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Abstract

A modification of the generalised GSO coefficients in the string model presented by Faraggi et al
(1989) results in a string model with Standard-like properties including an observable gauge group
SU(3)c x SU(2), x U(1)y after symmetry breaking at the string level, an anomaly free massless
spectrum except for a single anomalous U(1) 4, three generations (plus a partial fourth generation)
of chiral fermions, and Higgs doublets that may break the symmetry in a realistic way. The key
difference between the model presented and the 1989 model is the level at which the U(1)c x U(1),
symmetry breaks; in the modified model presented here the symmetry is required to break directly
at the string level.

1 Introduction

The Standard Model is a mathematically consistent theory of all known matter, plus the weak,
strong, and electromagnetic interactions. However, there are problems with the Standard Model
that give us reason to believe that our knowledge of particle theory is far from complete. A partic-
ular example is the incompatibility of the Standard Model with general relativity. Supersymmetric
string theories such as heterotic string theory may provide a solution to this problem, unifying
all known matter and interactions into one anomaly free theory in ten dimensions via the Green-
Schwarz Mechanism [1]. We stumble across another issue however, in that this unification occurs
at high energy scales. For this reason critics of string theory argue that at present, string theory is
untestable.

The free fermionic construction of heterotic string theory presented by Kawai, Lewellen, and Tye
[2] and Antoniadas, Bachas, and Kounnas [3] allows us to build and probe string models directly
in four dimensions and at low, experimentally observable energies such as those of the Standard
Model. A method to derive a Standard-Like Model in the free fermionic formulation was presented
by Faraggi, Nanopoulos and Yuan [4].

In this paper we begin with a brief discussion of the structure of the Standard Model, summarising
the properties one hopes to achieve with a standard-like string model. We then proceed to introduce
string theory, discussing the method to construct space states similar to those in particle physics
from the quantum string, and eventually discussing the ABK rules for building a string model in
the free fermionic formulation. Finally we modify the generalised GSO projection coefficients for
the model presented by Faraggi et al [4], derive the massless spectrum of this modified model and,



through calculation of the anomalies, present a difference in energy at which the standard model
gauge group is acheived.

Due to anomalous trace U(1)’s in the observable sector, we have a requirement for the standard
model gauge group SU(3)¢ x SU(2)r x U(1)y through a unique combination of the trace U(1)’s,
U(l)y = 3U(1)¢ + U (1), with the remaining observable U(1) charges anomaly free except for a
single U(1) 4 after an orthogonal rotation. This differs from the model presented in Faraggi et al; in
the unmodified model the trace U(1)’s are anomaly free, and hence the symmetry may either break
directly to the standard model gauge group (as in the modified model presented here), or the trace
U(1)’s may break in an orthogonal combination U(1)z = U(1)¢c — U(1). The model presented in
this paper is standard-like directly at the string level.

2 An Overview of The Structure of The Standard Model

We begin by discussing the structure of the Standard Model and the properties we ideally wish
to obtain with a standard-like string model. This chapter is just a brief overview of the particles
comprising the Standard Model, and as such does not contain information on particle interactions
or such like. Our primary reference for this material is P. Langacker’s book The Standard Model
and Beyond [6], however chapters from references [5, 7, 16] among others were also relevant.

The Standard Model is a Quantum Field Theory that includes all matter particles in the form
of spinor fermion fields %, plus three of the four fundamental interactions (strong, weak, and elec-
tromagnetism) in the form of vector boson fields; the weak fields W* and Z, the photon field A and
gluon fields G1+®, and finally the Higgs boson in the form of a scalar Higgs field ¢. Each particle
also has an anti-particle, with equal mass but opposite charge.

The Standard Model is a gauge theory, with gauge group SU(3)¢c x SU(2)r, x U(1)y. Each group
consists of generators and basis vectors (group theory is discussed in more detail and these genera-
tors and basis vectors are derived explicitly in Appendix D). Physically, the generators correspond
to gauge bosons whilst the basis vectors correspond to the fermions on which these bosons act.
The SU(3)¢ gives rise to Quantum Chromodynamics and couples with the eight gluon fields. The
SU(2)r, x U(1)y gives rise to the electroweak interaction; the broken SU(2) coupling to the three
weak fields, and an unbroken U(1)g coupling with the A field. It is an anomaly free theory.

2.1 Fermions

The Standard Model contains three generations of chiral fermions. The defining property of a
fermion is that it has half integer spin, and all Standard Model fermions are spin 1/2. The fermion
field is a four spinor, such as a Dirac or Majorana spinor. We may split the fermions into two
groups; there are six leptons and six quarks, two of each per generation. Quarks carry a colour
charge, and electric charge of either +2/3 or —1/3. Quarks are not found free, instead being found
either in groups of three or as a quark-antiquark pair, bonded by the strong interaction of Quan-
tum Chromodynamics. Leptons do not carry a colour charge and as such are found free in nature.
Leptons with electric charge —1 are the electron, muon, and tau, whilst leptons with charge 0 are
three neutrinos.

Furthermore, our fermions are chiral. For each field v, we can define left and right chiral pro-



jections using the chiral representation, in which we write

%= (jﬁf{) (1)

where our left and right projections are defined by
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where v° = i7%y14%43 is the fifth Dirac gamma matrix, and Py, g satify

P Pp=PrP, =0, Po+Pp=1I. (3)
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Thus the two component representation of the four components of ¥ is a Weyl spinor.

We obtain

The SU(2); coupling is chiral, as the gauge bosons W23 act only on the flavour indices of L-
chiral fermions. This results in L-chiral quark and lepton doublets in each family, and R-chiral
singlets. For each family m = 1,2, 3, we have the L-chiral fermions

w=(i) =) ®

We now note that the charges of an R-chiral fermion fr determine the charges of the corresponding
L-chiral antifermion, ff. Hence we now list our L-chiral antifermions (denoted by the superscript
¢), which are determined by R-chiral fermions. Our L-chiral antifermions are

Uy oy oy Uy (6)
where u and d represent quarks with charge +2/3 and —1/3 respectively, e represents a lepton with
charge —1, and v represents a neutral lepton, or neutrino. Finally it is worth noting that each quark
singlet or doublet is found with a colour charge of @ = 1,2, 3, also called red, green, or blue. Hence
there are three quark doublets and six quark singlets per family.

2.2 Gauge Bosons

The Standard Model gauge group is SU(3)c x SU(2), x U(1)y, where the individual gauge symme-
tries couple with gauge bosons that give rise to the strong and electroweak interactions. All bosons
have integer spin; the Standard Model gauge bosons have spin 1.

The non-chiral SU(3)¢ group has eight generators, so gives rise to eight gluons G*8 which act
as mediators for the strong interaction between quarks. Here the subscript C refers to the colour
index of quarks. Since the SU(3)¢ is not spontaneously broken, gluons remain massless in the Higgs
mechanism (see chapter 2.3).

The SU(2);, x U(1)y group is the electroweak factor. This group is chiral, with the SU(2),, acting
only on L-chiral fermions (hence the subscript L), whilst the U(1)y acts on both L- and R-chiral
fermions with different charges. The SU(2);, has three generators, so gives rise to three bosons
W23 whilst the U(1)y has only one generator so gives rise to a single field denoted the B field.



In the Higgs mechanism, spontaneous symmetry breaking (SSB) breaks the SU(2);, x U(1)y into
a single unbroken U(1)q, resulting in the theory of electromagnetism. As a result of the Higgs
mechanism, we obtain the orthogonal linear combinations

A = cos Oy B + sin Oy W3 (7)
7 = —sinfy B + cos Oy W3, (8)

both of which are neutral. Here 0y is the Weinberg angle. The A field, which is the photon field,
remains massless, whilst the Z field obtains mass. We also define the two massive complex charged

gauge boson fields
1
W= — (W' xiw? 9
\/5( FiW?) 9)
The photon acts as the mediator for the electromagnetic interaction, whilst the W+ and Z bosons
act as mediators for the weak interaction.

2.3 The Higgs Boson

It can be shown that gauge theories do not allow elementary mass terms for gauge bosons. How-
ever, we saw above that the W* and Z bosons are massive. The solution to this problem lies
in another problem that arises from the Nambu-Goldstone theorem, which states that for every
generator of global symmetry that is spontaneously broken there exists a massless, scalar particle,
called a Nambu-Goldstone boson. In the Standard Model we observe no massless Nambu-Goldstone
bosons.

The two problems actually resolve each other in the case that the broken symmetry is a gauge
symmetry [8]. The degrees of freedom that are carried by the Goldstone boson exist not as a mass-
less spin 0 particle, but as the longitudinal spin component of a massive gauge boson. This is the
Higgs mechanism under which the gauge bosons acquire mass.

+
We introduce the Higgs field, the doublet ¢ = <(ZO), transforming as an SU(3)¢ singlet and

an SU(2)1, doublet. If ¢¥ acquires a non-zero vacuum expectation value (v.e.v), or

oloi0) =v === (7) (10)

the SU(2), x U(1)y gauge symmetry breaks to an unbroken U(1)g. Since the SU(2)¢ and U(1)y
are broken, the appearence of Nambu-Goldstone bosons would be expected for these generators,
and hence through the Higgs mechanism the degrees of freedom manifest themselves as longitudinal
components of massive W= and Z bosons. These bosons aquire mass. Since the SU(3)c and U(1)g
are unbroken, the corresponding gluons and photons remain massless. Expanding the field around
the non-zero v.e.v, and quantising in the unitary gauge, we obtain

¢:\}§(I/EH> (11)

where H is a Hermitian scalar field. This field represents the Higgs boson, which is a byproduct of
the Higgs mechanism and exists as a massive spin 0 boson.



2.4 Extensions of the Standard Model

Supersymmetry is a theoretical property that relates fermions and bosons [9]. For each boson, there
is one or more fermionic superpartner, and likewise for each fermion there is one or more bosonic
superpartner, with, in an unbroken supersymmetric theory, the same mass and internal quantum
numbers except, of course, spin, which differs by 1/2 since all fermions have half integer spin whilst
bosons have integer spin. Since no light sparticles (supersymmetric particles) have been observed,
the supersymmetry must be broken, resulting in sparticles being much heavier than their partners.
The Minimal Supersymmetric Standard Model (MSSM) is the supersymmetric version of the stan-
dard model with the minimal number of fields and the minimal number of couplings.

For a string theory involving fermions, we require the involvement of a supersymmetric version
of the bosonic string, the superstring. Hence when deriving a standard-like string model, we require
supersymmetry to be present in the model. A requirement we will place on our string model is that
we want N = 1 spacetime supersymmetry in four dimensions.

Another extension to the standard model we must introduce is a quantum particle to act as a
mediator to gravity, called the graviton. This is a theoretical spin 2 particle that can be compared
to the W and Z bosons of the weak interaction, the photons of electromagnetism, and the gluons
of the strong interaction; it is the mediator of the gravitational interaction.

Since one of the primary successes of string theory is as a quantum theory of gravity, another
constraint we place on our string model is that we require the presence of a spin 2 graviton.

3 From Particle Physics to String Theory

String Phenomenology is all about relating the results of string theory to particle physics. String
theory models elementary particles as vibrational modes on a string. We can use the analogy of
a guitar string vibrating in different modes to result different musical notes. In this analogy the
musical notes are particles, and the guitar string is the fundamental string of string theory. We will
now construct mathematically the relation between string theory and particle theory, beginning with
a discussion of particle theory and how particle states arise from the use of creation and annihilation
operators. We then introduce string theory and discuss how particle states arise from strings. In
particular we shall focus on closed strings (strings which have no end points, forming a loop), since
the heterotic string, which is the string theory used to construct the free fermionic formulation in
which our string model is built, is a closed string theory. Our primary reference for Chapter 3.1
is the book A Modern Introduction to Quantum Field Theory by Michael Maggiore [7], whilst the
primary reference for Chapters 3.2 - 3.5 is the book A First Course in String Theory by Barton
Zwiebach [5].

3.1 The Foundations of Particle Physics and QFT

Elementary particle physics is described by quantum field theory (QFT). In QFT, our dynamical
variables are described by operator valued fields. Much like non-relativistic quantum mechanics,
examples of key operators in QFT are the position and momentum operators, which act on a particle
state to measure the position and momentum of the particle respectively, and the annihilation and
creation operators, which act on an n-particle state to form an (n + 1)-particle state.



A plane wave solution to the Klein-Gordon equation takes the form

B , ,
P (aze=" 1 afei) . (12)
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Upon quantisation of this field, we exchange the dynamic variables a, and aj; with operators a,
and azt, where a superscript T represents the Hermitian conjugate. The operator a;: is the creation
operator, whilst a, is the annihilation operator. They have the commutation relations

lag,aly] = (27)*5 (7— 7) (13a)
lag, ap] = [a;;, aﬁ,] 0 (13b)

The classical field (12) then becomes the quantum field
a3p

9(@) = / (2n)3+/2E;

Acting with a creation operator on a vacuum state |0) results in a one particle state, or

V2Egalj0) = [7) (15)

where |p) is a one particle state for a particle with momentum p, and /2Fj is a renormalization
constant. We can define an n-particle state as

|51, B2 - ) = /2B, /2B, ... \/2E5,al; al, .. .al. |0). (16)

The annihilation operator has the property

(age™ " + a;eip'z) (14)

az|0) = 0. (17)

We may also define the Hamiltionian operator H and momentum operator P’ which measure the
energy and momentum of a system respectively. The form of the Hamiltonian is

a3y
H:/(Qw) E; aﬂp (18)
and the momentum operator is
i d>p
P~ [ Gr'alon 1

We will now verify that these operators measure the energy and momentum of a particle in the
state |p’). We begin with the Hamiltonian.

&
HIF) = / < Er B aagal 0

d?’_' +
/(277) Ez 2Eﬁ/aﬁ[ap,a~,]|0>

By
:/(%) Eg\/2Ezal(2m)6™) (5 — §)|0)

= Eylp')



Similarly it is possible to show that

% ddﬁ 7 7
PIF) = [ oo Ve allag.al)l0) = 717).

Thus we have shown that H and P! measure energy and momentum of a particle respectively.

We can write equations (15), (18), and (19) in light-cone coordinates! [5]. We write 7 in terms
of the transverse momenta pr = (p?,p®) and the light-cone momentum p*. The light-cone energy
p~ is fixed and specified by these values. We obtain

a;+,ﬁT|O> = |p*,pr) (20a)

r_ / % b, o ape (20b)
P23 = /%p2,3a;+ﬁap+@ (200)
P / %2;(” Y+ mP)ab, 5 aph (20d)

where (20a) is the light-cone equivalent of (15) (where we have dropped the renormalization factor
for convinience), (20b) and (20c) are the light-cone equivalents of (19), and (20d) is the light-cone
equivalent of (18) where Ej is the energy determined from the mass shell condition p?>+m?=0.

It follows that we can show vibrational modes of a string are equivalent to elementary particles
if we can derive creation and annihilation operators with the properties of those above. Further-
more, in order to make any form of useful measurement on the particles resulting from acting with
the creation operator on a vacuum state, we also wish to find operators for observables such as
position, energy and momentum.

3.2 An Introduction to String Theory

We previously discussed how string theory models particles as vibrational modes on an elementary
string. As a result, when working in string theory we are no longer studying a zero dimensional
point particle which traces a one dimensional world-line through space-time, as we are in relativistic
particle theory, but a one dimensional string which traces a two dimensional world-sheet through
spacetime, as is demonstrated in Figure 1. We can discuss particle interacions in the same way. The
left hand side of Figure 2 demonstrates the world-line of a particle P, decaying into particles P
and Ps, whilst the right hand side demonstrates the world-sheet of the same process in string theory.

We may describe the world-sheet in D-dimensional space-time as a function of each space-time
coordinate 20, ..., z”. However, it is much more convenient to describe the world-sheet in a two di-
mensional parameter space, and then map the parameter space onto our D-dimensional space-time.
For this we require two parameters, which we call 0 and 7. We then define our target space-time
by

Z(o,T) = (aco(a, T), ml(a, T)yeo ,mD(J, T)) (21)

Now, we define the string coordinates X*(o, 7) by this mapping of parameter space to target space.
We capitalise the mapping functions so that we can distinguish between our space-time coordinate

!The light-cone coordinates are explained in Appendix B.
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Figure 1: Left: The world-line of a point particle. Right: The world-sheet of a closed string.
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Figure 2: Left: Particle decay. Right: String decay.
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Figure 3: Left: Open string world-sheet in D-dimensional spacetime. Right: The same world-sheet
in two dimensional parameter space. Dotted lines represent lines of constant o and 7.

system and our string coordinates. Figure 3 demonstrates this mapping for an open string world-
sheet.?

3.3 Parameterisation of the World-Sheet

We now wish to fix the parameterisation of the world sheet. Setting 7 as a linear combination of
string coordinates, we obtain

n-X(r,0) = An-p)r. (22)

where p* is the momentum of the string, and we have chosen n such that (n - p) is a constant. For
example, setting n = (1,0,...,0) and A(n - p) = ¢, we obtain

XO(r,0) = cr,
and hence in this gauge 7 is the world-sheet time coordinate.

We chose to include the vector n* on both sides of (22) as opposed to simply writing A(n - p)
as one constant to demonstrate that the magnitude of n* is irrelevant. All that is important is the
direction.

We now consider the constant A. By comparing units in (22), we obtain A = o/, where o’ is
the slope parameter defined by
1
/
o =

27TT()
where Tj is the string tension. Note here we are working in natural units, and only considering closed
strings, since the heterotic string is a closed string. Hence we have fixed our 7 parameterisation as

(23)

n-X(r,0)=d(n-p)r. (24)

2This is no different than for a closed string. In Figure 3 we choose an open-string world sheet as it is easier to visualise
the mapping.



In order to set the parameterisation of o, we introduce the following notation. We begin with the
derivatives

. H
i = 9% (25a)
or
I
XH = 0X : (25b)
oo

We also define our momentum densities as derivatives of the Lagrangian density, £, with respect to
X* and X*, which are

oL 1 (X X)X, — (X)X,
Pp=rs-=- - £ (26a)
oXH 2w \/(X,X/)z_(X)Q(X/)Q

5 ax+w —  2ma \/(X L XN)2 - (X)Q(X’)Q.

These are calculated from the Nambu-Goto string action, which is derived and discussed in Ap-
pendix C.

Since P™* has two o derivatives in the numerator and effectively only one in the denominator,
then under a reparameterisation P7# varies as

PTH(T,0) = Z%PT“(T7 7). (27)

Dotting this equation with n, we can see that if n - P™#(7,5) depends on &, we can adjust % SO
that

ds
- PT(T,5) = f(7) (28)

Combining the above equations and integrating over the string, we obtain

n-p
- 2
1) == (29)
and hence np

n-P (7,0)2%. (30)

This is a world-sheet constant. Dotting the equation of motion 9, (n-P7)+d,(n-P?) = 0, and not-
ing that the first term on the left hand side is zero due to (30), we see that n-P? is independent of o.

Consider the world-sheet of the closed string as a collection of strings of constant 7. On one of
these strings, we arbitrarily choose a point g to be ¢ = 0. The point ¢ = 0 on each of the other
strings is then defined by n - P? = 0. Finally, since n - P? is independent of ¢, then

n-P7 =0 (31)

at any point on the world-sheet. Equations (24, 30, 31) define the parameterisation of the world-
sheet.

10



3.4 The Wave Equation
Equations (31) and (26b) lead to

(X - X", (n- X) = (X)*0p(n-X) =0 (32)

Equation (24) leads to the second term being zero, and 9. (n - X) = o/(n - p) = constant. Hence we
obtain the condition .
X X' =0. (33)

Substituting into (26a), we obtain

pr_ 1 (XT)QXH (34)

2mal [ (X)2(x1)?

We then substitute this result into (30) to arrive at

1 (X)20,(n-X
0y LX) )
O (X)X
We stated previously that 9,(n - X) = o/(n - p), so we obtain
X/ 2
PR C.S M : ) (36)
—(X)2(X7)2
Rearranging, we obtain
X2+ X% =0 (37)
We can state (33) and (37) as _
(X+X)2=0 (38)
Equation (37) also allows us to rewrite (26a) and (26b) as
T 1 Y
Pl = ol X, (39a)
- 1
The field equation 0, P"* 4+ 9, P°#* = 0 can then be states as
Xr—XH' =0 (40)
This is the wave equation. The general solution to the wave equation is
XH(r,0) =X} (1 +0)+ Xi(T—0) (41)

where X, is a left moving wave (moving in the negative o direction) and Xg is a right moving wave
(moving in the positive o direction). Due to the 27 periodicity of o (0 ~ o + 27), we can write

Xi(r4+o+2m)— X (r+0)=XRk(1—0) — XE(T — 0 —2m). (42)

This shows that the periodicity of X/ (7 + o) and X} (7 — o) are dependent on each other. We also
note that
0

13}
ot — O’)(

X{(r+o+2m) - X{(t+0)) = m(

Xp(r—o0)—Xh(r—0o—2m) =0 (43)

11



Then X¥'(r +0) = 8(T+0)

periodicity of 2mr. We can expand in the form of mode expansions, integrate, and setting off = a_g ,

obtain
XH(r,0) =z +V2a aOT—i—Z\/ Z
n;ﬁO
where the a modes are simply the coefficients of expansion; barred a modes arise from the expansion
of the left moving wave, whilst unbarred a modes arise from the expansion of the right moving
wave. Substituting our mode expansions into (39a) and integrating over the string, we obtain the

momentum
2
Pr=0 S (45)

3.5 Quantization of the String

X¥(r +0) and X&' (1 — o) = ﬁXﬁ(T — o) are functions with a

—inT X .
(ake™ + atie™ ™) (44)

We are now in a position to quantize the string. We shall work in the light cone gauge, and we
wish to specify operators that measure position, momentum and energy. Namely, we must specify
the Heisenberg operators X(7,0),z, (1), P74 (7,0) and p*(7), as well as their time independent
Schrodinger equivalents. The remaining operators are set by the light cone gauge conditions. Fur-
thermore we shall construct the Hamiltonian, plus the relevant creation and annihilation operators
that allow us to set up a state space equivalent to the one defined in (16) for a quantum field theory.

Our first step is to set up the equal time canonical commutation relations. For the Schrodinger
operators, there is no time dependence, but there is a dependence on ¢. Firstly we consider si-
multaneous measurements of position and momentum. According to the Heisenberg Uncertainty
Principle, these observables are not simultaneously measurable [10] and hence the operators X*(o)
and P7* (o) have a non-zero commutator. However, simultaneous measurements at different points
along the string do not affect each other, so the commutator is zero for measurements at two differ-
ent values of o, giving rise to a delta function in the commutator. It is clear also that z; and p*
also do not commute. All other commutators are zero. Hence our CCRs are

[X"(0), P ()] = ”5( o) (46a)

[X(0), X?(o")] = [PT"(a), P (0")] = (46b)
[z, p pt]= (46¢)

[z, X' (0)] = [z, P (0)] = (46d)
", X" o) = [p", P (0)] = (46e)

Our equal time CCRs in the Heisenberg picture are identical.

To construct the Hamiltonian, we consider the gauge condition (24) for the light cone gauge. We

obtain
Xt =aptr. (47)

We expect our light-cone energy, p~, to generate an X+ translation. Then Ox+ — p~. Since we
expect our Hamiltonian to generate a 7 translation,

H=0,=08XT0x+ =a'ptp~ (48)

Now, we wish to find the explicit form of p~. To do this we consider (38) in the light cone gauge.
We write . . L ) N )
(X+X)=-2X" £X ) XT+XT+ (X' £X")? =0 (49)

12



From our definition of X in (47), we obtain

. 1 . -/
X"+ X = —— (X' + X")? 50
2a,p+( ) (50)
Using this result, we obtain

. 1 . / . / 1 i il

X =-(X"4+X" X X )=—X'X"+X" X" o1
X ) = g (XU X7 651)

Now, from (39a) we can obtain P7~.

1o, 11
© 21! 20/pt

N2 pTipTi il yi! 4l TipTi xX'x"

At last we can write our Hamiltonian in terms of our independent dynamic operators as

XX ) (53)

(2ra’)?
Finally we said we would construct creation and annihilation operators in order to define a state
space such as the one in (20a). To do this, we take our o modes and make them operator valued,

quantising equation (44). We now wish to find expressions for the commutators of these operators.
Consider the derivatives of equation (44) with respect to 7 and o. These are

. / . . .
X(1,0) =4/ % Z e " (ake™ " + ale'™) (54a)

2m 2m
H(t)=da'p" / doP™™ = 0/77/ do (PTi”PTi +
0 0

n#0
/ _ Ck/ —INT [ = —ino ino
X(T,a)ﬂ/gze (ake™mT — ghein) (54b)
n#0
Then we can write
XH(r,0) 4+ XH (1,0) = \/@Z alte= (o) (55a)
n#0
XH(r,0) = XH(1,0) = V2 Z aftemi(T=7) (55b)
n#0

Calculating explicitly the commutator [X(r,0) + X¥' (7, 0), X7 (r,0) + X7’ (7,0")], we obtain
[X(r,0) + Xi/(T, o), X7 (r,0) + XjI(T, o)) =2d Z Z emiTHO) gmim(Ta ) (51 5] ] (56)
n#0 m#0
Similarly, we can obtain
(Xi(7.0) = X(1,0), X (7,0) = XV (r,0) = 20" Y 1 3 7] o |
n#0 m#0
)

(57
[Xi(T7 o)+ Xil(T7 J),Xj(T,O') - Xj/(T, )= [Xi(T,O') - Xil(T7 O'),Xj(T, o)+ Xj/(T, o) = (()58>
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Now, let us consider these commutators from a different point of view. Operators A% (7) in the
Heisenberg Picture, such as the time dependent operators X*(r,0) and its derivatives, follow the
Heisenberg equation of motion

iA(r) = [Af(7), H). (59)

Taking X*(7,0) as our operator, using (53) as our Hamiltonian, and considering our CCRs, we
obtain

iX'(r,0) = [X(r,0), H] = o/x {Xi(r,o-), /O " o (m‘ (0P, ) + XX "/)ﬂ

(2ma’)?
/ i 2 y . ) 1 . xi' xi’

=ad'7| X" (1,0), ; doP™ (1,0 YP™ (1,0")| + yy—— X'(1,0), W

27
=a'r do[X'(1,0),P™ (1,0 YP™ (1,0)]

0
271— . ..

= 27m'o// do P (1,0")n"8(c — o)

0

Integrating over the string, we obtain
Xi(r,0) = 2na'P™ (1, 0) (60)

Then the commutator calculated in (56) can be written as (dropping the arguments for brevity):
(X7 + X7)(7,0), (X7 + X7)(7,0")] = [X7, X7] + [XF, X0 + (X7, X9 4+ (X7, X

= (27Q)2 [P, P + 0/ [ X, X7] + 0,[ X, XI] + 0y 0 [ X7, X7]
From our CCRs, the first and fourth term are zero.

(X7 4+ X7)(7,0), (X7 + X7")(7,0")] = 00 [ X7, XT] + 0y [ X, X7]
= 210/ 8,/ [P7F, XI] + 210/ 8,[ X, PTY)

od d
= 2ndin’ —6(0’ — o) + 2nd’in’! —d(0 — o)
do’ do
This leads to the result
X4 x" T,0), X7+ x7' 1,0")] = 4rd'in? —5(oc — o’ 61
d
o
Comparing (56) with (61), we have

‘ o g
Z Z e—zn(‘r-&-(f)e—lm("'a)[d;’dzn] = 27m'77”d—5(0 — U’) (62)
n#0 m#0 7

Integrate both sides over o and o,
1 2m

2
(27)2 doe'™' o do' ™'’ Z Z e—m(7+o)e—¢m(fé)[d%7@#]
(2m)% Jo 0 S, po—y

1 27 -, 27 R B d ,
= (27r)2/0 doe /0 do'e 27m77%5(0—0) (63)
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which reduces to . . B
[0 @5 = 17196 0 (642)

Through similar derivations, it is possible to show that

[aim ain] = nnij(;ern,O (64b)
[y, a2,] =0 (64c)

We can then define our creation and annihilation operators as

= i = == 65
an, \/ﬁ7 an, \/ﬁ ( a)
g = 2o ait = 2on (65b)

where n > 1. We have the non vanishing commutation relations for the annihilation and creation
operators ‘ ‘ B ‘ A B
[, @] = G, [0, @] = G (66)

m?

We have now briefly demonstrated how a theory of vibrating strings is related to the standard
model of particle physics. Choosing creation operators correctly and acting on the ground state, it
is possible to create a state space similar to those seen in particle physics.

4 The Heterotic String and The Free Fermionic Formulation,
The ABK Rules

4.1 The Heterotic String

Our string model was built in the free fermionic formulation of heterotic string theory. We now take
a look at what is meant by the heterotic string in order to see how the free fermionic formulation
may be constructed. We begin by tracing string theory back to its origins, and look at the bosonic
string. The bosonic string is a relativistic quantum open string theory that exists in D = 26 space-
time dimensions and accounts only for bosons. The construction of the bosonic string is covered
in detail in Part I of Zweibach’s book, and is done by considering first the motion of a classical
string, then taking into account relativistic effects, then finally using the quantization procedure
we outlined in chapter 3.5. All open string theories must also contain closed strings, and through
constructing the closed bosonic string arises the graviton states that perked interest in string theory
as a quantum theory of gravity.

What bosonic string theory is lacking, however, is the presence of fermionic states. We discussed in
chapter 2.4 how a theoretical phenomenon called supersymmetry relates the fermionic and bosonic
quantum states of a particle theory. Introducing supersymmetry to the bosonic string would allow
for both bosonic and fermionic states. This is done by introducing an anti-commutingdynamic
variable ¥*(7,0) (o = 1,2). This is the fermionic equivalent to the commuting (bosonic) dynamic
variable X#(7,0), and just as for each value of u the variable X*(7,0) is a world sheet boson, then
for each value of p the components ¥ (7,0) construct a world sheet fermion. The introduction of
this variable reduces the number of spacetime dimensions from twenty-six to D = 10.

3Since we know that a quantum state of identical fermions is antisymmetric under exchange of two of the fermions.
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The quantization procedure results in a Ramond (R) sector in which the fermions are periodic
over one time like loop, and Neveu-Schwarz (NS) sector in which the fermions are antiperiodic. We
can then construct a closed superstring by combining left and right moving copies of the open super-
string theory. These closed superstring theories are called type II superstring theories. Furthermore
combining these in different ways results in two versions of type II superstring theory called type
ITA and type IIB superstring theory.

Instead of combining left and right moving superstrings, the heterotic string combines a left moving
bosonic string with a right moving superstring. Since only ten of the twenty-six bosonic coordinates
of the left moving string are matched by bosonic coordinates from the right moving string, heterotic
string theory effectively exists in D = 10 spacetime dimensions.

4.2 The ABK Formulation

We arrive at an issue in that our heterotic string exists in ten dimensions, whilst in order to arrive
at a realistic theory we wish to have four flat spacetime dimensions and N = 1 supersymmetry. A
first approach to solving this issue was to compactify six of the ten dimensions of the superstring
on a compact, six dimensional Calabi-Yau manifold [11], or an orbifold [12]. A simpler formulation
was developed by Antoniadas, Bachas, Kounnas [3] and Kawai, Lewellen, Tye [2] in which the string
theory is built directly in four dimensions with fermionic internal degrees of freedom. In this for-
mulation, all extra quantum numbers of the string are carried by free fermions on the world sheet,
which provide a non-linear realisation of world sheet supersymmetry [13]. We summarise here the
free fermionic formulation as presented by Antoniadas et. al [3, 13, 14].

The fermionization of the internal degrees of freedom on an Fg X Eg heterotic string results in
44 left moving and 20 right moving real internal free world sheet fermions. We denote these real
fermions as follows.

Right Movers :{111’1‘,1/15”,Xl"'ﬁ,yl'“ﬁ,wl”'G} (67)
Left Movers : {76, @!6, AL+32} (68)

Furthermore, we shall complexify the fermions by pairing them as follows
1
V2

where ¢ is a complex fermion and f™"" are real fermions. The internal free fermions can then be
denoted

¢ (" +if™) (69)

Right Movers :{¢", x'2, x**, x*%, y' %, 0!} (70)
Left Movers : {56, @' 6, 13, 123, gl (71)
where {y!¢ w6 g6 161 remain real whilst all other fermions are complex. The remaining

real fermions will later be paired based on boundary conditions in the sectors of the model in this
free fermionic formulation. Antoniadas, Bachas and Kounnas formulated a set of rules required to
build a heterotic string model. To define a model, we must specify two things:

1. A set of basis vectors that specify boundary conditions for the internal free fermions.
2. Coeflicients (one loop phases) for each intersection of basis vectors.

There are rules on both the basis vectors and the one loop phases, summarised in the following
sections.
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4.2.1 Rules on the Basis Vectors

The model is generated by a set of basis vectors a;, denoted

ai =1{f7, ..., f"}, (72)

where fermions f present in the vector have a periodic boundary condition, whilst those not present
have anti-periodic boundary conditions. Fermions written as % f are twisted by a phase —i. For
example, for the sector S given in (78a), the fermions *, x12, x**, and x°% are periodic, and all
other fermions are antiperiodic. We write our boundary conditions as

a(f) =< 0 antiperiodic (73)

{ 1 periodic
1/2 twisted

for each fermion f. The additive group Z is given by

E:Zmia"“ mz:077Nz_]- (74)

where N;a; = 0 mod 2. We also define N;; as the least common multiple of N; and N;. With these
definitions, we write the following rules

1. The basis vector I, in which all fermions are periodic, is present in the model, or equivalently
ezt

There are an even number of real fermions.

>, mia; = 0 if and only if for all 4, m; =0 mod N;.

N;ja;a; =0 mod 4, or equivalently a;a; =0 mod 2.

G

N;a;a; =0 mod 8, or equivalently a;a; =0 mod 4.

4.2.2 One Loop Phases

The rules on the one loop phases for the intersection of each sector a; are

—
o
N
? 8
~__
Il
<>,

S
o

I
2B
S
|
>,
S
o
[V
£
)
S
o
N
25
3

o o
o |
N g}
s & —
~— £ 8
Il N——
o 1
m‘; ('bl
Q
s B
S
7 N N
=5 o
\/* — 8
N———

a; -5 a; a;
Naj+ar) = % N\a; ) “\an

These rules are particularly important for the GSO projections [15], which specify the surviving
states in the massless spectrum. The GSO projections are given by

K2

eirr(ai'FA)|S>A =dac <;4) |S>A (75)

“Because of this constraint, we do not write 1 in our set of basis vectors given in (78), as it is given that the vector is
present in the model for consistency.
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where A is the sector being analysed, a; are the eight basis vectors, and |s) 4 is a state in the sector
A. We define d4 for any sector A as

1 if A" =0
5A:{1 it A(yr) = 1. (76)

5 The String Model

The string model we use was constructed using the free fermionic formulated and presented by
Faraggi, Nanopoulos, and Yuan (1989) [4]. It is generated by eight basis vectors. Real fermions are
paired based on having the same boundary conditions in each sector to form a complex fermions as

follows:
1

V2

Finally a bar above a fermion represents a right mover, whilst an unbarred fermion is a left mover.
The basis vectors are

S ={v* X", x*, x°%} (78a)
bl — {wu, X127 y3y6, y4g47 y5g5’ g3g67 ,(/7}1,...,5’ ,}7]1} (78b>
b2 _ {,lpu, X34a ylwf:’ y2,y2’ (JJS(DS, gl(DG, ,(/;1,...,5’ 772} (78C)
1,3 2-2 —1 (78d)

)

)

)

U= A, (77)

b3 = {¢#,X56aw w,ww 7w4w4aw @37 71,“.75’77]3}
b4 = {wl"X127y3y6’w4@47w5w5’g3g671/717”-7577?1} (786
(

o= {11[}#,X56’w1w37y2g27w4@4’g1w6’g3g6,ijl ..... 3 L2 gl 4} 78f
9 3 5 1-6 3.6 1, - _ - -
B= "™yt W@t g0y gt PR, S (910 R, 610 T), 6 (78

plus the vector 1 in which all fermions are periodic. We make the following choices of generalised
GSO projection coefficients.

Q) () o)) () wrn o
@) () () () -
§)) o))+ (0) )

All other projection coefficients are specified by the modular invariance constraints given in Section
4.2.2. Our model differs from that presented by Faraggi et al by the choice of GSO coefficient

c (bf) _ 1 (80)

As we shall derive below, this model results in a SU(3)c x SU(2)r, x U(1)y x U(1)% x SO(4) x
SU(3) x U(1)* gauge group and N = 1 space-time supersymmetry.
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6 Deriving the Massless Spectrum

6.1 Eliminating Sectors Contain No Massless States

We begin by calculating which sectors contain massless states. This is done using the matching
Virasoro condition

1 ap-a aR-a
L oL Ny =—1+ 228 Np= M2 (81)
2 8 8
where Ny, r is given by
Nrr=7 (vi.r) (82)

f

where vp g is the frequency of the left and right moving oscillators respectively. Ny rp are non-
negative. It can be seen from (81) that for a state to be massless, we require

ar, - ay,
8

AR AR g, (83)

1
< > and g =

Hence for each sector we calculate these value using the formulae

o= (354 X atmn (5)

Real Complex

for each fermion f, and the summations are the sums over real and complex fermions respectively.
The sectors containing massless states are those listed in Appendix A, plus the Neveu-Schwarz sector
which is analysed in section 8.1. In addition, each sector A will have a sector S 4+ A which generates
superpartners to the particles generated in A, and for any sector B +  containing massless states
there is a sector B + 33 = B — 3 also containing massless states.

The number of left and right moving oscillators applied to the ground state is calculated using
(82) and the equations

oLt 1o -

6.2 GSO Projections

Once we have found sectors containing massless states, we must apply the GSO projections in order
to derive the massless states that are part of the spectrum of the model. The GSO projections are
given by equation (75), where F4 are the boundary conditions of the fermions in the sector A, and
a; - Fy is the dot product as defined in (84), essentially summing over each fermion present in both
the sector A and the basis vector a;. The states that satisfy (75) for each of the eight basis vectors
are present in the massless spectrum of the model.

7 An example sector
Here we proceed to analyse a sector to give an example of the method used to analyse the spectrum.
I have chosen the sector bz + « + 3, since this is a sector that, as we will see below, requires the

application of an oscillator in order for the sector to be massless, so we are getting a full example
of the method.
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The internal fermions present in the sector bs + a + [ are

, T P 1 yr 1os -
b3 + o+ ﬂ : {’l/)#a Xd47y1w67y22ay557w137 ¢25 §[¢1,2,37 ¢5’6’7]’ 75[17&4’57771’2’37 ¢1]}

Our first step is to analyse the number of oscillators that are required to act on the degenerate
states in order for the sector to be massless. We begin by analysing the left moving part.

1 1
a-ap = A (04) + E () + A e0) + 20X ) + 50 ()
=1+14+14+1/2+1/2=4

For the right moving part,

an - an = (@) + L) + 302 () + (@) + (@) + a9 + @ () +aX(F) + @ (6O

=141/24+1/2+3/4+2/4+3/4+1/4+1+3/4=6

Using (81) we can now caclulate the number of left and right moving oscillators required for the
sector to be massless. Setting M7 = M3 = 0, we obtain

NL=0, Np=.

There are no left moving oscillators. We must now calculate the number of right moving oscillators.
Combining (82) and (85), we obtain the result that we can apply one right moving oscillator with
boundary condition a(f) = —1/2, since

:1+a(f) 1

vf 2 4
or one complex conjugate oscillator with boundary condition a(f) = 1/2, since

1—a(f) 1

T T

Hence the oscillators that may be applied are 1)1:2:3, 5% 71235 gl 3567,

The next step is to calculate the GSO projections. For each vector a; = 1,5, b1,0b2,b3,b4,, 8
we calculate the projection using the rules given above. We know from (75) that we must calculate

bg-‘rOz-‘rB)*

Qi

O(bs+atp)C <

To do this we use the rules on the one loop phases above.

GSO = d(ps+atp)C <b3 +aC: * B>* == {exp(i;(ai “(bg +a+ 5)))5117;0 <Z;> c (2) c <%Z> ]*

For example, for the sector 1,

oo f3E o (1) () ()] o -
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We now consider those states that are degenerate. Each internal fermion that is periodic can occupy
one of two states, |+) or |—), which are

) =D =41, o) =D = -1, (86)

We introduce the notation (;) where 7 is the total number of states and j is the number of |—)

states. For example

(3) = I, o Ik,

Ramond Sector Projection

Let us label our oscillators A;. Our GSO projection is
e aQD (1 Fog rats) |5) = A OD |} ), 0 | ) s [£) g2 )y g | ) 18 ) 32
= —|s).

For all oscillators, B
62’71'(1-0,(/\1')) _ 71,

hence we require our degenerate states to have an even number of negative states. The states that
survive the sector 1 projection are

{,(/’}1,2,371;475*77?1,2,3*7(51*’(55,6,7} [ (g) + (;) + (Z) + (Z)}
wu7X347y1w67y2g27y5g57@1@3’q§2

S Projection

Our GSO projection for the S sector is
/M50 (S Frgrats)|5) = |£) yu | d) yas = +]s).

since for all oscillators ' B
eim(Sa(X)) — 41

Hence we know that the ¢* and x3* must either both be in the |+) or both in the |—) states. The
states that survive this projection are

. . - 2 2
@ g gen g o () (] [0)+(0)+ Q)]
wM7X34 ylwﬁ’yZQZ’ySQS’wlw37¢;2

The { (3) + (;) } correspond to CPT conjugate states. For brevity we shall consider only the

state. We can reconstruct the conjugate states after all projections. Our surviving states are

) 5 5
e )+ () ()]
O 2 4 y1w67y2g27y5g57w1@37$2

2
0

T (Rl

by Projection
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For convenience, we do the by projection next, since the order of projections does not matter.
The GSO projection for this sector is

eiﬂ'(b4‘a(j\i))eiw(b4‘Fb3+a+g)‘8> — eiﬂ(b4‘a(5\,i)|_’_>wu — —‘S)

Hence the only states that survive are the ones with oscillators that satisfy

e’iﬂ(b4~a(5\i)) — _1

)

or, equivalently those that are periodic in the sector by. These are 123 1)*%* and 7'*. The

surviving states are
5 5 5
e[ (0)+ (2)+6)
ylws,y?y2,yo s @l w3,$2

We do the by projection next. Our GSO projection for this sector is

{,&1,2,3, &4,5*, 771*}|+>'¢H

by Projection

e’iﬂ'(bg-a(xi))eiﬂ(bQ-Fbs+a+/3) |S> — eiﬂ'(bQ-a(:\i)

+>w“|+>x34|i>ylw6|i>y2z}2 = +|S>
The oscillators 123, 9% satisfy

pim(ba-a(B3 5450))

7

whereas the oscillator 77'* satisfies
eiﬂ(bz'a(ﬁl*)) = +1.

Hence applying these oscillators result in different states. The states that survive this projection

are
. . 2
TR B [ Y
Y Wb,y 52 Yo y° w0 @3, 82

g+ { @ + @ Lwyy [ G) i @ Lsyawlws,w

b1 Projection

Our GSO projection for this sector is

6i77(b1‘a(5\i))eiﬂ'(bl‘Fb3+n¢+[§) ‘$> — 6i7r(bl'a(5“i)

—|—>¢u |i>y5gj5 = —‘8).

_ - 2
(123 g5 HA) e [H)x34 [+) g5 <1> ( ) .
y1w6’y2y2 (;‘1(:13,¢2

et [ () + ()] 0O
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bs Projection

Our GSO projection for this sector is

ei"r(b3‘a(5‘i))eiﬂ'(b3‘Fb3+a+B)|8> _ eiTr(b;ya(S\i)

+>wu

Horgs = +|s).

The states that survive this projection are

_ 45 - + 2
{123 PO b [ ) o |4 yogs | = Do | & <1>
ylwb,y2y?

1% 2 2
T ) r [ )y |+ )y g [ H) orme | 4) g2 +
0 2 1,,6 252
Yyrwhyy

« Projection

Our GSO projection for this sector is

ei'n’(a-a(;\i))eiﬂ(a-FbS+a+/3) |S> _ eiw(a-a(j\i)

Ty E)y2g2[+) g2 = +s).
The states that survive this projection are

PL23 ) g [ )y [ ) yrws | = yzge [H) ysgs | = Daras | +) g2
YU ) g | ) xaa | = Dyrws [4) 22 [H) o s | —)aras | +) g2
T[4 e [4) x4 | =D yreos | = Dy2gz |4 ysgs | H ) orwe [+ g2

5 Projection

The GSO projection for the g sector is

eiﬂ'(ﬂ'a(;\i))eiﬂ'(,@'Fbs+a+ﬁ) ‘8> _ eiﬂ'(ﬁ»a(;\i)

+>¢u |—|—>X34 |:l:>y1w6 |+>y5175 = Z‘8>

All states in the above sector satisfy this condition.

8 The Massless Spectrum

8.1 The Neveu-Schwarz Sector

The Neveu-Schwarz sector, with all fermions antiperiodic (i.e. the sector 0), requires one left moving
fermionic oscillator and either two right moving fermionic oscillators or one right moving bosonic
oscillator, since N;, = 1/2 and Np = 1, and vy s« = 1/2 for a fermionic oscillator, and 1 for a
bosonic oscillator. The tachyonic state that may be achieved through applying one right moving
fermionic oscillator is eliminated by the GSO projections. We apply our GSO projections for each
vector a;, where any state is projected unless the condition

6i7rai.FU|0>0 = —|0>0 (87)

is satisfied.
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. We obtain spin 2 fields (graviton) with
PH9X"|0)o

where X" is the bosonic creation operator with frequency vy =1.

. We obtain gauge bosons of the observable Standard Model gauge group
SUB)e x SUR2)L, xU(l)e xU(1)L
with
PrpPt*|0)g  a,b=1,2,3;4,5.
These are generated as follows:

o pHep1239h1:23%10) generates SU(3)c, and the trace of this generates U(1)c.
o pHehH5h15%|0) generates SU(2)z, and the trace of this generates U(1)r.

The U(1)¢ x U(1)r, symmetry breaks to the weak hypercharge U(1)y as the combination
1 1
Uy = 3U(Me + 5U1)c (88)

We show later that this symmetry breaking necessarily occurs at the string level in order for
the model to be anomaly free.

. Three extra observable U(1)’s arising from
Y 0) a=1,2,3.

denoted U(1)1,2,3 for a = 1,2, 3 respectively.

. Three extra observable U(1)’s arising from
w,u&aga*|0>0 a = 17273
denoted U(1) 4,56 for a = 1,2, 3respectively. Here ¢! = (1/v/2)(73+i7°%), (% = (1/v2)(y* +iw")

and ¢ = (1/v2)(@! + iw?).
. We obtain gauge bosons of the hidden gauge group
SO4)g x SU3)g x U(1)*
with
(160" + e }0)o  a,b=3,4 ¢, d=1;2;5,6,T;8.

These are generated as follows:

o PH¢34p340) generates SO(4) .

o YHrPpLp*|0)o generates U(1)y.

o VP29 |0)o generates U(1)s.

o YHP>6:7H5:6.7|0) generates SU(3) g, and the trace of this generates U(1)g.

o VP8 p%*|0)o generates U(1)o.
. Scalars, including singlets which are neutral under U(1) symmetries,
o \25252|0)0
o et |0)
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SUB)c | U)e | SUR2)L | UQ)L
Quark Doublet | Q = (Z) 3 1/2 2 0
Lepton Doublet | L = <§> 1 —3/2 2 0
. ue 3 —1/2 1 —1
Anti-Quarks £ 3 ~1/2 1 1
Positron e’ 1 3/2 1
Anti-Neutrino ¢ 1 3/2 1 -1

Table 1: Properties of Chiral Fermions found in Sectors by 4

7. Singlets, for each of which we denote the charges under the observable gauge group as

[(SUB)c, U1)e); SUR)L, UM L)u), o

These are

d1a+ ¢z =0T+ X077 H0)o [(1,0); (1,0)]110000 + [(1,0); (1,0)]-1-10000

P13+ d1s ={xP00 + X0 H0)o [(1,0); (1,0)] 101000 + [(1,0); (1,0)]10-1000

$os + das  ={x"2070° + X7 H0)o : [(1,0); (1,0)]o11000 + [(1,0); (1,0)]o—1-1000
dstds  ={x**¢'@® +x*(0?H0)o : [(1,0); (1,0)]o00100 + [(1,0); (1,0)]o00—100
o+ o ={X°CT + X°°C 7 HO0)o [(1,0); (1,0)]ooo100 + [(1,0); (1,0)]oo0o— 100

P56 + ds6 ={x'2C*C° + x2CHCPHO0)o [(1,0); (1, 0)]oooo11 + [(1,0); (1, 0)]oo00—1-1

Pe + b5 ={x'2C7C + X2 HO0)0 [(1,0); (1,0)]o000—11 + [(1,0); (1, 0)]oo001-1

8. We also obtain states that are doublets under SU(2);, but singlets under SU(3)c. As such,
these states are potentially Higgs doublets should they acquire a non-zero v.e.v.

hy + by ={x"20"°0" + xR 1 0)o : [(1,0); (2,1)]100000 + [(1,0); (2, —1)]-100000
ha + ho =02 + 351 0)o : [(1,0); (2, 1)]o-10000 + [(1,0); (2, —=1)]010000
hs + hs ={x"%V"57® + x*0pH5* 7310 : [(1,0); (2, 1)]oo1000 + [(1,0); (2, —1)]oo—1000

8.2 Sectors b, i=1...4

From the sectors b; (i = 1...4), we obtain three generations of left moving chiral fermions, with the
charges shown in Table 1. Our particles are SU(2) doublets, whilst antiparticles are SU(2) singlets.
These are the only chiral states that transform under the observable gauge group only. A full list
of states and their quantum numbers is given in Appendix A.1.
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1. From sector by, we obtain

(Q)=1/2,0,0,1/2,0,0 + (L)-1/2,0,0,1/2,0,0 + () —1/2,0,0,—1/2,0,0F
(d°)~1/2,0,0,—1/2,0,0 + (€9)=1/2,0,0,—1/2,0,0 + (V) =1/2,0,0,-1/2,0,0

2. From sector b,

(@)0,-1/2,0,0,1/2,0 + (L)0,—1/2,0,0,1/2,0 + () —0,1/2,0,0,—1/2,0F
(d)0,-1/2,0,0,—1/2,0 + (€%)0,—1/2,0,0,—1/2,0 + (¥*)0,-1/2,0,0,—1/2,0

3. From sector bg,

(@)0,0,—1/2,0,0,1/2 + (L)0,0,—1/2,0,0,1/2 + (1)0,0,—1/2,0,0,—1/2F
C

(d)0,0,-1/2,0,0,—1/2 + (€%)0,0,—1/2,0,0,—1/2 + (¥*)0,0,—1/2,0,0,—1/2

4. From sector by,

(L)-1/2,0,0,1/2,0,0 + (d°)~1/2,0,0,—1/2,0,0 + (V) =1/2,0,0,—1/2,0,0
+[(3,-1/2),(2,0)]1/2,0,0,—1/2,0,0+[(3,1/2), (1, 1)]1/2,0,0,1/2,0,0+[(1, =3/2), (1, =1)]1/2,0,0,1/2,0,0

This shows similarities to the first generation obtained in sector b;. The lepton doublet,
anti-down and anti-neutrino have the same charges under the six extra U(1)’s as their first
generation equivalents. We also have states that show similarities to the quark doublet, anti-up
and positron, but have negative charges under the observable U(1)’s in comparison to those
obtained in sector b;. The full spectrum for b; is given in the tables in the appendix.® We
have obtained a partial fourth generation.

8.3 Remaining Sectors

The remaining sectors are split into one of two groups. These are sectors that give states which
are vector representations of the hidden gauge group, and sectors that give states which are chiral
representations of the hidden gauge group.

Appendix A.2 contains all sectors that give vector representations of the hidden gauge group. These
arise from the sectors I, b; +26 and I +b; +28, where I = 14+b; +ba+b3,i=1...4and j=1...5
(where b5 is the sector «). All states in the massless sector 1+ by + b2 + o+ 8 are projected by the
choice of GSO projection coefficient

()=

whilst those in the sector 1+ by + by + a— 3 survive. All other sectors either have no massless states
or have all states projected by the GSO projections.

We have now fully derived the massless spectrum. In the following chapters we analyse the spectrum,
ensuring it is anomaly free and seeing how the standard model gauge group SU(3)exSU(2), xU(1)y
is obtained.

5Note in the appendix we have labelled the final three states as Q4, 45 and &5 respectively. The tildes above the labels
of the states represent that although they are non-physical particles, they show similarities to the quark double, up quark
and electron but with negative charges under the trace U(1)’s.
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8.4 U(1l) anomalies

We calculate the traces of each of the twelve U(1) symmetries. They are

L] =6 DU =4 U] =20 U] =2
(U (1)s] = 26 ﬁwum:—m TU()s] =6 Te[U(L)] =6 (89)
U] =12 TUW)r]=-2 TUQ)s =12  TU(L)o] =0.

Of the twelve, U(1)g is anomaly free, and we can combine U(1)c and U(1), as given in (88) to
show that the weak hypercharge U(1)y is also anomaly free. The orthogonal combination of the
trace U(1)’s, that is

Ul)z =U1)c—U(1)L (90)

is not anomaly free, with Tr[U(1)z/] = —10. Hence the U(1)¢ x U(1) symmetry must break
immediately to U(1)y, and this symmetry breaking must occur at the string level. Of the remaining
nine symmetries, we may rotate eight and only eight in such a way that the orthogonal combinations
are anomaly free. These combinations are not unique. The remaining anomalous combination is

uniquely given by
4= kS (U0 ().

Selecting k = 1/2,

U(1)a=—-10U(1); —11U(1)2+13U(1)5—6U(1)4+3U(1)5+3U(1)s+6U (1) g —U(1)7+6U(1)s (91)
We have reduced our eleven anomalous U(1)’s down to a single anomalous U(1) 4, and our gauge
group down to the standard model gauge group SU(3)¢ x SU(2)r, x U(1)y.

9 Results and Conclusions

We have derived fully the massless spectrum of a string model in the four dimensional free fermionic
ABK formulation. The observable gauge group of the model is SU(3)c x SU(2)r, xU(1)e xU(1), x
U(1)8. Calculation of anomalies resulted in an anomaly free weak hypercharge U(1)y, represented
by the combination

UML)y = U + Uy
with Tr[U(1)y] = 0, while the orthogonal combination
UM)z =U()e -U(1)L
is anomalous with Tr[U(1)z/] = —10.

The Dine-Seiberg-Witten (DSW) mechanism [18] can be used to cancel the anomalies. Any anoma-
lous U(1) 4, gives rise to a Fayet-Iliopoulos term

Te[U(1)4] = A # 0 (92)
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We define the D and F terms as

Da=A+> Qa;l¢a;)l
i

Di =Y Qi;l{ei)?
i

oW
EZ‘a@

where D4 is the D term arising from the anomalous U (1) and D; are D terms arising from anomaly
free U(1)’s. W is the superpotential of the model. Requiring D and F' flatness, we have the
constraint

2

(93)

(D) = (F) = 0. (94)

Equations (93) satisfy this constraint when the fields ¢ obtain vevs. Since all low energy effective
field theories are free of gauge anomalies, then U(1)z must be broken. Our model breaks symmetry
directly at the string level as

SO(10) = SUB)e x SU2), xU(1)e x U(l), = SU3)e x SU(2), x U(1)y.
We also calculated that the remaining U (1)’s were anomaly free except for a single anomalous U (1) 4.

This requirement of symmetry breaking to the standard model gauge group at the string level
is a result of the modification of the GSO projections. The original 1989 model with

c(bf) =41

resulted in both trace U(1)’s being anomaly free. Hence the DSW Mechanism allows for the
U(l)c x U(1)r symmetry to break to either U(1)y or U(1)z, since both are anomaly free and
hence have the property of D flatness. Then we may have symmetry breaking to the standard
model gauge group at either the string level or an intermediate level.

The requirement for the standard model gauge group means the spectrum includes the gauge bosons
of the standard model. The model has N = 1 spacetime supersymmetry, and includes three genera-
tions of chiral fermions, plus a fourth partial generation showing similarities under the extra U(1)’s
to the first generation. The spectrum also includes Higgs doublets that may produce realistic gauge
symmetry breaking, and hence allows for the acquisition of mass of particles via the Higgs mecha-
nism. Finally the spectrum includes a spin 2 graviton state, and is free of tachyons. The massless
spectrum is representitive of the standard model as described in Chapter 2.

The modification of GSO projection coefficients results in a difference in the level at which the
U(1)e x U(1), symmetry breaks to U(1)y. In the Faraggi et al model, both of the trace U(1)’s are
anomaly free, and hence there is no requirement for the gauge group SU(3)¢ x SU(2)p x U(1)¢c %
U(1), to break to the standard model gauge group at the string level. This symmetry may instead
be broken at an intermediate level. In the modified model, SU(3)¢c x SU(2)r x U(1)c x U(1)r, has
a non-zero trace anomaly, and so we require that this symmetry is broken at the string level.
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A Massless States and Their Quantum Numbers

The following tables contain massless states and their quantum numbers for each massless sector
excluding the Neveu-Schwarz sector, which is analysed in 8.1.

A.1 Sectors that Transform Under the Observable Gauge Group Only

Sector B SUC Qo Q@ @ @ Qi Qs Qo Lol Qn Q@ Qs Qo
b1 Q1 (3,2) 1 0 -1 0 0 1 0 0 (1,1) 0 0 0 0
L (1,2) 3 o I o o I 0 (1,1) 0 0 0 0

u (3,1) IS S T o 1 0 (1,1) 0 0 0 0

ds (3,1) B R S o I 9 0 (1,1) 0 0 0 0

e§ (1,1) g 1o o I 9 0 (1,1) 0 0 0 0

e (1,1) § -1 ; 0 0 % 0 0 (1,1) 0 0 0 0

ba Q2 (3,2) 1 0 0o - 0 0 1 0 (1,1) 0 0 0 0
Lo 1,2) 3 0 o I o o 1 (1,1) 0 0 0 0

g (3,1) I T S S o I (1,1) 0 0 0 0

dg (3,1) B 1 o -1 0 o 1 (1,1) 0 0 0 0

es (1,1) s 1 o I o o I 0 (1,1) 0 0 0 0

VS (1,1) § 10 % 0 0 2% 0 (1,1) 0 0 0 0

b3 Qs (3,2) < 0 0 0 1 0 0 1 1,1) 0 0 0 0
L3 (1,2) 3 0 0 o | o o -3 (1,1) 0 0 0 0

u§ (3,1) B o 1 0 0 s (1,1) 0 0 0 0

ds (3,1) ; 1 0 0 % 0 0 ;l (1,1) 0 0 0 0

e (1,1) 3 1 0 o 1 0 o0 L (1,1) 0 0 0 0

s (1,1) g 10 0 % 0 0 25 (1,1) 0 0 0 0

by Q4 (3,2) -1 0 I 0 o -1 o 0 (1,1) 0 0 0 0
Ly 1,2) 4 o 1 o o I 9 0 (1,1) 0 0 0 0

s (3,1) s 1 £ o 1 9 0 (1,1) 0 0 0 0

d§ (3,1) 3 a4 o 1 0 (1,1) 0 0 0 0

& (1,1) T o I 9 0 (1,1) 0 0 0 0

Vs (1,1) 32 -1 2% 0 0 2% 0 0 (1,1) 0 0 0 0

A.2 Sectors that Give Vector Representations of the Hidden Gauge Group

sector B S00C Qo @ @ Q@ Q@ Qi @ @ ol Qn @ Qs Qo
I i (1,1) 0 0 0 0 0 0 0 0 (1,3) L T S

Va (1,1) 0 0 0o 0o 0 0 0 0 (1,3) SRS S S

V3 (1,1) 0 0 0O 0 0 0 0 o0 (1,3) % g g ?P

Vi (1,1) 0 0 0O 0o 0 0 0 0 (1,3) L

Vs (1,1) 0 0 0O 0 0 0 0 0 (2,1) g 1 1 1

Vs (1,1) 0 0 0O 0 0 0 0 0 (2,1) % 2% %2 2%

by +28 W& (1,1) 0 0 o - 1 1 0 0 (1,1) 5 1 0 0
1 (1,1) 0 0 S S S S 0 (1,1) 3004 0

Vo (1,1) 0 0 RS S S S (1,3) B

Vio (1,1) 0 0 0 2 2 2% 0 0 (1,3) § 2% 0 0

b2 +268 Vi1 (1,1) 0 0o - 0 L 0 1 0 (1,1) El 1 0 0
Via (1,1) 0 o X o 1 o 3 (1,1) 3004 0

Vi3 (1,1) 0 o -1 o I o 1 (1,3) B

Via (1,1) 0 0 ; 0 g 0 %2 0 (1,3) %2 ?% 0 0
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A.3 Sectors that Give Chiral Representations of the Hidden Gauge Group
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B Light-Cone Coordinates

Light-cone coordinates are a special set of coordinates used to quantize the string simply and directly.
In the light-cone coordinate system, we replace z° and ! with coordinates defined as the world-line
of a beam of light in the positive and negative z; directions. For a beam of light travelling along

the +z! direction, we have 2! = ct = z¥; this defines the z* axis. Similarly, the z

axis is defined

—20, We can summarise these definitions as

—ct

as the worldline z!

(95)

(2° £ z1)



and where z? and z°® are unmodified from their usual definitions of a Lorentz four vector. The

complete set of light-cone coordinates are (z7,27,2%,2%). We can take either 2% or 2~ to be a

light-cone time coordinate, so we choose x. Therefore (z~, 22, 23) are the light-cone space coordi-

nates.

In Minkowski spacetime coordinates, we can define the Lorentz invariant spacetime interval
ds? = (dz°)? — (da")? — (d2?)? — (d2®)? = —n,datdz”
From (95) we can see that
2dzTdz~ = (da®)? — (dzt)?,

which leads to
ds® = 2dztdr~ — (da?)? — (dz®)? = —ij,, datdz” (96)

where 7, is the light-cone metric, where the indices run over (+, —, 2, 3).

Under our new coordinate system, we must also calculate the components of the light-cone mo-
mentum vector. It can be seen from (95) that we can write

+

pt=—=0"+p"). (97)

Sl

The light-cone energy is p~.

C The Nambu-Goto String Action

The Nambu-Goto string action is a simple invariant action, which is the action of a relativistic
string. Consider an infinitesimal parallelogram on the world-sheet demonstrated in Figure 3, with
sides du* and dv*, which is the area element of the infinitesimal rectangle with sides do and dr.
Hence,

oxX* . DG
du* = dr = X¥dr, vt = ——do = X"'do. (98)
or do
Then the area of this parallelogram is
dA = |dut||dv"||sin 0] = \/|du|2|dv|2 — |du|2|dv|? cos? (99)

Now, we come across the problem that the terms under the square root are negative. It does not,
however, affect Lorentz invariance for us to change the sign under the square root, so we may write

dA = /(du - dv)? — (du - du)(dv - dv), (100)

where we have changed the sign under the square root and written in terms of the dot product.
Substituting (98) into (100) and integrating, we obtain our area

A= /dea\/(X LX7)2 - (X)2(X)2 (101)

Then our string action is

5= —%10/ /Tf dr /Oal don/ (X - X2 - (X)2(X7)? (102)
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where we have introduced the constant at the beginning so that the units are the units of action.
This is the Nambu-Goto string action. Furthermore, from our definition of string action,

Tf g1
S = / dr / doL, (103)
Ti 0

we obtain the Lagrangian density

L= f%la, (X - X2 — (X)2(X")2. (104)

It is with this result we obtain the equations (26a, 26b).

D Group Theory in Particle Physics

We discussed in chapter 2 the standard model gauge group SU(3)¢c x SU(2)r x U(1)y, and a brief
description of the physical meaning of these groups within particle physics, particularly with the
interaction for which they are responsible. In this appendix I expand upon these descriptions, giving
first a background on group theory and the symmetries Lie Groups give rise to, and then discussing
in detail the key groups of the standard model. For this appendix our key references are [16, 6, 7]
among others.

D.1 A brief overview of Lie Groups

We begin with a definition of a group. A group (G, ) is a set G of elements g; € G that act with
an operator * with the following properties:

1. Closure: g; xg; = gr € G.
2. Associativity: (g; * g;) * gx = gi * (g; * gx).

3. Identity Element: There exists an identity element g; € G such that g; *x g; = g; * g1 = g;
for all elements g;.

4. Inverse Element: For each g; there exists an inverse element g, ! € @ that satisfies g;l xg; =
gi*g; ' =gr.
For example, the group (Z, +) is a group. We check that it satisfies the constraints.
1. Closure: Any integer added to another is an integer, so closure is a property of (Z,+).
2. Associativity: (a+b)+c=a+ (b+c¢) for a,b, c € Z, so associativity is a property of (Z,+).

3. Identity Element: 0+ a = a + 0 = a, for a € Z. The number 0 is also an integer, so the
identity element of the group (Z, +) is gy = 0.

4. Inverse Element: a —a = 0, so since g; = 0, for an element g; = a the inverse is g;l =—a¢€
Z.

However (R, x) is not a group. Let us consider the constraints for (R, x).

1. Closure: Any real number multiplied by another real number is real, so closure is a property
of (R, x).

2. Associativity: (a xb) x c=ax (bxc) for a,b,c € R, so associativity is a property of (R, x).

3. Identity Element: 1 X a = a x 1 = a for a € R. Since 1 € R, then the identity element of
the group (R, x) is 1.
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So far, we have had no issues with (R, x) as a group. However, when we consider the inverse
element, we come across an issue.

4. Inverse Element: a X é = % X a = 1, with a,% € R, and since gy = 1, this satisfies the

inverse element, if % exists for all a € R. However, = does not exist for a = 0, so there is no
inverse element for (R, x), so it is not a group.

Q|-

It is clear however that if we define R = R\ {0}, then (R, x) is a group. Groups are important in
physics since they give rise to symmetries. For example, in the group (Z,+) described above, the
use of our operator 4+ between two elements will change the element. However there is a conserved
property, and that is the fact that the new element will still be an integer. Essentially it is a state-
ment that adding any two integers results in another integer, so the property of the elements being
integers is preserved, even if the actual value of the integers has changed after the operation. It is
these symmetries that are of interest in particle theory.

The most general Lie Group (and the one for which all of the standard model gauge groups are a
subset) is the General Linear group in n dimensions, including the complex plane. This is denoted
GL(n,C). This group counsists of any invertible n X n matrix. Consider a vector in C*. Acting upon
it with any n x n invertible matrix may result in translation, reflection, rotation, or a change in
magnitude, but it will always result in another vector in C™. The preserved property of GL(n,C)
is the space the vector occupies. A subgroup is GL(n,R), which only acts upon the real dimensions
R™. This group conserves the real space a vector occupies.

Consider a solid in C™. A matrix A from the group GL(n,C) transforms the solid in some way. If
we set det A = +1, we know that whilst the solid may be rotated or translated, it must occupy the
same volume as before the transformation. Then the Special Linear group, SL(n,C), which is the
subgroup of GL(n,C) with the matrices of GL(n,C) that have det A = +1, preserves volume and
space in which the solid exists. Similarly SL(n,R) is the subgroup of GL(n,R) for which det A = +1.

Another set of subgroups of the general linear group are the orthogonal group O(n) and the unitary
group U(n). Consider a vector #*in R™. Its magnitude is given by #? = #7#. Then if we act upon
this vector with a matrix A € GL(n,R), we obtain

2 = T AT AT, (105)

In the case that ATA = I, where I is the identity matrix, the magnitude of the vector remains
unchanged. In this case, the matrices correspond to a rotation. Similarly we could show that this
matrix would only rotate a solid in n dimensions. Since

(det A)? = det(ATA) =det I =1, (106)

we know that det A = +1, so the volume of the solid also remains unchanged. The subgroup of
GL(n,R) with AT A = I and (therefore) det A = 41 is denoted O(n) since these are the orthogonal
matrices of GL(n,R). This group conserves the space occupied, volume, and radius. O(n) corre-
sponds to rotations in R"™.

Similarly we can construct a subgroup of GL(n,C) that corresponds to rotations in C". The only
difference is that in the complex plane, 72 = 77, where 7T = (7#*)7 is the Hermitian conjugate (and
7 is the complex conjugate). Then the subgroup that conserves radius are those with ATA = I.
This subgroup is denoted U(n) since these are unitary matrices. Once again the matrices of U(n)
have det A = £1.
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ATA =] O(n)
GL(n,R) \ SO(n)
det A = +1 SL(n,]R)/

GL(n,C)

SL(n,C) /

Figure 4: Decomposition of the general linear group in C". G; — G4 represents G; O (G2, and hence
G1 — (3 + G represents that G5 is a subset of both G; and G2, or G3 C G1 N Gos.

det A = +1

The final decomposition we shall make are the subgroups SU(n) and SO(n), which contain the
matrices of U(n) and O(n) respectively with det A = +1. Similarly we could write SU(n) =
U(n) N SL(n,C) and SO(n) = O(n) N SL(n,C). These groups preserve handedness on top of ev-
erything that is preserved by the unitary and orthogonal groups.

Figure 4 is a graphic representation of these Lie groups and how they relate to their sub- and
super- groups. Whilst our discussion shall primarily be limited to the gauge groups of the standard
model, it is worth mentioning the orthogonal Lie Groups as they also play important roles in particle
theory. For example the group SO(m,n) is the special orthogonal matrix in m +n dimensions, with
the metric 7; = 2% for i = 1,...,m and x; = —a® for i = m+1,...,n. Then SO(1,3) is the Lorentz
group of special relativity.

D.2 The Unitary Group U(1) and the Electromagnetic Interaction

A unitary group of degree n may be written U(n). Limiting our discussion to degree n = 1, we can
see clearly that U(1) is the set of numbers in the complex plane with magnitude 1. The proof of this
is as follows. Euler’s formula allows us to write any complex number as z = re®, where r = |z| and
a = argz (hence « is real). The complex conjugate is z* = re~**. Multiplying a complex number
and it’s conjugate gives the square of the magnitude, or 22* = r? = |z|2. If we now introduce a
matrix of degree 1, U, and impose a unitary condition UUT = 1, then it is clear that U = €', the
set of complex numbers with r = |z| = 1. We can define the group U(1) by

U1l)={z€C:|z| =1} (107)
Note here that since U = €' (a # a(x)), we have a global U(1) symmetry.

In particle physics the U(1) group represents the local gauge symmetry in the electromagnetic
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interaction. Classically, electromagnetism is described by Maxwell’s equations [17],

V-E=p (108a)
V-B=0 (108b)
. 0B
VXE+Q?=0 (108¢)
- 0E -
B- = — 108d
V x o = (108d)

Using equation (108b) and the vector calculus identity V - (V x @) = 0, where d is any vector, we
can write

B=VxA (109)

where 4 is a vector potential. Substituting this into (108c), we obtain

L 9A
V x (E + (%) =0, (110)

from which we can deduce that the terms in the brackets are the gradient of a scalar potential V,
or

E+ = =_VV. 111
+ 5 v (111)
Then we can write the electric field as
. 0A
E=-VV - —. 112
v 5 (112)

Equations (109,112) describe our electric and magnetic field in terms of scalar and vector potentials,

-,

and these, by definition, satisfy (108b, 108c). If we introduce the notation A* = (V, A) and J* =

-

(p,J), we can define the Electromagnetic field strength tensor F** as
FrY = grAY — 0¥ A-. (113)

Substituting in values of 4 and v, and noting that F*” is antisymmetric under exchange of indices,
it is possible to construct the field strength tensor explicity.

0 —-E1 —Ey -—E3
E, 0 —-B3 B

py _
E Ey; Bs 0 -B (114)
Es —By B 0
By substituting in values of p and v, it is simple to show that
0, FH = J¥ (115)

satisfies the remaining Maxwell equations (108a , 108d).
The U(1) symmetry arises in electromagnetism when we consider gauge invariance of the Lagrangian.
The free field Lagrangian density of the electromagnetic interaction is

1
Lo = FuwF". (116)
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If the Lagrangian is invariant under a transformation
AP — A 4 OFA(t, D), (117)

then it is clear that the electromagnetic interaction has a local gauge U(1) symmetry®. Proof that
the Lagrangian remains invariant under this transformation involves showing that the field strength
tensor is invariant under the transformation, then it is clear from (116) that the Lagrangian remains
invariant.

F™ = grA” — g A"
= OM(AY + OVA(t, T)) — 8" (A" + O"A(t, T))
— PP 4 9ROV A(t, &) — OO A(t, T)
= M, (118)

From this, it is clear that Lqo(A"") = Lg(A*). Hence electromagnetism gives rise to a local U(1)
gauge symmetry, that we label U(1)g. This U(1)g is incorportated into the standard model gauge
group, since electroweak symmetry breaks to electromagnetic symmetry as SU(2), x U(1l)y —

U(1)q-

D.3 The Special Unitary Group SU(2) and Spin

The groups SU(n) are the special unitary groups of degree n, or SU(n) C U(n) with detU = 1.
We will construct first the group SU(2), then consequently construct SU(3).

D.3.1 The Fundamental Representation of SU(2)

The fundamental representation of SU(2) is the group of 2 x 2 unitary matrices with determinant
1. Let us first write these matrices explicitly, as

Uil U2 ..
U= u; €C, 4,7=1,2
<u21 u22> s ij €L, ) ,

Imposing the unitary condition, we obtain U = U~!. The inverse of a 2 x 2 matrix is given by

U1l = 1 U22 —U12
|detU| \—u21  un

and the hermitian conjugate of a matrix with complex components is

* *

Ut = Uy Ugg
T \ut,  ud
12 22

Equating the above matrices, and imposing det U = 1, we obtain the relations

* *
Uy = U22, Ujp = —U21

U —u
U= 11 *21
U21 Up
5The symmetry is local (as opposed to global) since A = A(Z). The symmetry is a U(1) symmetry since there is only
one function A(t, Z).

Then we can write our matrix U as
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Finally, to ensure det U = 1, we impose det U = uyjuj; + ug1ul; = |ui1|? + |ug1|*> = 1. We can now

write SU(2) as the set
SU@) = { (fé ) ) AR+ |BP? = 1} (119)

This set contains the matrices I and iajo; for j =1,2,3 (a, 5 € R), where I is the identity matrix
and o; are the three Pauli Spin Matrices, given by

G S () IS R

Writing the matrices of SU(2) as U = #1117 = ¢4 we can calculate the determinant as
A2
detU:det(I—FA—l—? +..).

We have expanded e in a Taylor expansion. We now diagonalise the matrix A through multiplaction
with a matrix P, that commutes with A, and it’s inverse,

detU = det(I + PAP™' + %(PAP*PAP*I) +..)
2

:det(I+AD+A7D+...)

where Ap is the diagonalised matrix. We now write this in exponential form considering the matrix
is diagonalised as

Y1
det U = det <e 0 )

0 ez

— entrz — trad

Since we stated earlier that for SU(2), we can write generally U = e/+'%% then we have now
obtained the result that for the matrices to be special unitary matrices (i.e. det U = 1), we require
tr = 81 +id - & = 0. Since the trace of each of the Pauli spin matrices is zero, and the trace of I is
non-zero, we require 3 = 0. The most general form of the SU(2) matrices is

U=¢e%7  qeR (121)

with the generators o; given in (120). It is also common to include a factor of 1/2 so that the
generators follow the algebra of SU(2), which is

[’Ti,Tj] :’iEijij (122)

where ¢;;;, is the alternating tensor and 7; = %O’i.

D.3.2 Spin +1/2

We have constructed our 2 representation of SU(2). We must now construct the space on which
it acts. To do this we use the eigenvectors of this representation, using the diagonal generator to
form the basis. Let us denote these eigenvectors |j,m), where j is the maximum eigenvalue of 73
and m is the eigenvalue of that particular eigenvector. For our 2 representation we can write these

eigenvectors as
. 1 . 0
o) = (). liom) = (7). (123)
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Then we can work out the values of j, mi, and ms by acting upon them with 73.

Gy = ML O (Y Z L
7317, M1 _2 0 —1 0 _2]um1 my =

j >_1 1 0 0 _7}‘. ) = _
7317, M2 =35\l -1 1] = 2],m2 mg =

and hence j = 1/2 since j is simply the maximum eigenvalue. We may rewrite (123) as

390 =(0)  3-3=(3)- (125)

These states represent spin +1/2 particles, namely the fermions of the standard model. Finally we
wish to construct raising and lowering operators to relate these states. We make an assumption that
these operators are related to the remaining two generators 7 and 7. The solution is a combination
of the two,

(124)

N = N =

5 = — (1 £in) (126)

o) ) o

It is a simple calculation to show that

so we obtain

11 11 1.1 1
+——: Tl =) = — =, —=
75050 =0 33 = sl
1 1 1,11 1 1
. V= —|Z. = = =) = 12
33 = 5lay) 15 —5) =0 (128)

It is clear that 77 is the raising operator, as it raises the spin of a state by one until the maximum
spin, at which point it annihilates the state, and 7~ is a lowering operator, as it lowers the spin
of a state by one until the minimum spin, at which point it also annihilates the state. The 2
representation of SU(2) corresponds to fermions with spin +1/2.

D.3.3 Spin +1 and 0

SU(2) also represents spin 1 and 0 bosons. However for this we require the 3 representation of
SU(2). This is the adjoint representation. It is generated by the matrices

L (010 L [0 =i 0 10 0
Tn=—1[10 1|, T=—|i 0o —i|, T=[0o0 0o]. (129
V2\o 1 0 v2\o i o 00 -1

Note we still have only one diagonal matrix, and so we follow the same procedure as before. We
firstly define our states as

0

0
|j7m1> = |j7m2> =11 ) |.]7 m3> =[0]. (130)
0 1

O O =
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As before, we act on these states with the diagonal matrix T5.

1 0 0 1 1
T3lj,m1)=10 0 O 0] =10 >m =1 (131)
0 0 -1 0 0
1 0 O 0
T3lj,me)=(0 0 0 | |[1]=0—m2=0 (132)
0 0 -1 0
1 0 0 0 0
T3|j,m3> =10 0 0 0]=-10 —>m3:—1 (133)
0 0 -1 1 1
so we rewrite (130) as
1 0 0
L) =10/, I1,0)=| 1], L,-1)=10]. (134)
0 0 1

Our raising and lowering operators are constructed in the same way as before.

T+ = %(T1 + iT5). (135)

Calculating the form of TF explicitly allows us to verify the following results.
TH1,1) =0 TH1,0) = [1,1) TH1, ~1) = [1,0)
T_|171> = |170> T_|170> = |17_1> T_|17_1> =0 (136)

We have shown it is possible to represent spin —1,0, 1 bosonic states by the adjoint representation

of SU(2).

D.3.4 A Generalisation of SU(2) for higher values of Spin

We now wish to consider SU(2) for any value of j. Since j is the maximum eigenvalue of the
diagonal SU(2) generator T3, this is the higest spin in a given representation, so writing our d x d
matrix representations of SU(2) (for d > 2) for an arbitrary value of j is desirable. For example,
we would require j = 2 to include the graviton, or j = 3/2 for some baryons.

For any representation of SU(2), we require three generators. We shall denote these T 5 3, where
T3 is the one diagonal generator. These matrices follow the SU(2) algebra (122). A useful tool for
each representation given above was the raising and lowering operators, defined by (135). Let us
use equations (122, 135) to obtain the following commutation relations.

[TT, T =TT —T-T"
1 , , . .
= 5((T1 +iTo)(To —iT?) — (Th — iT)(Th + iT»))
= —i[T1, Ty] = —i - i€eyo3T>

=73 (137)
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[T5,TF) = TsT* — T*T;

(T3(Ty +iTy) — (Ty +iT2)T3)

([T5,Th) £ i[T5, Ts))

Sl -5l

(i€312T2 +7- i6321T1)
1
V2
We are now in a position to understand the meaning of these operators. We know that by definition,
T5|j,m) = m|j,m). What effect do the raising and lowering operators have? We know from
experience of our 2 and 3 representations that they raise and lower the value of m by one. Let us

now verify that this is true for all values of j. We cannot directly evaluate 7% |, m), but we can
evaluate it using the commutation relations derived above.

T3T* |5, m) = (TETs + TF)|j,m) = (m £ 1)T*|j,m) (139)

H_

(Ty & iTy) = £T+ (138)

Essentially we have shown here that if we define a state |a) = T%|j, m), and evaluate the spin of this
state, we obtain Ts|a) = (m =+ 1)|a). Then the state T%|j,m) is proportional to a state |7, m + 1),
or equivalently
where INV; is simply a constant of proportionality. We can calculate the value of N; by
IN;I* = (5,5 = UN;N;lj. 5 = 1) = (G, 5|T T~ |35, 5)
= ([T, T7115,4)
= (3,3|T°15,5) = j (141)

We have assumed here the states are normalised. Then N; = \/j. More generally” we can write

Ny = s /GEmG =) (142)

We can now calculate the minimum spin state for a given maximum spin j. We see from (140) and
from the definition of a lowering operator as annihilating the minimum spin state that the minimum
is at N,,, = 0. From (142) we see that N,, = 0 at either m = —j or m = j + 1. Since m < j, we
know m = —j is the minimum.

Equation (142) shows that the possible values of spin in a given representation are between j and
—j, and combining this with (139) shows that the different spin states are {—j,—j+1,...,5—1,5}.
This results in a d = 2j + 1 representation of SU(2), represented by d x d matrices. The basis
vectors |j, m) are therefore column vectors of order d, which can be written as:

1 0 0 0

0 1 0 0
=19, li-v=|[%, LJi-2=11], ... l-=|° (43

0 0 0 1

The structures for j = 1/2 and j = 1 are described in detail above.

"This can be calculated using the same technique as in (141) for each value of m = j — k and calculating the series.
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D.4 The Special Unitary Group SU(3) and Colour

We shall now construct the generators of SU(3) using a similar logic to the one we used to construct
SU(2). Using this method, we can construct the generators of SU(n) for any n, however since the
standard model gauge group only involves SU(2) and SU(3), we shall limit ourselves to these cases.

The fundamental representation of SU(2) was the set of 2 x 2 special unitary matrices. Hence
the fundamental representation of SU(3) is the set of 3 x 3 special unitary matrices; that is the
group of matrices U with det U = 1 and UUT = I. There are eight generators of SU(3), since a
general hermitian matrix H has 9 degrees of freedom, which is reduced to eight when we impose
the constraint trH = 0, as the component uss = —(u11 + u22).

To construct our first three generators, we take advantage of the knowledge that SU(3) D SU(2) x
U(1). We know that the generators of SU(2) are included in the generators of SU(3), so the first
three generators of SU(3) take the form

SU(2)
We write the first three generators of SU(3)
0 1 0 0 — 0 1 0 O
M=[1 0 0 =[i 0 0 M=[0 -1 o). (144)
0 0 O 0 0 0 0 O

We can also extend the symmetric matrices A; 2 to four more symmetric matrices by
0 a O 0 0 a 0 0 0
b 0 0] -=({0 O 0] and |0 O a
0 0 0 b 0 0 0 b 0

Our remaining symmetric generators of SU(3) are

00 1 00 —i 000 00 0
M=[0 0 0 Xs=[0 0 o0 =0 0 1 AM=[0 0 —i] (145
100 i 0 0 01 0 0 i 0

In total we required eight generators of SU(3), so finally we must add another traceless generator.
This is
1 0 0
=101 0 (146)
0 0 -2

Aj (j =1...8) are the Gell-Man matrices, and are the generators of SU(3). For normalisation we
may once again write a factor of 1/2 before the matrices A\;__ 7 and a factor 1/ 2+/3 before the matrix
As. The most general form of SU(3) is

U=e™*  aeR (147)
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The algebra of SU(3) is

i Al =4 ik (148a)
%
1
i A} = 5517' + Zdijk)\k (148Db)
%

where f;;, and d;j;; are structure constants that can be computed through use of the commutators
and anticommutators respectively. Note here we have used the renormalisation process described
above.

D.4.1 Colour

The primary role of the SU(3)¢ group of the standard model is to give quarks colour charge. Note
that any state that is not a singlet of SU(3)¢ in Appendix A corresponds to a quark. Quarks come
in one of three colours, and a hadron is formed by three quarks of different colour.

The fundamental representation of SU(3) is given in (144-146). These are 3 x 3 matrices, so the
basis vectors shall be column vectors consisting of three elements. Each basis vector corresponds to
a different quark colour charge, so each quark state is an SU(3) triplet. No other standard model
particles have a colour charge, so all other particles are SU(3) singlets.

References

[1] M. Green, J. Schwarz, Anomaly cancellations in supersymmetric D=10 gauge theory and super-
string theory, Physics Letters B149 117-122, 1984.

[2] H. Kawai, D. Lewellen, S. Tye, Construction of Fermionic String Models in Four Dimensions,
Nuclear Physics B288 1-76, 1987.

[3] I. Antoniadas, C. Bachas, C. Kounnas, Four Dimensional Superstrings, Nuclear Physics B289
87-108, 1987.

[4] A. Faraggi, D. Nanopoulos, K. Yuan, A Standard-Like Model in the Four-Dimensional Free
Fermionic String Formulation, Nuclear Physics B335 347-362, 1989.

[5] B. Zweibach, A First Course in String Theory, Second Edition, Cambridge University Press,
2009.

6] P. Langacker, The Standard Model and Beyond, CRC Press, 2010.
[7] M. Maggiore, A Modern Introduction to Quantum Field Theory, Oxford University Press, 2005.

[8] P. Higgs, Broken Symmetries and the Masses of Gauge Bosons, Physical Review Letters 13
508-509, 1964.

[9] P. Binetruy, Supersymmetry: Theory, Ezperiment, and Cosmology, Oxford University Press,
2006.

[10] R. Eisberg, R. Resnick, Quantum Physics of Atoms, Molecules, Solids, Nuclei, and Particles,
Second Edition, Wiley, 1985.

[11] P. Candelas, G. Horowitz, A. Strominger, E. Witten, Vacuum Configurations for Superstrings,
Nuclear Physics B258 46-74, 1985.

[12] L. Dixon, J. Harvey, C. Vafa, E. Witten, Strings on Orbifolds, Nuclear Physics B261 678-686,
1985.

43



[13] I. Antoniadas, C. Bachas, C. Kounnas, P. Windey, Supersymmetry Among Free Fermions and
Superstrings, Physics Letters B171 56-56, 1987.

[14] I. Antoniadas, C. Bachas, 4D Fermionic Superstrings with Arbitrary Twists, Nuclear Physics
B298 586-612, 1988.

[15] F. Gliozzi, J Scherk, D. Olive, Supersymmetry, supergravity theories, and the dual spinor model,
Nuclear Physics B122 253, 1977.

[16] M. Robinson, Symmetry and the Standard Model, Springer, 2011.
[17] J.D. Jackson, Classical Electrodynamics, Third Edition, Wiley, 1998.

[18] M. Dine, N. Seiberg, E. Witten, Fayet-Iliopoulos Terms in String Theory, Nuclear Physics B289
589-598, 1987.

44



