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ABSTRACT

THE ?H(e, €’p)n REACTION AT HIGH FOUR-MOMENTUM
TRANSFER

Hassan F. Ibrahim
Old Dominion University, 2006

Director: Dr. Paul Ulmer

This dissertation presents the highest four-momentum transfer, Q?, quasielastic (zg; = 1)
results from Experiment E01-020 which systematically explored the *H(e, €/p)n reac-
tion (“Electro-disintegration” of the deuteron) at three different four-momentum transfers,
Q? = 0.8, 2.1, and 3.5 GeV? and missing momenta, p,,;ss = 0, 100, 200, 300, 400, and
500 GeV including separations of the longitudinal-transverse interference response func-
tion, Ry 7, and extraction of the longitudinal-transverse asymmetry, Ayr. This systematic
approach will help to understand the reaction mechanism and the deuteron structure down
to the short range part of the nucleon-nucleon interaction which is one of the fundamental
missions of nuclear physics. By studying the very short distance structure of the deuteron,
one may also determine whether or to what extent the description of nuclei in terms of
nucleon/meson degrees of freedom must be supplemented by inclusion of explicit quark
effects.

The unique combination of energy, current, duty factor, and control of systematics for
Hall A at Jefferson Lab made Jefferson Lab the only facility in the world where these sys-
tematic studies of the deuteron can be undertaken. This is especially true when we want
to understand the short range structure of the deuteron where high energies and high lu-
minosity/duty factor are needed. All these features of Jefferson Lab allow us to examine
large missing momenta (short range scales) at kinematics where the effects of final state
interactions (FSI), meson exchange currents (MEC), and isobar currents (IC) are minimal,
making the extraction of the deuteron structure less model-dependent. Jefferson Lab also
provides the kinematical flexibility to perform the separation of Ry over a broad range of
missing momenta and momentum transfers.

Experiment EO1-020 used the standard Hall A equipment in coincidence configura-
tion in addition to the cryogenic target system. The low and middle Q* kinematics were
completed in June 2002 and the high Q? kinematics were completed in November 2002.

Before the start of the experiment many preparations were made to assure the quality of



the collected data. Approximately two Terabytes of data were collected by the end of the
experiment.

The cross section results in this dissertation show clearly the effect of final state interac-
tions between the two final state nucleons. The cross section ratio to the Laget PWBA+FSI
calculation has a wiggle at p,,,;ss ~ 300 MeV. It is yet to be seen whether this is merely
due to the lack of MEC and IC in the present theoretical calculation. However, a similar
feature was observed in a previous Hall A experiment. Further, discrepancies at very low
Pmiss cast some doubt on neutron form factor measurements using the deuteron as target.

This study will add to the already growing body of systematic data for the 2H(e, 'p)n
reaction to better understand the NN short range and to provide vital input for heavier

nuclei.
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CHAPTER1

INTRODUCTION

The importance of the deuteron and electron scattering in general as well as the goals of

Experiment E01-020 will be discussed in this introductory chapter!.

1.1 THE DEUTERON

The nucleus of the deuterium atom, the deuteron (symbol 2H or d), is a bound system of
a proton and a neutron [1]. It is the simplest nucleus, has no excited bound states, and
therefore provides a starting point for understanding more complex nuclei. By a suitable
choice of reaction and kinematic settings, one can use it to study the short-range corre-
lations (SRC) of the nucleon-nucleon (NN) interaction [2], without the additional effects
of three body interactions, which is one of the fundamental missions of nuclear physics.
The deuteron wave function is a mixture of S (L. = 0) and D (L. = 2) momentum states.
Accurate knowledge of the high momentum components is essential to understand the
short distance structure of the deuteron, and can guide our understanding of the correlation
structure of complex nuclei. However, this momentum distribution is not an experimental
observable, and can only be extracted in the context of a model. For a summary of the
deuteron properties, see Table I.

The deuteron is a valuable tool, not only for what it can tell us about the nuclear force,
but also as a source of nearly free neutrons. Lacking pure neutron targets, the deuteron,
with its relatively loose binding, is often chosen for studies of the structure of the neutron.
Measurements of elastic electron scattering from deuterium have been used extensively in
order to extract the neutron electric form factor, G’ [3]. Understanding the deuteron is also
important for measurements employing deuterium targets to determine the spin structure
function of the neutron [4]. Finally, by studying the very short distance structure of the
deuteron, one may determine whether or to what extent the description of nuclei in terms
of nucleon/meson degrees of freedom must be supplemented by inclusion of explicit quark
effects [5].

This dissertation follows the style of the “Physical Review".
'The kinematical quantities mentioned in this introductory chapter are defined in Chapter II.



TABLE I: Properties of the Deuteron [1].

Quantity Value
Mass 1875.612762 (75) MeV
Binding Energy 2.22456612 (48) MeV

Magnetic Dipole Moment 0.8574382284 (94) un
Electric Quadrupole Moment  0.2859 (3) fm?

Asymptotic D/S Ratio 0.0256 (4)
Charge Radius 2.130 (10) fm
Matter Radius 1.975 (3) fm
Electric Polarizability 0.645 (54) fm3

1.2 ELECTRON SCATTERING

Electron scattering is one of the most powerful tools used in the exploration of nuclei [6].
The main strengths of electron scattering are that the electromagnetic interaction is cal-
culable with well understood Quantum Electrodynamics (QED), and it is relatively weak
(v &~ 1/137) compared to the hadronic interaction, which implies that the electromag-
netic interaction can be described by the one photon exchange approximation (OPEA).
There are two classes of unpolarized reactions used to study the high momentum part of
the deuteron wave function. They are classified according to how many final particles are
detected in the lab’:

e Inclusive (single arm) elastic H(e, e) and inelastic 2H(e, €’) reactions (see e.g. Ref-

erences [7, 8]).

e Exclusive (coincidence) quasielastic ?H(e, e'p)n reaction (see e.g., Reference [9]).

The most direct way of studying the short-range part of the NN interaction is to investi-
gate the quasielastic “electro-disintegration” of the deuteron via the H(e, ¢/p)n reaction
at high missing momenta, p,,;ss. However, depending on the selected kinematics, these
measurements can be overwhelmed by final state interactions (FSI) which involve proton-
neutron rescattering and non-nucleonic currents such as meson-exchange currents (MEC)

and isobar configurations (IC) [10, 11].

2The nuclear reaction a + A — b+ ¢ + B, where a is the incident particle, A is the target nucleus, b and
c are the outgoing particles, and B is the product nucleus, is usually represented by the more compact form
A(a, be) B. For example, 2H(e, ¢/p)n represents the reaction e +d — €’ +p + n.
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FIG. 1: Typical inclusive electron scattering cross section from the deuteron versus the
energy of the virtual photon for a fixed four-momentum transfer.

Figure 1 shows the main features of a typical inclusive electron scattering cross sec-
tion from the deuteron versus the energy of the virtual photon for a fixed four-momentum
transfer. At low photon momentum, the photon wavelength is comparable to or larger
than the deuteron size, and the scattering is predominantly elastic. As the photon mo-
mentum increases, its wavelength decreases and becomes comparable to the nucleon size.
In this case, the electron scatters from a nearly free nucleon giving the quasielastic peak.
The quasielastic peak is broader than the elastic peak because of the Fermi motion of the
nucleons inside the deuteron. At sufficiently high energy transfers, we can excite the nu-
cleons to higher states such as A and N* (inelastic scattering). Finally, at very high photon
momentum, the wavelength of the photon becomes smaller than the size of the nucleon,

which contributes to the deep inelastic scattering (DIS).

1.3 EXPERIMENT E01-020

The goal of experiment E01-020 [12] is to provide a systematic study of the *H(e, ¢'p)n
reaction down to very short distance scales. It covers kinematics from below to above the
quasielastic peak (see Figure 1) over a wide range of four-momentum transfers, Q% = 0.8,
2.1, and 3.5 GeV? and missing momenta, p,,;s = 0, 100, 200, 300, 400 and 500 MeV

(results for only the highest () perpendicular kinematics are reported in this dissertation).



TABLE II: Kinematics and motivations of Experiment E01-020.

Kinematics® Q? TBj Theoretical Expectations Motivations
(GeV?) FSI MEC/IC
Parallel 2.1 <1 Minimum  Maximum Emphasize
MEC/IC
Anti-Parallel 2.1 >1 Minimum  Minimum Study

Deuteron Short-
range Structure

Perpendicular 0.8 1 Variable ~ Minimum Test
2.1 Relativistic
3.5 Models (R.r)
Neutron 0.8  Variable Variable Variable Study FSI
Angular 2.1
Distribution 3.5

These studies will provide important constraints on deuteron structure and reaction models.

Each of the kinematics emphasizes different aspects of the reaction mechanism. For
energy transfers below the quasielastic peak (zp; > 1), non-nucleonic effects (virtual
nucleonic excitations and meson exchange currents) are expected to be minimized since
the energy transfer is relatively low. Thus, the high xg; parallel kinematics measurements
are expected to be mainly sensitive to aspects of the deuteron’s short-range structure.

By examining (for fixed Q? and p,;s,) the angular distribution of neutrons in the final
hadronic center-of-mass system, one can quantitatively study FSI. The angular distribution
is expected to show a large peak near 90° about the ¢'direction [12]. The success of theories
in predicting this shape will give us confidence in correcting for FSI effects in extracting
the deuteron structure. This understanding will also be useful for studies of short-range
correlations using (e, €'p) on heavier nuclei.

Finally, a separation of the longitudinal-transverse interference response function, R,
was performed in quasielastic kinematics (xg; = 1) for pp,;ss up to 0.5 GeV to test the va-
lidity of relativistic models. Proper treatment of relativity is essential at kinematics where
we probe the deuteron’s short-range structure. Table II summarizes the different kinemat-

ics and motivations of Experiment EO1-020.



CHAPTER 11

THEORY OVERVIEW AND EXISTING DATA

In this chapter, an overview of the basic theory used to calculate the cross section of the
*H(e, ¢'p)n reaction is presented. Examples of actual theoretical calculations will also be

discussed and compared with existing data.

II.1  ONE PHOTON EXCHANGE APPROXIMATION

The kinematics' for the 2H(e, 'p)n reaction in the One Photon Exchange Approximation
(OPEA) [13, 14, 15, 16] are shown in Figure 2. The incident electron four-momentum
is denoted by k* = (F, k) and the scattered electron four-momentum by k* = (E', k).
In the extreme relativistic limit (ERL), the electron mass m,. can be neglected so that
k= |kl = Eand k' = || = E' . The two momenta, k and &', define the “scattering

plane”. The virtual photon four-momentum, which is transferred to the target nucleus, is

given by
qN = kl—‘ - kl# = <w7 J)* (1)
where
w = FE—F, )
g = k-—F. 3)

and the square of the four-momentum transfer (also called virtuality) is given by
qiz—Q2:wQ—q2:2(E-E'—EE’+m§); 4)
where ¢ = |¢|. Therefore in the ERL
Q* = 4EF'sin® (%) . 5)

The deuteron is at rest in the lab frame (py; = 0) so that its energy, F, is equal to its

mass, M. The final proton has four-momentum p* = (E,,p’) and the neutron has four

'The natural units convention ( i = ¢ = 1) is used in this dissertation.



FIG. 2: Kinematics of the ?H(e, ¢/p)n reaction in the OPEA.

momentum p* = (E,, p,)?. The square of the reaction invariant mass is given by:
W?=E? - P? = (w+ My)?—¢* = M +2wM,; — Q?, (6)

where F; and P; are the total initial energy and momentum of the final hadronic system.

Conservation of energy and three momentum yields

wt+My = E,+ E,=M,+T,+ M, +T,, 7

¢ = P+ Pn ®)

where M, is the mass of the proton and 7}, and 7;, are the kinetic energies of the scat-
tered proton and the recoil neutron respectively. The “reaction plane” is defined by the
two momenta p and p,,. The azimuthal angle between the electron scattering plane and the
hadronic reaction plane is called the out-of-plane angle, ¢,. In Hall A, the only possible
two values of ¢, are 0° and 180° (barring the vertical angle acceptance of the spectrom-
eters) since the spectrometers cannot be elevated out of the horizontal plane. This corre-
sponds to detecting the proton only in the scattering plane (in-plane kinematics). The angle
between ¢ and p'is denoted by 6, and between ¢ and p,, is denoted by 6,,,. The angle 6,

is given by:

2The neutron four-momentum is also referred to by the more general term, recoil four-momentum, p* =
(Er, pr)-



b — k' cos 0
cosfy, = 7 9)
q

In the center-of-mass frame of the final hadronic system, the angle between ¢ and p’is
denoted by 6.,,. The missing energy (binding energy of the deuteron) and missing mo-

mentum? for the ?H(e, €/p)n reaction are defined by

emiss = w—T,—Tp =M, + M, — My = 2.225MeV, (10)

The angle between the missing momentum and the virtual photon momentum, 6,,;,s, is

given by:

q — pcos by,
\/q2 + p? — 2gp cos qu.

Figure 3 shows the different kinematics conventions used for 2H(e, e'p)n. Detection of

COs emiss - (12)

the proton along ¢ such that 6,, = 0° corresponds to “parallel kinematics”. In this case,
DPmass 18 parallel to ¢ if ¢ > p (0,,:ss = 0°) and is anti-parallel if ¢ < p (0,,;5s = 180°). For
kinematic settings where g ~ p, the detection of the proton on either side of ¢ for small
values of 6, yields py,ss close to being perpendicular to ¢ (0,miss ~ 90°). This case is
called “perpendicular kinematics”. One can also define a Bjorken scaling variable zp; =
@Q?/(2M,w). For electron-proton elastic scattering, z5; = 1. For electron scattering from
anucleus (with mass number, A > 1), x; ~ 1 corresponds to the quasielastic peak which

corresponds to scattering off nearly free nucleons (see Figure 1).

3For a general reaction, A(e, ¢/p) B, the actual missing energy, Epm,ss, which is the energy of the missing
(not detected) recoil nucleus B, with a four-momentum, pf;, = (Ep,pp), is always defined as E,;55 =
Ep =w+ My — E, = w — T}, where T, is the proton kinetic energy. This definition is usually used for
elastic scatterings and is implemented in ESPACE (see Subsection I11.8.2) as the external variable emiss.
Another definition of the missing energy (also called the missing mass in some literature) is €455 = M) +
Mp — My =w — T, — T = Enss — I'B, where T is the Kinetic energy of nucleus B. €55 is simply
the sum of the proton excitation and separation energies for nucleus A (or the binding energy, in the case
of the deuteron). e,,,ss is a useful variable for quasielastic reactions. In ESPACE, e,,;ss is represented
by the external variable e _miss. The missing mass is defined as My;ss = /EZ2,.s — P2ss» Where
Pmiss = pp. For example, the 'H(e, €’p) reaction has &,,iss = Finiss = 0 and the 2H(e, e’p)n reaction has
Emiss = Fmiss — Tn = 2.225 MeV.



Parallel Anti-parallel Perpendicular

FIG. 3: Kinematics conventions used for ?H(e, ¢'p)n.

I1.2 OPEA CROSS SECTION

The unpolarized sixfold differential cross section of this reaction is given by [16, 17, 18,

19]: . )
d°o ~ pE, F'a v
dEd0.db,d, ~ (2np B oY (13)

where df2. and df2, are the solid angles of the electron and proton momenta in the lab, o
is the fine structure constant, YW is the nuclear response tensor and 1), is the electron

response tensor. The nuclear response tensor is:
W = (J,J]) (14)

where the angle brackets denote products of matrix elements averaged over initial states

and summed over final states, and J* = (p, J) is the nuclear electromagnetic four-current

operator. The electron response tensor is:

Nuv = KMKV — quqy — ngw/: (15)
where K, = k, + kj,. Therefore we can write the tensor product in Equation (13) as:

MW" = (K - JK - J' = Q*J - J) (16)



In a right handed coordinate system with

zZ =4 17)
kx K

T (18)

T

5 = gx5 (19)

J.=%p (20)
q

where p is the charge density operator. Using the last equation, we can write Equation (16)

as:
O
MW = ABE cos® - x [Voopp! + Vaw o+ Vo Jy ) + Vou(p L+ Jop)] - @D

where the coefficients

2\ 2
Vo = (Q—Q) | 22)
q
Ve = —2—|—tan2% (23)
xrxr - q2 25
Vyy = tanQ%, (24)
1
B QZ 2 2‘9@ 3
Voe = 2| + tan 5| (25)

depend only on the electron kinematics. A more convenient form of Equation (21) is

Oe
UWW‘“’ = AEFE COS2 5 X [ULRL + ’UTRT + UTTRTT COS 2¢ + ULTRLT COS ¢] (26)
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where the different leptonic kinematic factors, v, are given by

vp = %%2+tan2§, (28)
vrr = %f—; (29)
U ?—;{?—;—i—tanQ —8} (30)

and the nuclear response functions,

Ry = (pp'), (31)
Ry = (JJI+J,J), (32)
Rrrcos2¢ = (J,Ji— J,J), (33)
Rircosg = —{(pJi+ J.p'). (34)

are matrix elements of the nuclear charge density operator, p, and the nuclear electromag-
netic current component operators, J, and J,,, where J,, lies in the scattering plane and J,
is perpendicular to the scattering plane and both are perpendicular to ¢. From Equations
(26-34), the sixfold cross section in Equation (13) is simply:

dSo pE,

AdEdO).dE. dS) = (27r)30—]L[ott {ULRL + v Ry + vpr R7 cos 2¢ + vrrRrT cos d)] (35)
€ p P

where the Mott cross section, o/, of electron scattering on an infinitely massive, spinless

2
2aF cos %e
Opott = | ——=—= (36)

point charge is given by

Q2
By using conservation of energy for the H(e, €'p)n reaction, the unpolarized sixfold differ-

ential cross section can be integrated over the proton energy to yield a fivefold differential

cross section in the lab frame:

d°c  M,M,p
dwdQ.dS, — (27)° My,

Mot freeVr R +vr Rr+vrr Rer cos 20 +vrr Ry cos ¢]. (37)
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The recoil factor f,.. which accounts for the finite mass of the deuteron is defined as

2F sin? 9—28 -
frec =1+ T[d . (38)

The longitudinal response function, Ry, is due to the charge (longitudinal component of
the current). The transverse response function, Ry, is the incoherent sum of the transverse
components of the current with respect to the virtual photon. The transverse-transverse
response function, Ry, originates from the interference between these two transverse cur-
rent components. Finally, the longitudinal-transverse response function, Ry, represents
the interference between the longitudinal current and the transverse current component in
the scattering plane.

The response functions for H(e, ¢'p)n depend on three kinematic variables which may
be taken to be Q%, W and pyiss: R = R(Q? W, ppiss)- By varying the kinematics (and
consequently the kinematic factors weighting each response function) so as to keep the
response functions themselves fixed, each may be separately determined from the cross
section by solving a set of linear equations. Separation of K7 is accomplished by select-
ing two kinematics, one with protons forward of ¢’ (¢, = 0°) and the other with protons
backward of ¢ (¢, = 180°). This changes the cos ¢, factor multiplying Ry in Equation
(37) from +1 to —1, respectively, so that the difference of cross sections gives, to within

an overall factor, R;r:
Rrr x (¢, =0) — o(¢p = 7) (39)

The Ryr response function is sensitive to the choice of relativistic model. For example,
the longitudinal component of the relativistic electromagnetic nuclear current contains an
additional spin-orbit term which can interfere with the spin-flip magnetization term in the
transverse current component [11]. Non-relativistically, there is no such additional term
since L reflects charge only and cannot interfere with the spin-flip part of T. Therefore, we
can test relativistic models by separating Ry 7.

Another important quantity is the Longitudinal-Transverse Asymmetry,A;r, defined

as*:

_ 0(¢z - O) - U(¢m - 7‘->
Arr = 0(dp =0)+0(¢pp =7)

which is often used in order to minimize the the influence of various systematic uncertain-

(40)

ties due to target thickness, beam current and detector efficiencies [20].

*Also known as the Left-right asymmetry, A, in some literature.
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I11.3 PLANE WAVE IMPULSE APPROXIMATION (FACTORIZATION)

Figure 4 corresponds to the nonrelativistic Plane Wave Impulse Approximation (PWIA)
for the ?H(e, €/p)n reaction. The basic assumptions of the nonrelativistic PWIA for this

reaction are

e The total energy and momentum of a single virtual photon is absorbed by the proton.

e The struck proton leaves the nucleus without interacting with the neutron, and the

outgoing proton may be represented by a plane wave.
e The ejected proton, not the spectator neutron, is the one detected in the experiment.

e The negative energy states present in a relativistic treatment are neglected.

In the PWIA, the conservation of linear momentum requires that the initial momentum of

the struck proton, p”, is equal to the negative missing momentum:
b = ﬁ_ (7: __)miss = _ﬁn (41)

Applying these assumptions allows for the factorization of the 2H(e, €/p)n cross section
[21, 22]:
d°c _ M,M,p
dwd.dQ, My

Oepfrecn (D), (42)

where o, is the electron-proton cross section for a bound proton and n(p”) is the initial
momentum distribution of the proton inside the deuteron.

For a modern covariant description of the relativistic plane wave impulse approxima-
tion (RPWIA), see Reference [23]. In RPWIA the differential cross section depends on
both positive and negative energy projections of the relativistic bound nucleon wave func-
tion. An important difference between the PWIA and RPWIA is that factorization no
longer holds in RPWIA.

I1.4 PLANE WAVE BORN APPROXIMATION

The Plane Wave Born approximation (PWBA) for the ?H(e, ¢'p)n reaction contains in
addition to the PWIA diagram where the photon couples to the proton (see Figure 4) the
diagram where the photon couples to the neutron also as shown in Figure 5. When the mag-

nitude of the missing momentum is much smaller than ¢, the difference between PWIA
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FIG. 5: Plane Wave Born Approximation (PWBA) for the ?H(e, ¢/p)n reaction.

and PWBA is negligible, since scattering on the neutron would require a very high internal
momentum in the deuteron wave-function [24]. However, the PWBA is sufficient to break
factorization and to permit the interference of the different wave function components. As
for the PWIA, the incident and scattered electrons in the PWBA are described by plane

waves and the interaction with the nucleus is mediated by a single virtual photon.

I.5 BEYOND THE PLANE WAVE IMPULSE APPROXIMATION

Within the PWIA, the outgoing proton does not interact with the spectator neutron after
the interaction with the virtual photon. However at high p,,;;s one expects a substantial
contribution from final state interactions (FSI) between the ejected proton and the spectator
neutron (see Figure 6 and Reference [11]). In this case, the logical extension of the PWIA
is the Distorted Wave Impulse Approximation (DWIA) which includes FSI between the
ejected proton and the spectator neutron while maintaining the other PWIA assumptions.
A more general extension is the Distorted Wave Born Approximation (DWBA) where the

virtual photon can couple to the neutron also. In the deuteron case, FSI effects can be
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FSI MEC

FIG. 6: Final state interactions (FSI), meson exchange currents (MEC) and isobar config-
urations (IC).

calculated exactly within the Schrédinger approach, or by Glauber approximation [25]. In

addition to FSI, other effects should be taken into consideration such as (see Figure 6):

e Meson Exchange Currents (MEC) where the stuck nucleon exchanges a meson such

as a pion, at the interaction point.

e [sobar Configurations (IC) where the struck nucleon is excited to a higher state such

as A or Nx and then de-excites by exchanging a meson with the other nucleon.

o Quark-Gluon degrees of freedom which could be important at high momentum

transfers.

1I.5.1 Final State Interactions

Within PWIA, the outgoing nucleon does not interact with the residual system after the in-
teraction with the virtual photon. However in the kinematic region of high missing momen-
tum where one expects to have an enhanced contribution from the short range correlations
(SRC) one may also expect a substantial contribution from FSI between the knock-out and
the spectator nucleon. The main effect introduced by FSI is that the initial nucleon mo-
mentum carried by the bound nucleon before the interaction with the electron, is not the
same as the one measured in the experiment, i.e., p’ # p'— ¢. As a result one cannot be
confident that the condition of large p,,;ss automatically guarantees that high momentum
components in the ground state wave function of the deuteron are probed. In all previ-
ous 2H(e, ¢'p)n experiments at large p,,;ss, FSI were a major contributor to the overall

cross section and therefore substantially overshadowed SRC. With increasing energies,
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the situation changes qualitatively. At large angular momenta, FSI are dominated by the
pn rescattering and then become strongly anisotropic with respect to the direction of ¢.
The maximal rescattering happens in directions almost transverse to ¢g. Consequently, FSI
contribute much less for parallel and anti-parallel kinematics and can be treated there as
a correction. The dominance of large angular momenta allows to apply eikonal approxi-
mations in calculating FSI. A well known example of the eikonal approximation of FSI is
the Glauber approximation [26]. However the latter was derived for cases where one can
neglect the motion of bound nucleons in the nucleus. For the ?H(e, €/p)n reaction at large
missing momenta, the eikonal approximation was generalized (GEA) in order to account

for finite values of nucleon momenta [8, 27].

I1.5.2 Meson Exchange Currents and Isobar Configurations

Experimental 2H(e, ¢/p)n data at low Q* demonstrated that with increasing p,,;ss meson
exchange currents (MEC) and isobar configurations (IC) become dominant, making it vir-
tually impossible to extract information on the NN SRC. The calculation of MEC and IC at
high ()? is very complicated since the virtuality of the exchanged mesons greatly exceeds
their masses. However it is possible to estimate the Q% dependence of these contributions
based on the analysis of the corresponding Feynman diagrams. Theoretically one expects
that the MEC contribution will decrease with increasing Q. Indeed it can be shown that
MEC diagrams have an additional ~ 1/Q? dependence compared to the diagrams where
the electron scatters from a nucleon [29]. This suppression comes from two major factors.
Firstly, because at the considered kinematics the knocked-out nucleon is fast and takes

almost the entire momentum of the virtual photon, ¢, the exchanged meson propagator

2
meson

the NN meson form-factor (1 + Q?/A?) [29]. At low Q2 MEC and IC contribution is

not negligible, as the invariant mass of the pn system, W, spans the baryonic resonance

is proportional to (1 + Q*/m ). Secondly, an additional Q* dependence comes from

regime.

I1.5.3 Quark-Gluon Degrees of Freedom

Upon the quantitative understanding of the role of FSI, MEC, and IC in the electro-
disintegration of the deuteron, one can start to address the important question of quark-
gluon degrees of freedom in the deuteron. Experiments of inclusive Deep Inelastic (DIS)

electron scattering from nuclei demonstrated the modification of the nucleon quark-parton
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density as compared to that of the free nucleon (the EMC effect [30]). This effect un-
ambiguously demonstrated that nuclei can not be described merely as a collection of un-
modified nucleons. Moreover the proportionality of the EMC effect to the nuclear density
was an indication that the modification of the quark-parton structure of nucleons depends
on how strongly nucleons are bound in a nucleus. Although the effect is observed in
the DIS region, one should expect a similar modification for the elastic form-factors of
bound nucleons. However, inclusive data alone will not allow one to conclusively check
the existence of EMC type phenomena for the elastic form factors. One problem is that
with the increase of 2 , inelastic channels dominate the inclusive cross section and are
thus obscuring elastic contributions [8]. One mechanism of the bound nucleon’s form-
factor modification is described in the color screening model [31, 32], where at Q? > Q%
(@Q? ~ 2 — 3 GeV?), the nucleon form-factor becomes sensitive to quark correlations. In
this regime the bound nucleon will have suppressed quark correlations as compared to the

free nucleon.

I1.6  THEORETICAL CALCULATIONS

The electro-disintegration of the deuteron can be described by two different approaches:
the Schrodinger equation and the Bethe-Salpeter (B-S) equation. The Schrodinger equa-
tion offers a nonrelativistic description, whereas the B-S equation is used to obtain a
Lorentz covariant description and is more difficult to solve. Fortunately, it is possible
to modify the Schrodinger equation to include relativistic effects, thereby extending the
range of its validity.

There are several calculational approaches which include some or all of the effects
in the 2H(e, ¢'p)n reaction. Among these approaches are the calculations of Tjon et al.
[33, 34, 35], Mosconi et al., [36, 37], Arenhovel et al., [38, 39, 40], Jeschonnek et al.,
[41, 24], and Laget [42, 43, 44, 45]. These models are mostly based on the nonrelativistic
or relativistic PWBA or DWBA (which includes FSI). The deuteron initial and final state
wave functions are obtained by solving the wave equation numerically with a realistic NN
potential such as the Paris, Bonn or Argonne V18 potential [46, 47].

Arenhovel’s treatment of the electromagnetic current and the NN interaction is based
on a one boson exchange model. These calculations were based on the Schrédinger equa-
tion. The calculations can be done in conjunction with any standard parametrization of

the NN interaction such as the Bonn or Paris potentials. The calculations also include
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the effects due to final state interactions (FSI), meson exchange currents (MEC), and iso-
bar configurations (IC) and have been extended to include polarization observables and
relativistic corrections. Mosconi et al., calculations are very similar in nature to those
of Arenhovel while Tjon et al., calculations use a fully covariant approach based on an
approximation of the B-S equation for the deuteron.

In contrast to the traditional scheme, where the full relativistic electromagnetic current
operator is normally not used, a more recent approach by Jeschonnek et al., uses an im-
proved current operator to incorporate relativistic effects without any approximation in the
transferred momentum or transferred energy. It has been shown that the relativistic effects
in the current alone are large, and at transferred energies and momenta of a few GeV, the
relativistic effect in the current make up the bulk of the total relativistic contributions. In
this relativistic approach, the effect on the longitudinal-transverse response function, R
is large.

Laget uses a diagrammatic expansion approach to calculate the FSI, MEC and IC con-
tributions. In the diagrammatic approach, the plane wave (Figure 5) and FSI (Figure 6a)
amplitudes for the ?H(e, €/p)n channel are given by [45]:

1 1 1
Trw = Z (ma [Jp(®)] my) < 5 MM UWJ> Us(p2) =
+ Z (ma | Ju(@®)| ma) < 1mn1m1 UWJ> Uo(}ﬁ)L + D wave, (43)
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where E, = \/m2 + (E —pp)? and p° = Mp + w — /m? — p;°. The momenta and
magnetic quantum numbers of the outgoing proton and neutron are, respectively, p1, pa, 74

and mo, while the magnetic quantum number of the target deuteron is M ;. The S and
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D parts of the deuteron wave function are respectively U, and U, and Ty is the NN
scattering amplitude. The relativistic expressions of the proton J,(¢*) and neutron J,(q?)
on-shell currents are used in both the PW and FSI amplitudes. The conventional dipole
expression is used for the magnetic form factors of the proton and the neutron, while the
Galster parametrization [48] is used for the neutron electric form factor and the latest JLab
experimental values are used for the proton electric form factor [49]. The FSI integral runs
over the momentum 7; of the spectator nucleon. Since the energy is larger than the sum of
the masses of the two nucleons, the knocked out nucleon (p, A\p) can propagate on-shell.
Due to the dominance of the S-wave part of the wave function, the corresponding singular
part of the integral is maximum when the scattering of the electron on a nucleon at rest is

kinematically possible: this happens in the quasielastic kinematics, xg; = 1.

I11.7 EXISTING DATA

The short range structure of the deuteron is best revealed by measuring very high missing
momenta in ?H(e, €/p)n. Further, separations of the cross section into the various response
functions allow one to exploit the sensitivity inherent in various interferences of compo-
nents of the nuclear current. The exclusive scattering cross section for *H(e, €/p)n was first
measured by Croissiaux [50] and since then many experiments have examined this reac-
tion which indicates its importance to understand the nuclear electromagnetic current, the
short range part of the NV force, and the deuteron structure. Several of these experiments
were performed at low four-momentum transfers, Q? ~ 100 MeV? [51, 52], and many
other experiments were performed at intermediate or relatively high Q* ~ 1 GeV? under
quasielastic conditions [53, 54, 55, 57, 58, 59, 60, 61, 9]. In addition to measuring the
unseparated cross section, some of these experiments tried to separate one or more of the
electromagnetic response functions [51, 52, 53, 54, 55, 57, 58, 59, 60]. A general review
of response function separations in the ?H(e, ¢/p)n reaction is given in Reference [62].
Another review of experiments which specifically separated the longitudinal-transverse
interference response function is given in Reference [20]. The early experiments used this
reaction to study the deuteron wave function and also as a benchmark to study the (e, €'p)
reaction in general because of the simple nature of the deuteron. This dissertation goes

many steps further by studying this reaction at much higher @2, up to 3.5 GeVZ.
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I1.7.1 Response functions and Asymmetry Data

There are several measurements [62] of the longitudinal-transverse interference response
function R;; and the asymmetry A, from NIKHEF [54], Bonn [56], Saclay [55], and
Bates [58]. The measured asymmetries are shown in Figure 7. All these measurements
were performed in the quasielastic region with Q? ~0.2 GeV?. The asymmetries are
compared to the calculations of Arenhovel et al., with and without relativistic corrections.
In addition, the NIKHEF data are also compared to the relativistic calculations of Tjon
et al., and both the NIKHEF data and Saclay data are compared to the calculations of
Mosconi et al., with relativistic corrections. In all cases, the calculations which include
relativistic effects reproduce the Ayp7 asymmetries much better than those which do not.
Another measurement of Ry and A7 was performed at NIKHEF [59] at Q% =0.2 GeV?
and is shown in Figure 8 together with calculations by Tjon et al. and Mosconi et al. (with
and without relativistic corrections). It demonstrates that the relativistic corrections are
needed at Q? values as low as 0.2 GeV?2. Finally a measurement of A7 at SLAC [57]
for a considerably higher Q®> = 1.2 GeV? but at low missing momentum, is shown in
Figure 9. One can see that up to missing momentum of about 120 MeV, these data are
described well by the PWIA calculations using the “cc1” offshell description of de Forest

[63] (which already incorporates relativity at some level) and the Paris NN potential.

11.7.2 Cross Section Data

An example of the ?H(e, 'p)n cross section is shown in Figure 10. This experiment was
carried out at the Mainz microtron (MAMI) [61]. In this experiment, the 2H(e, €'p)n reac-
tion cross section was measured for recoil momenta up to 950 MeV and four-momentum
transfers in the range 0.13-0.34 GeV?. At recoil momenta below about 350 MeV, the
measured cross sections are well reproduced by Arenhdvel calculations which include rel-
ativistic corrections. At missing momenta above 350 MeV, the agreement between theory
and experiment worsens continuously. At high missing momenta above 400 MeV, the
general features of the experimental cross sections can only roughly be reproduced by in-
cluding MEC and, especially, IC, although the location and magnitude of the calculated
structure does not fully agree with the experimental finding.

Figure 11 shows the *H(e, €/p)n cross section results for a previous JLab experiment

(Experiment E94-004 [9]). In this figure, the reduced cross section, 0,4, is related to the
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FIG. 7: The Ay, asymmetry for the H(e, €'p)n reaction from different measurements.
Solid curves (dotted curves) are calculations by Arenhovel et al., with (without) relativistic
corrections. Also shown are the relativistic calculations of Tjon ef al., (long dashed curve)
for the NIKHEF data and the calculations of Mosconi et al., with relativistic corrections
(short dashed curve) for both NIKHEF and Saclay data.
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FIG. 8: The measured R, response function (referred to in the plot as f;r) and Apr
asymmetry from NIKHEF [59]. The shaded areas indicate the size of the systematic errors.
The solid curve represents the relativistic calculation of Tjon et al., and the dashed (dotted)
curves are calculations of Mosconi et al., with (without) relativistic corrections.
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