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Inclusive Electron Scattering from Nuclei

Two distinct processes Quasielastic from the nucleons in the nucleus

/

Inelastic and DIS from the quark
constituents of the nucleon.

Inclusive final state means no
separation of two dominant processes

inclusive cross section

X = Q?%/(2mv)

w0 w0 L,w=energy loss

electron energy loss w




There is a rich, if complicated, blend of
nuclear and fundamental QCD interactions
available for study from these types of
experiments.

L. The limits on the integrals
The two processes share the same initial state |are determined by the

kinematics. Specific (x, Q?)
QES in IA dZO— dl? JE Sk E) S select specific pieces of
. O, the spectral function.
dQdv * [ J 7 W—'I( B0 -

Spectral function

2, n(k) = JdE S(k, E)

o jdl? [ dE WY Si(k, E)

W_J

Spectral function

However they have very different Q% dependencies
0. « elastic (form factor)? Wi, scale with In Q¢ dependence

[Exploi’r this dissimilar Q* dependence j
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Early 1970s Quasielastic Data
-> ge’r’ring the bulk features

500 MeV, 60 degrees
g = 500MeV/c

700 | i !
600 -
500 i Li -
200
300 -

I

11 I
IIIIII

do/dQ/dE’/A [nb/sr/GeV]

O- ’“Il | | | | |

0.00 0.05 0.10 0.15 0.20 0.25 0.30
v [GeV]
700 | |

600 =
500
400 -

300

do/dQ/dE’/A [nb/sr/GeV]

0.00 0.05 0.10 0.15 0.20 0.25 0.30
v [GeV]

R.R. Whitney et al.,
Phys. Rev. C 9, 2230
(1974).

700 |

600 —
500 —
400 —
300 —

200 -

do/dQ/dE’/A [nb/sr/GeV]

100 -

0L—=
0.00 0.05 0.10 0.15

0.20 0.25 0.30

v [GeV]

Nucleus ke €

oLi 169 17
12¢ 22 25
**Mg 235 22
4OCa 257 28
natNj 260 26
E9y 254 %9
natsn 260 42
18174 265 42
208py, 265 44

compared to Fermi model:fit parameter k_and €
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The quasielastic peak
(QE) is broadened by
o the Fermi-motion of the
e e 1.1 |struck nucleon.
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The quasielasftic
contribution dominates
the cross section at low

energy loss (v) even at
moderate to high Q2.
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® The shape of the low Vv cross section is determined by the momentum
distribution of the nucleons.

® As Q%>> inelastic scattering from the nucleons begins to dominate

® We can use x and Q? as knobs to dial the relative contribution of QES
and DIS.




A dependence: higher internal momenta
broadens the peak

Cross section per nucleon
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Scaling

® Scaling refers fo the dependence of a cross section, in certain
Kinematic regions, on a single variable. If the data scales in the single
variable then it validates the assumptions about the underlying physics
and scale-breaking provides information about conditions that go
beyond the assumptions.

® At moderate Q2 inclusive data from nuclei has been well described in
terms y-scaling, one that arises from the assumption that the electron
scatters from quasi-free nucleons.

e We expect that as Q% increases we should see for evidence (x-scaling)
that we are scattering from a quark that has obtained its momenta
from interactions with partons in other nucleons. These are super-fast
quarks.




Classical Scaling

Galileo realized that that if one
simply scaled up an animals size
its weight would increase
significantly faster than its
strength, “...you can plainly see
the impossibility of increasing
the size of structures to vast
dimensions...if his height be
increased inordinately, he will
fall and be crushed under his
own weight”

Strength
Weight

Neohipparion (small horse) - Mastodon

Smaller animals appear
stronger

Explains why small animals can
leap as high as large one ...

G. West, LANL report



Metabolism

Elephant g /|

How does the metabolic
rate (B) vary from
animal to animal?

Chimpanzee
Goat

e B = heat lost by a body
in steady inactive state

Guinea pig

Heat Production (kcal/day)

Slope =~ 3/4

Should be dominated , 1 |
by the surface ' w0 10?
affects of sweating Body Weight (ko)
and radiation

2/3 Note that best fit slope is = 3/4
B 04 W Something other than pure geomeftry is playing a
role

Deviations from the geometrical or kinematic analysis reflects the dynamics of
the system.

One can view deviations from naive scaling as a probe of the dynamics
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Respiration

® Can we understand this?

® Pore length = thickness
of shell suggesfts its
strength = > W3,

e Conductance « total
pore area and « 1/pore |

Oxygen Conductance (mm per day per torr)

Pore Length
(Slope =~ 0.4)

leng’rh ' 100

Egg Mass (g)

Assume pore spacing the same from bird to bird, then the two
factors go as Surface area (W?3) and 1/1 (1/WY3)
W2/5

KOCW/]/B

=W

Pore Length (mm)




Selecting the relevant variables

250
24.0cm,

The Dace, a fresh water fish

17.5 cm.

(6]
o

o
S

Scaling and scaling violations
reveal information about the
dynamics of the system
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10 Knut Schmidt-Nielsen, from Scaling: Why is Animal Size So Important?
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o o Existence of partons (quarks) revealed by DIS at
SCGllng |n DIS SLAC in 1960

* — W=2 GeV Invariant mass of the
- W=3 GeV

s ——W=3.5 GeV final hadronic state

Ratio of measured
cross-section to
pointlike prediction
for the proton =
form factor!

Ll

“Scaling” -in this regime,the
form factors are
approximately equal and are
almost independent

of momentum transfer...
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Quarks AND Gluons
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Scaling Violations




HERA F,

| x=6.32E-5

x=0.000102 o _
x=0.000161 4 ZEUS NLO QCD fit

x=0.000253 H1 PDF 2000 fi
x=0.0004 )

x=0.0005
x=0.000632 o HI 94-00
x=0.0008
a4 HI (prel.) 99/00
A3 = ZEUS 96/97

— s BCDMS

x=0.0032
x=0.005

x=0.008

_.;.r"'g"g x=0.013
x=0.021
i [ ]

. M x=0.032

- W!H’ x=0.05
N @

F2 dominates cross-section
Range in x: 0.00001 - 1

Range in Q% ~1 - 30000 GeV?
Measured with ~2-3% precision

Directly sensitive to sum of all
quarks and anti-quarks

Indirectly sensitive to gluons via
QCD radiation - scaling
violations




y-scaling in inclusive electron scattering from He
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Assumption: scattering takes place from a quasi-free proton or neutron in the
nucleus.

y is the momentum of the struck nucleon parallel to the momentum transfer:
y ~ -q/2 + mv/q




y-scaling in PWIA

}A:Jd JdE T4 Si(Es, K)

="
X 6(w — Es + Ma — (M? + K222 — (M2, +k%)1/2),

X Kmax 5&) —
JE, J Ak kT Si(Eo k) K < >
D)

Jcos ﬁkq

Y
K

K..:
min w

Emin = Ma—1 + M — Ma, Emax:M;—MA KZQ/(MZ—I-(/?—I- @2)4/2

_ 2 2-1/2
M3 = [(@ +Ma)® — g°T"
Kmin and Kmax are determined from cos O = +1

w—Eg +Ma = (M +g° + k% £+ 2kq) V% + (M5_, + k)12
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y scaling in PWIA

lower limit becomes y= y(q,w)

upper limits grows with q and because momentum distributions are
steeply peaked, can be replaced with o

Assume S(Es k) is isospin independent and neglect Es dependence of O
and kinematic factor K and pull outside

At very large q and w, we can let Enax= o0, and integral over Es can be

done n(k) = [5(55, ) dE,

Now we can

write = (£ E;p + NE;H)K/ F(y)

where

(Scaling (independent of Q?) of )

QES provides direct access to
kmomen’rum distribution




Assumptions & Potential
Scale Breaking Mechanisms




y—scaling Deuteron (E—02-019)
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Assumption: scattering takes place from a quasi-free
proton or neutron in the nucleus.

y is the momentum of the struck nucleon parallel to
the momentum transfer:
y = -q/2 1 mv/q 20




Helium-3

In nuclei the
distribution of the
strength in energy
complicates the
relationship between

the scaling function
and n(k).
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Theoretical *He F(y) integrated at increasing g

Is the energy
distribution as
calculated
(scaling occurs at
much lower q)?

Do other
processes play a
role?

FSI or/and DIS
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LY

\,
N

oS
o

As q increases, more and more of the spectral function S(k,E) is integrated.
22







Scaling of the response function shows up
in a variety of disciplines. Scaling in
inclusive neutron scattering from atoms
provides access to the momentum
distributions.

Lt Ll

PHYSICAL REVIEW B VOLUME 30, NUMBER 1

Scaling and final-state interactions in deep-inelastic neutron scattering

V. F. Sears
Atomic Energy of Canada Limited, Chalk River, Ontario, Canada K0J 1J0
(Received 20 January 1984)

The momentum distributions of atoms in condensed matter can be determined by neutron inelas-
tic scattering experiments if the momentum transfer #g is large enough for the scattering to be
described by the impulse approximation. This is strictly true only in the limit ¢g—  and, in prac-
tice, the experimentally determined momentum distributions are distorted by final-state interactions
by an amount that is typically 2% to 8%. In this paper we develop a self-consistent method for
correcting for the effect of these final-state-interaction effects. We also discuss the Bjorken-scaling
and y-scaling properties of the thermal-neutron scattering cross section and demonstrate, in particu-
lar, the usefulness of y scaling as an experimental test for the presence of residual final-state interac-
tions.

Ll

0 12 14
Momentum distributions are “distorted”
by +he Presence OF FSI FIG. 1. y scaling in liquid neon. ¢S;(q,w) is shown in arbi-

trary units as a function of y =(m /#ig)(w—w,) for liquid neon
at 7=26.9 K for the eleven values of g in the range 5.0—10.0

y—scaling as a +e51- For Presence OF FSI A~!, which were used in the determination of the momentum

distribution in Ref. 7. The data are from Ref. 59.

FSI have a 1/q dependence

Weinstein & Negele PRL 49 1016 (1982)




Convergence of F(y,q)

3He

Fe, y = =02
slope = 0.28

He3, y = 0.2
slope = 0.12

0y
o

Fe,y = -04
slope = 35(-3)

He3, y = —0.4
slope = 5(—3)

1.0
1/q

a9
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In (e,e’p) flux of outgoing protons strongly suppressed: 20-40% in C, 50-70% in Au

In (e,e’) the failure of IA calculations to explain do at small energy loss
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FSI has two effects: energy shift and a redistribution of strength

Benhar et al proposed approach based on NMBT and Correlated Glauber
Approximation
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Sensitivity to SRC increase with Q2

We want to be able to isolate
and probe two-nucleon and
multi-nucleon SRCs

Dotted = mean field approx.
Solid = +2N SRCs.
Dashed = +multi-nucleon.

| mean field

11 GeV can reach Q%= 20( 13) GeV?2 at x = 1.3(1.5)
- very sensitive, especially at higher x values




CS Ratios and SRC

In the region where correlations
should dominate, large x,

o(x, Q)

aj(A) are proportional to finding a nucleon in a j-nucleon correlation.
It should fall rapidly with j as nuclei are dilute.

0’2()(, QZ) — O’eD(X, QZ) and O'J'(X, QZ) =0 for x> J

2 oa(x, Q%) In the ratios, off-shell effects and

= A op(x, Q?) = az(A) FSI largely cancel.
1<x<2

ai(A) is proportional
= ax(A) to probability of finding
2<x<3 a j-nucleon correlation

é O'A(X, QZ)
A 0’/\;5(X, Q2>




Ratios and SRC
= 32(/\); (’]4 < x < 20)

Ae,e’), 1.4<Q%<2.6
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ratio Fe/D

Arguments about role of FSI

full oA Benhar et al.: FSI includes a
) 6k/2moE) | * piece that has a weak Q?
T T e . ] dependence, Benhar et al. PLB 3443, 47

There is the cancellation of
two large factors (= 3) that
bring the theory to describe
the data. These factors are Q2
and A dependent

The solution

e Direct ratios to °H, *He, “He out to large x and over wide
range of Q2

e Study Q% A dependence (FSI)
® Absolute Cross section to test exact calculations and FSI

e Extrapolation to NM



Sensitivity to SRC increase with Q2

We want to be able to isolate
and probe two-nucleon and
multi-nucleon SRCs

Dotted = mean field approx.
Solid = +2N SRCs.
Dashed = +multi-nucleon.

| mean field

11 GeV can reach Q%= 20( 13) GeV?2 at x = 1.3(1.5)
- very sensitive, especially at higher x values




Duality= resonances average to DIS
’h’“t *”m“'l!”f{‘ 8 0.5 e e e
R Q® = 0.20 (GeV/c)?
0.45 (GeV/c)*
0.85 (GeV/c)?
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— NMC 10

FIG. 1 (color). Extracted F, data in the nucleon resonance re-
gion for hydrogen (a) and deuterium (b) targets, as functions
of the Nachtmann scaling variable ¢. For clarity, only a selec-
tion of the data is shown here. The solid curves indicate the
result of the NMC fit to deep inelastic data for a fixed Q> =
10 (GeV/c)? [16].

SLAC data, Bloom/Gilman

JLAB data, Niculescu et al.
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x and ¢ scaling

An alternative view is suggested when the data (deuteron) is presented
in tferms of scattering from individual quarks

;= X
1+ /1 + 4M2x2 Q2
N T B L 0.4 n!e o!s 1!0

06 1.0 . £

x

W5 versus x W5 versus &

exp / 2 2 —1
W = ° [4 —I—2tan2(€/2)-< U@ ﬂ

OM 1+ R

34



The Nachtmann variable (fraction € of
nucleon light cone momentum p*) has
been shown to be the variable in which
logarithmic violations of scaling in DIS
should be studied.

Local duality (averaging over finite range
in x) should also be valid for elastic peak

at x = 1 if analyzed in §

A
FAE) = j JZF(2)FY(E)2)

\5 D
Y

averaging

Evidently the inelastic and quasielastic
contributions cooperate to produce §
scaling. Is this duality?




Medium Modifications generated by high density configurations

Gold nucleus
"\ / o 1.7 fm separation

R = 4.2/\44 /e
Volume = 531;/25 ~ 1400fm”

A single nucleon, r = 1 fm, has a volume of 4.2 fm?
197 times 4.2 fm? = 830 fm?3

60% of the volume is occupied - very closely packed!

V(r) Potential between Nucleon separation is
L MuElEeis limited by the short

range repulsive core

V """""" Even for a 1 fm separation,

the central density is about

Y 4x nuclear matter
1 fm r [fm]

@

| o 4
I ! > 5 times nuclear |
N I matter densities

Comparable to neutron star densities!

High enough to modify nucleon structure?

To which nucleon does the quark belong?



Sensitivity to non-hadronic components
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— Buras-Gaemers |
=== Cteq 4

Quark distributions at x > 1
Two measurements (very high Q?)

exist so far:
CCFR (V-C): F2(x) « esX S =28

Number of Events

— Fermi gas — Exponential
s=8.3

BCDMS (H—Fe): FZ(X) x eSX g =16 Fa. -+ Quasi-Deuteron

Limited x range, poor resolution
Limited x range, low statistics

0.6 070809 1 1.1060.70809 1 1.1 1.2
X

BCDMS 200 GeV muon

With 11 GeV beam, we should
be in the scaling region up to
X=1.4

Q® = 61 GeV*® —
s =164 3
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Quasielastic Electron Nucleus Scattering Archive

Welcome to Quasielastic Electron Nucleus Scattering Archive

In connection with a review article (Quasielastic Electron-Nucleus Scattering, by O. Benhar, D. Day and I.
Sick) to be submitted to Reviews of Modern Physics, we have collected here an extensive set of quasielastic
electron scattering data in order to preserve and make available these data to the nuclear physics
community.

We have chosen to provide the cross section only and not the separated response functions. Unless explicitly
indicated the data do not include Coulomb corrections.

Qur criteria for inclusion into the data base is the following:

1. Data published in tabular form in journal, thesis or preprint.
2, Radiative corrections applied to data.
3. No known or acknowledged pathologies

At present there are about 600 different combinations of targets, energies and angles consisting of some
19,000 data points.

In the infrequent event that corrections were made to the data after the original publications, we included
the latest data set, adding an additional reference, usually a private communication.

As additional data become known to us, we will add to the data sets.

If you wish to be alerted to changes in the archive or to the inclusion of new data, send an email to me. Send
any comments or corrections you might have as well.
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