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1 Introduction

1.1 Why particles and fields?

This course is meant to be a preparatory course for an in depth lecture course on quantum
field theory (QFT). In fact, QFT has become the language of modern physics. Most promi-
nently, QFT describes the physics of elementary particles and their interactions at the most
fundamental level that is currently accessible to observations in the laboratory (e. g. at collid-
ers) or in astrophysical or cosmological data. QFT even has the potential to describe systems
to arbitrarily short-distance or arbitrarily high energy scales (in contrast to classical mechan-
ics, electrodynamics or quantum mechanics). Moreover, QFT provides also for useful tools
for the description of condensed matter systems, many-body physics, critical phenomena,
statistical systems, phase transitions, etc.

It is therefore not astonishing that QFT exhibits a deep level of structural and technical com-
plexity, challenging both students and teachers in a compact lecture course.

The purpose of this course hence is to remove a large part of this complexity by ignoring
quantization. The remaining body of classical field theory still offers a comprehensive play-
ground where many concepts and actually real physics can be learned and understood.
Though the mathematics of this course deals with classical field theory, the goal (behind the
horizon) is QFT and its application to particle physics. Hence, some applications and dis-
cussions center around elementary particle physics. As QFT supersedes the point-particle
concept, the word particle in the title does not allude to classical point particles, but to the
modern understanding of particles as quantized excitations of fields. As we stay with the
realm of classical physics in this course, a particle should be thought of as a classical excita-
tion of a field, such as a localized propagating wave.

1.2 Examples of classical field theories

In classical field theory, each point in spacetime x = (¢, x) is associated with a function
x — ¢(x). (1.1)

Depending on the system the function ¢ could be a real or a complex number or an N-tuple
of such numbers ¢% a =1,..., N. Examples are given by the electrostatic potential ¢(x) € R
in classical electrostatics or the vector potential A(x) consisting of three components giving
rise to a magnetic field B = V x A(x). We typically assume ¢ (x) to be sufficiently smooth and
differentiable (e. g. ¢ € €?) such that its dynamics can be governed by a differential equation,
the field equation or equation of motion (EOM).

This abstract notion is already familiar from classical electrodynamics, being a paradigmatic
example for a classical field theory. The field equations for the electric and magnetic field
components, E(x) and B(x), are given by the MAXWELL equations, which in vacuum read

* . OE

V-E=0 VxB=—-

- OB (1.2)
V-B=0 §XE+E:0.
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Here, we have already use the convention ¢ =1 (i. e. all velocity-like quantities are measured
in fractions of light speed, or lengths are measured by the time that light takes to propagate
this distance).

Mathematically, the field equations are (coupled) partial differential equations (PDEs), the
solution of which requires suitable boundary conditions or/and initial data.

The Maxwell equations form a rather peculiar example, as the information encoded in the six
functions Ej 23(x), B1,2,3(x) can also be parametrized by the above mentioned four auxiliary
functions of the electrostatic potential ¢ (x) and the vector potential A(x), where

B(x) =V x A(x),

. (1.3)
E(x) = —V(x) - a,;(tx).

Inserting (1.3) into (1.2), and using V x §<p =0and V- (V x A) =0 (for smooth ¢ and A), the
second line of (1.2) is automatically satisfied, while the first line boils down to

A¢+3(6-A):0
ot 4
AA—az—A—§(§ A+0—(p)—o .
or? ot)

forming four PDEs for the for unknown fields ¢(x), A(x).

This parametrization in terms of the potentials is even more peculiar, as the choice of ¢ and
Ais not unique. For instance, if ¢ and A are shifted according to

(x) = ¢'(x) = (x)—iﬂ»(x)
14 L (1.5)

A— A'(x) = A(x) + VA(x)

with an arbitrary function A(x) € %2, the electric and magnetic fields in (1.3) remain the
same. While E and B can be measured in terms of forces acting on (moving) charged parti-
cles, the values of ¢(x) and A(x) at a given point x can be shifted by (1.5) to any value and
thus have no locally observable meaning.

This invariance under local shifts (1.5) is called a gauge symmetry and characterizes a very
special and important class of field theories. For our present purpose, it is useful to choose
A(x) in such a way that ¢’ and A’ satisfy the following auxiliary condition

- 0
V-A+ &(p’ =0  (Lorenz gauge). (1.6)

If so, the field equations (1.4) for ¢’ and A’ simplify to

, 0%
0t

%A

ot? =0,

(1.7)

AA —
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or simply (¢’ = 0,JA" = 0, where (] = % — V2 (d’Alembert operator). Equations (1.7) are
wave equations for all four field functions which hence admit plane wave solutions:

(p,,A, _ e—iwt+ik—x, With w2 — k2 (1.8)

(for complexified fields, or Re(...) for real fields).

In addition to gauge invariance, MAXWELL'’s equations also have an invariance with respect
to the choice of coordinate systems. The corresponding invariance is a relativistic invari-
ance, and the corresponding transformations between coordinate systems moving relative
to each other at constant speed f§ = ¢ = v are the LORENTZ transformations. For instance,
if two coordinate systems move relative to each other along their common x direction, the
LORENTZ transformation reads

' =y(t-px)

x' =y(x-Br) 3 1

y/:y Y 1_/32- (1.9
7=z

Summarizing the spacetime coordinates in a contravariant 4-vector x* = (¢t,x,y,z). This
transformation can be written in a matrix form

X =AM xY (1.10)
y -yB 00
_|-v6 v 00

where A= 0 0 1 ol (1.11)
0 0 0 1

Of course, by suitably applying rotation matrices, x' = Zx, Z' % = 1, % € SO(3), the LORENTZ
transformations generalize to boosts along any other direction B, as well as to coordinate sys-
tems spatially rotated relative to each other.

Recall that (1.9) follows from EINSTEIN’s postulate that the wave front of a flash of light start-
ing at a common origin of the coordinate systems propagates at the same speed as measured
in both systems. The position of such a spherical wave front after time ¢ is at

0=t —(x*+y°+29), 0=t"-(x+y?+2"? (1.12)

respectively. This suggests to introduce the MINKOWSKI metric

1 0 0 O
guv = g _01 _01 8 : (1.13)
0 0 0 -1
to write the propagation distance of the wave front in both systems as
0=xtgux" = x”,gwxvl. (1.14)
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Using (1.10), we get
g x’ = A x¥ g A M i’: A g, X (1.15)
Ve

Note that in this context x* is not just any position in spacetime but a vector specifying the
distance of the wave front from the origin. From (1.15) we read off that LORENTZ transfor-
mations A of such vectors satisfy

guv = G AL, (1.16)

It is straightforward to verify that (1.11) satisfies this condition.

More generally, we call any 4-by-4 matrix A that satisfies (1.16) for the metric (1.13) a Lorentz
transformation. Hence, (1.16) has the same status for LORENTZ transformations, as T =1
0; ji= o kl%ki%lj) has for rotations. The corresponding matrix group is SO(3,1). We will
discuss this group in more detail below.

Any 4-tuple v*, u =0, 1,2,3, that transforms under changes of the LORENTZ system as
v =AM, Y (1.17)
is called a LORENTZ 4-vector. Correspondingly, objects T#1H2+#n that transform as
T,ulpg...,u’,, — AmVlAﬂzvz ---A“nvn TV1V2--Vn (1.18)
are called LORENTZ tensors of rank n. It is also useful to introduce covariant vectors by
Xy = guvX' = (t,—%). (1.19)

With this notation, the light-front position discussed above can be written as 0 = x,x/ =

xLx”’, which makes it obvious that expressions with pair-wise contracted upper and lower
indices are LORENTZ invariant. For instance, the argument of the plane wave in (1.8) can be
written as

—i(wt—k-x) = —ik'x,, where * = (w, k). (1.20)

Remark: The fact that w and k indeed transform as components of a 4-vector is a manifestation of
the relativistic DOPPLER effect.

Hence, the plane wave form of (1.8) is a relativistic invariant. This translates into the invari-
ance of the corresponding wave operator

02 9
O=—-V-. 1.21
372 ( )
The trivial fact that
0 1 f = 0
9 e OTpH=Y 7 xh=4 (1.22)
OxH 0 otherwise OxH
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holds in any LORENTZ frame, suggests to interpret % as a covariant vector: 0,

30 0 o
duxt=4, 0,=[> 2 2 9\ 1.23
nx H (at ax' dy az) 1.23)
The corresponding contravariant vector operator is
5 o o 0
ay: ﬂl/a , aﬂz — -, 1, 1.24
& v (ar ax’ " dy az) 124

where g#¥ denotes the inverse of g,,. Obviously, we have (g™1)*¥ = g,, component-wise.
We write

g 'g=1, orincomponents g"’g,, =6%. (1.25)
With this notation we have
D: ﬁ—v :Guau (126)

which makes LORENTZ invariance manifest.

Lorentz invariance of Maxwells equations

To conclude the discussion of classical electrodynamics, the form invariance of MAXWELL'’s
equations under LORENTZ transformations becomes manifest by noticing that ¢ (x) and A(x)
also transform as components of a 4 vector

A (x) = (p(x), A(x)). (1.27)
The LORENZ gauge condition (1.6) is hence LORENTZ invariant
0, A" =0. (1.28)

From (1.3) itis clear that E and B cannot be arranged in 4-vectors. Instead their components
can be arranged into a LORENTZ tensor, the field strength tensor

FH*V = gHAY — 3 AF

0 -E -E -E;
EL 0 -By B (1.29)
E, B3 0 -B|

Es -B, B, 0

uv

(F) =

such that the first line of MAXWELL'’s equations read
0, FH = 0. (1.30)

This is a set of 4 equations, v =0, 1,2, 3, that transform as a 4-vecotr under LORENTZ trans-
formations. In order to write the second line of (1.2) into 4-notation, it is useful to introduce
the MINKOWSKIAN analogue of the Levi-Civita symbol

+1 for even permutations pu=0,v=1,xk=2,1=3

e ={ _1  for odd permutations . (1.31)

0 iftwo indices are equal
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This allows to introduce the dual field strength tensor
- 1
FHY = EEMVKAFKA» where Fy) = g F* gva. (1.32)

More explicitly we can write

0 -B -B, -B3\"
~ By O Es -E
mv _
(F) By —E5 0 E (1.33)
Bs E, -E; 0
By construction, we have
N 1 1
antisymmetric symr‘ﬁetric

which is also called the Bianchi identity, which reproduces the second line of (1.2). We close
this section on electrodynamics by noting that the whole formalism can be generalized to
non-vanishing charges and currents. Combining the charge density p and the current den-
sity j into a 4-vector j* = (p, j), the MAXWELL equation (1.30) reads (in HEAVISIDE-LORENTZ
units)

0, FH = j", (1.35)

while (1.34) remains as it is. Since F*V (as well as F*Y) is antisymmetric by construction,
FHY = —FHY current conservation is manifest:

o -
0=0,0,F" =0,]" = —0t+V-j. (1.36)

Relativistic point particle

Classical electrodynamics is obviously an example for a classical field theory with a high
degree of structure both due to gauge symmetry as well as the vector and tensor nature of
the field variables.

With this insight, we can guess a much simpler field theory that satisfies relativistic invari-
ance:

Oep(x) =0, (1.37)

where ¢(x) is a scalar field that transforms trivially under LORENTZ transformations ¢(x) —
¢'(x) = p(x). In fact, (1.37) is identical to the KLEIN-GORDON equation

O+ m?)px) =0 (1.38)

for the special case of vanishing mass m. Here we use also the convention that 2 = 1.
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From our advanced quantum mechanics course, we know that the KLEIN-GORDON equation
also admits plane wave solutions,

(/) _ e—i(wt—k—x) — e—ik“xu (1.39)
where k,k* = m®. (1.40)

The last equation is equivalent to
w? = kK* + m? (1.41a)

which according to our conventions is identical to
E* = p?c® + (mc?)?, (1.41b)

being the relativistic energy-momentum relation (dispersion relation) of a relativistic point-
particle. Of course, in the quantum mechanics course, the KLEIN-GORDON equation has
been motivated by the relativistic dispersion relation (1.41b) with the wave equation (1.38)
being a consequence of the correspondence principle E — i0;, p — —i0,.

From the viewpoint of field theory, the logic is reversed: We have written down the simplest
relativistic field equations in (1.37) and (1.38) which turn out to support wave excitations
that obey the dispersion relation of a relativistic point particle.

Remark: In fact, leaving relativity and quantum mechanics aside, the KLEIN-GORDON equation also
appears in continuum mechanics: it describes the propagation of longitudinal waves of (the contin-
uum limit of) a chain of net of oscillators with ¢(x) corresponding to the amplitude of an oscillator
at point x. The speed c is related to the spring constants, and m is a measure for a harmonic force
pulling each oscillator back to its rest position.

Comparing the dispersion relation (1.41b) to that found for waves in electrodynamics in (1.8),
the latter appear to correspond to massless relativistic particles satisfying w? = k? or E = |p|c,
the quantized version of which will be the photons.

Having obtained the quantum mechanical KLEIN-GORDON equation from field theory con-
siderations, it is a perfectly legitimate viewpoint, to interpret even the SCHRODINGER equa-
tion (at best mathematically) as a wave equation of a classical field theory,

i0;¥Y(x) = —ﬁvz‘l’(x) + V(X)W (x). (1.42)

Obviously, the SCHRODINGER equation is not invariant under LORENTZ transformations; in-
stead it is GALILEI invariant (as NEWTONSs classical mechanics). Correspondingly, its excita-
tions give rise to dispersion relations of a non-relativistic point particle.

One may justifiably object that there is still a clear distinction between field theories such
as electrodynamics on the one hand side, and quantum mechanical field equations on the
other hand side, because the quantum mechanical wave functions have a probabilistic in-
terpretation, P(x) = |V (x) |2. First, one needs to square the amplitude, and second, the result
is a probability not a fully deterministic prediction for a single measurement.
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However, this distinction becomes less meaningful, if we keep in mind that a typical ob-
servable for electromagnetic waves is the intensity, I ~ |[E 12,|B|?, which is also related to the
square of the field amplitude.

Moreover, when we approach the regime of very small intensities (and system sizes with
actions of the order S ~ h), we expect quantum effects to set in. Interestingly, it is not
MAXWELL’s equations which break down in this regime, but it is the interpretation of the
amplitudes that breaks down: the intensity then is related to the probability of measuring
radiation (a photon).

An important difference between the quantum mechanical and the field theory viewpoint is
the following: In QM, we first lift space coordinates and momenta to operators x,p — X, p
with non-trivial commutation relations, and only later when we formulate the SCHRODINGER
equation in position space, the coordinates become numbers again. In this manner, there is a
fundamental difference between space and time, as the latter ¢ always remains a parameter.
By contrast, both time and space remain parameters in field theory. This holds also true in
QFT, where (¢, x) remain parameters. Instead, the fields themselves are lifted to operators.

All of the examples of field theories mentioned so far are special in the sense that their field
equations are linear in the amplitude ¢(x) (or F**, A¥,¥). As a consequence the superposi-
tions principle holds: if two solutions ¢, (x) and ¢- (x) exist, then also

P (x) = ad1(x) + Pepa(x) (1.43)

is a solution (with a, § =const.).

This is generally no longer true if we consider non-linear theories. A famous example is
EINSTEIN’s theory of general relativity, where the field variable is now a dynamical metric
guv(x) and the field equation reads (in vacuum without cosmological constant)

1
‘R,“V_zRng :0. (]..44)

Here, the RicclI tensor Ry, and RICCI scalar R depend in a nonlinear way on g, (and its
inverse) and therefore its derivatives.

10
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1.3 The action principle for classical field theories

All of the above given examples for field equations can be derived from an action principle
in much the same way as HAMILTON’s principle gives rise to equations of motion in classical
mechanics. The corresponding actions turn out to be of the form

Sl = / d*x ZL(p,0,9). (1.45)
v

Here, the action S is considered to be a functional of the field ¢». The integration measure d*x
over spacetime is LORENTZ invariant, as the Jacobian of the transformation, d*x — d*x’ =
|det A|d*x, involves the modulus of the determinant of A, which by virtue of (1.16) satisfies
(det A)? = 1. If & transforms as a scalar, S is a LORENTZ invariant number for any field ¢.
The integration volume V may be finite or extend over full MINKOWSKI space. Since (1.45)
involves a volume integration, £ is called the Lagrange density. We assume it to be a function
of the field ¢ and its first derivative d,¢, since the above given field equations are of second
order. As in classical mechanics, we could also allow for higher derivatives at the expense of
higher-order field equations.

We look for those field configurations that extremize the action S. As in classical mechanics,
we assume that the general field can be written as

¢o(x, a) = Pp(x) + an(x) (1.46)

where ¢(x) is an arbitrary field variation that vanishes on the boundary of V:

=0 (1.47)
xeoV

n(x)

(i. e. if the general field has to satisfy specific boundary conditions on 8V, these conditions
are completely carried by ¢(x), i. e. by the extremizing field).

With these assumptions, S has to be stationaryata =0

0S[¢] / 4 (aff 0« )
= = [ d*x|— 0
o X 6</>77+0(6N</)) ull

0=
oa
Integrating the second term by parts, yields

[ a [(0Z , 0Z ) ]
0—/d x[(aqb aua(aud)) n(x) a:0+

a=0

0%
30, )

. (1.48)
ov

The last term is a surface term (to be evaluated along the normal of the surface) which van-
ishes because of (1.47). Since the first term has to vanish for any n(x), we conclude that

0« 0«

-0 =0]. 1.49
3 “o@,u0) (1.49)

This is the field theory version of the EULER-LAGRANGE equation, representing a necessary
condition for ¢p(x) to be alocal extremum of the action functional S[¢]. Note that we have not

11
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specified the nature of the field ¢ any further. If ¢ represents a multi-component field ¢¢, a =
1,...,N where a can be any kind of index, we correspondingly obtain N EULER-LAGRANGE
equations

02 oz
6([)“ “a(aycpa)_ :

(1.50)

Let us start with the simplest example of a single-component real scalar field ¢(x) € R. Since
£ must be a LORENTZ scalar, the simplest term involving d,,¢» which we can write down is
~ (0u¢) (0*¢). Because of the necessary pairing of LORENTZ indices, this term is invariant
under the additional symmetry ¢ — —¢ (a Z, symmetry, a transforamtion group consisting
of the elements {—1, 1}). If we wish to maintain this symmetry also for the ¢-dependent parts,
the simplest LAGRANGE density takes the form

&= %(a,u(p) (0" p) - %m%pz ' (1.51)

where the factors of % are pure convention and the parameter m has been introduced to
let the second term have the same dimensionality (units) as the first term. Inserting (1.51)
into (1.49), we find

0L (1.52a)
a(p - (P .
and with (9x¢) (3}) = g0 ¢) (9,1¢) and ggg;g; = 6", we get
0L 1 N
== 1) (@
= 2870010+ 5 g 00 = 04, (1520
0L
= Bop —
N 6”6(%4)) 3,0t =D, (1.53)

In other words, the EULER-LAGRANGE equation reads
O+m?)p=0 (1.54)

being identical to the KLEIN-GORDON equation. We conclude that (1.51) corresponds to the
LAGRANGE density of KLEIN-GORDON theory.

Several comments are in order:

1.) We have arrived at (1.51) using symmetry arguments (LORENTZ, Z,) and simplicity.
While symmetry is a clearly defined criterion, simplicity (or beauty) is rather vague. While
classical field theory has not much to offer as an alternative argument, quantum field theory
does have another consistency criterion that can (at least partly) replace simplicity, it goes
under the name of renormalizability which sounds (and at first sight is) technical, but goes
to the very heart of the existance, origin or emergence of quantum field theories. To zeroth
approximation, renormalizability is related to dimensionality, see below.

12
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2.) Disregarding Z, symmetry, an even simpler term would be a linear term ~ + j¢ with a
parameter j or a function j(x). The resulting field equation would be

O+ m*)p(x) = j(x). (1.55)

Such a linear term hence would have the meaning of a source term. Note, however, that such
a source term would break Z, symmetry.

3.) Let us clarify the notion of units or dimensionality in our conentions where /i = ¢ = 1.
For instance, from the dispersion relation (1.41a), it is clear that energy, momentum and
mass all carry the same units which can be expressed in terms of an arbitrary unit scale. In
high-energy physics, the typical choice is the energy unit of electron Volts eV with a GeV
corresponding approximately to the mass (rest energy) of the proton. Solely counting mass
or energy dimensions, we write

[E] = [w] = [pi]l =[m] = 1. (1.56a)
Since the action carries the same unit as 4 = 1, the action itself is dimension less,
[S]=0. (1.56b)

Since position times momentum has the unit of an action (as well as angular momentum),
we have

[x-p]l =0.
With (1.56a) this implies that position carries an inverse mass dimension

W=-1 =[d'x=-4 "Z[g)=1 (1.560)

in four spacetime dimensions. From (1.56c) we deduce that

0

o= o

=1. (1.56d)

Combining these findings with the form of £ in (1.51), we see that the field amplitude itself
must carry a mass dimension

[p] = 1. (1.56€)

4.) The linearity of the resulting field equation is in one-to-one correspondence with the
fact, that the action/LAGRANGIAN (1.51) is quadratic in the fields. It is straightforward to
construct more general non-linear theories, e. g. by generalizing the mass term to a full func-
tion

1
Z = E(Op(l)) 0"p) — V(¢); (1.57)

in analogy to classical mechanics, we call V' (¢p) a potential. Note, however, that V (¢) generi-
cally does not give preference for a particle/excitation to be at a certain position in space(time),

13
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but for the field to have a certain amplitude. Correspondingly, the first term ~ (0,,¢) (0¥ ¢) is
called a kinetic term. Analogously to mechanics, it is a measure for how much action is stored
in variations of the field in time and space.

Z, symmetry is preserved if the potential satisfies V(¢) = V(—¢). Considering its Taylor ex-
pansion about the origin in field space

_1 2 42 A 4
V(@)= 5mP e’ + gt (1.58)

we encounter a quartic term which, on the level of the equations of motion, turns into a
cubic interaction,

(D+m2)¢+%¢>3+...:0. (1.59)

The parameter A is dimensionless [1] = 0 and serves as a measure for the interaction of the
field with itself. It is therefore called a coupling constant. For small A <« 1, the dispersion
relation of small amplitude fluctuations remains essentially unmodified, and we expect ap-
proximate plane wave excitations of mass m. For large couplings and/or large amplitudes,
the nonlinearity will lead to sizable modifications both of the wave form as well as the dis-
persion relation.

Conclusion We will close this section by listing the actions that give rise to the field equa-
tions discussed in the previous section:

l uv ]y ( * )

in presence of a current J,. The signs are chosen such that the above given conventions
are met.

2. KLEIN-GORDON theory for a complex field ¢ € C.
L =0, 0" P) - m*p*p (1.61)
with the decomposition into two real fields

b= %@1 +igo), P12€R. (1.62)

(1.61) splits into two copies of (1.51).

3. SCHRODINGER theory for ¥ (x) € C:
1 - .
$:‘I’*iat\l’—2—(V‘P*)(V‘P)—V(x)\l’*‘l’. (1.63)
m

The explicit verification of the corresponding field equations is left as an exercise to
the reader.

14



1.4 Functional differentiation Particles and Fields

1.4 Functional differentiation

The variational calculus, introducing a variation parameter and an arbitrary variation n(x),
can be most conveniently formulated in terms of functional differentiation. The latter is a
directional derivative of a complex number valued functional taken into the direction of a
function in function space. Its precise mathematical definition requires a careful discussion
of function spaces. For our purposes, it suffices to work with the (mostly) algebraic rules
following from its definition (which can equally well be worked out from the variational cal-
culus used above): a functional derivative is linear

o 5F1 [p]  OF(¢]
Fi[ F| 1.64
5o )(“ 1[p]+ BR[¢]) = 6(p(x) +ﬁ6(/)(x) (1.64)
and obeys a LEIPNIZ rule
1[¢ O R[]
. 1.65
o Socy [ileIF1¢]) = S 2+ RIS (1.65)
The most elementary nontrivial derivative is
00W) _ 501, _ ) (1.66)

6¢(x)
where D is the number of spacetime dimensions and 6 is the Delta Distribution on the

considered function space.

With this tool, let us verify that the extrema of the action S[¢] satisfy the EULER-LAGRANGE
equations:

oS o
- = [ d'y ——ZL(¢,0
5p) / Yopin 2 Proub)

_/d4 6¢(y)05£+6(0 b)) 0%
B Sp(x) 0([) Sp(x) 0(0,¢)

0%
_ ) Y s4)
—/ (5 (y— x) 30 [y]+6 0V (y- x)a(ay(p) [y])

1BP [ 4 [ s y_0Z )

= d*v |6 -0

/ [ - X)( o¢ " %56,5 "
0% 0%

= -0 .
ap(x)  H0up(x)

(1.67)

Note that Z is a function of the field and its derivatives and thus only partial derivatives of
% have to be evaluated. The surface term of the partial integration (I.B.P) does not con-
tribute for obvious reasons as long as x is not on the boundary of the integration volume. If
it was, the functional directional derivative would correspond to a change or variation of the
boundary conditions imposed on the fields, which we do not want to consider here. This
restriction is equivalent to choosing 1(x) | sy = 0 in the variational calculus.

15



2 Aspects of classical field theory

In the introductory section, we have essentially derived (or motivated) the LAGRANGIAN for-
mulation of classical field theory in almost complete analogy to classical mechanics. Let us
continue to use this analogy to apply further concepts of classical mechanics to field theory,
starting with the HAMILTONIAN formulation.

2.1 Hamiltonian formulation

Letus use the KLEIN-GORDON field as a simple example for the following section. Asin (1.57),
we generalize the mass term to a full potential:

S[¢p] = / d*x ZL(p,0,9),
2.1

1
£ = 5(0,9)0"9) - V(9.

Let us first try to find a relativistic (covariant) HAMILTONIAN, naively generalizing the rules
of classical mechanics to field theory. For this, we first define a field momentum conjugate
to the field amplitude:

0% (1)

I, = ="0,0. 2.2

oo Y 22

The corresponding HAMILTONIAN is then obtained by a LEGENDRE transform:
1
=TII,0"¢p - = —TII,I1* + V(¢p). 2.
Hoeov po'o- & o + V() (2.3)
T+ ST IH-V ()

At first glance, this looks similar to point particle HAMILTONIAN’s ala H = % + V(x). How-
ever, there is a problem: with (2.2), the kinetic term corresponds to 3II,II* = 3(8,$)* —
%(%)2. Because of the minus sign, #¢y is not bounded from below even for bounded po-
tentials V(¢). Hence, .#o, cannot be interpreted as an energy quantity related to a given
field configuration.

This is not too surprising, since #%,y by construction is invariant under LORENTZ transfor-
mations, whereas the field energy is expected to transform as a 0-component of a 4-vector
(as for a point particle).

In order to preserve the energy interpretation for the HAMILTONIAN, we give up manifest
covariance for a moment and choose a fixed reference frame with a time ¢, x* = (¢, x), such
that the LAGRANGIAN reads

1 1. 1 o
L =2 0up)0"P) - V() = 5¢>2 - E(V‘D)Z ~ V(). (2.4)
Now, we define the canonical momentum as in classical mechanics:
II(x) = 6;.% = (x) (2.5)
0p(x) ’ '
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2.1 Hamiltonian formulation Particles and Fields

where the notation should indicate that this definition holds at every space point x, while
the time ¢ is considered as an evolution parameter as in classical mechanics. The Hamilto-
nian formulation thus induces a foliation! of spacetime M — R3 ®R. Again, we obtain the
Hamiltonian by a LEGENDRE transformation

P NN B Ty
Jf_ni (;2%_211 + (VP +V(@). (2.6)
H B

For potentials bounded from below, this is a manifestly bounded function of the field and
the momentum. Its units correspond to those of an energy density. hence, the three terms
can be interpreted as the energy densities stored in or required for the time evolution ~ IT?,
spatial field variations ~ (V¢)2, or in the excitation of field amplitudes ~ V (¢).

As will be detailed in the exercises, the equation of motion follow now directly from the cor-
responding HAMILTON equations in complete analogy to classical mechanics. The construc-
tion can be briefly summarized as follows: ¢(x) and I1(x) span the phase space. Using func-
tional differentiation, we can define POISSON brackets for general phase space functionals
Al¢,I1], B[, I]:

" B}_/dgz( A 8B 8B A )
T 5¢(z) 6Tl(z) 6¢(z) 6T1(z) ) '

The fundamental PO1SSON brackets read

{px), (M} =6 (x—y)

{#), ¢} = 0= {T1(x), ()} =0
The canonical equations of motion then read as usual
dx) ={p), H}, (x)={Il(x),H}, (2.9)
where we have used the HAMILTON functional
H:/d3yif (2.10)

(/€ hence is also called the HAMILTONIAN density). Inserting (2.6) into (2.9) leads to the field
equation

0=¢—§2¢+V’(¢) =0+ V() (2.11)

as expected. We emphasize that (2.11) is a covariant field equation even though the HAMIL-
TONIAN construction is not manifestly covariant at intermediate stages.

IExpression of spacetime as a series of spatial slices which evolve in time.
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2.2 Symmetries and conservation laws Particles and Fields

2.2 Symmetries and conservation laws
In classical mechanics, symmetries can be closely related to conserved quantities as is cap-
tured by NOETHER’s theorem. In fact, the same relation persists in classical field theory:

Let us consider an infinitesimal deformation of the field

P(x) = @' (x) = p(x) + 5p(x), (2.12)

where d¢(x) is considered to be an infinitesimal continuous deformation (finite deforma-
tions can be generated from successive infinitesimal deformations). Equation (2.12) is con-
sidered to be a symmetry transformation if the field equations remain invariant. On the level
of the LAGRANGIAN, this implies that £ is allowed to change only up to a total derivative:

L—-L'=%+6%, where 6% =09,K" (2.13)

Then, the action changes by a surface term

8= / d*x6% = / d*xd,K* = / do, K* (2.14)
Q 0Q

where Q) denotes a spacetime volume. If K* is sufficiently localized (which we assume in the
following), 6 S vanishes. This implies that the action is invariant under (2.12) and (2.13) and
so are the equations of motion.

NOETHER’s theorem now relates this invariance to a conserved quantity.

Let ¢ — ¢ +6¢p with 6 £ = 3, K" be a symmetry transformation. Then there is a

4-current
Noether current: JH=1"6¢p - KH (2.15)
0«
where I+ = ) (2.16)
0(0,9)
which is conserved, 0,J" =0, (2.17)
if ¢ satisfies the equations of motion.
Proof. Varying the LAGRANGIAN yields
0« 0«
0,K'=0% = 0+ 6(0up)
0 000¢p) ——
=0,0¢
0« 0& 0«
= -0 )6 +0 (—5 ) (2.18)
op  "o0up) P+ On 0(0,up) ¢

Using the equations of motion, the term in the first bracket vanishes and we find

0= 0, "5 — K*) =23, J". (2.19)
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2.2 Symmetries and conservation laws Particles and Fields

If in addition the NOETHER current vanishes sufficiently fast towards spatial infinity |x| — oo,

we find
o:/d?’xa#]ﬂ:at/d3x]°—/d3x§-]

[RS
:Ot/dsx]()—/dA-]:at/d3x]0::Q'. (2.20)
OR3
—0

The corresponding integral over the zero component of the current is called the NOETHER
charge,

Q= /d3x]° , (2.21)

which by virtue of (2.20) is conserved.

Let us illustrate the significance of NOETHER’s theorem with the aid of two examples

Example 1: translations

Translations are part of the spacetime symmetries which together with the LORENTZ trans-
formations form the POINCARE group. Translations invariant systems do not feature a dis-
tinguished point in spacetime. A translation

XM xH = xH - a’, a" =const (2.22)
acts on the field as
P(x) = p(x) = p(x - a). (2.23)
For infinitesimal translations, we get

G(x—a) = p(x)— aua“cp(x) + @’(az)

(2.24)
= 0¢p(x) = —a,0'(x).
Similarly, we get for the LAGRANGIAN
L(x)— Lx-a)=ZLx) - a,0" L (x)+0(a%)
=>0% =-a,0'%(x)=0,K" (2.25)
=> Kt=-a'%.
From this, we get the NOTHER current
JH=1"6¢p - K* =11*(-a,0"p) + a* &

=—a,(M"3"p-g"*&¥)=:-a, T, (2.26)
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2.2 Symmetries and conservation laws Particles and Fields

where we have defined the canonical energy-momentum tensor

0«
T = "p—gt" ¥ (2.27)
30,9° ¢78
which by NOETHER’s theorem satisfies
0, TH =0. (2.28)

The 00-component corresponds to the HAMILTONIAN density,
T =11 - £ =11 — £ = 7. (2.29)

The associated conserved NOETHER charge
) d
Q:Ot/d3x]0:6t/d3xT0" ::EP":O (2.30)

can be interpreted as the physical 4-momentum of the field (not to be confused with the
canonical momentum IT#),

pH= / dBx T = / d*x (116"p - g £), (2.31)
the components of which read

PO = / Bx1=H (energy)
(2.32)
P! :/d3xl'10’¢>. (3-momentum).

For example in MAXWELL'’s theory, P’ is related to the POYNTING vector.

Example 2: Complex scalar field

In addition to spacetime symmetries also infernal symmetries can induce conservation laws.
Let us consider the case of a complex scalar field

L =0,p" 0 p—m*d* . (2.33)
The LAGRANGIAN is invariant under phase rotations, 6. =0
¢p—ep,  pT—e" (2.34)
for a = const € R. Infinitesimally, we have
G- Pp—iap=p+6¢p, ¢* —P* +iap* =¢* +5¢*. (2.35)
Since 6 Z =0, we have K = 0 as well. Correspondingly the NOETHER current is

JH=TI*6p +TIM6d* = —ia(porp* — ¢p* o )
= —2aIm(¢p* o ). (2.36)
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2.2 Symmetries and conservation laws Particles and Fields

Apart from the (irrelevant) factor a, we obtain the KLEIN-GORDON current
JH
j#==—=-2Im(¢"o"¢), (2.37)
a

and the corresponding NOETHER charge
Q:/d3xj° :i/d3x(¢*a°¢—¢a°¢*). (2.38)

Both expressions (2.37) and (2.38) are familiar from relativistic quantum mechanics: after
reinterpreting the negative energy states as antiparticles, j* corresponds to the electromag-
netic current generated by a KLEIN-GORDON wave function, and Q to its electric charge,
which upon coupling to a MAXWELL field generate electric and magnetic fields.
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3 Nonlinear scalar field theories

In the preceding sections, we have already considered scalar field theories with a general po-
tential V (¢) as an example for a nonlinear generalization of KLEIN-GORDON theory, see (1.57)

1
2 =2 0up) 0" P) - V(). 3.1)

This class of models has a wide range of applications (in particle physics, many-body physics,
statistical physics) and features a number of physical mechanisms. In the following, we con-
centrate on their properties related to symmetry and (spontaneous) symmetry breaking.

3.1 Z, model

We have already discussed that (3.1) for a real scalar field entails a Z,-symmetry under

p——-¢ if V(p)=V(-¢). (3.2)
E.g. for V(¢)= %mquz + %4)4 (3.3)
the equation of motion is
2 A 2
(D+m +§¢ )cp:o (3.4)

from which it is obvious that for a given solution ¢ (x) also —¢¢(x) is a solution of (3.4) (of
course, it may not satisfy the same boundary conditions that have been imposed on ¢ (x).
In general, boundary conditions may break (violate) the Z, symmetry explicitly).

In any case, (3.4) has a trivial solution: ¢ = 0 which is sometimes called the vacuum solution.
Small excitations ¢ < 1 propagate to leading order in a A-expansion according to the free
(linear) KLEIN-GORDON equation ((J+ m?)¢ = 0 + @ (1), justifying to say that excitations on
top of the vacuum have a mass m.

Let us now deform (3.3) a little and consider the potential

_ 1 2 12 A 4
Vi) =S+ Dot (3.5)

At first sight, this looks odd as one may be tempted to say that the theory has a negative mass
2

squared m? = —u?.
This is, however, not true, as we should study the dispersion relation of excitations on top
of the vacuum in order to define a propagating mass. The form of the potential reveals,
that ¢ = 0 is not a stable solution. Any excitation will drive the system towards one of the
minima

62

(P():i' T = +v. (36)
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3.1 Z, model Particles and Fields

V()

Fig. 1: Graphical representation of the potential (3.5).

Hence, the role of the stable vacuum solution is now played by one of the two cases ¢y = +v.
Let us study the excitations on top of the right vacuum:

d(x)=v+o(x). (3.7)

The LAGRANGIAN then reads
x:—l(a o) (0% 0) - 1(.2;12)0%11 oS+ SAo (3.8)
2K 2 3! 4 ' '

For small excitations o <« 1, the equations of motion then read
O+ @2u*))o=0+0(A). (3.9)

We conclude that these excitations behave like relativistic point particles with a mass v/2p.
In addition to the quartic ~ (,b4 interaction, o in (3.8) also exhibits a cubic interaction ~ o3,

1o 1 3, 1, 4
Vg(a)—E(Zu )o +§/1va +4—!/10 . (3.10)

We observe that — while V(¢) is Z, symmetric — the potential for o is not, V(o) # V;(-0).
This is, of course, not too surprising, because we have made a choice in (3.7) and picked the
right vacuum solution ¢y = +v. If we had picked the left solution, the conclusions about
the massive excitation in (3.9) would have been the same, as well as the result that the new
potential for o as the excitation on top of the vacuum ¢y = —v would not exhibit a Z, sym-
metry.

The mere fact that the vacuum solution has the property ¢o = +v # 0 is already in conflict
with the symmetry. In order to be in the vacuum the field has to give preference to either a
positive amplitude ¢pg = + v or a negative amplitude ¢y = —v. Once, the vacuum solution has
made this choice (we say has broken the symmetry) the symmetry is no longer manifest for
excitations on top of the vacuum.

It is useful to introduce some more nomenclature: if the vacuum configuration of a field
corresponds to a nonzero amplitude, we say that the field condenses. The value v of the
amplitude in the vacuum is called a condensate. As the vacuum configuration no longer
respects the symmetry of the LAGRANGIAN, we talk about

spontaneous symmetry breaking.
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3.2 O(N) model Particles and Fields

The attribute spontaneous characterizes the situation that the field, in principal, has two
(or in general, several) options to relax towards a vacuum. This should be contrasted with
symmetry breaking induced by boundary conditions or non-symmetric terms in the action,
which are imposed explicitly in the form of additional conditions or parameters.

3.2 O(N) model

Let us next promote the field ¢ to a N-component vector field ¢ € RN, a = 1,..., N with a
LAGRANGIAN

1
£ =20, 0" M = V() (3.11)
1 2 1a a A a a2
where  V(¢) = —Z ¢ )" + 1 (¢9”. (3.12)

Equivalently, we could use a vector notation
££=§(0u¢))-(0 ¢) - —E,u ¢-¢+I(¢-¢) . (3.13)

It is important to note that these vectors ¢p(x) do not point along certain directions in space
or spacetime, but denote directions in an internal space ¢ € R,

In the form of (3.13), it is easy to see that the model is invariant under transformations that
leave the Euclidean scalar product in RY invariant. These transformations form the group
of orthogonal transformations O(N), for example the field vector components ¢ are trans-
formed by N x N matrices U*

o — Ubgh, (3.14)

which constitute a matrix representation of O(N). The scalar product is invariant, if the U%
satisfy

UabUac — (UT)b(anC — (UTU)bC — ILbC — 6bC. (3.15)

As the field components ¢ are real, the U*? correspond to orthogonal N x N matrices with
real components. For the above case with a negative mass-like parameter —u?, the potential
has the form as sketched in figure 2.

For N = 2, we get a circle in field space, where the potential is minimal. For general N, this
minimum corresponds to a (N — 1)-dimensional sphere SV~!, which is defined by

6 2
PiPG = v = % (3.16)

In contrast to the Z, model these are not merely two points, but a continuum of possible
vacuum solutions. Let us choose a specific one

0
. 6u
(po = - vV = T (317)

v

24



3.2 O(N) model Particles and Fields

V()

Fig. 2: Potential V (¢) for a=1,2.

Then, the O(N) symmetry is spontaneously broken, since a generic O(N) transformation
would rotate ¢ to a different point on SV=!. Still, there is a subset of O()V) transformations
that leaves ¢p¢ invariant. This is the set of rotations about the ¢py-axis in field space. It is
possible to show that this subset forms again a group, namely O(N —1). We say that the
ground state (3.17) breaks the group O(N) spontaneously to O(N —1).

Now, it is interesting to study the excitations on top of the vacuum, which we parametrize

by
([)(x):( z(1) ) mli=1,..,N—1. (3.18)
v+o(x)
In terms of the fields 7, o' (x), the LAGRANGIAN reads
< = %(Oyni)(a"ni) + %(GMU)((?”U) - V(o) (3.19)
where V(o,7') = %(Zuz)az + \/%,ua‘% + \/%,u(ﬂi)za
A A A
+ Za“ + E(n’)za2 + Z[(711)2]2. (3.20)
Here, we observe:
e ascalar excitation o (x) with mass
m2 = 2u? (3.21)

e The ' and o fields are interaction as well as self interacting. This means that the field
equations for 7' and o are mutually coupled and nonlinear.

e The LAGRANGIAN is invariant under transformations of 7’ by orthogonal (N —1) x (N —
1) matrices

7t —>UYn/  where Ue O(N-1). (3.22)

This reflects the residual O(N — 1) symmetry.
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3.2 O(N) model Particles and Fields

e The n-field remains massless, as there is no pure quadratic term in 7*.

The last point is particularly important: the spontaneous breaking of a continuous symmetry
O(N) — O(N —1) yields N — 1 massless bosons (here: scalars).

The latter are called NAMBU-GOLDSTONE bosons (or only GOLDSTONE bosons), where the
nomenclature comes from a QFT/particle physics context. The phenomenon, however, is
equally important in classical field theory, e. g. in applications to statistical models (e. g. spin
waves).

The number of GOLDSTONE bosons is related to the symmetry breaking pattern, more specif-
ically to the number of broken generators. The latter are those generators of O(N) that gen-
erate transformations that would not leave the chosen vacuum invariant. This statement is
quantifiable:

1
# of O(N) generators now) = EN(N_ 1)

1
#of O(N —1) generators non-1) = E(N_ 1(N-2) (3.23)

= now)—hon-n=N-1=# of 7’ fields.

The present example is a special case of the more general GOLDSTONE theorem, see below,
relating the appearance of GOLDSTONE bosons and their number to the number of sponta-
neously broken generators (it is not restricted to the present O(N) case).

The notation in terms of o and = fields is taken over from low-energy models of Quantum
Chromodynamics (QCD): QCD has an approximate chiral symmetry (to be discussed later).
In the case, where only up and down quarks are considered, the symmetry corresponds to in-
dependent flavor rotations, i. e. unitary transformations, of the left- and right-handed com-
ponents of the DIRAC spinor fields. The symmetry group is

SUR2);. xSUR2)g = 0(4) (3.24)

isomorphic to O(4). The o field is also often called a radial excitation, as it characterizes field
excitations orthogonal to the SV~! sphere, while the 7’ fields are excitations within the SV~
sphere. The o excitation has to go uphill in the potential V(c,7"), and thus is massive. In
QCD it is supposed to correspond to a heavy scalar mesonic resonance (~ @ (1GeV)). The
n' excitations are excitations within SV, i. e. a flat direction in the potential landscape. In
QCD, al, w2’ correspond to the light pions with a mass ~ 135MeV. This small mass arises
from the fact that the chiral symmetry is only approximate in QCD. It is also explicitly broken
by the quark mass terms.

In the literature, O(/N) models in the form discussed here are also called linear sigma mod-
els.
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3.3 Goldstone theorem Particles and Fields

3.3 Goldstone theorem

The connection between the appearance of massless GOLDSTONE bosons and spontaneously
broken symmetries is generally formulated within GOLDSTONE'’s theorem. It holds both in
classical field theory as well as in quantum field theory. In both cases, the proofis essentially
identical except for the fact that the classical potential has to be replaced by the effective
potential in QFT2.

We start from the action that we write as
Slpl = / d*x (- V(¢) + terms with derivatives). (3.25)

We assume that the derivative terms - if nonzero — only result in deviations from the ex-
tremum of the action, such that the ground state is homogeneous and thus determined by
the minimum of the potential. In other words, we assume that V(¢) is minimized by ¢{ =
const. in space and time. Then

0
—V =0. (3.26)
6(,[)“ (pa(x):(Pg
Expanding about this minimum, we get
0*V (o)
V() = V(o) + = b 3.27
() = V(o) (</> $0)* (P — o) ¢“0<pb (3.27)
since the linear term vanishes by virtue of (3.26). The coefficient of the quadratic term
62
mzb: V(o) (3.28)
a 0([)“0([)1’

is a symmetric matrix, the eigenvalues of which specify the masses of the fields. Since ¢y
is a minimum, these masses cannot be negative. Next, we assume that the theory has a
continuous symmetry (obeyed by the action as well as the quantization procedure in QFT)
with the transformed field of the form

¢ — P+ 59", (3.29)

where d¢p“ can be some function of all fields §¢p* = §¢p*(¢). Considering only constant fields,
the invariance of the action implies invariance of the potential

V(p)=V(p+6¢p) (3.30)
0
= §¢p° 5 V() =0. (3.31)
Differentiating with respect to ¢p” and setting ¢ = by, we get
_ 069" (5‘/(4’0) ) a
=0
=8¢ (o) m>,. (3.32)

2Remark: The effective potential already includes the effects of all quantum fluctuations.
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3.4 Hidden symmetry and the Higgs mechanism Particles and Fields

If the transformation leaves ¢y unchanged, then 6¢%(¢9) = 0, and (3.32) is trivially satis-
fied. A spontaneously broken symmetry is precisely one for which d¢p“(¢py) # 0. In this case,
0p*(¢po) is an eigenvector of the mass matrix with eigenvalue zero.

This proves GOLDSTONE’s theorem:

Every continuous symmetry of the theory that is not a symmetry of the ground
state ¢ gives rise to a massless excitation corresponding to a NAMBU-GOLDSTONE
boson.

3.4 Hidden symmetry and the Higgs mechanism

Though the GOLDSTONE theorem has many applications in field theory in condensed-matter
as well as particle physics, it hampered progress in particle physics for quite a while around
1960. While the use of symmetries appeared technically and aesthetically helpful in the con-
struction of models for the weak (and strong) interactions, these symmetries had to be bro-
ken in order to match with the data. if the breaking happens spontaneously, GOLDSTONE’s
theorem seemed to imply the necessary occurence of massless excitations — which, however,
were not observed. On the contrary, the potentially existing bosons seemed to be rather
heavy. the essential breakthrough was stimulated by ANDERSON’s description of supercon-
ductivity and the MEISSNER-OCHSENFELD-effect in condensed-matter physics and then was
transferred to nonabelian models and particle physics by BROUT, ENGLERT, HIGGS, HAGEN,
KIBBLE and GURALNIK, leading to what is now known as the electroweak HIGGS sector of the
standard model of particle physics.

We will study here the essentials with the aid of a simpler model: scalar QED (or abelian
HI1GGS model):

1 v * * /1 *
£ == Fu ' + (D) (D) + 124" p = 47 §)%, (3.33)

where ¢ = %(([)1 +1i¢p,) € C is a complex charged scalar field (e.g. the charged pions). The
gauge field A, occurs in

the covariant derivative D, =0, +ieA, (3.34)
and the field strength F,,, =9d,A, —0,A,. (3.35)

The theory is symmetric under local U(1) transformations (gauge transformations)
o) — e M Ppx), e P ey)  Au(x) — Ay+0,A), (3.36)

where A(x) is an arbitrary smooth function of spacetime.

With p? > 0, the potential part of (3.33) V = —p2¢* ¢ + 44(¢p* ¢)? has a mexican hat shape
such that the minima of V satisfy

. 1
¢o¢o=§v2, v=\—7 (3.37)
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3.4 Hidden symmetry and the Higgs mechanism Particles and Fields

as before (the factor takes care of the different normalization of the scalar fields € C).

The fact that the symmetry is a local symmetry is an essential difference to the purely scalar
cases, say the O(2) model, considered before: e. g. choosing ¢ to point into the ¢, direction
everywhere is not a meaningful statement, since the local transformation (3.36) can change
¢o independently from one point to another.

The gauge symmetry (3.36) indeed suggests to parametrize ¢(x) differently then before

¢(x) = —e = (v +0(x))
V2
1 (3.38)
= —(v+0ox)+in(x) +0(7?).
v ()
The second line is reminiscent to the linear parametrization used before, however, the com-
plete parametrization in the first line is nonlinear.

For a given field configuration ¢(x), A, (x), we ware free to perform a gauge transformation
(in the Z, model, this corresponded to choose the right minimum without loss of generality;
or in the O(N) model, we chose (3.17)).

Here, we choose a special gauge transformation with

n(x)
Ax)=—— (3.39)
ev
1
Then: (x) — ¢ (x) = e PP p(x )(3 29— (p+ o(x))
¢ ¢ p(x 539 V3 .40

1
Ap(x) — Ay (%) = Ay () + Edun(x).

In terms of the new fields o (x), m(x), AL(x), the LAGRANGIAN now reads

1 1 1
L == Fy F" +2(0,0)(0"0) + 5e2 Ve AL AW
1 1
+ Ee2 (A)’oRv+0) - > @2ut)o* +0(0* o). (3.41)

We observe:
* 0 occurs as a massive scalar as in the purely scalar models
* Additionally, the photon A;J has acquired a mass term mi = e?v? as in Proca theory.
* Most surprisingly, 7 (x) has vanished completely!

This last observation is, in fact, compatible with the counting of propagating degrees of free-
dom: in the initial formulation, say, with a standard scalar mass parameter V = m?¢*¢..., we
had two real scalar fields (¢, ¢2) and two photon polarization modes (2 transverse modes):
2+2=4.
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3.4 Hidden symmetry and the Higgs mechanism Particles and Fields

Now, we find one real scalar (o) and three polarization modes of a massive photon (two trans-
verse and one longitudinal). The would-be NAMBU-GOLDSTONE boson 7 has been eaten up
by the photon. This highlights the essentials of the HIGGS mechanism.

We finally emphasize that the above analysis involved a special choice of gauge (fixed by
hand). The observations made above become particularly transparent in this gauge choice.
By choosing a gauge, the gauge symmetry is in some sense explicitly broken by hand. By
a some what unfortunate nomenclature, the HIGGS mechanism is sometimes referred to as
the spontanteous breaking of gauge symmetry. In a strict sense, this is nonsense, as gauge
symmetry cannot be broken according to ELITZUR’s theorem.

The point here is that particular gauges are convenient to identify the excitations. The gauge
symmetry is still intact and we could try to look for the same physics in a different gauge.
These circumstances are therefore better referred to by the name hidden symmetry.
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4 Particles and Fields as Representations of the
Lorentz group

Even in absence of any internal symmetry, the symmetries of spacetime are an essential
property. In relativistic field theories, these are given by the POINCARE group consisting of
spacetime translations and LORENTZ transformations, consequences of both of which have
already been discussed above. In the following, we detail how LORENTZ invariance is con-
nected to a classification of fields. Analogous considerations can also be performed for non-
relativistic field theories on the basis of Galilei invariance.

4.1 Lorentz transformations

Let us take a closer look at LORENTZ transformations, recalling first some essential properties
already listed in chapter 1: a LORENTZ transformation is a linear operation on spacetime
vectors vH,

v — v = A Y, 4.1)
that preserves the scalar product in MINKOWSKI space
vzzng“vvz vy, g=diag(l,-1,-1,-1). (4.2)
The transformation matrix hence satisfies
guVAHQAVo = 8po- (4.3)
This generalizes to transformations of arbitrary contravariant tensors
T/,ul...yn — AMVI . -AH"V,, TV1-Vn (4.4)

of rank n. There are only two constant invariant tensors. One is given by the metric by virtue
of (4.3). The other one is the totally anti-symmetric tensor

eHhveo, 023 .= 1 (4.5)
with the usual rules for the Levi-Civita symbol. According to (4.4), it transforms
g7 = K AY gAC A7 SEMPT0 = elveodet A (4.6)

where the second step makes use of the construction of the determinant using the e-symbol.
From (4.3) we read off

(detA)’=1 = detA==+1. 4.7)

So strictly speaking, € is only invariant for those LORENTZ transformations that have det A =
+1, but changes sign under those with det A = —1. From 3D Euclidean space, we are already
familiar with transformations that change the sign of ¢: these are given by those orthogonal
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4.1 Lorentz transformations Particles and Fields

transformations that convert a right-handed basis into a left-handed one. Analogously, this
applies to MINKOWSKI space. From (4.3) (o = 0 = 0), we can derive another fact
1= (A%)? = (ATp)?
= (A%)% =1+ (A'p)?
=>A% =1 or A% =<-1. (4.8)
The set of all LORENTZ-transformations forms the group O(3,1)® (analogously to orthogo-

nal transformations O(4) in 4-dimensional Euclidean space, additionally accounting for the
metric signatures).

Equations (4.7) and (4.8) prove that this set can be decomposed into disconnected compo-
nents, as there is neither a path (1-parameter family of 1’s) that could possibly interpolate
between the detA = +1 and detA = —1 transformations nor a path interpolation between
the A’swith A°) < -1 and A°, = +1. This makes four disconnected components out of which
those with

detA=+1, A%=1 (4.9)

are called orthochronous proper LORENTZ transformations. This is the component that con-
tains the unit element of the group A", = &.

The other components are related to the orthochronous proper component by a parity trans-
formation (right < left-handed basis) and/or a time inversion (¢ — —f). Obviously, the in-
finitesimal LORENTZ transformations belong to the orthochronous proper component

A, =80+ €M, €M, <. (4.10)

Expanding (4.3) to first order yields
8oo + 8uot" p + 8ove" 5 + O(€%) = 8po (4.11)
= €Eyy+Euy =0. (4.12)

Thus, €,y is an antisymmetric matrix with 6 independent parameters, 3 of which correspond
to LORENTZ-boosts (being parametrized by a spatial velocity vector v) and further 3 describe
spatial rotations (e. g. Euler angles).

It is useful to write an infinitesimal LORENTZ transformation as

i It
V= vt el v = (]l - EeggMgg) vY (4.13)
v

where  (Mpo)", =i(6580v — 85 80v).- (4.14)

This way of writing the transformation separates the parameters €7 from the generators My,
of the LORENTZ symmetry that encode the algebraic structure.

For any given set of fixed indices p,0, My, is a 4 x 4 matrix (with indices v in (4.14)). These
matrices satisfy

(M, Mpol = —i(gngva — 8voMuo — 8uo Myp + 8vo Myp) | (4.15)

3more precisely: The A’s discussed here form a matrix representation of this group
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4.2 Fields as representations of the Lorentz group Particles and Fields

Equation (4.15) defines the Lie-Algebra of the LORENTZ group SO(3,1) (the S means detA =
1). From an abstract perspective, (4.14) defines a particular representation of this algebra in
terms of 4 x 4 matrices. Since My, = —M,, there are in total 6 generators of this algebra.

Independently of the representation, we obtain finite LORENTZ transformations (within the
orthochronous proper component) by the exponential map

i i
A:exp(—EEQUMQU) ~ 1—559”M90+@’(62). (4.16)

4.2 Fields as representations of the Lorentz group

Fields being the fundamental degrees of freedom of a field theory can be classified according
to their behaviour under LORENTZ transformations. So far, we have mainly considered scalar
fields which transform trivially,

PN =¢px), FH=Ax" (4.17)
We have also already encountered the gauge field A, (x) which transforms as a vector,
At = A, AY (x). (4.18)
For a general N-tuple ¢;, i =1,..., N, the transformation rule reads
¢j(x) =D T, () (4.19)

where D(A) should be an N x N matrix representation of the LORENTZ group. Which repre-
sentations do exist? Infinitesimally, we have

D), =67 - %e”v(s,w)ij (4.20)

where S,y is a N x N matrix for each fixed set of u,v. In order to correspond to a LORENTZ
transformation, S, has to satisfy the LORENTZ algebra (4.15), S,y = D(Myy). Our goal is to
classify all possible choices of S,. For this, we first go back to the representation M, and
introduce

1
=—g::. .M/
Ji= 5tk (4.21)
Ki = Ml'() = —M()i, i= 1,2,3.
Using (4.15), it is straightforward to verify
Ui Jjl=1i€ijiJe Ui Kjl=ieijuKe (K, Kjl = —iejjiJ. (4.22)

] satisfies the angular momentum algebra and hence is evidently related to the generator of
spatial rotations. K in turn corresponds to the generator of LORENTZ boosts.

It is instructive to change the basis of generators once more and introduce

A:%(]+1K), B:%(]—iK). (4.23)
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4.2 Fields as representations of the Lorentz group Particles and Fields

These satisfy
[Aj, Ajl =i€;jxAx  [Bi,Bjl=ig;jxBx  [Ai;Bjl1=0. (4.24)

Therefore, the LORENTZ algebra is equivalent to two sets of angular momentum algebras A
and B spins. These spin algebras obviously commute. We conclude that we can classify all
possible representations of the LORENTZ algebra simply in terms of all possible represen-
tations of these angular momentum algebras. The latter are enumeratable in terms of the
eigenvalue of the squared spins A? and B?. For a given total spin, the eigenvectors can fur-
ther be labeled by the eigenvalues of one spin component, say As and Bj

A%|Aa) = A(A+1)|Aa), AslAa)=alAa)y, a=-A,... A

2 (4.25)
B°|Bb)=B(B+1)|Bb), Bs|Bb)=»b|Bb), b=-B,...,B.

For a given set of total spin quantum numbers A and B, the representation space is spanned
by |Aa, Bb) = |Aa) ® |Bb) and is

N=(2A+1)(2B+1) dimensional. (4.26)
hence, the index i of the N-tuple field ¢; simply labels all possible values of a and b
i=(a,b). (4.27)

In this fashion, we have found all possible irreducible representations of the LORENTZ alge-
bra. Of course, by means of tensor products, we can combine different representations to
form further reducible representations.
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4.3 Spinors Particles and Fields

4.3 Spinors

Apart from the trivial scalar representation, the simplest representation is a spin 4 represen-

‘ 2
tation,

1 o
(A, B) = (0, 5) = D(A)=0, D(B)= Py (4.28)
where o; are the PAULI matrices. The corresponding fields have two components,
$i—6a a=12. (4.29)
The representations of J and K are
o N
D()) = > D(K) = iz (4.30)

We can summarize the parameters e#" of the LORENTZ transformation into two 3-vectors:
(€23,€31,€12) =: =0,  (€10,€20,€30) = W (4.31)

such that the representation of the LORENTZ transformation is given by

D(A) =exp(i@ - D(]) +iw - D(K)), (4.32)
or explicitly
i B
aaﬁ = D(A)aﬁ = exp(lﬂ-a - lou-a) (4.33)
2 2 "
= & () = agPep ). (4.34)

As can be verified explicitly, the matrix a is a 2 x 2 matrix with complex entries and satisfies
deta=1. (4.35)

Thus it has 6 real parameters which are exhausted by @ and w. The set of matrices of this
type form the matrix group

\%—*\I;d( 2 ,0). (4.36)

det=1linear 2x2

We call the field ¢, (x) also a “SL(2,C) spinor”. The above equations (4.32) and (4.33) de-
scribe a homomorphism between the LORENTZ group SO(3,1) and SL(2,C), where SL(2,C)
cores each element of SO(3, 1) twice (as is already familiar from SU(2) < SO(3) in quantum
mechanics). Let w = 0. If we rotate 0, by 27, we have A Y = §, whereas a — —a in SL(2,C).
The identity is reached again after a 47 rotation. To close this section, we can also study the
complex conjugate spinor (¢,)* = {4 (dotted spinor), which transforms as

1) = @) (@), =@ (4.37)

From the complex conjugate form of a transformation in (4.33) we can deduce backwards
that this corresponds to a representation

*

D(A) = —%, D(B) =0 (4.38)

which is an (4, B) = (3,0) representation.
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4.4 Spinors and 4-vectors

Since the dimension of a representation of the LORENTZ group is given by N = (2A+1)(2B+1),
4-vectors (being related to integer spins) have to be related to the mixed representation:

. 1) (1 11
2x2%: (0,—)x(—,0):(—,—). (4.39)
2) 2 2’2

In practise, this implies that there must be a relation between an object with indices («, B)
and one with index u. For this, we define the auxiliary objects

OWap=1,0), (@)% =1,-0). (4.40)
It is suggestive to use the 2D e-tensor as a metric in spinor space, e. g.
G wap=€ayeps (@) (4.41)
Then it can straightforwardly be checked that o, and G, are related by
(GWap = [(0,1)“5]*- (4.42)

With these definitions, it also follows that

1 . 5

STr@to) =6y, (0¥, §(0)7° =260 (4.43)

and 0,0,+0,0,=0,0y+0y0,=28guy. (4.44)
p

using the explicit representation (4.33) for a LORENTZ transformation a,", we obtain the

important formula

oA, =ao,a | (4.45)

This equation connects the LORENTZ transformation of a 4-vector, A* v, with the transforma-
tion matrices a and a' of a spinor and its complex conjugate.

This suggests to define the spinor representation of 4-vector

0 3 1_:.2
X +X X —1X
o 3| (4.46)

x:=xto, = )
= Fodlxl +ix? x%—x

Equation (4.45) now gives us the transformation properties

4.45
EI = /'uo"u = O"UAMVXV ( = ) CZO'VGTXV
=axa'. (4.47)
In turn, we can construct a 4-vector out of two independent spinors ¢4, n4:
V= E¥ o) 51" (4.48)
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4.4 Spinors and 4-vectors Particles and Fields

By an argument inverse to (4.47), it is possible to show that V, transforms as a 4-vector under
LORENTZ transformations if {, and 14 transform as spinors.

The general relation between a vector an a mixed spinor object is hence given by
1 B .
Vg =VFHOWap  VH= 5(0”)/5“%/3- (4.49)

So far, we have written the LORENTZ transformations a and a* of the SL(2,C) spinors explic-
itly in terms of PAULI matrices. However, there is also a representation of the generators in
terms of objects that satisfy the LORENTZ algebra directly. These are given by

@), P = %(0“(’7" _gvah,f
(4.50)

. i .
SUVNG . DSl V =V G
(0)/3' 2(00 UU)ﬁ.

Each of these two objects satisfy the LORENTZ algebra (4.15) with M*V — g*¥ or 6"*¥. So we
have D;;»(M*) = gV or M.

Hence, the LORENTZ transformation can be written as

; p
&) = ag Ep(x) = eXp(—L—lle“Vaw) {p(x) (4.51)
a

or forn% = sdﬁnﬁ as

() = (aa*eT)‘iﬁnﬁ(x) = exp(—;le‘”&m,) ﬁn'B(x). (4.52)
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4.5 Aspects of spinor calculus

For a given spinor ¢, we wish to identify the dual spinor {* such that the inner product of the
two forms a scalar product which is invariant under LORENTZ transformations. As already
suggested in the preceding section, this metric is given by the anti-symmetric tensor in two
dimensions,

v . 0 1
Eaﬁ:g“ﬁ:gaﬁZEdﬁ‘Zlazz(_l 0), (4.53)
suchthat &%= e“ﬁéﬁ, n%= edﬁnﬁ. (4.54)

The resulting LORENTZ invariance of the inner product £%{, = e*5¢ p¢ will be discussed in
the exercises. Since ¢ is anti-symmetric, some careis necessary, as some manipulations seem
non-obvious if compared to vector calculus in R® or M. For instance,

$a = _5aﬁfﬁ Na = _Edﬁnﬁ
5 5 (4.55)
=¢"epa =ne4,
because - saﬁfﬁ = —eaﬁsﬁy &y =¢&q.
Y
=-5)

In (4.55), we observe that no explicit sign appears if the indices are arranged such that they
are contracted from upper-left to lower-right, or north west — south east.

If we wish to drop the indices in our notation, we have to agree on this convention

§¢:=¢"Ca=—Cal”. (4.56)

Another useful notation is inspired by matrix multiplication rules*, where we consider the
left-hand spinor (not the dual spinor) as a transposed spinor

EC=E%q=e"PEply = Epe™PL,
= —EpeP g =—ETel = ETET] (4.57)

where el = —¢. (4.58)

In this latter notation, we can write LORENTZ transformations in the following manner:

:f’a:aaﬁfﬁ:(f’:af or {T=¢&Tql. (4.59)

“e.g. also the scalar product of two Euclidean vectors x and y, x - y, can be viewed as a matrix multiplication
where the left vector is considered as a transposed vector x-y = xTy
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5 Simple Spinor field theories

Having identified the spinor fields (fa(x),n‘i(x) as the simplest non-trivial representation
of the LORENTZ group, let us try to construct field theories for these spinors by means of
LORENTZ invariant LAGRANGIANS.

5.1 Kinetic part

Using (4.49), we can immediately write a derivative in spinor space:
apﬁaaﬁZ(O'”)aﬂﬁy (5.1)

whereas scalar fields involved always two derivatives to form a LORENTZ scalar (0,¢) (0" ¢),
itis already possible to write down a single derivative term in the spinor case which is never-
theless bilinear in the fields and thus no total derivative:

n*“(a“)aﬁaynﬁ = T]Ta“aun, where (n9)* = ("% (5.2)
Since the spinor fields are complex, (5.2) is not guaranteed to be real. Hence, we may try
Pi n'od,n+h.c.=n'a*8,m+©@,m"a*n
=d,(n'atn). (5.3)

However, this combination projecting on the real part is a total derivative and hence does
not give rise to nontrivial equations of motion. Therefore, the only combination left is the
imaginary part

: i
Lrin — E(nTU“ONn —©@,mha*n)

; (5.4)
—. t+HA
=50 atoum.
This is the simplest possible kinetic term. Similarly, we obtain for ¢:
i Baa i+,
Ly = S8 0N 08 = S 6H0ue (5.5)
Both LAGRANGIANS exhibit a continuous symmetry of phase transformations,
&' (x) =e%¢(w), & (x) =e ¢ ()
/ i0’ 1% —if'_x (5.6)
n(x) =e” n(x), n (x)=e " n (%),

thatleave the action invariant. These symmetries are also called chiral symmetries, each one
forming a U(1) group: U(1)g, U(1)1.
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5.2 Mass term Particles and Fields

5.2 Mass term

Analogously to bosonic field theories, we expect that a mass term in the LAGRANGIAN has to
be quadratic in the fields such that excitations propagate according to the relativistic disper-
sion relation of a point particle. As the kinetic term is linear in derivatives (~ 4-momenta),
we expect the quadratic term in the LAGRANGIAN to be linear in the mass.

The simplest quadratic LORENTZ scalars are

neamP =nTen,  Eac™Pep=ETel. 5.7

Explicitly, this yields, e. g.
negsm’ =n'n’ -’y (5.8)

If the components ' and n? are ordinary commuting numbers, this expression is identically
Zero.

However, with a glimpse into quantum theory, we expect that the connection between spin
and statistics eventually implies that the excitations of the spinor fields obey FERMI-DIRAC
statistics (spin-statistics theorem): in a quantum setting, we will associate ! and n? with
operators that create a spinor excitation above the vacuum. Since these excitations have
to ober FERMI-DIRAC statistics, these creation operators have to anti-commute, i. e. 171172 =
-n*n'.

For operators, this property seems straightforwardly implementable. Nevertheless, here we
do not plan to quantize, but stay within classical field theory. Still, we wish to realize the
correct statistical properties of the excitations.

Evidently, both requirements cannot be satisfied by pure numbers n',n? € C. Still, there
exists a consistent set of numbers, defined in terms of conventional algebraic axioms, that
even facilitates the definition of derivatives and integrals, with the special property that these
numbers anti-commute. These are the GRASSMANN numbers.

If we interpret 171,172,51, ¢, to be GRASSMANN-valued, we have nlnz = —172171, and thus (5.8) is
nonzero. Hence, a real mass term is given by

1 * *

[ = =5 (munTen - min'en®)
m 1 T ex* * T (59)
Zp :—E(WRf e§" —mplTel),

where the mass parameters m; and mg may be complex. Here we have used 0y)* = y*6*
for GRASSMAN numbers (as is familiar from matrices). Also, £ = T = —¢ has been used.

These mass terms are called MAJORANA masses. The MAJORANA mass breaks the chiral sym-
metry U(1)r or U(1)g completely. If a MAJORANA mass exists, the corresponding NOETHER
charges are not conserved. In particle physics, no MAJORANA mass term has been verified

SGRASSMANN numbers can be treated abstractly, if we still wish to represent them in terms the body of real
numbers, we are lead to matrix representations, see exercises
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5.3 The Dirac spinor Particles and Fields

(yet). Still, the mass of the neutrinos may be associated with a MAJORANA mass term; if so,
the non-conservation of the NOETHER charge would translate into violations of Lepton num-
ber conservation. A possible signature in terms of a neutrinoless double  decay is actively
searched for.

In condensed-matter systems, MAJORANA fermions can arise as an effective degree of free-
dom. This is currently a very active field of research.

Whereas the above kinetic and mass terms can exist for each representation (%,0) and (0, 3)
separately, there is another possible mass term, which exists in the simultaneous presence

of the two spinors:
$§”:—(m€Tn+m*nT€). (5.10)

This is the DIRAC mass term. It does not break the chiral symmetries completely: choosing
0 =6’ in (5.6), the spinors transform as

n’) i0 (n) (n’*) -0 (n)

—el?|], .= .| (5.11)
(5’ S ¢! S

These simultaneous U (1) and U(1) g transformations form also a U (1) group which is called
a vector U(1)y. The corresponding NOETHER charge is positive for 1,{ and negative for
n*,¢r.

Hence, this symmetry is similar to the U(1) symmetry for a complex scalar. The NOETHER

charge can be associated with particle number or electric charge upon coupling to a Maxwell
field.

5.3 The Dirac spinor

Whereas the kinetic terms as well as the MAJORANA mass term can be formulated for each
SL(2,C) spinor ¢ or n (WEIL spinors) separately, the DIRAC mass term requires the simulta-
neous presence of both WEYL spinors and provides for a bilinear coupling. Hence, it is useful
to introduce the combined 4-spinor

_ nd(x))
w(x) = ( i o) (5.12)

which is a DIRAC spinor, obviously belonging to the (3,0)®(0, ;) representation of the LORENTZ
group. We obtain a compact notation for the LAGRANGIANS by also summarizing the (gener-
alized) PAULI matrices as

0 (GH)aPp
p._
Y- ((Uu)aﬁ 0 ) (5.13)
or, more explicitly
0 _ 01 _ 0 g
Y ‘(]1 0)’ Y‘(—a 0)' 614
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5.3 The Dirac spinor Particles and Fields

These are the DIRAC matrices. They occur here in the so-called chiral representation (several
other representations are also used in the literature). Independently of the representation,
the y matrices satisfy (c.f. (4.44))

YRY vyt =yt Y = 2gM 1. (5.15)

Equation (5.15) can be viewed as the defining property of the DIRAC matrices. Mathemati-
cally, the DIRAC matrices form the base elements of a CLIFFORD algebra, i. e. an algebra of
elements that close under the anti-commutator.

The generator of LORENTZ transformations in the DIRAC representation can also be con-
structed from those of the WEYL spinors, c. f. (4.50):

i @™ o
otV = E[Y”,YV] = ( 0 a (UW)dﬁ')' (5.16)
Hence, the LORENTZ transformed spinor reads
i
v'(x') = D1 0)e(0, 1 MW (x) = exp(—zef”’aw)u/(x) =: Ay(x). (5.17)

The 4 x4 matrix A is the direct analogue of the transformation matrix a. From (4.51) and (4.52),
we can read off

. (ea*enN®. 0 i
Ay (x)E = p (’7 (x)). 5.18
Ay ( 0 aaﬁ) Ep(x) 618

Here, we have used the SL(2,C) spinor indices ¢, a in order to make the SL(2,C) content
explicit. Of course, working directly with the DIRAC spinor, it is more natural to summarize
the components for & = 1,2, a = 1,2 into one index ¥ (x),y = 1,2, 3,4, of the 4-component
spinor ¥ (x).

With the aid of another definition,
A:=yoAly,, (5.19)
together with (4.45), it is straightforward to verify that
Ayt A= A"y, (5.20)

This equation emphasises the relation between the LORENTZ transformations of the DIRAC
spinor and that of the 4-vector of DIRAC matrices y*, as the transformations of the spinor
indices of the y’s (LHS) can be written as a LORENTZ transformation of the vector index
(RHS).

The bar symbol in (5.19) is used to denote DIRAC conjugation. In addition to complex conju-
gation, it involves a multiplication with y( for each index. It is useful to think of y( as a spin
melric, i.e., it relates spinor space to its corresponding dual vector space. The elements of
this dual space are DIRAC conjugated spinors:

v=vyTyo. (5.21)
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5.3 The Dirac spinor Particles and Fields

In fact, this spinor occurs naturally, if we consider the kinetic LAGRANGIAN for the DIRAC
spinor

. . S T
Lyt ="+ L7 = SOy

i _ i _
= S @Y 0uy) = S (©@u)r*y)

- i,
=iyyHo v - an(wy”w) : (5.22)
————
No contribution to EOM
Hence, the action can be written as
skin — / d*xigy o . (5.23)

Similarly, the DIRAC mass term (for a real mass m = m™*) can compactly be written as
£ =-myy. (5.24)

For an analysis of chiral symmetries in the DIRAC notation, it is useful to introduce

. -1 0
ys:=iy’yly?y® = ( 0 1), (5.25)
where the first equality holds in general, and the second is particular for the chiral represen-
tation.

In the chiral representation, it is obvious that y5 can be used to define chiral projectors

]1+Y5 pL:]l—)’5

Pr = R 5 satisfying (5.26)
Pi,=Rrr,  PRPL=0=P;Pg and Pgp+P. =1 (5.27)
a
such that  wg:= Prw = (60)’ Wy =Py = ("0 ) (5.28)
a

Before we analyse the chiral symmetries, let us briefly verify the manifest LORENTZ invari-
ance of the DIRAC theory:

Sp= / d*x (@ y*o,p — myy). (5.29)

Since y' = Ay, if follows ' = 9/ A (using y3 = 1). Let us explicitly study the kinetic part:

v'yro,y' =wAYHA Y0, Ay
= 'l/_/A'}/IJAANVOV'[//
O a0 v
——
8uoA7,0Y

= guo Ay A7, 20"y = Gy Oy (5.30)

|
:ggv
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5.3 The Dirac spinor Particles and Fields

Of course, the invariance was already clear from the SL(2,C) construction. But this example
shows manifestly that invariant scalars arise if both vector as well as DIRAC spinor indices are
fully contracted. From the invariance of the DIRAC mass term in the SL(2,C) construction, it
follows that AA =1 (which can be verified straightforwardly) such that

'y =gy (5.31)

transforms as a scalar. Similarly, we can justify that ¢y, transforms as a vector and o,y
as a tensor under LORENTZ transformations. Since we have y5 — —ys under parity x’ —
—x', the combination ysy is a pseudoscalar and YYsY,y a pseudovector under LORENTZ
transformations. Note that only the open LORENTZ indices are relevant for this classification.
With respect to spinor space, all these expressions are scalars anyway.

Concerning the chiral transformations U(1); x U(1)g of p and 7, these can equivalently be
represented by their linear combinations

0=0":ULy: v =ely, ¢ =ye?

, L A (5.32)
0=-0":U)a: y' =Ty, ¢ =ye’.
As discussed in the exercises, y5 anticommutes with all y’“s:
{r*,yst=o. (5.33)

With this property, we can verify the invariance of the kinetic term under the U(1) 4, the so-
called axial transformation:

UM a: 9"y 0,y = fre™yH0,e"y
= gyte " 00,e" 0y = gyro,y. (5.34)

The mass term ~ —my vy, however, is not invariant under axial transformations. By contrast,
both kinetic and mass terms are invariant under the vector transformations U(1)y in agree-
ment with the observations in the SL(2,C) formalism.
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5.4 Dirac equation

Since the DIRAC spinors is a complex object (complex-GRASSMANN-valued), we can use the
same trick as for complex scalar fields and treat ¢ and ¥ as formally independent for the
variational principle. Hence, we obtain the equation of motion by varying the action (5.29)
e.g. with respect to v:

5 »
0= W’/SD = (iy"0, — my(x) | (5.35)

This is the DIRAC equation. In the following, let us just recall a few basic properties of this
relativistic spinor theory. In order to verify that m indeed has the meaning of mass in the
sense of a relativistic point particle, let us multiply (5.35) with (-iy"d, — m):

symm.
.V . V’-M 2
0= (—iy"dy — m)(iy"0, — m)w = (y'y" 0,0, +m )y
~——

1 1
=iyt S iy
—_— —~—
=ghv antisymm.

= (0°+ m*)y (x). (5.36)
Hence, the solutions of the DIRAC equation also satisfy the KLEIN-GORDON equation and

thus the solutions obey the relativistic energy-momentum relation with mass m. This sug-
gests as an ansatz

w(x) = u(p)e P*,  where p? = m?. (5.37)

In the chiral basis, the spinor u(p) has to satisfy
0 o-p) (m O
o-p O 0 m

1
We observe that (p-0)(p-6) = pupy 5(0”6V +0"6") = p?> = m? and hence the DIRAC equa-

-~
:gf“/

u(p) =0. (5.38)

tion is solved by

_ \/p-c'ff)
u(p) = (\/Wf (5.39)

where ¢ is an arbitrary SL(2,C) spinor. We can check this solution:

% )5 )= (Vo tommion - me) =
o-p 0 0 m)|\yp-o¢) \ypo/lap)@p) - m)i

) (GRASSMANN-valued number) such that (5.39) repre-

0
1
sents two solutions corresponding to spin-up ¢! or spin-down é2 along the 3-direction, i. e.
eigenvalues to p303.

Possible bose spinors are ¢ S= (é), (
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5.4 Dirac equation Particles and Fields

The solutions are normalized to

a (p)us(p) =2ms"
(5.40)
or u(PuS(p)=2E,6",  E,=1/p?+m?

which is straightforwardly verifiable. In addition, there are also negative frequency solu-
tions

w(x) =v(p)e?s, p*=m? p°>0 (5.41)

S
VvV PoT)
where v( ):( _
p _ /_pans

The latter are normalized to

) with spin base vectors ns, S=1,2.

" (pvS(p) =-2mé’S, v (mvS(p). (5.42)
The u and v spinors are also mutually orthogonal,
i (p)vs(p) = 0" (p)ulp) =0. (5.43)

In particle-physics processes, one is often interested in spin-summed results (e. g. if the spin
of a single particle is not measured by the detector). For these, let us finally mention the
following spin sums

Y upas(p)=y-p+m
S
5.44
Y it (p=y-p-m. o4
S

The frequently occuring combination y, p* = y- p is often abbreviated by the FEYNMAN slash
YuP" = p.
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5.5 Rarita-Schwinger spinors

So far, we have encountered the trivial spin-0 (scalar-fields) and the nontrivial spin—% (WEYL
spinors, DIRAC spinors), and spin-1 (vector fields, photon) representations of the LORENTZ
group. In classical field theory, it is straightforward to construct higher-spin representations
and their corresponding free theories (interacting theories which satisfy all consistency cri-
teria can be more difficult).

As an example, let us study the spin-% case. More concretely, we wish to compose a field y,
such that it unifies properties of a DIRAC spinor (with 4 spinor components with suppressed
indices) as well as a vector field with index ¢ = 0, 1, 2,3. So, in total ¥, has 16 complex compo-
nents. Since vectors belong to the (3, 3) representation and DIRAC spinors to the (1,0)&(0, 1)

representation, the general object v, is an element of the tensor product space

be(elo )-8l

Now, recall from the summation of angular momenta that the tensor product of two spin—%
gives a spin-1 as well as a scalar spin-0 component:

® (5.45)

1 1
-®—-—=140 (5.46)
2 2

or, using the notation that counts the dimensions of the Hilbert spaces,

2%2=3+1. (5.47)

3ol

Hence, (5.45) yields

EREREE

1 1 1 1
=||({l,=]|®|=1]||®||0,=|®|=,0]]. (5.48)

2 2 2 2

RARITA-ggHWINGER D?}g\c

We observe that this tensor product contains DIRAC spinors as well as the new terms [(1, %) ® (%, 1)],
and thus is reducible into a DIRAC part that we already know and a new part which we will
call a RARITA-SCHWINGER spinor®.

It is, in fact, easy to get rid off the DIRAC part by noting that the object (y#v ) is a scalar
with respect to the LORENTZ index structure but still features a DIRAC index. Hence for a
general v, the object y = y#y, transforms as a DIRAC spinor and thus corresponds to the

[(0.4)® (4,0)] part of .
In turn, those fields v, that satisfy the irreducibility condition

Y, =0 (5.49)

do not contain DIRAC spinor elements and hence transform as [(1, %) ® (%, 1)] representa-
tion of the LORENTZ group. The irreducibility condition (5.49) has important consequences

SIncidentally, RARITA and SCHWINGER’s original %—page paper deals with the full reducible object.
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5.5 Rarita-Schwinger spinors Particles and Fields

for the construction of a LAGRANGIAN. For instance, one might naively try to write down a
symmetrically looking mass term:

_ _ 1._
vy =v.8" vy, = Ew{y“,yv}wv
1._ 1._
= Ell/uyu YVI//V"'EU’N Y'Yt oy
~—— ~——
=0 YRYY=lyFyY]
v LT
ZEWMY Y Wv‘é‘//uh’ Y 1wy
=iy, oy, o= %[y",y”]. (5.50)
We observe the mass term, in fact, hast to be anti-symmetric in the LORENTZ indices of

the RARITA-SCHWINGER field. A similar argument applies to the building block of a kinetic
term:

@quaKW/’l;

implying that all indices must be contracted in an anti-symmetric fashion. This is possible
with the aid of the € tensor. In order to preserve parity invariance, we amend this building
block with another y5 factor. The resulting LAGRANGIAN for the RARITA-SCHWINGER field
reads

1._ .
P = —51//”(5“""’1)/5)@0,( —ima*Myy,. (5.51)

Correspondingly, the field equation yields
€ Mysy, 0y —imotMy, =0. (5.52)

Spin—% fields are indeed known and used in physics for the description of spin—% bound states
in the theory of the strong interactions. An example is given by the A resonances of the
nucleon which are bound states of 3 quarks with all spins % aligned to yield a spin % state

A":ddd, A%:udd, AT:uud, A*:uuy,

each having a lifetime ~ 5-107?*s and commonly decaying to (p*,n°) and (z*,7~,7°) de-
pending on the charge state.

Elementary particles of spin-% which are not bound-states have not been observed so far.
In fact, a straightforward perturbative quantization of spin—% fields leads to inconsistencies
(perturbatively nonrenormalizable). These inconsistencies can be (partly) resolve in super-
symmetric theories, where the RARITA-SCHWINGER spinor becomes the superpartner of the
graviton and is called gravitino.
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6 Interacting field theories with spinors

6.1 Yukawa theories

For the construction of scalar theories, we have used a criterion of simplicity. For the inter-
actions this has been partly related to the dimensionality of the interaction terms, e.g. the
/1(,b4—term in d = 4 dimensions has a dimensionless coupling constant [A1] = 0. For a simi-
lar argument for spinor theories, we first need the dimensionality of the spinor field. With
regard to the kinetic term

skin — / d*xigy* 8, v, (6.1)
—— \1,4

-4
we read off that [w] = 3 and hence
3

> (6.2)

[yl =

The same result follows from the mass term — [ d*xmyy.

Recalling that scalar fields have mass dimension [¢] = 1, the simplest interaction term which
yields a LORENTZ scalar is

Syuk = — / d*xh ¢ . (6.3)
—~—

~—— 1 3
-4

This is the so-called YUKAWA interaction describing the interaction of two DIRAC spinors
with a scalar field. Historically, this has been first used for the description of the pion (scalars)
—nucleon (spinors) interaction. The full action of a typical (simple) YUKAWA theory is

S:/d4x

Here we have ignored a possible DIRAC mass term which would break the axial symmetry.
Actually, also the YUKAWA interaction (6.3) breaks the chiral symmetry as

_ 1 _
Gidy + 5 0,0)0" ) ~ hpiy = V(@) . (6.4)

_ axialU (1)

For generic 6 € [0,27],e%75¢ is a non-trivial 4 x 4 matrix which cannot be compensated by a
transformation of a real scalar field ¢ € R. However, if we choose 0 = %, we have

€759 = cos(20) +iyssin(20) in general (6.6)
0=—: e = cosm = -1

and hence: yv — —yy. If we now combine this specific axial transformation with the Z;-
symmetry of the scalar field ¢) — —¢ (provided that V(¢) is Z, symmetric), the YUKAWA the-
ory of (6.4) is invariant under the discrete symmetry:

p——¢,  y—e2y, G’ (6.7)
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6.1 Yukawa theories Particles and Fields

note that the DIRAC mass term would not be compatible with (6.7). In turn, if we impose
the symmetry (6.7), the spinor field is massless. The mass of the scalar field depends on the
parameters in the potential, e. g. if we have

_1 2 42 A 4
V(@)= 5m* e’ + b (6.8)

the scalar field is massive. Now, we know that the Z, symmetry in the scalar sector can be
broken spontaneously if V' (¢) has minima different from ¢ =0, e. g. for

_ 1 2 12 A 4
V)= -S1t¢+ 1o (6.9)
(6.10)

Let us assume that ¢ picks the value ¢nin = v as its ground state. Expanding ¢ about this
ground state ¢(x) = v+ o(x), we find the action (see (3.8))

S:/d4x

Widy + %(%0) (0"0)

(6.11)

- _ 1 1 1
—hvyy — hoyy — (E(Z,uz)a2 + Q}L vos+ Zﬂta‘l) .

Here, we can read off the mass mtzf = 2,112 of the scalar excitation o. In addition, we observe
the occurrence of a DIRAC mass term —(h v)y vy, such that the DIRAC spinors have also ac-

quired a mass
6u
mw:hv:h\/%. (6.12)

The remaining terms are interactions of YUKAWA type ~ oy or scalar self-interactions.

We conclude that the breaking of the Z, symmetry in the scalar sector also extends to the
YUKAWA sector, spontaneously generating a mass for the DIRAC spinor which is otherwise
kept zero if the symmetry is preserved. This is a first simple but non-trivial example for the
fact that DIRAC spinor masses can be zero on the level of the action but then be generated by
spontaneous symmetry breaking in a scalar sector.

The present model is often used as a toy-model for the sector of the Standard model of parti-
cle physics involving only the HIGGS boson and the top quark (as the heaviest quark). As the
model only features a discrete symmetry, no GOLDSTONE bosons occur in the broken phase
(asis also true for the standard model, however, by virtue of the HIGGS mechanism involving
a gauge symmetry).

It is instructive to also study this toy-standard model application of the present model on the
level of parameters and numbers. On the level of the LAGRANGIAN, we have 3 parameters:
h,u?,A. This corresponds to the number of measurable quantities in the top-HIGGS sector
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6.1 Yukawa theories

Particles and Fields

of the standard model:

HiGGs bosonmass: mpyg=125GeV

top quark mass: m; = 172GeV
1

Fermi-constant: v=——=246GeV.

\/ V2Gr

Using the identification with our model parameters:
mpg <My =1\/2u° = \/Eu

6 2
mtemw:hv:h\/%.

u~=88GeV, h = 0.70, A=0.77.

With A = % we find

(6.13)

(6.14)

We observe that both coupling constants are of the order of 1. However, A comes with a
factor of 1/4! in the action. This is not the case for the top-YUKAWA coupling h. Even though
the top-quark is very short-lived with a lifetime of ~ 5-1072°s and was difficult to discover’
due to its high mass, it plays the most important role for the dynamics of the theory at high
energies among all the other quarks and leptons. Of course, for a proper discussion in the

context of particle physics, a full quantization of the theory is necessary.

"Discovery: 1995 by CDF and D@ at Tevatron, Fermilab
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6.2 Yukawa vs. fermionic theories

In the purely scalar case, we have been able to construct a whole class of models by promot-
ing the real scalar ¢ € R to a vector ¢ in an internal symmetry space O(N). Naively, one
may try to do the same for YUKAWA systems by promoting ¢ — ¢“ and similarly promoting
the DIRAC spinor to multiple copies ¥ — W%, which are often called flavors in the fermionic
context,a=1,..., Ny.

However, it is not fully trivial how to construct a YUKAWA interaction from such rather arbi-
trary building blocks (e. g. try to contract the indices to get a scalar). Moreover, since ¢% € RV
for a =1,...,N, ¢ transforms under O(N) whereas ¢*, ¢* are complex fields and hence
Yy is invariant under the unitary group U(Ny). So, the symmetries would not fit.

In the above example, we had the action

S:/d4x

being invariant under Z, symmetry. However, the symmetry acted rather differently on ¢
and v, c.f. (6.7). On the other hand, the symmetry transformation looks equivalent on the
level of ¢» and the fermion bilinear:

_ 1 _
iy + 0,0 0"~ hpgy — V(@) , (6.15)

== Yy—-yy. (6.16)

In fact, this can become a general construction principle for theories with spinors and fur-
ther fields to feature invariance under bigger continuous symmetries.

This construction principle becomes even more visible in a certain limit of the above theory.
Let us take a look at the equations of motion:

(- hp)y =0, 0P+ V'(P)+hyy =0. (6.17)

Obviously, we have two coupled partial differential equations featuring a high degree of non-
linearity.

Let us study a particularly simple limit: Assume that ¢ is slowly varying or almost constant
in spacetime ¢ ~ const., then, with 8%¢ =~ 0, we get

hyy + V' (¢) =0. (6.18)

For the simple case V (¢) = m?¢? + 2¢*, we have
- 2 A 3
hyy+m (,b+§</) =0. (6.19)
Let us further assume that % « 1, then:

¢=—-——Ty, (6.20)

52



6.2 Yukawa vs. fermionic theories Particles and Fields

which is naturally compatible with the symmetry. Even if we included a full potential V (¢), (6.18)
can in principle be expressed as ¢ = f (@) at least locally connecting the scalar to a fermion
bilinear. It is instructive to study the action (6.4) in this limit A < 1,0¢ = 0:

S:/d4x

Using the equation of motion (6.20) for ¢, we get an action depending solely on the spinor
field:

. (6.21)

_. _ 1
Fidy — hpyy - Sm*p

s—/d‘*x"ia —h(—i' ) —lmz(—i‘ )2]
= vidy pl A LA e

r h2
_ 4| = T
_/dwaldw+2 z(ww)]

_ _ h?
:/d4x wi@w+§(ww)2], g=—s (6.22)

This is the famous GROSS-NEVEU model, introduced by GROSS and NEVEU in 1974 in two
dimensions as a model with analogies to the strong interactions. The precise statement is
that the theory defined by (6.22) purely in terms of spinors and that of (6.21) defined in terms
of spinors and scalars are completely identical by virtue of the equations of motion (6.20) of
the scalar field.

Of course, beyond the limit A — 0 and for non-vanishing scalar kinetic terms, the equiv-
alence is only approximate. Incidentally in the quantized version, the exact equivalence
between (6.22) and (6.21) persists to hold. Moreover the equivalence can even hold upon
inclusion of interactions and derivative terms for properties of the long-range physics. This
is an example of universality.

In term, if we had started with the GR0OSS-NEVEU model (6.22), we could have used the in-
verse construction, defining a scalar field

b=-gyy (6.23)

to write the action as

S:/d4x

Writing g = % and rescaling ¢» — h¢ would lead to (6.21) again. This construction (which
also exists for the quantum theory) that converts a non-linear fermionic theory into a bilin-
ear (GauBian) action is known as HUBBARD-STRATONOVICH transformation.

N 11,
WI@W—W/”V—E?P - (6.24)

Let us use this construction to introduce YUKAWA models with higher symmetries. E. g. it is
straightforward to upgrade the spinor content to Ny flavors v4a=1,...,.N r:

S:/d4x

This theory is invariant under flavor rotations

Plidy? + g(qp“w“)z : (6.25)

wa s U(lb b’ w(l — @b(UT)b(l’ (6.26)
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suchthat UTU =1, i.e. U UWNy).

In absence of a mass term ~ %y “ (which would also be U(Ny) invariant), the model also
has the discrete Z, axial symmetry (6.7), transforming y*y¢* — —y %y *.

The structure of the interaction suggests to introduce a scalar field

¢=-gyy”, (6.27)

leading, as before, to the equivalent action

S:/d4x

Now, we can add kinetic terms and interaction terms for the scalar field to arrive at a new
YUKAWA theory for Ny spinor flavors:

The model still has the full U(N¢) flavor symmetry. However, the scalar sector is the same
as before. In order to preserve the Z, symmetry of the fermionic system, we only need a
real scalar ¢ € R and a Z, symmetric potential V(—¢) = V(¢). Upon spontaneous symmetry
breaking by a suitable potential with a minimum at ¢, = v # 0, all flavors of fermions
acquire the same mass term —my, ¥ %y“, my = hv. Most importantly, the breakdown of the
Z, symmetry does not imply the breakdown of flavor symmetry. The mass term preserves
the U(Ny) symmetry.

(6.28)

—ai@ a _ .70 a_llZ
oy gyt =507

_ _ 1
Pidy — hpip Y + - 0u) 0) - V((p)] . (6.29)

In order to arrive at a more complex scalar sector, the axial/chiral symmetry on the fermionic
side has to be more complex as well.

54



6.3 Models with continuous chrial symmetry Particles and Fields

6.3 Models with continuous chrial symmetry

In the exercises, we had already studied a fermionic model with continuous chiral symme-
try:

SnyL= / d' x (yridy - g((u‘/w)z - @rysw)d) (6.30)

This is the famous NAMBU-JONA-LASINIO model for the case of one fermion flavor Ny = 1.
The model has been invented by Nambu and JONA-LASINIO (and independently by VAKS
and LARKIN) in 1961 by transfering ideas from the BCS theory of superconductivity to the
description of nucleons and mesons in elementary particle physics. Up to the present day
it is frequently used as an effective low-energy model of the strong interactions (low-energy
QCD).

The model is invariant under

ia

Uy(D):y —e%y, w—e

i - _ (6.31)
Ua():y —e'Vy, @ —pe

+iays
as discussed in detail in the exercises. Hence it is also invariant under both chiral symmetries
U;(1),Ug(1), which are a linear combination of (6.31).

In the spirit of the HUBBARD-STRATONOVICH transformation, it is natural to introduce two
scalar fields,

o1=-gwvy), P2 =—-ig(Wysy) (6.32)

to rewrite (6.30) as
4 (s o 11,
Snjp= [ d'x 1//1@1//—</)11//1//—1<P21VY51//—5§(¢1+</>2) : (6.33)

Since Yy as well as ¥ysy are separately invariant under Uy (1), the fields ¢; and ¢, trans-
form trivially under this symmetry: ¢12 — ¢2,1. Since the NOETHER charge of this Uy (1)
corresponds to particle number, this implies that ¢; and ¢, do not carry particle number (=
electric charge, hence are neutral).

In order to identify their transformation under Uy (1), we note that
el®5 = 1 cosa +iyssina. (6.34)
This implies that

Yy — Y5y =y cos(2a) + isin(2a) Urysy

7 _, 1rel@Ys5 iays, _ .7 . . _ (6.35)
Uysy — we' ' Pyse Sy = yysycosa) +isina) Y.

We observe that the combination ¢,y +ig¥ysy is invariant under Ux(1), if ¢p; and ¢,
transform as

$1 cos(2a) sina))(¢1
(‘Pz)_)(—sin(Za) cos(2a))(¢2)' (6.36)
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Interpreting ¢4, a = 1,2 as an element of R?, equation (6.36) corresponds to an SO(2) rotation
in the ¢1, ¢, plane. This rotation also leaves the scalar mass term ~ (¢? + ¢b5) invariant as
it corresponds to the scalar product in R%. Since the symmetry groups SO(2) = U(1) are
isomorphic to one another, the complex transformations of 1 and the real transformations
of ¢1, ¢ fit perfectly. Note, however that a full axial rotation in U4 (1) from a =0to a =2n
covers the SO(2) rotations twice: 2a =0 to 2a = 4.

In the language of NOETHER charges this implies that the scalar carries twice the axial charge
of the spinor. These symmetry considerations allow us to finally construct a YUKAWA theory
that exhibits the chiral symmetry of the NJL model

Syuk-NJI, = / d*x

where V (¢) depends on ¢, only through the scalar product ¢,¢,. Note that the symmetry
fixes both YUKAWA interactions to have the same coupling h.

i 1 _ _
pidy + 5(6y¢>a) 0" Ppa) — K1y +iyysy) — V() (6.37)

Let us now study the predictions of this model for the particle/mass spectrum in the phase
with spontaneous symmetry breaking if V' (¢) develops a vacuum expectation value at

Poatpoa = V", (6.38)
Parametrizing the field as
P1(x)) _ (v+ox)
(¢z (x)) - ( 7(x) ) (6.39)

the action (6.37) becomes

Syuk-NJL = / d*x |gidy + %(aﬂa) (0 o) + %(6“71) (0")

—hvyy —h(oyy +inyysy)—V(o,n)|, (6.40)

where V (o, ) is the same potential that we have studied in the context of O(/N) models
in (3.20) for the case of only one 7 field. Hence, we obtain the mass spectrum

my = hv, Mg =1\/2u?, my =0. (6.41)

The massless mass of the 7 is in agreement with GOLDSTONE’s theorem. The fermions be-
come massive. As the n-field couples to ¥ys5y which is a pseudoscalar fermion bilinear, also
7 must transform as a pseudoscalar (i. e. with a minus sign under parity).

In their original publications NAMBU & JONA-LASINIO associated the ¥’'s with the nucleon
(proton/neutron), the n-field with a light pion and thus predicted the sigma meson as a
heavy nucleon/anti-nucleon bound-state. Of course, quarks had not yet been invented in
1961. In the modern use of the NJL model, ¥ denotes the quarks and hence my, is inter-
preted as the constituent quark mass m,, ~ 300 MeV.

With regard to the HUBBARD-STRANOVICH transformation ¢ = v+ 0 ~ —g(@v), the non-
vanising expectation value of ¢, is also interpreted as a non-vanishing chiral condensate
(Yy) (in quantum notation).
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Since the mesons (o, 7,...) are bound states and not fundamental in contrast to the quarks,
the formation of a bilinear condensate is sometimes also called dynamical symmetry break-

ing. Quantitatively, the vacuum expectation value is related to the pion decay constant
v =93MeV.
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7 Field theories of matter and gauge interactions

The most characteristic fact of particle physics is that the interactions among fermionic mat-
ter building blocks is mediated by gauge bosons (e.g. the photon)®. The underlying local
gauge symmetry that we have already encountered in MAXWELL's theory is largely responsi-
ble for the resulting structures. In G. 'T HOOFT’s words, we are under the spell of the gauge
principle.

7.1 Quantum electrodynamics (QED)
Starting from the MAXWELL LAGRANGIAN (1.60) known from classical electrodynamics,

1

let us try to add fermionic electron/positron degrees of freedom in the form of a DIRAC spinor
field v (x), while preserving the local gauge symmetry under gauge transformations:

Ayu(x) = Ap(x) + 0, A(x), A(x) : arbitrary. (7.2)

Assuming that the interaction can be written in terms of a suitable choice for the source
Ju = July,y], the action remains invariant, if

S:/d4x
:>/d4x

1
_ZF,UVFW — ]'UAH

1

1
£ / d*x [—ZFWF’” — A+ NG T, (7.3)
the source is conserved, 0% Ju=0.
Indeed the free DIRAC theory
Sp= / d*x [idy — myy] (7.4)

offers a conserved source: the NOETHER current j* associated with Uy (1) vector symmetry
v — ey, ¥ — e e, (7.5)
We have determined the resulting NOETHER current in the exercises:
i+ =uyty, d,j" =0. (7.6)
this suggest to identify J# with the NOETHER current

JH=ej*, (7.7)

8Remark: The HIGGS boson is somewhat Janus-faced, it carries matter properties as well as mediates a force
via YUKAWA interactions
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7.2  Quantum Chromodynamics (QCD) Particles and Fields

where we have allowed for a coupling constant e that parametrizes the strength of the in-
teractions between the MAXWELL and the DIRAC field. Upon insertion of (7.7) into (7.1) and
adding the DIRAC action (7.4), we arrive at

SQED :/d4x

where we have used the covariant derivative, c.f. (3.34)

—}LFMVF”V + Wi [Aly — myy (7.8)

Dy[Al =0, +ieA, and D=yD,. (7.9)

Equation (7.8) denotes the classical action of Quantum Electrodynamics (which becomes
Quantum, of course, only upon quantization of the fields).

Our construction guarantees, that Sqgp is invariant under the local gauge symmetry (7.2)
as well as the global vector symmetry (7.5) separately. However, the interesting observation
now is that Sqgp is fully invariant under a simultaneous local transformation of both fields:

Ay(x) = Ay(x) + 0, A0,  w(x)—e Iy,  Fx) — F(x)er. (7.10)

This is the same type of local U (1) symmetry that we have already encountered for the abelian
H1GGS model in (3.33).

The essential building block is the covariant derivative D,[A], which guarantees that
(Du[Aly) — e AW (D, [Aly) (7.11)

— despite the partial derivative — transforms with a simple U(1) phase factor. Already on this
classicallevel, the theory (7.8) is useful, as (together with a proton field) it offers the relativis-
tic version of the quantum mechanical hydrogen-problem, describing relativistic effects in
atomic physics rather accurately.

QED, however, celebrates its greatest successes in the quantized version for the quantitative
description of the anomalous moment of the electron or LAMB shift effects in atoms. Here,
we plan to go beyond and wish to view this theory as a first simple example of a gauge the-
ory.

7.2 Quantum Chromodynamics (QCD)

The necessity of a further quantum number, i. e., another type of charge for the elementary
constituents became clear from the observation of Baryon resonances with three quarks in
the same flavor and spin state

AT Y =lutlulut)
Q7)Y =IsDIsIsT (7.12)
AT =Id)ld1)|d 1)

seemingly contradicting PAULI’s exclusion principle. Upon adding a further quantum num-
ber, the required anti-symmetrization for the fermionic constituents can be realized with
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7.2  Quantum Chromodynamics (QCD) Particles and Fields

respect to this new quantum number, called color. As a consequence, processes which can
proceed via different internal values of this quantum number become proportional to it, e. g.
pion decay into two photons,

0 ~N.,. (7.13)

v

According to QFT, the decay proceeds via an internal quark fluctuation. As the quarks now
can occur in differently coloured versions, the process is proportional to the number of colours
N;. The experimental result is N, = 3. I.e. in addition to the different quark flavours f =
u,d,s,c,b, t quarks also carry a colour index i = 1,2,3:

w(x) = w}(x). (7.14)

In the following, we ignore the flavour and concentrate on the colour index i = 1,2,3. The
above experiments suggest that there is at least a global symmetry in an internal colour space
by which we can transform the spinors:

v syl =Uyl, (7.15)

The decisive aspect of this symmetry exerting a strong influence on the resulting dynamics,
however, is that this symmetry turned out to be a local symmetry analogous to the one of
QED:

v (x) = U (0w’ (x) (7.16)

where U(x) € SU(N,) is a matrix, being an element of the matrix group SU(N,), i.e. com-
plex unitary matrices with detU = 1. This local symmetry property cannot be read off from
kinematical observations as the ones given above, but require a close look at the dynamics
or bound-state spectra of the system.

Let us first recall a few basic facts about the LIE groups SU(n.) and their corresponding LIE
algebra. The complex N, x N, matrices U'/ with

U'u=1=0U", detu=1 (7.17)
form a representation of SU(IN,;). The exponential map

U=¢  where H=H' (7.18)

parametrizes U in terms of N2-1 real parameters. (7.19)

This implies that H can be spanned by N2 — 1 linearly independent hermitean matrices
which serve as generators of SU(N,):

U=e @ (t%'/ : generator of SU(N,) (7.20)

with i,j =1,...,N; and a = 1,...,N§ — 1, where w, are real parameters, and the 7% can be
chosen tracefree since

1 =detU = dete @a™" = g i0aTr7" (7.21)
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7.2  Quantum Chromodynamics (QCD) Particles and Fields

For the commutator [7%,7?], we have
Trit%, 12 = Tre%? - tP1% = 0, tracefree
%7 = 1Y, 9N = 12, 79 anti-hermitian.

hence, we can write [t% 7°] = ik with / hermitian. Since & can be spanned by 7¢ again, we
have

[t 7" =if 1", (7.22)
where the f*°’s are the structure constants of the LIE algebra SU(N,) defined by (7.22).
Conventionally, the 7%’s are normalized to

Trrér? 6“b (7.23)

A well-known example is given by N, = 2, where 7% = 50“ (PAULI matrices) such that

1 1
(1% 10 = Z[U“,Ub] =1 2igWC G = jgabere (7.24)

i. e. the structure constants of SU(2) are f42¢ abe

sue ~ €

For all higher N, the generators can be constructed analogously to the PAULI matrices, e. g.
N;=3, N?-1=8, 7%= 31"

010 0 —-i 0 1 0 0 00 1
Al=11 0 0 A2=1i 0 0 A2=]o0 -1 ol A*=]o 0 0O
000 0 0 0 0 0 0 1 00
i (7.25)
0 0 —i 000 00 0 L (1o
A’=[o 0 o A={o0 0 1 A'=1o0 —i A=—l01 o
i 00 010 0 i 0 V3o 0 -2

These are the GELL-MANN matrices. The determination of the structure constants is straight-
forward:

123 147 156 246 257 345 367 458 678

be .
e T 1 1 1 1 ) L Vi 3 (7.26)
2 2

2 2 2 2 2 2
and correspondingly for the permutations of the indices.
The resulting representation of SU(N,) in terms of the 7 are irreducible by construction.
It is called the fundamental representation. Of course, higher representations of the same
algebra (7.22), [T%, T?] =if*P°T*¢, in terms of higher dimensional matrices T also exist. An
important one follows directly from the Jacobi identity for the commutator:

a, b],r] [[T 7] ] [[T T, T ] 0
= fabdfdce + fbcdfdae + fcadfdbe =0
= (_ifbad)(_ifedC) _S_ifbcd)(_ifedaz — ifbed(_ifda(,‘)
=(—ife“‘;;(—ifbd”)
= [(=if?), (-if91% = if P (-if D). (7.27)
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7.2  Quantum Chromodynamics (QCD) Particles and Fields

Hence, (T%)?¢ = — ¢ is also a representation of the SU(N,) LIE algebra, consequentially
generating a corresponding representation of SU(N,) in terms of (N? —1) x (N? — 1) matrices.
This is the adjoint representation.

Now, let us start with a free DIRAC theory for a massive quark field occuring in N, colours:
Sp=vlidy' —my'y',  i=1,...,N,. (7.28)
As noted before, this theory is invariant under unitary global rotations in colour space:
v Uiyl gl -viuhit (7.29)

Using the representation (7.20), it is straightforward to show that the corresponding Noether
current is given by

F=giytthyd, ot =o. (7.30)

Identifying J#* = — g j** with a coupling constant g > 0 (in QED: e < 0) as the vector-colour
current that we wish to couple to a photon-like colour gauge field, we recognize that this
colour gauge field also has to carry an adjoint index:

Lr=—JA=—-JHA% . a=1,...,N*—1. (7.31)
Adding the current term to the free DIRAC theory, we obtain the LAGRANGIAN
L = 9D [Alg — my'y! (7.32)
where the covariant derivative now takes the form
Dij=y"Dpij=v"(040ij —1gT; A (7.33)

Incidentally, note that — in order to preserve the invariance of (7.32) under global colour
rotations — Aj is not allowed to remain unmodified under a global rotation. Writing

or A, in short, the colour gauge field has to transform as
Ay— UALU" (7.35)

under global colour rotations. Note that this is still in line with QED, as for a U(1) symmetry
the generator is a number, say 7 | v = L such that UA, Ut = A, for QED.

However, inspired from QED we now wish to promote the invariance to a local invariance.
This is possible if the covariant derivative of the spinor transforms as

Dy — Ux)Dy (7.36)
as analogously in QED, c.f. (7.11) such that

WiDy — g U UDy = wiby. (7.37)
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This condition for the covariant derivative is met if we generalize (7.35) to the local transfor-
mation rule

Ay— AL =UAU" - é(auU) ut. (7.38)

We can check this by

Dy — 0, —ig Ay = 0, —igUAU" - 0,)UNH Uy
= U@, —igA)y + @,y — 0,0 U Uy
=UD,v. (7.39)

Having introduce a field A, that couples photon-like to the colour charge of the quarks, we
finally need to specify its dynamics by constructing a kinetic term for A, on the level of the
action. For this, we first note that the field strength in electrodynamics follows from the
commutator of covariant derivatives,

U): [Dy,Dyl = ieFyy. (7.40)

Taking the different sign conventions for the coupling into account, we similarly define the
field strength for SU(N,) gauge theory from the covariant derivatives:

1
FIJV = Q[DN,D’V]y FIU’\/ = FﬁvTa. (7.41)

As discussed in the exercises, this leads to
F,=0,A%—0,A%+g f*° AL AS. (7.42)
As the covariant derivative transforms homogeneously,
D, — UD,U", (7.43)
also the field strength transforms homogeneously,

Fyy— UF, U'=F, (7.44)

and is thus not invariant component-wise in contrast to electrodynamics. Still, we can straight-
forwardly construct a gauge-invariant action

1 23 1
i =~ Fi F e —EFﬁva”VTrT“rh
1
1
= —ETr(UT UF, U UF")

licity 1
e ~5Tr| UR UNWF U

_ 1 ! J73%
= =T F FY.
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This is the celebrated LAGRANGIAN of YANG-MILLS theory, a SU(IN,) bosonic theory of a vec-
tor field (spin-1) with a local symmetry. It is important to realize that this action not only
defines the kinetic terms for Aj:

. 1
Lan _Z(auAg — 0, A" AV -3 AHY (7.46)

but also contains self-interaction terms which are enforced by gauge invariance (schemati-
cally)

L~ 4. g0 AN AP AY + ... g (AL AL (7.47)

Therefore, already the pure YANG-MILLS part is a highly non-trivial interacting theory unlike
the pure MAXWELL part. The gauge field excitations are also called gluons, hence (7.45) de-
scribes gluodynamics. Read together with the DIRAC part of the quarks (7.32), we arrive at
the classical action defining Quantum Chromodynamics (QCD)

SQCD:/d4x

Upon the inclusion of different quark flavours, each flavour may have a different mass pa-
rameter m.

1
- ZFﬁvFWV +yiDy — myy |. (7.48)

Let us finally take a quick look at the classical field equations. As discussed in the exercises,
the EULER-LAGRANGE equations for the gauge/gluon field lead to

Dszbpv = (auéab + gfaCbAZ)Fb”V — jav (7.49)

where j*¥ = ¢ gyYT%y. Here, we encounter the covariant derivative in the adjoint represen-
tation:

D& = 0,67 + g fUPAC = (0, —ig T AD™  with (TP = —ifP. (7.50)

Let us, for example, consider a static quark-anti-quark pair as a simple model for a meson,

= Q nt (6(3)(x—x1)—6(3)( X— %X )). (7.51)
charge, unitvector quark anti-quark

in colour space position position

The equation of motion can fully be mapped onto classical electrodynamics, by noting that
a pseudo-abelian ansatz

AZ =n“ay, Fﬁv =n’ fu (7.52)
with f4PpPpc =0 leads to
Ot = j4nc. (7.53)

Hence, the solution is fully equivalent to that of a classical dipole field for the n“ compo-
nent of the chromoelectric field. Correspondingly, the static potential corresponds to the
CoULOMB potential

Vi(r) ~ % (7.54)
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7.2  Quantum Chromodynamics (QCD) Particles and Fields

However, this is in contradiction with the experimental observation. For instance, if higher
mesonic excitation with higher angular momentum J are studied, one observes that their
total mass? is proportional to J:

J mesons with different flavour content.

%mz

These lines of proportionality are called REGGE trajectories. In contrast to the classical analy-
sis given above, this observation can be described by a string model for the field distribution
of a meson:

2, (7.55)

* The gluon field of a meson is stringlike with a constant energy per length L (o string
tension).

* for higher excitations, the quarks on both ends rotate at almost the speed of light.

Then the energy/mass of the system is, R = £2

R R
m=E—2/Ldr—/Ldr—ﬂaR (7.56)
) VIZURm 1 (%)

whereas the angular momentum is

=)~

R R
2 2 1
J=2 L(Zr)dr = ?U/r—zdr = EnaRz, (7.57)
g VIO R ()
from which we read off
1 2
J=——m". (7.58)
2no

This is in agreement with the experimental observation. The slope of the REGGE trajectories
gives

1 1
~0,9 or o= (430MeV)*. 7.59
210 GeV? ( V) (7:59)
A stringlike colour electric field distribution can be associated with a linear potential,
V(r)~r. (7.60)

This line-like field distribution between two quarks and the corresponding impossibility to
isolate a single quark is called confinement.

The comparison with our conclusion from the classical equation of motion shows that clas-
sical Chromodynamics is insufficient to describe the basic experimentally verified property
of the strong interactions.

Therefore: Quantum effects modify the dynamics of QCD qualitatively (not only quantita-
tively).
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8 Classical field theory for particle physics - an
example

In this course, we have mainly discussed the classical field theory aspects which are rele-
vant for particle physics. This included mainly the aspects of possible degrees of freedom
(scalars, spinors, vectors, ...), their symmetries (external spacetime symmetries and internal
symmetries) and the construction of interactions on the level of the classical action. How-
ever, a thorough discussion of particle physics applications typically involves quantization,
as it is the quantized excitations of these fields which are relevant for computing observ-
ables. Also, some aspects which could, in principle, be discussed on the classical level (tree-
level processes), follow much more elegantly within the quantized formalism making it less
worthwhile to deal with the classical equations of motion.

Still, the language of classical field theory does become even more useful than the quantum
notion of Fock spaces etc., as soon as the corresponding experimental situation involves
coherent classical fields. In the following, we want to illustrate this with an example from
experimental searches for new particles.

8.1 Photon-axion-conversion

The standard model of particles has various short comings, a prominent one being the rather
large number of parameters such as fermion masses which do not seem to follow a natural
pattern. Even more serious is the fact that some parameters which, in principle, are allowed
to be sizable seem to be zero or at least unnaturally small. Most prominently, there is an angle
type of parameter 8° which would physically induce CP violation in the strong interactions.
If so, QCD bound states would be expected to show CP-violating properties. An example
would be given by an electric dipol-moment of the neutron d,,.

Measurements so far have only found an upper bound on a possibly nonzero value: |d,| <
1,3-107%6 ecm (2020). The precise relation between |d;,| and 0 is difficult to compute as any
bound-state property of QCD from first principles. However, simple estimates translate the
value as follows into 0: given the diameter of the neutron ~ 10~ m and assuming a linear
dependence on #, we may estimate

ldyl ~ cO-e107 m = c610" ¥ ecm (8.1)

where c is a constant to be determined from a full calculation. Generic field theory compu-
tations often yield factors inversely proportional to the phase space and thus to the volume
of a 4-sphere. So the smallest number, one typically gets is ¢ = 321712 ~ 1073 and hence we
conclude that§ < 10719,

As 0 is an angle € [0,27], we would naturally expect it to be of O (1), rendering 0 = 10710 or
smaller rather unnatural. This is the strong-CP problem.

One possibility to explain 6 = 0 is to impose a suitable symmetry. This is not completely
trivial as 0 receives contributions from two different origins (QCD+ quark mass matrix). All

9a combination of a QCD parameter and the phase of the determinant of the quark mass matrix
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8.1 Photon-axion-conversion Particles and Fields

requirements are ultimately satisfied by models that lift 8 to be the expectation value of a
dynamical field that acquires a suitable potential in a dynamical fashion. Ultimately, these
models do not only predict (post-dict) 8 = 0 but also feature the possibility of having excita-
tions on top of the vacuum, corresponding to a pseudo-scalar field: the axion.

To cut a long story short: the so-far only valid solution to the strong-CP problem predicts
another pseudo-scalar particle ¢» which in many respects behaves like the neutral pion 7°, in
particular, it has a nonzero mass m and can couple to two photons ¢ — 2y. The correspond-
ing effective classical field theory is:

1 1 1 1 -
LaxED = —ZFWF*” + 5 0u) (0" ) — §m2¢2 —~ Zg<pFNVF“” (8.2)

(Axion electrodynamics), which involves a coupling between the axion and the pseudoscalar
invariant

1
~ 3P FMV - E.B. (8.3)

This effective field theory involves two parameters m and g. Dimensional analysis reveals
that g must have an inverse mass dimension, so g~! corresponds to a mass scale.
In order to solve the strong-CP problem, g and m are related:
m §
[1meV] [1018GeV]~!

The fact that we haven't observed any direct signature of the axion puts sever constraints on
the coupling. Hence, the axion can be expected to be rather light (if it exists).

(8.4)

Now, the coupling ~ ¢E - B inspires to look at the following process: consider a plane wave
with electric field component e propagating across a magnetic field B with e || B. Then, this
interaction allows for a mixing of the plane wave e with the axion field ¢. So, even if we
initially start with a pure plane wave, the axion field will acquire a nonzero amplitude after
some distance of propagation inside the magnetic field.

A quantitative analysis follows from the field equations. Using a WEYL-COULOMB gauge
(Ap = 0,V- A =0), the plane wave field can be parametrized by a pure vector potential a,
e=-a.

Considering only the relevant case, where e | B, with B being a constant field pointing per-
pendicular to the direction of plane wave propagation,

_Te

Y

B

NY

we can write the interaction term as
1 -
—~ / d4ng([>FwF”V = / d*xg¢E-B

(8.5)
:/d4xg<peB:/d4xga([)B
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8.1 Photon-axion-conversion Particles and Fields

where e = |e|, B =|B|, a = |a|. The interaction term hence contributes to both, the MAXWELL
as well as the KLEIN-GORDON equation for a and ¢, respectively we find

O¢p+m?p—geB=0

- 8.6)
Oa ~gpB=0.

We are interested in solutions that propagate along the z-direction, hence a = a(z, t),¢ =
Pz, 1)
= [0 — 0% -02. (8.7)

Though both fields a and ¢ are real, it is useful to formally complexify the fields and perform
a FOURIER transformation to frequency space:

a(z, t) = /dw el g(w, z)

(8.8)
¢z, 1) = —i/da) e “'y(w,2).
Then (8.6) turns into equations for the frequency modes a(w, z) and y (v, z):
(—w? — 0%+ m?) (—iy (0, 2)) —igwa(w,z) B =0 89)
(—w* - 0% alw,z) + goy(w,z)B=0 '
or in matrix notation
[1(?+6%) - M] (g) =0 (8.10)
m?> gwB
where M= (ng 0 ) (8.11)
Assuming a plane wave form in wave number space
la, 1} (w,2) = {a, } (w)e'** (8.12)
leads to the algebraic equation
(1(w?- k) - M) (ﬁ) =0. (8.13)
Solutions exist if det(1 (w? — k%) = M) =0
= (w? - k* - mH)(w? - k*) = (gwB)?, (8.14)
the roots of which define the dispersion relations
(20) £1
K2 = 0 — (m? - (gB)2) 8.15
L Ry (6.152)
2wgB
where  tan(20) = ——8" (8.15b)
m? — (g B)?
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0 can be interpreted as a mixing angle between axion and photon. In the limit of vanishing
coupling or vanishing magnetic field g B — 0, we have 8 — 0 and hence k? = w?,k? = w? -

m2.

In this limit, k- corresponds to the wave number of a free photon, and k, to that of the
massive axion.

In a real experiment, a fixed scale is set by the frequency w of the propagating laser and the
wave numbers follow from the dispersion relation. The general solution of the equations of
motion for a propagating mode along the positive z direction reads

ik_z ikiz

alw,z) = a (w)e*?+tan’fa” (w)e

w _ - w ; (8.16)
Y(w,2) = —tanfa~ (w)e'** — —tanfa* (w)e'*+~.
k_ k.

Let us consider a monochromatic wave, a~ (w) = a* (w) = const. for one fixed w, and an axion
mass much smaller than the optical laser frequency m? < w?. We also confine ourselves to

a small mixing angle 6 < 1. Then, the induced axion amplitude reads (a~ = a* = ary,)
A, 2) = a0 (€* - e*+) (8.17)

where we keep k. in the phases as the wave numbers can be multiplied by large values of z,
but approximate k. = w in the prefactor.

Now, we use the fact that the classical field equations lead to amplitudes that can be inter-
preted as quantum mechanical probability amplitudes. Hence, we arrive at the probability
that an initial photon amplitude is converted into an axion as a function of the length L of
propagation inside B:

o P o ks kg
Py —=¢;L)=——=101"le e
|aIn| z=L

=101?(2 —2cos((k; — k_)L)). (8.18)

In the above-mentioned limits, the occuring quantities yield

I
g
\S]
|
:‘
\S]
|

S

|
S
—

|
N| N
|
—

wgB)?
|92|:(%) . k—k

m m
:w(l___l):_, (8.19)
Using 2 —2cosx = 4sin” 5, we get

wgB\? m2L
o ) sin? 2= (8.20)

Py — ¢; L) = 4| ===
r=é:D ( m2 4w
For a given length of the magnetic field, the probability in the small mass limit becomes

1
P(Y—></),L)‘ ~ Z(gBL)Z, (8.21)

m—0
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or | ﬁm TT ]

Lasa -1------- ‘ ‘ J detector

wall

Fig. 3: Light-shining-through-wall experiment.

and thus independent of the mass.

When it comes to discovery experiments, it is not sufficient to convert photons to axions,
because we have no axionmeter that could measure the axion amplitude. Instead one uses
the following idea (SIKIVIE 1983, VAN BIBBER 1987):

Shine a laser onto a wall and try to observe photons behind the wall. Use a strong magnetic
field to convert part of the photon wave (function) into an axion in front of the wall and
back into a photon behind the wall. Since the axion is weakly interaction, it can traverse the
wall in contrast to photons. This type of experiment has a couple of attractive features: the
interaction regions (size of the B-field) can be macroscopic (in contrast to small collision
points on colliders) and can even be enhanced by the use of cavities.

The number of incoming photons can be very large = 102°, whereas the detection of a single
photon can already constitute a signal of new physics. Apart from exceedingly small pro-
cesses from photon-neutrino pair processes or photon-graviton conversion, the experiment
is essentially background free.

A number of experiments (BFRT, BMW, GammeV, LISPS and ALPS) have been performed.
The non observation of a signal constitute the currently best laboratory bounds on axions,
complementing astrophysical bounds. Currently, a major upgrade of ALPS and DESY is in
preparation.

To get a rough estimate on the sensitivity, we first note that the back-conversion ¢ — y fea-
tures the same probability as in (8.21). Assuming that the magnetic field behind and in front
of the wall have the same length L, we have

1
Py = ¢ —y;L) ~ EC(gBL)4 (8.22)

m—0

where C is an enhancement factor if cavities are used in order to enhance the photonic input

power. For one cavity in front of the wall C ~ ( g)4 the finesse of the cavity which can be of

order N ~ 103. The current upgrade of ALPS even plans to put a locked cavity behind the
wall, which would give a C ~ (%’)8 improvement. Converting the emits into GeV, we have

1 B L \*
Cg

P~—
16 \[GeV]~! [1T] [1m]

(8.23)

with N, being the number of incoming photons per second, the number of reconverted pho-
tons per second behind the wall is Nyps = Ny P.
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020

Having Ny in excess of 107, experiments with C = 1 already become sensitive to values of

g 1 ~10°GeV = 10°TeV (8.24)

for meter size and Tesla strong fields.

In fact, ALPS has reached a sensitivity g~! < 107 GeV which is a factor of 1000 larger than
current collider energy scales.
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