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Kinematics

scattering

plane / _A\S\J\SJ\J'"—7 + |
............ plane
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X
“out-of-plane” angle _—
In ERL,: Q*=-0q,g"=0°—w?*= 4ee' sin?0/2

Missing momentum:; Ph=0—P =Pas

Missing mass: em=0—Ty—Tpry



Some (Very Few)
Experimental Detalls ...
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Accidentals Rate = R, x R, x At/DF
oc | 2 At/DF

Reals Rate = Ry,
oc |

S:N = Reals/Accidentals o« DF /(Atx*l)

Compromise:

Optimize S:N and R

eep




Extracting the cross section

Ny (cm-?) e'
Ne
e »{Z(%; Ape)

(A0, ADN
P

< d°c > B Counts
dQededpe dpp N,NAQ AQ pApeApp



Some Theory ...



Cross Section for A(e,e'p)B in OPEA
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Q°

Current-Current Interaction
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Sguare of Matrix Element
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Cross Section In terms of Tensors

Y

d°c 6o
dQdQ dpde " ",

Mott cross section

Electron tensor

Nuclear tensor



Consider Unpolarized Case

Lorentz Vectors/Scalars

3 indep. momenta: Q,P;,P (P,,=Q + P,—P)
T A

target nucleus

ejectile

6 indep. scalars: /P/Q2 QeP.,Q <P, PP

[
—M,?2




Nuclear Response Tensor

WH = X9, + X,0"q" + X;pi p;’
+ X,p'p" + Xs0'pi + Xopfa’
+ X' p" + X phg” + X, ptp)
+ Xy PP’
+(PV terms like ¢, .0 P,;)

X, are the response functions



Impose Current Conservation
S'=qW" =0
T =qW" =0
Then q,S"'=0, p,S"'=0, p,,S" =0
q.1" =0, p,T"=0, piuT“ =0

Get 6 equations in 10 unknowns

d

4 independent response functions




Putting it all together ...

6
do :p—E30M[VLRL+VTRT
dQededp do e (2m)

+V 1Ry cos@, + Vi Ryp cos2o, ]

with . a’cos’0/2
M 4e?sint 0/2

QY Q’
VL = £—j VT = 2—2 + tan2 9/2
q

2 2 2
Vi = o Vi = (312 \/ Q2 + tan”® 0/2

4



The Response Functions

Use spherical basis with z-axis along q:

Nuclear 4-current < 1

p (@) = (%j 35 ()|

=33 @[ + 35 @]

RT
Ry = 2Re {3:(6)35' ()}
Ry = -2Re ()56 -3 @)}




Response functions depend on scalar quantities

] Qe+Pi=aoM,
Inlab: < P*P,=EM,

QeP=wE-qpcosb,

—

Can choose: Q% w, &,, Pm

Note: no ¢, dependence in response functions




Including electron and
recoll proton polarizations

6
d' = PE V(R +R"S,)+v, (R, +RS,)
dQ2.dQ dp do s (2 )

+V-[(R; +R%S )coso, +(R/;S, +R/;S,)sing, ]
+Vr [(Ryy + RS, )cos20, +(Ry;S, + R S,)sin2¢, ]
+hv L [(Ry +RTS))sing, + (RS, + R+ S)coso, ]
+hvir (RS, + RS}

Q Q
with v ; =—tan6/2 V. = tan 9/2\/—2 + tan” 0/2
4 4

and other V's defined as before



Extracting Response Functions

For instance: R rand A, (ZA 1)

Oup = Koy [VIR + ViR +V R cos@, + ViR cos2o, ]

R_— Geep((ﬁx — O) - Geep ((0)( — 72')

a 2Ko, V¢
A — Geep (¢X — O) o Geep(¢x — 72-)
" Oup(9=0)+ 0., (9, =7)




Plane Wave Impulse
Approximation (PWIA)

spectator




The Spectral Function

In nonrelativistic PWIA:

d°c
= Klog S(Pysen)
dodQ,dpdQ, \
e-p cross section nuclear spectral function

For bound state of recaoill

proton momentum distribution

system:

v

D(p,)|

d’c ,

> =K'o,
dodQ,dQ i




The Spectral Function,
cont’d.

2
6(EO o 8m)

S(Po o) = X |(B;[a(By)|A)

where P, =—p,, = Initial momentum
EO

= E —® = 1mitial energy

Note: S Is not an observable!



Elastic Scattering from a Proton at Rest

(,q)  (MO)
Before. \ N\ —(P)

@(mm, q)
After |

Proton is on-shell = (o + m)2—q2=m?
®?+ 2Mo + m? — gq2=m?

o = Q2/2m



Scattering from a Proton , cont’d.

<p,sf‘J“\p—q,si> =U T*U,
Vertexfcn—1
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Scattering from a Proton , cont’d.

Vertex fen: T = y*F(Q*) +ic™ ,
m
Dirac FF—!  pauli FF—]

| G.(Q%)=F.(Q*) - F,(Q)
SANSFES <G, Q) =F(Q’ )+KF(Q)

with T =

4m

Gg and G,, are the Fourier transforms of the
charge and magnetization densities in the Breit
frame.




Form Factor

A(”l:lZ-F A(%:-IZ'.F
I Phase difference:
k / Agpz(k_k’)l?zq'f’
kl

Amp“tUde al g. F(q) — J‘dFA(F)eiq’.r



Cross section for ep elastic

G2 +1G

2
M

l+7

- 21 tan®

0

2

Gy,

However, (e,e'p) on a nucleus

Involves scattering from moving

protons, i.e. Fermi motion.




Elastic Scattering from a Moving Proton

@a) &P~
Before W\/\[\_.@

(0 + E)*—(q+p)*> = m?
®?+ 2Em + E2— g2-2peg — p%2 = m?
Q%2=2Ewn —2p°+Qq
o (E/m) = (Q?%/2m) + peq/ m



Cross section for ep elastic
scattering off moving protons

Follow same procedure as for
unpolarized (e,e'p) from
nucleus

|

We get same form for cross
section, with 4 response
functions ...



Response functions for ep elastic
scattering off moving protons

[ S,
R. = 2TW , + ﬁzsﬁjemwl
R ~(E, + En)n\zp’\sin equ1
Ry = ﬁzsﬁjgmwl



Quasielastic Scattering

For E ~ m:

o~ (Q2/2m) + peq/ m

If we “guasielastically” scatter from
nucleons within nucleus:




Electron Scattering at Fixed Q 2

2 ‘ .
Elastic
d’o Nucleus | g
dod Q2 o
® | A Inelastic
Quasielastic —
ZQMZ S mz Qr: + 300 MeV )
2
eep
dodQ Inelastic

N*




Quasielastic Electron Scattering
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R.R. Whitney et al., Phys. Rev. C 9, 2230 (1974).
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Data: P. Barreau et al., Nucl. Phys. A402, 515 (1983).

y-scaling analysis: J.M. Finn, R.W. Lourie and B.H. Cottman,
Phys. Rev. C 29, 2230 (1984).



Nuclear
Structure



First, a bit of history:

The first (e,e'p) measurement

4
COUNTING
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U. Amaldi, Jr. et al.,
Phys. Rev. Lett. 13,
341 (1964).



(e,e'p) advantages over (p,2p)

» Electron interaction relatively weak:
OPEA is reasonably accurate.

* Nucleus Is very transparent to
electrons: Can probe deeply bound
orbits.

However: ejected proton is strongly
Interacting. The “cleanness” of the
electron probe is somewhat sacrificed.

FSI must be taken into account.




Recall, in nonrelativistic PWIA:

d°c

dodQ,dpdQ

=K oy S(Prs€n)

where q —p =p,=— Pg

FSI destroys simple connection
between the measured p,, and the

proton initial momentum (not an
observable).




Final State Interactions (FSI)




Distorted Wave Impulse
Approximation (DWIA)

Treat outgoing proton
distorted waves In

presence of potential
produced by residual
nucleus (optical potential).

d°c

dodQ,dpdQ,

Ko

ep

“Distorted” spectral function

SD(pmagma p)

|




Optical potential is constrained by
proton elastic scattering data.

Problems with this approach:

e Residual nucleus contains hole
state, unlike the target in p+A
scattering.

* Proton scattering data is surface
dominated, whereas ejected
protons in (e,e'p) are produced
within entire nuclear volume.
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Fig. 1. Experimental momentum distributions for the 2ps,, and N I KH E F- K
2p,; transitions in the *°Zr(e,e'p)*’Y reaction. The curves cor-
respond to DWIA calculations for the two proton energies (set | Am Ste rd am

intable 1).

J.W.A. den Herder, et al., Phys. Lett. B 184, 11 (1987).
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Fig. 2. Radial sensitivity, S(r.), as a function of the lower inte-
gration limit r, (see text). For reference the radial dependence of
the charge density (p) and of the 2p wave functions (y,) are
indicated as well {not to scale).

J.W.A. den Herder, et al., Phys. Lett. B 184, 11 (1987).
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Fig. 3. Same as fig. 1, but for the modified optical potential (set
Il in table 1).

J.W.A. den Herder, et al., Phys. Lett. B 184, 11 (1987).
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J. Mougey et al., Nucl. Phys. A262, 461 (1976).
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Fig. 1. Excitation-energy spectrum of the reaction '2Cle, e‘p)"B' at a central value of the missing
momentum p, =29 MeV/c. The spectrum has been sorted in 100 keV bins.

G. van der Steenhoven et al., Nucl. Phys. A484, 445 (1988).
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G. van der Steenhoven et al., Nucl. Phys. A484, 445 (1988).
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Fig. 11. Momentum distributions for 1lp knockout from '2C leading to the 3~ ground state, the 1~ state
at 2.125 MeV and the 3~ state at 5.020 MeV in ''B. The curves represent DWIA calculations employing
the MCO potential. The fitted parameters are listed in table 6 (after a correction for the omitted couplings

using table 5).

G. van der Steenhoven, et al., Nucl. Phys. A480, 547 (1988).




4 I T | ]
. .
(o] L
3 af hell -
B -~sSne
=l # ’ Jf : Bates
& L R Linear
s [ + Accelerator
-
0 ++ s—shell R
alr ¥ £ ¥
0 PR PR PR BT |
400 6500 600 700 _600
@] (MeV/c)

L.B. Weinstein et al., Phys. Rev. Lett. 64, 1646 (1990).



OodEP,) (GeV' (Gevic)?)

k- "
o
o]

1, 14
N

-'”b{{T

w [
WL
0 P

Lt

"°O(e,ep)

Uk 2w Ve pm
. \ ] / 330 « p,,, « 570 MeV/c
/z-i | .

/ o+
%
7/2+

2
1/2': 'I 1 .'-i l: ek

“"'A -

10 15 20 25 30 35 40
E._ (MeV)

MAMI
Mainz,
Germany

K.l. Blomquist et al., Phys. Lett. B 344, 85 (1995).



nD(pm) (GeV/c)'3

4% 1/2"
10 Ground State

10l — Mean Field

10 PP

0 100 200 300 400 500 600 700

P (MeV/c)

MAMI
Mainz,
- Germany

Factorization violated.

DWIA calculations
underpredict at high p,,,

Neglected MEC’s &
relativistic effects.
Offshell effects
uncertain at high p,,,

K.I. Blomqvist et al., Phys. Lett. B 344, 85 (1995).
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FIG. 1. The reduced cross section of the reaction
2%Pb(e, ¢'p) at an average missing momentum of 340 MeV/c,
showing the knock out of valénce protons to discrete states in
207T1, labeled by their spin, parity, and excitation energy, The
solid curve is the result of a fit to the spectrum.,

|. Bobeldijk et al., Phys. Rev. Lett. 73, 2684 (1994).
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as proposed by Pandharipande [8], Ma and Wambach [10], and S0, but expected to
Mahaux and Sartor [12] are represented by dash—double- dotted :
~dashed, and dot-dashed curves, respectlvely grow with Em,

|. Bobeldijk et al., Phys Rev. Lett. 73, 2684 (1994).



Some of the lessons learned:

* (e,e'p) sensitive probe of single-particle
orbits.

e Proton distortions (FSI) must be
accounted for to reproduce shape of
spectral function. Energy dependence of
FSI breaks factorization.

e Missing strength in valence orbits, even
after accounting for FSI

» At high P, significant discrepancies found
relative to calculations.



Where does the
“missing” strength go?

One possibility:

Detected

populates high ¢,

recolls



n(k)

n (k) {fm3);__

R SRC
0| B N . dominate
| ghk(=py)
‘ o\ | | and are
SN related to
2-body R large values

-+ €,< 12.25 MeV \ \, | Of Sm.
E €< 50 MeV
: . ‘ﬁ5 i ] il |

0 1 2

C. Ciofi degli Atti, E. Pace and G. Salme, Phys. Lett. 141B, 14 (1984).
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C. Ciofi degli Atti, E. Pace and G. Salme,
Phys. Lett. 141B, 14 (1984).

Similar shapes for
few-body nuclel

and nuclear matter
at high k (=p,,)-




Medium-Modified
Nucleons



Searching for Medium Effects on the Nucleon ...

In parallel kinematics:
d°c - pE
dQ.dQ dpdo  (2m)’

Can write ep elastic cross section as:

S [VLRL +Vr Ry ]

do

d—Q — 1:recGM [VLkLGé + VT kTG'I%/I ]
—|2 0

with kL:@ and k; = Q2




Relate R/R, to in-medium proton FF’s

- R,
E

. >
Q" \V R
PWIA

This relies on (unrealistic) model
assumptions!

Nonetheless ...
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J.E. Ducret et al., J.B.J.M. Lanen et al.,

Phys. Rev. C 49, 1783 (1994). Phys. Rev. Lett. 64, 2250 (1990).
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12C(e,e'p) and 12C(e,e")
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G. Van der Steenhoven et a{,
FPhys. Hev. Lett. 57, 182 (1986)
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FIG. 3. Rg= VW4 M,/ W Q* for 12C (solid) from the measure-
ments of this experiment w1th SLi (p shell: open squares [3], open
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error and the outer error bar includes the systematic error. The
dashed line represents R for the free proton with the dipole electric
and Ref. [18] magnetic form factor while the dotted lines represent
the one sigma error band of the recent proton results of Ref. [27].

D. Dutta et al., Phys. Rev. C 61, 061602 (2000).



However, large FSI
effects can mimic this
behavior ...



FSI calculations for 160 1p,),
Data for 12C 1pg,
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T.0. Cohen, J.W. Van Orden, A. Picklesimer,
Phys. Rev. Lett. 39, 1267 {1987)




Another, less model-dependent,
method ...

Polarization Transfer




Proton Polarization and Form Factors

Free €p scattering”

| ,P,/ = —2\/r(1+ 1)G .G, tan (626)
e +e' 0
| P’ = 1+ 1)G; tan *| —
0" z m \/T( T) M (2j
2 2 2 e
IO:GE+rGM{1+2(1+r)tan (26
In nucleus
| =

model assumptions

* R. Arnold, C. Carlson and F. Gross, Phys. Rev. C 23, 363 (1981).



Polarization Transfer in Hall A

e
e

—— H and (°H or “He)

spectrometer

—

p
spectrometer + FPP

‘H(€,e'p)n  “He(€,e'p)’H

N~

'H(€,e'p)




Measuring the Proton Polarization: FPP

Rear Chambers
Carbon Analyzer Ly

Front Chambers




Density Dependent Form Factors
Quark-Meson Coupling Model (QMC):

Jd*rw, (NGQ%. pa(r)

G (Q%) =
«(Q7) jd3rwa(r)

For (e,e'p)

w, =exp(ig -1z (p’,7) ¢, (r)

D.H. Lu, , AW. Thomas, K. Tsushima, A.G. Williams, K.
Saito, Phys. Lett. B 417, 217 (1998).
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D.H. Lu, K. Tsushima, A.W. Thomas, A.G. Williams and K. Saito,
Phys. Lett. B417, 217 (1998) and Phys. Rev. C 60, 068201 (1999).
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Induced Polarization — “He
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O(E,e'P)°N at Q> =0.8(GeV/c)
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S. Malov et al., Phys. Rev. C 62, 057302 (2000).




Studies of the
Reaction Mechanism



Correlations and Interaction

consmons o] | A | b |




Off-shell Effects

Initial proton is bound

Vertex function is not well defined. The
“Gordon identity” leads to alternative

forms, equivalent only when proton is on-
shell.
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JLab Hall C



To<P,<B0MeY | | @(a?=06Gevl)
g oor | B
Q.E
5 + 't 18,
a ] ¢ ¢ ¢ 4 g ] EXxcess transverse
| _::::{::Hi::::}HH%:::.;(";:H;;:G;:F:)E::_ Stl’engthathlghgm
'% 0.01 [ 4 t ' - (@*=18GeV) | .
2 @ "oy ﬂ Persists, though
T | . « | || perhaps declines,
— L P .D - i .
o , L at higher Q2.
Fo.ooa HH'HH'HH'::“;1;1:((22'—}3'6‘)-5;_(5’;0.57;‘
E . Ds,{o’=o,6)-s,(a’_1.a)
o g*L+*+ :
* o ]
§ o st —t4otels | JLab Hall C
0004 Lot oot aal e el laia sl

10 20 ‘30 40 50 60 70 80

D. Dutta et al., Phys. Rev. C 61, 061602 (2000).



p(p,) [(MeV/e)'] —>

°Li(e,e'p) T/L Ratio

DWIA (dashed) falils to
describe overall
strength.

Scaling transverse

amplitude in DWIA
(solid) gives good
agreement - deduce
scale factor, n.
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J.B.J.M. Lanen et al., Phys. Rev. Lett. 64, 2250 (1990).
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The L/T separations suggest

o Additional transverse reaction
mechanism above 2-nucleon emission
threshold.

« MEC'’s primarily transverse in character.
Suggestive of two-body current.

Reminiscent of ...




T/L anomaly
In Inclusive
(e,e'):

O ] .
—OZOO 02 04 06 08
y/m,

J.M. Finn, R.W. Lourie and B.H. Cottman, Phys. Rev. C 29, 2230 (1984).



12C(e,e'p) in “Dip Region”
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12C(e,e'p) g=990 MeV/c, ®=475 MeV
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Figure adapted from J.H. Morrison et al.,
Phys. Rev. C 59, 221 (1999).

For 60<¢,,<100 MeV,
continuum cross section
Increases strongly with o.

Large continuum strength
continues up to 300 MeV.

Bates Linear
Accelerator



12C(e,e'p) q=970 MeV/c, ©=330 MeV
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Continuum
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strongly with w.

Continuum cross
section is smaller
at high ¢,
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J.H. Morrison et al., Phys. Rev. C 59, 221 (1999).



Iy Large
discrepancy
{0 for 1p,,.

b 1 QP=020(GeVio): T 84 MeV. §
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Relativistic
effects

predicted to
be small here.
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. currents
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C.M. Spaltro et al., Phys. Rev. C 48, 2385 (1993).

Circles (solid) — NIKHEF-K

Crosses (dashed) - Saclay




180 (e,e'p) ©2=0.8 GeV2 Quasielastic
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distribution, as
seen In the data,
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by a factor of
two.

JLab Hall A



At high energies, R, +

Interference response

function sensitive to
relativistic effects.

For example, spinor
distortion ...



Spinor Distortions

v-(y]

= 9P ¢
E+m+S-V

Y

N.R. reduction
S+V =2 Mean field

S+V relatively small

Dirac spinor
S-V affects lower components

S-V large
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J. Gao et al., Phys. Rev. Lett. 84, 3265 (2000).



Few-body
Nuclel ...



The Deuteron



Short-distance Structure

Low p,,

High py,

For

large overlap, nucleons may
lose individual identities:

Quark/gluon d.o.f.?
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Q2=0.67 GeV? Quasielastic
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What do all these data
and curves suggest?

e Relativistic effects substantial In A¢
(and R 7).

e de Forest “CC1"” nucleon cross
section gives same qualitative
features as more complete
calculations - here, relativity more
related to nucleonic current, as
opposed to deuteron structure.
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Lots more d(e,e'p)
data on the way!
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Preliminary Hall B E5 Data — “H(e,e'p)
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The most direct way
to look for correlated
nucleons?

Detect both of them
- JLab Hall B
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Direct evidence of NN
correlations
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FSI: dependence on kinematics
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Summary

* (e,e'p) sensitive to single-particle
aspects of nucleus, but ...

* More complicated physics is
clearly important.

e Spectroscopic factors reduced
compared to naive shell model
(including FSI corrections).

» Missing strength at least partly
due to interaction currents: direct
Interaction with with exchanged
mesons or interaction with
correlated pairs (spreads strength
OVer g,,).



Summary cont’d.

 After several decades of experimental
and theoretical effort, there are still
unanswered gquestions.

 What is the nature of the interaction of
the virtual photon with the “nucleon™:
medium and offshell effects?

 Handling FSI and other reaction
currents still problematic, though
realistic calculations are now available
for the lighter systems.

* High energy program is underway,
pushing to shorter distance scales,
emphasizing relativistic effects, ...



