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High Energy Electron Scattering from Nuclei
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Mesons & baryons; static properties
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Mesons & baryons; QCD

* Field theory for strong interaction:
— quarks interact by gluon exchange
— quarks carry a ‘colour’ charge (R,B,G)
— exchange bosons (gluons) carry colour
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The QCD Lagrangian

_IZ ﬂ(D )kaq quwqug %G}Ggw

(J.k = 1,2,3 refeft to colour; g = u,d,s refersAo flavour; a = 1,..,8 to glyon fields)

. . . a a a dg/~a
Covariant derivative: G 8 G -0, G gs fachﬂGV
—.| Free
D =0 +|1gs/1 Gz quarks Gluon k|net|c Gluon self-
energy term interaction
qg-interactions 010 0 -1 0 1 00 001
SU(3) generators: A=1 00 4=1 0 O] 4=0 -10/4=/000
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Mesons & baryons; QCD

* Field theory for strong interaction:

— quarks interact by gluon exchange

— quarks carry a ‘colour’ charge (R,B,G)

— exchange bosons (gluons) carry
colour = self-interactions (cf. QED!)

e Hadrons are colour neutral:
— RR, BB, G or RGB

_ leads to cONfiInement:

[a), 199) or |qqg) forbidden g 0/
» Effective strength ~ gluons exch. /
) low Q2%: more g's: large eff. coupling \M

ii) high Q% few g’s: small eff. coupling 7
(ag~0, asymp. freedom, pQCD)
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How to probe the quarks?

Energy —» Matter
E=mc?

Bang two particles together
and observe the types of
particles that fly out (and
their directions). In this way
we can deduce the existence
of new types of particles,
Investigate the properties of
the known particles, and
study the fundamental forces.
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How to probe the quarks? (Con't)

Probes — particles with well established
structure and well known interaction with
quarks — e.w. quark-lepton interaction

A Electron

Most experiments operate

at the energy frontier

b,
— = =
Fixed-Target ,-—“3-.
Experlments

Highest energy e-p

collider: HERA at DESY

In Hamburg: ~ 300 GeV

d

probed

ocxzﬁz10_18 m
P
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Electron Nucleon Scattering

e kinematics: e Four-momentum transfer:
q°=(E-E")? —(k—k')-(k —k') =
=m?+m2—2(EE—|k || Kk'| cos &) =

Lepton k=(FE,E)
~| —4EE'sin® £ =—Q?

* Mott Cross Section (#ic=1):

do Y e 209 E'
dQ/ Mott Q4 COS 2 E
B
e 212
Nucleon P=(E,,p) _ da“E 2 o . 1
— COS 2

16EE"sin*¢

2 20
@ COS™ 5 1

L, : lepton tensor .
4E%sin*g  1+E(2sin®9)

E
W, : hadron tensor M

Electron scattering of a spinless point particle
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Cross Section for N(e,e')X in OPEA

3*(p+Q-py) d°k’
do,, = 2{/1 (k.p) ; { }drf

Current-Current Interaction

o KMIkE P,

M =

Z :

<SRk KK S S B, 907
U AN J

Y Y
Leptonic tensor T]“V Hadronic tensor W ®v

o g, W(p.Q?)+p,pW,(p.Q?)
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e Cross section:

i
i
"
-
4
o do
=

el\e—ctron dE'da O Mot (Wz (v) +2W, (v)tan > (9 / 2))
e With

— Mott cross sectiong,, .
scattering off point charge

— Structure functions W,, W,
with dimension [GeV]?

Inelastic Electron Scattering — Key issue: if quark is not a

fermion we will find W,=0

Nucleon
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Neutron Structure; electron scattering from nuclei |

Inclusive A(e,e')X

\/

% @ @ Semi- Inclusive A (e, e’ p)X

Inclusive A(e,e')X

Semi- Inclusive A (e,e'p)X

Semi- Exclusive A (e,e"A -1)X (detection of spectators)

O
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Semi-Exclusive  A(e, €' (A -1)X
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*Short distances (r <<r,) - pQCD and/or
experimental eN-scattering

©

sLarge distances (r >>r,) — effecftive Meson-Nucelon Theory

N\

Haa=E v,

I—AIA = I—AI0 +V, V - realistic (OBE) potential

*“Intermediate” distances (r ~r,) - NN-correlations? m
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Kinematics A(e,e’p)(A-1)

. ’ / p
scattering E / 0,
plane reaction

&
.
.
L 4
.
.
L4
L 4
.
L d
L 2
.
.
L2
‘e
L2

Q?=-q,q"=q*-v?=4EE'sin%0/2

Missing momentum: Ph=0—P =Pas

Missing energy:. E.=v-T,—-T,,
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Consider Unpolarized Case

Lorentz Vectors/Scalars

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

target nucleus T
ejectile

6 Indep. scalars: p/pz/Qz Q*p;, QP Pep;
= m?2

‘ — MAZ
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Nuclear Response Tensor

W™ =X,0,, + Xo i Py + Xp"p" + X, popy + Xspip”
+ Xequ pV + X7 quv + ch llqv T X9q“ plV T X10 pi“qV
+(PV terms like ¢,,,.0,P,)

Galxe inggranthieurerspomseofuhetiving < . )

Ny :nvu:>Wuv - WVM = X=X PV=0

4 independent responses RL, RT, RLT, RTT
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Putting all together ...

d6(5 pE
[dQ dQ dp dv ] = o MIARET ARE + 4 REy cos o, + prRYy 05 20, ]
¢ LAB

2\2 2
with - 02c0s%0/2 el :(%j Pr ZZQ—qzﬂaHZQ/Z
M 4e%sin® 0/2
~Q° Q% Q7
e "o AT = 7\ +tan® 6/2

How to calculate the response functions?

17 of 41



PWIA

*The nuclear (A) current operator is the sum of one—body nucleon current operators, i.e
the sum of currents for Dirac particles treated within an effective quantum field theory

*The incoherent contributions leading to the emission of nucleon N, due to the
interaction of Y with A-1, are disregarded ( well justified at high Q2).

k K
T~ PWIA
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In PWIA: R*=R" S(p,,E,) (=LT,TT,LT)
Y

exact factorization !!!

d°o

Kloy

S(pm’Em)

dVdQeddeN/.

e-N cross section

For bound state of recoll
system:

d°c

> —
dvdQ,dO,

\

nuclear spectral function

nucleon momentum distribution

v

K’

O-eN ‘(D( pm)‘2

-
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The Spectral Function

_ - 2
S(k E) = X |((A-1), A A) 8(E,, ~[PL, =My, +M,)
f
where k, =—p_ = initial momentum
E, = Enin +Eay=v-T, -To, =missing (removal) energy

Note: S Is not an observable!

n(Rl) = fd = S(Rl, E_) -nuclear momentum distribution
E .

min
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The physical meaning of S




The simplest nucleus: the deuteron

Q’ 2
?ﬂd =k1+% S(Izl,Em)=<p2‘a®)\D>‘ 3(E,~¢)=|(pnI D[ 8(E,~¢), e~2.2Me\

5 ﬂ

the deuteron momentum distribution

BS formalism

L+
EM (ko — m)Ds(po, |p),

o N . l + Y0
B ) =~y ) 0

V2 2
x(ka —m)Pp(po, |p|),

'_I/;E/[-H- (L. ph) = N(ky +m)

3
g+ 5o —mpsm]

N (p)= | 0s(@o.p)l” +| 05 (B0 )", P =M, 12-E,
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3 T T T T T T T T T . _
107} —BS — |
; Bonn S :
A ) E D
_ 1f \ —Paris ] O 12l
7 100 Reid 210
S =\~ rel. corrections — [
= 107 I 210
€107 Y . \ |
< TN = 10
E y \ 7
5 . /
107 ‘.yi

00 02 04 06 08 10
Ip| [GeV/c]

*Relativistic corrections are negligibly small
Further calculations — nonrelativistic Schroedinger approach
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3 He Low momenta |k;|~(0-50) MeV/c (uncorrelated):

PWIA
High momenta [k, ,|~(100-500) Mev/c
Before
(correlated 1,2), low |k,|~0 After

Before
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. " k,-K,f K2
2NN-correlation condition E ~F 2" 73] ™

£
:
Ll
X 5
P 1074 — k=22fm"
—— k=2.8fm"
. —— k=3.5fm"
10—
O 100 200 300 400
E [MeV]
m
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*He Spectral Function AV18

S(p.E,) [fm”]
104 - PWIA
4 FSIAV18
EHL.'
1 Q 3
) _:ﬂﬁ kjl‘l' q
ky o
. ‘ H -
H 0404\ PH-: 7— . } Pm_ kl
/ W 20" Ky ~0
0 T 7233 1500 %
p[fm 7]
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n(k)

n(k)tfm3)_

e n(k) = JdEm S(k,E )

[

min

Short Range
Corr. dominate
at high k (=p,,)

- and are related
en<300Mev | | to large values
| | | of E,..

2-body |-

W0+ €< 12.25 MeV

£.< 50 MeV NN
3 [ S DO W B | L
0 1 2 3 4

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

-
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kX fm?3)

—
»
C

Similar shapes for
few-body nuclel

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

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

Inclusive D(e,e’)X process; y-scaling

=g Ipdp " (p)

| Prnin

[ y= pmin(q’ V) J

Fl(y)/p :nD(p)

O
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C. Ciofi degli Atti, L.P.K. D. Treleani

Phys. Rev. C63 044601 (2001)

d o/d Q dE' [ub GeV']

F(lal.y) [MeV ]

PWA
FSI

6.0x10™ ]
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20x10*F e ]
o 1 2
6.0x10° ————
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4.0x10 y . Ei ]
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0
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Quasielastic Electron Scattering
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R.R. Whitney et al., Phys. Rev. C 9, 2230 (1974).
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Q LP"EHL?_ K=kt g
k, P,
P > O >P2
H AV18
PWIA

Before

Single resc.

Double resc.
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fd - [-IIHP—H i"! 'I':l: kﬂi k"i: 81, 82, E'-i} f"lr "'r{pl ki :l' GE'}J—}_{{;‘%! Iill:-"5! 54 E-']}
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Hadronization in Deep Inelastic N(e,e’)X processes
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Nuclear size as “time filter” for hadronization
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)
e — ——
L L o D L e B b T S i

dE
Energyloss ~— , —=—-K (string strength)

dz

Time evolution

After At ~K ~1fm the string breaks into a qg-pair (meson) and another, less
strengthened and (approx.) twice shorter string.

¥ +N > str > N+str > N+M +str > N +2M +str—>...T

. t=AtY 2} =At(2"" -1)
The break time ==—>t = At,3At,7At ... ;o

In(1+t/At)
In 2

n+1 = the total number of produced mesond = n,, (t) =

The efctive nucleon-debris cross section

. NN MN
O-eff T Gtot +Gtot nM (t)
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G, [mb]

—(JQJ —— meson

q
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C.Ciofti degli Attl, L.P.K. B.Z. Kopeliovich
Eur._ Phys. J. A17 (2003).133
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Semi Exclusive DIS BONUS: D(e,e’'p)X

Cross section ~ an(X)SESI(p1O-eff1X)

0.06e
] 2_ 2, 2
0.05. Q’=1.8 GeV?/c? Q=18 Gevic Q’=1.8 GeV?/c?
0.04. x=0.25 loe x=0.35 _' x=0.45
o P,=300 MeV/c PE300Mevie P,=300 MeV/c
0.03; {3 2
0.024
0.014
{ [ ] ° 1
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Olg Olg Ol
o
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SUMMARY

»PWIA

» Inclusive y-scaling: direct experimental investigation of
nuclear momentum distributions

»NN short range correlations via investigation of nuclear
spectral function

»>reaction mechanism and the neutron structure

» FSI in quasi-elastic A(e,e’p) reactions

» Feynman diagramatic approach and Generalized
Glauber approximation

» Semi-Exclusive DIS A(e,e’X)(A-1)
»Neutron Structure Function, binding effects

»Mechanism of Hadronization

> Color transparency etc.....
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