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Problem Description

Massive Nambu-Goldstone bosons are particles with a gap that is protected by symmetry and
can be computed exactly with the help thereof. The goal of this project will be to investigate
their further properties using Quantum Field Theory, and compare them to those of ordinary,
gapless Nambu-Goldstone bosons: low-energy theorems, interactions with other modes etc.
This is a follow-up project on the work done in Watanabe, Brauner and Murayama, Phys. Rev.
Lett. 111, 021601, 2013. Required background: Classical and (basic) Quantum Field Theory,
basics of the theory of Lie groups and Lie algebras.




Abstract

In this thesis we consider systems where both Lorentz invariance and a continuous symmetry
group G is explicitly broken by coupling a chemical potential ;1 to one of the generators ()
of GG. In such systems it is well known that there exist two different types of massive Gold-
stone bosons, denoted here as mNGBs and pNGBs. It is also well known that each mNGB
corresponds to the explicit breaking of a pair of generators that we can combine into a linear
combination ()+,. Furthermore, ()., satisfies the relation [Q, Q+,] = +¢,Q+,, Where ¢, are
the roots of the Cartan subalgebra. In [1] it is shown that this commutator relation implies that
the mass of the mNGBs are given by ¢, . This formula is derived using only symmetry, which
means that the mass of the mNGBs is not subjected to loop corrections. Interestingly, not much
is known about the scattering amplitudes for processes involving mNGBs and pNGBs. The goal
of this thesis is to investigate such scattering amplitudes and try to make some exact statements
about them.

We first showed that the Noether currents J% . corresponding to ()., satisfy the covariant
conservation laws D, J4, = 8,J%, + igyuJ?, = 0. Next we defined the current element
(f|J%]7), representing a mNGB destroyed/created by J% . interacting with an initial state |i)
and a final state | f). By applying the covariant derivative to ( f|.Ji,|i) and using the correspond-
ing conservation law we managed to show that any scattering amplitude describing a process
involving at least one mNGB vanishes in the soft limit of the mNGB. We proved this statement
first perturbatively and then non-perturbatively, assuming a non-composite field. In the future,
we would like to generalise our non-perturbative proof to be valid for composite fields as well.

In addition, we wanted to show that a scattering amplitude describing a process involving
a pNGB does not vanish in the soft limit of the pNGB. To show this we studied the complete
breaking of an O(3) symmetry using an already known effective field theory approach. How-
ever, we considered 2 — 2 scattering and found to our surprise that the scattering amplitude
vanished. We have not managed to explain this behaviour, although some solutions might be:

e The model has a hidden discrete symmetry, that forces the scattering amplitude to vanish
in the soft limit.

e We have considered only the simplest possible scattering event, namely 2 — 2. Perhaps
this is too simple, and that we instead should consider 3 — 3 scattering?

e pNGBs also interact weakly.
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Sammendrag

I denne avhandlingen ser vi pa systemer hvor bade Lorentz invarians og en kontinuerlig sym-
metri gruppe G blir eksplisitt brutt ved & koble et kjemisk potensial y til en av generatorene
@ av G. I slike modeller er det et veletablert faktum at det eksisterer to typer massive Gold-
stone bosoner, som vi kaller mNGBer og pNGBer. I tillegg er det velkjent at ethvert mNGB
korresponderer til ett par med eksplisitt brutte generatorer. Disse to generatorene kan brukes
til a konstruere en lineer kombinasjon )4, som tilfredsstiller (@, Q+,] = £¢,Q+,, hvor ¢,
er rgttene til den Cartanske underalgebraen. I [1] vises det at denne kommutatorrelasjonen im-
pliserer at massen til mNGBer er ¢, .. Da massene til mNGBene kun ble bestemt vha symme-
triegenskaper fglger det at massen ikke mottar kvantekorreksjoner. Overaskende nok, vet man
ikke mye om spredningsamplituden for kollisjoner som involverer mNGBer og pNGBer. Malet
med denne avhandlingen er a se om vi kan si noe generelt om disse spredningsamplitudene.

Vi har vist at Noether strgmmene J% , som korresponderer til )+, oppfyller bevaringslovene
D,J4, = 0,J%, £igyuJl, = 0. Vi definerte matrisen (f|J%,|i) som representerer et mNGB
som vekselvirker med en begynnelsestilstand i) og en sluttilstand | f). Ved & da bruke bevar-
ingslovene D, J', = 0 beviste vi at en spredningsamplitude hvor minst et mNGB vekselvirker
alltid forsvinner i grensa hvor 3-impulsen til det mNGBet forsvinner. Dette ble bevist fgrst ved
a bruke perturbasjonsteori og deretter bevist eksakt. Det nevnes at beviset kun er gyldig for et
ikke-sammensatt felt. I fremtiden haper vi a kunne kvitte oss med denne antagelsen.

I tillegg, @gnsket vi a vise at spredningsamplituden hvor minst et pNGB vekselvirker ikke
ngdvendigvis forsvinner i grensa hvor 3-impulsen til pPNGBet forsvinner. Vi forsgkte a gi in-
dikasjon pa dette ved & studere en modell hvor en O(3) symmetri ble fullstendig brutt. For
a beskrive denne situasjonen ble vi ngdt til a bruke en velkjent effektiv feltteori. Som et
konkret eksempel sa vi pa spredningen av to og to partikler og oppdaget at spredningsamplitu-
den forsvant i grensa hvor 3-impulsen til pPNGBet forsvinner. Vi har enda ikke forstatt grunnen
til at spredningsamplituden forsvant, men noen forklaringer kan veare:

e Modellen kan ha en diskret symmetri som krever at spredningsamplituden forsvinner for
sma 3-impulser.

e Spredningen av to og to partikler er ikke komplisert nok til & verifisere at spredningsam-
plituden ikke forsvinner. Det kan derfor vere lurt a studere spredningen av tre og tre
partikler istedet.

e Spredningsamplituden, som beskriver en kollisjon hvor minst et pNGB vekselvirker,
forsvinner ogsa for sma 3-impulser.
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Preface

This final version of my thesis represent two semesters of work. To be concrete part I and II of
the main body as well as the appendix is more or less identical' to my specialisation project that
I wrote in the autumn semester of 2016, see [2]. Meanwhile part III represents the work done
this semester. I include all three parts in this thesis because I found it convenient to include all
of the equations and explanations in one paper.

In this thesis we investigate some general properties of the two different types of massive
Goldstone bosons potentially present in systems where both Lorentz invariance and a continu-
ous symmetry is explicitly broken by a chemical potential. Of particular interest is the soft-
limit?> on-shell scattering amplitude for a process involving at least one massive Goldstone
boson. In the specialisation project we conjectured a theorem?® which we managed to prove
this semester. The proof will form the foundation of an article that will be written during the
upcoming summer.

I am indebted to my supervisors Jens O. Andersen (NTNU) and Tomas Brauner (UiS), for
providing me with a project that I have enjoyed very much working on and for reading through
my various drafts. In particular I would like to thank Tomas Brauner for both his time and
patience in explaining and discussing various aspects of the project with me.

'Except for some typographical errors that have been corrected and some physical interpretations that have
been added/improved in chapters 3 and 4.

2By soft limit we mean that the 3-momentum of the NGB, pNGB or mNGB approaches zero.

3The theorem can be found on page 60
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Notation and Conventions

In this section we include a list of notation and conventions that are used in this thesis. It is
meant to be used as a quick reference when reading through the text.

ree: on-shell tree-level scattering amplitude.

o off-shell tree-level scattering amplitude.

Z: Lagrangian (density).

% : potential energy (density) or equivalently the static part of .Z.
SSB: spontaneous symmetry breaking.

vev: vacuum expectation value.

T;: generator of a symmetry group.

J¥: a Noether current corresponding to a generator 7;.

Soft limit: the limit of zero 3-momentum.

NGB: a massless Nambu-Goldstone boson (of type-I or type-II).

NGB of type-I: a massless Nambu-Goldstone boson whose dispersion relation is an odd
power of momentum in the soft limit.

NGB of type-II: a massless Nambu-Goldstone boson whose dispersion relation is an even
power of momentum in the soft limit.

mNGB: massive Nambu-Goldstone boson with a fixed gap.
pNGB: pseudo Nambu-Goldstone boson with an unfixed gap.
|i) & | f) : an arbitrary initial and final state.

(f|J%|i): a current element describing the interaction between a massive Goldstone boson
destroyed/created by J and an arbitrary initial and final state.

The Fourier transformation is defined as f(z) = [ % (k)e~ike,
We use the Minkowski metric 7, = diag (1, —1, -1, —1).

For repeated indices we use the Einstein summation convention.
w.r.t.. with respect to.

d.o.f.: degrees of freedom.

Boldfaced letters such as p denote 3-vectors.

Xiii



MC form: Maurer-Cartan form.

fape: structure constants.

o,; and 7; represent the Pauli matrices.

Tr{A}: the trace of the matrix A.
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Chapter 1

Introduction

In this chapter we give a brief historic overview of the study of Nambu-Goldstone bosons. In
particular we will focus on the four types of Goldstone bosons potentially present in systems
where a chemical potential is responsible for the explicit breaking of both Lorentz invariance
and a continuous symmetry group (. In addition, we describe the process known as spon-
taneous symmetry breaking and provide one formulation of Goldstone’s theorem. Finally we
discuss the structure of the thesis, emphasising the logical flow of the text.

1.1 A Brief History of the Nambu-Goldstone Bosons

The first clue for the existence of massless Nambu-Goldstone bosons (NGBs) was discovered by
Nambu in 1960. In his paper [3] he was investigating superconductivity by applying field theory
to the BCS-Bogoliubov model. To be precise he used the Hartree-Fock method to determine
an integral equation that described the self-energy of an electron in an electron gas interacting
with phonons and a Coulomb potential. The homogenous solutions of the resulting equation
turned out to describe collective excitations of pairs of massless quasiparticles, today known as
massless NGBs.

One year later, inspired by Nambu’s findings, Goldstone wanted to investigate these mass-
less quasiparticles further. The results of his investigation are found in [4], where he conjectured
that if a theory originally invariant under a symmetry group GG had a ground state invariant un-
der a corresponding subgroup H C G, NGBs are born. This conjecture is today known as
Goldstone’s theorem and was proved in 1962 by Goldstone, Salam and Weinberg in [5]. How-
ever, their proof only holds for Lorentz invariant systems leading to a large number of papers
attempting to generalise the theorem. An early review can be found in [6].

When attempting to generalise Goldstone’s theorem to non-Lorentz invariant systems' it
was found that predicting the number of NGBs was quite subtle, we call this the counting
problem. The first notable breakthrough in solving the counting problem was made by Nielsen
and Chadha in 1975, see [7]. The key idea was that there actually exist two types of massless
NGBs in non-Lorentz invariant systems exhibiting spontaneous symmetry breaking (SSB). The
two types of NGBs can be most easily distinguished by considering their dispersion relations
in the limit of zero 3-momentum (soft limit). They found that the soft-limit dispersion relations
of type-I and type-II NGBs depend on odd and even powers of the norm of the 3-momentum

ITo be concrete: we consider systems where Lorentz invariance is broken explicitly by a chemical potential.




Chapter 1. Introduction

respectively. This important fact led to a successful proof of what is called the Nielsen and
Chadha counting rule.

So far we have introduced the two types of massless NGBs, present in systems where
Lorentz invariance is broken by the introduction of a chemical potential, whose properties are
well known. Let us now introduce the main subject of this thesis namely the massive NGBs
who are born when a chemical potential explicitly breaks both Lorentz invariance and a con-
tinuous symmetry. These special massive NGBs were first discovered by Nicolis and Piazza in
2013 in [8]. In their paper Nicolis and Piazza investigated theories exhibiting SSB in Lorentz
invariant systems at finite charge density. Based on Goldstone’s theorem one would expect to
find only massless excitations, however this did not happen! Instead they found massive Gold-
stone bosons whose masses were fixed by the symmetry algebra and the chemical potential .2
The same year Watanabe, Brauner and Murayama generalised these mNGBs in [9] and showed
that the mNGBs exist also in non-relativistic systems such as (anti)ferromagnets subjected to
an external magnetic field.

Furthermore, Nicolis, Penco, Piazza and Rosen discovered in [1] that there also exist mas-
sive NGBs whose masses are not fixed by the symmetry algebra.® They found that these second
types of massive NGBs had masses that depend on the coupling constants g; of the model.

To be concise the different types of NGBs that we will come across in this thesis are given
in table 1.1, borrowed from my specialisation project [2].

Table 1.1: The table displays the different types of Goldstone bosons we come across in this thesis.
Each Goldstone boson is characterised by their mass and one additional characteristic property. E is the
energy of the particle, p is the 3-momentum, n is an integer, g, is a root of the Cartan subalgebra and
f(g:) is a function depending on the coupling constants g; of the theory.

Type of Goldstone boson Mass Characteristic property
NGB of type-I 0 E =p/”"™
NGB of type-II 0 E =|p|™
mNGB j. Mass fixed by the symmetry algebra.
pNGB f(g:)p  Mass not fixed by the symmetry algebra.

Finally let us address a particularity of scattering amplitudes describing processes involving
massless NGBs, that we are very interested in. Consider that we are given a Lorentz invariant
theory and are asked to compute the scattering amplitude for a scattering process involving at
least one massless NGB. Weinberg proved in [10] that such an amplitude always* vanishes in
the soft limit of the NGB. In this thesis we want to show that the same soft-limit theorem holds
for mNGBs but does not hold for pNGBs.

1.2 Spontaneous Symmetry Breaking and Goldstone’s Theo-
rem

Given the importance of the process we have referred to as SSB let us give a general overview.
Consider a theory specified by a Lagrangian density .Z’(¢) with a continuous symmetry group

2We will call these particles massive Goldstone bosons (mNGBs).
3We will call these particles pseudo Goldstone bosons (pNGBs).
4Unless the theory contains a kinematic singularity.




1.3 Structure of the Thesis

G. If the ground state of the system is also invariant under GG, we are not dealing with sponta-
neous symmetry breaking and no NGBs are born. However consider the case where the ground
state of the system is not invariant under G, but is invariant under some subgroup H C G.
Whenever this is the case we say that the symmetry GG has been spontaneously broken down to
the subgroup H. The generators of the coset space G/ H are called broken because they do not
annihilate the ground state. Goldstone’s theorem tell us that there is a one-to-one correspon-
dence between the broken generators and the NGBs in Lorentz-invariant systems. One possible
formulation of the theorem is given below. It is proved in App. B.

Theorem 1: Goldstone’s Theorem

Let G be the symmetry group of the Lagrangian with n, generators {73, 75, ..., T, }.
Also let H C G be the subgroup that leaves the ground state invariant containing
nyg < ng generators {11,T5,...T,, } and consider the SSB of G down to H. For each
generator in the set {11, 75,...,T,.} that does not annihilate the ground state there ex-
ists exactly one NGB. Thus the total number of NGBs is given by the dimension of the
coset space, dimG/H = ng — ny.

1.3 Structure of the Thesis

The main body of this thesis consists primarily of three parts. Part I and II represent the work
done in the specialisation project the previous semester, while part III represents the work done
this semester.

In part I, we consider specific models containing massless NGBs and mNGBs. The goal of
part I is to investigate the scattering amplitude corresponding to a collision involving mNGBs
to form the foundation of our conjecture found on page. 60.

In part II, we consider a model containing both mNGBs and pNGBs. Our goal was to
calculate a scattering amplitude corresponding to a collision involving pNGBs to see if we
could verify that the pNGBs do not satisfy the soft-limit theorem. However, to our surprise we
found that the scattering amplitude vanished. We have three possible explanations for this

e The model has a hidden symmetry, that forces the scattering amplitude to vanish in the
soft limit.

e We have considered only the simplest possible scattering event, namely 2 — 2. Perhaps
this is too simple, and that we instead should consider 3 — 3 scattering?

e pNGBs also interact weakly.

Given more time we would of course address each of these issues in detail.

In part III, we begin by proving Weinberg’s soft-limit theorem because it motivates us to
determine a new covariant conservation law. Armed with this we look at two concrete examples,
and manage to find a procedure for determining a formula for the scattering amplitude from
which it is trivial to see that it vanishes in the soft limit. We then prove our theorem, first
perturbatively and then non-pertubatively.
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Chapter 2

The Abelian Model

2.1 The Abelian Model without Chemical Potential

In this section we study one of the simplest models exhibiting SSB, namely the Abelian model
with a complex scalar field. As a first step we determine the mass spectrum of the theory and
show that the existence of the NGB is in accordance with Goldstone’s theorem.

Having derived the mass spectrum, we want to investigate scattering amplitudes involving
NGBs and verify that the on-shell tree-level amplitude' vanishes in the soft limit as mentioned
in section 1.1.

Finally, we want to demonstrate that the physical observables are independent of the parametri-
sation of the field and that some parametrisations provide a more intuitive picture than others.

2.1.1 The Mass Spectrum
The Lagrangian for the complex field ¢ is given by

L = 0,0" 0" +m ¢ p — X (¢*h)?, 2.1)

where m and \ are the mass and coupling constant of the theory respectively. Before we can
calculate the mass of the fields as done in Eq. (A.14) we need to check if the field’s vacuum
expectation value (vev) is zero. To do this we recall that the vev is defined as the field config-
uration that minimises the potential %7. The potential is determined from the static part of the
Lagrangian and is given by,

U =—m’¢"p+ \(¢"9)° . (2.2)

The vev is found by differentiating % w.r.t. the field ¢* and setting the derivative equal to zero,

o
- 55

0 _ [2)\ (¢°¢)* —m2| 6. 2.3)

The solutions are
o=0 2.4)

'In this paper we will only calculate on-shell tree-level scattering amplitudes. Therefore if we use the word
amplitude this should be taken to mean on-shell tree-level scattering amplitude.
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which is a local maximum,? and

E 2_m_2:£
wo=lo = 55 = 5 5)

which corresponds to a local minimum. The ground state? is

v e
oo \/§€ (2.6)
where 6 is an arbitrary phase. There is thus an infinite set of possible nonzero vevs each specified
by a unique value of #. This degeneracy of possible vevs is a general characteristic of all theories
exhibiting SSB.

Note that the Lagrangian in Eq. (2.1) is not expanded around its ground state in Eq. (2.6),
instead it is expanded around its unstable maximum ¢ = 0. To find the true mass spectrum
of the theory it is necessary to parametrise the field ¢ around the ground state ¢,. We choose
to write the field ¢ in terms of two real fields 7, and 7, fluctuating around the ground state
corresponding to # = 0. This gives,

1
¢:E<U+7T1+iﬂg>. (27)

If we insert this into Eq. (2.1), and drop constant terms, we obtain

1 1
K = 5 um@“m — m27rf + §8H7T28#7TQ

(2.8)
A A A
— Zﬂf — gﬂfﬂg — dumd — domyms — Zﬂ'é.
We can now use Eq. (A.14) to determine the mass spectrum. The potential is
22, A 4, A o 3 2, A4
U =m "y + ik + 5T + Aomy + Avmmy + 1™ (2.9)
and evaluating its second derivative with respect to the fields 77 and 7 gives
U
2 2
m1=m2=0
and
*U
2
= =0. 2.11
mﬂ'2 aﬂ_% ( )
m1=mo=0

If we apply Goldstone’s theorem we can interpret the massless particle as a NGB: The La-
grangian in Eq. (2.1) is invariant under U(1) transformations. However, the ground state
o = \% is not because a U(1) transformation of the ground state results in a different ground
state ¢ = \/%em, where « is some phase factor. Hence the ground state does not share the U(1)
symmetry of the Lagrangian. Since the group U(1) only has one generator, which breaks when
we choose a ground state, Goldstone’s theorem tells us that there should only be one NGB.

%In order to show that this is indeed a maximum one simply checks that the second derivative is negative.
3In this paper the words ground state and vev mean the same thing.
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2.1.2 Scattering Amplitudes
Feynman Rules

Before we can compute scattering amplitudes it is necessary to determine the Feynman rules
of the theory. That is we need the propagators for m; and 7, and the interaction vertices. We
use the method presented in appendix A.3. The propagators follow from the quadratic part of
Eq. (2.8). In particular the 7, -propagator D, can be determined from

1
L = 56,//'(10“7’(’1 — m27rf

1
= —5m O+ 2m%) m, (2.12)

1
_ -1
= —7T1D7r1 1,

2

where we in the second line performed one partial integration and in the third identified the
term — (D + 2m2) as the inverse propagator D 11. The propagator D,, is a Green’s function
and therefore satisfies the equation

— (O+2m?) Dy, (z — 2') = 6*(z — o). (2.13)
Performing a Fourier transformation* yields
— (—k* +2m*) Dy, (k) = 1. (2.14)
Thus we find )
k2 —2m? + i€’

where ie is the infinitesimal Feynman prescription, often introduced to avoid the pole at k2 =
2m?. For the my-propagator we take the limit m — 0 giving,

iDy, (k) = (2.15)

l

Dy, (k) = 5. 2.16
iDay (F) k? + ie (216
The part of the Lagrangian containing the particle interactions is,
A A A
Z = —Zﬂf - §7rf7rg — \oms — domyms — ng. (2.17)

By following the procedure described in appendix A.3 we can calculate the Feynman vertices.
The complete set of Feynman rules are given in Fig. 2.1.

Having obtained the Feynman rules we can now compute our first on-shell tree-level scat-
tering amplitude involving NGBs.
Pure NGB-Scattering

The first amplitude 7.%7,... we will calculate corresponds to the process only involving NGBs,’

Ta(p1)m2(p2) — ma(p3)m2(pa)-

4Qur convention for the Fourier transformation is mentioned under ”Notation and Conventions”.
>The 4-momentum of each particle is indicated in the bracket.
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k )
T T P lomPric
= —2I\
k ' o
rrrrrrrrrr T = P iae
o . +: —2iv)

><: _GiA S i
7 »

Figure 2.1: Feynman rules for the Abelian model without a chemical potential. The massless
field is represented as a dashed line while the massive field is represented as a thick line.

There are four diagrams contributing to this amplitude at tree level, and they are shown in Fig.
2.2.

D1 P3 prps D1
\\ "’. -“ /4,‘ *
N P P1 p3 o 4;’p3
, ,ﬁ:u%ﬁ_ P3 —Dp1 P4 — p1+
/, 4 A | EE N
b2 ! P2 Pa D2
a) b) c) d)

Figure 2.2: The four diagrams contributing to the scattering amplitude for the process
7T2(p1)71’2(p2) — 7T2(p3)71’2(p4) at tree level.

Using the Feynman rules in Fig. 2.1, we can determine the scattering amplitude for each
diagram in Fig. 2.2

iy = —6i, (2.18)
ity = (—2iv\)? o p2§2 5 (2.19)
i, = (—2iv\)? o p3§2 o (2.20)
and
iy = (—2iv\)” ! (2.21)

10



2.1 The Abelian Model without Chemical Potential

The complete amplitude .97, is then given by the sum of the individual amplitudes. Let us
assume that the external particles are on shell such that

pi=m2 =0, (i=1,234)
and define the Mandelstam variables s, ¢t and u as
s=(p1 +p2)2 = (ps +p4)4 = 2p1p2 = 2p3pa,
t=(p1— p3)2 = (ps — p2)2 = —2p1p3 = —2pop4, (2.22)
2 2
u=(p1—ps)” = (p3—Dp2)” = —2p1ps = —2paps.

Note that the Mandelstam variables vanish when either of the external 4-momenta p1, po, p3 or
p4 vanishes. The total amplitude is then,

Z.f@{tree = Z% + Z% + Z@{c + ZJZ{d

s—2m?2  t—2m?2 u—2m?

:—6i)\+i(—2iv)\)2< ! ! ! > 223

Let us investigate what happens to the amplitude when one of the particles has vanishing
momentum such that all the Mandelstam variables approach zero

: . : e 3
ZvQ{tree m —6iA +1 (—2ZU)\) (ﬁ)
= —6i\ + 6t (2.24)

=0.
Thus if either of the momenta of the NGBs vanishes, then the tree level amplitude vanishes as
well. Note that if the NGBs were not on shell, we would not get the cancellation because p? # 0
for some 1.
Mixed scattering
Let us show that a soft-limit NGB also gives a vanishing tree-level amplitude for the process
m1(p1)m2(p2) — m(py)ma(py)-

The contributing Feynman diagrams are given in Fig. 2.3.

Figure 2.3: The four diagrams contributing to the scattering scattering amplitude for the process
st (pl)ﬂ'g(pg) — T (pll)ﬂ'g (pé) at tree level.

11
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The corresponding Mandelstam variables are

t= (p2 - p/2)27
u = (p1 — ph)?, (2.25)
s = (m +p2)2-

Using the Feynman rules, we construct each amplitude

190, = —2i), (2.26)
—192; 2,,2 : 2
ity = AV _ 6tAm 7 2.27)
t—2m?  poph +m?
4iN*0? —4ixm?
i, = -~ = (2.28)
w o ph(pi = 2p2)
4i\2v? — 44 Am?
AL — (2.29)
s p1(p1 + 2p2)
The complete tree-level amplitude thus reads,
6iAm> 43 m? 4idm?
iffytree:—QZ')\‘i‘ %m 5 3 Z,m - all
papy +m?  pi(p} —2p2)  p1(p1+ 2p2) (2.30)
1 1 1 '
= —2i\ — 4iN*0 | =+ — ) — 12iA%? .
s u t —2m?
Let us first investigate the soft limit p, — 0, which gives
6iAm?  4idm?  4idm?
T A——T) S 2.31)
p2—0 m? Py P
Using that p}? = p? = 2m?, we obtain
1 pree m —2i\ 4 69\ — 29\ — 26\ = 0. (2.32)

We then investigate the limit p, — 0. However, before we take the limit, we rewrite the
amplitude as

6iAm? 4i m? 4i m?
/ 2 .2 _ I 1) 2 2l
D2py +Mm pi P1Dy DT T 2pips

1 jpee = —20N\ + (2.33)

Now we let p, — 0 and obtain

45 Am? B 44 m?
2m?2 2m?2 (2.34)
= =20\ + 62\ — 20\ — 2¢A = 0.

i ee ——3 —2N + GiX —
ph—0

Once again we have shown that a scattering process involving on-shell NGBs, has a vanishing
tree-level amplitude in the limit where the momentum of a single NGB approaches zero. This
is in fact general behaviour and is proved in chapter 6 as well as in [10].

12



2.1 The Abelian Model without Chemical Potential

2.1.3 Alternative Parametrisation

We now illustrate that there exists a parametrisation providing a more intuitive picture of why
SSB leads to NGBs. We expect that the mass spectrum and the amplitudes should be identical
to the ones previously obtained because physical observables should not depend on the field
parametrisation. The parametrisation we will use is similar to standard polar coordinates and is
given by

¢=—=+pev,

Sl
Ll N

) (2.35)

WIE(UJF/)){7

where 6 and p are real fields and v is the vev in Eq. (2.6). The reason for that this parametri-
sation is more intuitive can be explained by noting that a constant 6 can be removed from the
Lagrangian by applying a U(1) transformation on the field ¢. This means that every interaction
term involving # must depend on an even power® of the derivatives 9,6, which implies that the
interactions are proportional to products of momenta. Thus in the soft limit of the momentum
the NGB usually’ interacts weakly.

If we express the Lagrangian in Eq. (2.1) in terms of the two real fields, we get

1 1
&= [éaupﬁup - m2p2] + [5@90“9}

| ) X (2.36)
2 4 3
+ ;p@ﬁ@”@ + 202" 0,00"0 — i Avp°.
Mass spectrum
Next, we calculate the mass spectrum from the potential
29, Ay 3
U =m?p +1p + Avp”. (2.37)
Differentiating twice yields
U
2 2
mp = 8—[)2 =2m s
p=0=0
(2.38)
), _ OPU —
M= Sg2 =0.
p=0=0

As expected the mass spectrum is identical to the one determined in Eqgs. (2.10) and (2.11)
and we identify # as the NGB. We can understand the existence of the NGB geometrically by
plotting the potential in (¢, ¢*) space.

5The power must be even because the Lagrangian must be a scalar, such that all the Lorentz indices are con-
tracted.

7 Although it is usually true that the scattering amplitude involving NGBs vanish in the soft limit it is not always
true. In fact, there may be kinematic singularities which lead to that the amplitude does not vanish. We will see an
example of this in chapter 3.

13



Chapter 2. The Abelian Model

P

Figure 2.4: The potential % plotted in (¢, ¢*) space.

From Fig. 2.4, it is clear that radial excitations cost energy resulting in a massive radial
field p. However, due to the cylindrical symmetry of the potential an excitation in the azimuthal
direction gives a massless angular field 6.

Feynman Rules

Next, we determine the new Feynman rules starting with the propagators. The radial propagator
D, comes from the term,

1
L = 50up0"p — m’p?

1
= ——p (O+2m? 2.39
5P (O+2m?)p (2.39)
I
= §pr 1pa
and satisfies
— (O+2m*)D,(z,2') = §*(x — 2'). (2.40)
Performing first a Fourier transformation and then solving the algebraic equation for D, we get,
1
D,(k) = ——————. 241
Do) = 1o e (24D
The angular field propagator Dy is the massless limit of D,
iDy (k) ! (2.42)

- k2 +ie

14



2.1 The Abelian Model without Chemical Potential

The interaction vertices are a bit different in this case, because some of the interactions depend
on derivatives. We use the method demonstrated in App. A.3.1 to calculate the Feynman rules
for the Lagrangian in Eq. (2.36) and the result is shown in Fig. (2.5).

k _ i k e - i
T k2—2m2+ie T k24-ie
* — —2ipip2 \/
- — —2ipip
EARS ) P o
P P2
D1 P2

oo ><6M

Figure 2.5: Feynman rules for the polar coordinate parametrisation.

Pure NG-scattering

The first process we will look at is the scattering amplitude for

0(p1)0(p2) — 0(p3)0(pa),

containing only NGBs. There are three tree-level diagrams contributing to the scattering ampli-
tude and they are shown in Fig. (2.6).

b1 D3 P1
» A 4 A D3
1 D3 ‘ -
. 4
N ptp T
) . b3 — D1 Ps — D1
£ EN 3
b2~ P4 p *‘,
AN 1 P4
a) P2 2 P2
c)
b)

Figure 2.6: Tree-level Feynman diagrams contributing to 6(p1)60(p2) — 0(p3)6(p4).

The amplitudes corresponding to the diagrams are

i, = _ﬁ(plpz)(]?sm)’ (2.43)
v? pip2 —m?
9
v* pips +m

15
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and

v? pips +m?

The complete tree-level amplitude becomes,

2i —(p1p2)(p3pa4) n (p1p3) (p2pa) n (p1p4) (P2p3)

7;'5yr‘ee ==
' v? p1p2 — m? p1ps +m? p1Pa + m?

(2.46)

and it obviously vanishes when one of the Goldstone momenta p;, po, p3 or p4 approaches zero.
In order to verify that Eq. (2.46) is identical to Eq. (2.23) we have to rewrite it using the
Mandelstam variables. The Mandelstam variables corresponding to Fig. 2.6 are

s=(p1+p2)? = (ps +pa)° = 2p1p2 = 2p3pa,
t=(pr—p3)® = (ps— p2)2 = —2pip3 = —2papa, (2.47)
w=(p1 —pa)? = (P2 — p3)° = —2p1ps = —2pap3,

and satisfy s 4 ¢ + u = 0 for the scattering of massless particles. Eq. (2.46) becomes,

2 [ —s2/4 2/4 24

v2 \s/2—m?  —t/24+m? —u/2+m?

o 52 N 2 N u?
o2 \s—2m2  t—2m2 wu-—2m2/]’

If we rewrite the Mandelstam variables as

(2.48)

s% = (s —2m?)* + 4m?*(s — 2m?) + 4m*,
t2 = (t —2m?)? + 4m2(t — 2m?) + 4m*, (2.49)

u? = (u—2m?*)? + 4m?(u — 2m?) + 4m?,

we may express the amplitude as

i 4m? 4m* 4m*
A jree = —— om?+ ———— t + 2m? om?+ ———
1., 2 (s—l—m+5_2m2)—|—<—|—m+t_2m2>+<u+m—l—u_2m2

s—2m?2  t—2m?2 u— 2m?

' 1 1 1
= = (3+t+u)+6m2+4m4( + + )]

1 1 1
= —6iX — 4iN*0? 2.50
! e (s—2m2+t—2m2+u—2m2)’ (2:50)

which shows that the amplitudes in Egs. (2.23) and (2.50) are identical.

Mixed scattering

The final scattering amplitude we will compute is for the mixed scattering

p(p1)0(p2) — p(p3)0(ps).

16



2.1 The Abelian Model without Chemical Potential

The contributing Feynman diagrams are shown in Fig 2.7

pl p3
\ p1+ Do /
/" ------ ) -------- .
> 4 RN
D2 P4
b)
P P3
P D3
\\ pi— D1 /
T b3 —p1
pi P 14 X
Pz, \p4
c)
d)

Figure 2.7: Feynman diagrams contributing to p(p1)8(p2) — p(p3)0(p4).

and the corresponding Mandelstam variables are

s=(;m +P2)2 = pf + 2p1pa = 2m? + 2p1po,
u=(p — ps)* =2m* = 2p1ps = (po — p3)* = 2m* — 2pops, (2.51)

t = (p1 —p3)® = 4m> — 2p1ps = (pa — pa)* = —2papa.

The corresponding amplitudes read

, 2i\ 2 i

19, = <E) P2(p1 +p2);p4(p3 + pa),
N\ 2 ) (2.52)

. 21 )

1y = <;) p4(p1 - p4)ap2(p3 - p2),

{ 2
Ay = —6iAM—-— | +— )
19 { Ut—2m2 <+vp2p4>

17



Chapter 2. The Abelian Model

Summing up the amplitudes in Eq. (2.52) and using the Mandelstam variables gives

2 2
it 4i [ s—2m? 4i [ 2m? —u 1 t
oo = ——= — — | ——— | — — | ——— | — 6 -, 2.53
i v v2s ( 2 ) v2u ( 2 ) M om2 v (233)
We can simplify this expression to give
1 ree = — 20X — 40"\ | — + — | — 120"\ , (2.54)
s u t —2m?

which is identical to Eq. (2.30). The fact that the expressions for the mass spectrum and the
on-shell scattering amplitudes were identical in both parametrisations show that the results are
parametrisation independent.

2.2 Abelian Model with a Chemical Potential
Now we want to see what happens to the NGB if we consider the Lagrangian®
L = 0,8"0"p —mP$"d — A (¢79)", (2.55)

at finite density. To do this we must first find a way to introduce a chemical potential ;. We will
see that the chemical potential acts as a constant temporal gauge field, see e.g. [11].

2.2.1 The Chemical Potential as a Gauge Field

From statistical physics [12] we know that adding a chemical potential to a theory is equivalent
to working in the grand canonical ensemble where both the energy and the particle number
of the system are allowed to fluctuate. Mathematically a system described by a Hamiltonian
density .7 in the canonical ensemble can be promoted to an equivalent system in the grand
canonical ensemble by the replacement

H — K= —uj°, (2.56)

where 1 is the chemical potential and ;° is the conserved Noether charge density. We will now
demonstrate that in the Lagrangian formalism the replacement in Eq. (2.56) is equivalent to the

replacement
On = Dy = 0y — 114000 (2.57)

The Hamiltonian density .7 corresponding to the Lagrangian density .Z in Eq. (2.55) is
obtained by performing the Legendre transformation’

H =1+ — &, (2.58)

where 7 and 7* are the conjugate momenta of the fields ¢ and ¢* respectively. Using Eq. (2.55)
we find that the conjugate momenta are

w—%—gb* (2.59)
— %0 _

8This is the same Lagrangian as in Eq. (2.1) except that we changed the sign in front of m?2.
The dots indicate differentiation w.r.t. the time variable .

18



2.2 Abelian Model with a Chemical Potential

and

w*—ag—g{b (2.60)
=25 =% .

Inserting Egs. (2.59) and (2.60) into Eq. (2.58) yields the Hamiltonian density

H =7r* + Vo - Vo' +m2e o+ A (¢%¢)%. (2.61)

The Lagrangian in Eq. (2.55) is invariant under U (1) transformations. We can calculate the
corresponding conserved Noether current by considering infinitesimal transformations of the
form

¢ —e o= (1-1i0)9,

¢ — el¢* = (1+1i0) ¢*. (2.62)
The Noether current in Eq. (A.8) becomes, !
0L 0L
= 0 + 00"
0(0,0) " 0(0,07) 263
= (0"97) (—io) + (0"0) (i9") '
=1 (070" — p0"9") .
Inserting Eq. (2.63) into Eq. (2.56) we get
K =nr*+ V- Vo +m2o* e+ \(¢*¢)> — i (¢*r* — o). (2.64)

Now, by performing an inverse Legendre transform, we can calculate the Lagrangian % cor-
responding to the Hamiltonian

Le=md+1¢* — K. (2.65)

However, because of the replacement in Eq. (2.64) the conjugate momenta in Eqs. (2.59) and
(2.60) are no longer the conjugate momenta 7 and 7* present in Eq. (2.65). Using thus Hamil-
ton’s equations we get

. 9K .
and

By inserting Egs. (2.66) and (2.67) into Eq. (2.65) we find that
L = 0,07 0" ¢ + i (6" 006 — 900¢") + (1 — m?) "¢ — A (¢"0)” (2.68)

which is equivalent to
Zic = D" DFp — m ¢ p — N (6% ) (2.69)
if we define
Dy = 04 — 11004, (2.70)

which is the replacement rule we wanted to derive.

10We follow the standard convention of factoring out the infinitesimal parameter 6.
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Chapter 2. The Abelian Model

2.2.2 Spontaneous Symmetry Breaking due to a Chemical Potential

Promoting the derivative in Eq. (2.55) to the covariant derivative gives the Lagrangian,
L = D,¢*DFp — m2¢*p — (6" 9)°. (2.71)
Using Eq. (2.70) the Lagrangian becomes

L= 0,000 +ip (6000 — 60007 + (1 —m?) 96— A($70),  (272)

which reduces to Eq. (2.55) in the limit ¢ — 0. We see that the introduction of a chemical
potential has led to that space and time is no longer treated on equal footing, which means
that the Lagrangian is no longer Lorentz invariant or diagonal. This means that the dispersion
relation is no longer E? = m? + p?, and that we can not determine the mass spectrum by
simply taking the second derivative of the static term of the Lagrangian. In fact, we have to first
calculate the new dispersion relation and then evaluate the limit p — 0 to obtain the new mass
spectrum.

Now in order to demonstrate that the system indeed exhibits SSB we should determine
the vev. Since, the ground state is time independent the term coupled to the charge density
Jo =1 (¢* 0o — ¢0p@*) will drop out and hence we define the classical potential as

U = (1* —m?) |o* — No|". (2.73)

The minimum of the potential can be found by solving the equation,

oU
—= =92 (u® = m? = 2)\|o|? =0. 2.74
219] (u || )|¢| (2.74)

One solution is |¢| = 0, which is a local maximum for ;z > m and a local minimum for p < m.
Another solution exists if and only if ;2 > m and it is given by,

2 2 2
2 K —Mm v
== —. 2.75
Hence there exists an infinite number of nonzero vevs when p > m given by,
b = ——ei® (2.76)

where 6 is some arbitrary phase. Eq. (2.75) implies that there can only be SSB if ;1 > m, as
shown in Fig. (2.8).
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2.2 Abelian Model with a Chemical Potential

pw<m pw>m

(No SSB) (SSB)

Figure 2.8: SSB is only possible when p > m.

The reason for this is that when ;o < m the only solution to Eq. (2.74) is ¢ = 0. In the case
i > m there is also a nonzero solution to Eq. (2.74). We note that in this case the chemical
potential is responsible for the explicit breaking of Lorentz invariance and the SSB of the U(1)
symmetry.!!

Mass Spectrum

As before in order to obtain the mass spectrum we could use either of the two parametrisations

i) ¢= (v+m +im),

1
\/15 ) (2.77)

1" =—(Ww+pev
) ¢ 7 (v+p)
Using the first parametrisation the Lagrangian becomes

L = ((‘Lma“m + 8u7T28‘u7T2) + M(—Uaoﬂ'g + 728071'1 — 71'18071’2)

(g —m?)
5 (

A
— Z<U4 + 4v3my + 20273 + 6vPm] + doms + dvmyws + m + 2w + 7).

+ N —

v 4 2umy + 7} 4 ) (2.78)

""While the replacement 0, — O + i11dpa results in that the chemical potential explicitly breaks Lorentz
invariance it is worth noting that there exists an equivalent picture where Lorentz invariance undergoes SSB. In
this picture we let the ground state be time dependent ¢g(t) = %e’i“t and we start from the original Lorentz
invariant Lagrangian. When we expand the field about this ground state the chemical potential is not present in
the Lagrangian at all, which means that in this picture Lorentz invariance is spontaneously broken! The situation

where the state is evolving in time is called spontaneous symmetry probing and it is described in [13].

21



Chapter 2. The Abelian Model

The dispersion relations come from the quadratic part of the Lagrangian

1
3(2) = 5 (8M7T15’“7T1 + (‘3u7r28“7r2) — ,LL(7T1807T2 — 7T2807T1)
e \? (2.79)
+ T(Wf + 73) — T(Gﬂf + 273).
Using \v? = p? — m? yields,
3(2) = 1 (8 7r1(9“7rl + 0 71'26“7@) - u(m@mrg — 7T2807T1) + M(—Qﬂz).
2 g 2 ! (2.80)

In matrix form this equation reads

—19,0" — (> —m?)  —ud 7r
(2 = 2% 0 1
LT = ( R > ( 10 —%8#8” T (2.81)

and the matrix sandwiched between the two doublets is the inverse propagator D', Performing
a Fourier transformation yields,

1.2 (2 _ 2\ 4
pto @ mmh) ) (2.82)
— 1w oD
The dispersion relations are determined by requiring that the matrix D~ is singular, such that
1 1
0=detD ' = (§p2 — i+ m2> §p2 + (ipw)?. (2.83)

Now we use that p> = w? — p? where w and p are the energy and 3-momentum respectively, to
obtain the equation

0 — 1 (w2 ~p? -2’ —|—2m2) (WQ —pQ) —20?

4
1 (2.84)

o [w4 — Wp? + W (_pQ o2 4 2m2) I (—p2 02 2m2) (_pz)} — 2t

Multiplying by four and collecting equal powers of w yields
O — (w2)2 + 0.12 (_2p2 - 6//62 + 2m2) + p2 (p2 + 2/,62 o 2m2) ’

and the dispersion relations take the form

2 2
W =P+ 37— m? (3 — m?) \/1 + (—3 #Ipl ) . (2.85)

,LL2 _ mQ
The mass spectrum is then obtained by taking the limit p — 0 of Eq. (2.85) which gives

2 2 2
— 6% — 2m2,
Mmy = DR 20 (2.86)

2 _
m;, = 0.
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2.2 Abelian Model with a Chemical Potential

As a check of consistency note that Egs. (2.85) and (2.86) both reduce to the familiar expres-
sions in Egs. (2.10) and (2.11) in the limit 4 — 0 and when m? < 0. In order to characterise
the NGB it is useful to consider small 3-momentum p such that we can expand the square root
to obtain

12— m?

w? = (m) p2 + O(p4).

The dispersion relation thus looks like that of a phonon for small p,

/ /‘LQ _ mZ

In the literature [7] this NGB is characterised as type-I because ¢) it is linear in the 3-momentum,
and 77) only one generator was spontaneously broken. Thus by introducing a chemical potential,

the dispersion relation of the NGB changed from w = \/m? + p2 tow_ = /£ |p|.

3u2—m?2
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Chapter

Non-Abelian Models

In the spirit of the previous chapter we will first introduce an SO(3) model without a chemical
potential and then add a chemical potential to see how the NGBs change. We will find that,
whereas the introduction of a chemical potential in the Abelian model did not change the mass
of the NGBs, a chemical potential in a non-Abelian model will. In fact, we obtain a mNGB as
mentioned in the introduction. We then try to give indication for the existence of a soft-limit
theorem for mNGB which is similar to the soft-limit theorem for NGBs discussed in section
2.1.2.

3.1 The Non-Abelian Linear SO(3) Model without a Chemi-
cal Potential

We consider a vector field c;; = (¢1, P2, ¢3) and the Lagrangian

230+ A6

which is invariant under SO(3) transformations.
In order to show that this model exhibits SSB, we must find at least one nonzero vev.

Spontaneous Symmetry Breaking of the Model

As usual we start by looking at the potential,
Log2g A (292 Loy 2a A 2
—_Z 2 - _Z - 3.2
U = —5m?3? + 5 (8%) = —3m?d1* + 71 (3.2)
and then determine the field configuration that minimises the energy by solving the equation

ow

gia = [+ 2d) 18] =o.

This implies that there are an infinite number of nonzero vevs which all lie on the sphere

b2 — mT =2 (3.3)
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Chapter 3. Non-Abelian Models

Mass Spectrum

We choose the ground state

b = (@01, Po2; Po3) = (0,0,v), (3.4)

and introduce a quantum field n (x) which fluctuates around the classical field ¢g3 = v. Le the
field parametrisation reads,

¢33 =v+n(x). (3.5)

In order to determine the number of Goldstone modes, we substitute the parametrisation in
Eq. (3.5) into the potential in Eq. (3.2). In the following we drop the constants in the potential
and introduce for brevity ®? = ¢? + ¢3.

1 A
U = —5m (7 + 65+ 65) + (91 + 65 + 63)
1 2 2 2 A 2 2 2 2
= ——m?(® 2 Z(® 2
2m( +n° + vn)—|—4( +v° + 0"+ 2un) (3.6)
1 A
= —§m2((1>2 + 17 4 2un) + Z(¢4 + 20202 + 20%n% + 4vd?y

+ 602n* + 40°n + n* + don?).

Due to the presence of the ®>-terms in Eq. (3.6) we see that the ground state is invariant under
the SO(2) subgroup of SO(3).

Now, we evaluate the masses of the particles by calculating the relevant second derivatives
evaluated in the ground state configuration ¢; = ¢, = n = 0. Since the fields ¢; and ¢, have
identical couplings in the potential, their masses will be identical and it is only necessary to
evaluate one of the second derivatives

o*u
Mo = BT = —m® + A= —m’ + m* = 0. (3.7)
4

P1=p2=n=0

This reveals that there are two Goldstone bosons,
2 2
The mass of the 7 excitation is

, O
n on?

= —m? + 3\? = 2m>. (3.9)

d1=p2=n=0

m

We can interpret Eq. (3.8) and Eq. (3.9) as follows: The minimum of the potential is on a
sphere in field space given by Eq. (3.3). Thus the two NGBs correspond to azimuthal and
polar excitations, while the massive particle corresponds to radial excitations. For an SO(N)
invariant theory, we would find N — 1 NGBs because the angular element df2 always contain
N — 1 angles in N dimensions.

However, this intuitive argument only holds for SO(N) theories. In order to apply Gold-
stone’s theorem it is necessary to evaluate the number of broken generators.
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3.1 The Non-Abelian Linear SO(3) Model without a Chemical Potential

The Broken Generators

The generators of the Lie algebra so(3) are the three matrices,

00 O 0 01 0 -1 0
Th=:1 0 0 =1 |, Ty=1 0 001, and Tg=i| 1 0 0 |. (3.10)
01 0 -1 0 0 0 0 0

In order to make sense of the term broken generator, we will consider infinitesimal SO(3)
transformations of the form!

Q;Q — Qg[; = eieaTaQ;E) = [1 + igaTa + 0(92) Cb_g)
- (3.11)
— [1 + 0V, + 00Ty + i6°Ty + 0(92)] ®o-

This expression reveals that the ground state is invariant under an infinitesimal transformation
if and only if

T,y = 0. (3.12)

If this expression is not satisfied then we are dealing with a broken generator. It is called broken
because the ground state is not invariant under the symmetry, unlike the Lagrangian.

Using this definition it is easy to check which of the so(3) generators that are broken by the
ground state:

. 00 O 0 0
Tigo=1] 0 0 —1 0O |=—-¢]| v |, broken — NGB
01 0 v 0
. 0 0 1 0 v
Topg =1 0 00 0O |=2]1 0|, broken— NGB (3.13)
-1 0 0 v 0
~ 0 -1 0 0 0
Tspo=21 1 0 O 0O |=1 0|, wunbroken — Massive.
0 0 O v 0

Note that the vectors 7} ggo and nggo point in the directions of the ¢, and ¢; components of
the field. This is not a coincidence. One can always identify the Goldstone components of the
field by acting with the broken generators on the ground state.

The calculation also confirms that the ground state is invariant under the SO(2) subgroup
spanned by the generator 73. To apply Goldstone’s theorem we note that the group SO(3) has
three generators 77, T, and T3, while the subgroup SO(2) has one generator T3. Goldstone’s
theorem predicts that the number of NGBs should be equal to the dimension of the coset space
SO(3)/S0O(2), which in this case is two. So Goldstone’s theorem is satisfied.

"Here an implicit sum over a = 1,2, 3 is implied.
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Chapter 3. Non-Abelian Models

3.2 The Non-Abelian Linear SO(3) Model with a Chemical
Potential

Now that we have established that the SSB SO(3) — SO(2) result in two NGBs, let us see what
happens when we add a chemical potential to the theory. The relation between the chemical
potential and the covariant derivative is determined in exactly the same way as in section 2.2.1.
The result is the replacement rule

0o — Do = (0 — i11T3000) 0, (3.14)

when we choose to couple the chemical potential to the generator 75. Replacing d,, by D,, in
Eq. (3.1) gives
@1 (D 5)2+1 252 A(&)Q (3.15)
=5 (Du 5™ 1 . .
Explicit Symmetry Breaking by the Chemical Potential

In order to show the effect of the chemical potential it is necessary to express the covariant
derivative in vector form,

. . Dod1 — o
Do = (0 — ipT3) ¢ = | Ooga + pr | - (3.16)
o3

The kinetic term of the Lagrangian becomes

(0,6)' = (0,) (0°6) = (6) (946 - (v6)
0 —
o R R aﬁl + Zi ~(vé) @am
Doy
= (%(E)Q + 12 (07 + 83) — 21 (920002 — ¢10002) -

Substituting Eq. (3.17) into the Lagrangian in Eq. (3.15) yields,

1/, =2 2?1
$=§(<M) + (61 + ¢3) (” —;m>—|—§m2¢§

(3.18)
A
— 1 (920001 — $10002) — 1 (67 + &3 + ¢§)2 :

By studying the Lagrangian in Eq. (3.18) we see that the terms involving the chemical potential
explicitly break the SO(3) symmetry. That is by introducing the chemical potential the SO(3)
symmetry of the Lagrangian is lost. The new symmetry of the Lagrangian is in fact SO(2).
Furthermore, we note that the chemical potential also breaks Lorentz invariance. Thus for the
Lagrangian in Eq. (3.18) Goldstone’s theorem, in the form given in section 1.2, is not valid.
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3.2 The Non-Abelian Linear SO(3) Model with a Chemical Potential

The Vacuum Expectation Value

For convenience we define |®|? = ¢? + ¢3, and identify the potential as

Y — —

(1 +m?)

1 A
g0 = gm*el + (19 +43)°. (3.19)

To determine the vevs we need the derivatives w.r.t. |®| and ¢3

8%_ 2 2 2 2
i 0= || (—p* —m”+ \®] + \p3) ,
ow

=0=¢3 (—m*+ NP> + \¢3) .
03

The only solutions that correspond to stable minima is

2 2
B — % = and =0 (3.20)

Thus the potential takes its minimum value on a circle in the plane ¢3 = 0 and we have a set of

nonzero vevs.

Mass Spectrum

As expected from chapter 2 there are an infinite number of available ground states, all of which
lie on the circle in Eq. (3.20). In order to proceed we need to pick one particular ground state
and parametrise the field accordingly. The ground state we choose is

po=1 0 (3.21)

and the corresponding parametrisation is,

v+ Yy
Yo . (3.22)
V3

<y
Il

By substituting Eq. (3.22) into Eq. (3.18) we get,

1 1
£ = 3 (5;;7#1)2 + 3 (%%)2 ( u%) <M ; ) [ (1 +v)* + 1/13]
(3.23)
2 by 2
+m7¢§ — p (28oth1 — (Y1 +v) Boipa) — 1 < U1 +v)? +¢§+¢32,> :
Extracting the quadratic part .2 yields
1 1 1 2 2
z®=§umwm+§@%ww+§@%ww+<“;m>cﬁ+%)
(3.24)

m? 2 3990 1oo 1,9
+7¢3—M(¢250¢1—¢150"¢2)—)\ SV ¢1+§U ¢2+§U Y3,
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Chapter 3. Non-Abelian Models

which can be written in matrix form as

—30,0" — (1 +m?) {L@O 0 1
L = (Y1 P2 ) — 1o —§8H8“ 0 ) (2
0 0 —30,0" — & ¥

(3.25)

As in Eq. (2.81) the matrix sandwiched between the two vectors is the inverse propagator D~ .
Performing a Fourier transformation gives

% (w2 — pz) — (,u2 + m2) X —Qiuw , 0
D! = i 5 (w? = p?) 0 2 (3.26)
0 0 3 (@ -p) -5

and the dispersion relations can then be determined by requiring det D~! = 0. However, to find
the mass spectrum we also set p = 0. Thus the characteristic equation reads,

Lo o [1 o1 5 2 2 2 2
S _ - Zw?— 2= _ _ )
0 5 (w u) [2w SW M —m 1w (3.27)

By factorising and completing the square, the mass spectrum reads

My, = \/ 642 + 2m?2,

My, =0, (3.28)
m¢3 = Uu.

By comparing Eqs. (3.28), (3.8) and (3.9) we note that one of the previously massless NGBs
has become a mNGB with mass p.. In section 3.3 we will investigate its scattering amplitude.

Physical Interpretation

Let us try to understand the emergence of the mNGB physically. By including a small chemical
potential the symmetry of the Lagrangian is explicitly broken as SO(3) — SO(2). In this case,
there is one exact symmetry direction (generated by 73) and one direction were the symmetry
is approximate (generated by a linear combination of 7 and 75). Thus excitations in the exact
symmetry direction give the NGB, while excitations in the approximate symmetry direction
give the mNGB.? This interpretation is also consistent in the limit s — 0. In this limit the
direction of approximate symmetry becomes a direction of exact symmetry. Hence, the mNGB
becomes a massless NGB.

The Nonlinear Sigma Model

In order to investigate the scattering amplitudes of the NGB and the mNGB we will introduce
the nonlinear sigma model. The nonlinear sigma model is useful because it describes only the
Goldstone bosons of the theory [14], as we now show.
For our case the nonlinear sigma model reads,
1 9 1

1 ) o
$=§(DMX) :Q(DOX) 5

2In fact in chapter 9 we show that a mNGB always corresponds to the explicit breaking of two generators.

(@ix)? (3.29)
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3.2 The Non-Abelian Linear SO(3) Model with a Chemical Potential

where X' = (x1, X2, X3) is a vector field. Since there are only two NGBs, but three degrees of
freedom (d.o.f.) in ¥ we need a constraint. In order to correctly impose a constraint on the field
X it is useful to imagine that we turn on the chemical potential in an adiabatic manner. Since
the NGBs live in the coset space SO(3)/SO(2), which has the geometry of the unit sphere S,
we impose the spherically symmetric constraint?

X3+ X5+ x5 = v

Now we adiabatically turn on the chemical potential, and observe how the field responds.*
We choose the ground state to be Yy = (v,0,0) and treat x» and y3 as independent d.o.f.
The temporal part of the nonlinear sigma model is,

(DoX)? = (Fox1)? + (Fox2)” + (Boxz)* + 12 (X3 + x3) — 21 (x200x1 — x10ox2) - (3.30)

If we insert this into Eq. (3.29), we obtain

1 1 2
Z = B) (aMXQ)z + B) (aqui)Q - %X% + % (X§30X2 - X%aom) + %X2X330X3

(3.31)
1
+53 (X30,x20" X2 + X30,X30" X3 + 2X2X30,X20"x3) + O (X°) -

The mass spectrum can be obtained from Eq. (3.31) by considering its quadratic part

2

1 1 W
L = B L X20" X2 + §8MX38“X3 - 7)(%

(3.32)
= ( X2 X3 ) _%aﬂau ’ 2 Xz
0 —30.0" = &5 X3

We denote the matrix as D~! and perform a Fourier transformation

1/ 2 2
-1 §(w —p) 0
D _< . L opt) ) (3.33)

The dispersion relation follows from requiring that the matrix in Eq. (3.33) is singular,

1
0=detD ! = 1 (w2 —p2) (w2 —-p’ —,u2) .
Thus the dispersion relations become
wy, (P) = Ipl,

(3.34)

3For some problems it might be useful to express ; in terms of spherical coordinates, such that the constraint
X3 + X3 + x3 = v? fixes the radius. The massive and the massless NGB then corresponds to the angular fields 6
and ¢.

“The situation is analogues to an antiferromagnet placed in an external field: Before we turn on the field there
is no preferred direction for the spins to align, however as the field is turned on the spins will align perpendicular
to the field. More on this in chapter 9.
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Chapter 3. Non-Abelian Models

and the mass spectrum can be determined by taking the limit p — 0,

sz (0) = sz = O?

3.35
Wys (0) = Myg = K- ( )

Since the mass spectrum is the same as before, we conclude that the nonlinear sigma model
contains only the Goldstone modes of the theory. In addition, we note that when ;1 = 0 both the
NGBs are of type-I. This, combined with the Abelian example of the last chapter, indicate that
one NGB of type-I is born for each generator that is spontaneously broken. This is consistent
with the existing literature, see e.g. [7].

3.3 Scattering Amplitudes in the Linear SO(3) Model with a
Chemical Potential

In this section we use the nonlinear sigma model in Eq. (3.31) to investigate the soft limit of

a scattering amplitude describing a process involving the mNGB. Let us denote by 7 the NGB

and by GG the mNGB. The scattering amplitude we will calculate corresponds to the process

7(k)G(p) — w(K)G(p'). (3.36)

However, before we can calculate the scattering amplitude we need the Feynman rules.

Feynman Rules

With the new notation and using the chain rule the Lagrangian in Eq. (3.31) can be rewritten as

1 2 1 9 p?
g = 5 (al_ﬂT) + 5 (QLG) - ?Gz
d

w1l 3\ 2 d, ,
2v [3dt () = P g (G )} (3.37)
+ 2—11}2 |:7T2 (auﬂ')Q —+ G2 (auG)Q + QWGauWaMG] )

Dropping the total derivatives® and performing a partial integration w.r.t. time we can simplify
Eq. (3.37) to

2
2=+ 20,67 - Lo - Fex
2 2 2 v (3.38)
o | 7 (0um) + G (0,6)” + 27GO,m0"G

202

The Feynman rules corresponding to Eq. (3.38), that we will need, are shown in Fig 3.1.

3 Alternatively we could have kept the corresponding Feynman vertices, but in the end they turn out to be zero
due to conservation of momentum.
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3.3 Scattering Amplitudes in the Linear SO(3) Model with a Chemical Potential

e = k?;—me — > T %
gl Ps

/\ = ) = B
P2 P4

Figure 3.1: The Feynman rules in the nonlinear sigma model needed to calculate the amplitude
for m(k)G(p) — w(K")G(p'). The NGB is represented as a dashed line and the mNGB as a thick
line.

The Scattering Amplitude

Using the Feynman rules we can calculate the scattering amplitude of the process in Eq (3.36).
There are three diagrams contributing, as shown in Fig. 3.2.

k k'
k K k K N
\\ / \,/
\ / AN
\\ P s \\ // , 7/ \
\\ /,/ \ / \
/\\ k+p p =k
p 24 P p P P’
a) b) c)

Figure 3.2: Feynman diagrams contributing to (k)G (p) — (k)G (p').

Summing up the diagrams give®

—iypee = é (k= )"+ (_72“) (ko) (2—2_M2 (‘QTM) (=)

5 ) 5 (3.39)
m\ [, i u
Py — ()&
If we then use the on-shell conditions k% = k> = 0 we obtain
2' 4 2 / 4 2 /
iy = — k! — ZH Roky _ dip Foky (3.40)
v? v* (k+p)P?—p? 0 (k—p)?—p?
Thus the total amplitude is
2 4412 1 1
oo = —kk' + —kok! . 3.41
t 02 +v2 00<(p+k)2—,u2+(k:—p’)2—,u2) ( )

%In this case we let the sum of the diagrams equal —i.%%,... because then the negative signs cancel in .%%..
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Chapter 3. Non-Abelian Models

Soft Limits

Having obtained the amplitude we can investigate the soft limits of both the mNGB and the
NGB. The first soft limit we will investigate is that of the NGB where £k — (0. Based on the
calculation for the Abelian model, we might expect that this limit vanishes and thus the particle
to interact weakly. The soft-limit amplitude becomes,

4,&2 k’o k’(/) ]{?0 k’(/)
Lyree > — ) 342
free 150 g2 ( 2pk 2Pk (5.42)

In order to check if the amplitude vanishes, we need the following expressions

pk = poko — |p|[k] cos(0)
= [k|[po — |p| cos(8)],

P’k = pyko — [p'[|k] cos(¢)
= |k|[py — Ip'] cos(¢)],

where we used the dispersion relations in Eq. (3.34). The angles 6 and ¢ are defined in Fig.
(3.3).

(3.43)

Figure 3.3: Definition of the angles used in Eq. (3.43). The 4-momenta p and p’ represent the
incoming and outgoing mMNGB respectively. The 4-momentum & labels the incoming NGB.

Inserting Eq. (3.43) into Eq. (3.42) gives

212 Ky k¢
. 2p” 0 _ 0 ) 3.44
tree o0 12 (Po —|p|cos(0) py— |p/| COS(¢)) ( :
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3.3 Scattering Amplitudes in the Linear SO(3) Model with a Chemical Potential

Thus the amplitude does not always vanish in soft limit of the NGB £ — 0. Let us determine
the kinematic constraint that ensures that the amplitude vanishes. If the amplitude is to vanish
then

po — [Pl cos() = py — |p’| cos(0) (3.45)

must hold. If we use Eq. (3.43) we can write

kp _ kp/
|?| = m (3.46)
or " /
W (p—1p)=0. (3.47)
Using conservation of 4-momenta gives
k(p—1p)=k(K —k) =kk = kokj — |k||K'| cos o = |Kk||K'|[1 — cosa], (3.48)

where « is the angle between the momenta k and k’. From Eq. (3.48) we see that the scattering
amplitude vanishes only if the NGB undergoes forward scattering o = 0 in the collision. More
interestingly, we see that our naive expectation was wrong and that the scattering amplitude
is nonzero when k and k’ are not collinear! This is an example of a kinematic singularity.
Kinematic singularities are further discussed in [10] where it is proved that they usually arise
because of cubic interaction terms in the Lagrangian.

Finally we investigate the soft limit of the mNGB p — (11,0 ). The amplitude in Eq. (3.41)
becomes

oo ——s 2+ P (L LN 2 M ). aag)
e (uG) V2 02 0\ 2k 21k} v2 p2 VOO '

Using conservation of 4-momenta, we can write

—2kk = (k= k')* = (¢ — p)* = 20" — 2pp ——— 21° — 2y
p—(1,0) (3.50)
=20 — 2u(ko + po — kb)) = 2u* — 21* — 2p(ko — K)) = —2p(ko — K)).

Inserting Eq. (3.50) into Eq. (3.49) we obtain

2 2

oo = 5 (Ko = k) + 5 (K — ko) = 0. (3.51)
This gives us a first indication that mNGBs also have a vanishing scattering amplitude in the
soft limit. However, it does not exclude the possibility that there exist systems with kinematic

singularities.
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Chapter I

A Higgs-Like Model

In this section we show another case where Goldstone’s theorem does not apply due to a chem-
ical potential. Furthermore, the model indicates that there exist two different types of massless
NGBs as we mentioned in the introduction. They are characterised by their dispersion rela-
tions in the soft limit and are denoted by type-I and type-II. The Lagrangian we will consider is
similar to the Higgs model and is given by

=D, — w616~ A (619 (4.1

where ¢ is a complex doublet and D, = 0,, — i110gy,.

4.1 Symmetries of the Model

We begin by determining the most important symmetries of the Lagrangian in the cases . = 0
and p # 0.

Zero Chemical Potential

In the case ;1 = 0 the Lagrangian is invariant under SO(4).! However, to make the symmetry
breaking pattern more explicit we will use the fact that SO(4) is locally isomorphic to SU(2) x
SU(2), that is

SO(4) ~ SU(2) x SU(2). 4.2)

Nonzero Chemical Potential
To show that a nonzero chemical potential breaks Lorentz invariance and SO(4) let us expand
Eq. (4.1)
2
L = (00 +im) 6" (8 — i) & — m?6'6 — A (610)

4.3)
= 0,010"6 + gt (61000 — 00010) + 616 (> — m?) — A (9'0)

2

T+ Z"]TQ
T3 + 17y
it is not necessary because the doublets always occur in the products ¢*¢.

'This can be shown explicitly by writing ¢ = < ) , Where 71, 7o, w3 and 7,4 are real fields. However,
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Chapter 4. A Higgs-Like Model

Thus, symmetries are lost due to the term pj° = ip (¢T30¢ — 80¢ng§). The Lagrangian in
Eq. (4.3) is invariant under global SU(2) and U (1) transformations, i.e the symmetry group is

SU(2) x

d

(1). 4.4)

Hence by introducing a chemical potential we have the following explicit symmetry breaking
pattern,

SU(2) x SU(2) & SU((2) x U(1). (4.5)

4.2 Vacuum Expectation Value and Symmetry Breaking

We will now show that for 1 > m the symmetry is spontaneously broken by a nonzero vev. The
vev 1s determined from the static part of the Lagrangian

U =66 (12 —m?) + A (o16)
= — (|61 + 1@ (12 = m®) + X (61 + 62)"

(4.6)

Since |¢;|? and |¢»|* appear identically in the equation above, we need only calculate the deriva-
tive with respect to one of them to find the vev. This gives

ow
0=—-—=2 2t 20 24009 |,
8|¢1\ ‘¢1’ m 2 (‘¢1’ ‘¢2’ )] 4.7
hence the vev is
2 2 t p—m? _ v
1| + |@2|” = @' = TR (4.8)

Note that Eq. (4.8) only has a real solution when ;. > m. In the case ;© < m the vev is zero and
there is no SSB, just like in chapter 2.

4.3 The Broken Generators

We now choose the ground state as

%Z%(” “9)

and try to determine which generators it break. One set of generators for SU(2) x U(1) is the

set % (01, 09,03, 1), in which case all of the generators are broken and one might expect four

NGBs. However, by applying a general SU(2) x U(1) transformation we can show that there
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4.4 Dispersion Relations

is a more interesting second set of generators. Consider the infinitesimal transformation,

ga iB

¢0—>¢,:€m2 e? ¢g

o, 1
() (e
(1—|—§ )Qbo
; (4.10)
<+§+ 01+£02+£03)¢0
1

92 2 2

S[()-(4)

Here o, are the three Pauli matrices while a* and [ are infinitesimal parameters. From Eq. (4.10)
it is clear that in order for the ground state to be invariant under an SU(2) x U(1) transformation
we must require,

a'=a’=0 and pB=0o 4.11)
Eq. (4.11) corresponds to a generator of the form % (1 + 03). A different set of independent
generators for SU(2) x U(1) is therefore

1

5(0’1,0’2,1-0’3,1+O'3). (412)

This set consists of 3 broken and 1 unbroken generator and the symmetry breaking pattern is
therefore SU(2)x U (1) — U(1)". If we were to apply Goldstone’s theorem we would therefore
expect 3 massless NGBs. However, we will see that in fact we only get two gapless bosons.
The reason for this is related to the fact that the theory is not Lorentz invariant and therefore the
number of broken generators is only an upper limit for the possible number of NGBs. In order
to get the correct number we could have used the counting rule presented in [15].

4.4 Dispersion Relations

In order to determine the dispersion relations we could use either of two the parametrisations

_L P + 1y _Lg 0
¢_ﬂ<v+¢3+i¢4> or ¢—\/§e <v+@/z>' (4.13)

We choose the left parametrisation. Inserting Eq. (4.13) into the Lagrangian in Eq. (4.3) and
keeping only the quadratic terms yield

—19,0%  —pud, W
) 2
20~ ( %)( P e _%aﬂgu><¢;>
—30,0" — (p* —m?)  —pd v
+ (s w)( 200 ¥ ﬁaﬁu)(ﬁ)‘

2The prime means that the unbroken U (1)’ is different from the original U(1).

(4.14)
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Chapter 4. A Higgs-Like Model

Denoting the matrices in Eq. (4.14) as D;* and D, * respectively and then performing a Fourier
transformation we obtain

Dl _ (w2 — p2) 1w
1 —Z/MJJ % (w2 _ p2) )

D1:<%<w2—p2>—<u2—m2> e )
2 2 p2)

N[ =

(4.15)

— W % (w —

The second of these matrices is identical to the one found in the Abelian case displayed in
Eq. (2.82). In order to determine the dispersion relations we require that the determinants
vanish. The dispersion relations associated with D; ' are then

— /a2 2
Wi = VPSR E L (4.16)

In the soft limit p — 0 the dispersion relations become

Wy = 2”7

y 4.17)

Note that the first particle is a mNGB, while the second is massless NGB. The massless NGB
depends on the 3-momentum in a quadratic manner and is therefore characterised as type-II, as
we mentioned in the introduction.

The dispersion relations associated with D, are

0L = (p2 4+ 32— m?) + (32 — m?) |14 — AP’ 4.18

which in the soft limit becomes
u2 —m?2 4.19)

The first particle in Eq. (4.19) is a massive particle and the second is a NGB of type-I.

A Simplified Physical Interpretation

In this model the complete symmetry breaking pattern is
SU((2) x SU(2) & SU(2) x U(1) = U(1). (4.20)

The mNGB come from the explicit breaking of the two generators of SU(2). This leaves us
with four generators that may potentially be spontaneously broken. Now by then choosing a
ground state we spontaneously break three generators in the last step. Our previous examples
tell us that the type-1 NGB corresponds to only one spontaneously broken generator. Thus we
are forced to conclude that the existence of one type-II NGB requires two spontaneously broken
generators, consistent with the existing literature.
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The Soft-Limit Scattering Amplitude of
PNGBs
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Chapter

The Complete Breaking of an O(3)
Symmetry

Up to now we have only considered examples with gapless NGBs and mNGBs with a fixed
gap. However, recent research [1] suggests that there exists a second kind of massive Goldstone
boson which we call a pseudo Goldstone boson (pNGB). The pNGB is different from the other
bosons because its gap depends on the free parameters of the theory and may therefore be
adjustable. Next we present a concrete example of a theory containing one NGB, mNGB and
pNGB. We begin by calculating the mass spectrum of the theory and finish by calculating the
soft-limit behaviour of the on-shell tree-level scattering amplitude involving both the mNGB
and the pNGB.

The example we will be considering is the case when three of the generators of O(3) are
broken. This situation can not be described using a vector field qg as we used in chapter 3.
However, we can construct an effective low-energy Lagrangian by following the procedure
developed in [16] called the coset construction.

5.1 Definitions in the Effective Field Theory

The Lagrangian we will consider has the form

1
L = §gab(7r)Du7r“D“7rb. (5.1)

There are in total three Goldstone bosons 7,, one for each broken generator 7;,. The metric
gap() is in general too complicated to be calculated in closed form. However, we can make
good progress by first introducing U(7) = €™ 1= and then defining the Maurer-Cartan form
(MC form) w () implicitly as'

—iU(7) 10, U(7) = T,wy ()0, m". (5.2)

The metric is of the form
Jab (1) = gea(0)w, () wy () (5.3)

I'The reason for us to define U () and the MC form in this way is that it enables us to calculate the MC form
order by order in a series expansion in 7¢. We will see this soon enough.
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Chapter 5. The Complete Breaking of an O(3) Symmetry

where g.4(0) = diag (g1, g2, g3) can be chosen to be a diagonal matrix containing the coupling
constants of the theory.?

The covariant derivative D,, can be specified by performing an infinitesimal O(3) transfor-
mation on the NGB fields U (7). The transformation gives,

€Ty 1m%Ty —

QL ;la
em Ty gictTag =™ (5.4)

where € are three infinitesimals and 7'* = 7%+€"h¢ (). The nonlinear function h{ () specifies
the covariant derivative as
D,m" = 07" — AL he. (5.5)

The gauge field is A5, = (u°, 0)=(p0).

With these definitions we will first attempt to construct the Lagrangian up to second order,
and hence determine the mass spectrum. As a first step we calculate the functions w and w$hy,
because these are the ones that we need to construct the Lagrangian.

5.1.1 Calculating w

To calculate w we apply the formula

1
e 0,et = / dte " (9,A) e (5.6)

0

to the left side of the definition in (5.2) giving
1
— iU '0,U = —i / dt (e e (iT,0,m) "™ o). (5.7)
0

We can evaluate the RHS of this equation by using the Baker—Campbell-Hausdorff formula
e BAeP = A+ [A B] + 4 [[A, B, B} + ..., which gives

2

! t
—z'UflauU = /0 dt(TCﬁ,ﬂT“ — it Mﬂ'b [Ta,Tb] — Eﬂawb@mc [Ta, [Tb,TC]] + 0(77'3)>.
(5.8)
Then by performing the integration we obtain
) 1
U0, = Tudm" = S0’ [T, Ty] — ), e T, [T, T] | + 0. (59)

To proceed we recall that the structure constants f,;,. of O(3) is the Levi-Civita tensor €. and
evaluate the commutators

[Tau Tb} = i€apcle (5.10)
and

|:Taa [Tb, Tc]:| = |:Taa iEbchd:| = iebcdieadeTe = _EdbcedeaTe = - (517650(1 - 5ba5ce) T€7 (511)

’In principle any choice of g.q is allowed as long as it is consistent with the unbroken discrete symmetry
ZQ X Z2 X Z2.
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5.1 Definitions in the Effective Field Theory

where we in the final equality used that €€ = Opedeq — Opalce- Inserting the commutators
into (5.9) we obtain

1 1
—iU_lf)HU =T,0,m, + 57?“8#7rbeabcTC + éwawbﬁuﬁc (8pebea — Opadee) To + O(7%).  (5.12)
which can be simplified as follows,
1 1
—iU_lauU =T,0,m, + §7raau7rbeabcTc + 5 (7TC7T€ T, — #ﬂ'eTe) + (9(7r3)

1 1
= Ta@ﬂrb&ab + §7r68u7rbecbaTa + 6 (7Tb7ra ,ﬂrbTa — ﬁzﬁMﬂbTa(sab> + O(7%)

— Ta@ﬂrb ((5ab + %chcba + % <7r“7rb — 7?2(5ab>) + O(7®)
= Ta@ﬂrb ((5ab — %chabc + é <7Ta7l'b — 7?25ab>> + O(7).
(5.13)
Thus by using Eq. (5.2) we can read off the MC form w up to second order in the fields 7¢
wy = Oap — %Eabcﬂ'c + é (7Ta7rb — §ab7_r’2) + O (7?3) . (5.14)

5.1.2 Calculating w;

To calculate why it is convenient to start from the definition given by Eq. (5.4). Multiplication
from the left by e~ 7= gives

I . a I _ia -y
e—im Taeze Taem Ta _ e i Tae”r Ta‘ (515)

If we expand the exponential containing the infinitesimal €* on the LHS and add and subtract 1
on the RHS we get

e ™ e (1 44" T,) ™ 1o = 1 4 e~ 1 (e”/aTa — e”an‘) , (5.16)
which can be simplified to
1 4 ie i Ta o ¢ Ta — | | =in"Ta <6i7raTa+iebhgTa _ emaTa> . (5.17)
Applying the Baker—Campbell-Hausdorff formula to the second term on the LHS gives,
emm e T o™ Ta — T, 4+ 7% £, T, + %ﬂ“eb T fS T+ O(r?). (5.18)
Inserting this into Eq. (5.17) and then expanding the exponential ¢/"":7= on the RHS, yields

]. s el s
1+ <6“Ta + 7 £, T + §7r“eb jbﬂdfgeTc) =14 e ™1 [ (1 + iethTa) em e gmimla

=1+ ie’hfe ™ T, e n
bra, —im®T, 9 i
=1+4+€hye e —e' e,

ome
(5.19)
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Chapter 5. The Complete Breaking of an O(3) Symmetry

To proceed we exploit the relation

. 0
Wiy = —iU ' —U, (5.20)
one
giving
1
' ( T, 4w £, T, + 3™ e fe,m f;geTc> = i€’y Tt . (5.21)

To extract wCh{ we equate the coefficients for the term i€"7T,

1
i’ T, (&b + TS + 57?“7#1 fs f;’e) = ie"T, (hgw?) . (5.22)
Thus we find ]
WERY = Oy + TS, + =[S fS 4+ O(3). (5.23)

2

The product of Levi-Civita tensors in w(hj can be expressed in terms of Kronecker delta func-

tions as
€eab€ecd = 6a05bd - 5ad5bc~ (524)

The matrix w$hj then takes the form
cpa a 1 c..b a,.a
wohy = 0pe + ecab+§ Tr’ — w0 ) .
For personal preference we rename the indices and obtain,

1
Wb = oy — €are + <7ra7rb _ ﬁ%ab) . (5.25)

5.1.3 The Lagrangian to Second Order

The first step in determining the mass spectrum of the theory is to find the quadratic part of the
Lagrangian. The starting point is Eq. (5.1), and we proceed by inserting the covariant derivative
displayed in Eq. (5.5). This gives

1

Z = o Yed (0) wiwy D, DFr®
1
= §gcdw2w,‘f <6u7r“ — AZhg) (8“#’ _ Af“h’}>

(5.26)

1 1
2gcdw wb8 7O b — §gcdw wb6 W“Af“hb

1 1
QQdecha 6“7TbAe + 2gcdcucha hl}AZAf“.

Now, if we substitute Eqgs. (5.14) and (5.25) into Eq. (5.26) and only keep second order terms
we obtain, after the algebraic dust settles,

1 1 ) )
Z = B (o (aﬂﬁ)Q + 92 (a;ﬂTQ)Q + 93 (3M7T3)2] ~ 93k (m17ry — 1)
1 (5.27)
+ p(gamirs — griv1Ta) 4 T blf (g2 — 93)} + 5 [§M2 (91— g3) |-
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5.1 Definitions in the Effective Field Theory

If we use integration by parts we can write

) 1 . 1. 1 ) .
T Ty = §7T17T2 - §7T17T2 = 5 (7T17T2 - 7T17T2) )
1 (5.28)
— MMy = 5 (7T17'T2 - 7'717T2)

such that the Lagrangian in Eq. (5.27) becomes

1 9 ) )
1 . 1 o
PR (Mg — 7rim2) + 5921 (m17ry — 717M2)
1 (5.29)
TS0k (m17rg — 7r17T2)
_ 1 2( _ 2 _ 1 2 i 2
2’u 93 92) ™ 2# <g3 gl) UPY

More compactly we can write

1
<=3 (0,m1)” + g2 (9m2)” + g5 (93)” ]

1 .
+5h (g1 + g2 = g3) (M — ) (5.30)
1

qu (g5 — 92) 77% - 5#2 (g5 — 91) W%-

1
2

5.1.4 The Mass Spectrum

From Eq. (5.30) we can extract the inverse propagator D!

—910,0" — 1 (95 — 92) p (g1 + g2 — g3) 0o 0
D= —p (g1 + 92— 93) Oy —g20,0" — 1* (95 — 1) 0 ; (5.3D)
0 0 _938/18‘u

and perform a Fourier transformation to obtain

B N O o B e B N L 0
D' = (g1 + g2 — g3) iw g2 (w? = p?) — 1? (95 — 91) 0
0 0 g3 (W2 - Pz)

(5.32)
The mass spectrum follows from that the matrix D~! should be singular, giving the character-
istic equation:

0= g3 (w* — p?) {[91 (w?—p*) — 1 (93— g2) ]

2 a2y 2. 29 2 (5-33)
X [g2 (W = P%) — p1® (g5 — 91) | — 1°w” (91 + 92 — 93) }
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Chapter 5. The Complete Breaking of an O(3) Symmetry

Solving Eq. (5.33) gives the following dispersion relations

“"”’_¢w+w+m%wyﬂ“””a—m,
29192

o (5.34)
mzm:¢ﬁ+ﬁ+ﬂ%% D) (1 4.0),
29192
w3 = [p|
with
Ap?2
Q=1+ NP (5.35)
H=g3
By taking the limit p — O we obtain the mass spectrum:
my = [,
My = \/(91 — g3) (92 — 93)#7 (5.36)
9192
ms = 0.

Eq. (5.36) reveals that the theory contains one NGB and two massive modes. One of the mas-
sive modes has a gap exactly equal to 1 and is a mNGB. We expect the scattering amplitude
involving the mNGB to vanish in the soft limit. This expectation is based on the example in
chapter 3. The gap of the second massive mode is model dependent, and we expect the mass
not to be protected from higher order corrections by a symmetry. This is therefore a pNGB and
we expect the soft-limit scattering amplitude to be nonzero.

5.1.5 Noether Charges

Now, we will calculate the Noether charge densities for the three O(3) generators® as a series
expansion up to first order in the fields 7¢. The Noether charge density is given by

o 0Z
T 0 (7

om,

) 1 ) 1 )
= 917T1—§#(91+92—93)7T2 om + 927T2+§H(91+92—93)7T1 0Ty + G330
(5.37)

and our task is then mainly to calculate the variations d7,. We begin by looking at an infinitesi-
mal 7 transformation on the form

6i7r"‘Ta N 6ieT1 eiﬂ'aTa (538)
and expand the exponentials

(1 +inT,) — (1 +ieTy) (1 +inT,) = 1 +in"T, + iely — eI\ mT,. (5.39)

3We consider only the generators of the continuous symmetry.
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5.2 Scattering Amplitudes

Expanding the brackets on the LHS and writing out the summations give

1 (7T1T1 + 7T2T2 + 7T3T3) —1 (7T1T1 + 7T2T2 + 7T3T3) + i€T1 — €7T1T12 - €7T2T1T2 - €7T3T1T3.

(5.40)
Performing all matrix multiplications we end up with
0 T3 —To 0 3 —T2
—m3 0 T — —T3 + €My 0 T + € (5.41)
m —mp 0 Ty + €My —m — € 0
the variations of the fields then read
0T = €,
0y = €T3, (5.42)
O3 = —€my.
The Noether charge density for the 77 transformation then takes the form,
. . 1
Ity = 9171 — Pl (91 + g2 — g3) . (5.43)

The calculation for 75 and 73 are almost identical and hence omitted. The Noether charges are
thus

0 . 1
Jn, = 91T — 5# (91 + 92 — 93) T2,

0 . 1
Jr, = 9272 + 5# (g1 + g2 — g3) 1,

(5.44)

1y = 93T,
Note that the currents are all linear in the fields. This is actually one of the hallmarks of SSB:
whenever a generator is spontaneously broken, the corresponding NGB will appear linearly in
the corresponding Noether current. In fact, these linear terms are the most interesting piece of
the current in the case of broken symmetry, because they determine how the current operator
couples to the NGB state. The coupling is described by the matrix element (0[7°|7;) which is
interpreted as the amplitude to generate the NGB from the vacuum by the current.

5.2 Scattering Amplitudes

In this section we try to show that one can distinguish massive modes and pseudo modes by
the soft-limit behaviour of the scattering amplitudes for 2 — 2 scattering. Specifically we try
to show that the scattering amplitude for the massive mode vanishes in the soft limit, while the
scattering amplitude for the pseudo mode does not vanish in the soft limit.

However, before we can calculate scattering amplitudes in this theory we need the La-
grangian in Eq. (5.30) up to fourth order in the fields. Once we know this we can calculate
the relevant Feynman rules and propagators. In this case we observe from Eq. (5.32) that the
propagator is energy dependent and therefore not diagonalisable. Therefore we must use the
same method as in [17] to calculate the scattering amplitude. That is we must first construct the
transition vacuum amplitudes and from these construct the total scattering amplitude.*

4Please note that in this section we change the notation for the fields as m; — ¢;.
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Chapter 5. The Complete Breaking of an O(3) Symmetry

5.2.1 The Lagrangian

The calculation of the Lagrangian to fourth order is identical to the calculation in section 5.1.3
except that one needs Eqgs. (5.14) and (5.25) to fourth order. The calculations were performed
using Mathematica and the result is

P = P B L p® (5.45)
where
L = %[91 (8@1)2 + 92 (au¢2>2 T g3 (8@3)2}
+ %N (91 + g2 — g3) (P17r2 — Tr1h2) (5.46)
1 1
— 51 (95 = 92) 61 — 51° (95 — 91) &5,
) _ |92~ 3491 * 393)%&3]
2 _ _
+ M%@% — w%%%au@
(5.47)
+ @%@1@513’@3 - wm@ugbg@“%]
_3 3 .
N 1 (g1 52 + 93)¢%¢3] ’
and
20 = | (%—%+ )¢2¢3 (&—@) (9u)” 3
+ <%2 - % - ) 02 (0,020"d3) 3 + <% - %) 5 (8@3)2]
+ |2 (gl - % + i) P15 + (% - %) 63 (0u1)”
(5.48)
+ <% - % + g) O (0,10"d3) ¢3 + (% — —> o1 ( #¢3)2]
+ |p (%—%—g—i) €Z§1¢2¢§+N(%_%+g_i) 016203
+5u <92 1_291) ¢1¢2€53¢3]

Each square bracket in .2 and .#¥ represents a Feynman vertex. The procedure for calcu-
lating the Feynman rules is the same as always, however the terms are a bit more complicated
than what we are used to. The calculation is therefore shown in App. C.1, and the results are
shown in Fig. 5.1
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5.2 Scattering Amplitudes

Ds D2
RN L ) S S B . 1
)
2 1
p1

Dgom) = i (9% g2) + Z(912 92)(p1p2) + Z(932 91)(p1p3) + Z(922 93)(p2p3)

h pL!
."" _ — _
N = uky(p1) W + B> (p2) %]
7 x
P3 D2

Figure 5.1: The Feynman rules, that we need, for computing scattering amplitudes when the
0O(3) symmetry is completely broken. The fields ¢1, ¢2 and ¢3 are represented by the solid line,
the dashed line and the dotted line respectively.

5.2.2 The Propagator

The propagator D is the inverse of Eq. (5.32). The fact that the inverse propagator

B O ) R e B N L 0
D' = 1(g1 + g2 — g3) iw 92 (W = p?) — 1 (g5 — 91) 0
O O g3 ((,‘_)2 — p2)

(5.49)
is in block diagonal form makes the task of inverting it almost trivial. We simply define the
submatrix

2

gt [ 0@ =) =i —g2)  —p(grtge—gs)iw (5.50)
1(gr + g2 — g3) iw g2 (W = p?) — 1% (g3 — 91)
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Chapter 5. The Complete Breaking of an O(3) Symmetry

whose inverse is

g1 g2 (W —p%) — 1 (95 — 91) 1 (g1 + ga — g3) iw (5.51)
det A—1 — (g1 + g2 — g3) w g1 (W2 - Pz) — 1* (93 — g2)
with

det A™' = ¢195 (w2 — wi) (w2 — wz) . (5.52)

Hence the propagator is
D 4 ! (5.53)

— 1 . .
0 g3(w?-p?)

5.2.3 Vacuum Transition Amplitudes

By following the procedure described in [17] we will use the propagator in Eq. (5.53) to extract
the vacuum transition amplitudes for the fields ¢, ¢, and ¢3. To be specific we will employ
Eq. (22) in [17] which reads

01A(0) [n, p) {n,p|B(0)[0) _ (0[B(0) [n, —p) (n, —p|A(0)|0)

DA (p,w) = (2r)° Z w— E, (p) + i€ w+ E, (p) — ic

n

(5.54)

It is called the Kallen-Lehmann representation of the time-ordered Green’s function DA% =
—i (0|T[A(z)B(y)]). In this notation A(z) and B(xz) are generic bosonic operators and E,,(p)
is the energy of the state |n, p) which is normalised as (m, pi|n, p2) = §,,,0°(p1 — p2). In
order to use Eq. (5.54) we first need to determine how the propagator in Eq. (5.51) behaves
close to the two poles w = wy and w = w_.

Behaviour Close to the Poles

In order to simplify the expressions we define

9 293(93—91—92)Q

A= Wi —wr =y (5.55)
9192
If we write w = w4 F i€ the determinant in Eq. (5.51) takes the form
det A7' = £291 gowi A (W — wy) (5.56)
and the propagator reads
A* — 1 92 (w2 —p?) — 12 (95 — 91) i (g1 + 92 — g3) Wi . (5.57)
det A~1 —ip (g1 + g2 — g3) W+ g1 (szt - P2) — 1 (93 — g2)
We can rewrite the second diagonal term as
93\9s — 91 — g
g1 (Wi —p") — 1P (95— ) =g [MZ e ST e Q)} — 12 (95— 1)
2 — g —
= 1* (g1 + 92 — g3) + 95 (g32 91~ 92) (1+9Q)
g2
— it -0 (1- 2 1£0).
92
(5.58)
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5.2 Scattering Amplitudes

By replacing ¢g; <> g» we get a similar expression for the first diagonal term

g2 (Wi —p?) — 1 (95 — 91) = 1> (91 + 92 — g3) (1 - 29—931 (1+ Q)) : (5.59)
Eq. (5.57) then becomes
At — 1* (g1 + g2 — gs) 1_2%(119) MTi
121 gow A (W — wy) —WTi 1— 2% (1+9Q
. o (5.60)
3 W
_ +1 S (1 i Q) -1 - ‘
2(J.Ji (w—wi)ggﬁ ‘I—MTi %(1:':9) -1

Extracting the Transition Amplitudes

If we now let |1), |2) and |3) be states with energy w,, w_ and w; respectively we can use
Eq. (5.60) to extract the transition amplitudes. By using the Kallen-Lehmann representation we
can write’

1
(0]¢10}10) = WReswwAﬁ,
(5.61)

1
(0lg204]0) = G Reseer A

which after inserting a complete set of states |1) (1| = 1 on the LHS becomes

(Olga[1) = ™ i (13+ ne 17
(2m)" 2w, g32

(0f¢2|1) = & e (13+ - 1~
(2m)" 2w, 932

(5.62)

Here 6; and 0, are the two phase factors. By choosing ; = 0 we can determine 6, by requiring
that

(01 4]0) = Res, s, (w—wy) A, (5.63)

1
(2m)°
This results in that §, = 7. The transition amplitudes (0|¢;|2) and (0|¢2|2) is obtained by
performing a similar calculation where we use A~ instead of A™.

The final transition amplitude (0|¢3|3) can be determined by considering the (3, 3) element
in the propagator
1
Dao —
B gs(w — ws) (w + ws)
close to the pole w = w3 — ie. Specifically we can use the Kallen-Lehmann representation to
write

(5.64)

1

1
0 10) = ——Res, ., D33 = ———.
< |¢3¢3| > —ws3 433 9 (271‘)3 G303

(2r)°

SWhere Res;—s, f () denotes the complex residue of f(z) at the point z.

(5.65)
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Chapter 5. The Complete Breaking of an O(3) Symmetry

If we now insert the identity 1 = |3) (3| between ¢3 and ¢§ and take the square root we find that
(0]ps|3) = /m. To summarise we thus have the following transition amplitudes

B (1+Q) -1
<0|¢1|1>=\/2f’1( )

(27)3 2015
B(14+Q)—1
0]pg|1) = iy [ 222
(0/6211) \/ Er
B (Q-1)+1
9) = | 2 5.66
<O|¢1| > \/ (2’71')3 2&}_93@ ) ( )

93 () —
(0l¢al2) = —z’\/m S
(2m)” 2w_ g3

1

(0]¢3|3) = m

Thus particles with the energies w,, w_ and w3 are described by the states

{0l
e ( (0l¢s]1) ) |
(016112) oo
v ( (0]¢s]2) ) |

and
Wy = (0]sl3) (5.68)

respectively. Now we have all the ingredients necessary to compute the scattering amplitudes
we are interested in.

5.2.4 Scattering Amplitudes

We want to compute the soft-limit behaviour of the two scattering amplitudes
U, Uy — U P, (5.69)

The computation of the amplitudes is now slightly more complicated than before because the
propagator in Eq. (5.53) is energy dependent and can therefore not be diagonalised. This results
in that the fields ¢; and ¢, mix. To be concrete the Feynman diagrams contributing to the
scattering events are shown in Fig. 5.2. Note that each of the Latin indices in the figure can
take the values {1, 2} giving a total of 4 + 16 + 16 = 36 Feynman diagrams. To calculate the
amplitudes we collect the triple and quadruple vertices in Fig. 5.1 in two matrices V' and W
respectively. This allows us to calculate the scattering amplitude by computing

il = WU {W + VDV 4+ VDV 030, (5.70)

where the last term represents the exchange diagram. We have done this calculation in Math-
ematica. Given the complexity of the analytic expression for the scattering amplitudes it was
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Uy LU
Wy Wy vy Wy
+
¢M o\ SO A
T 8
v ) 7 ij Qﬁ '\b ’-' %i Qﬁ;f N
\Ij?’ \Ij?’ ‘113 @3 ¢3 \1}3

Figure 5.2: The Feynman diagrams contributing to ¥+ ¥3 — ¥, W3. The Latin indices can take
the values {1,2}. The signs =+ refers to whether or not the field obeys w, or w_.

necessary to introduce numerical values for all the parameters of the theory. To study the soft
limit of the mNGB and the pNGB we introduced a scale factor z in their 3-momentum and let
2z — 0. In order to use the script we had to make sure that all of the momenta stayed on shell,
when taking the limit. In order to do this we generated the momenta for the two modes W
randomly and then introduced the scale factor. Having done this the last two momenta were
determined by requiring momentum conservation. We then, for each value of z, generated a
set of on-shell momenta that we used to calculate the amplitude. Our output is the amplitude
as a function of the scale factor z. The results are shown in Fig. 5.3 along with the model
parameters.

z
0.02 0.04 0.06 0.08 0.10

z
0.02 0.04 0.06 0.08 0.10

Figure 5.3: The scattering amplitudes as functions of the scale parameter z, with x =1 g; =
1, g2 = 2 and g3 = 5. The left figure corresponds to ¥, + V3 — W, V3. The right figure
correspondsto ¥_U5 — U_ g,

In the calculation the momenta at z = 1 were
ki = (2.6147,—0.741869, 0.0414662, —0.23057),
ks = (2.65305,0.549901, 0.0638119, 0.668636),

(5.71)
p1 = (32.3189,19.309, —7.53947, —24.7958),
po = (32.2805,18.0172, —7.56181, —25.695),
for the process W_ (k1) Ws3(p;) — V_(ko)W3(ps) and
p1 = (1.30027,0.847035, 0.573307, —0.224029),
ps = (1.26091, 0.657704, —0.333695, 0.630827), 57
k= (—20.2082, —9.36737, —12.1733, —13.1314), '
ks = (—20.1688, —9.17804, —11.2663, —13.9863),
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Chapter 5. The Complete Breaking of an O(3) Symmetry

for the process V., (k1) + V3(p1) — V. (k2) + V3(p2). As expected we found that the scattering
amplitude involving the mNGB vanished

o (V_Uy — U_Uy) 7 0. (5.73)
Z—
However, we were surprised to see that the scattering amplitude also vanished for the process
that involved the pNGB
o (U, Uy — U, U3) — 0. (5.74)

z—0

This could mean either that there is some hidden symmetry in our model, or that the kinematics
of the 2 — 2 scattering is too simple to tell the difference between the two modes.
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Part 111

Proving The Conjectures
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Chapter

Weinberg’s Soft-Limit Theorem and
Covariant Current Conservation

In this chapter we want primarily to reach two goals. Firstly we want to show how Weinberg
proves his soft-limit theorem, because it underpins all of the discussions that follow. In short the
proof is performed by applying current conservation to a matrix element' (f|.J*|i) which gives
us an expression for the corresponding scattering amplitude. In Weinberg’s case this is relatively
straight forward because the conservation law is simply 9, J* = 0. However, in systems where
a symmetry is explicitly broken by a chemical potential the RHS of this conservation law is
no longer zero as shown in e.g. [18]. In order to obtain an equation that we can solve for the
scattering amplitude we have to look for a new conservation law that takes the form D, J* = 0.
Hence our second goal is to find such a conservation law. Having justified the conservation law
we could in principle begin proving our theorems. However, since it usually is hard to prove
something without having looked at specific examples we choose to spend chapters 7 and 8 by
revisiting some models that we are already familiar with to see if we can learn how to construct
a proof.

6.1 A Collection of the Conjectures

Up to now we have conjectured two soft-limit theorems. Let us now state them explicitly and
precisely for future reference:

Theorem 2: Weinberg’s Soft-Limit Theorem for NGBs

The on-shell tree-level scattering amplitude corresponding to a process involving at least
one massless NGB vanishes in the soft limit of the NGB, unless a kinematic singularity
appears.

I'This matrix element describes an initial state |i) interacting with a NGB created/destroyed by the current .J*
to form a final state |f).
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Chapter 6. Weinberg’s Soft-Limit Theorem and Covariant Current Conservation

Theorem 3: The Soft-Limit Theorem for mNGBs

The on-shell tree-level scattering amplitude corresponding to a process involving at least
one mNGB vanishes in the soft limit of the mNGB, unless a kinematic singularity ap-
pears.

The first theorem is well known and is proved in [10]. However, the proof will be presented
here both for completeness and the fact that the procedure for proving the second theorem
follows similar logic.

6.2 Weinberg’s Proof - Massless Goldstone Bosons

Proof. In this case we consider the SSB of a Lorentz invariant theory with at least one massless
NGB 7(z), created by a broken current J*(x).> From now on we will use the Heisenberg
picture, as in [19], where the spacetime dependence of the current can be expressed as J#(x) =
etfz J1(0)e*F=, where P is the 4-momentum operator. The scattering process we will consider
is shown in Fig. 6.1, where an initial state |i) and a NGB 7 (k) scatters into a final state | f).

(m(k)J#]0)

i
Y

1)

Figure 6.1: The figure represents the pole structure of the matrix element (f|.J#(0)|i) describing
the process |i) + |r(k)) — |f) with corresponding scattering amplitude <%. The large black
circle represents the scattering amplitude .«%;, the small black dot represents the matrix element
(m(k)|J*|0) responsible for the creation of a massless NGB and the dashed line represents the
massless NGB propagator i /k2. Combining these ingredients we can express the pole structure
as o x (m(k)|JH|0) x i/k>.

Mathematically Fig. (6.1) represents the pole structure of the matrix element
(flT# (@)]i) = @Iz (flTH(0)|i) = ™ (f]T*(0)]d), (6.1)

where k is the momentum of the NGB.? We know that the mass of a particle can always be
determined from the pole of the propagator. Since, in this case, the NGB is massless we know
that Eq. (6.1) has a pole that looks like 7 /k2. In addition, it follows from Lorentz invariance that
(m(k)|J*(0)|0) = k*F, where F is a scalar function. The large black circle in Fig. 6.1 repre-
sents the scattering amplitude <% corresponding to the process |i) + |7 (k)) — |f). Combining

2By broken current we mean the Noether current corresponding to the spontaneously broken symmetry.
3Note that we used momentum conservation, to write k = p ¢ — pi, where py and p; are the momenta of the
states | f) and |7) respectively.
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the ingredients as shown in Fig. 6.1 yields the Laurent series

k"
2

(7)) = e (N + 5k ), (62)
where N is the contribution to the matrix element (f|.J#|i) that does not contain the Goldstone
pole.* Differentiating both sides of Eq. (6.2) w.r.t. = and using the fact that the current J* is a
conserved quantity we obtain

kM E '
0 = ik (Vf + )™, (6.3)
from which it follows that
oy = %k:MNf’{ _ %(kONg —k- Nﬁ>. (6.4)

Eq. (6.4) shows that the scattering amplitude vanishes in the soft limit of the NGB k* — 0
if and only if N/ has no poles. However, if N} has a pole in the soft limit then the scatter-
ing amplitude may not vanish. This is what happened in section 3.3 where we encountered a
kinematic singularity. To be more precise, what happened was that Ny contained a factor 1/k
that cancelled the factor k in Eq. (6.4) only when the massless NGBs before and after the col-
lision were not collinear. In the collinear case the cancellation did not happen, resulting in an
amplitude that vanished in the soft limit. |

6.3 The Covariant Conservation Law

In the previous section the proof relies on the fact that the broken current is conserved i.e that
0,J" = 0. In cases with mNGBs the RHS of this conservation law will be nonzero due to
the additional term(s) explicitly breaking the symmetry, as mentioned in [18]. To be specific,
the would-be conservation law reads 9, J" = 0. where 0.7 is the variation of the Lagrangian
under a symmetry transformation. As §.Z varies from system to system, we are forced to find
a different conservation law that takes the same form in all systems. It turns out that we can
find such a conservation law by considering a gauge theory, where the gauge field contains the
chemical potential. The formulas and conventions we use in this section can be found in any
standard textbook on QFT such as [10], [19], [20] and [21].

For simplicity we consider a gauge theory with a Lagrangian that only depends on the fields
and their first derivatives .Z(¢", D,¢"). The i’th component of the covariant derivative is defined
as

D¢ = 0,0" — iAua(T0)5¢ (6.5)

where A, = pq0,0 is the gauge field(s) containing the chemical potential(s) 1, and T}, are the
generator(s) coupled to the chemical potential(s). In order to derive the conservation law we
consider the Lagrangian under the infinitesimal gauge transformations

5¢Z = iea(Ta);‘Wa

(6.6)
5Aua = auea + fabcAubec-

*N! is called the non-pole contribution to the matrix element (f|J#|i). The name can in some cases be
misleading given that N/ may still contain poles not related to the Goldstone boson.
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Chapter 6. Weinberg’s Soft-Limit Theorem and Covariant Current Conservation

By first requiring the variation of the action to be zero we obtain

e [a |02 0 ;
0_55_/dx[a¢1.5¢ +8(D#¢i)5(Du¢) . (6.7)

To proceed we need to find an expression for the variation of the covariant derivative §(D,,¢").
Eq. (6.5) implies that

3(Dug') = 0,(0¢") — 1(0Aua) (T)j¢ — iAua(T0)5(567), (6.8)
and substituting the variations in Eq. (6.6) into Eq. (6.8) yields
O(Du¢') = i0a(To);0u0" — ifarcAube(Ta)j¢ + Aual [(T5(T)] 6" (6.9)
Using then the definition of the structure constants
[T, Ty] = i faeTe (6.10)
we can rewrite the term in the square brackets of Eq. (6.9) as

[(Ta);‘ (Tb)ﬂ - (TaTb)i - (TbTa)i + ifabc(Tc)?c

; i ; (6.11)
- (Tb)j(Ta)k + Zfabc(TC>k'
If we substitute Eq. (6.11) into Eq. (6.9) and simplify we obtain
§(Dyd') = i6a(T,) [@qﬁj - iA#b(Tb){;qﬁk} — i0,(T,) Dy’ 6.12)

Now that we have explicit expressions for d¢° and §(D,¢") we can continue working with the
variation of the action. Substituting Eqgs. (6.6) and (6.12) into Eq. (6.7) gives

O X R X Ay
O—(SS—/da:[aW.(bjLa(D#W)Duqﬁ

i0,(T,) (6.13)

Z'A
2

In order to obtain a Noether current, we need to find the analogue of the Euler-Lagrange equa-
tions such that we can express 0. /0¢' in terms of the covariant derivative. The equation of
motion for ¢’ is

0 _ 0% 0% (Duy)
aua(au¢i)_a¢i+8(Du¢j) o6t (6.14)

which can be expressed as

A Y
%5607~ a0 T NGD,40 (€12

by using Eq. (6.5) to calculate 9(D,,¢’)/d¢". From Eq. (6.15) it follows that

0Z 0Z . 0Z 0Z

: :8 - A aldq ]— ED )
a¢z Ma(au(bz) t 12 (T )z 8<Du¢7) “a(D#gﬁl)

(6.16)
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where we used

0. 0% (D) 0L 0¥

— = . = = = ——, (6.17)
0u¢')  O(Dyu¢?) 0(0u¢')  O(Dpd?) * I(Dyg')
and defined '
D,x; = 0,2 + 1A,(T,)] ;. (6.18)
Thus we can substitute Eq. (6.16) into Eq. (6.13) to obtain
0L , 0L , )
0= /d% D {—} ¢+ ———D, ¢ 3il,(T,)". (6.19)
{ (8,7 T 8Dy 1Y )
By then using the product rule we obtain
0L . ,
0= / d*z D (—.w)wa T,). (6.20)
\arp,en” ) 1)
Since the variations i@a(Ta);'» are independent we obtain the conservation law
D,J! =0, (6.21)
where we identified the Noether current as
A4 o 0% .
S =1 —=o (1,)¢) = ———00,. (6.22)
90,577 = (D6

Eq. (6.21) is called the covariant conservation law, and will be used extensively in the following
discussions. The reason for its usefulness is that the RHS is independent of the variation of the
Lagrangian .Z. As we will see this enables us to write down equations that we can solve for
the scattering amplitude in systems where the chemical potential explicly breaks a symmetry,
analogues to how we used the conservation law 9,,J" = 0 in the previous section.

In order to actually use Eq. (6.21) we should figure out how the covariant derivative acts
on a tensor product representation such as the Noether current. The current has the same tensor
structure as the quantity x, = x; (Ta)§-¢j , and we should therefore calculate D, z,. By first using
the product rule

Dyta = [Dyai(To)5d + 2i(To)5[Dyd’) (6.23)
and then replacing the square brackets by Eqs. (6.5) and (6.18) respectively, we find that
Do = 0uxq + Az { (T)((To)l — (T)H(Ty)h . (6.24)
The curly brackets in Eq. (6.24) is given by
(T)5(To)t, = (T)§(To), = [To, Tuliy = i foae( T2 (6.25)
Substituting Eq. (6.25) into Eq. (6.24) and performing the permutation b <+ a yields
Dyt = Outa + farcAuti(Te)id" = 0ua + fabeAupe. (6.26)
Thus the covariant conservation law takes the explicit form

BT + fapeAypJH = 0. (6.27)
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Chapter 7

Revisiting the Nonlinear Sigma Model for

SO(3)

A successful proof of theorem 3 requires that we find a formula for the scattering amplitude
which does not rely on explicitly calculating the corresponding Feynman diagrams. In other
words we want to obtain a formula similar to that of Eq. (6.4) where we expressed the am-
plitude only in terms of the non-pole contributions of the matrix element (f|.J*|i). To find a
way of doing this it is useful to first discuss a simple concrete model. In this context simple
means a model that contains mNGBs with relativistic propagators, but does not allow for the
complications of mixing discussed in Chapter 5. An ideal candidate is of course the nonlinear
sigma model from section 3.2 containing a mNGB, a NGB and rotational symmetry. The linear
and nonlinear sigma models are both commonly used when discussing symmetry breaking and
Goldstone bosons, see e.g. [8], [9], [2], and [16]. However, in this chapter we will use the
nonlinear sigma model in quite a different way than what has been done earlier.

7.1 The Model

The Lagrangian is

&L =-(D,Y)? (7.1)

where the magnitude of the field i is constrained such that ¥ = (vv? — 72 — G?, 7,G) is
expressed in terms of the vev v, the NGB 7 and the mNGB G. The covariant derivative is
D,, = 0, — iuT3s6,0, where the generator is given in Eq. (3.10).

In order to obtain the desired formula for the scattering amplitude we need to calculate
matrix elements of the form (f|J!|i) where J* is the Noether current corresponding to the
generator 7, that excites mNGBs. If we choose the initial state |7) to contain one NGB and
the final state | f) to contain both a mNGB and a NGB the matrix element (f|.J*|i) represents
the process m(k) + G(p) — w(k’) + G(p'). In Feynman’s language (f|J/#|i) can be expressed
diagrammatically, as shown in Fig. 7.1. To compute these diagrams it is clear that we need
to find Feynman rules involving the Noether currents J#. The method for calculating these is
actually pretty similar to the method we have used to calculate Feynman rules so far. The reason
being that the matrix element (f|J*|i) basically has the same structure as the S-matrix (f|S|7).
Hence we can proceed in the usual way, see [20], by expanding the Noether current in terms
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p+k | p—kK

Figure 7.1: The figure shows the Feynman diagrams that represent the matrix element (f|J% i)
at tree level. The incoming NGB and mNGB and the outgoing NGB and mNGB have momenta
k, p, k' and p’ respectively. To avoid clutter the external momenta are only labelled in the first
diagram. The small black dot represents the current J%. The diagram describes an initial state
containing a NGB interacting with a mMNGB created by the Noether current to form a final state
consisting of a NGB and a mNGB. The diagrams in the first and second line represent the pole
and non-pole contributions respectively.

of the fields', wedging the current between the initial and final states that we have expressed
in terms of creation and annihilation operators and finally evaluating the Wick contractions to
obtain the Feynman rules. The analogy between (f|.J/|i) and (f|S|é) tell us that the Feynman
rules we desire can be evaluated by treating the Noether current in the same way that we usually
treat the Lagrangian. To be concrete each term in the Noether current corresponds to a current-
interaction, and the Feynman rule can be evaluated by computing functional derivatives w.r.t.
the corresponding fields.

7.2 The Noether Currents

Let us first calculate the Noether currents using Eq. (6.22), which we derived in the previous
chapter. The general expression is?

0L :
Jh = — (T, X" (7.2)
I(Dpux’) :
A useful representation for the generators is the adjoint representation in which (7,)i = i f?,

see [19]. Since we are dealing with the group SO(3) the structure constants are given in terms
of the Levi-Civita tensor f!, = €',. Substituting the Lagrangian in Eq. (7.1) into Eq. (7.2)
yields

JH = (DM30)i€l X (7.3)

IThis step is analogues to Dyson’s expansion, where the S-matrix is written as a perturbation series in terms of
the fields.

ZNote that we chose to add a minus sign, without any physical consequences.

3There is no distinction between upper and lower indices in the structure constants in this thesis.
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Thus the first component of J# is

Ji = (D"X)ax2 — (D"X )2x3
= (0"x3)Xx2 — (0"x2 + 16"x1) X3 (7.4)
= 10"'G — Go'm — pd"°GvVv? — 12 —

The second and third components of J/ can be calculated in exactly the same way, giving

(v — )O"G + TGO'r
V2 — 12 — (2 ’
TGO'G + (v — G*)otr

V2 — 2 — G2

T = —5"unG —

(7.5)

Y =5"u(v? - G*) +

Before we proceed, let us have a look at Fig. 7.1. From the second line we see that we are going
to need Feynman rules both bilinear and trilinear in the fields. As discussed the correct method
to obtain the Feynman rules is to calculate variational derivatives of the Noether currents. How-
ever, in their present forms this will not help us much because of the square roots. In order to
obtain all of the necessary Feynman rules we are forced to expand the Noether currents up to
third order in the fields. We expand the square roots as

2 2 2 2
VIS g1 - EEC {1—W+G+O(X§)},

v? 202
1 2+ G2 , (7.6)
Ox;) |-
Vo2 —m? — az /1 7r2+G2 [ 20 - (XZ)}
If we substitute this into the Noether currents we obtain the following three expansions
2 G2
Ji = motG — Go'm + o0 (uG7T t& ;wG) +0(x}),
v
1 1
JY = —vo'G — " unG — 2—3“G(G2 — 7)) — “wGo T + O(x7), (1.7)
v v

1 1
Jy = 0d'r + 6"pu(v? — G?) + ~rGo"G — %3"7?(@'2 —7%) + O(xi)-

Note that the mNGB is only present linearly in J{ and J}', meaning that only these currents
excite mNGBs. It follows that ( f|J{',|i) will contain both pole and non-pole contributions while
(f|J4]¢) will only contain non-pole contributions, see Fig. 7.1. Since the scattering amplitude
is connected to the pole pieces, it is only necessary to calculate (f|.J]',|7).

7.3 The Matrix Element ( f|J}|i)

7.3.1 The Feynman Current Rules from .J

In order to compute (f|.J5'|i) we see from Fig. 7.1 that we only need the following terms from
Jy:

— PG — 6 G — (lnGaﬂw — iWQaMG). (7.8)
v 2v
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Of these only the third is nontrivial, so let us demonstrate how to calculate the corresponding
Feynman current rule. By performing a Fourier transformation we obtain*

L 5o 1 " 7 ?

(—w "G — ~1GO w) S )G )T (p)ps — — ()T (pa)G(ps)ps. (1.9)

2v v v 2v
The Feynman current rule V#(k, k', p) is then obtained by calculating the three variational
derivatives
l 7

Vi) = [ e Mi,) sy (G2 — (o) (2)Gios)os)

i
= — I K
U(k‘—l—k‘ p)H.

(7.10)

All of the Feynman current rules, that we are going to need, associated with J}' are shown in
Fig. 7.2.

b
p ; P
= ivp” b Ju‘i =k + & —p) = —por?
2
A k ———————— > R
Jo | Jy
%

Figure 7.2: The figure shows the Feynman current rules that will be used to evaluate the matrix
element (f|J¥|i). The solid and dashed line represents G and « respectively.

7.3.2 Calculating the Matrix Element

Now we can calculate the matrix element (f|J4|i) shown in Fig. 7.1 when a = 2, by using the
Feynman rules in Figs. 3.1 and 7.2. This gives

(f|J8i)y = —wp“p2 e (—ioft) + Ny (7.11)

where ¢ is the off-shell® scattering amplitude calculated in Eq. (3.39) and N}’ are the non-
pole contributions

N =

. 9 . 1
i(p/ + Lk — k/)ﬂ + 5,&02lu { Zko . Zko } (712)
v v L(p—K)?=p> (p+k)?—p

“In this case we use the same convention as in App. A.3.1, where we suppress all differentials and exponentials
as shown in Eq. (A.17).

>In this case “off-shell” refers to the fact, that none of the particles in the collision 7 (k) +G (p) — 7 (k') +G(p’)
are on shell yet.
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7.4 The Matrix Element (f|.J{'|7)

In this section we will calculate (f|.J{'|7). As before we need to first determine the Feynman
current rules from the corresponding Noether current which in this case is J'. The rules relevant
for our calculation are shown in Fig. 7.3

K
= -0 P —>—‘Jf = oL =i(k — p)*
o

Figure 7.3: The figure shows the Feynman rules that will be used to evaluate the matrix element

(FIIT13).
and were calculated from the terms:
70"G — GOl + 5#0(%0 2 ,wG), (7.13)

present in J1".
The Feynman diagrams contributing to (f|J;'|7) are displayed in Fig. 7.1 when a = 1. By
using the Feynman rules in Fig. 7.3 we obtain

(1IN = =50

o (—idogt) + NP, (7.14)

where the non-pole contributions are

Nt gt 2_#{ (p—2K)"ko (2K +p)*k; }
o .

(% (Y

7.15
(p=K)? =2 (p+k)?—p? 71

7.5 Current Conservation

Note that the off-shell scattering amplitude —i.2% is present in both matrix elements { f|J'; 7).
If we had an equation involving both matrix elements we would be able to solve for the ampli-
tude and hence determine the amplitude in terms of the non-pole contributions. The obvious
candidate for such an equation is the covariant conservation law that we discussed in section
6.3, where we showed that the Noether currents satisfies the equation D, J! = 0. If we use the
matrix representation for the covariant derivative D,, = 0, — 1130, and collect the Noether

currents into a vector J* = (J{', Jy', J&')" we obtain

- Ot — Opopy
0=D,J" = Oppdiy + 0,05 |, (7.16)
9,
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which is satisfied when the Noether currents satisfy the Euler-Lagrange equations. Eq. (7.16)
implies that we can write

0 = puo (fI7'1E) + Ou (fIJ510) = pdpo (FITV1E) + ipu (fIT510) (7.17)

where p is the momentum of the mNGB, created by J.'. Let us check whether or not this
equation is satisfied when the momenta k, k', p and p’ are all off shell. By substituting Egs.
(7.11) and (7.14) into the RHS of Eq. (7.17) we obtain

1
v

. . . . vpH . / /
D (F1516) + b0 (FI ) = zpu{l%w—z%ff) (k=K )

2k i 2k i
e G e
pot?  2uky  (2k + p)*

v v (p+kP—p2

pvdti
+ /MLO{ - m(—l%ﬁ) +
ke (p— 2K }

R e

(7.18)

where the crosses indicate cancellations. If we substitute Eq. (3.39) for the off-shell amplitude
into the expression above and use momentum conservation we obtain

1
i (fII518) + b0 (fIIV]0) = ;(uz —p?) (7.19)

which only vanishes if we use the on-shell condition p”> = p2. Thus the only requirement
necessary for Eq. (7.17) to be satisfied is that p’ is on shell. However, note that the other
momenta k, k' and p need not be on shell for the conservation law to hold.

By performing a very similar calculation we can also show that d,, ( f|J}'|i)—0,0p (f]J5]i) =
0 is satisfied only when p/, k and £’ are all on shell.

Thus it is clear that both 0, (f|J5|0)+10,0 (f|J1'|[i) = 0and 0, (f|J{'|i) =00 (f|J5]i) =0
are satisfied simultaneously if and only if p/, & and &’ are on shell. However, it is not yet
necessary to impose that p should be on shell as well.

7.6 The Scattering Amplitude

Having verified that

ip (fIJ5 18 + pdyo (fIJT1E) = 0 (7.20)

70
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is satisfied when p’ is on shell we can finally construct a formula for the scattering amplitude.
If we once again substitute Eqs. (7.11) and (7.14) into Eq. (7.20) we get

. . . . vpt .
0= ipy (FL3Ni) + 10 (FIT11i) = zm{ﬁ(—mﬁ) + Nﬁ”}

ipvdt0
+ /L%O{h(l%ﬁ) + Nl“}

(7.21)
. w(p? — .
= (—Z%ﬁ‘){%} +ip Ny + pNY
pT—=H
= iv(—iog) + ip, NS + pNY.
From Eq. (7.21) it follows that the scattering amplitude is given by
— ion = —(ipu Ny + V), (7.22)

where p, k and k" are still off shell. This is exactly the kind of formula that we have been
looking for, where we note that the scattering amplitude can be expressed in terms of the non-
pole contributions of the matrix elements (f|.J{',|i).

7.6.1 Soft Limit

Our conjecture on page 60 states that the scattering amplitude in Eq. (7.22) should vanish when
we let p, k, p’ and k' be on shell and send the three momentum p — 0. However, at first glance
this does not appear to be the case. Our next step is therefore to determine how the vanishing
of the on-shell scattering amplitude in the soft limit follows from the conservation laws. That
is, we want to show that —i.e7,, = %(ipMNQ” + uNNY) vanishes in the soft limit of the on-shell
mNGB p,, — 10,0, When also &, k" and p’ are on shell.

In deriving Eq. (7.22) we only used the conservation law 0, (f|.J5|i) + pd,0 (f|J1']7) = 0.
Thus we still have one more conservation law at our disposal

O (fI71E) = oo (f1J512) = O (7.23)

which is satisfied if p/, k and &’ are all on shell. First consider the LHS and replace (f|.J5'|i) and
(f|J4'|7) by Egs. (7.11) and (7.14) respectively, as shown below

Op (11 18y — w0 (f1J5 10y = i (FIITVi) — o (F1T514)
. ipvdHo
= Zpu{m(z%ﬂ) + Nf}

vpt ‘ (7.24)
- M%O{Z%MQ(—Z%H) + Né‘}

. Upo — HUp .
= (—z%ﬂ){%} + ip N — uNy.
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Note that the term in the curly brackets vanishes exactly, without the need to impose any on-
shell condition on the momenta p, k, p’ and k’. If we now use the on-shell conditions p? = 2,
k? = 0 and k”? = 0 we can set the RHS of Eq. (7.24) equal to zero and obtain

0=ip, N — uNy = ip,N{' = puNy. (7.25)

If we in addition also let the mNGB be on shell and send its 3-momentum to zero such that
Py — 10,0, Eq. (7.25) implies that®

IMNRsoft = _iﬂNg,soft' (726)

If we now take the on shell soft limit of the mNGB in Eq. (7.22) we obtain

—1Don = (Zp#NéL + MNl()) — ;(Z/LNéLfsoft + MNlo,soft>

;
v / (7.27)
= ;(iIUJNQM,soft - Z.IuNﬁl,soft) =0.
Thus we have demonstrated that by using one of the available conservation laws we can con-
struct a formula for the off-shell scattering amplitude —i.<7,¢, where only p’ is on shell. By
also using the second available conservation law we managed to show that if p, p’, k and k" are
all on shell the corresponding on-shell scattering amplitude —i.e7,,, vanishes in the soft limit of
the mNGB. In principle the method discussed in this chapter can be applied to all other sym-
metry breaking patterns. However, before we attempt such a generalisation it is useful to see
how the argument goes for a theory where the mNGB propagator is non-relativistic, such that

p? # (mass)?.

®The subscripts “soft” indicate that the non-pole contributions are evaluated in the on shell soft limit p,, — (0,0
of the mNGB.
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Chapter

Revisiting the Higgs-Like Model

In chapter 4 we studied a Higgs-like model with the symmetry breaking pattern
SU(2), x SUQ)p & SU(2), x U(1)g — U(1) (8.1)

and found that the particle spectrum consists of a Higgs mode, a NGB of type-I, a NGB of
type-1I and a mNGB with mass 24. In this chapter we want to study this model in the same way
that we studied the SO(3) model in the previous chapter. That is, our goal is to find a formula
for the scattering amplitude .27, (mNGB + NGB — mNGB + NGB) expressed in terms of the
non-pole contributions of some current element. From this formula we should be able to show
that the scattering amplitude vanishes in the soft limit of the mNGB if we require all particles
to be on shell. To find such a formula we will have to determine the following

The Feynman rules,

The scattering amplitude,

The Noether currents,

The Feynman current rules,

The matrix current element.

The Higgs-like model is one of the standard examples when discussing both massless and
massive Goldstone bosons. It is mentioned or discussed in a lot of papers such as [1], [2], [7],
[9]1, [17], [18] and [22]. In this section we use conventions that are similar to the ones found in
[9], but in this thesis we focus on the mNGB instead of the massless NGBs.

8.1 The Lagrangian

It might be tempting to start from the Lagrangian in Eq. (4.1). However, this turns out to be
inconvenient because we then need to figure out how the fields transform under the symmetry
transformations SU(2);, x U(1)g. Instead we will use a Lagrangian that is completely equiv-
alent, although it may not look that way at first. The Lagrangian we will consider is given
by

&= %Tr (DM(I)TD“@) . m; Tr (cb*cp) . 2 [Tr (@@)]2. (8.2)
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Chapter 8. Revisiting the Higgs-Like Model

Here ® = (¢°|¢) is a matrix consisting of a complex doublet ¢ and its charge conjugated
field ¢¢ = im¢*, where 7 is the Pauli matrices and * denotes complex conjugation. The field
transforms as ® — U, ®U, under an SU(2),, x SU(2) transformation, making the SU(2), x
SU (2) g invariance of Eq. (8.2) obvious. The covariant derivative is defined as

D,® =9, —iL,P+iPR,, (8.3)

where L, = Ll -Tand R, = Z%M -7 are the generators of SU(2), and SU(2) g respectively. The
symmetry breaking pattern in Eq. (8.1) tells us that the mNGBs come from the explicit breaking
of SU(2)g only. This means that if we couple the chemical potential to R} the generators R/
and R} break explicitly. Thus since we are interested only in the interactions involving mNGBs
we only care about the currents .J;; and .J;, meaning that we can set L, = 0 in all of our
calculations. However, before we begin calculating the Noether currents it is useful to expand
D, ®TDID as

D, ®'D'd = 0,010"® +i0,d'OR* — iR, P10"D + R,PTOR" (8.4)
and substitute this into the Lagrangian to obtain

1
£ =T (0,210"® + 0, ' ORLT, — iRu7a® 0D + Ryara® PR
2 Y 2
-y (qﬂcb) _2 [Tr (@T@)} .
2 1

8.2 The Noether Currents

(8.5)

Having introduced the gauge field R* = RKT, it is natural to calculate the Noether currents as
Ji = 0.2 /6R!." This gives

1
Jh, = 3T (i0r0ter, — ir.0'0"0 + 2R10T) (8.6)
where we used that d R /0 R} = 0", and {7,, Ty} = 204. Hence, J}; is given by?
1
Jhy = 5 Tr (ir0ton — ivloren ). (8.7)

Let us first evaluate 9, ®®7; by first performing the matrix multiplication

(0u9°)1 . 01
e = (290) (w10 (1)
(8.8)
(@)t -
e (5M¢)T o |
I'This expression comes from the fact that when we gauge the theory, the replacement 0, — D, is equivalent
to adding a term A, J* to the Lagrangian. Thus the path integral takes the form

Z[J“] :/@gﬁexp{i/d‘leJrAuJ”}

and we can obtain the classical Noether current by calculating the variational derivative w.r.t. the gauge field A,,.
2We ignored the term 2R/ ®'® because in the end we will couple the chemical potential to 73 only, such that
R = RV = 0.
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If we then rewrite the diagonal elements as

(0,6)'0 = (Duim20")1¢ = —~i(0,0) 20,

. . (8.9)
(0u) ¢ = (0u0) im20" = 1(0) ' 12",
we obtain
0,0 ®7 = ( —i(ﬁf{qb‘)Tngb i@b%‘) T'W* ) . (8.10)
A similar calculation yields
T
oot DT, = ( —zaﬁ' .T.28N¢ Z’stm.('a.“qﬁ)* ) . (8.11)
By substituting Egs. (8.10) and (8.11) into Eq. (8.7) and evaluating the trace we obtain
T = —0"10" ) + ¢l (04 9)". (8.12)
Since the calculation for .Jj, is very similar we omit the calculation and state the result
T, = —ig 0" — il (0" 9)". (8.13)

Before we can proceed, by parametrising the field ¢, we need to check that our model has a vev.

8.3 Expanding the Lagrangian and Determining the Vev
Recall that we decided to couple the chemical potential to the third Pauli matrix, meaning that
R, = pd,o7s. Substituting this into Eq. (8.5) gives

1 . . A 2
Z=3m (aﬂqﬂa“cb +ipdtory — ipdtdrm + (12 — m2)c1>T<I>> -2 {Tr <<I>T<I>>] C(8.14)

By denoting the two components of ¢ as ¢; and ¢- it is straightforward to evaluate all of the
quantities in the Lagrangian, this results in

L = 0,070" D1 + 0,050 Do + ip(91 — i) + ip( Doy — Pa)
+ (12 = m?) (i1 + d3da) — MNdidr + Phn)?

This is the same expression as in Eq. (4.3). Thus we have shown that the two Lagrangians in
Egs. (4.3) and (8.2) indeed are equivalent. As in chapter 4 we find that the vev is

(8.15)

2 2
2 KM

A

v (8.16)

and parametrise the field like

(0
¢ = ( \%(v—l—¢3+i¢4) ) ' (8.17)
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By substituting Eq. (8.17) into Eq. (8.15) and simplifying we find that
L = 00" + in(Y — )
bSO+ 500 — ity — atls) — WP
sk ) ®19

Vs
12 T

LAWY — XYy — AR + ) A(
W — A,

where we dropped the constant term.
8.4 Dispersion Relations, Propagators and Feynman Rules
Before we can calculate scattering amplitudes involving the mNGB we need to analyse the

particle spectrum more closely than what we did in chapter 4. To this end we rewrite Eq. (8.18)
in matrix form,

1o —0,0" + 2ipdy 0 v
oo (0 (8)

1 —0,0" — 2 v* =210, 3
*3 ( s Ya ) ( " 9000 9,0, ) ( s ) (8.19)

L
2 +Z)

4
— MW )? = 2X0(P*h)bs — M (W5 + o) — A(% +
— vy — Aoy,

and perform a Fourier transformation to obtain the inverse propagators

2 2
1 [ w =P+ 2uw 0
Dt = ( \ P 2 (8.20)
and
_ w—p?—-22?%  2ipw
Dy = ( —I;ww 2 fp2 ) . (8.21)

Since the inverse propagator in Eq. (8.20) is diagonal in the (1)*, 1)) basis the matrix describes
the propagation of a particle-antiparticle pair. By using the same convention for charge flow as
we use in QED ? the two equations*
2 2
w4 2uw —p° =0
9 9 (8.22)
w”—2uw —p“ =0

determines the dispersion relation for the particle and antiparticle respectively. The solutions

are
w=—p 4+ p? +p
W=+ A+ pr

3To be explicit: the charge is created at point by () and flows to point y where it is annihilated by ¥* (y).
*Obtained by requiring that det D7 " = 0.

(8.23)
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8.5 Particle-Antiparticle Scattering

From the dispersion relations we see that the type-1I NGB and the mNGB actually form a
particle-antiparticle pair!> Given that the inverse propagator is diagonal it is trivial to determine
the propagators, the results are shown in Fig. 8.1.

There is not much subtlety in the particle spectrum associated with D', which we calcu-
lated in Eq. (4.19). However, since the propagator is not diagonal the fields 1’3 and 14 exhibit
mixing which means we have to be careful when evaluating Feynman diagrams. The propagator
for (13, 14) is found by inverting D, * and is equal to

, i p° —2iupg
Dy = ; . 8.24
L2 p2(p* — 2M0?) — 4N2p8 ( 24 upo p? — 202 ( )

Finally the relevant interactions follow from the penultimate line in Eq. (8.18). For convenience
all of the Feynman rules that we are going to use when calculating scattering amplitudes, are
shown in Fig. 8.1.

— i\ e = —2i\v

p p
ip? - i
- - - = P < — L
P2 (P2 —2M?)—4p2pg P*—=2p1po

Figure 8.1: The Feynman rules needed for computing particle-antiparticle scattering in the
SU(2) x U(1) model. The solid and dashed line represents the particle-antiparticle pair and
the (v3,14) particle respectively.

8.5 Particle-Antiparticle Scattering

In this section we want to calculate the scattering amplitude for the elastic scattering of the

mNGB and the type-II NGB and show that it vanishes in the corresponding soft limits. The

Feynman diagrams contributing to the off-shell scattering amplitude is shown in Fig. 8.2.
Using the Feynman rules in Fig. 8.1 the off-shell amplitude is

DU 1)
o = A A P + 1P — 2] — 40+ o
i(p—p)? o

+ (2i\v) (p— )2 [(p — )2 — 220%] — 42 (po — pp)?’

where p, p/, k and k' are off shell.

S0f course it is not a real particle-antiparticle pair because their masses are different. It would perhaps be more
fitting to denote the mNGB as a pseudo-antiparticle, but for simplicity we will call it an antiparticle.
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p¥ P
p .
+ N ) + P =D
\]f :
T
k/ \k:

Figure 8.2: The scattering amplitude for particle-antiparticle scattering.

mNGB Soft Limit

The soft limit of the on-shell mNGB is p,, — 2/10,,0. In this limit we have the on-shell relations

(p+k)* = 2u(po — ko) + 4pko = 2u(po + ko) = (p+k)* — 4u®(po + ko)?,

(8.26)
(p— 1) = 2p(po + ph) — 4wl = 2p(po — py) = (p —P')* = 41 (po — p})?,

where we used p? = 2upo, p'? = 2upy, k* = —2uko and k' = —2uk) which are consequences
of the non-relativistic dispersion relations in Eq. (8.23). By using these relations we see that
the two fractions in Eq. (8.25) simplify and we obtain

— 1on — — 4N+ 21N+ 21\ = 0, (8.27)

in the soft limit where p — 110,,0. Thus the scattering amplitude vanishes in the soft limit of the
mNGB when p, k, p’ and &’ are on shell.

NGB Soft Limit

We also expect the on-shell amplitude to vanish in the limit £, — 0. An explicit calculation
confirms this,

» + (2iA0)’ L
iV
p? [pQ — 2)\’02} — 4p2p3 k2 [kJ’Q — 2)\1}2} — 4k

= —4i\ + 20\ + 20\ =0,

—ilyy — —4i\ + (2iMv)?

(8.28)

where we once again used that p? = 2upy, p"* = 2up}, k* = —2uk and k? = —2uk),.

8.6 Expanding the Noether Currents

So far we have determined that our model contains a nonzero vev when g > m, and that it has
an on-shell amplitude describing particle-antiparticle scattering that vanishes in the soft limits
of the Goldstone bosons. Let us now try to use the same strategy that we used in the previous
chapter to obtain a formula for the scattering amplitude in terms of the non-pole contributions
of some matrix current element. As a first step we need to express the currents in Egs. (8.12)
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and (8.13) in terms of the fields 1, ¥3 and 4. To do this we need to calculate ¢'50"¢ and
¢T15(0*¢)*, by using the second Pauli matrix and parametrising ¢ as in Eq. (8.17). This gives

§T06 = {100+ (00" — 10" + (30" — YD)},
1

$1m(00)" = {007 + (a0 = P a) (50— 00) |

S

(8.29)

By substituting the expressions in Eq. (8.29) into the Noether currents given by Egs. (8.12) and
(8.13) we see that both of the currents J }‘;‘51 and J 1‘%2 have a linear piece that contains the fields ¢
and ¢*. Thus we could continue in exactly the same way as we did in the previous chapter by
first calculating (f|.J; |¢) and then (f|.Jj |i). By then using one of the two conservation laws
we could find an explicit formula for the scattering amplitude in Eq. (8.25). However, from this
formula it is not at all obvious that the amplitude should vanish in the soft limit. In fact, to show
that it vanishes we have to use the second available conservation law as well. In principle this
is not a problem, but it is hard to generalise this strategy. However, if we could combine the
Noether currents into a linear combination we would incorporate the information contained in
both conservation laws. This would give us one current, satisfying one conservation law. If we
can calculate the amplitude from this special current, we should obtain a formula from which it
should be trivial to see that the amplitude vanishes in the soft limit. We will now demonstrate
that the construction of such a current is possible, while we will justify it rigorously in chapter
0.

8.7 The Current Element

We define the current .

V2

and choose to calculate (f|.J"|i), where | f) contains both the mNGB and the type-II NGB while
|i) only contains the type-Il NGB. The mNGB interacting with |i) is created by the current

T =~ — i (30" — Y0"ehg) + (20" — YI'yn), (8.31)

which satisfies the conservation law®’

Jt (8, =i, (8.30)

(9 — 2ipb,0) J* = 0. (8.32)

By treating the current .J* as a Lagrangian we can calculate the Feynman current rules. For
convenience we display all of the ingredients that we will need for calculating the current ele-
ment (f|J”|i) in Fig. 8.3. By using these ingredients we can draw the Feynman diagrams that
contribute to the current element (f|J"|i) as in Fig. 8.4.

An explicit calculation of the current element gives

(FIT"]i) = ng_“—];’;%(—i%ﬁ) + N*, (8.33)

This can be checked explicitly by using the Euler-Lagrange equations for the fields v, 15 and 14 to express
0,0", 0,,0"13 and 0,,0"1)4 in terms of time derivatives and products of fields. However, due to an enormous
amount of algebra I used Mathematica and have therefore omitted the calculation.

7In chapter 9 we will justify this conservation law rigorously.
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where
N i(p+ 2k)"[(p + k) + 2u(po + ko)] (2iAv)
T R R — 2207 — 42 (o + ko) 830
i(p—2p" )" [(p — p')* + 2u(po — p) ] (2iAv) '
(p—p?)[(p—p)%—22?%] — 4p2(po — p)*
p q p
T T =TT =qu—Pu = —Up,
3
p q
— - . w?) .
4>—0777<——7:7/(q—p)u — _ :_27//\7)
1y
(0N V3 . 2upo (e (e _ ip?
- — 7: - - - = pQ[P2*2)\U2]*4N2p3 - 7: - - p2[p2—2>\’02]—4#2pg
p D
p
B S
P2 —2upo

Figure 8.3: The Feynman rules we will use to calculate (f|J”|i). The black dot represents the
current J" responsible for the creation of the mNGB.
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Figure 8.4: The figure shows the Feynman diagrams that represent the matrix element ( f|J* i)
at tree level. The incoming NGB and mNGB and the outgoing NGB and mNGB have momenta
k, p, k¥ and p’ respectively. To avoid clutter the external momenta are only labelled in the
first diagram. The small black dot represents the current J*. The diagrams describe an initial
state with a NGB interacting with a mNGB created by the Noether current to form a final state
consisting of a NGB and a mNGB. Since in this case the fields ¢35 and v, mix we get four
non-pole contributions.
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8.8 Current Conservation

Now, we will investigate the conservation law
O (fIJE|3) — 2ip (f|J° i) = 0. (8.35)

That is we want to see which of the momenta p, p/, k and &’ have to be on shell for the conser-
vation law to be satisfied. To this end we substitute Eq. (8.33) into the LHS of of Eq. (8.35),

ipp (F1J")i) = 2ip (F|J°]i) = z‘pu{ iop"(—idder) i(p + 2k)*(=2i\v) [(p + k) + 2p(po + ko)]

p*=2upo  (p+k)?[(p+ k)% —2002] —4p2(po + ko)
i(2p' — p)*(=2id) [(p — p')? + 2p(po — 1})
(p—p)2[(p—p)? — 2)?] — 42(po — p}y)?

P =2upy  (p+k)?[(p+ k)% — 22?] — 4 (po + ko)?
i(2p" — p)o(—2iAv) [(p — P')? + 2u(po — 1p)]
(p—1)2[(p—p)? — 2)0?] — 42(po — p}))?
If we collect the the terms with the same denominator we obtain

o, . . i[(p+k)? + 2u(po + ko) ] (—2idv) P
i sk () + (p+ k2[(p+ k)2 — 2702] — 42(po + ko)? U= 208,0) 2R+ 27}

i[(p— 1)+ 2upo — pp)] (—2iNv) P

(p— )2 [(p— )% — 220] — 4% (po — p))? U = 2000) (" = 20 )}}'

To simplify this we use the following on-shell relations:

(9 — 2008,0) (2K + ) = [0, + ) — k] [ + (0" + )] = 202k + o)
= (pu + ku)® — 2u(po + ko)

. {wpo(_i%ﬁ) i(p + 2k)o(—2iAv) [(p + k)2 + 2u(po + ko)]

+

(8.36)

and
(P — 200,0) (P — 2p™) = (K}, — k) + P, [(K" — k) — p™] — 2u(po — 2p))
= (p—1')* = 2p(po — ).
Note that Egs. (8.36) and (8.37) were obtained by assuming that p’, k and k&’ were on shell, but
p was kept off shell. Using the on-shell relations and Eq. (8.25) we end up with

ip (f|J"]i) — 2ip (f1J]i) = —i( — 4\v + 2dv + 2Xv) = 0. (8.38)

We emphasise that the equality only holds provided all momenta except that of the mNGB
(created by J") are on shell.

(8.37)

8.9 Scattering Amplitude

In this section we use the conservation law we just discussed to derive a formula for the off-shell
scattering amplitude —i.o7.4.8 Substituting Eq. (8.33) into Eq. (8.35) gives

ipd 2 (idhg) + NS — 2ip80d - (iddg) + NS =0, (8.39)
“{p2 ~ ool ) } B0\ 32 gy o)

8To avoid confusion: the subscript in this case indicates that only p is off shell.
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Collecting the two terms involving the amplitude gives

—1.9, . .
])(2_—230(192 — 2ppo) (—v) + ip N" — 2ipN°® = 0. (8.40)

By solving for the amplitude we obtain the formula

pu N — 2ipN®
A L sy (8.41)

()

which obviously vanishes when we let p be on shell and send the 3-momentum to zero such
that p,, = 210,,0. Showing that our formula reproduces the amplitude in Eq. (8.25) is redundant
because the calculation in this section is equivalent to the calculation in the previous section.
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Chapter

Generalisations

Having looked at the structure of the concrete examples in chapters 7 and 8 it is now much
easier to make some general remarks and finally prove theorem 3. We begin by investigating
some of the well known exact statements about mNGBs discussed in [1] and [9]. These well
established statements combined with what we learnt from the previous two chapters allow us
to formulate a proof of theorem 3 in the perturbative picture.

Following this discussion we want to make some statements that do not rely on perturbation
theory. We begin by determining the exact form of the dispersion relation for mNGBs and finish
by proving theorem 3 non-perturbatively.

9.1 Some Well-Known Results

In this section we follow the main argument of [9] closely, in order to understand the results
we have discussed so far at a deeper level. Let us consider a many-body system, initially at
zero chemical potential y, with Hamiltonian .7 whose symmetry group is denoted by GG. The
Hamiltonian describing the system at nonzero  is thus H = — 1@, where () is one of the
generators of G. The symmetry group of s denoted by G, and we define the vacuum state
|0) by i

200y = 0. 9.1)

Given that );, the generators of (G, is a symmetry of the Hamiltonian 7 it follows from stan-
dard quantum mechanics that [77, );] = 0, which means that

Qz(t) — /d?)f[' ei(ﬁft—PX)JiO(O)e—i(._%at—Px) (92)

is time independent.! In our calculations up to this chapter we have made in particular two
important well known observations:

1. Massless NGBs are born when the generators of G are broken spontaneously. A type-I
NGB corresponds to one spontaneously broken generator, and a type-II NGB corresponds
to two spontaneously broken generators.

'Eq. (9.2) describes the time-evolution of an operator Q in the Heisenberg picture. P and x are the 3-
momentum operator and position respectively.
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2. mNGBs are born when the generators of G are broken explicitly in the step G 2 G. So
far we have noticed that a pair of explicitly broken generators always seem to give exactly
one mNGB.

The second statement is a result of the Cartan decomposition. In fact the explicitly broken
generators can be grouped together in pairs of linear combinations (), that satisfy

[Qa Q:I:U] = :thQzl:Ua (93)

where o labels each pair and ¢, is a positive real number. By defining an order parameter
Ao = (0][Q44(t), J°,(0)]|0), using Eq. (9.2), inserting a complete set of eigenstates 1 =
>, In, p) (n, p| and performing the spatial integration the authors of [9] obtain

Ag = D7 e O (0172, In, 0)

_ Z i 1Bn (0)+pgolt !<0|J90|n, O>|2 ‘ 9.4)

Note that A\, = (0|[Q+,(¢), J°,(0)]]|0) is time independent, because @, (t) commutes with
the Hamiltonian. If we assume that the mass of the n’th excitation is £,(0) > 0 it fol-
lows that (0|J°_|n,0) = 0 for all n. There are then two things that can happen: Either
(01J9,]n,0) = 0 resulting in no mNGBs or (0|J9,|n,0) # 0 from which it follows that
A |n,0) = E,(0)|n,0) = ugy |n,0). Thus if (0|J%,|n,0) # 0 the state |n, p) is a mNGB
with mass pq,-.

Furthermore, if (0].J°_|n,0) = 0 and (0|J%,|n,0) # 0 it follows from the definition of A,
that 4, |0) = 0 and Q_, |0) # O respectively. So the operator )., annihilates the vacuum
while )_, excites a particle. To find the mass of the particle excited by ()_,, consider the
commutator

[,Q-5]10) = [7,Q-]|0) = u[Q. Q-] |0). (9.5)
Using the facts [7, Q_,] = 0, 5 |0) = 0 and Eq. (9.3) we obtain
HQ 5 |0) = 1g,Q o |0) - (9.6)

Hence the state (), |0) is a state with energy pq, which we identify as a mNGB.
Next we should check that this is consistent with the two models we studied in the two
previous chapters.

9.1.1 The Nonlinear Sigma Model

At zero chemical potential the symmetry group is G = SO(3) with the three generators 77, T
and T3. Choosing a ground state ¢y = (0,0, v) results in that 7} and 75 spontaneously break
leading to two type-I NGBs.

Coupling a nonzero chemical potential to the generator 73 leads to the explicit breaking of
Ty and Ty. Thus the new symmetry group G is the SO(2) subgroup of SO(3) generated by T.
We found a type-I NGB from the SSB of 73 and a mNGB from the explicit breaking of 7} and
Ty. If we define Ty = 1//2 (T + iT,) the commutator in Eq. (9.3) takes the form

[T37 Tﬂ:] - j:T:tv (97)

implying that the mass of the mNGB is pu, agreeing with our explicit calculation in chapter
3. With the benefit of hindsight we note that we could also have performed the calculation in
chapter 7 by working with the current J4 = 1/v/2(JI' + i.J}') instead of J} and J seperately.
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Physical Application

As mentioned in chapter 3 this example has the physical interpretation of an antiferromagnet,
where the chemical potential can be viewed as an external magnetic field. In the case of no
external magnetic field, we assume that the spins are aligned alternately in some arbitrary di-
rection such that the symmetry is spontaneously broken like SO(3) — SO(2) resulting in two
type-1 NGBs.

Now, assume that in the ground state the spins are aligned alternately in the z-direction. If
we turn on an external magnetic field in the z-direction, the spins in the ground state become
unstable. This results in a new ground state that points in a direction orthogonal to the z-axis.
Choosing this direction to be Z results in that the generator 75 spontaneously breaks giving one
type-I NGB. In addition, as a result of applying the field in the z-direction the generators 77 and
T, were broken explicitly resulting in the mNGB.

9.1.2 The Higgs-Like Model

In this case we coupled the chemical potential to the generator R3 leading to the symmetry
breaking pattern SU(2); x SU(2)r & SU(2), x U(1)g — U(1)". In the first step the gen-
erators R; and R, were explicitly broken giving a mNGB. In the second step three generators
were broken spontaneously giving one type-I and one type-II NGB.
If we define the generators R+ = 1/v/2 (R, & iR,) the commutator in Eq. (9.3) takes the
form
[Rs, Ry] = £2R4 (9.8)

implying that the mass of the mNGB is 2y, agreeing with our explicit calculation. Eq. (9.8)
also tells us that the mNGB was created by the operator 2_. This is what motivated us to define
the current J* = Ji; —iJp in Eq. (8.30) responsible for the creation of the mNGB.

9.2 Perturbative Proof

In this section we generalise the calculations in Chapters 7 and 8 and attempt to prove theorem
3 in the perturbative picture. Based on the previous section and the examples in the aforemen-
tioned chapters we know that there exists a current J* responsible for the creation of a mNGB
with momentum p. If we define an initial state |¢) and a final state | f) we can parametrise the
matrix element (f|J"]:) as

(f]J*]i) = (J)Y x P x (—idog) + N*, (9.9)

which is very similar to the parametrisation used in [10] for massless NGBs. Here (J*)(") is the
linear Feynman current rule,? P is the propagator of the mNGB, 7, is the scattering amplitude
with p off shell and N* are the non-pole contributions of (f|J"|i).

9.2.1 Conservation Law

To begin with we need to determine the conservation law that J* satisfies. From our discussion
in section 9.1 we recall that a mNGB always corresponds to two explicitly broken generators

2In our concrete examples (J*)(!) can be found in Figs. 7.2 and 8.3.
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denoted by e.g. )7 and (). We also emphasised that we can always construct the linear com-
bination

Q+ = Q1 £1Q2, (9.10)

which satisfies

(Q, Q+] = £qQ-. ©.11)

Here () is the generator coupled to the chemical potential i and g is a positive real number. By
substituting Eq. (9.10) into Eq. (9.11) we obtain two equations:

Q, Q4] =qQ+ = [Q, Q1] +1[Q, Q2] = qQ1 + iqQ2,

9.12
Q.01 = —4Q- = Q. Q1) — Q. Qu) = —4Q1 + iqQa. G2
By adding and subtracting these equations we obtain
[Q, Q1] = iqQs,
9.13
[Q7 QQ] = _tila ( )

respectively. In order to proceed we have to identify the structure constants of the coset space,
where the mNGBs live. From Eq. (9.13) we see that the structure constants are

faz =¢q, fa1 = —¢, (9.14)

where a labels the explicitly unbroken generator (). Using Eq. (6.27) we can write down the
conservation laws for the broken currents J}* and J}'

Dyt = 0,08 + fraoAuady = 8,1 — paJy,

(9.15)
D, J8 = 0,04 + fan Ay = 0,04 + pgJy,

where we used that A,,, = 11,00 = 110,0. If we then define the currents Ji = J{' +4.J% and use
the conservation laws in Eq. (9.15) we obtain

D, JY = 8,J +iugJ? =0,

9.16
D,J" = 9,J" —iugJ® = 0. ©.16)

Note that the conservation laws in Eq. (9.16) only holds when all momenta except that of the
mNGB (destroyed/created by J%) is on shell.

9.2.2 The Connection Between the Propagator and the Noether Current

In section 6.3 we derived the equation of motion for a general gauge theory,

04 0%
Dui5.5 ~ B 9.17)

For mNGBs the gauge field is given by the chemical potential A, = ud,o and the fields ¢*
transform in general like

6L, = CL + Pa(¢') (9.18)
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where C" is a constant and P,(¢") is a polynomial in the fields ¢’. Therefore to linear order the
mNGB has a shift symmetry, meaning that . /5¢" = 0 such that the linearised equation of

motion takes the form

0z

In earlier chapters we have used that the inverse propagator is obtained from the terms quadratic
in the Lagrangian which is equivalent to saying that the inverse propagator is the Green’s func-
tion corresponding to the linearised equations of motion. Thus the inverse propagator P~! is
the Green’s function to the operator contained Eq. (9.19).

The Noether currents are defined as J! = %(5 ¢’ which to linear order is
I

5L
n o i
Hina = 575 57 . 577 Ce (9.20)

Since the current is conserved we can write

0L ’
DHJlf}}n,a — DHWC; - 0 (921)
"

Note that Eq. (9.19) and Eq. (9.21) are identical up to a constant.
Furthermore we can parametrise the linear Feynman current rule as

(J)YV = iprA_ +i6"°B_, (9.22)

where both A_ and B_ are constants. By performing an inverse Fourier transformation we get
the linear piece of the Noether current

S = A_0"¢ +i6"°B_¢,’ (9.23)

where J/ _ is a linear combination of the currents J{ . Acting on Eq. (9.23) with the covari-
ant derivative D, = 0,, — iuqd,o we obtain the equation

0=A_0,0"'p+1B_0yp — iugA_0vp + ngB_¢. (9.24)
Performing a Fourier transformation gives
0={—A_p*— B_po+ uqA_py + 1igB_}¢. (9.25)

Hence, because Eq. (9.19) and Eq. (9.21) are identical up to a constant we can read off the
inverse propagator as

Pt =—A_p*— B_py+ nuqgA_py+ ugB_. (9.26)

3The attentive reader might wonder why there is not a minus sign in front of A_. In our convention the Fourier

. 4 ; . .
transform is given by ¢(z) = [ % e~ ¢(k), when the momentum flows into the vertex. However, since we
are assuming that the mNGB is created by the current J* the momentum should flow out of the vertex resulting in

the change of sign.
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9.2.3 Proving the Theorem

Proof. We now have all of the ingredients needed to prove theorem 3 perturbatively. By using
Egs. (9.9) and (9.16) we can write

0= D, (f|J"]i) = D“{ei”x [(J)YV x P x (—idd) + N¥] } 9.27)
Factoring out the exponential gives the equation
0 = ip, [(J)V P(—idogr) + N"| —ipg[(J2)V P(—icdog) + N}, (9.28)
and if we then collect the terms involving the scattering amplitude we obtain
0 = (—idog) P(ip, — i11q0,0) (J*) VD (—icdog) + ip N* — ipgN°. (9.29)
By replacing (J*)(") with Eq. (9.22) we obtain

0 = (—idog) P[ — A_p> — B_po + pgA_po + pgB_] + ip,N* — iugN®

9.30
= (—iogt) + ipu N — ipgN®, ©-30)

where we in the penultimate line used Eq. (9.26). By solving for the scattering amplitude we
obtain

— idog = iugN°® — ip,N* (9.31)

which vanishes when we let p be on shell and evaluate the soft limit such that p,, = J,0ptq. W

Hence consider that we are given a scattering process |i) + mNGB — | f) with all momenta

on shell and the corresponding on-shell scattering amplitude —i.<7,,. We can say that —i.e7,,,

vanishes in the soft limit of the mNGB, unless N* is at the same time singular. N" being
singular in the soft limit, would suggest the presence of a kinematic singularity.

9.3 The Dispersion Relation

Before we attempt to prove theorem 3 non-perturbatively, let us see if we can say something
general about the dispersion relation for mNGBs. This discussion is motivated by attempting
to generalise section IV in [18]. If we consider a theory with rotational invariance and assume
that the current J{ acts as an annihilation operator for mNGBs we can write,

(07 (@) (p)) = e~ { ip" F(lp]) + i G(lp) }. 932)

Here the functions F'(|p|) and G(|p|) are scalars and p is the on-shell momentum of the mNGB
|7(p)). In this case the term i6"°G(|p|) takes into account that our theory is in general not
Lorentz invariant. Using the fact that the current J/ is conserved we can write

0 = D, (0|J4 (x)|m(p)) = 8, (O]J% () |7 (p)) + ipg (01T ()| (p))
= p’F(|p]) + poG(|p|) — napoF (Ip|) — naG(|p|).

To avoid clutter let us suppress the arguments of the functions F'(|p|) and G(|p|). Furthermore
by writing p? = w? — p* we obtain the quadratic equation

(9.33)

0= Fuw*+ (G — pqF)w — (uqG + p*F). (9.34)
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By taking the limit p — 0 such that w(0) = m, where m is the mass of the mNGB we obtain
0 = F(0)m? + [G(0) — uqF(0)]Jm — ugG(0). (9.35)
The solutions to this equation are

my =puqg & m_ = —%. (9.36)
The first solution tells us that the mass of the mNGB is exactly given by pq, as we have already
shown using the symmetry algebra. If we assume that both '(0) and G(0) are positive then the
second solution is unphysical.
We can also try to say something about the form of the dispersion relation of a mNGB by
solving Eq. (9.34) exactly. The solution is

—G + ugF + (G + ugF) \/ L+ i P?
oF

and we see that the dispersion relation of the mNGB is fully determined by the functions F' and

G.

(9.37)

w4+ =

9.4 Non-Perturbative Proof

In this section we prove theorem 3 non-perturbatively, following Weinberg’s strategy described
in chapter 6. The idea is to view (f|J"|i) as an amputated Green’s function where we have
appended an external mNGB propagator with off-shell momentum p. The momenta of all the
other particles are kept on shell such that the current satisfies the covariant conservation law in
Eq. (9.16). The situation we will consider is illustrated in Fig. 9.1, where an initial state |i)

interacts with an off-shell mNGB created by J” to form a final state | f).
1)
J"
GF
® Propagator

[#)

Figure 9.1: The figure shows the pole structure of the current element (f|.J*]i). It consists of the
Noether current (small black circle), a mMNGB propagator and an amputated Green’s function
(GF).

Note that our proof is not valid for the pNGBs discussed in chapter 5 because their propa-
gator (and hence their dispersion relation) takes a different form than the mNGBs.
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Proof. Let us start by trying to extract the mNGB propagator contained in the Kéllen-Lehmann
representation D?? = —i (0|T{#(x)¢(y)}|0). In momentum space the Kéllen-Lehmann prop-
agator takes the form

Do® (p’w) _ (271_) Z <O’¢( )’n,p)( 7p’¢( )’0>

. — E, (p) +ie
(9.38)
_ {01¢(0)|n, —p) (n, —p|¢(0)|0)
w4+ E, (p) —ie

We used this expression also in chapter 5, and the formula is taken from [17]. Let us for sim-
plicity assume that the field ¢ is not composite, such that there is a one to one correspondence
between the number of fields and the number of mNGBs.* The pole of the current element
(f|J%|i) comes from the pole of the propagator in Eq. (9.38). For the particular mNGB created
by J* there is a pole at py = E,,(p) where E,,(p) is the on-shell dispersion relation of the
mNGB. Therefore the pole structure that will appear in (f|J"|i) is

oo Pole, (0]#(0)|m, p) (m, p|$(0)]0)
po — En(p) '

(9.39)

The remaining terms in Eq. (9.38) will give a contribution to the non-pole contributions N* of
(f|J"]i). Now, we can proceed in exactly the same manner as we did in chapter 6. By attach-
ing (m, p|¢(0)|0) to the Noether current J” and (0|4(0)|m, p) to the Green’s function (GF)
displayed in Fig. 9.1 we obtain the current element {(m, p|J"|0) and the scattering amplitude’
—1.94 respectively. Combining the ingredients as shown in Fig. 9.1 gives a Laurent expansion
of the current element,

(F1T(0)]i) = (m, p|.J*|0) x m X —idlogt + N (9.40)

In the Heisenberg picture we can immediately write down this expression as a function of space-
time x,

7
po — En(p)
Now, if we assume rotational invariance we can parametrise (m, p|J*|0) in terms of two scalar
functions F'(|p|) and G(|p|) to obtain®

(F1()]i) = €®*| (m, p|J"|0) (—iddo) + NZ|. (9.41)

(m,p|J"|0) = ip"F(|p]) + i6"°G(|p]). (9.42)

By first substituting Eq. (9.42) into Eq. (9.41) and then acting with the covariant derivative
D, = 0, — iuqd,o on (f|J”|i) we obtain

fQ{ofF
po — Em(P)

“Equivalently we can say that we ignore the case were the fields mix.

>The subscript indicates that p still is off shell

To avoid clutter we suppress the momentum dependence and write ' = F(|p|) and G = G(|p]) in the
following.

0= ip#{(ip“F—H(S“OG) n Nﬁ} . Z',uq{(@poF—l—zG) n NS}. (9.43)

Po — Em(p)
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Collecting the terms involving the scattering amplitude yields

A
0= fF

_ —{ — B2F — poG + pgpoF + qu} +ip N* — ipgNO. (9.44)
Po — Em(p)

In order to proceed we focus on the expression in the curly brackets in Eq. (9.44). By first
writing p? = p2 — p* and then taking the soft limit p — 0 we get

—p°F — poG + pgpoF + pgG = —piF + p°F — poG + pgpoF + 11gG

soft

= _pRF(0) — poG(0) + ug[poF(0) + G(0)]  (9:45)
= —[poF(0) + G(0)] [po — Em(0)].

In the penultimate line we identified the mass of the mNGB as E,,,(0) = ug. Thus, in the soft
limit the factor py — E,,(0) in Eq. (9.45) cancels the denominator in Eq. (9.44). This results in
the expression

0 = — g [poF (0) + G(0)| + ipo V2" — ijug N, 9.46)

where the superscript ”soft” indicates that the given quantity is being evaluated in the soft limit
of the mNGB p — 0. By solving for the soft-limit scattering amplitude we find

Z-qu NB’SO& . ipo Nﬁ’s‘)ft
G(0) — poF(0)

— At = (9.47)

which vanishes when we let p go on shell such that py — pq in the soft limit. |

Let us comment briefly on the case F'(0) = G(0) = 0, where Eq. (9.47) appears to
be singular. According to section 9.1 and [9] mNGBs satisfy both (0|.J%,|m,0) # 0 and
(0]J*,|m,0) = 0. This means that J/, and J" destroys and creates mNGBs respectively. In
our proof, see Eq. (9.42), we used that (m, 0[.J°(0) = ipoF(0) +iG(0) = ({0[.J%|m, 0))" # 0.
Hence, we see that mNGBs require that ipyF'(0) + ¢G(0) # 0 and we do not have to worry
about the case F/(0) = G(0) = 0.

As in section 9.2 we once again note that if N is singular in the soft limit of the mNGB the
on-shell scattering amplitude may not vanish due to a kinematic singularity. However, if N* is
not singular in the soft limit we can with confidence say that the on-shell scattering amplitude
vanishes in soft limit of the mNGB. Thus we have proved theorem 3.

"However, it is interesting to note that according to [9] the condition F'(0) = G(0) = 0 is exactly satisfied by
the pNGBs we discussed in chapter 5.
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o 10

Discussion, Conclusion and Outlook

As mentioned in both the preface and introduction, the main body of this thesis consists of parts
I, IT and III. Part I and II are more or less identical to last semesters specialisation project found
in [2], while Part III represents the work done this semester. All parts have been included for
completeness.

10.1 Partl

We began by considering an Abelian model with one complex field. This model had a nonzero
vev, thus triggering SSB. In accordance with Goldstone’s theorem this gave us one massless
NGB 73 and a massive mode 7;. Then by computing the scattering amplitudes for the processes
m Ty — Ty and Tamy — Tomo We were able to show that the amplitudes vanished in the soft
limit of the NGB, in accordance with theorem 2. The introduction of a chemical potential
broke Lorentz invariance and modified the dispersion relation of the NGB. However, the NGB
remained massless because a pair of generators were not broken explicitly.

In order to discuss a more complicated example we next looked at the non-Abelian linear
SO(3) model. At zero chemical potential the SSB pattern is SO(3) — SO(2) which in accor-
dance with Goldstone’s theorem gave us two NGBs (one for each broken generator). Coupling
a chemical potential to the generator 75 we found that the new symmetry breaking pattern is
SO(3) & SO(2) — (. An explicit calculation gave us one mNGB G and a NGB of type-I 7.
Once again we can understand this particle spectrum by looking at the generators. The mNGB
corresponds to the explicitly broken pair 77 and 75 while the spontaneous breaking of 75 gave
us the NGB of type-I. In order to give indication for our conjecture on page 60 we calculated
the scattering amplitude for the process 7G — 7(, using the nonlinear sigma model. We found
that in the the soft limit of the mNGB the amplitude vanished. However, in the soft limit of the
type-I NGB we found a kinematic singularity. The reason for the existence of this singularity is
explained in [10].

Next we had a very brief look at a model invariant under SU (2) , x SU(2) g transformations.
By introducing a chemical potential we obtained the symmetry breaking pattern SU(2); x
SUQ2r & SU(2)p x U(1)r — U(1). Again we found one mNGB corresponding to the
explicit breaking of the pair R; and R,. In addition we found NGBs of both types. This
is consistent with literature such as [9] which tells us that type-I NGBs and type-1I NGBs
correspond to the spontaneous breaking of one and two generators respectively.
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10.2 Part Il

In part IT we considered the complete breaking of an O(3) symmetry. To describe this phe-
nomenon we had to use a well known effective field theory approach and ended up with a
mNGB ¥ _, a pNGB ¥, and a NGB of type-I1 ¥3. We tried to calculate the scattering ampli-
tudes for the two processes W_W3 — W_W3 and W, W3 — W, U3 with corresponding on-shell
scattering amplitudes ./ and <7, respectively. We found that .7 vanished in the soft limit of
the mNGB, giving further support to our conjecture on page 60. However, we were surprised
to find that the amplitude <7, vanished in the soft limit of the pNGB. There could be several
reasons for this:

e The model has a hidden discrete symmetry, that forces the scattering amplitude to vanish
in the soft limit.

e We have considered only the simplest possible scattering event, namely 2 — 2. Perhaps
this is too simple, and that we instead should consider 3 — 3 scattering?

e pNGBs also interact weakly.

Given more time we would of course address each of these issues in detail.

10.3 Part III

In part III we began by going through Weinberg’s proof of theorem 2. In short the proof goes like
this: Define a current element (f|J*(0)|) describing an initial state |) interacting with a NGB
created by J* to form a final state | f). By assuming Lorentz invariance we can parametrise the
current element as (f|.J*(0)]i) = Nf' + £5E .o, where k is the momentum of the NGB, % is
the scattering amplitude corresponding to the process |1) + NGB — | f) and N{ are the non-pole
contributions of the current element. If we then apply current conservation d,, (f|J*|i) = 0 we
obtain a formula for the scattering amplitude in terms of the non-pole contributions Nf. From
this formula it is trivial to see that the scattering amplitude vanishes in the soft limit £ — 0
unless N/ is also singular in the same limit.

However, in systems where a symmetry is explicitly broken by a chemical potential the
conservation law 0, (f|J*|i) = 0 does not hold. Hence we realised that if we were ever going
to be able to prove theorem 3 we needed a new conservation law. We were able to derive such
a conservation law by viewing the chemical potential as a gauge field A, = pd,o and then
requiring the variation of the action to be zero under infinitesimal gauge transformations. The
new conservation law takes the form D, J! = 0.

Having obtained this new covariant conservation law we revisited the nonlinear SO(3)
model and tried to perform Weinberg’s argument perturbatively. We found that we indeed could
obtain a formula for the scattering amplitude if we used one of the two available conservation
laws D,Ji" = 0 and D,J5 = 0. However, from the formula it was not trivial to see that the
amplitude vanished in the soft limit of the mNGB. To show that the amplitude vanished we
also had to use the second conservation law. In principle this is not a problem, but it is hard to
generalise such a procedure.

In order to get a better understanding of how we could generalise to other symmetry break-
ing patterns, we revisited the model invariant under SU(2), x SU(2)p transformations. Based
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on the previous example we realised that it may beneficial to combine the two Noether cur-
rents into a linear combination J{ = \/Li((]f + 4J4). This results in that we can incorpo-
rate the information contained in D, J{' and D,.J} separately into just one conservation law
D, J" = 0_J" — 2iuJ°. If we then proceed in the same manner as in the previous example we
obtain a formula for the scattering amplitude expressed in terms of the non-pole contributions of
(f|J%|i). However, in this case we can see directly from the formula that the soft-limit on-shell
amplitude vanishes. In addition, it turns out that this procedure is easier to generalise!

Having calculated two concrete examples we began reviewing [9] in order to explain some
of our results so far. First of all the Cartan subalgebra tells us that each pair of explicitly
broken generators correspond to one mNGB. Furthermore, each pair of explicitly broken gen-
erators can be combined into pairs (), that satisfy the commutator [Q, Q+o] = £¢,Q+,." As
a consequence of the commutator relation the mass of the mNGB is ¢,u. By using these well
established facts, we have demonstrated that we can always construct pairs of currents J/ . that
satisfy the conservation law D, Jt, = 9,J%, £ iquJ}, = 0. Such a construction results in
that J¥ and J” destroys and creates mNGBs respectively. This allowed us to prove theorem 3
perturbatively, by acting with the covariant derivative D,, on the current element ( f|.J%|i). We
were also able to prove the theorem in the non-perturbative picture. We did this by viewing the
current element (f|J"|i) as an amputated Green’s function with one appended mNGB propa-
gator plus non-pole contributions. By then acting with the covariant derivative on (f|J"|i) and
using the corresponding conservation law we successfully proved theorem 3 for the case of a
non-composite field.

10.4 Outlook

Finally let us address some of the subjects of future work. First of all, we would like to inves-
tigate the complete breaking of the O(3) symmetry further. As mentioned we could do this by
considering 3 — 3 scattering, and check whether or not the corresponding scattering amplitude
vanishes in the soft limit of the pNGB. If the scattering amplitude does not vanish in the soft
limit of the pNGB, we have proved that the pPNGBs indeed interact strongly.

In addition, we would also like to generalise our non-perturbative proof of theorem 3 to a
composite field. Generalising in this way requires us to include more than just one pole-term
from the Killen-Lehmann propagator in Eq. (9.38). Other than that the proof should be similar
in both structure and logic.

Another interesting aspect of scattering amplitudes involving mNGBs that we have merely
mentioned in this thesis is the existence of kinematic singularities. Both of our formulas in
Egs. (9.31) and (9.47) suggest that kinematic singularities may appear when the non-pole con-
tributions N* of (f|J"|i) are singular in the soft limit of the mNGB. If we could find a concrete
example exhibiting such kinematic singularities, we may be able to find a deeper physical mean-
ing for their existence.

Finally it would be interesting to investigate if there exists a classification of mNGBs that
are similar to the classification for NGBs, as suggested in [18]. That is, perhaps the mNGBs also
can be classified as type-I and type-11? A starting point for this discussion could be to solve Eq.
(9.34) for the cases G/F — j1g > 1 and G/F — ug < 1 in the limit of vanishing 3-momentum
p — 0. This may result in that we can distinguish type-I and type-II mNGBs by the behaviour
of the functions F' and G in the limit p — 0.

"We have not included the proves of these statements in this thesis, because they are well known.
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Appendix A

Field Theory in a Nutshell

A.1 The Euler-Lagrange Equations

The fields ¢, (x*) are functions that map points in spacetime x* into numbers in field space. In
quantum field theory particles are viewed as excitations in the field ¢,. The dynamics of the
field ¢, is governed by the Euler-Lagrange equations which can be derived from Hamilton’s
principle. If we define the action .S

S = / d'r L (¢a, 0uba) (A.1)
Q

where (2 is the spacetime volume where the field is nonzero, and .Z is the Lagrangian then
Hamilton’s principle states that
08

=0. A2
5o, (A.2)
Thus if we consider variations of the fields d¢, that vanish on the boundary 0f) we find that
08
0=05=—0¢,
56."7
0L 0L
= [ d'v =8¢y + 0,00
o 5 50n + g amye

0L 0L 0L (A.3)
= [ d's T=6¢, + |66 | 0 — [ d*20, [ ===— | 66
fo 2500 +[¢< a@%))]m | (awa)) ’

:/d% [‘9‘3—0 02 ]5%,
Q )

0%a " 0(0uda

where we in the penultimate line performed a partial integration. Thus, since the variations d¢,,
are arbitrary, the Euler-Lagrange equations are

0L 0L
92 o, -2 . Ad
56, (a@ma)) (A
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A.2 Noether’s Theorem

We say that a transformation leading to a variation d¢, is a symmetry if the corresponding
change in the Lagrangian is a surface term 0. = 0,F*. From this we can derive Emmy
Noether’s famous theorem by considering what happens to the Lagrangian under a symmetry
transformation

0L 0L
0L = 0, F" = =—0¢q + =—0,00,. AS
=960 00,0 (A
If we now use the Euler-Lagrange equation in the first term we get
0L 0L
9, F" =0 0o + 57——0,00,. (A.6)
" ( (ma)) 0(0,0) "
Hence by using the product rule
0L
= ———0¢p, — F" | =0, 5" A7
0 8“ (a(auasa) ¢a ) [Lj ( )
and we find that the conserved Noether current is
0Z
gt = ———b0, — F". (A.8)
9(0ua)

From the continuity equation (A.7) we can show that j° corresponds to a conserved charge
density
0=0,j"=0vjo—V 7. (A.9)

If we integrate both sides of this equation we get

d " LS

dxjo /d%v-j:/ ds-j (A.10)
dt v av
by applying the divergence theorem. Thus if there is no flux of j through the surface 0V at
infinity then

Q:/d%jo (A.11)
1%

is a conserved charge.

A.3 Masses and Interactions
The Lagrangian . for n particles has the following general structure

1+ 7 + ™

ree free

g =g

free

+ 2 (A.12)

The superscripti = 1,. .., n labels each particle. The term .}, represents the free Lagrangian
for the particle ¢. It is related to the propagator of the particle in the sense that if it is substituted
into the Euler-Lagrange equation the free wave equation for the particle emerges. If we are
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dealing with a Lorentz invariant theory, such that the terms .Zf(QBG are not coupled and the field 7

has a zero vacuum expectation value one can also determine the mass from the free Lagrangian

Z}Ze To be specific we can write the free Lagrangian as the difference between a kinetic term
7 and a potential term %/ analogous to classical mechanics
L =T —U (A.13)

If we do this, and the propagator is diagonal, we can calculate the mass of particle ¢ by

P

= . (A.14)
L

my;

The term £} contains all of the terms that describe how the different fields ¢; interact
with each other. We can determine the vertex describing the interaction between the fields
by calculating variational derivatives after having performed a Fourier transformation. Let us
illustrate this by an example.

A.3.1 An Example of the Calculation of a Feynman Vertex

In this paper we frequently come across terms in the Lagrangian that depend on time-derivatives,
spacetime-derivatives and no derivatives. To demonstrate the method for determining the Feyn-
man vertices in the paper, we consider the example:

L = §10,¢2 ()O3 () 3 (). (A.15)

The first step is to perform a Fourier transformation. In our convention the Fourier transforma-
tion of a field ¢;(x) is

d'k .
¢i(r) = / 2 p(k)eEit=px), (A.16)

In addition, the notation ¢;(k;) means that the field ¢, has four momentum %;. The field ¢, has
the dispersion relation £;(k;). Performing a Fourier transformation gives,

o _ _i/ d*kyd* kyd* ksd Ky e—ix(k1+k2+kz3+k4)E1(kl>(kaS) [¢1(k1)¢2(k2)¢3(k3)¢3(k4)] )
(27T)16

For notational simplicity we introduce the notation

/d4k’1dil2€2(§i§3d4k’4e—iz(k1+kg+k3+k4) = / (A17)
T

The vertex V' (p1, ps2, ps, ps) with inflowing momenta can then be calculated by

i0*.Z
001 (P1)0d2(p2)0d3(ps3)dds(pa)

iV (p1, p2, D3, Pa) (A.18)
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Let us demonstrate this calculation:
io*
5¢1 (p1)5¢2 (P2)5¢3(p3)5¢3(p4)

i PM@@%ﬁ%—mWﬂw

iV(pl,pQ,pg,m) = /E1(k1)(7€2/€4) [<Z51(k1)¢2(/€2)¢3(k3)¢3(/€4)]

- /El(k1><k2k3)5¢1(p1)5¢2(292)5¢3(p3)
+¢1 (k1) o (ko) ps(ks)o(ky — P4)]

= Bu(ka)(kaks) |5k — p1)(ka = p2)(ks — p1)3(ks — pa)
(k= p1)d(ka = p2)d (ks = ps)3 (ks — pa)|

= Ei(py)[(nop1) + (p2s)]. (A19)
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Appendix B

A Simple Proof of Goldstone’s Theorem

We have on several occasions referred to Goldstone’s theorem througout the text. Here we give
one of the many possible proofs.

Proof. Noether’s theorem guarantees that for each continuous symmetry there exists one con-
served charge (). In the Heisenberg picture, this means that () commutes with the Hamiltonian
S such that [77, Q)] = 0. Furthermore, we denote the ground state as |0) and subtract a
possible vacuum energy such that 77 |0) = 0.

By acting on the ground state with an infinitesimal symmetry U(6) we can write

U(6) 10) = €9 ]0) = (1 4 146Q) |0). (B.1)

From this it is clear that if ) |0) # 0 the system exhibits SSB. We can determine the energy of
the state () |0) by acting on it with the Hamiltonian, we find that

HQ0) = (#Q—-QH)|0) = [#,Q]0) =0, (B.2)

where we in the last step used that [, Q] = 0. Using Eq. (A.11) we can write Q = [, d°z j°.
We now define the state [k) = [|, d®z ™% |0), which is an eigenstate of the momentum
operator P, such that P |k) = k|p). Note that in the limit k — 0 the state k reduces to the
state () |0) which has zero energy. If our theory is Lorentz invariant the dispersion relation
E = \/p? + m? tells us that the mass m of the state |0) is zero. We have thus shown that for
each broken continuous symmetry we can find a state with no mass. This state is the NGB. H

Note that in systems without Lorentz invariance the mass of the state |k) only vanishes if the
dispersion relation is gapless. If there is a gap the state will be massive. Finally we mention that
in systems without Lorentz invariance it is not true that each broken generator corresponds to
exactly one Goldstone boson. This is what makes the counting of Goldstone bosons nontrivial
in systems without Lorentz invariance.
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Appendix C

The Complete Breaking of an O(3)
Symmetry

C.1 The Feynman Rules

The Feynman rules for the model considered in chapter 5 is slightly more complicated than the
other cases. We therefore include their calculation in this appendix. For notational simplicity
we once again absorb all differentials and exponentials into the integral symbol |.

C.1.1 Third Order
The first term in Eq. (5.47) is

— 3, +3g3) -
31(3) _ ,LL(QQ 491 g3)¢§¢3 = A¢§¢3 (Cl)

By performing a Fourier transformation we get

.,551(3) = —iA/¢3(k1)¢2(k2)¢2(k3)E3(k1)- (C.2)

The corresponding Feynman rule is thus

| B 2.53';?1(3)
iV (p1,p2,p3) = O2(p1)0¢a(p2)dds(ps)

= A/ [5(k1 — p3)0(ka — p2)0(ks — p1) + (k1 — p3)6(k2 — p1)d(ks — pa) | E3(k1)

= 2AE3(]?3)
—3(ay —
_ ,U(QQ (291 93))E3(p3)'
(C.3)
The second term in Eq. (5.47) is
2 _ _
2= D0, D) 0,600, s
s 5 B) (0109 6) — (22 95) o) 5) (0,620 05)
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By performing a Fourier transformation we get

s [ 19— go)
25 = [P0 6, k)l (h)

(91 - 92)
2
g3 — g1

+ G1(k1)d2(k2)ps(ks) k1, khy
Vo1 (k1) 2 (k) b3 (ks) ksl (C.5)
)1 (k1) pa (ko) p3 (k) booyu by

= /¢1(/f1)¢2(k2)¢3(k3) [A + B(kiks) + C(kiks) + D(k2ks)

+(

g2 — g3

+

The corresponding Feynman rule is thus
i6% £
0¢1(p1)0d2(p2)0¢3(ps)
= z/ A+ Blkikz) + C(kiks) + D(koks) | 6(k1 — p1)3(ks — p2)3(ks — ps)

= iA +iB(pip2) + iC(pips) + 1D (paps)

V(Pl p27P3)

i (g — (g1 — 1(gs — (g2 —
_ H <912 92) + (.gl 5 92) (p1p2) + (93 5 gl) (p1p3) + (92 5 gS) (p2p3).
(C.6)
The third term in Eq. (5.47) is
—3g2 +3 : :
2 = MO0 2 agig (€7
By performing a Fourier transformation we get
25 = [ ~iBs(ha) 461 (01) o (k) C8)
The corresponding Feynman rule is thus
i6°.2,"
iV )y 2 = 2
P Bs) = 5 0)00a(pa 665 )
= 2AF;5(ps) €9
—3g2 +3
w91 292 gs) Ey(ps).
This concludes the Feynman rules at third order.
C.1.2 Fourth Order
The first term in Eq. (5.48) is
g g g
z@=w5—5+ S0+ (G — ) (0u02) 65
o (C.10)

HE-TE mmmww@+@— 2)03(900)"
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By performing a Fourier transformation we get

7 = / (2 Iy B ) o) k) s

8 6
= (5 = 2)0a(k)0a(ka)duks) 8o ko sk
(% - % _)¢2(/ﬁ)¢2(/€2)¢3(k3)¢3(/€4)/€2/€3 (C.11
- (% - —)¢2(k‘l)¢2(k2)¢3(’f3)¢3(1€4)/€3k4

= [ a(ks)n(hyén(ka) ) [A + Blkls) + Clkaks) + ik
The corresponding Feynman rule is thus
543 (4)
4 :
(p1 b b5, p4) 5¢2(p1)5¢2(P2)5¢3(P3)5¢3(p4) (C.12)
= 4A + 4Bp1ps + C(p1pa + paps + p1ps + paps) + 4Dpsps

We can rewrite

P1pa + Popa + pips + paps = (p1 + p2)(p3 + pa) = —(p1 + pa)° (C.13)

by using momentum conservation p; + ps + p3 + p4 = 0. Hence the Feynman rule takes the
form

292 01

iV (p1,p2,p3,p1) = Zﬂz(g -5t E) + Z(? - E)plm .14
i Iy P2 D,
The second term in Eq. (5.48) is
2" = (-4 6 TR R S LAC N,
+ (5 = 2+ 2)010,0:0"00)0n + (£ - D)1 0,007 C13)

= A¢%¢§ + B¢3( u¢1> + C¢1( u¢1au¢3)¢3 + Dqﬁ%(au?ﬁi%)z-

By performing a Fourier transformation we get

Y = /¢1(k1)¢1(k2)¢3(k3)¢3(k4) A — B(kiks) — C(koks) — D(ksky) (C.16)
The corresponding Feynman rule is thus
643 (4)
061 (p1)0d1(p2)0d3(ps)dds(pa)
= 4A — 4B(p1p2) — C(p1pa + p1ps + papa + paps) — 4D (pspa)

V(pb D2, D3, p4)

e 292 g3 20 92 (C.17)
=1|p (2 r +6)—|—(3 2)171172

g1 92 . G3 293 G2
+<6 4+6)(p1+p2)+<3 2)}731)4].
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The second term in Eq. (5.48) is

W_ G G g G
+ 5M(g2 1—2g1>¢1¢2¢3¢3

= Ap169¢2 + Bd16ags + Chrdagads.

By performing a Fourier transformation we get

2 =i / (AEy(ky) + BE(ks) + CEj (s)) 1 (k1) o () b3 (k) s (R ).

The corresponding Feynman rule is thus

- i54o%(4)
Vo by ) = 50 2)000()000()

= {QAE1 (p1) + 2BEs(p2) + C[Es(ps) + Es(pa)] }
Using that E3(p3) + E3(ps) = —E1(p1) — E2(p2) we get

13g1 — 11g2 — g3

11g1 — 1392 + g3

iV (p1,p2, 3, pa) = iy (p1) + 1B (p2)

12 12

(C.18)

(C.19)

(C.20)

(C.21)
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