THE TRANSVERSE AND
LONGITUDINAL RESPONSE
FUNCTIONS IN 4He(e,e’) FOR THE
RANGE 0.55 GeV/c < |q] < 1.0 GeV /c
Kai Jin

Nanjing, Jiangsu, China

B.S., University of Science and Technology of China (2012)

A Dissertation Presented to the Graduate Faculty
of the University of Virginia in Candidacy for the Degree of

Doctor of Philosophy
Department of Physics

University of Virginia

August, 2020



©Copyright by Kai Jin 2020
All Rights Reserved



Abstract

In electron scattering off a nuclear target, the Coulomb sum is defined as the
integration of the longitudinal response function R over the energy loss of the inci-
dent electron in the quasi-elastic nucleon knock-out process. The Coulomb Sum Rule
states that at sufficient high three-momentum-transfer |7, the Coulomb sum should
equal to the total number of protons in the nucleus: S; — 1. Previously, precision
data existed only up to |g] = 600 MeV/c due to the limited beam energy used, and
one data point existed for |¢] = 1.14 GeV/c but with limited precision. During Jef-
ferson Lab experiment E05-110, electron scattering cross sections were measured in
the quasi-elastic region on “He, 12C, *Fe and 2°®Pb targets at four scattering angles
(15°,60°,90°,120°). The longitudinal and transverse response functions Ry and Ry
were extracted in the momentum transfer range 0.55 GeV/c < |g] < 1.0 GeV/c using
the Rosenbluth separation method. The Coulomb sum was formed in the same |{]
range. The focus of this thesis is the extraction of Ry from the ‘He target data.
Preliminary results on Ry r and the Coulomb sum S}, for “He will be presented. The
Coulomb sum for *He is found to be in good agreement with previous data, and still

indicate quenching (S7, < 1) for the |¢] region measured by this experiment.
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Chapter 1

Introduction

1.1 Electron Scattering

The building blocks of all visible matter are the nucleons. The properties of free
nucleons have been studied extensively. On the other hand, nucleons in nuclei are in
bound states and their properties are affected by the nuclear medium. Understanding
medium modification of the nucleon structure inside the nucleus is an essential topic

in nuclear physics.

To investigate the properties of nucleons in the nuclear medium, the electron is
often used as a probe because of several advantages over hadron probes: First, the
electromagnetic interaction between the electron and nuclei is much weaker than the
strong interaction, and the physics of the nucleus is easier to extract compare with the
more complicated hadron-probe system. In addition, the electromagnetic interaction
is very well understood through Quantum Electrodynamics (QED). Therefore, the
electron probe can provide the cleanest information about the nucleon and the nuclear

structure.

In electron scattering process off a nuclear target, as shown in Fig. 1-1, an electron
with initial energy £ and momentum k scatters off a nucleus of mass M, at rest. The
scattered electron is then measured by a detector package at angle 6 with scattered

energy E’' and momentum k. In the Born approximation, the process happens with



the exchange of a virtual photon v with energy w = E — E' and ¢ = k— k. And
Q* =1q1* —w (1.1)

gives the negative four momentum squared of the exchanged virtual photon.

Figure 1-1: Inclusive electron scattering in the Born Approximation.

1.2 Inclusive Electron Scattering Spectrum

Figure 1-2 shows the spectrum of scattering cross section for typical electron
inclusive scattering off a nuclear target. In inclusive scattering, only the scattered
electrons are measured by detectors.

As shown in Fig. 1-2, different nuclear response structures can be observed as the
energy loss of the electron w varies. The nuclear response structures can be classified
from low to high w as: elastic peak, nuclear excitation peaks, giant resonances, quasi-
elastic peak, contribution from meson exchange currents (MEC), A resonance peak,

higher resonances, and deep inelastic scattering (DIS).

2



Nuclear Response function
R(Q* o)

50 MeV 300 MeV w
Lepton scattering off nucleus

Giant
Resonance
A N* Total photo-absorption on a nucleus
Qz= W

Elastic

Deep Inelastic
Quasi “EMC”

& Nucleus ® W
r&’ Lepion scatiering off nucleon

7 A —
6,‘ Deep Inelastic
“QUARKS”

P - m
Q? Proton \E'{ai-y x = Q¥2My
=

Figure 1-2: Nuclear responses to electron scattering. Figure reproduced from Ref. [1].

At small values of w, the first structure seen is the elastic peak at w = Q?/2M4
where M 4 is the nuclear mass, i.e, the electron’s energy loss equals to the recoil energy
of the nucleus. When the electron’s energy loss is larger than the recoil energy, the

nucleus enters excitation states, shown as the excitation peaks in the spectrum.

When w is large enough the electron can knock out a single nucleon from the
nucleus. This corresponds to the quasi-elastic peak in the spectrum. The quasi-
elastic peak is a broad peak located slightly above w = Q*/2My, where My is the
mass of the nucleon and N can be either the proton or the neutron. The shift
of the center of the quasi-elastic peak from @Q?/2My is due to nucleon separation
energy. The width of the quasi-elastic peak is due to the motion of nucleon in the
nucleus, which is characterized by the Fermi momentum kr and magnitude of the

three-momentum-transfer |¢].

If the energy loss continues to increase, the knocked out nucleon is excited into
the A resonance state. Above the A resonance, there are higher resonances and then

the deep inelastic scattering region.

w



1.3 Elastic Electron Scattering off the Nucleon

The differential cross section of electrons elastic scattering off a nucleon target can

be expressed as:

do? a? E' (G2E +7G3,

0 0
= - 22 4+ 27G2, sin? = 1.2
dQ ~ AE?sin'(0/2) E Cos" g T AT s 2)’ (1.2)

14+7 2

where 6 is the electron scattering angle, « is the fine-structure constant, 7 is given by

o

= 1.3
Tt (13)

and Gg(Q?) and Gj(Q?) are the nucleon electric and magnetic form factors, respec-
tively. In the absence of relativistic effects, Gg(Q?) and Gy(Q?) can be interpreted
as Fourier transforms of the internal charge and magnetic moment distributions of

the nucleon p(r) and p(r), respectively:
Gel@) ~ [ o, (1.4

Gul@) ~ [ erutryir (15)

where Q? = ¢* — w2

The form factors Gg(Q?) and G/ (Q?) are connected to the Dirac and Pauli form
factors F1(Q?) and Fy(Q?):

2

4M]2VKJNF2(Q2)’ (16)

Gp(Q%) = F(Q%) +

Gu(Q%) = F1(Q%) + rnF2(Q%), (1.7)

where Ky is the anomalous magnetic moment: s, = p,—1 = 1.793 and k,, = p, —0 =

—1.913 with g the magnetic moment of the proton or the neutron.

4



1.4 Quasi-Elastic Electron Scattering

In the Born approximation, the differential cross section of unpolarized electrons

scattering can be written as:

2
d?lccifw = oy | Wa(Q? w) + 2W1(Q?, w) tan (g)} , (1.8)
where
4o cos?(6/2)
7V 1B sin'(6/2) (19)

is the Mott cross-section for electron scattering off a point-like and infinitely heavy
target. Wi and W5 are structure functions of the target. One can also separate

contributions from longitudinal and transverse polarized virtual photons:

d’c Q4 Q2
where
: 20 201
e(Q%w,0) = [1 + @tan —] (1.11)

is the virtual photon polarization, R is the longitudinal response function, and Ry
is the transverse response function of the nucleus. Eqgs. 1.10 is called Rosenbluth

formula.

The functions R; and Rt are related to Wy and W5 as:

Rr(Q% w) = 2W,(Q* w), (1.12)
and
_RL(QZaw) = WQ(Q27W) - _Wl(Q27w)7 (113)

One can interpret R; as a measure of the charge component and R; the magnetic

component of the electromagnetic current of the nucleus. For quasi-elastic scattering

5



and in a non-relativistic frame, R; can be expressed in the form:
= S W1l ol — By + E), (1.14)
f

where |i) and |f) are the initial and final states of the nucleus and p is the nuclear
charge operator:
z
H=> FP(@)e T+ (g?)e ™ (1.15)
k=1 k=1
where Z and N are the atomic and the neutron numbers of the nucleus, respectively.

In Eq. 1.15, 774 is the intrinsic coordinate operator for the individual nucleons:

A
W — 1 —
' =T — 1 g_ T (1.16)

with A = Z 4+ N the nuclear mass number. Because the charge effects of neutrons

are small and are usually neglected, we can write p as:

p=> Fl (g™ (1.17)
k=1

z

Experimentally, R;, and Ry can be extracted by measuring cross sections at a
given (Q* w) at two or more angles as follows: If one plots 5% /o versus €, the
data measured at different angles should fall on a straight line. The slope of this line

is (Q*/q*)Ryr, and the intercept is (Q?/2¢*)Ry. This technique is called Rosenbluth

separation.

1.5 Coulomb Sum Rule

The Coulomb sum rule can be used to compare experimental results with theo-
retical predictions at high enough momentum transfer. The non-relativistic Coulomb
sum |2] is defined as the integration of the ratio of the longitudinal response function

R (|q],w) to the nucleon charge form factor over the full range of energy loss w and

6



at a constant three-momentum-transfer magnitude ¢ = |q]:

Cnrlq) = /w q —Rlﬁlgg’;)") dw + AC

(1.18)
= [floli)P,
f

where F?(Q?) is the nucleon charge form factor and wy = Q*/2M corresponds to
the elastic peak. The ¢ in the integral upper limit is constrained by the virtuality of
the exchanged photon: w < |g]. AC is the contribution from outside the physically

accessible region (w > ¢), which is small except at small g.

Using Eqgs. 1.14-1.15 and the closure relation
D_INI=1, (1.19)
f

and neglecting AC' and elastic peak contribution, one can write:

CNR((]) = /wi %d&} =7 + Cg, (120)

l

where 7 is the charge number of the target nucleus and % is the two-nucleon corre-

lation function. More detailed derivation can be found in Ref. [3].

At high momentum transfer, the relativistic effects and neutron contributions can

be taken into account by using:

Gy = |GHQ7)P + (N/Z)|GH(Q%)P, (1.21)

o o 1+ Q2/4M?
GE@) = G @ T (122)

Using these new functions, another form of the Coulomb sum is defined:

Wmaz R 2
cu@) = [ +l %m, (1.23)

where



where wy.. = |q] as before. Here we define Cf, as a function of Q? instead of |q],
because )? is a Lorentz invariant.

The Coulomb sum normalized by the charge number of the nucleus Z, Sy, can be

B 1 Wmaz RL(QQ,W)

The Coulomb sum rule predicts Sy be unity when ¢ > 2kp with kr the Fermi mo-

written as:

mentum of the nucleon. There exist a few known corrections to the Coulomb Sum

Rule:

e Finite size effect: The finite size effect is due to center-of-mass motion [1][5].
In the calculation of the Coulomb Sum, the nucleon form factor should be
calculated with nucleon’s position relative to the center of mass. In the shell
model, the subtraction of the center of mass in form factor is done by Tassie-

Barker correction:

[F(Q)? = exp(q2a®/24) [Fsm (D (1.25)

where a is the length parameter of the oscillator well, A is the number of nucleons
in the nucleus, F'(§) is the corrected form factor, and Fgs),(q) is the usual shell
model form factor from shell model wave functions. This effect becomes smaller
with increasing mass number, as shown in Fig. 1-3. This correction is important

for small q.

e Pauli blocking: Nucleons are fermions, and the Pauli exclusion principle re-
quires that no two fermions can occupy the same quantum state within the
same quantum system. When calculating the Coulomb sum, the result will be
different if we neglect the anti-symmetrization property of the nucleons. Pauli
blocking is important at small |g] and negligible at large |¢]. A comparison
between with and without Pauli correlations was calculated by Lightbody using

harmonic oscillator model for 2C [7], as shown in Fig. 1-4.

e Long range correlations: In the region of low momentum transfer, the interac-
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Figure 1-3: From Ref. [6]: CSR S, divided by the proton number as a function of the
three-momentum transfer, in the harmonic oscillator model, without (broken curve)
and with (full curve) center-of-mass corrections.
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Figure 1-4: From Ref. [6]: CSR Sy divided by the proton number as a function
of the three-momentum-transfer, without (broken curve) and with (full curve) Pauli
correlations. The center-of-mass effect is not included in this figure.



tion between nucleons has a long range nature. The long-range correlation has
been studied based on the random phase approximation (RPA) [¢] [9]. The long
range correlations are effective at low ¢ and vanish at high q. The quenching

(below unity) effect on the CSR produced by RPA is shown in Fig. 1-5.

12
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Figure 1-5: From Ref. [6]: CSR divided by the proton number as a function of
the three-momentum-transfer in the harmonic oscillator model without (long broken
curve) and with (full curve) center-of-mass correlations. The short broken curve
represents the result including RPA correlations.

e Short range correlations: In the quasi-elastic region and when the incident
electron’s momentum is high enough, the virtual photon explores the medium
and short inter-nucleon distances [(]. As a result, the longitudinal structure
function is sensitive to the short range proton-proton correlations, and can cause
the Coulomb sum to quench. Short-range correlations can be calculated, for
example by modifying the short-range behaviour of the relative proton-proton

wave function through a Jastrow-type correlation:
glr) =1— e/, (1.26)

where 7 is a correlation parameter and o is the harmonic oscillator constant,

10
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Figure 1-6: From Ref. [6]: CSR divided by the proton number as a function of the
three-momentum-transfer in the harmonic oscillator model (broken curve, oy = 0.51
fm~!) and with short-range correlations included (chain curve, v = 56.1; full curve:
v = 24.9).

and r is the distance between the two protons. The effect of short range corre-

lation for *2C is shown in Fig. 1-6.

1.6 World Data

In the past thirty years, a large experimental program has been carried out at
Bates, Saclay and SLAC that aimed at the extraction of Ry and Ry for a variety of
nuclei [10]. The Bates and Saclay data allowed Rosenbluth separation to be performed
only up to ¢ = 600 MeV /c due to the maximum beam energy available(x 800 MeV).
At SLAC, only one measurement at ¢ = 1140 MeV /¢ was performed due to the
minimum beam energy available (= 900 MeV). The large uncertainty of the SLAC
data point makes it inconclusive. Overall, the longitudinal and transverse response
functions extracted with Rosenbluth separation are available for 2H, *H, 3He, *He,
2@, 19Ca, 18Ca, 5°Fe, 238U in the range 200 MeV /c < ¢ < 600 MeV.

From previous world data, it was observed that the measured transverse response

11



functions Ry are generally in reasonable agreement with model predictions. In the
kinematic region where contributions from processes such as elastic scattering, nu-
clear excitation and giant resonance are small, the agreement between theories and
experiments is good. In regions where contributions from other processes — meson
exchange current (MEC) and A excitation — are important, the situation becomes
complicated. By taking into account these contributions, theorists can still reproduce

the measured transverse response function well, see Figs. 1-7, 1-8, 1-10, 1-12 and 1-13.

For the longitudinal response function Ry, the agreement between calculation and
