Inclusive Electron Scattering From Nuclei

at z > 1 and High Q*

Thesis by

John R. Arrington

In Partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy

California Institute of Technology

Pasadena, California

1998
(Submitted June 2, 1998)



11

(© 1998
John R. Arrington
All Rights Reserved



111

Acknowledgements

[ would like to start by acknowledging the support of those who put me on the path
that I have enjoyed so much. My parents encouraged me in my studies and gave me
both the freedom and support that [ needed to become the person I am. They were
excellent teachers and role models, but still trusted in me enough to let me choose
my own goals. | hope that I have lived up to their expectations. Many teachers have
also influenced me, but I would like to give special thanks to Mr. Bishop, my 5th
grade math teacher, and Mr. Braunschweig, my high school physics teacher, for their
encouragement and for long hours spent outside of class helping me want to learn,
and showing me how to learn things on my own.

As an undergraduate at the University of Wisconsin, I received a great deal of
encouragement and instruction from the members of the experimental nuclear physics
group. My time spent working with Wiley Haeberli, Karl Pitts, and Jeff McAninch
was interesting, instructive, and informative. A special acknowledgment goes to the
late Heinz Barschall, with whom I never discussed physics, but from whom I learned
a great deal about life, and about being a good physicist.

In the summer of 1989, I spent 10 weeks at Indiana University, as a part of
the Research Experiences for Undergraduate (REU) program. I would like to thank
Catherine Olmer who organized the program, and Jorge Piekarewicz, who supervised
my work. It was an experience that anyone thinking about studying physics (in any
field) should have the opportunity to enjoy.

Upon arriving at Caltech, I received a great deal of help and attention from my
advisor, Brad Filippone, and my office mate, Tom O’Neill. I was given a great deal
of freedom in my work, but never lacked for help when it was needed. This gave me
the confidence I needed to believe in my work, and more importantly, the confidence
necessary to benefit from the knowledge and experience of those I work with. This

included an exceptional group of professors, postdocs, staff, and students from whom



iv
I learned a great deal. Brad Filippone, Bob McKeown, Betsy Beise, Tom Gentile,
Wolfgang Lorenzon, Allison Lung, Mark Pitt, Todd Averett, Bob Carr, Tom O’Neill,
Eric Belz, Cathleen Jones, Bryon Mueller, Haiyan Gao, Adam Malik, Steffen Jensen,
and Tim Shoppa make an exceptional group of coworkers, both for their talents, and
for their friendship.

Just as important during my time at Caltech were my friends and fellow students
who helped keep me (relatively) sane during my time in graduate school. Adam
Malik, Tim Shoppa, John Carri, Richard Boyd, and other classmates helped me a
great deal in my first years here. My long-time housemates were both close friends
and my West Coast family. Brad Hansen, John Carri, Ushma Kriplani, and I were
one big family. We had fun, supported each other, and shared our lives in our time
together. Most important to me was Ushma, who was my other half during my time
at Caltech, and during my time away at CEBAF.

During my early years in graduate school, I was able to work on the thesis ex-
periments of most of my fellow graduate students. This gave me the opportunity
to work with many other people for whom I have a great deal of respect. During
my time at SLAC, I had the pleasure of working with Rolf Ent, Cynthia Keppel,
Naomi Makins, and Richard Milner, and during my time at BATES, 1 worked with
Jim Napolitano, Ole Hanson, and Pat Welch. While I met many other people during
these experiments, these were the people with whom I worked with most closely, and
from whom I learned so much during my early years.

This thesis and many others are a direct result of the dedication of a great number
of people, who turned CEBAF and Hall C from a hole in the ground into a very im-
pressive physics laboratory. It was many years of work by the CEBAF staff, users, and
students that made this work possible. First, I would like to acknowledge the CEBAF
and Hall C staff members and technicians with whom I worked most closely. Rolf
Ent, Steve Wood, Dave Abbott, Cynthia Keppel, Bill Vulcan, Hamlet Mkrtchyan,
Joe Beaufait, Joe Mitchell, Dave Mack, Keith Baker, Ketevi Assamagen, Paul Gu-
eye, Jim Dunne, Kevin Bailey, Kevin Beard, and our beloved leader, Roger ‘Mom’

Carlini. Some were there early on, and some arrived later, but all of them contributed



v
to the exceptional physics and exceptional environment in Hall C. Many thanks also
go to the staff members and technicians with whom I did not work directly, but with-
out whom I could never have finished. They include Paul Hood, Paul Brindza, Steve
Lassiter, Steve Knight, Mark Hoegerl, Chen Yan, and the many whose names I have
forgotten, or who I never even knew were helping me. In addition, there were many
users who came to CEBAF in order to help put Hall C together. Among these, there
are a handful who made an exceptional contribution to the progress in the Hall, and
in the guidance of the students who were there. Roy Holt, Ben Zeidman, Mike Miller,
Bill Cummings, Betsy Beise, and Herbert Breuer all made contributions to both the
physics at CEBAF and to the development of the students. Don Geesman deserves
special thanks, for his leadership role in the development of the Hall C software, his
extra effort in helping the students, and for ‘the name’, without which I would be
forced to call the lab ‘TJNAF’. I would also like to thank Jack Segal for the time
he spent helping me figure out problems, the equipment he lent me, and for a lot of
joking around on the side. Oscar also deserves a word of thanks for his 24-hour-a-day
commitment in overseeing the NE18 experiment at SLAC, and his work on the Hall
C software, without which I would have nothing but ones and zeros to show for my
work.

Finally, I would like to acknowledge the hard work and long hours put in by my
fellow graduate students. From those of us who were there early on to the late arrivals,
they were an integral part of the development of Hall C, and an important part of the
Hall C community. I would like to extending my thanks (in something approximating
chronological order) to David Meekins, Gabriel Niculescu, Ioana Niculescu, Dipangkar
Dutta, Bart Terburg, Derek vanWestrum, Chris Bochna, Chris Armstrong, Valera
Frolov, Rick Mohring, Jinseok Cha, Wendy Hinton, Chris Cothran, Doug Koltnuk,
Thomas Petitjean, and David Gaskell. These were the first of many students who
made, and will I hope continue to make Hall C at Jeffy Lab a wonderful place to
work, and a great place to be.

In addition to being excellent co-workers, many of the people I worked with at

CEBAF became good friends. Rolf Ent, Thia Keppel, Jack Segal, Dipangkar Dutta,



V1
David Meekins, and Derek vanWestrum were my East Coast family in the time I
was at CEBAF. I also had a great deal of fun spending time with many of the staff
and graduate students who were there, even when we spent all of our time working
hard to get things in Hall C on track. Time spent working in the company of people
like Bart Terburg, Gabriel and Ioana Niculescu, Chris Bochna, David Gaskell, Steve
Wood, Dave Abbott, Bill Vulcan, Hamlet Mkrtchyan, Joe Beaufait, Joe Mitchell,
and the others was more enjoyable than any vacation I've ever taken. My time at
CEBAF was a wonderful experience. The people there were both my friends and
family (including in-laws and occasional crazy uncles and cousins). I look forward to

working with them again at Jeffy Lab and elsewhere.

"Beam in 30 minutes or it's free"



Vil

Abstract

CEBAF experiment €89-008 measured inclusive electron scattering from nuclei in a
@Q* range between 0.8 and 7.3 (GeV/c)? for zpjorken = 1. The cross sections for
scattering from D, C, Fe, and Au were measured. The C, Fe, and Au data have
been analyzed in terms of F(y) to examine y-scaling of the quasielastic scattering,
and to study the momentum distribution of the nucleons in the nucleus. The data
have also been analyzed in terms of the structure function vW; to examine scaling of
the inelastic scattering in z and £, and to study the momentum distribution of the
quarks. In the regions where quasielastic scattering dominates the cross section (low
Q? or large negative values of y), the data are shown to exhibit y-scaling. However,
the y-scaling breaks down once the inelastic contributions become large. The data do
not exhibit z-scaling, except at the lowest values of z, while the structure function

does appear to scale in the Nachtmann variable, €.
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Chapter 1 Introduction

1.1 Experiment Overview

Electron scattering provides a powerful tool for studying the structure of the nucleus.
Because the electron-photon interaction is well described by QED, electron scattering
provides a well understood probe of nuclear structure. The electromagnetic interac-
tion between the electron and the target is very weak, which allows the electron to
probe the entire target nucleus. In inclusive electron scattering, where only the scat-
tered electron is detected, the final-state interactions (FSI) between the electron and
the nucleus are expected to be small and decrease rapidly with momentum transfer
(1,2, 3,4, 5,6, 7, 8]. The well understood reaction mechanism and small FSI correc-
tions allow a clean separation of the scattering mechanism from the structure of the
target.

Because the electromagnetic interaction is relatively weak, it is well modeled by the
exchange of a single virtual photon between the incident electron and a single particle «
in the nucleus. The ‘particle’ probed by the interaction can vary depending on the
kinematics of the scattering. At extremely low energy transfers, the photon interacts
with the entire nucleus, scattering elastically or exciting a nuclear state or resonance.
At somewhat higher energy and momentum transfers, scattering is dominated by
quasielastic (QE) scattering, where the photon interacts with a single nucleon. As
the energy and momentum transfer increase, and the photon probes smaller distance
scales, the interaction will become sensitive to the quark degrees of freedom in the
nucleus. For sufficiently hard interactions, the mechanism is primarily scattering
from a single quark. As the momentum transfer increases, the time scale of the
photon-quark interaction decreases, and it is expected that at high enough momentum
transfers, the electron will be nearly unaffected by the subsequent interactions of the

struck quark, and the scattering is well approximated by elastic scattering from a free



(but moving) quark.

In addition to the clean separation of the scattering process from the structure
of the target, electron scattering from a nucleus is well suited to examination of
the structure of the nucleus. Because electron scattering from a free nucleon is a
well-studied problem, one can try to separate the structure of the nucleon from the
structure of the nucleus, and examine the nuclear structure, as well as modifications to
the structure of the nucleons in the nuclear medium. The structure of the nucleus was
shown to be non-trivial with the discovery of the EMC effect [9]. Electron scattering
can provide additional information on nuclear modifications to the nucleon structure,
and can extend the measurement of the EMC effect into a new kinematic regime.

CEBAF experiment e89-008 was designed to study the structure of the nucleus by
measuring inclusive scattering from nuclei over a wide kinematic range. The kinemat-
ics were chosen to make the energy transfer as small as possible, while increasing the
4-momentum transfer, Q?, as high as possible. By choosing small energy transfers,
we select the quasielastic scattering from a single nucleon, even as we increase Q. In
this way, we can study the quasielastic scattering at values of Q* where inelastic scat-
tering usually dominates, even on top of the quasielastic peak. In order to measure
at these high values of 4-momentum transfer, a high energy electron beam (several
GeV) is required. The cross sections at low energy loss are small, and fall rapidly
with increasing momentum transfer. Therefore, it was necessary to have a very high
current beam in order to measure the cross section. CEBAF provides a CW electron
beam with energies of up to 4 GeV and currents up to 100 pA, providing both the
energy and luminosity necessary for this experiment.

The experiment measured the cross section over a wide range of energy transfers,
allowing us to study how the scattering mechanism changes as we move from probing
the individual nucleons to probing the quarks. In order to study the individual
scattering processes, the data were analyzed in terms of scaling functions which are
expected to show a specific behavior for either quasielastic scattering or deep inelastic
scattering. Data were taken for a variety of target nuclei (D,C,Fe,Au) in order to

examine the effects of the nuclear medium for different nuclei.
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In this experiment, we know the initial electron energy and momentum (E,l;),
and measure the electron’s energy and momentum after scattering (£’, l;’) This fully
determines the kinematics at the electron vertex, and gives us the energy (£ — E')
and momentum (lg - /;’) of the virtual photon. The scattering kinematics are usually
described in terms of two variables: the energy transfer, v = £ — E’, and the square
of the 4-momentum transfer, Q* = —¢q,¢" = Ik — k|2 — (E — E’)%. In addition, one
can define the Bjorken z variable, z = %, where m is the mass of the nucleon. For
scattering from a free nucleon, @ can vary between 0 and 1, where x = 1 corresponds
to elastic scattering from the nucleon, and = < 1 corresponds to inelastic scattering.
In the limit of large v and (?, it can be shown in the parton model that z is the
fraction of the nucleon’s momentum (parallel to ¢) that was carried by the struck
quark [10] and the dimensionless structure function vWs(z) represents the charge-
weighted momentum distribution of the quarks making up the nucleon. In a nucleus,
the nucleons share momentum, so that x can vary between 0 and A, the total number
of nucleons. Therefore, measuring scattering at > 1 probes the effect of the nuclear
medium on the quark distributions within individual nucleons.

Selecting appropriate scattering kinematics allows us to examine the different scat-
tering processes. For elastic scattering from the nucleus, the electron is interacting
with the entire nucleus, and so the scattering occurs at * = A. If the nucleus is
knocked into an excited state, there is some additional energy loss, and = will de-
crease from A as the energy loss increases. At somewhat higher energy loss, where
quasielastic scattering is the dominant process, the electron knocks a single nucleon
out of the nucleus. This corresponds to scattering near x = 1, where the struck
object contains (on average) 1/A of the total momentum of the A nucleons. At
higher energy transfers, corresponding to # < 1, the scattering is inelastic and the
struck nucleon is either excited into a higher energy state (in resonance scattering),
or broken up completely (in deep inelastic scattering). At very high energy transfers,

where deeply inelastic scattering dominates, the electron is primarily interacting with

a single quark.



1.2 Scaling Functions

In inclusive electron scattering, scaling functions are a useful way to examine the
underlying structure of a complex system. Scaling behavior of a system tends to
indicate a simple underlying mechanism or substructure in the system. In the case of
electron scattering, where the interaction mechanism is simple and well understood,
examining the data in terms of scaling functions allows one to study the substructure
of the nucleus. For unpolarized inclusive electron scattering, the cross section can be

written in the following general form:

do _ 402 E"

- O Wa(v, Q%) cos?(0/2) + 2Wi (v, Q*) sin®(0/2)], (1.1)

where Wi (v, Q*),Ws(v, Q?) are two independent inelastic structure functions describ-
ing the structure of the nucleus. For very low energy scattering, the electron scatters
from the nucleus as a whole, and the sub-structure of the nucleus is not ‘visible’ to
the electron probe. In this case, the structure functions are simplified to the product
of a é-function, 6(v + 2-%), and a function which now depends only on Q2 rather
than v and Q2. This is a case of scaling, where the general form of the scattering
(Eqn. 1.1) is simplified because of the simplified reaction mechanism in the limit of
low energy transfer. If you were to measure the scattering cross section and find that
it reduced to this form, it would be a strong indication that the scattering is well
described by scattering from a structureless nucleus, even though there may be an
underlying structure to which you are not sensitive.

In addition to looking for a simple structure of the target, one can examine the
behavior of the scaling function itself. The scaling function contains information
about the structure of the system, and violations of expected scaling behavior can be
studied in order to understand the validity of assumptions in the model that predicts
scaling. We will be examining scaling functions for two simplified cases of the general
scattering. First we will examine quasielastic (QE) scattering, where the electron
interacts with a single nucleon in the nucleus. We will also examine deep inelastic

scattering (DIS), where the electron interacts with a single, quasi-free quark.
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1.3 Quasielastic Scattering: y-scaling

If one assumes that the quasielastic scattering is well described by the exchange of
a photon with a single nucleon, it can be shown that the cross section will show a
scaling behavior [11, 12, 13]. In the plane-wave impulse approximation (PWIA), the
exclusive cross section for quasielastic A(e,e’N) scattering can be written as the sum

over cross sections for the individual (bound) nucleons:

d°c

dE'dQd3 = Z OeN S]IV(EOaﬁO), (1.2)

nucleons

where E' is the energy of the scattered electron, Fy and py are the initial energy and
momentum of the struck nucleon, and g is the final momentum of the struck nucleon.
Sy (Fo, po) is the spectral function (the probability of finding a nucleon with energy
Fo and momentum py in the nucleus) and o,y is the electron-nucleon cross section
for scattering from a bound (off-shell) nucleon.

The inclusive cross section will be an integral over the nucleon final states of the
exclusive cross section, and therefore an integral over the spectral function. However,
if we consider only quasielastic scattering and neglect final-state interactions, the
cross section for inclusive quasielastic scattering can (with appropriate assumptions),

be reduced to the following form (see sections 4.2 and 4.3):

do
dQdE’

— o - F(y), (1.3)

where y corresponds to the nucleon’s momentum along the direction of the virtual
photon, and F(y) is the scaling function, which is closely related to the momentum
and energy distribution of the nucleons. Now, rather than a convolution of the cross
section with the structure function, the cross section separates into two terms. The
first term (o.n) represents the interaction process while the other term (F(y)) repre-
sents the nuclear structure. F'(y) represents the momentum distribution of the struck
nucleon (parallel to §), and is closely related to the spectral function (section 4.3).

If we measure the cross section over a range of y and Q?* values, and divide out
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the elementary e-N cross section, the model predicts that the result should be inde-
pendent of Q. If it is, then we have a good indication that we are seeing quasielastic
scattering, even though we do not directly measure anything about the hadron final
state. Observing scaling also provides evidence that the PWIA model of the scatter-
ing is correct and sufficient to describe the scattering. In addition, by measuring the
scaling function, we are probing the momentum distribution of the nucleons in the
nucleus. Even if the scaling is not perfect, we can use the observed Q* dependence
to learn something about the system. At low Q?, final-state interactions are large,
contradicting the assumptions of the PWIA model and causing the scaling behavior
to break down. The approach to scaling at low Q2 will be sensitive to the details
of the final-state interactions, and we can look at the breakdown of scaling in order
to try and understand the final-state interactions. At high Q2?, the scattering will
become inelastic, and the PWIA will break down, leading to a failure of the scaling.
Examining the scaling function in this region is one way to examine the transition

from quasielastic scattering to deep inelastic scattering.

1.4 Deep Inelastic Scattering: z-scaling

As we increase v and @2, the virtual photon probes shorter distances and becomes
sensitive to the quark structure of the nucleon. As the energy and momentum transfer
increase, the interaction occurs over a shorter time period and over smaller distance
scales. Thus, the electron should become less sensitive to the interactions of the
struck quark with the other partons. If we assume that in the limit of large v and Q?,
the electron only sees a single, quasi-free quark, then we can write down the general

form for unpolarized inclusive electron-nucleon scattering,

do _40(2E’2
dEd0 T Qr

Wa(v, Q%) cos®(0/2) + 2Wy (v, Q%) sin*(6/2) (1.4)

and compare it to elastic scattering from a stationary, point-like, spin—% object,



dU 4a2E/2 5 Q2 oy Q2
TR cos“(0/2) + 5,7 Sl (0/2)|6(v — -

). (1.5)

Equating these expressions for the cross sections gives us the following form for

the structure functions:

Q7 Q?
W= —5v—5-) (1.6)
Wa = 8(v — QQ—m). (1.7)

Rearranging the arguments of the ¢ function, and choosing dimensionless versions

of the structure functions gives the following:

% Q?
2mWi = 25(1— 25) (1.8)
yWy = 8(1 — sz;)- (1.9)

So if we assume that in the limit of large v and Q? the electron-quark interaction
is independent of the other partons and the electron is unaffected by final-state inter-
actions of the struck quark, then the structure functions take on simplified forms. In
this case, the structure functions become functions of Bjorken x = % rather than
functions of v and Q? independently. In the limit of v, Q? — oo, x is interpreted as
the fraction of the nucleon’s momentum carried by the struck quark (0 < 2 < 1) and
the structure function in the scaling limit then represents the momentum distribution
of the quarks (see section 4.4 or [14]).

In low-z scattering from protons, the structure functions have been measured to
extremely high Q2 and show scaling in z. The observation of the expected scaling is
a strong indication that the parton model of the proton is correct, and that there is
a quark substructure to the proton. The measured structure functions in the scaling
limit give information about the momentum distribution of the quarks. In addition,

the low Q% behavior, which does not show scaling, is interesting when looking for

low-Q? scaling violations and so called higher-twist effects [15] arising from quark
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final-state interactions. These higher-twist scaling violations decrease with increasing
momentum transfer at least as fast as 1/Q?. Deviations from perfect z-scaling are
also expected (and observed) at high @? due to the running QCD coupling constant,
as(Q?%). As was the case with y-scaling, both the observation of scaling in z and
measurements of the deviations from scaling are of interest. Figure 1.1 shows the
proton structure function, F} as a function of Q? for several z bins. For all values of
z, the @ dependence of Fy(z,Q?) becomes small as Q? increases. However, even at
the largest Q2 values, there are still scaling violations. The QCD scaling violations
lead to an increase in strength at low z, and a decrease at high = as @ increases.
As the wavelength of the photon decreases, it becomes sensitive to a wider range of
parton z values. The high-x partons are resolved as a quark at somewhat lower x
surrounded by lower momentum partons (quarks and gluons), and so fewer partons
are observed at large x, and more are observed at very low z.

In electron-Nucleus scattering, exactly as with electron-Nucleon scattering, one
can equate the structure functions for the nucleus with the elastic electron-parton
cross section and find that the structure function for the nucleus should depend only
on z as Q? — oo. Scaling of the inelastic nuclear structure function should occur
at large Q?%, but now the momentum distribution of the quarks is modified by the
nucleon-nucleon interactions in the nucleus, and x can vary between 0 and A, rather
than 0 and 1. Figure 1.2 shows FY as a function of Q? for several z bins. Note that
the scaling behavior is essentially identical for the proton and deuteron structure
functions, but that the value of F{ as a function of z differs from FY. The structure
function for the proton is larger than for the deuteron at low values of # and nearly
identical for the larger values of  shown. For x > 1, the proton structure function is

zero, while the deuteron structure function can be non-zero up to = = 2.

1.5 ¢&-scaling and Local Duality

The scaling of the deep inelastic structure function at large @* has been observed in

inclusive scattering from a free nucleon. At low Q?, violations of z-scaling are caused
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Figure 1.1: Proton structure function, F}, from lepton-proton scattering data. A
constant has been added to FY} for each z bin. Errors shown are statistical. (Figure
from the Particle Data Group [16].)

by resonance scattering and other higher-twist effects. At higher Q?, the logarithmic

Q?* dependence of the strong coupling constant leads to scaling violations. In order

to study the QCD scaling violations at finite Q?, it is necessary to disentangle them

from the low-Q? scaling violations caused by higher-twist effects. Georgi and Politzer

[17] showed that in order to study the scaling violations at finite Q*, the Nachtmann

variable £ = 2z /[1 4+ (14+4M?2%/Q?)"/?] was the correct variable to use. As Q? — oo,

¢ — x, and so the scaling expected in & should also be observed in ¢ in the limit of

large v and Q% However, using ¢ rather than z at finite Q2 accounts for the finite
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Figure 1.2: Deuteron structure function, F, from lepton-deuteron scattering data.
A constant has been added to Fj for each z bin. Errors shown are statistical. (Figure
from the Particle Data Group [16].)

target mass effects which otherwise mask the QCD scaling violations.

In addition to the log(Q?) QCD scaling violations, higher-twist (O(m?*/Q?)) con-
tributions from resonances are large at finite Q2. It has been shown [18, 19] that
as ¢ — 1 the nucleon structure functions connect smoothly with the elastic form
factors. In addition, it was observed by Bloom and Gilman [20] that the resonance
form factors and nucleon inelastic structure functions have the same Q* dependence
when examined as a function of w’ = 1/z + M?/Q? = 1 + W?/Q?*. Figure 1.3 shows

the structure function in the resonance region as a function of w’ for several values of
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@* [21], along with the high-Q? limit of the inelastic structure function [22]. While
the resonance form factors clearly have a large Q* dependence, if the resonances are
averaged over a finite region of w’, they reproduce the scaling limit of the inelastic
structure functions. It was later shown [23] that this ‘local duality’ of the resonance
form factors and inelastic structure functions was expected from perturbative QCD,
and that this duality should extend to the nucleon elastic form factor if the structure

function is examined in terms of £.

SLAC Fit Results
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Figure 1.3: Proton resonance structure function versus the deep inelastic limit. The
data are from SLAC experiment E133 [21]. The scaling limit curve is from [22].

1.6 Previous Data

A significant amount of inclusive electron scattering data exists for 2 1, up to

extremely high Q2. However, nearly all of the data is taken on top of the quasielastic
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peak, near x = 1. At the top of the QE peak, contributions from inelastic scat-
tering become large at Q* ~ 2 (GeV/c)? [24, 25]. In order to measure quasielastic
scattering at higher momentum transfer without having to subtract out the inelastic
contribution, one needs to go to smaller values of energy loss (corresponding toy < 0
or x > 1). There is not a significant amount of data taken for energy losses below
the elastic peak on nuclear targets. For deuterium, there is data for @ < 2 up to
Q* ~4 (GeV/c)?, and data at z < 1.2 up to Q% ~ 10 (GeV/c)? [26, 27, 28]. There is
also a significant amount of data taken for *He [29, 30, 27], for momentum transfers
up to 2.2 GeV/c. There is significantly less data available on heavier nuclei. For z
somewhat larger than 1, there are results on Carbon from BCDMS [31] and in Iron
from CDHSW [32] for similar Q? ranges (50 < Q? < 200 (GeV/c)?), and results on
Iron from NuTeV at Fermilab [33] for @Q? > 50(GeV/c)?. However, the BCDMS and
CDHSW data only provide upper limits for 2 > 1.1 and the Fermilab data only goes
up to z & 1.15. The only data with coverage significantly above x = 1 comes from
the SLAC end-station A experiment NE3 [34, 24, 35]. This experiment measured
inclusive electron scattering on *He, C, Al, Fe, and Au for 0.23< Q? <3.69 (GeV/c)?,
and z < 3. In addition, there is Aluminum data for 1 < z < 2, which was taken as
dummy target data for Deuterium measurements [36].

Figure 1.4 shows the NE3 data for Iron, analyzed in terms of the scaling function
F(y). For all targets, the data show scaling in y at large Q* and negative values of y.
Significant scaling violations were observed at low Q? due to final-state interactions,
and at y 2 0, where inelastic contributions to the cross section begin to become
significant. The scaling violations at low Q? increase for high-A nuclei and at large
|ly|, where the final-state interactions are largest. Figure 1.5 shows the Q* dependence
of F(y) for fixed values of y on the low energy loss side of the quasielastic peak. As
Q? increases, these scaling violations decrease, and for Q% 2 2.5 [GeV/c]?, the data
appear to be to approaching a scaling limit. However, the uncertainties in these
high-Q? points are relatively large, and there are very few points above Q* = 2.5.
Because of this, it is difficult to determine if the scaling limit has been reached and

if the final-state interactions truly are small in this region of momentum transfer.
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different values of beam energy and spectrometer angle and are labeled by the value
of Q? at # = 1. Errors shown are statistical only. F(y) has been recalculated from
the NE3 cross sections using a new value for E? (see section 5.2).

For y 2 0, inelastic contributions are large, and grow as Q? and y increase. In this
region, the PWIA approximation is not valid and the prediction of y-scaling is not
applicable.

Figure 1.6 shows the measured structure function for Iron. At low x values (z <
0.5), the scattering is inelastic, and the structure function shows scaling for sufficiently
large values of Q2. For x 2 1, the data do not show scaling in x. Scaling in z is
expected in the region where the interaction is well described by quasi-free electron-
quark scattering. In the quasielastic region, the electron interacts with the entire
nucleon, and one does not expect to see scaling in x. The fact that the data show
scaling in y for negative y indicates that the scattering is dominated by quasielastic
scattering. Therefore, for z 2 1 (which approximately corresponds to y < 0) we do
not expect to observe x-scaling.

If ¢ is simply a modified version of z, designed to improve scaling at lower Q)

then the structure function should show improved scaling at low &, where the -
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Figure 1.5: F(y) versus Q? for Iron from NE3. F(y) is shown for four values of y,
with a scaling factor applied for each Q2. Errors shown are statistical only. There is
a systematic uncertainty of 3.5-3.7%.

scaling appears to be valid. It should not show scaling at large £, where the scattering
is primarily quasielastic. However, when the structure function is plotted versus ¢
(figure 1.7), a different behavior is observed. The data appear to approach a universal
curve at all values of £ as Q% increases. The success of £-scaling in the quasielastic
region may come from the local duality observed in inclusive scattering from free
protons. In the case of scattering from a proton, the resonance form factors have the
same Q% dependence as the inelastic structure function when averaged over a range
in £&. When scattering from a nucleus, the momentum distribution of the nucleons
can provide an averaging of the structure function. If this averaging is over a large
enough region to smooth the individual quasi-elastic and resonance peaks, then the
quasielastic and resonance scattering should match the inelastic structure function,

as appears to happen for the data at larger Q2.
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While the previous data shows indications of scaling in both y and &, the coverage
in Q? limits the amount of information that can be extracted. In order to have a clear
sign of a scaling behavior, we need to observe that the scaling function remains flat
over a large range of Q2. For the y-scaling, final-state interactions are expected to be
small only for the large %, and may not yet be completely negligible in the range of
the NE3 data. In addition, the structure function appears to be scaling in £ only for
low values of ¢ or at the highest values of Q*. It has been suggested by Benhar and
Luiti [37] that the observed scaling in £ is a combination of the normal inelastic scaling
for low ¢, and a modified version of y-scaling in the high-£ region, arising from an
accidental cancellation of Q% dependent terms coming from the transformation from
y to £ and terms coming from the shrinking final-state interactions. They predict
that this accidental (but imperfect) cancellation will continue to higher Q* values,
and that ¢-scaling violations at the level seen in the previous data will continue to

much higher momentum transfer (up to Q* ~ 10 (GeV/c)?).
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The purpose of experiment e89-008 is to extend significantly the coverage in both
and Q2. This will allow us to better examine the scaling of the quasielastic scattering,
to more precisely examine the transition from quasielastic to inelastic scattering at
large Q%, and to study the observed scaling in £ in the transition region. Improved
data in the quasielastic region may be used to extract the momentum distribution
of the nucleons in the nucleus. Going to higher Q? improves the coverage in y,
and reduces the final-state interactions, reducing the uncertainty in the extracted
momentum distribution. Improved measurements of the structure function can be
used to examine the quark momentum distributions in the nucleus, in particular at
large x, and can be used to examine the observed €-scaling over a larger range of

momentum transfers in order to better understand the cause of the scaling behavior.
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Chapter 2 Experimental Apparatus

2.1 Overview

Experiment e89-008, “Inclusive Scattering from Nuclei at z > 1 and High Q?”, was
run at CEBAF (now called Jefferson Lab) in the summer of 1996. CEBAF was
designed to provide a high current, 100% duty factor beam of up to 4 GeV to three
independent experimental halls. During the running of the experiment, Hall C was
the only operational experimental area. Data was taken simultaneously in the High
Momentum Spectrometer (HMS) and the Short Orbit Spectrometer (SOS). Inclusive
electron scattering from Deuterium, Carbon, Iron, and Gold was measured with 4.045
GeV incident electrons over a wide range of angles and energies of the scattered

electron. Data from Hydrogen was taken for calibration and normalization.

2.2 Accelerator

During the running for e89-008, CEBAF provided an unpolarized, CW electron beam
of 4.045 GeV, with currents of up to 80 uA. A schematic of the accelerator is shown in
figure 2.1. The electron beam is accelerated to 45 MeV in the injector. It then passes
through the north linac and is accelerated an additional 400 MeV by superconducting
radio frequency cavities. The beam is steered through the east arc, and passes through
another superconducting linac, gaining another 400 MeV. At this point, the beam
can be extracted into any one of the three experimental halls, or can be sent through
the west arc for additional acceleration in the linacs, up to 5 passes through the
accelerator. For each pass through the accelerator, the electron beam gains 800 MeV,
for a maximum beam energy of 4.045 GeV. The linacs can be set to provide less than
800 MeV per pass, but the energy of the extracted beam is always a multiple of the

combined linac energies, plus the initial injector energy.
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The beams from different passes through the machine lie on top of one another.
Because they are different energies, they require different bending fields in the arcs.
Therefore, the west arc has five separate arcs, and the east arc has four, each set to
bend a beam of a different energy. The beams are separated at the end of each linac,
transported through the appropriate arc, and recombined before passing through the
next linac. At the end of the south linac, after the beam of different energies are split,
the beams can be sent for another pass through the accelerator or they can be sent
to the Beam Switch Yard (BSY). At the BSY, the beam can be delivered into any of

the three experimental halls.

Injector North Linac

Experimental

Halls \ /

West Arc East Arc

/

@ South Linac

Figure 2.1: Overhead schematic view of the Accelerator and Experimental Halls.

The beam has a microstructure that consists of short (1.67 ps) bursts of beam
coming at 1497 MHz. Each hall receives one third of these bursts, giving a pulse
train of 499 MHz in each hall. The Beam Switch Yard takes the beam that has been
extracted from the accelerator and sends the pulses to the individual halls. Beams of
different energies can be simultaneously delivered into the three experimental halls.

The beam has an emittance of ~2x107? mrad at 1 GeV (4¢ value), and a somewhat
lower value at higher energies. The fractional energy spread is <107*. The relative

beam energy can be measured with a fractional uncertainty of 10™* and is known



19
absolutely to better than 1072. The nominal beam energy is determined from the
magnet settings in the arcs in the accelerator or in the Hall C Arc. The beam energy
can be measured by fixing the magnet settings in the Hall C Arc and measuring the
beam position at the beginning, middle, and end of the arc in order to accurately
measure the path length of the beam through the arc. By measuring the path of
the electron beam and using precise field maps of the arc magnets, the field integral,
[ B - dl, through the arc is measured accurately, and this is used to determine the
energy of the beam. For one and two pass beams, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>