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Outline

* Electron-nucleus scattering

> The inclusive electron-nucleus cross section
> The impulse approximation regime

> Comparison to inclusive data: quasielastic and inelastic contributions to
the nuclear cross section

> Extension to semiexclusive and exclusive processes
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The electron-nucleus cross section

x Consider the inclusive processe + A4 — e’ + X
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The electron-nucleus cross section

x Consider the inclusive processe + A4 — e’ + X
* In Born approximation

d20' - 042 Ee’
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The electron-nucleus cross section

x Consider the inclusive processe + A4 — e’ + X
* In Born approximation

d20' - a2 Ee’
dQ.dE, Q% E,

L WH

x The tensor L, Is determined by the measured lepton kinematics

Ly = 2 [KFED + KUK — g (koker)]
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The electron-nucleus cross section

x Consider the inclusive processe + A4 — e’ + X
* In Born approximation

d20' - 042 Ee’
dQ.dE, Q% E,

L WH

x The tensor L, Is determined by the measured lepton kinematics
L, =2 [kg‘kg, + kUK, — g“”(keke/)]

% All the information on target structure is contained in W#¥ (reminiscent of
S(q,w) of the previous Lectures)

WH =704 X)(X]J7(0)6™ (po + g — px)
X
|
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* The calculation of the inclusive x-section requires a consistent theoretical
description of the target initial and final states |0) and |n) (same as for
S(q,w)) and the nuclear em current operator J%
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The calculation of the inclusive x-section requires a consistent theoretical
description of the target initial and final states |0) and |n) (same as for
S(q,w)) and the nuclear em current operator J%

At moderate momentum transfer (typically (|q| < 0.5 GeV)) calculations
can be carried out within nonrelativistic NMBT, expanding the current
operator in powers of |q|/m
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* The calculation of the inclusive x-section requires a consistent theoretical
description of the target initial and final states |0) and |n) (same as for
S(q,w)) and the nuclear em current operator J%

* At moderate momentum transfer (typically (|q| < 0.5 GeV)) calculations
can be carried out within nonrelativistic NMBT, expanding the current
operator in powers of |q|/m

* At larger momentum transfer, corresponding to ., = 1 GeV, describing the
final states | X) in terms of nonrelativistic nucleons is no longer possible,
since

final state particles carry large momenta (~ q)

the em interaction may be inelastic, leading to the appearance of hadrons
other than protons and neutrons
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* Lorentz covariance, gauge invariance and conservation of parity require

y , . q'q” W Poq L (poq)
WH =W, (—9“ + .2 )+—(p8—(q2)Q”) (pO_(qz)Q) ,

with Wi o = W1 2(Q?, (pog)), Q* = —¢°
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* Lorentz covariance, gauge invariance and conservation of parity require

y , . q'q” W Poq L (pog) ,
WH :W1(—9“ + .2 >+—2(p6‘—(qoz)Q“) (pO_(QQ)Q)a

with Wy 0 = W1 2(Q?, (poq)), Q* = —¢*

* The cross section in the Lab frame
d?o B do
dQudE.,  \ dQ.

0
) |walial.w) + 2l 0) e g
Mott
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* Lorentz covariance, gauge invariance and conservation of parity require
¢"q"\ , W2 (Pogq) (Pogq)
WH =W (—g“” + ) + — (p“ — " ) | pg — 7 |,
q> M2 \F0 g 0 q>

with Wy 0 = W1 2(Q?, (poq)), Q* = —¢*

* The cross section in the Lab frame
d?o B do
dQudE.,  \ dQ.

0
) Walalw) +2Wi(dl ) tan? 5
Mott

* Rewrite in terms of longitudinal and transverse response functions

d*o do Q> 1 Q2 , 0
— —_— _— t —
Al d By (dQe’)M [IqI2 fullal.) (2 qP 2) RT(|q|’°")] ’

with

RT(|Q|,CU) — 2W1(|q|,w) ) —RL(|q|7w) — W2(|q|,w)——W1(|q\,w)
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The impulse approximation (1A) regime

x Atl/lg| < (lrij| )
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The impulse approximation (1A) regime

x At1l/|q| < (|ri|)

replace nuclear current with the sum of individual nucleon currents

J“—>Zji“
i
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The impulse approximation (1A) regime

x At1l/|q| < (|ri|)

replace nuclear current with the sum of individual nucleon currents

J“—>Zji“
i

write the final state in the factorized form (note: |z, p,;) can be any
hadronic final state)

1X) = |z,p2) @ | R, PR) -
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*  Within 1A

m

(0]J#]X) = (0|R, pr;N,—pr) > _(—Pr, N|j!|z, p:)

\/|pR|2 + m? i

where |N, k) is the state describing a free nucleon carrying momentum k

m

W (aw) = [ Ekdp (7 ) (2B E)uf @ + NPu(k Bt @)
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W (aw) = [ Ekdp (7 ) (2B E)uf @ + NPu(k Bt @)
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The proton and neutron hole spectral functions (see Lecture 1)
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*  Within 1A

m

(0]J#]X) = (0|R, pr;N,—pr) > _(—Pr, N|j!|z, p:)

\/|pR|2 + m? i
where |N, k) is the state describing a free nucleon carrying momentum k

m

W (aw) = [ Ekdp (7 ) (2B E)uf @ + NPu(k Bt @)

* The A x-section iIs determined by
The proton and neutron hole spectral functions (see Lecture 1)
The em tensor describing a free nucleon carrying momentum k

wh =Y (k,N|jk |z, k + q)(k + q, z|j% N, k)§(@ + Ey — E,)

w=FE,—FEx=Fy+w—Fr—FE=w—FE+m— FEy
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* The replacement
q=(w,9) > ¢=(w,q)

accounts for the fact that in a scattering process involving a bound nucleon a
fraction dw of the energy loss goes into the spectator system
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* The replacement
q=(w,9) > ¢=(w,q)

accounts for the fact that in a scattering process involving a bound nucleon a
fraction dw of the energy loss goes into the spectator system

* In the limit |k|/m <« 1

~

ow=w—w=~F
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The replacement
q=(w,9) > ¢=(w,q)

accounts for the fact that in a scattering process involving a bound nucleon a
fraction dw of the energy loss goes into the spectator system

In the limit |k|/m < 1

~

ow=w—w=~F

Note that the above replacement leads to a violation of current conservation,
as

gy =0 , gy #0

However, its effects become negligible at large |q]
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% The nucleon tensor can be written as

y L, arr  wy kq , (kQ) -,
wf{,:w{\[(—g“ -+ = )—I—m—z(k“—%aﬂ) (k —%q
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% The nucleon tensor can be written as

y L, arr  wy kq , (kQ) -,
wf{,:w{\[(—g“ -+ = )—I—m—z(k“—%aﬂ) (k —%q

% In principle, the structure functions w¥ and w1’ can be extracted from
electron-proton and electron-deuteron data
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% The nucleon tensor can be written as

Py Vg 4 N k k

2 )" m 7 7

% In principle, the structure functions w¥ and w1’ can be extracted from
electron-proton and electron-deuteron data

* In the case of quasielastic (QE) scattering

N 1 5 ~ z G2 a2 G2
2 = 1 — q?/4m? “Tom En " gm2 ™ My

where G'g,, and Gy, are the nucleon electric and magnetic form factors

7)
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Local Density Approximation (LDA) P(p, E) for oxygen

P(paE) — PQP(paE) + Pcorr(pyE)
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Local Density Approximation (LDA) P(p, E) for oxygen
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Por(p, E) — from (e, e'p) data (recall the energy spectra of Lect. 1)

P.orr(p, F) — from CBF calculations of uniform nuclear matter at
different densities
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Local Density Approximation (LDA) P(p, E) for oxygen

P(paE) — PQP(paE) + Pcorr(paE)

Por(p, E) — from (e, e'p) data (recall the energy spectra of Lect. 1)

P.orr(p, F) — from CBF calculations of uniform nuclear matter at
different densities

Pop(p, E Zzwsn Fo(E — E,)

Peorr(p, E) = /d?’r pa(r) P (p, E;p = pa(r))
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Why do we expect LDA to be OK ?

* The momentum distribution
a(p) = [ dB P(p. E)

scaleswith Aatp > pp for A > 2
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0.10 ,I.lr,l:i |.J.,I.‘.I Ill |||

1; LT

‘\P(k,E) [GeV™*]

0.08

0.06

E [GeV]

0.04

0.02

OOO IIII|IIII|IIII|IIII
00 0.1 0.2 0.3 04
k [GeV]

~ the shell model contribution Pop(p, E) accounts for ~ 80% of
the strenght

* the remaining ~ 20%, accounted for by P,..-(p, E), is located at
high momentum and large removal energy
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Final state interactions (FSI)

*x Recall: main effects
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Final state interactions (FSI)

* Recall: main effects
> energy shift due to the mean field of the spectators
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Final state interactions (FSI)

* Recall: main effects
energy shift due to the mean field of the spectators

redistributions of the strenght due to the coupling of 1p — 1A final state to
np — nh final states
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Final state interactions (FSI)

* Recall: main effects
energy shift due to the mean field of the spectators

redistributions of the strenght due to the coupling of 1p — 1A final state to

np — nh final states

* In inclusive processes at large momentum transfer FSI can be included
through

do do
— d/ . /
e dw / “ (dQe/dw’)M falw =)

= /T 8(w — A) + (1 — /Ty) Fq(w — A)

where T, is the nuclear transparency measured in (e, €', p)
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The folding function

* The folding function is obtained from the NN scattering amplitude

Ajq(k) = % (i + a)e P
usually parametrized in terms of total cross section, slope and ratio between
the real and the imaginary part

|
45th Karpacz Winter School in Theoretical Physics, February 2-7, 2009 — p.14/25



The folding function

* The folding function is obtained from the NN scattering amplitude

Ajq(k) = % (i + a)e P
usually parametrized in terms of total cross section, slope and ratio between
the real and the imaginary part

* Warning: the total NN x-section ¢ measured in free space must be corrected
to account for the presence of the nuclear medium
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The folding function

* The folding function is obtained from the NN scattering amplitude
Ajg|(k) = % (i + o) ¥
usually parametrized in terms of total cross section, slope and ratio between
the real and the imaginary part

* Warning: the total NN x-section ¢ measured in free space must be corrected
to account for the presence of the nuclear medium

* NN correlations affect the distribution in space of the spectators particles,

strongly suppressing the probability of FSI within ~ 1 fm of the em
Interaction vertex.
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Medium modified NN cross-section

* results of NMBT calculation including Pauli blocking and
dispersive corrections

o [mb]

90

40

30

20

10 |

Upn

in nuclear matter at equilibrium density

200

400 600 800 1000
E, [MeV]
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Folding function describing the effect of FSI
q| =2 GeV and 3 GeV

* Nuclear matter at equilibrium density,

Fo(w) [GeV™']

45th Karpacz Winter School in Theoretical Physics, February 2-7, 2009 — p.16/25



Cross section ratio

~ Ratio
2 do(e +°%Fe — ¢ + X)

56 do(e +2H — e + X)
at F, = 3.6 GeV and 6, = 25° (SLAC data)

R —
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Cross section ratio

~ Ratio
2 do(e +°%Fe — ¢ + X)

56 do(e +2H — e + X)
at F, = 3.6 GeV and 6, = 25° (SLAC data)

R —

12 _| T “\‘l T T T T T T T T T T | T T T T | T T T T

= o —— full CCA -
: N p(k) 6(kP/2m-E)

8 —

Y ---- no FSI -

ratio Fe/D
(o2}
|

N
T | L LI

—600 —400 —200 0 200 400
y (MeV/c)
|
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Comparison to Oxygen data @ 0.2 < Q? < 0.6 GeV?

(LNF data, Anghinolfi et al)

100_ L

40 R
IGO(e,e,)
30~ /15  E=880 MeV, §=32°

i i 160(6,6') _
80— /0 ]
- roN E=700 MeV, 6=32° ]

do/dQdE’ [10™*cm?/sr GeV]
do/dQdE' [10"*cm?/sr GeV]

oo
o g
o
[}

0.2 0.4
v [GeV]

20 e I

160(6,6')

15 — /‘{\\ E=1080 MeV, 6=32° —

do/dQdE’ [10"*cm?/sr GeV]
do/dQdE’ [10™*°cm?/sr GeV]

v [GeV]
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Improved description of the A resonance region (fit to JLab data)

2500

2000

> SLAC data
(Sealock et al (1989))

1500

123
|

1000

500

do/dQdv [nb/sr/GeV]

—_ =
2 O
O] I O
o O O
o O O

2000 > LNF data

(Anghinolfi et al (1996))

2500

0.2 0.4 0.6 0.8
v [GeV]

o [T T
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* Comparison to JLab E89-008 data

CARBON — E = 4.032 GeV — 6, = 30 °

10°

—_
7
O]
IIII

1.0 1.5
w [GeV]

o
o

* Note: the arrow points to the kinematical limit of the FG model
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d! /dJ/dE’ (nb/Sr/MeV)

0.001:
0.0001:
le-05 :
1e—06:

le-07 |4

le-08

[
data
Benhar
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Applications to (e, e'p)

0.4 %{t 197, +

0.3 ;_ m |m
0.2 b

0.6 R
05E

0.4 — i
0.3F

* Note: In the absence of FSI
Ty =1

* Data from MIT-Bates, SLAC and
JLab

TA(Q%)

0.8 F
0.7F
0.6 F
0.5F

0.4:""|||||||||||....|,,—

Q° [(GeV/c)”]
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SHe(e, e'p)d

* Data: Jlab E89044

—o PWIA
«——o GLB
e—e GLB+MEC

400 600 800 1000 1200

p.,(MeV/c)

0 200

45th Karpacz Winter School in Theoretical Physics, February 2-7, 2009 — p.23/25



SHe(e, €'p)d (continued)

* Data: Jlab E89044

107 o PWIA
. o GLB z
10 e— GLB+MEC

400 600 800 1000 1200

p.(MeV/c)

0 200
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Summary

* The many body formalism developed for the nuclear response to a scalar
probe can be extended and succesfully applied to the case of electron
scattering
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Summary

* The many body formalism developed for the nuclear response to a scalar
probe can be extended and succesfully applied to the case of electron
scattering

% All the elements entering the definition of the nuclear cross sections can be
obtained from
> calculations involving no adjustable parameters (spectral functions)
> electron-proton and electron-deuteron data (elementary interaction
vertex)

* Comparison between theoretical results and electron scattering data shows a
remarkably good agreement for a variety of observables in a broad
Kinematical domain
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