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Abstract

The purpose of this text is to describe the process of deep inelastic scattering and how it
relates to the structure of the proton. The proton is modelled to consist of quarks and the
physical implications of this model for deep inelastic scattering are derived. These physical
implications are compared to experimental data and found to be mainly in agreement. Some
deviation from experiment is found and it is proposed that this is due to the presence of
gluons within the proton.



Chapter 1

Introduction

A scattering experiment in particle physics consists of directing a beam of particles towards
a target and determining the probability of deflection into particular directions. Such ex-
periments yield insight into how the two particles interact and are used to learn about the
structure of the particles involved. In 1907, Ernest Rutherford performed his famous gold foil
experiment in which alpha particles were scattered off of thin gold foil. The alpha particles
were found to scatter at unexpectedly large angles. This was the first evidence that the atom
must have a massive, positively charged nucleus. In similiar experiments at the Stanford
Linear Accelerator Center (SLAC) in 1968, electrons were scattered off proton targets and
the results of this experiment yielded evidence for the existence of quarks. The experiment
performed at SLAC was an example of a particular type of scattering experiment: deep
inelastic scattering. In this type of scattering, high energy electrons are directed towards
proton targets with a variety of final state hadrons resulting from the collision. Deep inelastic
electron-proton scattering is the subject of this thesis.

In order to discuss deep inelastic scattering some background material must first be intro-
duced. The material that will be described consists of relativistic kinematics, relativistic
quantum mechanics, and quantum electrodynamics. Utilizing this material, a model of
electron-proton scattering will be presented. This model describes the proton as consist-
ing of spin-1/2, pointlike particles called quarks. Physical implications for deep inelastic
scattering will be derived from this model, namely, Bjorken scaling and the Callan-Gross
relation. These implications will be shown to be in satisfactory agreement with experiment,
thus supporting the hypothesis that the proton consists of quarks. Furthermore, evidence
will be presented suggesting that the proton does not consist solely of quarks. An analysis of
the momenta of the quarks within the proton will reveal that they do not account for all of
the proton momentum. Thus, the proton must possess other constituents. This is evidence
for the presence of gluons within the proton.



Chapter 2

Relativistic Kinematics

This chapter will serve to introduce notation and summarize the kinematical laws that will
be utilized throughout this text.

1 Notation and Four-Vectors

A Lorentz transformation takes a vector in one coordinate representation into a new co-
ordinate system which is moving at a constant speed v relative to the original coordinate
system. In this text, it is assumed that the speed v is in the z-direction and the x axes
of the two coordinate systems coincide at ¢ = 0; such a Lorentz transformation is called a
special Lorentz transformation. These assumptions are made without loss of generality as it
is always possible to find a coordinate system such that they are satisfied.

A four-vector is a four-component object that transforms under a Lorentz transformation as
follows:

a = Ata” (2.1)

where Greek indices are assumed run from 0 to 3 and repeated indices are summed over.
These conventions will be used throughout this text. A# is the 4 x 4 matrix

¥y =6 00
—p3 00

Ay = g g 10 (22)
o 0 01



and

v 1
= -, - - 2.3
b=0 1= s T (2.3)
In the above equations, ¢ denotes the speed of light in a vacuum.
The indices of four-vectors can be raised or lowered as follows:
a, = gua”, a = g"”a, (2.4)

where g"” is a symmetric 4x4 matrix called a metric. In this text, ¢g" is defined as follows:

1 0 0 0

V 0 =1 0 0

9"=10 0 -1 0 (2:5)
00 0 -1

In three dimensions the dot product is invariant under rotations, similarly, the following
quantity is invariant under Lorentz transformations:

I=(2°)?—(2')? = (%) — (2*)* = ¢"™aua, = d'a, = a-a (2.6)

Throughout this text, both four-vectors and three-vectors will be used and so notation
distinguishing the two must be introduced. Four-vectors will always be denoted a* or, simply,
a. The square of their magnitude will be denoted a® (a will never be used to denote the
magnitude of a four vector). Three-component vectors will be denoted a; their magnitudes
will be denoted |a| or, when squared, a®.

Objects that have more than one index, such as matrices, can also have their indices raised
and lowered and undergo Lorentz transformations. This is performed by applying the rel-
evant operation once for each index. An example utilizing two-index objects is presented
below:

vl __ ANMAV AO _ v — oA
a*' = A/\AUOJ aff = gA,,a“ Guy = Guoedrva@ (27>



2 Energy and Momentum

In relativistic mechanics, the proper velocity of a particle, denoted n*, is defined as follows:

dzt

= (2.8)

n' =

where z# is an equation for the four-position of the particle. Thus, n* has the following
components:

77“ - 7(07 uwauyyuz) (29)
where u, = dz'/dt, u, = dz?/dt, and u, = dz?/dt.
The four-momentum of a particle with proper velocity n* and mass m is defined:
P = mn* (2.10)

Consequently, momentum has the following components:

P = (yme, ymug, ymuy, ymu) (2.11)

The relativistic equation for the total energy of a particle is:

E = ymc? (2.12)

Thus, the four components of p* become:

E
Pt = (;,px,py,pz> (2.13)

Exploiting the invariance of the quantity p*p,, it is possible to obtain the following equation:

E? = p*c® + (mc?)? (2.14)
Eqgn. 2.14 will be called the relativistic energy-momentum relation and is the standard
equation for determining the energy of a particle in relativistic mechanics. This equation

takes on the following form for massless particles:
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E=Ipl/c (2.15)

Eqn. 2.15 will be used frequently in future chapters.

3 Collisions

In special relativity, collisions are classified as inelastic or elastic as follows:
1. elastic - incident particles and resultant particles are the same (for example, Compton
scattering: e~ +v — e 47

2. inelastic - resultant particles and incident particles differ (for example, pair production:
Y+y—e +et)



Chapter 3

Scattering Theory

In this chapter, the theory of scattering experiments will be discussed. The differential cross
section will be defined and Fermi’s Golden Rule, which allows the calculation of differential
cross sections, will be introduced. Also, several examples of cross section calculations that
will be useful in future chapters will be presented.

1 Differential Cross Section

A differential cross section is a measurement of the probability of two particles interacting.
In a classical scattering experiment, if the incident particle passes through the infinitesimal
area do then it will scatter into solid angle df). This is depicted in Figure 3.1. The ratio of

these two terms, j—g, is the differential cross section.



b

Figure 3.1: Diagram of Differential Cross Section [1]

The differential cross section is useful as it can be determined experimentally. If a beam of
incoming particles having uniform luminosity £ is directed towards a target then the number
of particles crossing do per unit time is dN = Ldo. Thus:

do do 1 dN
dN = Ldo = L——df) - = = 3.1

ds2 asy L dS2 (3.1)
Both £ and % are easy to determine experimentally. In quantum mechanics, results of
measurements must be expressed statistically and so the differential cross section must be
redefined: the differential cross section is the probability of observing a scattered particle to
be in a particular quantum state per unit solid angle.

2 Fermi’s Golden Rule

Fermi’s Golden Rule allows for the calculations of probabilities of transitions; it possesses
many forms. In the particular case of scattering, with particles 1 and 2 colliding producing
particles 3,4, ...,n, Fermi’s Golden Rule is [1]:

do = |M’24\/<p1 ,pz;bzf (amac?)? K(Q:;zgzg) ((Q;C;Zgz) ((207:;;312);371)]

x(2m)*6 (p1 + p2 — p3 ... — D) (3.2)



where p;, p;, E;, and m; are the four-momentum, three-momentum, energy, and mass of
particle i, respectively; S is a statistical factor for each group of j identical particles in
the final state and S = 1/;!; d®p = dp, dp, dp.; and M is the amplitude of the scattering
process.

Typically, it is only the angle of ps that is of interest and so all of the other momenta and
|ps| are integrated over. In the next section, Eqn. 3.2 will be applied to particular examples.

3 Examples

In this section two useful examples of collisions will be worked out: two-body scattering in
the center of mass frame and in the laboratory frame.

3.1 Two-Body Scattering: Center of Mass Frame

The differential cross section for two-body scattering in the center of mass frame will now
be determined. The process is:

142 —3+4 (3.3)

For two-body scattering, Eqn. 3.2 becomes:

K2S cd’ps cd’py
do = | M|? ( )( >27T454 + Dy — p3 —
M| 4\/(p1 Tp2)? — (mimac)? (2m)32F; (27)32F, (2m)"0" (1 + P2 — p3 — Ppa)
(3.4)
but it can be shown that:
V(p1-p2)? — (mimac?)? = (Ey + Es)|p1l/c (3.5)

and the delta function can be rewritten:

Ey+FEy,—FEs— Ey
c

§*(p1+pa—p3—ps) =9 ( ) §*(p1+Pp2—P3—P4s) = 0°(—p3s —p4) (3.6)

The last step can be made because, in the center of mass frame, p; + p2 = 0. Substituting
Eqn. 3.5 and Eqn. 3.6 into Eqn. 3.4 and simplifying yields:

8



do — <hC)2 S|M|ZC d3p3d3p45 E1+E2+E3+E4
N (

ne 03 (ps + 3.7
87 ) (Ei1+ E)|lpi| E3E, ) (P + ) (3.7

C

The energies can be expressed in terms of the three-momenta through the use of Eqn. 2.14.
Also, the p4 integral can be carried out; this has the effect of switching each ps with —ps.
Consequently, Eqn. 3.7 becomes:

do = (E)Q 51|'/\/l|20 (El/c + EQ/C — \/m362 + p3 \/m4c2 + p3 d3 (3 8)

87 ) (E1+ Ey)|pil Vm3c + p3y/m2c? + p3 .
A change of coordinate system can now be applied: d®p3 = p2dpsdQ). As the angular
dependence of |M|? is unknown, it is not possible to carry out the angular integration and
so df? is brought to the other side of the equation. Thus:

d_a_(E)Q Sc /°°|M|25(E1/0+E2/c—\/m§+p3 Vmic +pj p2 d|ps|
dQ \8r/) (E1+ Ey)|pi V/mZ + p2y/mic? + p3
(3.9)

To perform the integration, a change of variable is made. Let:

E=c (\/mgc2 +p3 — \/mZCQ + pg) (3.10)

Therefore:
FE
aE = P dlps| (3.11)
Vmie® + pi/mic? + p}
and so:
do B\ 2 Sec P3|
B R L — MI?6(E,/c+ E —F dFE 3.12
ds2 <87T) (Er + E2)lp1| Jo | OBy fc-+ Buyfe— Efe ) (312)
Pulling —1/¢ out of the delta function:
do hic\ S > ||
= =) - MI?6(E — (E, + E dFE 3.13
6= (5) [, e - s (319)
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Carrying out the integration yields the final equation:

do <hc)2(SIMI2 [ps| (3.14)

Q@ \87) (B + E)?|pi]
It should be noted that carrying out the final integral was the same as enforcing conservation
of energy. In Eqn. 3.14, |ps| is the particular value of the momentum of particle 3 that is
consistent with conservation of energy. |M|? now depends only on the angle of scattering.

3.2 Two-Body Scattering: Laboratory Frame

The calculation for determining the two-body scattering differential cross section in the
laboratory frame is very similiar to the calculation in the center of mass frame. To simplify
calculations, it will be assumed that the collision is elastic and the target particle, particle
2, is at rest. Thus, m; = m3 and mo = my and py = 0. The process is:

142 —>1+2 (3.15)

Once again, the starting point is Fermi’s Golden Rule for two-body scattering, Eqn. 3.4.
However, in this case:

\/(291 - p2)? — (mymac?)? = ma|p1|c (3.16)
Thus, Eqn. 3.4 becomes:
h2S cd’p cd’p
2 3 4 454
- 2 ~ps— 1
do = M| dma|pic ((27r)32E3) ((27r)32E4)( TV Pt e = s = ) (3.17)

As in the center of mass frame example, it is then possible to rewrite the delta function and
integrate over ps. Subsequently, a change to spherical coordinates can be made to separate
the magnitude and angular dependence of pz. Finally, a change of variables to implement
conservation of energy can be made and the final integration carried out. The final result is:

do _ (E)Z p3SIMJ” (3.18)
ds 81 ) ma|p1|{|ps|(E1 + mac?) — |p1|E5 cos(0)} '

In the case that the target is very heavy, msoc? > Ei, the recoil of particle 1 can be neglected.
Thus, |ps| ~ |p1|. From this, it can easily be shown that Eqn. 3.18 reduces to

10



do Ao\,
o (87ngc) M (3.19)

There is another special case that is of interest. If the incident particle is massless, m; = 0,
Eqn. 3.18 can be shown to simplify to:

do hEs \° .
— = S E— 2
dQ 5 (87rmch1) M (3:20)

In obtaining Eqn. 3.20 the following equation, which is a consequence of conservation of
four-momentum, was used:

m2E102 = E1E3 + m2E3C2 - E1E3 cos (321)

11



Chapter 4

Quantum Electrodynamics

1 The Dirac Equation

In non-relativistic quantum mechanics, the time evolution of wave functions is dictated by
the Schrodinger equation:

B, B
—5 -V VY = By (4.1)

In relativistic quantum mechanics, the evolution of wave functions is governed by three
different equations, based on the spin of the particle being described. Spin-0 particles are
governed by the Klein-Gordon Equation, spin-1 particles are governed by the Proca equation,
and spin-1/2 particles are governed by the Dirac equation. It is spin-1/2 particles that are
primarily of interest in this work and so it is the Dirac equation that will be used. The Dirac
equation for free particles is:

iy 0y — mep =0 (4.2)

where 0, = a% and the v are 4 x 4 matrices called the gamma matrices. There are several

sets of equivalent gamma matrices; in this work, the following set will be used:

(o 4) (D) 43

where the o(i = 1,2, 3) are the Pauli matrices, 1 is the 2 x 2 identity matrix and 0 is a 2 x 2
matrix of zeroes. It is also possible to define a fifth gamma matrix:

12



. 0 1
7 =iy = ( 0 ) (4.4)

Despite the notation, +*, the gamma matrices are not four-vectors. They are simply a
collection of four fixed matrices; much like the Pauli matrices, they do not transform under
changes of coordinates. However, it is possible to raise and lower the indices of the gamma
matrices as is done with four-vectors: v, = g, 7"

As the v* are 4 x 4 matrices, 1) must be a four-element column matrix:

(&

_| ¥

V4

Although 1 is an object with four components, it is not a four-vector; rather it is what is
called a “bi-spinor” or “spinor”. A bispinor, v, transforms under a Lorentz transformation
as follows:

' =S5y  where S= ( aa+ - ) (4.6)

_01 a4

and ay = £4/3(y£1). Note that S is a 4 x 4 matrix. It is desirable to construct a Lorentz

invariant quantity out of the components of a bispinor. The previously discussed Lorentz
invariant equation, Eqn. 2.6, does not work. However, the following quantity does:

Vi =M% = [P+ [af® — [¢s)* = [yaf*  where ¢ =T’ (4.7)

It is simple to prove that 1) is invariant:

(W) = (@)1 = 915105y = g (4.8)

In this proof the fact that ST%S = ~° has been utilized; this is easily demonstrated.
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2 Plane Wave Solution to the Dirac Equation

Plane wave solutions to the Dirac equation will now be sought. The motivation for this
is that these solutions have specific energy and momentum and these observables can be
controlled in an experiment. Plane wave solutions have the form:

Y(x) = ae”MTPy(p) (4.9)
where u(p) is a 4 x 1 matrix. Substituting ¢ (z) into the Dirac equation yields
aih%y“pue’(i/h)x'pu — meae”MTPy = ( (4.10)
Therefore

(v"pu —mec)u =0 (4.11)

Eqn. 4.11 is called the momentum space Dirac equation. This equation has the following
solutions [1]:

1 0
) 0 @) 1
(2 (E7 p) = N CPz ) U (E7 p) = N C(pz—ipy)
E+mc? E+mc?
c(pz+ipy) c(—p=)
E+mc? E-+mc?
C(pw_ipy) CPz
E+mc? E+mc?
. c(=p=) ) c(pztipy)
vD(E,p) =N E+6nc2 v (E,p) =N B et (4.12)
1 0

where NN is a normalization constant. By convention, these spinors are normalized as follows:

2|F
oty = 2E (4.13)
c
Using Eqn. 4.13, it can be shown that N = M

14



Eqn. 4.12 presents a complete set of solutions to the momentum space Dirac equation: u()
and u® represent two different spin states of a spin-1 /2 particle and v and v® represent
two different spin states of a spin-1/2 antiparticle. It should be noted that v and v are
not solutions to the momentum space Dirac equation in the form of Eqn. 4.11. Rather, they
are solutions to this equation with the sign of p, reversed:

(Y'pu +mc)v =0 (4.14)

One final fact regarding the spinors u and v, which will be stated but not proven, is that
they are complete:

> ua) = (yp, +me), > w90 = (3#p, = me) (4.15)

s=1,2 s=1,2

3 Feynman Rules for Quantum Electrodynamics

As previously discussed, determining the differential cross section of a particular process
requires the amplitude, M, of that process. The amplitude of a process can be calculated
through the use of Feynman diagrams. For any given process there are an infinite number of
corresponding Feynman diagrams. Each diagram contributes one term to the amplitude of
the process. This term is called the amplitude of the diagram and is also denoted M. Each
vertex in the diagram contributes a factor of \/a, the fine structure constant, to the diagram
amplitude (cf. Feynman Rule 3, below). The number of vertices in a diagram are said to
be the diagram’s order. As the fine structure constant is a small number, it is possible to
determine the amplitude of a process to an arbitrary precision by keeping only diagrams up
to the particular order required to obtain that precision.

The Feynman rules for calculating the amplitude of a Feynman diagram involving quantum
electrodynamics will now be presented. The rules will be stated in terms of electrons and
positrons but hold for all spin-1/2 fermions. Although not previously discussed, photons
will also be included: internal photon lines do not necessitate any further mathematics,
however, external photon lines require the use of the photon polarization vector, €. No
processes discussed in this text will involve external photon lines and so no discussion of
photon polarization will be presented; rules pertaining to external photon lines are included
purely for the sake of completeness. For an example of a Feynman diagram, see Fig. 4.1.
The Feynman rules for calculating the magnitude of a diagram are [1]:

1. Notation. Label the incoming and outgoing four-momenta py, ps, . . ., p, and the corre-
sponding spins si, Ss ..., S,. Label the internal four-momenta ¢, go, . ... Directions are

15



assigned to the lines as follows: the arrows on external fermion lines indicate whether
it is an electron or a positron - electrons point forward in time, positrons backward;
arrows on internal fermion lines are assigned so that every vertex has at least one arrow
entering and one arrow leaving. The arrows on external photon lines point forward in
time; the choice of direction for internal photon lines is arbitrary.

. External Lines. Incoming electrons contribute a factor of u; outgoing electrons a
factor of w. Incoming positrons contribute v; outgoing positrons v. Incoming photons
contribute €* and outgoing photons contribute e** where, as previously mentioned, €
is the photon polarization vector.

Vertex Factor. Each vertex contributes a factor of
igeY"

Where ¢. is a dimensionless coupling constant defined as g = —Q+v4ma. In this
equation, @ is the charge of the particle (rather than the antiparticle) of the particle-
antiparticle pair forming the vertex, in units of the positron charge. Thus, for an
electron-positron vertex (the third constituent being a photon), @ = —1 and so g. =

Vara.

. Conservation of Energy and Momentum. Each vertex contributes a delta function of
the form

(27’(’)45(k’1 —I— k?g —|— ]{53)

Where the k; are the four-momenta of the three constituents of the vertex. If a particle
is entering the vertex it’s k; is simply its four-momentum; if a particle is leaving the
vertex its k; is the negative of its four-momentum.

. Propagators. Each internal line contributes a factor, called a propagator, as follows

(g + mc)

Electrons and Positrons: 5 -
q> — m?c

Photons: zg#
q

. Integrate Over Internal Momenta. Each internal momentum, ¢, contributes a factor:
d*q
(2m)*

Internal momenta must then be integrated over.

. Cancel the Delta Function. The result will include a factor

@m0 (pr +p2+p3+ ... —pn)

corresponding to overall energy-momentum conservation. Cancel this factor.

16



What remains is a product of several factors. Equate this product to —iM, where M is the
magnitude of the diagram being considered.

Processes can typically be described by many different diagrams. In order to obtain the
amplitude for the process the amplitude for each individual diagram must be combined.
Typically, the diagram amplitudes are simply added up to obtain the amplitude of the pro-
cess, however, one additional rule must be added in the case of diagrams which differ only in
the exchange of two identical external fermions. This is to account for the antisymmetriza-
tion of fermion wave functions:

8. Antisymmetrization. A minus sign must be inserted into one of the diagram amplitudes
when combining diagrams that differ only in the exchange of two identical incoming or
outgoing fermions or an incoming electron with an outgoing positron (or vice versa).
It does not matter which diagram receives the minus sign as the total amplitude must
be squared before it is used in Fermi’s Golden Rule.

4 Feynman Rules Example

The Feynman Rules will now be applied to electron-muon scattering. Only diagrams up to
second order will be considered. The process is:

e+ pu —e +u (4.16)

Only one second-order diagram contributes to this process; it is displayed in Fig. 4.1.

Figure 4.1: Feynman Diagram of Electron-Muon Scattering|[1]

Applying the Feynman rules to Fig. 4.1 yields the following factors:

17



1. The outgoing electron yields a factor @(*?)(ps)

2. The electron-electron vertex yields a factor of 7g.y*

3. The incoming electron yields u(51)<p1)

4. The internal photon contributes the propagator %

5. The outgoing muon contributes 0(54)(194)

6. The muon-muon vertex yields ¢g.v"”

7. The incoming muon contributes U(SQ)(p2)

8. The electron-electron vertex contributes a delta function (27)*6*(p; — p3 — q)

9. The muon-muon vertex contributes a delta function as well (27)*6%(py + q — pa4)

10. There is only one internal momentum, ¢, and this contributes ((21?)14' This momenta

must be integrated over.

Multiplying all of these factors together yields:

(27)* / [ (ps) (igey* )ul™ (p1))] —Zgzw (@) (pa) (iger” )u? (p2)]6* (1 —ps—q)0* (pa+a—pa)d’q

Performing the integration, as per Feynman rule 6; dropping the resulting delta function
term (2m)*6*(py + p2 — p3 — p4), as per rule 7; and equating to —iM yields:

;2

R [ (p3)y"ul) (p)][a (pa) 7,0 (p2)]

(pl —P3

Thus we can determine the amplitude of the diagram:

M = ﬁ[5(83)(p3)’y“u(51)(p1)][ﬂ(s4)(p4)”yuu(32)(p2)] (4.17)
Squaring:
MP = a0 a0 O ) (@)

18



5 Casimir’s Trick

As described in Section 3, in order to calculate the amplitude of a Feynman diagram, it is
necessary to know the spins and momenta of the incoming and outgoing particles. However,
often these quantities are not known. Experiments typically send in particles with random
spin and only measure the number of particles scattered in a given direction, not the spin of
the scattered particles. Thus, initial spin configurations, ¢, must be averaged over and the
final spin configurations, f, must be summed over:

(|M|?) = average over initial spins, sum over final spins, of |[M(i — f)|* (4.19)

(|M]?) could then be used in place of |M|? in the calculation of the magnitude of a process.
One method of determining (|M|?) is calculating every possible |[M (i — f)|* and averaging
over initial spin states and summing over final spin states. However, there is a technique
which allows this to be done much more efficiently; this technique, called Casimir’s Trick, is
described below.

As can be seen in the amplitude for electron-muon scattering, Eqn. 4.18, amplitudes contain
terms of the form

G = [u(a)Tyu(b)][u(a)Tau(b)]” (4.20)

where I['; and I'y are 4 x4 matrices. It is possible to utilize this form to simplify the calculation
of (|M|?). First, the complex conjugate is evaluated:

[G(a)Tou(d)]* = [u(a)™y°Tyu(b)]' since LHS is a 1 x 1 matrix
= u(b)'TMu(a)
= u(b)ly OF; u(a) since 7% = 4% and (7°)* =1
= u(b)Tyu(a) where Iy = ~°T14°

Therefore

G = [u(a)Tyu(b)][u(b)Tau(a)] (4.21)

Summing over the spin orientations of particle b

19



Y G = a@Ty | Y u(p)at (p)| Tau(a) but using Eqn. 4.15

b spins sp=1,2
= a(a)l1(pp + myc)Cau(a) where gy, = 7"p,
= u(a)Qu(a)  where @ =T (pp + myc)To

Summing over the spin orientations for particle a

DD G = D a(p)Qut (p,)

a spins b spins Ssq=1,2

Or, writing the matrix multiplication explicitly

= > @l (pa)Qiut™ (pa);

sa=1,2

= Q; Z u®) (pa)a® (pa)

Sq=1,2
= Qij(Pa +mac)ji
- TT(Q(% + mac>>

Ji

Where T'r denotes the trace of the matrix. The definition of the trace and several theorems
involving it can be found in the attached appendix. Thus, our final result is:

S fu(@) T ru(®)fa(@)Cau(®)]” = Tr{Cy (s + msc)Cap, + mac)] (4.22)

all spins

Spinors have been eliminated from the calculation. If either p is replaced by a v in Eqn.
4.22 then the corresponding mass on the right hand side switches sign.

Casimir’s trick will now be applied to the example of electron-muon scattering. Comparing
the amplitude of electron-muon scattering, Eqn. 4.18, to the equation for Casimir’s trick,
Eqn. 4.22, reveals that I'j = 4* and I'y = 7¥. Therefore, I'y = 799*T74? = 4¥. The last step
utilized the fact that y°y#T74® = 4, which is easily proven. Thus, applying Casimir’s trick
twice to Eqn. 4.18 and multiplying by 1/4 to obtain the average:

4

(IM]?) = WTTW(% + mec)y” (Ps + mec)| Tr[vu (P + munc) o (Pa + mme)] (4.23)
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where m, is the mass of an electron and m,, is the mass of a muon.

Trace theorems can now be used to simplify Eqn. 4.23:

Triy"(pr + mec)y” (ps + mec)] =
Tr(y"piy"ps) + mec Tr(vpry”) + Tr(v"y ps)] + (mec)*Tr (") (4.24)

Eqn. 4.24 utilized the fact that the trace is linear, which is stated in Eqn. A-2 and Eqn.
A-3 in the appendix. By Eqn. A-5, the terms in square brackets are zero. Eqn. A-7 can be
applied directly to the last term to simplify it.

The first term is simplified as follows:

Tr(v*py'ps) = (p1)a(ps)eTr(7#v*4"7)
= (p)aA(p3)o4(g"g" — ¢" 9" + g"°g™)  using Eqn. A-8
= Alpips — 9" (; -pg) + p3pY] (4.25)
Thus:
Tr(y"(pr + mee)y” (ps + mec)] = Alpipy + pipt + g (mZc® — py - ps)] (4.26)

The second trace in Eqn. 4.23 can be determined in the exact same manner, with m, — m,,,
1 — 2,3 — 4, and the Greek indices lowered. Thus

Tr[yu(p2 + M)y (Pa + mnc)] = Alpoppay + Papb2w + G (M@ — pa - pa)] (4.27)

Substituting Eqn. 4.26 and Eqn. 4.27 into Eqn. 4.23 yields

(MP) = %mg R+ g (3 — pr - )
X [popPav + PapPay + Gu(M2,% — pa - pa)]
= ) )+ G )
(o1 ) () — (pa - i) (mec)? + 2Amemn?)] (4.28)
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6 Cross-section of Electron-Muon Scattering

Using Fermi’s Golden Rule and the techniques for determining amplitudes discussed in the
preceding sections, it is now possible to determine the cross-section for an actual process.
The example that will be considered is electron-muon scattering. The calculation will be
performed in the lab frame, assuming the muon is at rest. Also, m,, > m, and so the
relevant cross-section formula is Eqn. 3.19:

do B\’
s (87rmmc) (M)

As discussed in Section 3.2, in such a situation the recoil of the lighter particle is negligible.
Thus, the four-momenta are:

p1=(E/c,p1) p2=(muc,0) ps=(E/c,p3s) ps= (myc0) (4.29)

where labels 1 and 3 denote the incoming and outgoing electron, respectively, and 2 and 4
denote the incoming and outgoing muon. Recall that |p;| ~ |ps| = |p|. Using the above
facts, it is simple to demonstrate the following equations:

(p1 —p3)* = —4p’sin®(0/2)
(pr-p3) = mic*+ 2p”sin®(0/2)
(p1-D2)(P3 - Pa) = (P1-Pa) (P2 - P3) = (mmE)2
(p2-p1) = (M)’

where 6 is the angle between p; and ps. Substituting these equations into Eqn. 4.28 yields
(MP) = (200 ) 0 + 92 cos(0/2) (4.30)
p2sin?(0/2) ‘ '
Substituting Eqn. 4.30 into the equation for the cross-section, Eqn. 3.19:
d ) m? + pcost(0)2)] (4.31)
— = — MmeC oS )
dQ 2p2sin?(0/2) p

This equation is called the Mott formula. It can be used to approximate the differential
cross-section for electron-proton scattering in some energy regions. If the incident electron
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is non-relativistic, p?> < (m.c)?, then the Mott formula can be shown to reduce to the
Rutherford formula:

:il—g - (2mv2 s?;(e/z))z (4.32)
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Chapter 5

Electron-Proton Scattering

1 Elastic Electron-Proton Scattering

If the proton were a point-like particle then electron-proton scattering would be the same
as electron-muon scattering but with the muon charge and mass replaced by the mass and
charge of the proton. By analogy with electron-muon scattering, the spin-averaged amplitude
of the process would be:

4
e 7 uv
<|M|2> = ELngectronLHV proton (5]‘)
where ¢ = p; — p3 is the momentum of the virtual photon and
Lietron = 2[P1p5 + D5PY + ¢ (mZc® — p1 - p3)] (5.2)

L, uproton would be the same but with m. — m,,, 1 — 2, 3 — 4, and Greek indices lowered.

P

Figure 5.1: Elastic Electron-Proton Scattering [1]
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However, the proton is not a point particle and how the proton interacts with the virtual
photon is unknown, as is indicated in Fig. 5.1. Thus, L., proton must be replaced with the
unknown K, proton-

There are some restrictions on K, proton, however. It must be a second-rank tensor and can
only depend on the variables ps = p, p4, and ¢ as these are the only variables present in the
problem. Furthermore, ¢ = py — p and so the three variables are not independent - one of
them can be eliminated; conventionally, it is ps. A second-rank tensor can depend on two
variables in only the following ways:

K, Ky K,
pip” + q"q" + p'q” +p’q" 5.3
G s L s e ) 63

K" = —Kig" +

proton

Where the K; are unknown functions. Factors of 1/(m,c)* have been introduced to ensure
that the K; all have the same dimensions. It could also be possible to add a term proportional
to the antisymmetric combination (p*¢” —p¥¢*) but Lf . is symmetric and so such a term
would not contribute to (|M]?). The only scalars available for the K; to depend on are ¢,
p?, and ¢ - p. However, p*> = m,c? is a constant and, using conservation of four-momentum,

it is simple to demonstrate the following equation:

q-p=—q"/2 (5.4)

Therefore, the K; must be functions of ¢? only. The K; are also limited by the following
equation, derived from conservation of charge [2]:

K" =0 (5.5)

Contracting Eqn. 5.5 separately with ¢, and p, yields, after much algebra, two equations:

2 1
() e L, = 5 (5.6)

K. =

Thus, K* depends on only two unknown functions of ¢2, K; and Ko:

v q"q” K 1 1
K" =K, —¢" gt ) (pY o+ 2g” 5.7
proton 1( g + Z ) + (e (p + 54 ) (p + 54 (5.7)

K, and K, are called form factors. It is possible to determine them experimentally as they
are related to the elastic electron-proton scattering cross section. This will now be shown.
Substituting Eqn. 5.7 into Eqn. 5.1 in place of L, proton yields, after much algebra:
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2 2
e

(M) = (2;’2 )2 {Kl[(pl pa) — 2(mec)?] + Ko % + qﬂ} (5.8)

Using Eqn.5.8 and the appropriate differential cross-section equation, it is possible to de-
termine the differential cross section for elastic electron-proton scattering. The calculation
will be performed in the lab frame assuming the target proton is at rest. The collision will
be assumed to be moderately energetic, £, > m.c?, so the mass of the electron can be
neglected, m; ~ 0. It should be noted that this assumption is distinct from the assumption
used in Mott’s equation, which was F; < mtargetCQ. Thus, the relevant four-momenta are:

p1 = E1/C(1,f)1) P2 =p= (mpca 0) b3 = ES/C(laf)?,) (5-9)

The amplitude can be simplified as follows:

2\ _ gec .2 2
(IM|?) = 1E, By sin(0)2) [2K; sin®(0/2) + Ky cos(0/2)] (5.10)

where 0 is the scattering angle, the angle between p; and p3. The appropriate cross-section
equation is that for a massless incident particle in the lab frame, Eqn. 3.20. Substituting
the amplitude equation, Eqn. 5.10, into this cross-section equation yields:

- <4mpEljiZz(9/2)) %Wl SIn(0/2) + K cos'(0/2) (5-1)

It should be noted that Ej3 is not an independent variable, it is determined by conservation
of four-momenta. Eqn. 5.11 is known as the Rosenbluth formula. Thus, by measuring the
number of particles scattered into a particular solid angle and determining the differential
cross section, it is possible to determine the form factors K7 and K,. The form factors will
not be discussed further as they have been sufficiently developed for the purposes of this
text, however, it should noted that the form factors are a popular subject of investigation in
themselves as they yield information about the charge distribution within the proton.

It is possible to find form factors such that K* reduces to the equation for a muon, Eqn.
4.27. Tt is easy to demonstrate that the following Ky and K, are sufficient:

K, = —¢, Ky = 4(myc)? (5.12)

These form factors would accurately describe the proton if it was a point particle, however,
it is not and so such an approximation would be a poor one. However, Eqn. 5.12 will prove
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useful in the discussion of deep inelastic scattering.

2 Inelastic Electron-Proton Scattering

At sufficiently high energies scattering an electron off of a proton may yield a variety of
hadrons; such a scattering process is inelastic:

e +pt—e +X (5.13)

where X denotes the various other hadrons that can result from the collision. A second-order
Feynman diagram of the process can be found in Fig. 5.2

Photon

Electron Proton

Figure 5.2: Inelestic Electron-Proton Scattering [1]

Much like with the elastic scattering case, the spin-averaged amplitude of the process for a
given final state, X, is:

4
e v
(M) = ELZlectronKlW(X> (5.14)

where K, is an unknown quantity describing the interaction between the virtual photon,
the proton, the the outgoing hadrons. K, must depend on ¢ = (p1 — p3), p2 = p, and
the momenta of the other outgoing particles. The scattering cross section is determined by
Fermi’s Golden Rule, Eqn. 3.2, with S =1 and |[M|? — (M ?):
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v = e () (k) (7%

X (2m)*6* (p1 + p2 — ps - - — Pn) (5.15)

Typically, it is only the scattered electron that is detected. Therefore, all of the possible
final hadron configurations must be summed over and the momenta of all other scattered
particles integrated over. Such measurements are called inclusive. Thus, the cross section
for inclusive scattering becomes:

do =

WgiL ( cdpy
(

4dam, W, 5.16
492\/(171 -p2)2 - (m1m202)2 277)32E3) e ( )

where

W = o 2 [0 (55) - ()
x (2m)*(2m) 6 (p1 + p2 — 3. . — Pn) (5.17)

Once again calculations will be performed in the lab frame with an incoming electron striking
a proton at rest. The electron is assumed to be moderately energetic, F; > m.c? therefore
it can be assumed that m; = m, = 0. Thus, \/(pl - p2)? — (mymac?)? = my,E;. Changing
to spherical coordinates, d®ps = |p3|*d|p3|df?, and performing a change of coordinates to
energy using |ps| = Es/c reduces Eqn. 5.16 to:

do ah E3
== ) =L"W,, 5.18
dEsdS2 (ch) E, a (5.18)

Unlike in the elastic scattering case, Fs5 is not determined by conservation of momentum as
the extra hadrons resulting from the collision can carry away various amounts of momentum.
Thus, what must be considered is the differential equation in a particular energy range dEsj,
as shown in Eqn. 5.18.

As before, W, must be a second rank tensor constructed out of ¢ and p as follows:

Wy W3 Wy
WH = —Wp g i Ha i+ pr g 5.19
19" + ot + AR + (mpc>2(p ¢ +p"q") (5.19)
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where the W; must be functions of ¢2, p?, or ¢-p. As in elastic scattering, p? is a constant and
so can be disregarded. In elastic scattering, it was also possible to disregard ¢ - p, however,
due to the fact the total momentum of X is not constrained as it was before, pg = pj = m2¢?,
it is not possible to find a relation connecting ¢? and ¢ - p. Thus, the W; must be functions
of ¢ and ¢ - p.

Due to gauge invariance [2], the W; have the following constraint:

W =0 (5.20)

From which the following equations can be derived, with much difficulty:

2 . 2 .
Wy = (m;j) Wi + (%) Wo,  Wi= —(qqf)m (5.21)

Therefore, Eqn. 5.19 reduces to:

n v Ww- i 2
W =y (—gm L) 2 e (LB e
q* (mypc)? q*

P+ (%)2 q”] (5.22)

Wi(q?%, q-p) and Wa(q?, ¢+ p) are called structure functions. Substituting Eqn. 5.22 into Eqn.
5.18 and performing much simplification yields:

dEdim B (ﬁh(ep) ) [2W7sin®(0/2) + W cos™(0/2) (5.23)

Eqgn. 5.23 is the fundamental result for inelastic electron-proton scattering. Using this
equation, it is possible to determine W, and W5 from scattering experiments.

As was previously mentioned, W, and W, are functions of ¢? and ¢-p, however, it is convenient
to define a new variable, called Bjorken x and defined x = —¢*/(q - p). Thus, Wy and W,
can be made to be functions of ¢? and x rather than ¢? and ¢ - p.

Elastic scattering can be considered a special case of inelastic scattering, where p2.., =
micQ. Thus, it should be possible to find a W; and W5 such that Eqn. 5.23 reduces to the
Rosenbluth formula, Eqn. 5.11. It can be shown that the following W; and W, are sufficient:

_Kip(¢?)
2mypq?

Wia(¢* z) = §(z—1) (5.24)
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where E3 must be integrated over to obtain the Rosenbluth formula. It should be noted that
the delta function in Eqn. 5.24 demands that x = 1. This is logical as x = —¢?/(q¢-p) = 1
implies that ¢-p = —q?/2, which is the relationship between ¢* and ¢-p for elastic scattering,
Eqn. 5.4.

It was previously noted that the K; took on a particular form if the proton was assumed to
be a point particle, expressed in Eqn. 5.12. Substituting these form factors into Eqn. 5.24
yields the equation for the W; if the scattering is assumed to be elastic and the target is a
point particle of mass m:

1
Wi=godle 1), Wo=—=d(r 1) (5.25)
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Chapter 6

Deep Inelastic Scattering

Having derived equations for the differential cross section of electron-proton scattering, it is
now possible to develop a physical model for the W; and compare it to experimental data.

1 The Quark Hypothesis

It is now proposed that the proton is composed of pointlike, spin-1/2 particles - quarks;
this is the quark hypothesis. If this hypothesis is true, at sufficiently high energies it should
be possible to model inelastic electron scattering off a proton as the sum of several elastic
scatterings with free quarks. Electron-proton scattering at these energies is called deep in-
elastic scattering. In this section, the implications of this hypothesis for the proton structure
functions will be investigated.

As was discussed previously, when the target is assumed to be a point particle and the scat-
tering is elastic, the structure functions take on the form expressed in Eqn. 5.25. Substituting
in the mass and charge of a quark of flavour 7, these equations become:

i ? i 2m;c? ?
Where m; is the mass of the quark, p; is the quark’s momentum, and x; = —¢?/(q - p). Here,

Q; is the charge of the quark written in units of the positron charge; thus, ); for an up quark
is 2/3 and for a down quark is -1/3. @; would typically be included in the vertex factor, as
per Feynman Rule 3, however in this case it is included in the formulae for the W;; this is
to leave the equation for the cross section, Eqn. 5.23, unchanged.

Suppose that z; is the fraction of the proton four-momentum carried by the target quark:
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Di = Zip (6.2)

Therefore, since p; = m7c® and p* = m2c*:

mi = ZiMy (6.3)
This implies that x; = x/z;. Thus,

2

XS — 2 i
2mp (x ZZ)’ W2 q

2mp

Wi = ’5( - i) (6.4)

Let fi(z;) be the probability that the ith quark carries fraction z; of the incident proton
momentum,p. To obtain the structure functions of the proton, all of the quark flavours must
be summed over and the z; integrated over. Thus:

> Qi filx) (6.5)

i

mzzz/ %ch< ) filz) = mﬁ S (69)

o= O (e — 2) (=) =

0 2my, 2mp

Therefore, it is possible to define:

FW)EWWF%Z@M@ (6.7

5
=
I

Wy = mZQQfZ (6.8)

2m c2x

Therefore, in energy regions where the quark hypothesis holds the structure functions W (¢?, )
and Wy(¢?, =) reduce to the the new functions, Fj(z) and Fy(x). Restated, the quark hy-
pothesis implies that there is an energy region where the functions F; and Fj, as defined
in Eqn. 6.7 and Eqn. 6.8, become independent of ¢>. This phenomena is called Bjorken
scaling.

Furthermore, comparing Eqn. 6.7 and Eqn. 6.8 reveals a relation between the two new
functions Fi(x) and Fy(x):
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Fy(x) =2z F(2) (6.9)

Eqgn. 6.9 is called the Callan-Gross relation. This relation implies that the point-particle
that the electron is colliding with within the proton must have spin 1/2. If the target particle
had spin-0 rather than spin-1/2 then the relation would be % = 0 [1]. Substituting Eqn.
6.7, Eqn. 6.8, and Eqn. 6.9 back into the relevant differential cross section equation, Eqn.
5.23, yields

do - Fl(flf) ah 2 2E1E3 2
5w = e (Bam) | @B ) (6:10)

Thus, the differential cross section is now dependent on only one unknown function, Fi(x).
As shown in Eqn. 6.7, determining Fj requires that the f;(x) be known. Determining the
fi(z) will be the subject of Section 3 of this chapter.

The most obvious benefit of Bjorken scaling and the Callan-Gross relation is that they have
simplified the equation for the differential cross section, making it depend only one unknown
function of one variable. However, they also provide an experimental test by which the
quark hypothesis can be tested. Whether or not these predicted phenomena correspond
with observation will be the subject of the subsequent section.

2 Experimental Evidence for Bjorken Scaling and the
Callan-Gross Relation

Bjorken scaling advances that there must exist some range of energies for which the functions
F; and F, are independent of Q% = —¢%. Displayed in Figure 6.1 is an experimental plot of
F; versus QQ? for various values of x. As can be seen from this plot, at x = 0.14 the plot is
approximately a flat line, demonstrating that F} is independent of 2 in this region. This
is evidence of Bjorken scaling. It must also be noted that, at higher values of x, the Q?
dependence of F; returns. This phenomenon, known as Bjorken scaling violation, is due to
the presence of gluons in the proton. Gluons will be discussed further in the next section.
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Figure 6.1: A plot of F5. The data in each x-series has been scaled by the number in

parentheses to separate the values. Error bars represent statistical uncertainties, solid lines
systematic uncertainties. [3]

Displayed in Fig. 6.2 is an experimental plot of % versus x. If the Callan-Gross relation,
Eqn. 6.2, holds then the plot should be a constant with a value of 1.
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Figure 6.2: A plot of 2xF;/F,. The Callan-Gross relation holds well for z > 0.2. Plot taken
from [1] with data from [4].

The plot in Fig. 6.2 is approximately constant, thus providing evidence for the Callan-Gross
relation. Therefore, both Bjorken scaling and the Callan-Gross relation are supported by
the experimental evidence. As both are consequences of the quark hypothesis, it would seem
that the experimental evidence supports such a model of the proton.

3 Gluons and Sea Quarks

Eqn. 6.3 implies that the momentum fraction carried by a quark is determined by its mass.
Thus, the f;(z;) must take the form of a delta function:

fi(zi) = 6(mifmy, — z) (6.11)

Utilizing Eqn. 6.11 and supposing that the proton consists of two up quarks and a down
quark, as is conventionally done, Eqn. 6.7 and Eqn. 6.8 become:
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i =36 o)+ ()5 () () ().
e = o[ o(-)+ (Y o(z-)» () o(zz-) oo

Where m,, and m, are the mass of the up quark and the down quark, respectively. Displayed
in Fig. 6.3 are schematics of F; and F5 versus z. Clearly, these plots do not agree with Eqn.
6.12. Thus, our hypothesis that the photon has interacted with free quarks must be flawed.

20 0.4

Falxl

Figure 6.3: A plot of Fi(z) and Fy(z) [1]

Upon further reflection, it is a poor approximation to consider the quarks free. As the quarks
are confined within the proton, they must be continuously interacting through the strong
force. Furthermore, Eqn. 6.11 assumes that the mass of a quark is well defined. However,
the quarks are bound within the nucleus and so their mass would not be specified as the
mass of a free quarks would.

It will now be demonstrated that our hypothesis is also flawed in claiming that the proton is
entirely made up of quarks. Let u(z) be the probability that momentum fraction x is carried
by an up quark and d(x) represent the same quantity for down quarks. Thus,

Fi(z) = % [(;)2u(x) + (%1)2d(:v)] (6.13)

Using our previous model, Eqn. 6.11, u(x) and d(z) would have taken the form wu(z) =
26(my/m, — x) and d(z) = d(ma/m, — x). It may seem plausible to suppose that u(z) =
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2d(x), as there are twice as many up quarks and the two flavours are approximately the
same mass. However, this is not supported by experimental data, as shown in the plots in
Fig. 6.4. In both plots, u(z) = 2d(z) seems to hold near z = 0.1, however, it clearly fails
near z = 1 in Fig 6.4 (b) and near = 0 in from Fig. 6.4 (a).

o 3 B 1.[} I
= |
Lo [ H1 PDF 2000 : :
| ZEUS-S PDF Q=10 GeV’
' CTEQ6.1 08— ait
W xulx)
Bs 0.6 — 1
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B4 f— 0.4
o3 x50L05)
- 0.2 =
%] C
&1 E— xsix)
- | | |
i i Zay - : a 0.2 0.4 0.6 0.8 T.E
X
(a) (k)

Figure 6.4: Two plots depicting u(x) and d(x). (a) is taken from [5] and (b) from [1]

Alternatively, it could be proposed that the average momenta carried by up quarks is twice
that carried by down quarks. Thus:

/0 ' vu(a)de = 2 /O ' vd(x)ds (6.14)

Eqn. 6.14 is supported by data from electron-neutron scattering [1]. Thus
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1 11y 1
/ Fy(z)dx = [gxu(m) + §xd(a:)} dxr  from Eqn. 6.13
0

[e=]
—

1 1
zu(x)dxr + 5/ zd(z)dz
0

Ol Ol
[

S— S—

1
a:u(x)dx+§/ zd(z)dxr using Eqn. 6.14
0

I
h
&

S

(x)dx

Integrating under the area of the experimental curve in Fig. 6.3 yields fol Fy(x)dx = 0.18
[1]. Thus

1 1
/ zd(x)dr = 0.18, / zu(x)dr = 0.36 (6.15)
0 0

Therefore the average total momentum carried by the up and down quarks is:

1 1
/ pru(x)dr + / prd(z)dx = 0.18p 4 0.36p = 0.54p (6.16)
0 0

Thus, only 54% of the momentum of the incoming proton is accounted for by the proposed
quarks. Consequently, there must be other constituent particles of the proton that are
carrying the missing momentum. As was previously mentioned, the quarks interact through
the strong force and so they must be exchanging gluons. These gluons are capable of carrying
momentum. Furthermore, the gluons are capable of forming quark-antiquark pairs. The
original three quarks, the two up and a down, are called valence quarks, and these gluon-
formed quarks are called sea quarks. Thus, Eqn. 6.16 provides evidence for the presence of
gluons within the proton.

4 Conclusion

A theory of scattering has been presented and used to describe electron-proton scattering.
It has been shown how the quark hypothesis has the physical implications of Bjorken scaling
and the Callan-Gross relation. Experimental evidence was presented supporting these claims.
Furthermore, the fact that the three quarks postulated to form the proton do not account for
all of the momentum in the proton has provided evidence for the presence of gluons in the
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proton. These were the goals put forth in the introduction and as they have been completed,
this text now draws to a close.
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Appendix: Trace Theorems
The trace of a square matrix A, denoted T'r(A), is defined as follows:
Tr(A) =Y Az (A-1)

Presented here are list of theorems involving the trace that will be used in the text of this
thesis[1]:

Tr(A+B) = Tr(A)+Tr(B) (A-2)
Tr(aA) = aTr(A) (A-3)
Tr(AB) = Tr(BA) (A-4)

The trace of the product of an odd number of

gamma matrices is 0 (A-5)

Tr(1) = 4 (A-6)
Tr(y*y") = 4¢"™ (A-7)
Tr(y*7"y*7) = A(g"g" — g"g" +¢"g"™) (A-8)
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