smﬂdel =
fah) - ] - . - ]
E 2 I | 2 i ] 2 I |
107 F E 107 g 5 107 g E
“E - : - - - :
Ll A S o N . i -
resca ca resca
R 2 ] 10°¢ 1 10°f E
- . - 1 3 - .
PR I I U NN NV R I NU NI SN AU (PO I RPN BT R N
0 20 40 B0 B0 100 0 20 40 60 80 100 0 20 40 80 B0 100

E_[MeV] —»
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2°Pb(e,e’p)

MEC contributions 1[1'1 _ T T | T | T | T ]
B 208 1 _
N Pb(e,e’p) ]
( Full calculations of MEC do not exist so use \ B 7
Quasi Deuteron Model [ ]
2 —]
\or = o, + o7 {1 + Af(q,0) LNP(3S,, E_) /A}J - 10 ; ;
% n _
/Af(q,(o) enhancement due to MEC and A \ = B LDA_i_ M EG 1
calculated for D(e,e'p) — - ]
L Levinger factor *"‘E
NP(S,, E,) number of deuteron pairs p{nlj}+n{n'l'j'} )
! ina S, state (E,,+E,y >E,) W 4o - MEC (bw)
\ multiplied by n2=0.72 y n - o~ LDA
B / 1\\
| '_::_-_::' H_:-‘_hhh_""w
- _‘-_'_""H..“ k"‘h.._\_‘_‘_:
i MEC (fw) ™
.1[:'-4 ||rJ | | I | | | I |
over range 0 < E_ <60 MeV 0 20 AD &0 80 100
effect of MEC <3%
E_[MeV] —m
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208pp(e,e’p)
Missing Energy Distributions

/ Measured at \

high-energy / forward angle
and
low-energy / backward angle

Em = 0-100 MeV
\ Pm = 30 -260 MeV/c j

l

/No large differences between data at \
high-energy / forward angle

and
low-energy / backward angle

= MEC indeed small

\:> Calculated rescat. few % of measured data/

l

We can safely fit :

model spectral function

to experimental spectral function
=> deduce spectroscopic strength

107%

O
X

674 MeV, forward i :
462 MeV, backward

% rescattering

1111111 1

NLI_

e

10712

2 40 s 80
E_[MeV] — =

100
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208pp(e,e’p)

model fits Comparison of Fitted Model to Spectral Function integrated over
Momentum (left) and Energy (right)
10’ F T | I I I I 10 - | | | | ]
| , i - 208 . ]
., "Pbe.ep) _ i Pb(e,e'p) -
10" = l = 10°° =
3 [ 1 :
.- 0 ©
W 10 { =l -
W - . — - .
- - E - -
| . & | i
= | o i
L p_=0-300MeVic | E,=0-60MeV |
'II:I'E 1 I 1 | 1 I 'II:IE 1 1 1 | 1
0 20 40 &0 a0 100 0 100 200 300
E  [MeV] —» p,, MeVic] ——

S
N |!!E F L. Lapikas Spectroscopic factors from (e,e'p) reactions TRENTO 2004 p16



208pp(e,e’p)
Spectroscopic Strength

1 2 T T I
/From model fits : ) N i
- strengths of all orbits 1oL _
- for deep lying orbits spin-orbit partners taken together '
+ combined information from i 7
this experiment (AmPS -1997) 08 _+ + —
earlier one (MEA -1988) N 5 i
- N <
ﬂ E I |
W o4l .
fTotal depletion of Fermi sea (E;, <60 MeV):\ ozl MM _|
' n_
2S,/82=0.77 +0.01 £ 0.05 = 0.02 i f_‘—‘-'-«-.._.___'
stat syst model 0.0 ' ' ' '
£0 -40 -20 0
Average deep hole strength (30 < E_ <60 MeV) -
m E  [MeV] —»

Zjeep = 0.80 + 0.02 + 0.05 + 0.03
stat syst model

NM : n,(p=0) = 0.80- 0.85

- I
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Towards higher Q2
12C(e,e'p)

12C(e,e'p) comparison of low and high Q2data

1) determine accurate wave functions for the 1p and 1s strength :
Consistent reanalysis of world's 12C(e,e'p) 1p + 1s data

2) establish 1p and 1s spectroscopic factors

3) compare with SLAC and TJNAF data at high Q2 )

\_

/ Analysis ingredients (CDWIA) \
® Impulse Approximation
® Coulomb distortion
® Final State Interaction
Comfort-Karp potential, modified for channel couplings
® Woods-Saxon bound state wave functions

adapted to describe momentum distributions

\ ® non-relativistic O, McVoy-Van Hove /

S
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12C(e,e'p) at low Q2

Fits to 1p and 1s world data 1p momentum distributions
" SACLAY-1576 | SACLAY-1981
1s momentum distributions ELRNT Par. Kin3
T T T I T : :
107 n 1EC(E,EJP} _E ] ]
1s knockout 3107 E E
10¢ | 4 | Perp.Kin!
i 3 Perp. Kin. T =87 Me
] L P zl.lm 1050 0 200
c'l?_| i - [
> jpel . T | TOKYO-1976 NIKHEF-1988
= E J 10 E_ _E o= _E
i E,=21-66 MgV ) i ] ]
o m- 5 B 7 7
1o A SACLAY (x 0.5) < :
E E,_=30-50 MeV : - 10°E F10°E E
- = - . .
O NIKHEF(x 0.2} : = f N i
E, =30-39 MeV | 50 ] ]
1015 ' ' Eéu © Perp. Kin. T =159 Me Par. Kin. T =70 MeV
10" ! ) &) ] . 10 . A ) ]

0 200 -200 0 200
p,, [MeVic] ——m
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12C(e,e'p) 18 T | T 12 | ] T i | T | T
1p and 1s spectroscopic factors I _ Cle,ep) T
tal- integrated 1s strength n
12
2.5 I
e 1p apectroscopic factor T 1ok
Z =9 Saclay [
o oAl W r
2 NKHEF [ o T ® NIKHEF |
3 i et A SACLAY
£ 2.2 04 | " _
o .' I X TOKYO
o Tokyo pz| -
2. H I |
0.0 . l 1 ] 1 | L
e 0 20 40 G0 a0 t0C
S [ | [ [ [ [ EF [MeV] —m=
1970 1975 1880 1985 1990 1995 2000 m
VEAr
EqmP
S1a(ESP) = nss | dEm I
Er (Em ~E1s)® + % (Ep

Summed Spectroscopic Strength (up to E_=80 MeV)
S;p+ Sy =2.23 +1.25 = 3.48+0.10

We see only 58% of the protons in 12C
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12C(e,e'p) SLAC data
compared to
Glauber calculations

10™ T I

/SLAC NE18 data at Q%= 1.1 (GeV/c)? \
Red Curves : with S,; =4, S,,=2 (full shells)
Green Curves : add T(ransparency)
to account for FSI (Frankfurt, Strikman, Zhalov)
__Glauber T,,=0.6-0.7, T,;=0.5-0.6 (p,, dependent!)

E—'—H
©
Fit Glauber curves to data : =
S,, =3.56£0.12, S, = 1.500.08 g
o
2
©

I‘ I".‘-I III

N )

|
1s knockout (x 20) 12C (e,

e'p)

SLAC data

10%
Summed Spectroscopic Strength is Q2 dependent ! i
At Q*= 1.1 (GeV/c)* S, ,+ S,,=5.06 + 0.15 (84%) 108 . |
At Q*= 0.2 (GeV/c)* S, ,+ S,,=3.48 = 0.10 (58%) -100 0 100 200 300
\_ W, p. [MeV/c] —m
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12C(e,e'p) El T T T T T T 11 | T T T T T T 1T
Q2 dependence i 1
of Spectroscopic Strength T 12G(e.e'p) _
& |
- (4 ¥ ¢ -
5L _

Are spectroscopic factors Q2 dependent?? -’JIJE ] B

Differences between the analyses : + + ® SLACHMNETS

. - -
low Q2data : FSI -> opt. model, non-relativistic U':JE . " + 4 TJNAF E91-013

. e —
high Q2data : FSI -> Glauber, relativistic I + |

2 _

Possible Explanations :

([ - _
Breakdown of quasi-particle concept at high Q2 i ® Bates i
Reaction mechanism effects (2BC ?) | m NIKHEF, Saclay, Tokyo |

([

Modified nucleon form factors q . oy oy a ] Ly a

([ 0

\ Relativistic effects / 10! 10 1o
Q7 [(GeV/icF]
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2H(e,e’n->X )p with detection of recoil proton

2H(e,e'p)
HERMES experiment (DESY)

-

e 27.5 GeV e’ HERMES
detector
> X
p
Recoil
detector
0exp =K F2ntag (XSQZ) n(p) \

assume F,"_ (x,Q?) = F," (x,Q?)
= red datapoints (HERMES)

Compare to world 2H(e,e’p) data
\& models with various NN-interactionsy

10

10°

108

107

10®

10°

ID*”:

1911k

I ! I ' 1 ! I

H(e,e’p) (Q%in (GeV/c)?)

X Mainz (0.1-0.3) A JLAB (0.7)
EH{e,e’n-:-X}p O HERMES (2-15)
___Bonn __ OBEPQ-B _. . Paris
.. Paris+N+MEC+IC

1000
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4 )
RESULTS

Exp. Spectroscopic strength at low E_ ~ 60% of IPSM

Summary

Exp. Spectroscopic strength for deeplying orbits ~ 80% of IPSM
Wave functions with correlations explain this (VMC, NM)
High-momentum components seen (not very accurate, interpretation?)

For a further interpretation these subjects would be nice to have
(some speakers will show first results!)

. N @ D

EXPERIMENT THEORY
Measure at large E_ (> 100 MeV) Extend VMC technique to heavier nuclei
=> (correlated tail) = (12C, 160)
Measure at large p,, (> ki) <:::> Relativistic description of (e,e'p) [ low Q2 - high Q2]
= (modifications w.r.t. MF) = (opt. model vs. Glauber)
Measure at higher Q2 for several A Decent estimate of 2-body currents and rescattering
\ => (separate orbits) J \ = ( q,» , kinematics dependence) D
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