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Abstract

In this work we review the symmetry breaking mechanism of gauge theories. On the first
chapters of this thesis, we review the concept of symmetry as the action of a group that leaves
an object invariant, in particular Lagrangians and actions, and then develop the corresponding
globally and gauge symmetric theories and the relationship between them. It also reviewed the
concept and general framework of the spontaneous breaking of a symmetry for renormalizable
potentials. Correspondingly, two main results for global symmetries, Noether’s theorem and
Goldstone’s Theorem, are reviewed in a general setting.

Chapter 3 is the most important part of this work. The Brout-Englert-Higgs mechanism is
explained and used to retrieve the symmetry breaking patterns for the vector and all the sec-
ond rank tensor irreducible representations of the O(n) and SU (n) groups. In general we will
retrieve the vacuum expectation value (vev) for the particular representation and value of the
parameters of the potential. Then, for this vev, we calculate the number of massive vector
bosons of the theory. Following BEH mechanism and Goldstone’s theorem, this number is
equal to the number of broken generators delining thus the particular symmetry breaking pat-
tern.

Chapter 4 is a review of the Standard Model with an aim towards Grand Unified Theories
(GUTs). Lastly in Chapter 5 we review the group theory of the minimal model SU(5) in
a very exhaustive way and use the results of Chapter 3 to see the breaking patterns for this
particular GUT.
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Chapter 1

Symmetries

In the following sections we will review classical field theory and introduce the importance of
symmetries in Physics .

1.1 Symmetries in Physics

An object has a symmetry if it is invariant under the action of a group. Let X be an object
such as a Hamiltonian or Lagrangian and GG a group, we say that G is a symmetry of X if for
any g € G the action of this element A, leaves X invariant:

A(X)=X Vged@ (1.1)

The way in which the group acts will have a deep connection to the way in which the group is
represented. Usually the objects in which we are interested are Hamiltonians or Lagrangians
but can also be other objects such as matrix elements.

We shall now overline a first example of symmetry[2] and see the consistency of the
definition (1.1). Consider a system with a finite dimensional Hilbert space where pure states
can be defined. From the standard axioms of Non relativistic Quantum Mechanics a symmetry
transformation ¢ € G,with G the set of all transformation of the system, is defined as a
transformation that is a one to one map between ray vectors ! into ray vectors and conserve
the transition probabilities. Thus, if ¢, ¢/ are ray vectors; then:

(1] = (@l (1.2)

where ¢4, 1), are the transformed ray vectors. Then, following Wigner’s theorem, the only
type of transformations that satisfy the last equation are linear unitary transformations:

<¢g|77/}g> = <¢|¢> (1.3)

'a pure state is a state where we have the maximum amount of quantum information available. A ray vector
represents this state and is defined as the equivalence class {e**t} with ¢ a ket in the Hilbert space
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or antilinear antiunitary transformations [3]:

(bglthg) = (V)" (1.4)

Thus we have:
Yy =Ul(g)y (1.5)

where U(g) is a continuous operator. The set of transformations G forms a group (group of
transformations under compositions) but the U(g) do not necessarily form the representation
of the group but just a projective representation. For example, given U(g;), U(g2) we have:

U(g1)U(g2) = W(g1; 92)U(g192) (1.6)

where W (gy; g2) is a phase term that is not necessarily equal to one.

Since it is the Hamiltonian H that defines the dynamics of the system, a group G' C G
of transformation that conserves the dynamics of the system, or more succintly a dynamical
symmetry of the system, is one such that:

(gl HIvg)| =[(H[Y)|  VYge & (1.7)
then from Eq. (1.5) we have:
U(Q)HUY(g)=H  VYge & (1.8)

with U(g) linear unitary or antilinear antiunitary. But the term at the left is the transformation
of H under g, so we have H, = H. Then we see that a dynamical symmetry of the system is
a symmetry of the Hamiltonian and it has the form Eq.(1.1) as we initially hypothesized.

It is well know that the symmetry group of H labels the states of the system. In fact from
Eq.(1.2) if the group of transformations is a Lie Group, one can expand to first order to see
that the generators of the Group also commute with H. Then, depending on the rank of the
Algebra?, one can construct an equal number of Casimir operators [4] that labels the states.

1.2 Field Theory and Continuous Global Symmetries

In this section we introduce a general framework for the field theories we will use in later
chapters and some generalities about representations of the Lorentz and Poincaré group. We
will denote with the symbol ® a generic field and shall later differentiate the type of fields.
The importance of using a field theoretical point of view instead of the wave point of
view can be seen mainly from the fact that in this framework the possibility of creating new
particles is natural and paradoxes such as the Klein Paradox [5] are solved. In addition in this
work we will focus only in Classical fields that is fields before quantization and not operators.
A first restriction in the possible fields theories is that since we will be dealing with fields
in High Energy Physics (HEP), where gravitational effects are vanishingly small, the domain

The rank of a Lie Algebra is the number of elements of the the maximal abelian subalgebra.
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of the fields ®(x) belonging to a certain theory will be the Minkowski Space M. The metric
we use is the usual one in particle physics:

nw = (1,—1,-1,-1). (1.9

As we have seen in Section (1.1), symmetries can be a guiding force in Physics. In particular in
HEP they will be useful in model building to construct multiplets of particles and derive their
dynamics (sec. 1.4). It can be shown that for each continuous symmetry of a system there is
a corresponding Lie Group G that generates it. Suppose we have a set of fields: ®y,--- , ®y,
then the most general transformation of this set of fields under a Lie group G of dimension dg
is as follows. The coordinate transformation is:

o 1Y) g = fH(z; ). (1.10)

Here « is the set of dg parameters that define an element of the Lie Group G °. This last
equation induces a transformation on the fields:

0,(2) "% @) = Gi(@(a),zs0)  i=1,---,N. (1.11)

We are usually interested in infinitesimal transformations that act on fields and coordinates.
From Eq.(1.10) and Eq.(1.11), the most general Lie transformation around the identity is:

ot — 2 = ot 4 a T (x) = ot + S (1.12)

D(x) = By(2') = By(x) + o Fro(z, ®(2)) = Oi(x) + 6P (x). (1.13)

Here a runs on the parameters (coordinates of the Lie Group) of the transformation, ¢ on the
fields and «, is now infinitesimal. From the last equations we implicitly have defined two
different kinds of "variations".

The first one is the "form variation" and is defined for an infinitesimal transformation by:

00 (z) = ®'(x) — O(x) (1.14)
The second one is the "total variation" and is defined by:
60 (z) = /(') — O(x). (1.15)

The relationship between them is:

IP(x) = d®(x) + 6270, P(x). (1.16)

3For example for SO(3), the rotation group, we can assign « as the angles 0;,0,03
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Classically all the interesting physics can be derived from the action functional:
S[®] = / L(®,,0,8;,0,0,®,, - x)d'z  i=1---N. (1.17)
1%

For this particular Lagrangian we are not restricting the order of derivatives of the fields and
V' 1s a arbitrary volume of spacetime. Then, a Lie group transformation is a global symmetry
of the Lagrangian L if:

L(D(x),0,(x), 0,0,®;, -+ ) = L(P(2), ¥ (), 0,0, ®,(a'), - ) (1.18)

Since the symmetry is continuous it will be enough to verify that the Lagrangian is invariant
under G for infinitesimal transformations .

1.2.1 Restrictions on Field Theories

After having delineated basic concepts on symmetries and transformations we now proceed
to state some restrictions on the classical Action Eq.(1.17) and Lagrangians that are needed to
construct workable theories in HEP . As we will see, many of them are geometrically inspired.

(a) Following the principle of Special Relativity, the Action has to be invariant under the
proper orthochronous Poincaré Group Pl ie. : S[®'(z')] = S[®(x)] for a Poincaré
transformation ' = Ax+a where A denotes a proper ortochronous Lorentz transforma-
tion 514 . This implies that the Lagrangian, the integrand and the domain of integration
all have to be 731 covariantly.

For the Lagrangian this means that the Lagrangian itself must have the scalar represen-
tation

L— L)), ,2") = L(D(x), -, x), (1.19)

so all the objects that compose it have to be Lorentz covariant i.e. transform under
representations of P} combined such that the result is a Lorentz scalar. Since we
have so0(1,3) = su(2) @ su(2), the Lie Algebra of £ can have two types of finite
dimensional representation. The single valued representation that generates the Lie
group £, tensorial representations, and the double valued representations generated
by SL(2,C), spinorial representations. We can label all the finite irreps,’ tensorial or
spinorial, using the labels (j., jr). For example for the left and right Weyl spinors we
have (1/2,0) and (0, 1/2) respectively. For the vectors (1/2,1/2) and for the Dirac
spinor (1/2,0) & (0,1/2).

The integrand after a Poincaré transformation is:

d*y’ = |det A|d*z = d*x (1.20)

4[11 = {A € O(1,3)|det A = 1,AJ > 1} with A is the fundamental representation of O(1, 3). PI_ is the
semidirect product of £1 and translations in four dimensions.
Sirreps: irreducible representations
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so it is clearly Poincaré invariant.

The covariance of the domain of integration can be solved imposing the use of volumes
with spacelike boundaries °.

(b) Fields vanish at the boundaries of spacetime: llj‘m O(ct, ) =0
—|Z]| =00
(¢) The action is a real functional of the fields and their derivatives. It can be shown that if
this is not the case the S matrix unitary thus, after quantization, total probability is not
a conserved quantity [6].

(d) Lagrangians are restricted such that they produce at most second order derivatives. This
implies that at most, the Lagrangian is composed of second order derivatives for scalar
fields and first order derivatives for spinor fields. A particular hindrance with order more
than three in the derivatives is that usually these equations have non causal solutions,
for example for a Lagrangian that generates the Abraham-Lorentz force these implies
solutions where signals from the future affects the present [6].

(e) The interactions of the fields have to be local i.e. depend only on one set of coordinates.
For example terms like A,,(x)j*(z) are accepted but gy [ d*y®(x)[(x — y)*|V¢(y) are
not. This will ensure that the dynamics of a field will be influenced by the other fields
only in one point and not depend on all spacetime.

(f) The Lagrangian has to be renormalizable [7]. This means that the combination of fields
and operators have to have mass dimension of order of max. 4 since only terms with
coefficients of positive or zero order mass are renormalizable.

Following these restrictions the action is:

Yo
S[q)(x)]:/ L(®;,0,8;,2)d's  i=1,--- N, (1.21)

PN

The X; hyperspaces are space-like .
Using the conditions as in Eq.(1.21) we have that the fields ®;(x) with §®;(z) = 0 for
all z € ¥4, Y, satisfy Hamilton’s principle i.e. §S[®| = 0 if and only if they satisfy the N

Euler-Lagrange equations:
oL oL
Oy — =0 (1.22)
(a0~ 0.

1.3 Noether’s Theorem

Noether [8] derived two theorems and their inverses. The first one is the most commonly
used. We, at first, define the symmetry of the system as continuous transformations that leave

6a spacelike manifold is one such that it’s normal vector n* on each point satisfies ntn, >0
7in practice what this means is that there exists a Poincaré transformation that transform into a surface with
constant time
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63 = 0.

—0S= [ L(P(x'),0,(z'),z")da’* — /R,C(CI)(x)78“<I>(x),x)d4x (1.23)

Rl

Doing a change of variables in the integral:

/ N = / (1+0,(62")) d'a (1.24)
we obtain:
5S = /£ ), 8, (2'), ') (1 + 0,(6a")) d4x—/RL((I>(x),8M(I>(x),x)d4x (1.25)

Using the definition of 6L, from Eq.(1.15):
SQ < o 4, 4
5S = /R (L), u(x),x) + 8L) (1 + 8, (6a")) d'x /Rcd r (126)
Expanding to first order we have:
58 = / d'z (0L(¢(x), 0,0(x), ) + LI,02" + O(63")%) = 0 (1.27)
R

From Eq.(1.16), since 6L = 6L — 0z"0, L we arrive at:

= oL oL
5S /Rd x <aq><5®’ + 5 0u®i) + 0uL8a" + L0,6 )

(1.28)
oL oL
_ 4 ‘ . oL ;
~ [ d'a (8(1) %53 (1)))5<I>Z+/Rdx8“<a(auq)i)6¢z+£5x )
we arrive at Noether’s relation:
3 oL oL oL
- 1%
; <8ﬂ6(auq)i) (9@1-) Za < 9(0,®; )5(1) + Lox ) (1.29)

To state Noether’s first theorem we restrict to transformations of coordinates, fields and La-
grangians that additionally satisfy the following points:

* A general group transformation changes also the form of the Lagrangian that is:
L(P'(2"),0,9'(2"),2") — L(P'(2'),0,9(x'),2") (1.30)
Thus the most variation is then of the form:

AL = L(P'(2),0,P (), ') — L(D(x),0,P(x),2) (1.31)
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Instead, we restrict to Lagrangians such that :
L(¥'(2"),0,0'(2"),2") = L(P(2'),0, ('), 2) (1.32)
So 8L is the most general variation.

« Similarly, we restrict to group transformations that leave : S(®'(2'), 2') = S(®'(x'), 2')
Later we will weaken this assumption. Note that all common global group transforma-
tions (Classical Lie groups and Poincar€) satisfy the last two conditions.

* Just to restate, fields vanish at the boundaries of spacetime: |h|m O(ct,©) =0
—|T|—00
From Eq.(1.12) and Eq.(1.13), the infinitesimal transformations for a Lie Group G of dimen-
sion dg, with « the infinitesimal parameter independent of coordinates, satisfyng the above
conditions are:
ozt =TH(x)ay, (1.33)

60;(x) = Fo(z, ®)ay, (1.34)

Then, from Eq.(1.29), doing a variation around « and moving d« out of the divergence, we
have:

o N ) oL\ 96®; - do N oL [0(5®;) d(dzH)
55 (varay ~ ) one = S350 (g ]+ %) o
(1.35)
Defining:
N[ oL [0(5®;) o(6zt)
o
g ;(WDJ Jo ]+£ So (1.36)
d
" 0L _ oL o oL 137

50, 0D, "9(0,9;)
Since the variations of « are not null and linearly independent, Eq.(1.35) implies the following
d¢ equations:
N 0L 969,
) (S(I)Z 3aa

— 0" a=1,-- dg. (1.38)

Now assuming the NV L.E. equations are valid (/N on shell conditions) we retrieve d conserved
currents:
Ougll = a=1,---,dg. (1.39)

and this is Noether’s first theorem. Summarizing, let £ be a Lagrangian such that S = 0 for a
Lie transformation generated by a Lie Group G of dimension dg. Suppose also that the fields
satisfy the N Lagrange Euler equations. Then we obtain dg conserved currents as shown in
Eq.(1.39).
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A more compact way to express Eq. (1.39) is using the total variation definition Eq.(1.34),
Eq.(1.33). We have:

oL

P =00T"(r) — ————Fi.(x,® 1.40

with O# (35 0,®; — 61 L

In the case of internal symmetries generated by a compact Lie Group we have:

ot =TH(z)a, =0—TY(z) =0 (1.41)
50;(z) = 6®;(2) = Fio(P)ary (1.42)
A particular case is very important. Let U(a) = eTe® with ¢ = 1,--- ,dg, a unitary N
dimensional representation of a compact Lie group G in a vector space generated by N fields
Oy (x),--- ,Pn(z). T, are hermitian representations of the Lie Algebra. It is generally re-

ducible. We have the transformation:

®;(x) — ®)(z') = ®l(x) = [eT**];;®,(x) (1.43)
Infinitesimally:

0P; = i[T0];; P 0 (1.44)

ij
So the currents using Eq.(1.40) are:

oL

oL o
Jh za(a“q)i)[Ta]U@J (1.45)

The global symmetry of the Lagrangian implies that each field has to live in a particular irre-
ducible representation. In particle physics this is translated as saying that fields are multiplets
of the symmetry group ®. In this case [T,];; is reducible in the N-dimensional representation
but will be an irreducible representation for some subset of fields. An example of the use of
Eq. (1.45) will be done in the Standard Model section.

Noether’s theorem can be expanded such that the condition of a symmetry is one that
transforms the action as:

= [ da'o K (1.46)

Following the steps leading to Eq.(1.35) we have:

. oL oL e
3 _ | R
= (8“6‘(0&@-) 6<I>i> Za < (0 @)6®z+£5$ +K> (1.47)

thus we have a more general current:

oKW

JH — e
a =Ja T Do,

(1.48)

8Though not always under global symmetry. In fact the dynamics comes using gauge symmetries
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1.4 Abelian Gauge Transformations

The main result of last section is Noether’s First theorem: a Lagrangian with a global continu-
ous symmetry implies d¢ continuity laws, Eq.(1.48), one for each dimension of the symmetry
group. A natural question then is to ask what happens if instead of global transformations we
use transformations that depend on spacetime.

An important consequence is that the initial Lagrangian, globally symmetric under a
Classical Lie Group G, will be not invariant under this new local transformation. Thus in
order to have a symmetric Lagrangian we need to modify the initial Lagrangian introducing a
new vector field, the Yang Mills field, and a new kind of derivative, the covariant derivative.

Consider the Dirac Lagrangian with a spinor field ) with mass m.

L= (i —m) (1.49)
A variation for ¢ gives: -

(i —m)i> = 0 (1.50)
and for ¢

(id —m)yY =0 (1.51)

So we can treat them as two independent fields ¢ and . Eq.(1.49) is global invariant under
U(1), as we will see below.
Defining:

b= =Y =Ula)yp (1.52)

as the transformation for ¢/ we see, using the induced representation on 1, that Eq.(1.49) is
U(1) global invariant.
The infinitesimal transformation for 1) is :

0 = i) (1.53)
and the induced transformation in 1) is:
61 = —iaa) (1.54)

Now assume the parameter depends on spacetime «(z), what will happen? In this case the
transformation of 0, is:

P — 8u(eio‘(x)w) = em(”)@ﬂ/} + iqﬁﬂa(:c)em(x)w (1.55)
thus the Lagrangian becomes:
L— L =y(id — m)yp — o,alz)y (1.56)

So L is clearly not invariant under this transformation. In order to cancel this extra term we

need to modify the derivative
o, —+ D, =0,—19A, (1.57)
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such that the Lagrangian (1.49) with the replacement (1.57) is invariant. A, is a vector field
that has to transform such that:

D — D = D,y (1.58)

in order to cancel with the transformation of . Doing both simultaneous transformation on v
and A,, is defined as doing a gauge transformation. Solving last equation, A, has to transform
as :

Al =Ua) (AM + ;a,t> U(a) = A, + ;6ua(x) (1.59)
The modified Lagrangian is then:
Lar = (iDy — m)e = (i0, — m)¥ + gy A, (1.60)

For the complete Lagrangian we have to include the kinetic term of the gauge vector. From
Classical Electrodynamics it has to be a function f(F),,) of the Electromagnetic tensor:

1
Fu =~ (9.4, — 0,A,,) (1.61)
This object is invariant under the transformation (1.59):

F,=0,A, -0,A, = U(a)F,U ) =U()U Y (a)F,, = F,,. (1.62)

Where we have used the Abelian nature of the symmetry to commute the elements.
The kinetic term has to be Lorentz invariant so all indices have to be contracted. For an
abelian symmetry there is only one form for f(F},,), thus the final Lagrangian is:

Laoep = V(D" —m)yp — iF‘“’FW. (1.63)
This is the classical QED Lagrangian® which is the most accurate theory in all physics. It leads
to calculations that agree with experiment to more that 10 significant digits.

Summarizing, in this section we started with a globally invariant Lagrangian £ under
U(1), Eq.(1.49), and then, following the requirement of invariance under transformations with
« dependent on spacetime, we modified £ replacing the normal derivative with a covariant
derivative thus adding A,, as a physical field and the requirement that both ) and A,, transforms
simultaneously. The final Lagrangian (1.63) is invariant under both global transformations
and gauge transformations. One consequence was the acquisition of a physically meaningful
current-gauge interaction term included in Lqggp.

From another point of view, we started with a free Lagrangian for both ¢ and A,,:

1
Liree = Y(i0,7" — m)p — ZFWF’W' (1.64)

“More correctly, is the classicalCqgp only % is in the representation ¢ = —1 that is when we are dealing
with electrons
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and then after the replacement 0, — D,, ("gauging") we obtained Lqgp that is the theory of
electromagnic interactions. This procedure of obtaining a Lagrangian with the correct inter-
action term after "gauging" a free Lagrangian is called the gauge principle [9]. Salam, in fact,
hypotized that the interaction terms of weak and strong interactions could be generated after
using the gauge principle on a free Lagrangian with an appropiate symmetry and representa-
tion. History shows he was correct.

1.5 Non Abelian Gauge Transformations

In this section we will introduce the main framework of Non-Abelian gauge theories and
derive, as with QED, the gauge-matter interaction after applying the gauge principle to a
globally non Abelian symmetric Lagrangian.

Let G be a di > 1 dimensional compact semi-simple Lie group'®, N fermionic fields v
and M scalar bosonic fields ¢ such that each of them live in irreducible representations of G
(multiplets). Then the most general free Lagrangian with global symmetry G is:

1
Liee = Zﬁw+25|!5u¢”2- (1.65)
P ¢

Where schematically, we have denoted the kinetic term for the bosonic representations as
scalar products in the internal space and the kinetic term for each ¢ as L, that is constructed
such that it is globally ¢ invariant. For a ¢/ transforming in the fundamental (vectorial) repre-
sentation we have:

Ly, = i, = ith;0,1i, i=1,---.de. (1.66)

With each v; a component of the multiplet ). For ¢ transforming in the fundamental repre-
sentation we have:

10,011> = (0,0)10"¢ = 0,070"¢;  i=1,---,da (1.67)

This will be generalized to k-rank irreducible tensors in Section (3.5). We shall now follow the
procedure outlined on the previous section and demand invariance under local transformations.
We focus on the kinetic term for a field that transforms in the fundamental representation of
G, @, a bosonic or fermionic field. We need that after replacing the derivative (0, — D,,)
the kinetic term remains invariant under local transformation of G, similar to Eq.(1.66) and
Eq.(1.67) with the new covariant derivative. We impose that is has to transform such that:

D,® — D,&' = U(a)D,® (1.68)

10A simple group is a group without invariant subalgebras ex. SU(2). A semi-simple group is a group without
an invariant abelian subalgebra example product groups SU(2) x SU(2).
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where U («) with the fundamental representation of GG. Taking as ansatz:
D, =0, —igA, (1.69)

we see that for A, to satisfy Eq.(1.68) it has to transform as:
Al = Ula) (AM + ;au> U(a) (1.70)

It is interesting to note this transformation has the same form for the Abelian group U(1),
Eq.(1.59). We will also see that the components of the field A, tranform in a representation
independent way. In this case A, will have more elements since it is constructed using the
Lie Algebra of G that has more than one element. Thus it has an internal space indiced by a
in addition to the spacetime indices. These fields transform under the adjoint representation
of GG. All in all, to construct the covariant derivative in analogy to QED in order to leave the
leave the kinetic of the Lagrangian invariant we need the addition of a field of this type, the
Yang-Mills field. The first exposition of this groundbreaking idea was done in the seminal
paper [10].
To show what is stated above we do as follows. For group transformations near the
identity we have:
U(a) =1+ ia"T* (1.71)

Ul)™' =1—ia"T" (1.72)

where 7' is a hermitian in the fundamental representation of the Lie algebra. Then we have
using Eq.(1.70) to first order on the parameters:

1
A=Ay +i[T Al + gaua“T“ (1.73)
For this equation to make sense, seeing the last term, A, has to live in the space generated by
the 7T'*’s since it is written as a linear combination of 7},’s with arbitrary parameters. So:
A, = AT (1.74)

This is the Yang-Mills field expressed as combinations of generator of the Lie Algebra of
G. Since gauge invariance implies global invariance the equation is valid also when each
a, changes in the same way over all the space, thus effectively having the last term null in
Eq.(1.73). We see after expanding the second term that A, transforms as:

ANT® = AT +i[aT*, A)T") (1.75)

Then using complexified structure equation of the Lie Algebra of G, that is representation
independent, to calculate the Lie bracket:

[T, T = ife,T° (1.76)
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we have:
ACT® = ASTC — foa" AL T® (1.77)
Then in direction 7 we have:
Al = A5 — foatAD (1.78)
But remembering that in the adjoint representation D(t) the matrices dg X d representing an
element t* of the Lie Algebra have the following form:

D(ta)y = fap (1.79)
Thus we see that, for each internal coordinate c of the Yang-Mills field:
Al = AS — D(t,)ja" AL (1.80)

And this is an infinitesimal transformation in the adjoint representation. Thus A, is a field
with values in the Lie Algebra of G (spanned by ¢*!!') whose "internal coordinates" transforms
in the adjoint representation of G . The explicit form of A, is modified according to the
representation of the field to which it couples (see Eq.(3.382)).

For an arbitrary gauge transformation we then have, from Eq.(1.73)

1
Al = AS — [oaAD + p (1.81)

We have shown the covariant derivative for a field in the fundamental representation. For an
arbitrary representation is:

D,® = 9,8 + igAu (1) ® = 0, + igl'(A,)® (1.82)

where ['(t*) will give the Law of transformation in the specific representation of ®.

To write a complete Lagrangian we need the kinetic term for this new field A,. The
analogous of the electromagnetic field tensor, the field strenght of A, is defined as a vector in
the internal space of the Lie Algebra of G :

F,

w =

1
g[Du, D,] = (9, A% — 0, Al +ig At AD[t* 1]
= (0,47 — 0, A5, — g [ AL At

(1.83)

To construct the generalization of the kinetic energy for the Yang Mill’s field we need to take
its "norm squared". Since we have the scalar product in the abstract Lie algebra '*:

Tr[t, 1) = (t*,t") =6 a,b=1,---dg (1.84)

the ¢ are vectors of the Lie Algebra of G in the abstract space of the Lie algebra i.e. not representation
dependent
12can change the normalization.
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we see that the kinetic term for the Yang Mills field is:

1 v 1 aur a
L=~ (" Fu) =~ F"F, (1.85)

Equivalently the kinetic term can be defined under any representation of G. Using A, =
AST'(t*) and the fact that:
Tr[T(#*), T(t")] = dap(T) (1.86)

Where I(T") is a constant that depends on the representation.'* We have:

1 Tr[F™E,,] 1 F ED, X 1
—_— = ———=Tr[l(¢")['(t")] = —— F*"™F} 1.87
For example in the fundamental representation of SU(/N) we have I(I") = 2 and this gives
the usual factor —3.
In addition of using F'*¥* we could use it’s dual
F = ! Fre 1.88
N (1.88)
to construct a kinetic term. Then, it is easy to see that I, F"#** is proportional to to the kinetic
term defined above. On the other hand, imposing only gauge invariance on the Lagrangian (i.e.
not imposing C,P, CP symmetries) we can add the following term to the Lagrangian:

1
Lo = i@Fl’W“FW“ (1.89)
This term is actually a total derivative so it does not affect the equations of motion neither

Feynman rules, although it is important for non-perturbative effects only if the gauge group is
non Abelian.

3Dynkin index



Chapter 2

Spontaneous Breaking of Global
Symmetries

Section (2.1) is based on the Nobel Lectures and papers as shown in [11]. The rest of the
Chapter is based mainly on [12] and [13].

2.1 The need for symmetry breaking

In Part (1.4) we already have seen an example of a gauge theory with the QED Lagrangian,
where 1) are charged leptons and A, is the Electromagnetic field. At current date this is not
the only interaction in Nature since there are two other experimentally verified interactions:
Weak and Strong interactions. The next step in order to synthesize theories is to construct
Lagrangians for other interactions that also include the electromagnetic one.
Using the field theoretical framework then, a first step into unification is extending a low
energy Lagrangian into another one that includes this initial Lagrangian as a low energy limit.
This is seen with the QED Lagrangian and the well known electroweak sector of the Standard
Model.

In order to schematize this procedure, there are some properties we need to impose in the
new Lagrangian that we can extract from the QED Lagrangian L,z p . Recalling:

1
‘CQED = @(ZDufyu — m)\I] — ZF/U/F#V (21)

First, we can see a gauge symmetry given by the Lie Group U(1) and an interaction term be-
tween the fermionic and bosonic fields (or gauge), dependent only on one coupling g, derived
from the covariant derivative, that is equivalent to the one retrieved using the gauge principle
on the free Lagrangian for ¢) and A,,. To not spoil U(1) gauge symmetry the vector field A,
has no mass term %QAMA“. Experimentally a massless gauge vector is consistent with the
the vector mediator of EM interactions, the photon, since these are long ranged. It is also
renormalizable.

We want a gauge theory for weak interactions that is gauge invariant under a group G such
that after applying the gauge principle to free global version we retrieve correct interaction
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terms, is renormalizable and gives adequate mass terms to the weak interaction mediators.
The first model for weak interactions was developed in analogy to QED. It was the phe-
nomenologically four fermion interaction (Fermi’s theory). It satisfied universality since all
interactions depended on G (Fermi’s constant), was chiral, but did not have any symmetry
nor was renormalizable. Experimentally, the theory was shown to be inconsistent, for exam-
ple, with scattering experiments of muon neutrinos with electrons since the scattering section

diverged for high energies:
G (s —my)* 2.2)
s

The next model, was a theory with an intermediate massive vector boson (IMVB). The inter-
action terms of the Lagrangian were modified from a current-current one into a vector-current
one. Problems continued, since it was not renormalizable, (order 6 of mass in interaction
terms) and phenomenologically had divergences for other high energies processes such as
v — WHW-.

At the beginning of the 60s, the individually universal and vectorial nature of weak and
electromagnetic interactions suggested a possible unification via a gauge theory. At this point,
it was already known the existence of W+ charged vectors bosons and the usual A electromag-
netic gauge boson and it was suggested, from the decay of strange particles, that at least one
other neutral vector was needed, thus restricting the possible gauge group to one of dimension
at least four.

A, possibly first, model using the gauge theory framework [14] was done using SU(2),,
as the chiral gauge group for weak interactions and leptons in the fundamental representa-
tion. Glashow proposed another model [15] where it was found the correct symmetry group
SU(2)xU(1). In this model, leptons were expressed in the adjoint representation of SU(2) .
Since the representation is real it only can be constructed as Majorana spinor thus the chiral
spinor were hidden in it. Contrary to the SM, though, the masses for W= and Z were added
explicitly, breaking gauge symmetry thus explaining the qualification of "partially symmetric"
since only the Lagrangian minus these last terms was gauge invariant. The main consequence
of this fact is that a mass inserted in this way gave a non renormalizable Lagrangian, as was
later found. So, we see that the problems of mass, gauge symmetry and renormalizability are
all connected.

Finally in the late 60’s Salam [16] and Weinberg [17] independently built the original
SU(2)r, x U(1)y electroweak sector of the Standard Model using leptons in the fundamental
representation. Besides being compatible with old observables as charged currents and provid-
ing some new, as neutral currents, the Weinberg angle sin 6y, and the GIM mechanism, a main
feature was the use of a particular mechanism to give mass to the W+ and Z bosons without
explicitly breaking gauge symmetry. This is the Brout-Englert-Higgs (BEH) mechanism that
is based on the spontaneous symmetry breaking (SSB) of a gauge theory. Coloquially speak-
ing, the SSB phenomena happens when the ground state of a Lagrangian has a lower symmetry
than the complete Lagrangian. Additionally, the model, was shown to be renormalizable some
years later; T’Hooft showed the renormalizability of both massless [18] and massive! [19] of
general Yang-Mills field theories of which the Salam and Weinberg model is a particular casel.

Otot =

lwith masses obtained after SSB
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Also, the low energy limit Lagrangian included the QED Lagrangian and the IMVB models,
thus delineating in some sense an electroweak unification.

In this chapter we discuss the preliminaries for the BEH mechanism: the conceptual
foundations of spontaneous symmetry breaking and some applications in theories with global
symmetries.

2.2 Simple mechanical model exhibiting a spontaneous sym-
metry breaking

As seen in Section (1.1) symmetries are everywhere in Nature. There is much information
one can recover using symmetry principles but there is a also a lot to gain when one is not
manifested. A particular example of this is the spontaneous breaking of a symmetry.

Since this is a framework independent concept, we can discuss it conceptually using the
following simple system [20]. Consider a ring with center at O and radius r that rotates around
an axis parallel to the plane of the ring with constant angular velocity. In addition, there is a
material point located in a non fixed point M and mass m that can move along the ring without
any friction. The angle 6 is defined as the angle between the segment OM and the axis of
rotation, as shown in the Fig.(2.1). Having fixed the axis of rotation, the azimuth angle is ¢
and the angular velocity is: "

dt
Fixing a frame that rotates with the ring the equilibrium position along the tangent to the ring

Q. (2.3)

Figure 2.1 Simple system

is:
F(0) = —mgsinf + mrQ*sinf cosf = 0 (2.4)
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where a sin 6 is the distance from M to the rotation axis. The first term is the projection along
the tangent of the ring of the weight mg and the second is the centrifugal force projected also
along the tangent. Since dV = —Fdx = Frdf where dz is an infinitesimal displacement
along the circunference of the ring, integrating we have:

2 2
V(0) =mgr cos 6 + mQQ% cos 20 + k = mgr cos 0 + mQQ%(l —2sin*0) + &
o p 2.5)
= —mgr | —sin?0 + cosf | + mQ*— + k
2g 4

where k is the integrating constant. In the frame of reference fixed above we choose V(6 =
0) = 0so:

102,
V(f) =mgr |1 —cosf — 50z sin“ 0 (2.6)
where we have defined
=7 2.7)
r

In this potential we see the parity (¢ — —6) symmetry since all functions of 6 are even.
Using 27 = 0 in order to minimize we have:

oV
06

QQ
= mgr sin (0) (1 — 5 o8 <9>> (2.8)
6=(0) 07

From Eq.(2.8) we have the extrema () = 0, 7 and if Q > €. also the set (§) = {£6,}, with

0y = arccos ((%)2> Using:

2 2
889‘2/ =mrg (COS 0 — 22 cos 29) (2.9)

c

we have that (¢) = 0 is a minimum for 2 < €, otherwise a local maximum, § = 7 is always
a maximum and that the set {+06,} are minima for 2 > Q.. This also can be also be see from
the plots (2.2) and (2.3).
The value of the parameter €2, the angular velocity, modifies the form of the potential and the
number of minima of the potential. This fact can be interpreted as a phase transition, taking
() as the control parameter and defining the order parameter as (¢) = %. We see that when
Q) < Q, we have a single minimum so (f) = 0, and when 2 > ). we have two minima
(0) = £6y, thus (p) # 0. In both case the potential has parity symmetry. Hidden, there is a
particular reduction in the symmetry of the system when 2 > (.. To see this, one can select
(0) = +0, as the chosen ground state after the transition. Then, one can express the variable
6 around the ground state fj:

0 — 0o+ x (2.10)
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Figure 2.2 Potential V'(0) for Q > Q.

Figure 2.3 Potential V'(0) for Q < .

we have that the new potential V), is not parity invariant under y — —x. In fact :

2

1 .
Vi(x) =mgr ll — cos(f + X) = 5 5 510 (6 + x)]

2

19
=mgr [1 — cos 6y cos y — 5@(sin2 0y cos® x + cos? O sin? x) 2.11)

c

2

1Q
+ (Sin Oy — o2 sin 26, cos X) sin x

C

This potential is odd so parity symmetry is broken for a perturbation around the ground state.
Thus, after the transition we have a system that is symmetric except at the ground state. This
is an example of a system whose symmetry has been spontaneously broken.

In general a phenomenon with spontaneous symmetry breaking will consist of the follow-
ing elements: a parameter F' called "control parameter" whose influence depends on a critical
value Fi;;, a symmetry of the system given by a group G that breaks i.e. the symmetry group
is reduced, and an order parameter , an observable of the system whose value will indicate
the existence or not of the spontaneous breaking phenomena. In the example above we had
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O =F | Fui =, ¢ = ¢ and the symmety group was Zs.

Initially consider the system with [ < F¢,;;. We have that the configuration of the sys-
tem, represented by the action in Field theories, is invariant under the action of the group G.
Also we have that the order parameter has a null value: (¢) = 0 (one minima in the example
above). Then after F' > F,;; the order parameter is not zero () # 0, and the symmetry group
of the system is broken, usually leading to a smaller symmetry group, having thus a phase
transition.

2.3 Spontaneous symmetry breaking in an Abelian model

In High Energy Physics we are interested mostly in continuous symmetries. In this case the
results of spontaneously broken symmetries will vary if the symmetry is global or local. Fol-
lowing the discussion of Section (2.2), the translation of the main elements of spontaneously
broken symmetries into the Lagrangian formalism of classical field theory is done as follows:
the control parameter F' will be the "mass squared" of the field 2, usually a self interacting
scalar field ¢ , the symmetry will be a symmetry of the Lagrangian given by a Lie Group GG
and the order parameter will be the vacuum expectation value (vev) equivalently minimum
field configuration of the field in question: (¢), Fi will be model dependent but usually
Fcrit =0.

In practice what will happen is that after the control parameter passes some threshold, the
classical vev of the theory will not be the null field, (¢) # 0 and we will have a degenerate
set of minima given by an algebraic equation. After this, we can arbitrarily select one of
the equivalent possible ground states. Then a perturbation around a particular chosen ground
state will get us into a perturbed Lagrangian that has a smaller symmetry H, having so a
spontaneous breaking of the symmetry G. An equivalent condition to see the spontaneous
breaking of continuous symmetries is having a non null set of generators {7,} of the large
group G, such that:

T, (¢) #0 (2.12)

These will be called the broken generators. The generators that do not belong to this class
wi generate the Little group (stability group, residual grioup) of (¢). The equivalence of both
SSB conditions will be seen at Section (2.4).

Following the discussion of Section (2.1), the SSB of the gauge symmetry SU(2); x
U(1)y provided the needed masses to W+ and Z. In order to understand why this happens,
first we need to understand the SSB of a global symmetry and the consequences of it. The first
important result in this context was the discovery in the 60’s that the spontaneous breaking of
a global continuous symmetry (G — H) implied the existence of at least dg — dp real scalar
particles with zero mass. This result is known as Goldstone’s Theorem [21], [22] and will be
explained in detail in Section (2.4).

2this is at least true for all the models treated in this thesis but in general it is not, instead we have a combi-
nation of parameters of the potential that act as control parameters whose combination gives the SSB condition
see chapter 12.2 of [13]
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In the rest of the section we give a first example of the Goldstone’s theorem with the
following Lagrangian with global symmetry U(1) and with complex a scalar field ¢. The
mirror example with gauge symmetry is done in Section (3.1).

The Lagrangian is:

£(6,008) = Xaudl = 2 (ol + ™) 2.13
(6.0:0) = 5|00 — 7 (161 + - (2.13)
with potential:
A , m2\’
V(ﬁb)zz 18] Y (2.14)

The complex scalar field ¢ can be represented as a 2 dimensional real vector i.e. as ¢ =
¢1 + iy or in a more vectorial form ¢ = (¢1,¢2). Seen as two real fields, it is a vector
in the vector space of the fundamental representation of SO(2). Remembering, the Energy
functional for a Lagrangian £(¢;, 0,,¢;) is:

E(¢y, 0ut) = / dr’H — / da* (2006 — L) (2.15)

where m; = % is the conjugate momentum for ¢;. We minimize the Energy functional to

calculate the vev : (¢). For Eq.(2.13) we have:

Ble.0e) = [ |3 (y@on+ jo0r) + 5 (o + ) | @0

i=1

Since the vacuum has to be invariant under translations we need that (9, (¢;))> = 0 in each
field and the so possible minima are constants. For the rest of the section, this will be a
universal condition for all matter fields when trying to evaluate the extrema of the Energy
functional. Since the energy has to be bounded from below we need to have A > 0. The last
term is the potential and the minimization is done using:

ov
O

=0 1=1,2. 2.17)
di=(p:)

‘We obtain:

2
(5 o) i =0 i-12 @19

Having retrieved the equation that defines the possible vev, we will see now how m?2, the
control parameter will change the order parameter, (¢). From Eq.(2.18) we see that the critical
point is m2;, = 0. So we will have a symmetric phase for m* > 0 and a spontaneously broken
phase m? < 0. In each phase we will count the number of massless bosons in two distinct
forms, first directly using a perturbation around the ground state of the phase and also seeing
how the generators of the symmetry group act on the selected ground state as in Eq.(2.12) and
the using Goldstone’s Theorem.

If m? > 0 the ground state is unique and we have (¢) = ¢y = (0,0) and the symmetry is
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not broken. A perturbation around this ground state shows that the fields (¢1, ¢2) have equal
mass m. This is called a Wigner-Weyl realization of symmetry. Analogously we now see
how the generators act on this ground state. 7', the only generator of the group SO(2), in the
fundamental representation 7 is:
0 1
T = ( 10 ) (2.19)

Since ¢y = (0,0) we have T'¢y = (0,0) thus T'¢y = ¢y so we don’t have any breaking. The
little group of ¢y is all SO(2).

When m? = —p? < 0, the Hessian of V' at the configuration (0, 0) is negative definite and
so is a maximum implying that at least one component of the vev is different from zero thus
(¢p) # 0 and so we are at the SSB phase. From Eq.(2.18) components of the vev have to

satisfy:
2

12
S () = =07 (2.20)
i=1 A

For convenience we select the ground state as (¢) = ¢y = (v, 0). The only generator is broken
since are at the SSB phase. Explicitly, from the form of the generators applied to the vev, we
have that:

T¢0 = (—U,O) 7& (070) (221)

Then Goldstone’s theorem implies that there will be one massless real scalar boson. Corre-
spondingly, the little group of ¢, is null as there is not even one generator that is not broken.

A second way to see the fact that we have one massless boson is doing perturbations
around the vev. These will be shown using two different parameterizations of the field and
do the transformation ¢ — v +  (a "perturbation around the minimum"). The first one is a
cartesian parametrization:

¢1=v+ X1 (2.22)
P2 = X2 (2.23)

The perturbed potential is:
V(o + A gz 2 A 2 2 2)? 294
) =7 e +xa +ixal® = 0% = T (0 + x1)° +25 — o) (2.24)

A
“(xi+ )

)\
(2¢oxl+x1+><2 = 1°xF + VIAAE + xaxs) + 1

The new Lagrangian to second order is then :

1 1
Ly = 5(3@(1)2 + 5(3;0(2)2 — X7 (2.25)
Note that the field yo does not have mass and corresponds to the Goldstone boson. This

resultant Lagrangian does not have U(1) symmetry. This is seen explicitly using the real
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representation of U(1).
The other parametrization is using radial coordinates:

b= (v+ p)e” (2.26)

It is clear that the potential does not depend on 7. In fact:

A A
V(lol) = (0* + 20p)* = ?p* + Vo + 2" (2.27)
The perturbed Lagrangian to second order is then:
£, = @07 + 2+ L0 — 120 2.28
p = 500up)" + 5 (L4 )" (0um)” — p7p (2.28)

In this parametrization 7(z) corresponds to the Goldstone boson. An additional comment,
before finishing this section is that using a certain parametrization we explicitely saw the
full perturbed Lagrangian with the physical Goldstone bosons whereas when dealing with
generators acting on the vev we just know that there exist a certain number of Goldstone
bosons without getting the explicit form of them. Sometimes, when it is difficult to found a
parametrization like the radial one it is better to see the SSB pattern using the generators.

2.4 Classical Goldstone’s Theorem

For the enunciation of this version of the theorem, we restrict to theories with N complex
scalar fields that live in a unitary representation (generally reducible) of real dimension dg =
2N, of a compact Lie group G of dimension dg. We also restrict to Lagrangians £ of the
form:

1
L= 5110u0l” = V(é1) (2.29)

Here ||||? is the N complex scalar product ie. |9 = SN, ¢ ¢;. It is easy to see that
the kinetic term is invariant under global G transformations for an appropiate N. Let ¢’ the
transformed field:

|0,/ = 067'0,6, = U610, 0y = 060,01 =||0,9| (2.30)

where we have used the unitarity of U. V (¢;) is the potential of the Lagrangian, that will be

composed of invariant polynomials under global and local G symmetry of at most order four.

We also suppose that the potential has a degenerate set of ground states that is connected

for some elements of the group. Selecting a particular ground state ¢, the elements h € G
with property:

U(h)do = ¢o (2.31)

form a subgroup H of G of dimension Ry. Note that it contains the identity element. Natu-
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rally, H will have a Lie algebra h. This group is commonly called the "little group of ¢y">.

Note also that the elements of GG that does not have this property does not form a subgroup of
G but are elements of the coset group G/H.
As usual we have:

Ul(g) = e*Te, (2.32)

with 7, the antihermitian representation of an element of g the Lie algebra of GG. Restrict-
ing ourselves to elements of the group A and using the expansion Eq.(2.32) the equivalent
definition given by Eq.(2.31) in terms of Lie Algebras is:

Thdo = 0 (2.33)

that is valid in each order k of a/f with i denoting the directions restricted to the group H by
the dj; independent elements of . For the elements (labeled by g) that do not belong to f we
have T, ¢, # 0 thus for a linear combination of them we have:

Oéng (b() 7£ 0 {ag }arbitrary (234)

so they are closed as a vector space thus generate the coset group G/ H.

In this way the generators of G can be divided in two disjoint sets : the generators of H,
{T}}, and the R — Ry "broken generators" {7} that generate the coset group G/H. From
now on we will use h and ¢ as indices over their respective subspaces. Fields near ¢, can
be divided in fields in the directions generated by the broken generators around ¢y, that is,
proportional to T;,¢, and fields H () orthogonal to this space:

[T,¢0)iH (x); =0, i=1,--- N (2.35)

We shall call these spaces Goldstone and Higgs space, respectively. As perturbations in the
de — dpy directions of Goldstone space are linearly independent we have d — dpy fields,
ozg(x)fqubo, in this space. The dimension of the Higgs space is then Ny = dy — dg +dg. Thus
a general perturbation is ¢pg — ¢ + x(x) with :

X(@) = 7y(2) Ty + H(x) (2.36)

Notice that o, (z) are dimensionless. The perturbed Lagrangian is defined as:

—Vi(go + x)- (2.37)

2
%% )

L300 = Ll +x) = 5

Now we are ready to state Goldstone’s Theorem using the scheme outlined above. Suppose
we have a Lagrangian £ as Eq.(2.29) with global and continuous symmetry for a group G in
the SSB phase corresponding to the vev ¢y. Then the potential of the perturbed Lagrangian
L, to second order depends only on the Higgs field space, which implies that fields in the
de — dy dimensional Goldstone subspace are massless.

3The little group H or stability group of a vector ¢ are the h € G that leave ¢ invariant: U (h)dg = ¢y
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To see this let’s start from the invariance condition of the potential:

V (U(a)(¢o + x(x))) = V(o + x(7)) (2.38)

with « the coordinates of an arbitrary g € G. This is also valid also for local transformations
i.e. a(x). Then from Eq.(2.32) we have for an arbitrary direction:

Ula(r)) =1+ aq(2)T, + ;(%TQ)2 +O(a®) (2.39)

So, using Eq.(2.38) as Eq.(2.39) for perturbations only on the Higgs space (x(x) = H(x)) we
have:

Vo + H(z)) =V (Ula(x))(¢o + H(z)))
=V (¢o + H(z) + aa(w)Tudbo + au(2) T H(z) + Aa?)
=V(6(2) + aa(2)TuH () + Ac?)
=V (¢(z))

where the terms of order o are written in symbolic form as Aa?. Expanding around the
perturbed field ¢(z) we have to first order:

(2.40)

(oo ()T, H(z) + Ac?); (2.41)

Vion+ Hw) = viot) + | 5] |

]

We shall now do a second expansion around ¢, for the second term

58] e (58] o 5]
agg i 1o=0 aﬁg i 1p=co aQEQ ij

The first term vanishes. Combining (2.41) and (2.42), we see we do not have any term
quadratic in o, (x) and not involving H (x). Thus to second order in «(z) and H (z):

(H(ZE) + aa(x)TaqSO)j (242)

P=0o

V(do + H(x)) = V (do + (@) Tadho + H(x)) (2.43)

Relabeling o, (x) = 7,(x) and since we only have non null values in directions directions on
the Goldstone space we have a = g, thus to second order:

Va (¢o + x(2)) = Va (¢0 + Ta(@)Tadpo + H(z)) = Va(¢o + H(x)). (2.44)

This means there are no terms of the type 7,7 ¢o7,(z)7,(x), which implies that the fields
in Goldstone space do not acquire a mass term. A diagonalization in this space gives the
Goldstone bosons.
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2.5 Spontaneous symmetry breaking for a Lagrangian with
Non Abelian Global Symmetry

A simple and clear example of the application of Goldstone’s theorem for a non Abelian group
is using a Lagrangian with SO(3) symmetry:

2
e = gl = 3 (1o + %) 45

with the field ¢ = (¢1, P2, ¢3) in the fundamental representation of SO(3). The symmetry
operators have the form U(g) = e®7T+, with T,, the fundamental representation of s0(3), the
Lie Algebra of SO(3). The explicit matrices are:

0 0 0 00 -1 0 10
Th=10 0 1|, =100 0 [, ;=1 —1 0 0 (2.46)
0 -1 0 10 0 0 00
The minimum conditions are retrieved in the usual way:
ov
=0 1=1,2,3. (2.47)
Ob; lp=(5)
We have:
m2 2 .
T HI@IF) @) =0 =123 (2.48)

As before, when m? > 0 we have the symmetric case with vev (¢) = (0,0, 0)”. For m? < 0
we have the SSB case and explicitly we see that the set of ground states that minimize the
potential have to satisfy the following equation:

3 2
(fi)? = — 1 = ¢? (2.49)
— A

(2

As before, we select a certain configuration of fields that satisfy equation Eq.(2.49) , a partic-
ular vev, for example ¢y = (0,0, v). Since SO(3) has 3 generators T, we apply them into ¢,
and we have that the set of broken generators (7,¢o # 0) are 77, T, and the unbroken one is
T5 with T3¢9 = 0. Now applying Goldstone’s theorem we see that we have two Goldstone
bosons corresponding to the ¢; and ¢, fields and the perturbed Lagrangian has a smaller con-
tinuous symmetry generated only by 75. Since there is only one subgroup of SO(3) with one
generator we see that SO(2) is the new global symmetry. Thus the spontaneous symmetry
breaking pattern is:

SO(3) = SO(2) (2.50)
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Doing a perturbation around the vev ¢ = ¢+ x; with ¢ labeling the directions for the potential
we have:

A
Vi) = Z<(”+X3>2+X2 +x1 — v?)? 2.51)

Then the perturbed Lagrangian (2.45) to second order is:
L = 0,X:0"xi — X3 (2.52)

showing explicitly the result of Goldstone’s theorem with x; and y as the massless Gold-
stone’s bosons and the only Higgs 3 with mass v/ 2\v.
The residual symmetry group SO(2) is seen from the full Lagrangian:

A, A
L =0,x:0"xi — W X2+ Sx2+ 2

2 4A (2.53)
+ Aoxs (14 x3)(xT +x3) + Z(X? +x3)?

where Y3 is a singlet under this symmetry and the two Goldstone bosons transform as the
fundamental representation of SO(2).

The result of the massless scalar bosons of the Goldstone was seen as a puzzle at the time
of it’s discovery since in those times people worked with global symmetries of phenomeno-
logical flavor models and the result implied long ranged interactions that were clearly not
observed. Contemporaneously, there was also the puzzle of having an adequate propagator for
a massive vector boson such that only the timelike polarization cancels. These two problems
and their solutions are related, as we will see in the next Chapter.






Chapter 3

Generalized Brout-Englert-Higgs
Mechanism

The discussion of Section (3.1) is based on [12]. For the rest of the chapter we mainly deal
with the pedagogical exposition of the seminal paper [23]. The group theoretical methods
were mainly acquired from [24],[25],[26], [27] and in particular the basis of the Classical
Algebras are taken as defined in [28]. The form of presentation was inspired by [13].

3.1 Brout-Englert-Higgs Mechanism in an Abelian Model

Following Section (2.1) the model of Glashow (1962), although important since it found the
adequate symmetry group of Electroweak interactions was not renormalizable nor solved the
problem for the massive vector boson propagator. In 1964, however, it was found a circumven-
tion for Goldstone’s Theorem. Three different contemporaneous papers ([29], [30],[31]), each
one with different methods, showed that after upgrading the global symmetry into a gauge
symmetry, thus adding the respetive gauge field, the massless bosons dissapeared. Instead,
they were "eaten" by the gauge field such that it acquired mass and, surprise, it also gave an
adequate propagator for the gauge field.
We start with an example using a U (1) gauge invariant Lagrangian:'

1 1 2
L(6, 6", A", 0uA") = =" Fy + 5[ Dus]| = V(6,67), 3.1
with:
D.o = (au - igAu)gb (3.2)
P — gRAY — ¥ AR, (3.3)

we set the label of U(1) to g = 1
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and potential:

A T 2
2
=1 - = . 3.4
Vio.o) = (1o1F - 5 ) 34
The gauge transformations for U(1) are:
1
A, — A, + -0"a(x) (3.5)
g
6 - ool (3.6)
From the energy functional:
3 (Lo 1 ij 2
B(A,0) = [ da* | SF"Fo+ 7FyF + | Dugl? + V(] ) (3.7)

we calculate the fields that minimize it. To minimize the kinetic term of the boson field A, we

do:
oF

0(0,A,)

Then A, has to be a pure gauge i.e.

=0— F" =0. (3.8)
Au:<Au>

1
(A,) = gﬁua(x), (3.9)
The minimization of the potential is the same as in the globally symmetric ones. The interest-

ing case is only when there is Spontaneous Symmetry Breaking (SSB): p? > 0.

oV
O

The set of all possible vevs of ¢ has to satisfy the equation:

2
(-5 HIOF) =0 =12 @10
$i=(¢i)

2

(01)° + (¢2)” = ”7 = (3.11)

Though, differing from the globally symmetric examples of Chapter (2), it is not sufficient to
fix the complex vev (constant) (¢) = ¢g = (P1) +1 (¢P2) in order to get a physical vev; we still
can have U(1) gauge transformations on ¢, whose results, new vevs, still satisfy Eq. (3.11).
Thus we need to fix the gauge at the level of the vev to cancel the extra degrees of freedom.
To do this we minimize the third term. We have using Eq.(3.9):

Dyublo=i6) au=(4,) = O (@) — i (ua(x)) (8) = 0. (3.12)
From Eq.(3.9) and Eq.(3.11) this implies that:

(p(x)) = €@ . (3.13)
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This is the set of solutions defining all the possible ground states, the same as the case with
global symmetry. For convenience we choose «(x) = 0 that implies:

(Au) =0, (@) = ¢o. (3.14)

From last equation, the fact that we fix the gauge of the vev implies that we only need to look
at the potential to evaluate the ground state. Using a real ¢o, ({¢2) = 0) we have doing an
infinitesimal perturbation in Cartesian parametrization in the matter field:

¢ = ¢o + x1 +ix2, (3.15)
Ay =(A) +A,=0+A4,. (3.16)
The perturbed Lagrangian is:
1 1 , . .
L= " Eu + 51100 +i0ux2 — igdoAu — igAuxa + gAx:l? = fxa, x2), (3.17)
where using ¢ = @ :
A
FOxaxe) = V(I +xl) = wxi + VA0 + x0d) + 508 +x3)* (3.18)
That is:
1 174 1 2 g2¢8 1 2
L==F"Fu+ 5 00xa) + 7~ (Au = %%Xz)
1
+ g A" (Dux1)x2 + 6o (Au - W@»Xz) Al'xq (3.19)
0

1 1
+ 597 A+ 5(9400)" — 00, xa).

Since we have used infinitesimal fields we focus only on terms of at most second order:

Lo= Rt S0+ T8, - Lo it G20
X 4 % 9 \WH 1 9 M g% nAX2 1 :
Redefining the vector field B, = A, — % we get:
1 Y 1 g2¢2
Ly=—FpuFf + 5(auxl)? — X7+ 5 0(B,)?, (3.21)

where F'y” = 0,B, — 0,B,, = F". This new Lagrangian consist of a real scalar field x;
and a massive boson vector 53,,. Note that the field x5 is not longer present explicitly in the
Lagrangian, it is part of the new vector field. The new vector boson B, acquires then an
additional degree of freedom given by the degree of freedom of the real scalar y,. So we have
found that after SSB of a gauge symmetry we can retrieve a massive vector boson. This is the
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BEH mechanism for the second order Lagrangian.

The degrees of freedom of the theory remain the same, four. Comparing the degrees of
freedom of a U(1) theory with a trivial vacuum and one with SSB we see that in the trivial
case we have two real bosons each one with one degree of freedom and a massless gauge
vector field with two degrees of freedom . In the SSB case we have only one boson y; and
the massive vector field B, with three degrees of freedom. Eq.(3.21) is the SSB Lagrangian
in terms of the physical fields only until second degree.>

To see the full physical Lagrangian is better to use the unitary gauge . Using the radial
parametrization:

¢ = (¢ + p)e (3.22)
where the fields transform as:
0 =n+ doa(x)
/I
p=r ) (3.23)
A; =A, — gaua
We impose a subsidiary condition:
¢ =9 (3.24)

that implies 7 = 0. Condition (3.24) is fixing the unitary gauge. The remaining fields are then
pand A,. Expanding the potential we arrive at the exact Lagrangian:

1 1 A 1
L= 50up)" + 500+ p)*g* AL — 1" — Vaup® - 10— (3.25)
that shows explicitly the dissapearance of the Goldstone bosons. In this gauge then, the theory
is composed of only the physical fields and the original gauge boson acquires mass. This is
the BEH mechanism.

3.2 Theories with non Abelian Symmetries

In the first Chapter we have shown all the elements needed to construct models with non-
abelian gauge symmetry that include the Standard Model itself. Summarizing, the general
principles are:

(a) Choose the gauge group G with d generators

(b) Add dg vector fields (gauge bosons) of spin 1 that transform in the Adjoint Representa-
tion of G.

(c) Choose representations under G for the matter fields (elementary particles). These have
to include chiral representation of G for the spin 1/2 fermions and complex or real
Lorentz scalar representations under G for the spin 0 bosons.

2and without fixing the gauge
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(d) Define adequate covariant derivatives for each non gauge field and write the most gen-
eral renormalizable Lagrangian, gauge invariant under G. Matter-gauge interactions
will be derived from the covariant derivative.

(e) In case we require massive vector fields, the Lagrangian has to include a renormalizable
Higgs potential composed of scalar fields in order to spontaneously break the gauge
symmetry GG using a generalized BEH mechanism. If the gauge symmetry does not
allow certain fermions to have a Dirac or Majorana mass term then we need to intruduce
Yukawa coupling (trilinears) between the fermions and the scalars of the Higgs potential.

The skeleton of a Lagrangian will be:

L= ‘Cgauge + ‘Cfermions + [’scalar + ‘CY + ECPV (326)
with: |
ﬁgauge = Z _ZFMVGGZ.FEV Gy (327)

7
Where the sum over G} is over each simple group (if there are more than one) of the gauge
symmetry group G = G x - - - x G,,,.> This sector gives the kinetic energy of the gauge fields
and their self interactions.
The fermionic kinetic terms are:

Liermions = Z &D;ﬂb (3.28)
(

Where the sum is over the different fermionic fields of the theory. From the covariant deriva-
tive we get interactions between the scalar and gauge fields.

1
Locatar = ) §HDH¢H2 —V(¢) (3.29)
0]

where || D, || denotes the kinetic term of the ¢’s and the ||||* denotes the scalar product in the
specified representation of ¢. The Yukawa sector is:

Ly =V(¢,9) (3.30)

This sector will contain terms constructed between fermions and scalar bosons that are gauge
invariant that can be. It is the generalization of the Yukawa sector and gives masses to the
correspondent fermions after SSB.

In the next section we deal in the most general way with the spontaneous breaking of
gauge symmetries of the orthogonal O(n) and special unitary groups SU(n). First we will
write the most general potential invariant under GG in each of the different representations.
Then we minimize the potential to retrieve the vev. As we will see, there will be a more

3for example for the Standard Model with gauge symmetry SU (3). x SU(2) x U(1)y for SU(3)., SU(2)r,
and U(1)y
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compact way to express the vev in each case using transformations that satisfy the symme-
tries of the potential, that as in the case of of the potential of the Standard Model, has larger
symmetry than the symmetry of the Lagrangian. In order to calculate the dimension of the
lower symmetry group (modulo homomorphisms) and see the different symmetry breaking
patterns we need to know the number of unbroken generators of the lager symmetry group for
the corresponding vev. Since the number of massive vector bosons is equal to the number of
would be Goldstone bosons and these last ones are equal to the number of broken generators,
inserting the vev on the kinetic term gives us the number of vector fields that acquire mass and
consequently (doing a substraction) also the number of broken generators.

Another procedure to get the symmetry breaking patterns [32], that we won’t follow is
explicitly analyzing the action of the generators of G on the factorized vev (). Using this
approach we could find the broken and unbroken generators and retrieve the subalgebra of the
unbroken generators by analyzing the specific relationships they have (i.e. if they are traceless,
hermitian etc.). The usefulness of this approach is that we do not need to calculate the vector
boson mass to get the symmetry breaking patterns. Even more, it is more general since it
just assumes global symmetries tough in practice if we focus only in the SSB breaking of the
potential that is irrelevant.

3.3 Spontaneous breaking of Symmetry in the O(n) group

The matrix Lie Group O(n) is defined as the set of real matrices n x n, denoted by O, that
satisfy:

0’0 =1. (331
The group SO(n) is the subgroup of O(n) with the additional constrain:
det[O] = 1. (3.32)

Using O = e¥, # with X an element of o(n) (so(n)), the Lie Algebra of O(n) (SO(n)), we
have the corresponding constraints:

X =-XT (3.33)
Tr[X] = 0. (3.34)

Equation (3.31) gives us "1 restrictions. Thus the initial n2 parameters of O € O(n) are

2
@ independent parameters. In a similar way from Eq.(3.33) the same restriction

is retrieved for any element of o(n). For SO(n) , Eq. (3.31) gives us @ restrictions and
the Lie Algebra is the same as the one for O(n) since the additional constraint Eq.(3.34) is
included in Eq.(3.33) thus o(n) = so(n).

A base for the @ antisymmetric matrices X, elements of o(n) are the set {L,},

reduced to

“This expression is valid globally for compact Lie Groups, that include all Classical groups
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a < b=1,---n, real matrices with entries as:
[Lapli; = (6aiObj — 0ajOni)- (3.35)
These satisfy the following rule:
[Lij, L) = 6jLa + 0qLjy — Ly — 0Liy, 4,5,k l=1,---,n (3.36)

This is the matrix Lie Algebra o(n), which spans a vector space, with scalar product given by
the trace:

Tl"[Xinkl] == 2(5115%, - 5Zk5]1) (337)

The correspondence with another usual notation of o(n) with a single symbol {7} } is straight-
forward. For so(3) for example we have the correspondence:

Ty = Lo, Ty = L3y, T3 = L. (3.38)
Each couple of indices x, y in L, is interpreted as rotation in the plane given by z, y.

Using this notation, the fundamental representation of the Lie Group is defined as:
Uley) = ezlioi (3.39)

Then using Eq.(3.33) we see that ¢;; are n(n — 1)/2 real antisymmetric parameters.

Since the algebra has n(n — 1)/2 elements to construct a gauge theory O(n) we need the same
number of bosonic gauge bosons, I¥,;; such that the Yang Mills field is : W, = W ;; L;;.
The W,;; are antisymmetric. In fact W, = W;;L;; = —W;;Lj;, then projecting into the
direction L, we have W, = —W,,.

The gauge boson vectors transform as the adjoint representation > Eq.(1.70) (using a different
normalization) under a gauge transformation:

1 2 1
W/J — W//L = €§Lij6ij <W;LabLab - Ea ) €7§Lij€ij (340)
Expanding near the identity we get:
/ 1 1
W =W+ 5[Lijeiz, Whav Las] + ;(@%)Lz‘j
1 1
:WM + Eeiquab (5ibLja + 5jaLib — 51'@[1]'1) — 5ijia> + 5(8ueij)Lij (3.41)
1

:VVM + Ez‘kW,ukjLij + EikWujiji + g(aMGij)Lij.

Sthat is always real for classical Lie groups
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Using Eq. (3.37) we can project onto the L;; element, (Tr[W,L;;] ), to obtain:

W = Wi + €aWakj + €Wk + — (8 €ij)- (3.42)

wij
To construct the kinetic part of the Lagrangian we need:

F =0,W7 —0,W7 4+ gW W — Wirwl) (3.43)
The Lagrangians that we will use for the rest of the chapter have the following form:

1 1 v
L= - Te[F,F*™] + Lyn — V = ZF;JVF;; + Lyin —V (3.44)

where Ly, is the kinetic term of the scalar field and V is the potential. Both V and Ly;,, will
depend on the representation of the scalar field.

In the following subsections we will calculate the symmetry breaking patterns. In each
subsection we derive the transformation law of the field in the specific representation and it’s
covariant derivative.

3.3.1 Spontaneous Breaking in the vector representation

A finite transformation in the fundamental representation is:

¢ =U(e)p (3.45)

with:
Uley) = ezliscis, (3.46)

For infinitesimal transformations, this implies:
¢ = bi + €19 (3.47)

The covariant derivative can be seen using Eq.(3.35) with W, = W, Loy

Du¢i = u¢z - ;mb(Lab)ij¢ u¢z - ;tab(aazéb] 5bi5aj)¢j
=0u0i — gW,uij¢j~

Using these results, we can construct the kinetic part of the scalar field in the fundamental
representation:

(3.48)

1 1 1
Liin = 5(@%)* Dyt = 50" $i0ui — Wi 050" i + §g2wmk¢kw,¢k/. (3.49)
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Recall that the last term is responsible for giving masses to the gauge bosons W,.
The most general renormalizable potential in the vector representation is:

1 1
V(g) = —§M2(¢z’¢z’) + EA(QZZ'@)Q (3.50)
where A > 0 so the potential is bounded below. To minimize the potential we do:

ov
9pi

For 2 > 0 the standard extremum (¢;) = 0, 4= 1,--- ,n gives a local maximum.
The equation that defines the set of ground states is:

= (=2 +X(6)) (@) (@) =0 i=1-,n. (3.51)
di=(¢i)

12
(o) {00) = 5 = v’ (3.52)

We select the vev as
(Pi) = dinv. (3.53)

Remembering the discussion of Section (3.1) we need to fix the gauge to get a physical vev.
We assume for this section and the next ones that from the kinetic term of the gauge vector
bosons the vev of them is pure gauge i.e. (W, ;) = 0,0, and that from the minimization of
the kinetic term of the scalar boson that gives :

D&l gi= (1), W=(w,y = 0 (3.54)

the gauge is fixed and so Eq.(3.53) is valid unambiguously.
Using Eq.(3.49), we have the term that gives masses to the gauge bosons:

2

1 nd v
Ly = 592kaW5 <¢k> <¢l> = 92 Z Wummig (3.55)
i=1
So we have n — 1 bosons that acquire mass. Thus we have:
-1 —1)(n—2
n(n ) —(h—1) = (n )(n ) (3.56)
2 2
massless vector bosons. The breaking is then:
O(n) — O(n—1) (3.57)

This implies that there are ("_1)2& generators that do not break the symmetry meaning that
the residual symmetry (Little group of the vev (¢)) is O(n — 1) and there is an equal number
of scalar bosons.
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3.3.2 Spontaneous Breaking in the second rank Antisymmetric Repre-
sentation

The demonstration on how to retrieve the covariant derivative and transformation law for these
representations will be derived in Part 3.6. An infinitesimal transformation in this representa-
tion is:

¢;’j = ¢ij + €irPrj + €jpPik- (3.58)
The covariant derivative is:

D,¢ij = 0,015 — GWikdrj — gW ik Dik- (3.59)

The kinetic term for a second rank tensor is:

1
Liin 255“@]‘8“@]‘ — 9(Wixor; + Whdir)Oputin

(3.60)
+ & (WhorWaady) — 9°(WhorWadu)-
Note that the gauge boson masses will come from the terms proportional to g>
L = G (WhoiWaady) + 6" (WhowWida).- (3.61)

The most general quartic potential for antisymmetric second order tensor representation of
O(n) is:

V(9) =~ g THgld] + (T[0! g])” + Ao TX[6l 061

— ;,ﬂ Tr[¢?] + i/\l(Tr[qbQDQ + i)\z Tr[¢"]

(3.62)

or equivalently:
1, 1 , 1
V() = —h GijPij + 1>\1<¢ij¢ij) + Z)\2¢ij¢jk¢kl¢li- (3.63)

Any real antisymmetric matrix can be expressed in "standard form" [33] using ¢ = OXO7 .
Using n = 2L for n even and n = 2L + 1 for n odd, we have:

Ay

A, 0
o , . n=2L (3.64)

and
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Ay
Ao 0
Y= , n=2L+1 (3.65)
Af
0 0
where:
A; = a; ( 0 1) a; real (3.66)
-1 0 ’
SO
A?:a?<—01 _01>, Al = a <(1) ?) (3.67)

Using OOT = 1 and permutation propriety of factors inside the trace we can write Eq.(3.62)
as:

V(E) = o T[] + (TS24 T (3.68)

Note that we have used the gauge invariance propriety of the Lagrangian both in the potential
and in the kinetic term such that ¥ is just a field redefinition.

Explicitly:
L L

V(¢)=—pn Za + M0 )+ ;AQ(Z al). (3.69)

i=1 i=1 i=1

Taking the minimum we have:

L

|4
0 —p2+2>\12 )) + A2 (a >]=0, i=1,---L.  (3.70)

9a;la;=(a;)

= 2 (a;)

As in the vector representation. if 4? > 0 then (a;) = 0 for all 7 is a maximum of the potential.
Thus, we look for solutions such that a component of the vev is different from zero ,(a;) # 0
for some 7. This is the case where spontaneous symmetry breaking happens.

Suppose we have K < L values different than zero. Then:

L
—u2+2AZ M+ A (a >]:0, i=1, K. (3.71)

We have K equations of the last type. If we now subtract two of them, for example for
r,s < K, we find:
{a7) = (a3) (3.72)
and this can be done for all equations so all squared coefficients are the same:
2

2 12 _ 2 . 7
a;) = —— =@ =1---K .
< 7'> 2)\11( + )\2 ’ ! ’ (3 3)
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Since p? > 0 we obtain an important inequality:
2MK + X >0 (3.74)

This condition is associated to the stability of the potential. To see this, use the fact that all the
components (a;) of the vev (32) are the same, replace it in the potential, and derive. We have:

ov
—— = 2aK [—p® + 20 Ka® + \oa?] . (3.75)
da
Deriving again and imposing that we are at the minimum, “57‘2/ > ( we have:
d2V 2 2 2 2
T —2Kp” + 12K \a” + 6K \a” > 0. (3.76)
This implies:
3a*(2M K + Ag) > p? > 0. (3.77)

Showing consistency with (3.74) .
The potential at the minimum is dependent on the K entries different than zero:

1 Kyt

VIK) = T2MK Ny

(3.78)
We now want to know how many (a;)’s are different from zero such that the last equation is
minimized, that is, to find K with 1 < K < L such that Eq.(3.78) is minimized. For this
analysis we treat K as a continuous variable. The derivative with respect to K is:

Vo1 o
_ i e 3.79
OK 420K + \y)2 (3.79)

First note from last equation that the potential is monotonic since it does not have any extrema
for K 1.e. g—[‘? = 0 does not have any finite solutions. We also see that the sign derivative
depends only the sign of \;. We shall analyze two cases.

Vev in the case \y < 0

When A\, < 0 we have g—f‘é > () so the potential is monotonically increasing thus the minimum
is at the smallest value forK', K = 1. So we have the solution:

() = <_01 (1)> N : (3.80)
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112
b=\|———. 3.81
20 + Ao ( )

The case when Ay > 0 we see that the potential monotically decreasing so the minimum is at
the largest allowed value for K, K = L.

() 0

o)
() =a -1 0 .n=2L. (3.82)

where, using Eq.(3.73 ) with K = 1:

Vev in the case \y > 0

(O 1)
-1 0
(3)=a . ,n=2L+1. (3.83)

where using Eq.( 3.73) with K’ = L we have:

12
) 3.84
Y5 VW (3.34)

The precedent reasoning can be clearly visualized in Figure (3.1). To minimize V' for A\, > 0
we need the largest possible /i and for A\ < 0 the smallest.

Derivation of the symmetry breaking pattern

The calculation of the symmetry breaking pattern will depend on A, but the procedure to
calculate the number of massive gauge bosons is very similar in both cases. Since the fields
>} and ¢ are related by an orthogonal transformations both give the same kinetic term thus
give masses to the gauge bosons in the same way thus is sufficent to use the vev of 2. Then
from the Higgs Mechanism each Goldstone Boson is converted into the longitudinal degree of
freedom of a massive gauge vector and it is also seen the number of gauge bosons that remain
massless, thus showing the new lower symmetry. This new symmetry group is the little group
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v
-07f
-08F
-09F
r — V(K, -0.3)
-10f — V(K, 0.5)
-11fF
-12f
K

Figure 3.1 The Potential at the vev, V (K, \y), for \a = —0.3 and Ay = 0.5.

of (X). Then, as outlined before, to get the massive gauge bosons we insert the vev on the
mass Lagrangian £,;.
The vev of X is:

K—1
(Xkj) =c Z <5k2z+15j 2142 — Op21420] 2z+1) . (3.85)
1=0

Where K = 1 and ¢ = b in the case Ay < 0 and K = L and ¢ = a when \y > 0, (see Eq.(3.80
and Eq.(3.82 respectively).
We start from Eq.(3.61). Lets consider the first term and insert the vev ¥ — (X):

K—1 K—1
221k
Lo, =g°cWh( E Ok 241052142 — Ok 214205 2141) Wik ( E Ok o410 2174+2 — O 201205 9041)
1=0 =0

K-1
2 2117k 2
=gc Wika k'C Z [5k 20410k 20/ 410214220 2 + Ok 20420k 214202111 20/ 41
1,1=0
— O+ 10k 2142021120112 — Or21410k 214102041 20/ 4-2]-

(3.86)

But since 9919712 always vanishes since [, [’ are integers, we have:

K-1
=
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For the second part we have:

K-1 K-1

2 ST
£M2 =g Wikc ( E 5k21+15j2l+2 - (5k2l+25j21+1)wuj k/( E Ok 2141052042 — O 2l’+2(5i21’+1)
1=0 I'=0

n n n
> (Whi oo Waarraors1 + Whi i aeoWaair2v12 — Why iy i i Woaisa o4

17
- W21/+2 21+2Wu 20+1 21/+1)

_ p
—29 ¢ Z ( 20+1 2l’+1W,LL2l’+2 2042 — W2z+1 2l'+2Wu2l’+1 2l+2) .
L=

(3.88)

Example with O(4)

We first start with an example then show the general way to derive the symmetry breaking
pattern for both cases. Let’s start first with the case where the initial symmetry is O(4). This
group has 6 generators, so 6 gauge bosons.

If we have Ay < 0, then K = 1 and ¢ = b. Thus:

Lo = g0 (WEW,ir + WhW,in) = PV QW + Wi+ Wi + Wi+ W5,) - (3.89)
and
Ly, = —2°*WLW 1. (3.90)
So:
Ly = 9252(W123 + W124 + W223 + W224)- (3.91)

Four vectors acquire mass, so we have 6 — 4 = 2 massless gauge bosons. Since there is not a
simple algebra of dimension two the unbroken generators have to satisfy the algebra of O(2) x
SO(2). Note that since SO(2) «~ O(2)/Zs we can’t have O(2) x O(2) or SO(2) x SO(2) as
the stability group for parity reasons (we have just one Z,) although all those groups have the
same Lie Algebra. So, the symmetry breaking pattern is O(4) — O(2) x SO(2).

If we have A5 > 0 then X' = 2 and ¢ = a. Then:

1
2926L2 Z (W'L’MZI+1WNZ'QZ+1 + V[/iMQl+2Wy,i2l+2)
1=0 (3.92)
agta? (W2 + W2+ W2+ WE + W + w)

and

m
—29 a? Z ( a1 20+1Waars22i42 — Wy opoaWhars 21+2) (3.93)
LU= .

=2¢%a (QWﬁWMQ;g — 2Ws W00 — Wiy — W324) :
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Then
L =290 (W + W + Wiy + Wiy + 2W W05 — 2W5 W)

2 2 2 2 2 (3.94)
:29 a ((W;AS - W#24) + (WM14 + Wlugg) )

We see that only two linear combinations of gauge bosons acquire mass. So we have 6 —2 = 4
massless gauge bosons. Then, the stability group has 4 generators and corresponds to U(2).
The symmetry breaking pattern is then:

O4) — U(2) (3.95)

General Case for \, < 0

In the general case when A\ < 0 we have:

Lag =g (WAWpi1 + W Wiz — 2015 W,i1)
n (3.96)
="V Y (WAWpuir + W Wois)

1=3

And so we have n — 2 4+ (n — 2) = 2n — 4 bosons that acquire mass thus the number of
massless bosons is:

-1 5 —2)(n—3
Gl B S S R R k) ) S (3.97)
2 2 2
So we have the breaking pattern:
O(n) — O(n —2) x SO(2). (3.98)
General Case for \, > 0
When Ay > 0 we have K = L:
L-1 L—-1
Ly :9202 Z (WﬁlHszHl + z’“25+2wm2l+2) + 29202 Z <W5+121'+1Wu2l’+2 20+2
=0 Ll'=0

m
— Wariorp2Whara 2Z+2>

(3.99)
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L—1
—n2,2 H H W
Ly =g"a Z <W2l’+1 2l+1Wu2l’+1 2041 1 W2l'+1 21+2Wu2l’+1 242 W21’+2 2l+1Wu2l’+22l+1
1,I'=0
L—1
M 2 2 W W
+ WQZ’-{-Q 2[+2W# 2042 2l+2> + 2g a Z (WQZ-l-l Ql’-‘er# 211+2 2042 — W21+1 2l/+2W# 21/+1 2[—‘,—2)
L,I'=0
L—1
2 2 1 1
+ g%a*non41 Y (W2L+1 ot Wizr+1 2041 + Wap 1 s aWhars 21+2>
=0

L-1
2 2 1 L 2 I 1 2
=g a Z {( svrr2i41 T Wariooiia)” + (Wapproio = Wapiaoi41) ]
LI'=0
L—-1

2 2 o m
+ g%a*bn o041 Y (W2L+12l+1Wu2L+1 241 + War o e Waor 2l+2) :
=0

(3.100)

First let’s suppose we are in the even case: n = 2L, then last term is null. Remembering that
each gauge vector with same indexes is null, W,; = 0, we see that in the first term there are
@ linear combinations of gauge bosons that acquire mass and in the second another set
with the same number. So we have in total L(L — 1) massive vectors. The number of massless
gauge bosons is then:

(2L)(2L — 1)

2

So the symmetry breaking pattern is:

—~L(L—-1)= L% (3.101)

O(2L) — U(L). (3.102)

In the case n = 2L 41 we acquire additional 2L massive vectors from the last term of Eq.(3.99)

thus:
2L+ 1)(2L+1-1)

2
So the symmetry breaking pattern is still:

— L(L—1)—2L =L (3.103)

O(2L +1) = U(L). (3.104)

3.3.3 Spontaneous Breaking in the second rank Symmetric Representa-
tion

Again, we delay the demonstration on how to retrieve the covariant derivative and transforma-
tion law for this representation until section 3.6.
The symmetric representation ¢;; has the property:

Gij = Qji- (3.105)
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An infinitesimal transformation in this representation is:
Gij = Gij = Gij + €irDrj + €jrPik- (3.106)
The covariant derivative is:

D.¢ij = Ouij — gwﬁeﬁﬁkg‘ — Wik bik- (3.107)

The kinetic term 1is:

1
Liin 253“@]'8#@]‘ — g(Wion; + I/Vﬁg¢ik)a,u¢ik

(3.108)
+ g* (WhorWoady) + 9 (Whor W)
Note that the vector boson masses will come from the terms proportional to g2
Ly = 92(W;]L€¢kjwml¢lj) + gQ(Wil]istjW#leéli). (3.109)

The most general quartic potential for a traceless symmetric second order tensor representation
of O(n), ¢’ is:

1
V() == 5 T+ P61 + TSN 616) + 2 T 60

1 1 1 1 .
= = i Tr[¢7] + A (Tr[¢7]))” + 220 Tr[o"] + 22 Tr(g”].
(3.110)

Ulteriorly, the condition Tr[¢'] = 0 is added as a Lagrange multiplier otherwise we don’t have
an irreducible symmetric representation [4].
It is very well known that a real and symmetric matrix can be diagonalized such that ¢/ =
O¢OT with ¢;; = &;;¢; [33], then we have:

n

V(g) = i Yo+ (L D g D e - g G
i=1 i=1 i=1 i=1 i=1

For simplicity we impose an additional restriction, parity symmetry in the potential. To satisfy
this symmetry, terms proportional to \3 are taken away. Since adding a Lagrangian multiplier
has a different origin, is a restriction on the representation, and is imposed after the definition
of the symmetry of the potential,the restriction of parity symmetry does not apply to this term.
We need to find the minimum of this potential with respect to ¢; and ) .
The zero trace condition is given by:

ov

— =0. 112
0o 0 @ )
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For the other variables ¢; we have:

ov "
2 (¢n) +/\1Z ) (B + A2 (6:)° = Ao =0, i=1,---,n (3.113)
8¢1 ¢i:<¢1 =

We now show that there are at most three different values of ¢;’s, @1 # ¢o # ¢3. Let’s suppose

this is true then: .

1261 + M (D" (0,))) P + Nt — Ao =0 (3.114)
7=1

1265 + M (D (0,)%)pa + Ao — Ao = 0 (3.115)
j=1

—M@+%122 V) g + Aad3 — Ao = 0. (3.116)

=1
We subtract Eq.(3.115) from Eq.(3.1 14) arriving at:

n

—i® + M ( Z 2+ Ao (07 + P12 + ¢3)

J=1

(91 — ¢2) = 0. (3.117)

Since ¢1 # ¢o we have:

—p A D (657 + Aa(B] + drda + 03) | = 0. (3.118)
j=1
From the subtraction of Eq.(3.116) from Eq.(3.114) we have:
—i M D (857 Aa(8] + d1ds + 03) | = 0. (3.119)
j=1
Then subtracting last two equations we have:
(D1 + P2 + ¢3) (2 — ¢3) = 0, (3.120)
that implies:
O1+ ¢+ P35 = 0. (3.121)

Assuming there exists another value ¢, we have following the procedure of before:

s+ P2 + 93 = 0. (3.122)

Then from these last equations ¢; = ¢,. So we have shown that the vev of ¢ is composed of
three different values ¢1, ¢o, @3 each ny, no, ng times present.
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The vev of ¢ is:

1

P2
(¢) = . (3.123)
P2

b3
However, these three ¢; are not independent. Summarizing we have the following equations:

ny +nNo +nsg =n
¢1+ g2+ @3 =0 (3.124)
n101 + nags + ngps =0 ( Trace condition).

Solving ¢, and ¢3 in terms of ¢; we have:

Nng — N

dy = =101 = pachy (3.125)
Ng — N3
MNo — N

$3 = ———¢1 = pady. (3.126)
ng — No

Notice that from the trace condition doesn’t allow ny — n3 = 0. Inserting the vev in the
potential we have in terms of ¢, :

Vin = —a¢] + be]. (3.127)
Defining:
Yk(nl, Nog, n3) = nl(ng — n3)k -+ nz(n3 — nl)k + n3(n1 — ’fl,g)k. (3128)

For k even this function is positive and invariant under permutations of the n;’s. If we also
define:

X = (ny —n3)* (3.129)
We have: 2y;
_r
a= 5 X > 0. (3.130)
[)\1(3/2)2 + >\2Y4}

1
b= e . (3.131)
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Since Eq.(3.127) is the lowest value of the potential, thus a minimum, we have:

v _ ¢1(—2a + 4bp7) = 0. (3.132)
1
The solution is: 4
P = % (3.133)

Then, making explicit the fact that we are dealing with a vev:
200 )2

(61)? = K2 = ) n?;l (3.134)

AYs + Aoyt

We now have the vev as a function of the parameters of the Lagrangian (A, A9, 1t) and the three
n;’s. At this point we can get the stability condition, imposing 6;;/5” > (. This gives 6b > a
that will give an inequality relating the A\’s and the n’s. Explicitly, from the vev, expressing it
in function of ¢; and inserting in the potential we have:

1 1 1
V(p1) = —§M2(n1 + nop; + n3p3) 7 + 1)\1(”1 + naps + n3p3) o1 + 1)\2(”1 + naps + n3p3) 1

(3.135)
Imposing the minimum condition 21‘2/ > () we arrive at the stability condition:
1
2 2 2 (n1 + ngps + n3p3) Ly
ny + nop; + ngps) A1 + >—p >0 3.136
% <( ok mapg maeg) (n1 + n2p3 + nzpd) 3" ( )

We can now proceed to obtain the values of n;. The value of the potential at the vev using Eq.
(3.133) is:

a’ u 1
Vin(ny,ng,ng) = —— = —————<—
(1 m20ms) = =5 4 M+ dops
2 (3.137)
_ .~ !
4 A+ Aaf(na,ng,n3)
with f = (}3,;4)2 > () since is a ratio of positive functions and is monotonic and such that

f ~ 1/n. To start with the analysis we fix A\; > 0 otherwise the results we get are symmetrical
with respect to the sign of \y. We need to calculate configurations (n, 12, ng) such that the
potential is minimal. This is equivalent to minimizing V' over the R? space of the n’s with
the constrain condition n; + ns + n3 = n thus is in fact minimizing the potential in two
independent variables. Using f as an independent variable we derive:

OV p* o
4

Trm 3.138
(A 4+ Ao f(n1, no, n3)]2 ( :

of
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Then, when Ay > 0, V,,, is monotonically increasing with respect to f so the smallest value of
V., is when f is minimum. If A\, < 0 the V/,, is monotonically decreasing and smallest is when
f is maximum. Since f ~ 1/n we retrieve a similar plot as 3.1 with n as K before, but in this
case the only thing that this analysis shows is what to do in each case of the sign of A, since
we still to find the configurations of n; and n, to get the extremum.

Using the following identity:

1

Vim 13 (2?1 =+ (o — ) @139
We have: !
= 2, ((n2 —n3)” + (n1 —n2)* + (01 — ”3)2) : (3.140)

Note that f is invariant under permutations of the n;’s. We then change variables:

Y ="n1 — No (3.142)
ns =n — . (3.143)

So the result is:
3y? + (3x — 2n)?

= 3.144
J(xy) (8n — 9z)y? + x(3z — 2n)?’ ( )
with domain:
0<z<n (3.145)
—n<y<n. (3.146)
Note that f is even in y so it is enough to study when:
0<y<n (3.147)
Also, using last equation and Eq.(3.145) we have:
O<z—-y<n (3.148)

Note that this implies that the possible values of g(c) = z — y = c are discrete (¢ = 0, - - - n).
In order to understand how to maximize or minimize f, we take the partial derivative with
respect to y:
of 8y(3z — 2n)?

Oy - (y?(8n — 9zx) + x(2n — 395)2)2 (3.149)




3.3 Spontaneous breaking of Symmetry in the O(n) group

51

9(0)=y-x

X=2/3n

Ty

3

Figure 3.2 Domain of the function f(z, y) in Eq.(3.144) with the arrows denoting the direction

O S

of the monotonical increments of f(x,y) in the y axis. In the plot n = 6

From Eq.(3.149) we have that:

g‘£<0 for
g?];>0 for

Thus for all possible cases we have the following table:

Maximize f (A < 0) | Minimize f (A > 0)
%]yc <0 Max y Min y
% >0 Min y Max y

(3.150)

Table 3.1 Cases to minimize the Symmetric Orthogonal Potential at the vev, V,,

So when we want to minimize y the solutions have to satisfy the condition y = n; —n, = 0.
When we want to maximize y the largest value can’t be n (equivalently n; = n) for boundary
reasons thus have to be in the boundary defined by Eq.(3.148) that is when y = z or ny = 0.
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Case \, >0

2n

We want to minimize f. Following Table (3.1) when x < = (equivalently %5 < 0) the
minimum has to be on the upper boundary, that is, has to satisfy Eq.(3.148) with ¢ = 0 thus
the minimum will satisfy the equation y = x . We still need to get the value x of the minimum.
Expressing the values of f restricted to this line we have:

2 2
Flo,g) = S =St n (3.151)
zn(n — )

The minimum is the solution of:

of 5 (2z—n)

9 n —(:zm(n — ) =0. (3.152)
Solving last equation, the minimum is when:
x:g:y (3.153)
So: n n
ny = 5 ng =0, ng= 5 (3.154)

When 2 > 2 from Table (3.1) we have y = 0 and 2 < x < n. Thus we have:

F@,0) =2 (3.155)

Xz

Since f(z,0) is monotonically decreasing with respect to x it is lowest at the largest value of

x, so the minimum is at:
T =n, y=20 (3.156)

Thus we have:
n

ny = ng = 5, Nnsg = 0 (3157)

Since f(nq,n9,n3) is symmetric under permutation of the variables we have that the points
given in Eq.(3.154) and Eq.(3.157) that minimize each region give the same value of f and so
are equivalent. So the global minimum is then:

n
ny = —

5 ny =0 n even (3.158)

n
Ng = —
T2
In the case where n is odd since it is not permitted to have a minimum at n; = 3, ny = 7, the

minimum is then in the nearest allowed point:
- n+1 ~n—1

ny = 9 ) ng = 92 )

ng =20 n odd (3.159)

which is a global minimum in the odd case.
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Case \» <0

When A\, < 0 we need to find set of values such that f(z,y) is maximum. From Table (3.1)
and from the precedent analysis we need to find them in the neighborhood of z = y = n when
r>2andz =y = 0 for z < 2. Using the analytic form of f(z,y) the values of £(0,0)
and f (n n) diverge. The next max1mum value is f(n,n — 1) but we can’t use it since it gives
non integers values for the ny, ns 1.e. ny = 2”2_ L Thus the following allowed point is:

r=n, y=n-—2 (3.160)

and this is the maximum. This can be written as:
n=n—1, ny=1 n3z3=0 (3.161)
We can try another point z = y = n — 1, which gives ny = n — 1,15 = 0,n3 = 1 and since

f(n1,n2,ng) is invariant under permutations of the n;’s it gives the same result as f(n,n —2).

Derivation of the symmetry breaking pattern

To calculate the exact pattern we need to use Eq.(3.49) with the vev:
b1 0

_ (o3}
¢ = " (3.162)

2

Where there is a diagonal submatrix of dimension n; with ¢, and another submatrix of dimen-
sion n — ny with ¢,. ny will depend on the sign of \,. Equivalently:

(Dr;) ¢1Z5kl it o Y Ord. (3.163)

l=n1+1

Using Eq.(3.134) we have:

2 2

2 w(n —mny)
N . 164
o n2(Ainy + Aa) — nny(Ang + 3Xg) + 3Xan? (3.164)

From Eq.(3.109) we have:

Lyn=y VVZ/Z (¢1 Z(Sklfsgz + ¢2 Z 5kl5]l) ik’ (¢1 Z5k'l'5ﬂ/ + ¢ Z 5k/lf(5]lf) :

l=n1+1 I'=n1+1
(3.165)
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Since:

Z Z 5kl(5jl5k’l’5jl’zz Z 5k15k’l’5ll’7 (3166)

=1 1U=n1+1 I=11=n1+1

we see from the set of indices in the summation that d;; = 0 always so terms proportional to
@102 in Eq.(3.165) are null. This leaves us with:

Ly =W (b)) Wi (dwj)

=" WHW ik (Qf)% > Subudkrdi + @5 > 5kl5j15k/l’5jl’)

LU=1 LU=ni+1

(3.167)

ni n
:92¢?ZM/¢/§WMH+QQ¢§ Z WHiW,.a.

=1 l=n1+1
For the other term we have:
ﬁMQ :gzwfk <¢kzj> W,uj k! <¢k'z’>

n1 n
= WEW,iw (D ubudubrds + D Sududu by

LU=1 LU=n1+1
ni n

+ 20102 > 0bjbu )
I=1 U'=ny+1

n

ni ni n
= - 92¢% Z Wﬁ/Wuw - 92053 Z VVﬁ/Wull' - 292¢1¢2 Z Z WﬁfWuw

L'=1 LI'=n1+1 I=10U'=n1+1

(3.168)

First we give an example of the breaking of O(4). We see that in the case with Ay > 0 we
have that n; = 7. The vev is:

1 0
(0) = “ (3.169)

0 ¢

O2
So we have:
2 4 2
Ly =g°¢1 Y WEW,ii+ 603> WIW,i — 07 > WhEW,u
=1 =3 =1

(3.170)

4 2 4
+ 95 Z WHEW v — ¢ 12 Z Z WhHWaw

LI'=3 =110'=3

:92<¢1 - ¢2)2(W124 + W224 + W123 + W223)

Thus 4 gauge bosons acquire mass. The remaining symmetry has only two generators and the
subgroup of O(4) that has this number of generators is the product O(2) x O(2).
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If \y < Othenny; =n — 1. The vev is:

@) =, (3.171)

So we have:

3 3
ﬁM :g2¢% Z VVz‘Mquil + g2¢§WZM4W;M4 - QQQﬁ Z VVﬁ/Wull’
=1 LI'=1

3 (3.172)
+ P OWEW,aa — g 102 > WiWaia

=1

=g (¢ — d2)° (Wi, + W3, + W3,

We have that 3 gauge bosons acquire mass so the unbroken subgroup has 3 generators and
thus is the group O(3)°.
In general we have:

ni n ni n
_ 2,2 m 2,2 " 2,2 m 2,2 m
Ly =g ¢1ZM/¢szl + 9% Z WiWyuit — g1 Z WiWaw — g~ 03 Z WiWar
=1 I=n1+1 LIr=1 LlU'=n1+1
ni

— o> > WhHWap

I=11'=n1+1
n ni ni n ni n
2 242 2
=67 S S WhEWur + g5 Y WhEWar — d*¢ide > > WhWar
l=n1+110'=1 =1 1V=n1+1 I=11U=n1+1
ny n
:(¢1 - ¢2)2 Z Z VV/;/W;LH’
I=11'=n1+1

(3.173)

From the last equation we have n;(n — ny) gauge bosons that acquire mass. Thus the number
of unbroken generators is:

n(n —1)

(n—ny)(n—ny—1) (ng—1)(ny)
5 +

2 2

(3.174)

—ni(n—ny) =

In all cases the breaking is O(n) — O(n — ny) x O(ny).

®Note that it cannot be U (1) x U(1) x U(1) this last group is of rank 3 and O(3) is of rank 1
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Summarizing we have the breaking patterns:

O(n) — O(TLI) X O(n — ?7,1), )\1 > 0,)\2 >0

Wlth ny = g lfn cven (3175)
with n; = n if n even
and
On)—0(n—1), A\ >0,X<0 (3.176)
Here, using Eq.(3.164), we have for A\, > 0 in the even case:
2
2 2
S 3.177
% nA; + A ( )
and in the odd case: ( 1)2 )
2 n—LlH
= 3.178
%1 n(n? — 1A + (n? 4+ 3) A\ ( )
On the other hand, when s < O :
12
¢f = (3.179)

(N2 —n)A 4+ (3+n2 —3n)A,

3.3.4 The Spinor Representation

The irreducible representations of O(n) can be classified into two categories, single-valued
and double-valued representations. In the previous subsections, we already have seen single
valued representations up to rank 2: the fundamental, the antisymmetric and symmetric trace-
less representations. A characteristic of this representations is that are real thus not suitable
for chiral fermions (see Section .(5.1)).

On the other hand, the double-valued representations, called also spinor representations
since the fields in this representations transform like spinors in a n-dimensional coordinate
space, are complex representations thus suitable for chiral fermions. In addition, using spinor
fields we can retrieve new spontaneous symmetry breaking patterns for a Lagrangian with
gauge symmetry O(n); in fact the SO(10) GUT model uses some of these representation in
the Higgs sector (16, 120 and 126).

From the definition of the O(n) groups, the condition Eq.(3.31) is equivalent to invariance
of the norm squared of an n-dimensional real vector under rotations i.e. that the quadratic form
22 + 23+ ...+ 22 is left invariant. An interesting fact happens if we write this quadratic form
as the square of a linear form of z;’s.

oI+ ri 4. 22 = (w T+ YeTa)?, (3.180)

To satisfy this equation the ~’s necessarily have to be matrices which have to satisfy the prop-
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erty:
v vt = v + v = 20i1nxw ,j=1,--n (3.181)
Last equation is a N x N matrix equation. 'In the literature, last equation is referred as the

Clifford Algebra of dimension n, Cl,,(R).
In order to show the connection of the ~’s with the Lie Group O(n) we define the matrix:

1
Sij = 5[%,%‘] (3.182)
From Eq.(3.181) we obtain:
1565, ] = 617 — Ginyj- (3.183)

So the s;; satisfy the Lie Algebra so(n) (see Eq.(3.36)) in the representation of /N x /N matrices:

(84, Ski] = OjkSa + dusjn — diksSj — OjuSik (3.184)
This means that the matrices s,;, constructed using the v’s, can be used as generators of O(n).
Additionally, using the s;; as generators we define the Lie Group Spin(n) as the set of
N x N matrices:
Spin(n) = {e29% : ¢;; = —e;;} (3.185)
Note that both O(n) and Spin(n) have the same Lie Algebra so(n) and depend on the same
number of parameters {e}; in fact there exists an homomorphism between the two. It can be
shown that this group is the double covering group of O(n) [28]; for example for n = 3 we
have Spin(3) ~ SU(2) and is well known that SU(2) is the double cover of SO(3).
To see how Spin(n) induces a transformation on the s let’s do a rotation in the fundamental
representation 2’ = Ox = eSiliz with O an element of O(n).
Then the linear form 3.180 transforms as:

yox =1’ =0ua, = o =7 2 (3.186)

Correspondingly doing a transformation of 7 - z, as a matrix, i.e. using the same set of {¢}’s
for the element S(0) = e2%i%s of the Spin(n) group, we have:

S(O)y-zS™HO) =~ -2 (3.187)
Infinitesimally, since x} = z; + €;,x; We arrive at:

1 1 1
5% [Sij, Vel Tk = €apToVa = §(eab — €pa)TpYa = §eijxk(5kj%- — OkiYj) (3.188)

retrieving again equation (3.182).
Notice that the anticommutation relations remain unchanged, i.e.

{775} = 0 O5ufve, 1} = 200051, = 2055 . (3.189)

"It can be shown that the dimension of the v matrices must be even.
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The correspondence O — S(O) serves as a N-dimensional representation of O(n) and so is
called the spinor representation of O(n). The objects that transform under this N dimen-
sional representation are then called spinors. Equivalently, the spinors are defined as the
Ndimensional vectors 1); that tranforms as the fundamental representation of Spin(n). In
any case the explicit transformation is :

Y =) = S(0)41; (3.190)

and these objects are called covariant spinors. Their complex conjugate , 1) , has the transfor-
mation property:
v = SH0); (3.191)

and are called controvariant spinors.
The dimensionality is easily seen for SO(3). In this case the Clifford algebra is simply
given by the three Pauli matrices, and a finite transformation looks like

S(O(p)) = 37 = cos ’2@' + igﬁfﬁ sin |<§‘ : (3.192)

where we have defined €33 = —1, €13 = —, €12 = —p3 and |¢| = \/¢? + 3 + @2,
showing then that for n = 3 the Lie groups Spin(3) is conformed of 2 x 2 matrices.

To see the relation between /N, the size of 7’s matrices, and n, we start building explicit
representations of the ~’s inductively. We start with n = 2K = 2. Since the Pauli matrices
satisfy the Clifford algebra

{o1,07} =20y, (3.193)

we can choose two of them as the 7’s.

0 1 0 —1
%”—m—(l 0) : 751)—02—<Z. O>. (3.194)

thus showing that N = 2 = f(1) for n = 2 with f(K) a function relating the the dimensional-
ity of the group n = 2K with the size of the square matrix, N. Then the y matrices for K > 1
are constructed by recursion. The iteration from 2K to 2(K + 1) is defined by the matrices:

(K+1) ) 0 :
=T for i=1,2,...2K=n, (3.195)

0 1 0 —
oS- (1) we sER-(0 7). e
Starting with n = 2 using Eq.(3.194) in Eq.(3.195) forn = 4 wehave N =4 = f(1)x f(1) =
21, Forn = 6 we have N = 8 = f(1) x f(1) x f(1) = 22 so for n = 2K we have
N = f(1)X = 2% and so on as can be seen using induction and the explicit formula.

Given the fact that the fy(K) matrices satisfy the Clifford algebra C,,(R) we show that the

i
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set of 'y-(KH) satisfy the Clifford Algebra Cl,,,2(R) as well,

(2

(K) . (K)
{ (K+1) (K+1)}: {% 7 } 0 _ 20;; 0 — 95
,Yj LA

(3.197)

{7§K+1) 7(K+1)}: 0 Y A0 —n" —0
7 y [2K4+1 _’YZ(K) 0 ’}/Z(K) 0 3

(3.198)
2
K+1
(75[(11)) =1.
(3.199)
Analogously one finds
2
K K K K K
{%'( +1)>7§Ki;)} = 205, {’YéKﬁ)a’YéKi;)} =0, (’Yéxié)) =1. (3.200)

A similar construction can be done for n = 2K + 1 odd. The size of the n matrices %-(K) is
2K The representation space of Cl,, (equivalently of S(O) ) for n odd is irreducible.
However for SO(n) groups with n even the representation S(O) is not irreducible. To

see this we construct the chiral projector v, defined by
Y= (=9)"MY2 " Yan - (3.201)

~s anticommutes with +; since 2n is even® and consequently we get [fyf, skl} = 0. Thusif ¢
transforms as v, = S(0O);;1;, the positive and negative chiral components

1 1
+ = _ T = _ —
o= (ley)e ad  wT = (o) 0 (3.202)
transform separately. In other words ¢ and ¢~ form two irreducible spinor representations
of dimension 2"~!. The relationship is analogous to the usual left - right spinors under the
Lorentz Algebra.

8Notice that this would not be the case for SO(2N + 1) groups.
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3.4 Spontaneous breaking of Symmetry in the SU(n) group

The Lie group SU(n) is defined as the n x n complex matrices that satisfy:

MM =1 (3.203)
det[M] = 1. (3.204)

The n x n complex matrices that satisfy only Eq.( 3.203) form the Lie Group U(n) that
contains SU(n).

For an element of SU(n) using M = ¢ we have that the matrices of the Lie Algebra su(n),
the Lie algebra of SU(n), have to be hermitian X = X' and traceless Tr[X] = 0.

From the conditions Eq.(3.203) and Eq. (3.204) we see that there are only n? — 1 independent
generators for su(n). This shows the dimension of su(n) and correspondingly of SU(n).

To construct a basis for su(n) we define the following n? real matrices (n X n)

(X7 )n = Simbin. (3.205)
These n? matrices satisfy the following relationship:
X7/, X =0 xt—6IX] Qi k=1, n. (3.206)
This is the Lie Algebra u(n). These matrices form a vector space with scalar product:
(X7, X4 = T X7 X] = G (3.207)
Thus to express any element of SU(n) as
M = Xl (3.208)

we need to impose certain restrictions on the complex parameters e{ . In general any matrix
that belongs to the subspace of the real (complex) matrix vector space M, (R)(M,(C)) , for
example all Lie algebras of classical groups, can be generated using the set Eq.(3.205) and
complex parameters with specific restrictions derived from the definition of the groups.
Without any restriction, the set of € represents 2n? independent real parameters. Using Eq.(3.203)
we have that:

e = ()" (3.209)

J
This reduces the independent parameters to n? in total with n(n — 1) with distinct indexes and

n with equal indexes. From Eq.(3.204), using det[M] = e 1X) = 1 we see that:

Tr[e X/ = € e[ X/ = € Te[ X =€l + -+ = 0. (3.210)

This implies that we have only n — 1 independent parameters € with equal indexes.
The fundamental representation of SU(n) is then defined as:

Ule) = e Xi, (3.211)
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with the restrictions on the € outlined above. Since the algebra has dimension n? — 1 to add
the Yang-Mills field we need the same number of bosonic gauge bosons, W, . The vector IW*
expressed in the base of the Lie Algebra Eq.(3.206) is:

WH=WHX7. (3.212)

Contrary to the orthogonal case these are complex. They satisfy the same restrictions as the €
since they are constructed in the same way:

W), = (W;j)* (3.213)
> Wi =0. (3.214)
=1

W, transforms in the adjoint representation under a gauge transformation Eq.(1.70):
W = e Xt Xt + ;au]e—“?xf . (3.215)
Expanding near the identity :
o 1 .. . SRR D
Wi =W, +i[e X], W, X[]+ gﬁﬂefo = W +ief W, X! —e W, X + gﬁyefo (3.216)

where we have used the Algebra (3.206). The diagonal summation between € and W is im-
plied. Projecting onto the component W}, Tr[X/ W] and using Eq.(3.207), we have the trans-
formation law:

i

‘ ) ) ‘ 1 .
Wy =W, +ief W — i Wh + gaﬂeg. (3.217)

Some W’s are complex which are interpreted as charged bosons. However to properly count
massive gauge bosons we need to find their decomposition in real boson gauge bosons. An
example on how we get real bosons from complex ones will be done with the Yang Mills field
of SU(2). A general complex boson is:

Wi, = Re(W3,) +ilm(W},). (3.218)
With this formalism we have in SU(2):
W, =Wi,X] = W2 X7+ W3, X, + Wi X] +W2,X5. (3.219)

In principle the Yangs Mills field would depend on 8 real gauge bosons but from the conditions
we have using Eq.(3.213):

Wl

wlo

2 2 *1
Wjo  real, Wii=W

et (3.220)

and using Eq.(3.214)
W, =-W;, (3.221)

pl
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so we have only 3 independent gauge bosons. Suppose that W/fl gets mass we have then:
m* W2 Wi = m? (Re(W2))? + Im(W2)?) (3.222)

so we have two real vectors that acquire mass.
To construct the kinetic part of the Lagrangian we need:

Fgm = 8/1W3z' - auWii + Zg(W;lszZk - szwik) (3.223)
The Lagrangians that we will use have the following form:

L= Ypiopmiyp V(9) (3.224)

Ll

with L, the kinetic Lagrangian of the scalar field. Both the explicit form of £ and V' (¢)will
depend on the representation of the scalar field and so also the symmetry breaking patterns.

In the following sections we perform the generalized BEH mechanism for different rep-
resentations of the SU(n) group. We start deriving the law transformations in the specific
representation and the covariant derivative. Then use factorization procedures we will retrieve
the corresponding vev for different values of the parameters of the potential.

3.4.1 Spontaneous Breaking in the vector Representation

In SU(n) we only have single valued irreducible representations. A finite transformation in
the fundamental representation is:

W =U(e) (3.225)

Where 1) is a complex n dimensional vector. We define the equivalence:

Y7 = (3.226)

such that the norm squared of a vector is:

Vi = V. (3.227)
For infinitesimal transformations we have:
V= (14 €. X})ijthj = i + ie;00i01; = i + i€l ;. (3.228)
The covariant derivative is:

Dyt =0, — igWoal (ta)ijth; = Outbs — igW i, (X2)ithy = Outhi — igWias.  (3.229)
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In this way we can construct the kinetic part of the scalar field in the fundamental representa-
tion:

1

Ek:§

1., ., - o1 "
(D*) Dyp = 30" 0uthi — 1gWiah; 0"y + 592W[fikai M e (3.230)
The potential is:

1 2 i 1 )2 2
V() = —gpda + JAWa)", g, Areal. (3.231)

To retrieve fields that minimize the potential we do:

oV
O

If 12 > O (after phase transition) one can show that the condition :

= (=i A W) (@)) W) =0, =1 n. (3.232)
i=(;)

(Vi) =0 i=1,---,n (3.233)

give a local maximum. This is consistent with the fact that we are in the the spontaneously
broken case since the order parameter (o(number of grounds states) is not null. Then at least
we need to have # 0 for some i. The set of solutions in fact are defined by the following
equation:

12

() (') = T (3.234)
where v is real. ° We select a particular direction:
(i) = V0. (3.235)
The mass term using Eq.(3.230) is:
1 * (1] i’ * 1 *UNTT N
Ly = §g2Wi MW (i) () = 5g%ﬂw,. W no sum over 7. (3.236)

Thus we have 2n — 1 boson vectors that acquire mass. To see this, note from the sum that
each W™ "Wﬁi for ¢ # n gives two real gauge vector bosons and in addition there is the single
W. Thus we have n> — 1 — (2n — 1) = (n — 1)? — 1 vector bosons that are massless. The
symmetry breaking is then:

SU(n) — SU(n —1). (3.237)
A clear example is the case of SU(2). Selecting n = 2, we have:
Lar = 2g20? (Wi w2, + (W3)?) (3.238)
M = 29 v 1 ul 2 .

%it has the same value as the one of the Standard Model
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From the fact that W7 is real and .} is complex we have 3 real gauge bosons that acquire the
same mass. Doing the same calculation with the usual fundamental representations:

T,=2  4=1,23 (3.239)

we see that the mass term is:

1 g*v? 2 2 2 1 g*v” 2 1551 : .
L =54 ((Aul) + (Ap2)” + (Aps) ) = §T(AM3) T 5(14#1 +iAu2) (Ap — 1Aus)
_Lg () + oW~
o 4 ) Tyl '
(3.240)
The correspondence between the two notations is then clear:
N P T
Wpl = 5( 1 T iAue) = \/§W
. 1 ‘ 1
Wil = 5 (A — i) = ol (3.241)
1
Wia = —54u

and it can be readily generalized for any gauge vector of SU(n) in any representation con-
structed through the fundamental representation.

It can be shown that when having two sets of vectors the symmetry is reduced as SU(n) —
SU(n — 2). Inductively using m vectors the breaking pattern is SU(n) — SU(n — m).

3.4.2 Spontaneous Breaking of SU(n) x U(1)---U(1) in the Vector Rep-
resentation

In this section we deal with a simple extension of the last case. Let’s consider the symmetry
group G = SU(n) x U(1) x --- x U(1) where M is the number of U (1) symmetry groups. As
it is well known all the one dimensional irreducible representations of each U(1) are labeled
by the value of the "charge" Y that can in principle be any number. ' Denoting 3 as the
parameter of U(1)y, a transformation in the specific representation of ¢» with hypercharge Y7,
is:

P — Py (3.242)
Since the fundamental representation of U(1) is one dimensional, the product representation
of the fundamental SU(n) x U(1) is still a vectorial one, and a so a gauge transformation
of U(1) is just a phase transformation. Since the generators of the abelian subgroups of the
gauge group commute with the ones SU (n) they have to be proportional to 1 when expressed
in the fundamental representation of SU(n) that is the only important representation.Then

10In other words Y is not quantized. A suitable solution to this is embedding U (1)y into a large simple group,
as is well known for the SU(5) GUT.
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the Abelian components of the Yang Mills field are just a diagonal matrix in the fundamental
representation of SU(n). We then have that the covariant derivative is:

M
4 ; , Y,
Dyibs = Ouiby — igi W) by — > igh,—- 5 Boyupi a=1,--- M (3.243)
a=1

where M is the number of U(1) symmetries. As usual the kinetic term is gauge invariant. We
use the same potential as in last section since the SU(n) symmetry is the dominant one and
it includes all the possible U(1) symmetry groups. We then get the same vev: (¢;) = d;,0.
Then to get the mass term we have:

J\/[Y M

Lar =T WRWI™ () () + 5 (W:Z W3) (3 5 (Wi gaBt) + Wi () (2 ’;ag; (i) Béf))

a=1
1 ( &y, , . My,
+2(Z 7% (%)B(’;) (Z *695 )
B*

a=1 p=1

gU * N * M o4
W (W"+W”)(§:?
a=1 a=1 B=1

(3.244)

U2 M Ya M YB
")+ 5 (Z 29;35) (Z ?g,IBBM/B

From the second term, note that the real gauge boson W, is the only on that mixes with the
U(1) gauge bosons. Then denoting %LE]BN = Zf}il %g/’BBug we get that:

g2 "1 - v2 Y - Y3
T L W (5 B+ gWh)(SLgB" + g™
272 2
g2v2 "=l 20,2 | =2 Yo Y, -
Z e 1)(g2+g)(sm QEBB;L + cos W, ) (sin 9?'83“ + cos OWH™)
(3.245)
Where we define: -
sinf = —2 (3.246)

as an angle with an obvious remembrance of the Weinberg Angle. The second term in Eq. (
3.245) can be seen as a mass matrix which gives one non-zero mass gauge boson as a combi-
nation pf B, and W, . Thus we see that we have n — 1 complex gauge bosons that acquired
mass m = gv and one real boson that acquired mass /g% + g?%. Thus the symmetry breaking
is:

SU(n)XU(l)Ql XXU(l)QM—>SU<TL—1)XU(1)Q/1 XXU(l)Q/

M-—-1

(3.247)
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3.4.3 Spontaneous Breaking in the second rank Symmetric Representa-
tion
The symmetric tensor has the properties:
Pig = e = (YV)* (3.248)

The derivation of transformation rule and covariant derivative will be done in Section (3.5.2).
We state the results here.
The transformation rule is:

Vij = Vg i€ rg + i€5 i (3.249)
The covariant derivative:
Dby = Oty — igW by — igW b (3.250)
The masses will come from:
Ly = 92(W5i¢kjwz‘*“ k/ﬂ)lt'j) + QQ(W;TWZJ'W]M/WJ:H) (3.251)

The most general potential in this case is '':

V() = — o Tfu] + Ph(T{])? + Do Tyt

1 o 1 4 .
=— 5#%@%” + ZM(%’W”V + j@(%’WWMW)

(3.252)

To calculate the minimum, we have '*:

19)%
a¢z’j bij=(sj)

1 | ] , , o
= =Y SN (@m " + SN (W ) =0 i j=1--m

(3.253)
We define a new matrix as:
SF = ™" (3.254)
which is hermitian since:
(ZJT)f = (22)* = (wkm¢ml)* = iﬂkmiﬂmz eq.;248 z/}lmwmk = Zf (3255)
Then the potential is:
1, 1 5 1
V() = —H Tr[X] + ZAI(Tr[E]) + Z}\QTT[ZE] (3.256)

"Note that we cannot possible add a cubic term: Tr[¢)¢1)T] since it not gauge invariant under the transfor-
mation ¢ — UypU7T

2we omit the bracket parenthesis in the following parts but we are working with the vev components of )
and
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So Eq.(3.253) is: 13 B 3 .
—* + M(T[E])Y + AZfyt =0 (3.257)

Since X is hermitian we can diagonalize it via a unitary transformation:
Y= Y =USU = Uy U = UpUTU D UT = UpUT(UPUT)* = p*  (3.258)

Where we have used U7 U* = 1. This is just a change of basis on the 1) space as shown above,
and does not change the shape of the potential. Then X’ has the form:

Y = ) (3.259)

where the set o’’s are real and not all of them zero. Using ¥ = UTY'U we have Tr(X) =
Tr[UTY'U] = Tr[Y'] = 2, of. Rewriting Eq.(3.257) hiding the tildes on v);; and the primes
on X and o we have:

(—u2 +(>0 Uk)) Y4 Ao0; 810" = (—uQ + M on) + Azaj) Y=0 j=1,-.n
k=1 k=1

(3.260)
Since we are in the spontaneous symmetry breaking case there will be some v;; # 0. Let’s
suppose we have K non zero o’s'*, then the equation defining the set of vevs is:

K
(—/f + 0> o) + Agaj> =0, j=1,--.,n (3.261)
k=1

This equation has the same structure as equation Eq.(3.71) that appeared in the minimization
of the potential of the antisymmetric second rank tensor representation of O(n). As before the
calculation of the vev of v;; will depend on the number K of non zero ¢’s . Using the same
procedure as before (Eq.(3.71) and below), the ¢’s that are non zero are all equal to each other,
thus from Eq. (3.261) we have: ,
1

T KM+ N

We can also derive the correspondent stability condition. This is done in analogy with Eq.(3.74)
with the result:

(3.262)

KX\ +X >0 (3.263)

3omitting parenthesis in the componentes of the vev of Vij
4the order is unimportant since we can always use transformations that change order leave the potential
invariant
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Case \, >0

Using the same arguments of Part (3.82), if A, > 0 we have that K = n thus ¥ = ¢*1 with:

2

R R AL+ Ay > 0 (3.264)

(71)\1 + )\2) ’

The next step is to retrieve (¢») from X .
The defining equations of ¢ are:

PPt =Y =1 (3.265)
T =4 (3.266)

Using ¢ = A 4 B with A and B real n x n matrices, from Eq.(3.266) we see that A and B
have to be symmetric. From Eq.(3.265) we have that:

A+ B> =1 (3.267)

AB = BA (3.268)

Since A and B are symmetric and commute with each other, we can diagonalize them together
using an orthogonal transformation:

A=0A0" (3.269)
iB =i0OB'O" (3.270)
with:
aq 0
0 a9
A =1 , (3.271)
0 an
by 0
0 by
B =1 . (3.272)
0 b,

From Eq.(3.267) and the orthogonality of O:
010" = 1 = A2+ B? = OA0OTOAO" + OB'OTOB'O" = O(A”*+ B?)0O" (3.273)

so we have n equations:
a: + b = ¢, k=1,---n (3.274)
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Then the matrix v/’ from 1) = O¢’O7 is:

ay + Zbl 0
¢/:A’+Z’B’: 0 a2+zb2
0 a, + b,

\ad + bietn 0
_ 0 \/ a3 + bietez (3.275)

This determines the structure of the vev of ¢ up to n phases. However, we can factorize v':

Y = Uy"UT (3.276)
such that:

Y’ =cl (3.277)

and: 4

6wq/2 0
0 eiag/?
U= ) (3.278)
0 6ian/2

by doing this, the potential remains invariant meaning that the phase are not physical and can
be removed.
Summarizing we have:

¢ = 0oUy"(0U)" (3.279)

with, explicitely expressing 1" as a vev:

W =cl=c (3.280)

Having the vev we now need to calculate the number of massive gauge bosons. We insert the
vevs in the Lagrangian and remove the primes so ¢» — v” . Then calculate the masses. The
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vev 1s:
(i5) = cdyj (3.281)

ij
then:

Lar =g*(WE (W) W () + 2 (Wik () WEY (i)
ZQQCZ(Wl]f-ékjWi*uk/5k/j) + QQCQW;k(SjkW]H /(Sik/

{2

:gchW:jW/i”j + QQCQWZgW]Hi (3.282)

:2g2c2W;fW/Z-M + 2¢%c* Z W:f(Wl“] + Wi*“j)
i<j
Then we see that n — 1 diagonal gauge bosons acquire mass and @
gauge bosons acquire mass thus we have:

non diagonal real

2 J—
n2—1—(2+”—1):w (3.283)

Do |

massless bosons. Thus the symmetry breaking pattern is:

SU(n) — O(n) (3.284)

Case \; <0

For the case A\ < 0 we have that X' = 1 as in the antisymmetric O(n) case, as when we
arrived at Eq.(3.80). Using Eq.(3.262) and Eq.(3.263), the vev of X is

1

2

(x) = d? L =5 ‘iA R VNI V) (3.285)
1 2

0

As before ) = A + B with all the properties shown for the case Ay > 0. The difference is
that we only have one equation:
a? + b3 = d* (3.286)

a1 + Zb1 0 eial 0

0 0 0 0
W =A +iB = , —c _ (3.287)
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Doing the corresponding redefinition U = diag(e~**/2,--.  0) we arrive at:
1
0 0
(¥") =d (3.288)
0 0

To calculate the masses we do as the preceding section with vev:

(1) = dbyi0y; (3.289)

Lar = P Wyiabi Wi i) + P OViE, Wi i) = PP (W) + g d* (W W)
(3.290)
For example for SU(3) with 8 generators, we have:

Lop =gd* (WhW + WEPWd + WP wid) + g2d? (W, i)

2 275171 ul 2 12 1277 %k 2 w313 (3.291)
=27 d* W, W™ + g*d® (W PWid + WiP3)
Note that the gauge vector Wj’Q is not present this gives two massless gauge bosons. Also
note that the real gauge bosons Wig and W,i’s are not present but le is. Since one of them
is not independent we have one massless vector in the subspace of W/fQ and Wj’d and le as
. . . . . 3 2
a real massive gauge vector. A diagonalization in the complex gauge subspace (W;m Wul)
gives the real masses to each independent gauge vector thus we have 4 real massive gauge
bosons. In total we have 5 massive gauge vector thus the remaining symmetry has 3 generators
corresponding to the 3 massless gauge bosons so the unbroken group is SU(2).

In the general case we have:

Lo = g*d* 3 (W W) + 20 (W Wwi) (3.292)
=2
The first factor gives 2n — 2 real massive bosons and the second gives one so in total we have
2n — 1. Since:
n—1-02n—-1)=m-17°-1 (3.293)

The breaking pattern is:
SU(n) — SU(n—1) (3.294)

As another example, for SU(5) we have:

4
Ly = g*d> Y (WL,Wi*h) + 28°d> (Wi W) (3.295)

=1



72 Generalized Brout-Englert-Higgs Mechanism

The first factor has 8 real vector bosons and the second one in total we have 9 massive gauge
bosons. So 24 — 9 = 15 equal to the number of generators of SU(4).

3.4.4 Spontaneous Breaking in the second rank Antisymmetric Repre-
sentation

The antisymmetric representation has the properties:

Yij = =y = (Wj)*. (3.296)
The following proprieties will be derived in Section (3.5.2). The transformation rule is:
Vij — hij + i€i s + i€ (3.297)
The covariant derivative:
Dyibij = Ouiis — igW by — igW, bu. (3.298)
The masses will come from:
Lar = g (Wit Wi"  0y) + G W0 Wi ). (3.299)

The potential has the same form as the potential for the symmetric representation Eq.(3.252):

V() = — o Tf] + DT ])? + Do Tyt

1 o 1 4 .
=— 5#%@%” + ZAl(wijw”)z + j@(%’WWMW)

(3.300)

As the solution before, we define : ¥ = v1)*. In components: XL = t,,00™. It is also
hermitian. The procedure of minimization is the same as the previous section. The results are
the same, the value of ¢ is given by Eq.(3.262) and the stability condition is Eq. (3.263).

Case \, > 0

If Ay > 0 we have

2

(2) = - : czzzﬁXl%TX” nA + Ao > 0 (3.301)
1 2

that is valid for n odd or even.
Thus:
Yt =1 (3.302)
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Let’s first focus on the even case n = 2L. To retrieve 1 from Eq.(3.302) note that ¢ can be
written as:
v=A+1iB (3.303)

with A, B antisymmetric. The defining conditions are the same as before, from Eq.(3.302):

A*+ B> =1 (3.304)
AB = BA (3.305)
Since iA and ¢ B are hermitian and commute with each other they can diagonalized with the

same unitary transformation. This is just an application of the Spectral Theorem. The eigen-
values are real and occur in pairs. Let )\ be an eigenvalue, using A = — AT we have :

det(A1 —iA) = det(A\1 +4A") = det(A\17 +iAT) = det((A1 +iA)") = det(A\1 +iA)

(3.306)
Thus both A\ and—\ give solution to the characteristic polynomial. Then:
iA=UiAU" (3.307)
iB = UiB,U" (3.308)
with:
ial
—ia1 0
iag
Ay = —iaz (3.309)
0 war,
—i(LL
by
—iby 0
1by
B, = —iby (3.310)
0 by,
—iby,

This can be simplified. Using the unitary matrix:

. »
k= 7 G ;) (3.311)
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0 1\,+ L(1 —=i\{0 1\(1 1) (i 0
k(—l 0)1€ _2<1 i)(—l 0) (z —@)‘(0 —i) (3.312)

‘We see that:

Defining:

K = (3.313)

We see that A; = K AgK with:

0 1
(%)

Ag = (3.314)

also B; = KBsK':

0 1
()

Bg = (3.315)

0 1
“(% o)

that is K transforms A, and B, into standard antisymmetric form.
Summarizing:

Y =A+iB=UKAg(UK) +iUKBg(UK) = UK(Ag +iBs)(UK)' = UK/ (UK)!
(3.316)
But on the other hand it is known that for any real antisymmetric matrix (A, B) a transforma-
tion into standard antisymmetric form (Ag, Bg) has to be real and orthogonal so UK = O
is a real and orthogonal matrix, thus (UK)! = (UK)T. From )* = 1¢* we have using
Eq.(3.316).
01207 = 1% = Yy* = OY'v* 0" = O(A% + B3O (3.317)
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Since O belongs to O(n) is included also in the symmetry group SU(n) of the Lagrangian,
thus the factorization ¢ — 1)’ leaves the Lagrangian invariant. Equation (3.317) implies:

az +b? =, i=1,---,L
‘We have then:

. 0 1
(a1 + Zbl) (_1 O)
V'=Ag +iBg =

(ar, +iby) <_01 é)

w, (01
()

As before we do another factorization using V' to get rid of the phases:
w/ -V w// (V)T

with the diagonal matrix:

; 10
i /2
e' (0 1) 0

: 10
i /2
V= 0 e'e? <O 1)

, 10
i /2
0 e'r (0 1)

(3.318)

(3.319)

(3.320)

(3.321)
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which again leaves the Lagrangian invariant. !> Then v explicitly shown as a vev is:

(50) 0

5o
(" =c —10 n=2L (3.322)

| o

For the case n = 2L + 1 the procedure analogous, we just add a O in the diagonal.

[ 0) :

-1 0
(") =c . n=2L+1 (3.323)

Case \» <0
For the case A\, < 0 the vev of X is analogous to Eq.( 3.285)

1

2

(%) = & L=y iA R VTS N (3.324)
1 2

0

For the vev of ¢ we can proceed as in last section and arrive to:

<0 1) 0
wy—al " . (3.325)

And this is valid for n odd or even.

Bnote that the covariant derivative goes like Tr[(D, %) D*¢] thus V cancels with it’s conjugate.
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Calculation of the symmetry breaking patterns

In both cases the vev is :

K—
= (5k 2l+15j 201+2 — 5k2l+25j 2l+1) (3.326)
1=0

—_

where K = 1 for Ay < 0 and K = L for Ay > 0. Using:

Lar = (Wb W b)) + ¢° (Wi b, Wi i) (3327)
we have:
K-1K-1 4 y
L, :9202 Z Z (W,ikwf (5k21+15j21+2 — Ok 21420; 2l+1) <5k/ 2 4+105 2142 — 5k/21'+25j21'+1>>
1=0 I'=0

K—1
922 w2041 i 12042
=g°c ( #2z+1W + W Wi )
1=0
(3.328)
and
K—1K—-1 N
_ 2 i I
Ly, =—9g W2 W (Okair105 2042 — Ok 2142052141 ) (Okr 207410520742 — Ok 2420520 41)
pk'V;
=0 1'=0
= ' v / v v v
9 2042 2 AL | AL 42 W1 yy 2l +2 W42 5 u2l +1
=49 Z (W o1 Warta Wu2l+2Wl+1 W,u2l+1Wl+2 Wu2z+2Wz+1 )
=0 1'=0
“1K-1 . K—1K—-1 .
— 2 #2041 p2l'+1 *2l+1 )
=—29 WoaareaWailts™ + 2¢> > Z u21/+1W21+2
1=0 1'=0 =0 =
(3.329)
Thus:
K- 1 1 l K-1K-1 .
_ 9229 w2041 i n2i+2) 2 A2l 22l 1
Ly =g°c #2z+1W + Wa12Wi =292 Y Y Wi WL,
1=0 1=0 I'=0
(3.330)

K—1K—-1 .
Py 2L 2 42
+2¢° Z Z ot +1Worto
=0 I'—
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Case \» <0
In the case \; < 0 we have K = 1. Last equation is:
Lar =g* (W W + WIEWI?) = 2g° W W + 29" Wi Wi
=g SO (WWE T+ W) 4 (WA 4 WAWE L WAWE 4 Wiwg?)
=3
— 207 PWi Wi + g?c (Wi, WE2 + W2, Wi
g S (W IWE  WRWE?) g2 Wik + W) (W 4 W)

=3

(3.331)

Then in the first term we have 2(n — 2) complex gauge bosons that acquire mass thus 4(n —
2) real vectors acquire mass and in the second term we have that a linear combination of
W W42 acquire mass. Both are real so we have another gauge boson with mass. In total we
have 4(n — 2) + 1 gauge bosons that acquire mass. The masless vectors are then:

n*—1—-(4mn-2)—-1)= ((n —2)? — 1) +3 (3.332)

So the symmetry breaking pattern is:

SU(n) = SU(n — 2) x SU(2) (3.333)

Case \y >0

In the case A\ > 0 we have K = L. First let’s see an example with SU(4) to see the pattern
of factorization. We have L = 2 so:

Lar, =g* (Wil WEL + W2WE2 + WSWE? + W)
=g*FWWI + W W + WAWE? + Wit + 2w i wi? + 2w i
* 4 * 3 * 4 * 4
+ QW#{‘W{‘ + 2W#§’W2“ + 2Wu§W2“ + 2W“§W§ )

(3.334)
Las, = = 20° (Wi W + Wi Wi + W W™ + WiSwi®) + 2 (Wi wg? (3.335)
+ WAWE? + WrWg e + W) |
Note that the terms ngl Wi and Wﬁ’ wy ? cancel, and factorizing we have:
Lar = g (W + W) (W + WE2) + g (W3 + Wih) (WA° + W) (3.336)

+20° (Wi — W) (W — W) + 202 (Wi + Wig) (W + Wi

n2
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The first two terms each gives one real bosons and the other two give two complex ones so
1+ 14 2+ 2 = 6. The number of masless bosons is 15 — 6 = 9. We find there is not a Lie
algebra with this number of generators. The closer one is the algebra of Sp(2n) with n = 2
that is the intersection between the unitary group U(2n) and the sympletic group Sp(2n, C)

Sp(2n) = U(2n) N Sp(2n,C) (3.337)
An element of the sympletic group Sp(2n, C) is an M such that:
MTIM =J (3.338)

were J the 2n X 2n matrix:

J = (3.339)

(50

Since J is antisymmetric, condition Eq.(3.338) provides %

sion of this group is:

restrictions thus the dimen-

> 2n(2n—1)
2

If M belongs to Sp(2n) then M has to satisfy Eq. (3.338) and also the condition M MT = 1.
The dimension of Sp(2n) is then:

2(2n) — n(6n+1) (3.340)

_2n

n(6n +1) — (2n)> =2n° +n 5

(2n + 1) (3.341)

Thus the dimension of Sp(N) with N even is 5 (N + 1). Sp(4) has dimension 10. Assuming
instead that the initial symmetry of the Lagrangian is U(4) (in practice throwing away con-
dition W/ = 0) we have 16 — 6 = 10 massless gauge bosons thus the symmetry breaking
is U(4) — Sp(4). Things change when we have odd number. For SU(5) we have that still
L = 2 but the summation on 7 in Eq.(3.330) goes until 5, we have:

Ly = g*F(Wi + W) (W + W) + g* (Wil + W) (W + WiP)
+ 262 (Wit — W) (Wi — W) 4+ 2g° (W5 + W) (W + W) (3.342)
+ @PEWEWE + WEWE + WEWE 4+ ngwg‘*)

The last line adds 8 real gauge bosons so the number of masless generators is : 24 — 14 = 10.
So the symmetry breaking is SU(5) — Sp(4), exactly.
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Generalizing the procedure before, we have the factorization:

L-1

22 #2041 *21+1 120 +1 12l+1
Ly =gc Z (Wuzuz - Wu21'+2)(W21+2 — Waiis )
1LI'=0
L-1 ) 2L
2 2 *2]+1 *21'+2 u2l4+1 u2l'+2 2 2 %7 i
+9% (Wiar'er + Wi s )(Wapin +Wais ™) + 9°¢ 0 2n11 > WioreiWar
1,I'=0 i=1

(3.343)

Remember that SU(n) we can have n odd or even, n = 2L + 1 or n = 2L. The first
term contributes with %(L — 1) complex vector bosons , the second with é(L — 1) complex
vector bosons and L real vector bosons and the last term is different from zero when n =
2L + 1,i.e. SU(n) is odd, and contributes with 2L gauge boson bosons. Thus when 7 is even
we have 2L(L — 1) + L massive real vector bosons thus the massless vectors are using and
"approximate" SU(n) symmetry:

(2L)2 — 2L(L — 1) — L = L(2L + 1) (3.344)
This is the dimension of the algebra of Sp(n) with n = 2L. Thus the approximate symmetry

breaking is
U(n) — Sp(n) n even (3.345)

In the odd case we have:
1
(2L+1)>-1—-2L(L—1)— L —4L =4L* — 2L(L — 5) =L(2L+1) (3.346)
So the symmetry breaking is

SU(2L+1) = Sp(2L)  n=2L+1 odd (3.347)

3.4.5 Spontaneous Breaking in the Adjoint Representation
A scalar ¢ in the adjoint representation can be written as:
=l X} (3.348)

A similar calculation that lead to Eq.(3.213) shows that it has the same properties as the gauge
bosons, which means:

o = ()" (3.349)
f: Yi=0 (3.350)
=1

From Eq.(3.349) we have that: . . .
@) =o' =] (3.351)



3.4 Spontaneous breaking of Symmetry in the SU (n) group 81

Thus ¢ is hermitian. .
The infinitesimal transformation of v/ is:

v =l eyl — e (3.352)
Since v lives in the adjoint representation the covariant derivative is:
D, = 0, — ig[W,,¥] = 0ptp — iQWE ianl + igW;{m ZIXIJc (3.353)

So projecting: o )
D,ij = Ouibiz — igW b0 + igWab; (3.354)

The kinetic Lagrangian is:

1 1 . ‘ g ) ‘ o .
Erin = § Tr[(Du¢)TDM¢] - §(au¢ij + ZgWufwl] - ZgWiﬂﬂf)(@“dzij - ZgWZ-“ll/)f + ZgVVlezl‘)

(3.355)
From this we can extract the mass terms:
Lor, = g* (WEGIWES G, + WhpEWEIF) (3.356)
Lo, = —g* (WhHEWE™ g, + WhplWE gl ) (3.357)
The most general invariant potential (imposing ¢y — — symmetry) is:
1 1 o 1 . ,
V() = =gl + 70 W10) + Doy vi) (3.358)

where the crossed index summation is implied. Since 1) is hermitian it can be diagonalized via
a unitary matrix: . , .
] = (U UF =695, ¢;real (3.359)

The potential Eq.(3.348) then can be rewritten as:

2
Vi=—gi* > 0/ + 7 (Z @2) + (Z ¢;‘) — 9y o (3.360)
i=1 i=1 =1 =1

where we have added the restriction Eq.(3.350) as a Lagrange multiplier. This equation has
the same structure as the one used to calculate the minimum in the symmetric tensor in the
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O(n) group as is shown in Eq.(3.113). Following these results, the vev is:

$1

_ 1
(Y) = b (3.361)

P2

Where we have n; (n9) entries with value ¢; ( ¢3). The stability condition is the same as
Eq.(3.136) withng = 0
In the case where \; > 0 we have that n is:

ny :§n even

1 (3.362)
nq :§<n +1) odd
If Ay < 0 we have that ny = n — 1.
Replacing the vev:
ni n
<¢>z’j = Z¢15i15jl + Z $20410; (3.363)
=1 l:n1

From the kinetic term inserting the vev ¢ — (1)) we have that the mass terms in the Lagrangian
are:

Lor, =g (Wi (L) W () + Wi, (wF) W (F))

ni n ni . . n . .
—g (aﬂ%ZW,iiWﬁ*lm% ST OWLWI 4 S WL 65 > W,ilWﬁ*f)
=1 =1

=i+l l=n1+1
(3.364)
Loy = =g* (Wi () WE (6) + W () W (4))
ni n
= —2g2 QS% Z Wlll[/[/'lﬂ*l, +¢g Z Wl’lVVlM*l’
( L'=1 ! Ll'=ny+1 . (3.365)
ni n
— 2712 Y D (WLWE + WL W)
I'=11l=n1+1
Thus we have:
Lo =2(p1—d2)* > W/i’lwl*ul’ (3.366)

I'=1l=n1+1
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The number of gauge bosons that acquire mass is all the possible combination of ) with
the first index less than n; (n; indices) and the other more than n; (n — n; indices). Thus
we have n;(n — n;) possible combinations. Since these are alternate terms, gauge bosons are
complex thus we have 2n(n — n;) real bosons that acquire mass.

Since:
n>—1—-2mn—n)=Mm-n)> -1+ (m)*—1+1 (3.367)

We see that the symmetry breaking is:
SU(n) — SU(n —nqy) x SU(ny) x U(1) (3.368)

In the case Ay > 0 we have:

ny :§n even

1 (3.369)
n :i(n + 1) odd
In the case A\ < 0, we have n; = n — 1 so the symmetry breaking is:
SU(n) — SU(n—1) x U(1) (3.370)

As an example we deal with the SU(3). In the case Ay < 0, we have n; = 2. Using eq.
Eq.(3.366) :

Lar =21 — 62) ZW” W = 2(¢1 — ¢2)? (Wi Wa! + WRWE?)  (3.371)

I'=1

Clearly 4 bosons acquire mass. Thus we have 4 massless bosons. The symmetry breaking
pattern is SU(3) — SU(2) x U(1).When A\, > 0 we have n; = 2 the symmetry breaking
pattern is the same.

Another example can be found with SU(5). In the case A\ > 0, we have n; = 3. Using eq.
3.366:

3 5
£M _ 2 ¢1 2 Z Z I/V“l M*l (¢1 ¢2) (Wl W*Ml + Wl W*Ml W2 W*M2

I'=11=4
W2 W*,uQ W3 W*ui} WB W*MB)
(3.372)

Thus 12 vectors acquire mass then we have 24-12 = 12 massless gauge bosons. These are the
8 generators of SU(3), 3 of SU(2) and 1 generator for U(1). This is a very important fact
since it is the the breaking of the grand unification model using SU(5):

SU(5) — SU(3) x SU(2) x U(1) (3.373)
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In the case where \; < 0 we have that n; = 4, so:

4
Lar = 2(¢1 — ¢2)? 1/2_:1 WihsWE = 2(61 — 62)* (Wi Wit + W WS 4 Wi Wi
W W)
(3.374)

We have 8 bosons that acquire mass so 24-8 =16 massless bosons. These are equal to 15
bosons of SU(4) and a single boson for U(1).
The symmetry breaking pattern is: SU(5) — SU(4) x U(1).

3.5 Spontaneous Breaking of products of Simple Groups

In the following section we develop the transformations of representations of product Groups
i.e. representations of (G; X G5. This is important since in the case where G; = G5 and
g1 = g2 we have that the fundamental representation of tensor product GG; x G5 as a gauge
group is isomorphic (transforms the same way both scalar boson and gauge boson) to the
second tensor reducible irrep of (G; that we have used in the chapter. In this way for the
orthogonal and special unitary symmetries we retrieve the laws of transformations and the
covariant derivative for the second rank antisymmetric and symmetric representations.

First let’s continue the procedure of Section (1.5) and see in general how tensor irreps of
a compact group G transform. For a ¢/ transforming in the second rank symmetric traceless or
antisymmetric representation the kinetic term is:

Ly =iTe[pd, 0] = ithi;0uhi;  4,5=1,--- ,da (3.375)
and for a ¢:
10,0112 = Tel(8,0)10" 6] = 650" 6y inj =1, .dg (3.376)
and in general for a K tensorial (K indices) irreducible representation:

Ly =i0ii Oy i i1, ig =1, ,dg (3.377)
10,0]1> =0,05,...;, 0" biy i i1, ,ig=1,---,dg (3.378)
since for each index we have both a fundamental and antifundamental transformation that

cancel each other since representations with different indices commute since live in different
tensor spaces. For example, for the transformation:

Yieie = Yiyoige = Uiy U Wittty = (Ul (3.379)
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we have:

. 7/ / . * o N
Wi Outlly iy =10 U - Ui Uiy - Uigeir, Outigry, = iy Outbircagy O - - -

:Wz'---j uwi---j
(3.380)

Even more we can create tensor with both fundamental and antifundamental indices. In order
to use these transformations in a gauged theory we need to know how the covariant derivative
transform. We need then:

D,® — D;(ID’ =U(o)D,P (3.381)

with explicitely U(a) = U(a) @ - -+ ® U(ag) is the tensor representation, where the U («)’s
are fundamental or antifundamental. So the Yang Mills has to transforms in the same way:

A =U(w) (AM + ;au> U Ha) (3.382)

The difficulty is now to calculate explicitly form of the transformation. In the next part
we focus on second rank tensor representations for the orthogonal and special unitary groups.

3.5.1 Spontaneous Breaking of O(n) x O(m)

Let the gauge symmetry be G; x G2 with G; = O(n), Gy = O(m) where for convenience
(otherwise we have a symmetric in the indices argument) we have n > m. The transformation
on each fundamental representation is:

oV =M feyel i j=1,---n (3.383)

" = ¢ + 20505 @, f=1,---,m (3.384)
with their respective Yang Mills field transforming as Eq.(3.42):
) ) 1 o

Wt =W + e VY kT eljkW i+ — m (8Melij) i,j=1,---.n (3.385)

Wil Wi+ Wbt Witk +—(Opaos)  af=1im (3386
Remember that this group has only real representations so there are no proper antifundamental
representations (see Eq.(5.1)) so we only focus on fundamentals. In general we can construct
N- rank tensor representations such that M indexes transforms as the fundamental represen-

(5-/ 17

'Kk
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tations of O(n) and N — M as the fundamental representation of O(m) :

Mterms N —Mterms (3387)
iajakal:]-)"' an;aaﬁ77a6:17“' , M

Where we denote Oy, the fundamental matrix representation of the group k with & = 1,2.
These representations are not necessarily irreducible.
Now let’s focus on the second rank tensor representations:

bia = By P (3.388)

When the second rank tensor representation is of type n® 1, that is the tensor transforms as an
n-dimensional vector (fundamental representation) under O(n) but as a singlet under O(m),
we have:

qb;a = (¢£1) + elijgby))gbg) = Qbia + Elijgbja Z,] = 1, Y 1] (3389)

In this case the most general potential will have the same form as the one from Section(3.3.1)
under O(n) symmetry. The vev will be then (¢;,) == vd;,. The symmetry breaking pattern
is O(n) x O(m) — O(n — 1) x O(m). This means that the symmetry breaking pattern is
not disturbed by other symmetries if the scalar is a singlet under other symmetries. Similarly,
when (1,m) the symmetry breaking is O(n) x O(m) — O(n) x O(m — 1). Then, the most
simple non trivial representation is where each ¢, $®) transform simultaneously under the
fundamental representation of the orthogonal groups, (n, m). Infinitesimally:

gb;a = qbia +€1ij¢ja +€2aﬁ¢iﬁ Za] = 17 s, Ny Ol,ﬁ = 17" s, m. (3390)

or finitely as '°:
¢;o¢ = 01ij024803 = [01¢02T}m (3.391)

This is an irreducible representation.
The usual kinetic term is invariant under global transformations:

2L4n = T [(0,0)T0"0] = Tr (9,01 0"¢] (3.392)
In fact :
Tr [(9,0)10"¢'] = Tr [(2,01605)10"(0160})]

=Tr {O2<au¢)TOIO1(8“¢)Oﬂ T [au oon ¢} (3.393)

Where we have used the fact that for orthogonal representations we have: O;L = OF.
If we do a gauge transformation the terms that depend on 0, do not cancel.

16We simplify notation: Oy = O(ex), an element of the representation of SO(ny,) in the fundamental repre-
sentation with ny = n,ny = m
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As before we need to define an appropriate covariant derivative such that:
Dy — D¢’ = O1(D,)O5 (3.394)

in such way that under a trace property the kinetic product is invariant. So, we define the
covariant derivative as:

1 1
Dyt = 0 = 591V V0 — oW D7 (3.395)

where each field W transforms globally as Eq.(3.40) . The transformation is:

2

(D) =0y = G — LW = 0,000 - o (v - 2o, 007} 0160}

g2
=0, (D,$)O} + 9,(01)¢0} + 0,¢$8,0} + 0,0,(07 10,60} + 0,605(0,0,0; 1)
=01(D,.¢)0} + 0,(01)$0} + 01$9,0} — 8,(01)¢0} — 0,¢0,0}

.i_
2
— 2(0160}) (@(W,ﬁ” - 8,»0;1)

=01(D,9)0}

(3.396)

Then the new kinetic term that is gauge invariant is:

1

Liin = 3 Tr[(D"¢) D, ] (3.397)

Using Eq.(3.35) and Eq.(3.395) we have explicitely:

1
D,u,gbia = ,uqbza - liaé( ab)ik¢ko¢ ¢zﬂ( uabLab)

= H¢ZO& - 7( ;5311 - ykz)¢ka - 7¢iﬂWpab<Lab)a6 (3.398)

=0u0ig — g1 ,ﬂkﬁbka - W(Qﬁd)zﬂ
The kinetic term for a second rank tensor is then:
1 1 1
G = T(D*6)'Dyd] = 5 (D6)Lu(Dyb)ia = 5(D"0)ialDud)ia
1
:ialtqsiocauqbia - (glwk M¢ka + QQW(QB)MQbiﬁ)ap,Cbia + 5( 1)H¢ka 1)¢ (3399)
+ BZW G sW 2 6) + 1ga W " oW 2 i

Note that the gauge boson masses will come from the terms of second order in the couplings:

1
Lar = (Wi SraWiid dre+ WG 015W 2 00) + 019:Wi 1o W, 2005 (3.400)



88 Generalized Brout-Englert-Higgs Mechanism

Minimization of the Potential

The invariant potential is:

1 1 1
V= _§M2¢ia¢icx + 1)\1 (¢ia¢ia)2 + Z/\Q(Qbm¢iﬁ)(¢ja¢j5) (3401)

The set of minima satisfy:

38;/ = — 1 (ia) + M{(D5) (Di5)) (Bia) + A2 (Dig) ((Dja) (dj5)) =0 (3.402)
o lp=(¢)
Introducing:

Xij = ﬂZ (dig) (Di8) = ((0) ()" )is (3.403)

This is a real and symmetric n X n matrix and can be diagonalized by an orthogonal transfor-
mation then X;; = §,;X;. Then Eq.(3.402) is:

(—u2 A Azxi) ($ia) = 0 (3.404)

j=1
This equation has the same structure as Eq.(3.71). Using the same argument we have:

2

U ‘
Xi=——, =1,---, K 3.405
MK+ Ao ! ( )
X;=0, 1=k+1,---,n (3.4006)
and K
i
V=c—"——0 3.407
MK + A ( )
The potential is monotonically increasing for Ay < 0. The minimum is at K = 1:
1
0 2
a (3.408)
X=0b b= .
A1+ Ao

0

For A\ > 0 the potential is monotonically decreasing function of K hence the minimum is at
the largest allowed value of K. This in principle could be:

1
X =1, = (3.409)
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but since n > m and considering each row as an m dimensional vector, we see that this not
make sense since we at most can have m orthogonal m dimensional vectors. Thus X is:

1,
0 2
X = 2 R 3.410
‘ o T A (3410
0
i.e. a matrix with entries different than zero only in a block m x m.
Symmetry Breaking Patterns
The vev when Ay < 0 is the n X m matrix:
b 0 - 0
00 5
— b= 3411
00 - 0
The vev when Ay > 0 is:
1 0 0
1
. 2
—c 1l,c= ——— 3.412
0 --- --- 0
The vev in both case is represented as:
K
(0)ia = dD_ dudia (3.413)
=1

with d = b(c) and K = 1(m) for A, positive (negative).
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Case \» <0

Inserting the vev:

1
Las =5 (VI (00 WA ()i + W (003 WE2L (0], ) + 9192V (6, Wi (6
1
:§<g%b2w VW + ngZW@ “Wien) + 9192 W W,

1
(3.414)

Where we used the fact that Wl(ll M = 0 and Wl(f M = 0. So we have n — 1 gauge bosons that
acquire mass ¢;b and m — 1 gauge bosons with mass g»b thus the symmetry breaking is:

O(n) x O(m) — O(n—1) x O(m — 1) (3.414)

Case \, > 0

Inserting the vev we have:

1

Lo =5 (WD 0)10 W @) + BWE (00,5 W2, (0),,)

+ 9192W1;(k1) " (D) ke W/—E%J)(ﬁ <¢>zﬁ

(glc ZW W)+ g S Wi M) 4 Z G1:PW) W)
=1

LI'=1

= 1 1 2 2 (3.415)
:§d2 Z (QIWzE/ )#W,Eu)' - 92WZ(I')HW,EU)/) QdQZ Z Wll' qull’
LI'=1 I=1 I=m+1
1 Ui .
zidz(gf + g2) Z (cos QI/V”, W/Elll)/ — sin QI/V”, ¢ ”/)
LU=1
+ 291 Z > Wu' zz/
I=11l=m+1

thain ) — — 9 ( -1
with sin = \/(g%ZTgQ Thus we have ™ gauge bosons with mass /¢? + g3d and n(n—m)
gauge bosons with mass g;d. Then the massless bosons are:

nn—1) m(m—-1) mm-1) 2mn—-m) mm—-1) (n—m)(n—m—1)

2 * 2 2 2 2
(3.416)

Thus the symmetry breaking is:

O(n) x O(m) — O(m) x O(n —m) (3.417)
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Case O(n) = O(m)

First of all assuming that even if n = m we have that each transformation O; is independent of
04, we get an irreducible representation and the preceding results are still valid. Now asuming
that both transformations are simultanoeus we effectively see that the tensor ¢;; = ¢1;¢9; 1s
isomorphic to the full second rank representation of O(n) since both transforms in the same
way. This usual second rank tensor product Eq.(3.390) is not an irreducible representation. It
can be shown that the second rank tensor decomposes into irreducible representation which
are '7: a second rank traceless symmetric, second rank antisymmetric and a scalar, with di-

mensions ”(”271) -1, ”(”H) and 1 respectively. Explicitly, for the tensors, we have:

Cbij = ¢1z¢2j + ¢2j¢1i (3.418)

where ¢1; and ¢o; transform in the fundamental representation of O(n) and +(—) gives the
symmetric (antisymmetric) representation. In addition to make the symmetric representation
irreducible we impose the traceless condition Tr[¢] = 0. A finite local or global transforma-
tion follows:

¢ij = Ok O G & O bow Orindrx = OrixPrr Oajw

(3.419)
= (01903);;

Then the covariant derivative constructed in the precedent paragraphs is still valid with some
obvious replacements. This leads to the results in the various sections of the chapter. To
preserve gauge invariance we do noot need that g; = g» to preserve gauge invariance at the
level of the Lagrangian.

Dyia =00 — Wiii( ab)ik P — @ﬂ( e Lav)ba uam—f( W — W bws
- Egsiﬂwuab(Lab)aB

=0upip — m%bﬂqﬁka - 92W,EZ)5¢M
(3.420)

And if g; # g we arrive at the result of Eq.(3.399). Using g; = ¢» and ngl) = W/EZ) as we

have done in the chapter to arrive at the following basic result.

Cin = %6 Do) = $(D40),i (D,

1
0" (sz u¢zg (Wﬁc(bkj + Wﬁc?bzk)au(ﬁzk +g ( k(bk] uzl¢lj k;(bk‘j u]l¢zl)

a ¢z] u(bl] (M/;lliqsk] + M/ﬁg¢zk)a,u¢zk + g ( k¢k] ml(bl])

~2
1
2
:I:g ( k;¢kj M]l¢ll)

(3.421)

7for example following a procedure similar to the Young Diagrams of Chapter 5
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Note that the gauge boson masses will come from the terms proportional to g2

Ly = G (WhoeWaadig) £ §° (Whon Wi o) (3.422)

3.5.2 Spontaneous Breaking of SU(n) x SU(m)

Transformations

Let the gauge symmetry be G; x Gy with Gy = SU(n), Gy = SU(m)."® The transformation
on each fundamental representation is:

¢£1)/ _ ¢2(1) i E{iﬁﬁgl) i,j=1,---.,n (3.423)
(%5&2)/ _ gb((f) + egagb/(;) a,f=1,---.m (3.424)

with their respective Yang Mills fied transforming as:

A 1 A
Wi _ W(l)J + zeMW _ ie{leﬂl) L ;(@GJM) ij=1,---,n (3.425)

e

Wl?aﬂ - W/Si) g + iegaWIEQ) 2627W(2) ! + (a 62&) a,f=1---,m (3.426)
The case where the second rank tensor is a singlet under a symmetry group gives, using an
analogous reasoning as with the O(n) x O(m) symmetry, the symmetry breaking patterns
SU(n)xSU(m) — SU(n—1)xSU(m) ifitis a singlet under SU(m) and SU (n)x SU(m) —
SU(n) x SU(m — 1) if it is a singlet under SU (n).

The lowest dimensional irreducible representation is then the tensor product of funda-
mental representations n x m'’(bifundamental representation) transforming infinitesimally
as:

¢z{a:¢ia+€{i¢ja+€ga¢iﬁ Zajzla , 1Y 057/6:17'” , M. (3427)
The complex conjugate n x m transforms as:
W = G T =1 e B=1 me (3.428)

As in the orthogonal case, the action of the covariant derivative on 1) under the bifundamental
transforms as:
D,y = UiD, Uy (3.429)

18 Again assuming n > m
Yif n # mand g1 # go



3.5 Spontaneous Breaking of products of Simple Groups 93

Then the new kinetic term that is gauge invariant is:
1
Liin = 5 Tr[(D"4) Dyt (3.430)

Explicitely we have:

Dytia =0, — z’glw< (X")Zwm - zgm( @exh)E,
=0, — igi W By — 292%5 (Xb) (3.431)
=0, — Z'91W;E i)kwim — ig, W 6%’,3

Thus the kinetic term for a second rank tensor is then:

Lian =5 (D)D) = S (D*0)i0(Dy)in = 5(D*0 (D)
= 50"t — <glw,~<”*‘*’wza F gV i) Ot + o (G 0 W,
+ GO W B + LW g WD+ WO g W)
(3.432)
Note that the gauge boson masses will come from the terms of second order in the couplings:

1 * * *
Lar =5 (GW UL W b + WP W) +

+ Wl(l) kakawlga*ﬁwjﬁ)

9192<W(1 M*k1/1 5%5

(3.433)

Case SU(n) = SU(m)

In the case we have n = m with g; = g, as we saw in the O(n) section, then second rank rep-
resentations can be decomposed into the irreducible complete antisymmetric and symmetric
representation. In this case the mass therm is:

Lar = G W WE ) + WO WE dur) (3.434)

Symmetry Breaking patterns

The invariant potential is:

V= _§M2(¢ia¢m)2 + ZAl(wia¢za)2 + ZA2(¢Z“¢i5)(¢ja¢Jﬁ) (3.435)
The minimum as always is retrieved from:

ov
Via lp=()

= SH SN+ el (3436
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This is the same structure equation as Eq.(3.402), thus we can use the results from there. The
symmetry breaking is:

Ao >0 SU(n)x SU(m) — SU(m) x SU(n —m) (3.437)
N <0 SU(n) x SU(m) — SU(n — 1) x SU(m — 1) (3.438)

3.6 Summary of results

In this chapter we developed the theory of spontaneous breaking of symmetries for different
representations of the O(n) and SU(n) groups. The properties of the representations and the
different symmetry breaking patters can be seen in Tables (3.3), (3.4) and (3.5). We started
with the vector representation of O(n) where the symmetry breaking pattern was derived in a
very standard way.

Next, we started the treatment of the second rank antisymmetric representation of O(n)
that was very important since the results are used for the SU(n) case. To retrieve the vev
in the second rank antisymmetric representation of O(n) we first noted that all the values a;
of Eq.(3.64) are equal and that the form of the vev, i.e. number K of antisymmetric blocks,
depended on the parameter \, of the potential. To explicitly calculate the number K we in-
serted the generic vev in the potential and analized for which value of K it was minimum. We
arrived at the conclusion that for Ay > 0 we got X' = L and for Ay < 0 we got K = 1. Cor-
respondingly there were two different symmetry breaking patterns, each one corresponding to
A2 positive Eq. (3.82) or negative Eq. (3.80). Using the fact that all non zero entries of the vev
were equal, another important equation Eq.(3.74) was derived. This is the stability condition
for the vev.

In the second rank symmetric representation of O(n) the structure equation of the vev is
Eq.(3.113). We found directly from the structure equation that the vev is a diagonal matrix
composed of three different values Eq.(3.123). Then, analyzing the possible values in the
n1, ng, ng space with conditions given in Eq.(3.124) that made potential at the vev, V ({¢)) =
Vin, minimum we understood that the vev depended just on two different values. Thus, the
set of n’s and correspondingly the symmetry breaking patterns depend on the value of the
parameter \,. After defining the function f and doing the coordinate change ny,ns,n3 — =,y
we found using monotonicity and boundary arguments the values that minimized V' (¢) that
was equivalent to the value that maximized f when A > 0 and minimized f when A < 0 as
shown in Table 3.5.

For the symmetric and antisymmetric second rank irreducible representations of SU(n),
we, as said above, used the results of the antysimmetric O(n) case. The defining equation
of the vev for the second rank symmetric representation Eq. (3.261) and for the second rank
antisymmetric representation Eq.(3.300) has the same structure as the vev equation for the
second rank antisymmetric tensor of O(n) Eq.(3.71). The difference is that in the O(n) case
the equation is defined directly by the tensor ¢;; where in the other case we are dealing with the
tensor Z{ = 1p7*1;,;. In the symmetric case, we have a first factorization 1) — ¢ (at the level of
the vev) using the operators that diagonalize >.. Then, after expressing as 1; = A+ iB we use
the orthogonal matrix O that diagonalizes simultaneously the matrices A and B to diagonalize
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) — 9. Lastly we use the a diagonal phase matrix U to get the vev ¢/ = Ut"U”of the
physical field (¢").

For the antisymmetric case, the procedure is similar. After retrieving ) as before we use
U, the matrix that diagonalizes the hermitian matrices ¢A and B, and K of Eq.(3.313) to
express ¢ in canonical form block as seen in Equation (3.319). Lastly we use the matrix V/
from Eq.(3.321) to get rid of the phases.

For the adjoint representation of SU(n) we use the results of the symmetric represen-
tation of O(n) to retrieve the vev since both have the same structure equation. In this case,
there is no need for ulterior factorization, we arrive at the vev of Eq.(3.361). The last section
included the SSB of product groups O(n) x O(m) and SU(n) x SU(m) and some derivations
needed to calculate the breaking patterns for the other sections.
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Representation Dimension in O(n)  Dimension in SU(n)
Vector n 2n
24 rank Symmetric Tensor n(n+1)—1 n(2n+1)—1
24 rank Antisymmetric Tensor in(n—1) n(2n —1)
Spinor 2 x 271
(n=2lorn=20+1)
Adjoint sn(n —1) n?—1

Table 3.2 Real dimensions of the representations used for O(n) and SU (n)

Representation Transformation Law Covariant Derivative

Vector O, = ¢i + €05 O — gWhij @,
2nd rank Symmetric Tensor gzﬁ;j = Qij + €Ok + €Ok Dyudij = 0u0ij — Wi drj — 9W i Dik
274 rank Antisymmetric Tensor qb;j = Qij + €ikOr;j +A€jk¢ik D,¢ij = 0u0i5 — Wik Prj — W ik bik

. /I __ 1. k
spinor Xi = Xi — 16k (07"X);

Table 3.3 Properties of the various representations in O(n)

Representation Transformation Law Covariant Derivative
y Vector . / (04 = 1/}{16?@ o o, - igI/Il/jigbj o
3 rank Symmetnc 'Tensor i =i + Z'E,]L;wkj + Z.Eiwik D,ij = vij — z'nglnwlj — ?QW;leiﬂil
2"¢ rank Antisymmetric Tensor 5; = ¥y; + 1€y + i€, Duthy; = iy — igW by — igW 0
Adjoint P = ] ekl — it Dby = 0utby — igW il + igW !
Table 3.4 Properties of the various representations in SU (n)

Representation O(n) SU(n)
Vector O(n—1) SU(n—1)
k Vectors O(n —k) SU(n — k)
2™ rank Symmetric A >0 O(l) x O(n—1), | =[in] O(n)
Tensor Ao <0 O(n—1) SU(n —1)
2" rank Antisymmetric Ay > 0 U(l), 1 =[in] Sp(n)
Tensor Ao < 0 U(l) x O(n —2) SU(n —2) x SU(2)
Adjoint Ay >0 SU(l) x SU(n—1) x U(1), 1= [3n]
Ay <0 SU(TL — 1)

Table 3.5 Summary of the Patterns of Symmetry Breaking for the O(n) and SU(n) groups



Chapter 4
The Standard Model

For this chapter we have used mainly the books [34], [35] and [36]. In addition for Section
(4.5) we have used [37]. For Section (4.6) we have used [38] and [39].

4.1 Content of the Standard Model

The gauge group of the Standard Model G sy = SU(3). x SU(2), x U(1)y is a rank 4 group
that is not semisimple. ! SU(3). is the gauge group of the strong interaction and correspond-
ingly has eight gauge boson vectors , the gluons G}, where the internal space coordinate a
labels the color indexes. SU(2), x U(1)y is the gauge group of the electroweak interactions
and has three gauge vector bosons W¢ for SU(2), and one gauge vector bosons B, for U(1)y
where the subscript L of SU(2),, denotes the fact that interactions are between fields of left
chirality and Y denotes the hypercharge number.

Fermions are divided into of quarks and leptons where the definition is based on the fact
that quarks are particles that can interact via strong interactions and leptons are singlets under
this gauge group. For one generation, the fermions are composed of 8 left and 7 right Weyl
spinors corresponding to a triple set of left handed up and down quarks (6 Weyl spinors),
another triple set of right handed up and down quarks, a doublet of left handed leptons and
the right handed electron . Since in the SM the number of generations is 3 we have in total 45
Weyl spinors.

For EWSB the Standard Model introduces one complex scalar doublet, the Higgs field.
Following the discussion of last chapters, EWSB will give a renormalizable Lagrangian with
a mass term for the W, W~ and Z gauge vectors. The breaking of symmetry will be done in
Section (4.2). Additionally the Higgs field gives masses to the fermions since before EWSB
it is not possible to construct a Majorana or Dirac mass terms as these terms are not gauge
invariant. All the fields of the Standard model are shown in Table (4.1).

The Lagrangian of the Standard Model is:

L=Ls+Ls+Ly+Ly+ Lop, 4.1)

lit contains the abelian invariant ideal that is the generator of U(1)y. In other words the lone generator of
U(1)y commutes with all the rest of generators of the Standard model
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Fields of the Standard Model \ Representation ‘
Vector Fields
Gu=Gi% a=1,---8 (8,1,0)
W, :=Wel* a=1,---,3 (1,3,0)
BM = %BM (1’17 O)
Spinor Fields
_ (ur). (Y. .. (tr). 1
QLl T <dL> ) QL2 = <8L> ) QL3 T <bL> 3 (3727 3)
VerL Vur VrL
Lp, = c Lpoi= | " |; Lz := : 1,2,—1
e () e (e ()| @i
UR1 ‘= UR; UR2 ‘= CR; UR3 ‘= tR; (3,1,3
dg1 := dg; dp2 = Sg; dr3 = bp; 3,1, —%)
Cr1 := er; lra = R; lRr3 = TR; (1,1,-2)
Scalar Fields
ot
= 1,2, 1
o= (%) 12,1

Table 4.1 The SM fields in gauge basis classified with respect to the symmetry group Ggy =
SU(3)C X SU(Q)L X U(].)y

Here L5 contains the kinetic terms of the gauge boson vectors :

1 1 1
Lp=— Wi, W — 2B, B" — GLG™™ a=123m=1-8 4.2)

The kinetic terms involve the field strengths also known as field tensor since are Lorentz
tensors. W, corresponds to the field strength of the triplets W of SU(2), x U(1)y:

Wi, =0 We — W+ geac WIWS  a,b,c=1,2,3 4.3)
The Yang-Mills field of U(1)y is B, with field tensor :
B, =90,B,-0,B, (4.4)
and the Strong Interaction field tensor is:

G, = 0,G% — 0,G + g3 [ Gh Gy, a,bc=1,---.8 4.5)
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For a generic fermion f of the Standard Model it’s kinetic term is:

2
with a=1,2,3; m=12--.8;

. ~ D L
Ly = fiDA"f = fiy" (@L —igWil, —igsG 5 = zg/BH> f 6)

Where a the index of the generators of SU(2) and i the generators of SU(3). I is the repre-

sentation of the algebra of SU(2)and 2 of SU(3) in the specific representation of the f field
(see Table (4.1)).
The kinetic terms of the first generation of fermions are :

A Y SA |
Ly =iQry" (% - ZQWﬂ? —ig3G, > @69,Bu> QL
)

= , o®
+iLgy* (au - ZQWZ? + 29/Bu> Ly

m

- . A 2
+ iugy” (au — zggGlT7 — zg'Bu> UR “.7)

3
meoog

5 . A
+ idgy* (8# — zggGg‘T + 3g’BM> dp

+ igR’YM (5’” + Zg/BM> gpb

with \; the Gell-Mann matrices. Notice these terms appear for every generation.
The Lagrangian of the Higgs sector is:

1 1
Ly = 5| D"6|* = V(9) = ;D' D"6 = V(9) 4.8)

Where the potential is defined as:
A 2
V(o) =7 (lol" =e?)s  with =10 (4.9)

and the covariant derivative is:

a

. 1
Dy = 0,6 — igWe 6 — ig 5B (4.10)

Eq.(4.8) is the most general renormalizable potential for the vector representation of the group
SU(2)p x U(1)y.
The Yukawa sector is:
1 1

Ly = —ﬁﬂRaYJBQLﬁ(wW*) 2

1

dpaY? —

(raY s Lrgd + H.c.
rataglis? 4.11)

a=1,2,3
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Where Y*, Y% Y* are 3 x 3 matrices in generation space. From this term we will get the
masses for the fermions without spoiling gauge invariance.
The last term of the Standard Model is a strong C'P violation term of the strong interac-
tion:
939cp
6472
where 0¢p is an arbitrary parameter.

Lop, = €upe GG i =1,--8; (4.12)

4.2 Spontaneous Symmetry Breaking of the Standard Model

As we have a scalar in the fundamental representation of SU(2), xU(1)y, to get the symmetry
breaking pattern we can use the results of Section (3.4.1). The vev for the potential (4.8) is

then:
(9) = <0> (4.13)

[

with experimental value v ~ 246 GeV. The symmetry breaking is:
SU3)e x SU2), x U(1)y — SU(3). x U(1)g. (4.14)

Where () denotes the generator that forms the Little Group of (¢) and is defined as the electric
charge. Using the generators of SU(3). x SU(2), x U(1)y, @ is expressed as a combination
of generators:

A,

A Y ~
Q=5+ (4.15)

This formulation is independent of representation thus valid for all fields in the SM. For the
Higgs it is:
Yy 1

The vector boson masses come from Eq.(3.245):

2.2 2/(.2 /2 Y Y
L = %Wilwl*w I v(gz—i—g) (sjn 0W§BM + cos QWW;) (sin 6W§B# + cos 9WW2“2>
“4.17)
where:
. J
S11 QW = W (418)

defines the Weinberg angle. Another important relationship is the module of the electric

charge:
/

€ = 47T056m = W = gSin GW = g/ COS HW (419)
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Using the usual Pauli matrices representations we have the equivalence:

1 1 .

Wi = \/_Wu = 5(Wha + iW,e2)

Wulz = TWJ = Q(Wul — W) (4.20)
1

W2, = —5Ws

Defining:

cos Oy W3 —sinbw B, = Z,

4.21
sin Oy W3 + cosw B, = A, ( )
We obtain mass terms:
1 2 /2
Ly = Llwpwr LA L) (422)

This is the BEH Mechanism in the Standard Model.
To get the interactions of the Higgs Field we do a perturbation around the vev. We have

the perturbed field:
- (bl + Z¢2 - Z‘U;ﬁ O
¢_<v+¢3+i¢4 — ¢ v+ H 4.23)

Last factorization clearly shows the Goldstone fields in the exponential and the Higgs boson
H. We choose the unitarity gauge that is the gauge where the Goldstone fields are taken away
from the theory, obtaining so:

0
¢ = (v i H) (4.24)
The Higgs Lagrangian is then:

1 A 1 A
Ly = §D“¢TD“¢ - Z(%H + H?)? = §D#¢D“¢ — p*H? — VAuH® — ZH4 (4.25)

where naturally the interactions with the gauge fields will come from the covariant derivative:

D6 — —i4 W+(U+H) 4.26)
we (9H—f Z,(v+ H) '

2 0059

So:

2 92

8 cos? Oy

;(D“gb)TD“ng = ;(aHHV + gz(v + H)*W, W+ (v+H)*Z,Z"  (4.27)
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Expanding:
L zl(a H)? — y2H?* =V \uH® — A + g—2v2W‘W+“ + g vz, 7"
= \h 4 4 " 8cos2 By
2 2

g —+ g
—oW_ WTHFH Z,ZH 4.28

+ 2U " +4COSQ(9WU K ( )
g’ 2 g9’ 2
W WHHrH? + ———— 7, 7'H

* 4 H * 8cos?2 by

Last equation shows again the mass terms of the boson vectors and the interactions of them
with the Higgs Fields.

4.3 Gauge Boson sector of the Standard Model

Having obtained the physical configuration of the gauge vector fields we re express Lp in
terms of them . G, remains the same but the strength tensors of W and Z change. Using
Eq.(4.21) we have:

ij = 0NW3—8VW§—|—9(WI}W3—W5WV1) = 08 Oy Zy+sin Oy A, —ig(W, WS =W, W)

(4.29)
In the same way:
B, =cosOwA,, —sinby 2, (4.30)
with:
Ay =0,A, —0,A, (4.31)
Zyw = W2, — 0,7, (4.32)
Defining:
1 .
By o = E(W/}V —iW?,) (4.33)
we see that: 1 1 1
_iFJV uVFIéIL/V = _ZWLLWW{W - ZWQ;WW;V (434)
then, expanding:
Fw = (0, — igWs, )W) — (0, — igng,)W: =d,W,5 — all,I/V;r (4.35)

with:
d, =0, —1ieA, —igcosOyZ, (4.36)
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We have then:
1 v 1 a a uv 1 v
£B - — ZGZVGIW - ZWNVW g ZBNVB#
1 , 1 , 1 , 1 5
- ZGZVGI)M - 5 JV/LVF‘%/ o ZWEVWSM - EBMVBM
b Lo w1 1 (*37)
= — ZG:U“VG o iFW ,LLI/FW - ZZMVZM - ZAMVAM
2
AW (g €08 By Zyy + ieAy) + TIWPRVT)? = (W)
From the results we see the interactions of the gauge bosons between themselves.
4.4 Fermion-Gauge interaction in the Standard Model
The fermion-gauge interactions come from the covariant derivative Eq.(4.6). Using:
Li+ily=1
S (4.38)
Il - Z[z - [,
We obtain:
17 27 _ 9 +7 -7
Wah +gWikh = 5 (Wil +w, 1) (4.39)
Also:

Al i} o) i} ol }/}
gW/ffg + g’BM§ = (g cos Oy I3 — g’2> Z, + (g sin Oy I3 + ¢’ cos HWQ) A, (4.40)

From last equation, using Q = % + fg and Eq.(4.19) we have

1 g/2 R R g . ) R R
<(92 +9%)2 L - \/WQ> Zu+ QA= 0 (Is — sin® 0w Q) Z, + eQA,
(4.41)

So from Eq.(??) we can see the current for each type of interaction:

~

_ N\ g ~ A
L= oGl =+ —= (W Wi
I ;JW (93 u2+\/§( p e T W, )

9 (i A A 4.42
cos O (]3 — sin® QWQ) Z, + eQA#) f (4.42)
_ i i g N — .t g " ™
=G g + NG (Wit + W dh) + Seost b Pt eh A,
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In total we have 12 currents corresponding to each generator of Ggyy. GL jg denotes the

current-gauge interactions with the SU(3) gauge bosons, ji;, and j{,‘VT the charged negative and
positive weak currents, j’, the neutral weak current and J4 the electromagnetic current (that is
neutral too). Explicitely, in the so called gauge basis (or generation,family basis), the negative
charged current is:

Jw = zf: 2f "L f = 2uray"dra + 20raY era, o =1,2,3. (4.43)

and the neutral weak:
iz =23 " (fS — sin’ HWQ) f
f

. . . _ 4.44
:2gLVLa’YHVLa + QgLeLoz’V'ueLa + 29R6Ra7u€Ra + 2gguLa7uuLa ( )

+ 2g£dLa7udLa + 29%{51%&7#“}204 + 2g]gJRa7#dRa~

where the constants gf, - - - are shown in Table (4.2).
] Fermion \ gr \ gr
I_ 2

wel g =3 5s | gp =y
2 2
d,S,b ar :_§1+§‘;W 9r :giw
€, U, T Qf:_§‘f3w gle%:SW

Ve, Vy, Ur gZ:§ gly%:

Table 4.2 The result of the operator I;—sin? 0y Q in each representation of the fermions where
Sw = sin Oy

4.5 Yukawa interactions

The Standard Model Lagrangian without the Yukawa term has a [U(3)]®> = [SU(3)]° x [U(1)?
global symmetry. This is seen from the fact that each different representation of fermions, that
are five, is multiplied by three since three are the generations thus is a three dimensional
vector in generation space. Equivalently each spinor is seen as a tensor product of the gauge
symmetry times the corresponding family symmetry U(3), so [U(3)]® = U(3)g x U(3), x
U(3)a x U(3)r x U(3)e. Adding the Yukawa Lagrangian some of the global symmetries are
explicitly broken. Denoting the fermions we are using until now, i.e. represented in the gauge
basis , with an additional prime ' we see that the Yukawa Lagrangian from Eq. (4.11) is:

1 1

B o 1 - _

Ly = _ﬁufmygﬁcg’w(wgqs ) — ﬁd/RanﬁQ’qu — ﬁe’RanﬁL'Lﬁ + He  (4.45)
Independent rotations in the different U(3) spaces do not leave last equation invariant since
we have trilinears couplings between the Higgs boson with two fermions in different repre-
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sentations. Since are complex matrices, the 3 x 3 matrices Y*, Y'¢, Y can be diagonalized via
a biunitary transformation [36]:

VEYUvEt = vE VEYVAVET = v

(4.46)
Viyevi! = v

Where Y34, YA, Y§ are diagonal 3 x 3 real matrices, the Yukawa mass matrices. The fermions
are redefined:

VIQL = Qu; Viuly = ug
Vidy, = dg (4.47)

er/ . e/ __

Following [U(3)]® symmetry in the Lagrangian minus £y we have for example for the three
dimensional vector ()’ :

QLDuQL = QLD VEVEQ, = QuDuQr (4.48)

and so for each of the five different representations of fermions. This new basis is called the
flavor basis for all fermions and the mass basis of all fermions minus the d;,. In fact:

ury VLuu/L R ur _

where V}'d; = dY is the flavor basis of the down left quarks. After the factorization of the
Yukawas, we obtain:

1 _ u . * 1 7 (7 1 > e
£Y = _ﬁuRiYDiiQLi(@U%b ) - ﬁdRian(VflVL T)ijQLj¢ - ﬁeRiYDiLL@ + h.c.
1=1,2,3
4.50)

In this way we see that dY is not the mass eigenstate of down quarks. We also see the first
appearance of the unitary Cabibbo-Kobayashi-Masawaka matrix (CKM) defined as:

Uckn = ViV T (4.51)

Note that the [U(3)]° = [SU(3)° x [U(1)]° is broken at the full Lagrangian level with the the
only remaining global symmetries being U(1)p x [U(1),]?. In fact the CKM matrix restricts
the possible [U(3)]?> symmetry of the baryons into only a symmetry given by the diagonal
phase matrix ¢“5 13,5 that is interpreted as the Baryon number conservation. Then, the trans-
formations under U (1) g are:

/ iBa . ! _ iBa . ! __ _iBa .
QL = €7 13,3QL; up = €7 Flasup; dp = e7"Plgysdp; (4.52)
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with B the baryonic number of the representation where the transformation acts. B is +1/3
for quarks and —1/3 for antiquarks. The rest of the fields are invariant under this transforma-
tion.

Since in the Standard Model there is not an analogous to the CKM matrix (the PMNS matrix)
for the leptons, there is a U(1) symmetry in each lepton mas basis. The transformations:

Ly = et Lpy; ey = et ey
/ iLyo . 1 ilpap ro.
LL2 =e " MLLZ, €R2 =e " ”6R27 (453)

R Y iy R )
Lipg=e""""Lrs; €rg =€ Cha;

leave the Yukawa term invariant and correspond the U(1).,U(1), and U(1), symmetry that
conserve leptonic L., L,, L, number, respectively. Note again that since there is no PMNS
matrix the SM the mass basis is the same as the flavor basis for the leptons thus we can
make the correspondence of indices ¢ = 1, = 2,7 = 3. Each L., L,, L; is +1 for the
corresponding lepton and —1 for the corresponding antilepton.

After spontaneous symmetry breaking from Eq.(4.50) we get:

1 1 - 1 _
LY = (U + H) <\/§URIY Ur; + %dRng“(UngM)za }J:a + EGRZY eLz + h C) (454)

Redefining the down left quarks into a mass diagonal base:

[UCKM]ZQ = dLZ (4.55)
Thus last equation is:
Lo = [Uckm]aidri (4.56)
It is equal to:
(UCKM)Z] (VL )Ja (VL Vu )ZJ (VL )ch - VLW =dy; (4.57)

The CKM matrix depends on four parameters, three angles 615, 623, 613 and a CP-violating
phase ;3. It can be shown that one parametrization of the CKM, the standard parametrization
is:

1 0 0 C13 0 813671'613 ci2 S12 0
UCKM = |0 Co3 S93 0 1 0 —S12 C12 0 (458)
0 —S8923 Ca3 —813€i513 0 C13 0 0 1
C12C13 $12C13 S13€018
= | —512C93 — C12593513€1%  C19Co3 — S12823513€"°12 523C13 (4.59)
S12823 — C12C23813€%  —C19893 — S19C23513€"  CazCi3

2B is given by the representation since baryonic number conservation is a U (1) symmetry. See the discussion
at Chapter 1.
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or using the Wolfenstein parametrization, an approximation of the standard parameterization:

1—\%/2 A AN (p —in)
Uckm = - 1—\?/2 AN? (4.60)
AN(1 —p—in) —AN? 1

The four Wolfenstein parameters have the property that all are of order 1 and are related to the
standard parameterization:

A = S19 4.61)
14)\2 = S923 (462)
AN (p —in) = s13e (4.63)

with A\ &~ 0.22. It can be shown that the CP violation can be determined by measuring p — 7.
From Eq.(4.54) we arrive, using v = 1, + ¥y for the fermions, at:

1 U nvd e
Ly = ﬁ(v + H) (aYpu+ dYjd+ eYge) (4.64)
We clearly see the masses and interactions with the Higgs boson of all the fermions less the
neutrino. Explicitly the mass matrices are:

1

V2

Note that the interactions of the fermions with the Higgs are proportional to the Yukawa Cou-
plings and thus to the fermion mass ~ %, with m; mass of the fermion. This fact has
important phenomenological consequences for Higgs physics.

Expressing the charged current term using Eq.(4.43) in the mass basis we have:

M! vYP; I =u,d,( (4.65)

gl =2u/ pyrd) 4 20 pytel = 2upy* (VEVEdy + 20py"er

B B (4.66)
=2y, ;" (Uckm)dr + 207y ey,

Last equation implies charged that current interactions between quarks mix the mass eigen-
states of quarks (equivalently mix flavor eigentstates). On the other hand, since in the SM
there are not right handed neutrinos we cannot construct a second Yukawa matrix Y for neu-
trinos thus they are massless. In this way swe see that doing the transformation (4.47) we
already defined also the flavor basis for neutrinos. So Eq.(4.66) implies that there are not
flavor changing charged currents for leptons.
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For the weak neutral current we have:
3% =297V'1"VL, + 291€' 7€), + 20k€ Ry eR + 2970 1y vy
+ 2¢4 d' Ayt + 2950 gy Uy 4 2g%d gyt db

v e = e~ U~ Ju u (467)
=2gY v + 295 eryter + 29%er er + 294Uy ur 4 29 diytdy

+ 2gpuRpyuR + Qg%JRfy”dR

Where we have used Eq.(4.47) to go into the flavor basis. Note that at tree level there are not
flavor changing neutral currents (FCNC). This is the GIM mechanism.

Table 4.3 Analytic form of Tree level Masses of the different fields and experimental value.[1]

Field | Analytic Form Experimental Value

H No 125.03+0.26 0.27 (stat) +0.13 0.15 (sys) GeV (CMS)
W 2y 80.385+0.015 GeV

7 | MO, 91.1876+0.0021 GeV

v 0 <17 18eV

G 0

e T50Y5, 0.510998928 + 0.000000011 MeV

m T50Y 5, 105.6583715 + 0.0000035 MeV

T T30V 1776.82 + 0.16 MeV

Ve 0 <2.05eV (95%C.L)

v, 0 "

v, 0 "

u TV 2.370F MeV

d T50YH, 3.5705 MeV

s T5VY P, 95+ 5 MeV

c 0V 1.275 + 0.025 GeV

t T30V 17321 £ 0.51 £0.71 GeV “

b T30V 4.66 +0.03 GeV *

4direct measurement
bin bounded state

4.6 Cancellation of Anomalies in the Standard Model

Following the discussion at the beginning of the Chapter 2, a strong motivation for the use
of gauge theories was the fact that they are renormalizable. It can be shown that when try-
ing to prove the renormalizability of the Electroweak Sector of the classical Standard Model
Lagrangian, Lg\r, one arrives at diagrams of the type of diagram (4.1). The amplitude of the
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3 JIL")
/\b Yv -

’\c /A A'I

Figure 4.1 Feynman Diagram

3-point function using Feynman rules on the sum of both diagrams in (4.1) is then:
dip i N i A i A
Tﬂl/kk,’k, :_/ T b v e A a X5
abc(l 2) ¢ (27T)4 rﬁ_kQ_m27p_m27p+%1_m27’y

k’IHkQ
+ | v u }

b+ c

(4.68)

Where )\ are proportional to the four generators in the fundamental representation of SU (2), x
U(1)y. Explicitly they take the values:

~

Ni=o, i=1,23

“ (4.69)
M=Y

Using the fact that in the Standard Model the fermions are massless before EWSB we have
m = 0. Then using symmetry properties we arrive at the formula:

1 dp i i,
T (ky k) = = Dupe | —i / Tr AL NN (4.70)
o o) = g Do | =1 ] oy [p—;@ bV rF
where : o
-D(Lbc = Z Tr[)\a{)\b, /\c}] (471)
f

The sum is over the chiral fermions of the Standard Model. When evaluating Eq.(4.70), one
finds that these kind of diagrams break the SU(2), x U(1)y symmetry. Such an effect is
called an “anomaly ”. In order to keep the symmetry of SU(2);, x U(1)y intact, one requires
that the term D, vanishes for all combinations of A
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Taking all \ as the Pauli matrices we see that D 1s null since the ¢ are traceless, in fact:
Tr[{caop}, 0c] = 204 Tr[oe] =0 (4.72)

When we have one ) as the hypercharge A =Y we have:

Z Tl"[{O'a, O'b}, Y] == 25[11, Z TI"[Y] == 2§ab (Z Yf) =0 (473)
f ! !
using the results of Table (4.1). When we have two ) as the hypercharge we have:
> Tr[{oa, Y}, Y] =D Tr[oa)Y7 =0 (4.74)
/ !

using again the fact that Pauli matrices are traceless.
When we have all A as the hypercharge we have:

zf:Tr[{Y,Y},Y] = ;w =3 ((;)3 + (;)3) +2(—1)* =3 (g‘)g ~3 (-2)3 —(=2)*
(4.75)

So we see that the Standard Model is anomaly free.

4.7 Problems of the Standard Model

At present time the Standard Model has been experimentally verified with incredible accuracy.
The last ingredient was the discovery of the Higgs boson. Despite the success, the SM has
some important problems. Let’s enumerate some of them:

4.7.1 Observational Problems

(a) Dark Matter and Dark Energy. The Planck mission team measured using the Standard
model of Cosmology, the total mass—energy of the known universe. It contains 4.9 %
ordinary matter, 26.8 % dark matter and 68.3 % dark energy. Dark matter corresponds to
matter with at most weak interactions. Dark energy can be interpreted as a cosmological
constant.

(b) Matter-Antimatter Asymmetry. Currently there is no consistent explanation for the
perceived excess of matter over antimatter . The Standard Model gives a possible ex-
planation, the asymmetry was created after the electroweak phase transition (100 GeV).
The SM satisfies Shakarov’s conditions for baryogenesis: it has processes that violate
B number (thought not at tree level), has plenty of C' and C'P violation (in the phases of
the CKM) and if it happened at the electroweak phase transition (EWPT) it is also out
of equilibrium. Nevertheless quantitatively, the results are not consistent with current
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(©)

(d)

measurements; there is not enough production of asymmetry. Mainly after EWPT the
asymmetry diminishes.

Neutrino masses and mixing. One of the last remarkable experimental results in HEP
was the recent (1998-2002 ) measurement of oscillations between the different flavors
of neutrinos. This implies a non-zero neutrino mass, completely in disagreement with
the massless neutrino of the Standard Model.

Anomalous Magnetic moment of the muon. The prediction of the factor 3(g — 2)
related to the Magnetic moment of the muon is in disagreement with the SM at the level
of ~ 3o.

4.7.2 Theoretical Problems

(a)

(b)

(c)

The gauge hierarchy problem and Naturalness. Renormalizable Quantum Field The-
ories connect physical observables not to fundamental parameters i.e. parameters at tree
level, but to the renormalized version of them. Since the physical mass of the Higgs is
in the GeV scale, a problem happens when calculating the quantum corrections to the
Higgs mass. Using only the fields of the Standard Model we have a set of quadratically
divergent terms ~ A?( after imposing a cutoff a lot larger than the EW scale) whose
sum must cancel in a very delicate way, such that the renormalized mass is in the order
of the fundamental mass. Without knowing any other mechanism except the ones of the
Standard Model the cancellation happens using a very strong fine tuning thus needing
explanation. In fact if assuming naturalness® one would expect both Higgs mass and
radiative corrections to be at the same scale.This is related to the question of why there
exists this difference in scale between the Higgs mass and the scale of A (for exam-
ple, the Planck Scale, Mpanac ~ 10 GeV). This is referred as the gauge hierarchy
problem.

Hypercharge quantization Since the quantization of the hypercharge implies quanti-
zation of Electric Charge we focus in the first one. In the SM we don’t have a clear
explanation in the choice of the hypercharge representations (i.e. hypercharge numbers
see Section(1.4) ) for the matter fields since in principle the spectrum of the generator
of the hypercharge is continuous because it is the generator of the Abelian U(1)y group
of the Ggps. On the other hand,if somehow the gauge group U(1)y is embedded into
a larger semi-simple group we could obtain discrete eigenvalues * for the generator of
U(1)y thus we would "quantize" the Hypercharge. From the formula Q = I5 + ¥ this
would imply the quantization of the Electric charge.

Arbitrariness in the Fermion Representations and the '"'miracle' of anomaly can-
cellation. The fermion representations of the S M and their hypercharge numbers mirac-
ulously canceled the anomalies of the theory. Since the Gg), is not a simple group there

3given a theory with a cutoff we expect all parameters of order O(1)
“Eigenvalues here means the entries of the matrix in the fundamental representation of the generator of
U(1)y when embedded in the larger Group. See Chapter 5 for an example.
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(d)

(e

®

(g)

(h)

it 1s not a clear recipe on how to select the representations of the fermions such that
anomalies cancel, contrary to the case of gauge theories using simple groups where
from the structure of the group we can find representations of combinations of them
where anomalies cancel.

Gauge Unification. Reiterating, the gauge group of the Standard Model SU(3). x
SU(2) x U(1)y is not simple. A particular consequence is that each coupling corre-
sponding to each gauge subgroup is not clearly related to the other. This is what we see
at EW scale where we have three different values for the coupling but it is desirable that
they unify at a higher energy such that there is only one coupling related to a simple
Lie group. This will restrict the number of parameters and also solve the problem of the
gauge coupling divergence. Besides this, gauge unification will explain the quantiza-
tion of charge and provide a guide in the choosing of fermion representations such that
anomalies cancel.

Flavor theory. Currently there is not a theory of flavour even when 13 of the 19 pa-
rameters correspond to flavor physics in the SM (Yukawa couplings, CKM mixing, CP
phase).

Violation of strong CP. In principle QCD would violate CP but experimentally this has

o . g20 oo
never been measured. This implies that the value of O¢p in g% o €upe G G is very
small and not of order one. This is very unnatural and in the need of a more exhaustive
explanation.

Quantum Gravity. The Standard Model does not include Gravitation for technical
reasons. In particular gravitation is not renormalizable

Vacuum Stability. In the Higgs potential of the SM we had A > 0 for stability but it
can be shown that a running of this parameter to higher energies can make it zero or
negative.



Chapter 5
Minimal SU(5) Grand Unification Model

For this chapter we have mainly used [40],[41] , [38] and [34]. For the Young diagram treat-
ment we used [42] and [4]. In this Section we use the following convention. For a Left
handed spinor v, the spinor that results after applying the operator C' of charge conjugation
is Cp = CYOPL* = PrCA%y* = (¢°)r = 1% and viceversa.

5.1 Extensions of the Standard Model

As show in Section (4.7), the Standard Model is weak in many fronts. Correspondingly, there
have been a lot of extensions of it since the dawn of the model, even before it became "Stan-
dard" . One possible solution to solve some of the problems of the SM is Grand Unification.
The main idea of Grand Unification is to construct a Lagrangian with a gauge symme-
try given by a bigger compact' group G that contains the Standard model group SU(3). x
SU(2), xU(1)y C G such that after at least one spontaneous symmetry breaking mechanism
(usually two or more) we arrive at the interactions of the Standard Model after Electroweak
Symmetry Breaking (EWSB) plus other possible new interactions. In this view, the specifica-
tion of the group is the first important choice. Since Gg); is rank 4 group, in fact it is a simple
product of rank 2 SU(3), rank 1 SU;(2) and rank 1 Uy (1), we require G is of at least rank 4.
We also need a group G to have complex representations and not only real nor pseudoreal
representations. Remembering, a representation D(g) with g € G is real if there exists a
transformation .S such that:
SD(g)S™" = D*(g) (5.1)

with D*(g) the conjugate representation. In principle, using real representations we can con-
struct a Majorana mass term for the Weyl spinor ¢, %

Lo = _;M(chswL + h.c) = —;M(waSwL + h.c.) (5.2)

that is gauge invariant as can be seen using the transformation oy, — D(g) 1, Eq.(5.1) and the

'We again reiterate that we need compact groups in order to have finite unitary representations
2technically it is a left handed Dirac Spinor but a field of this type is equivalente to a (1/2,0) Weyl Spinor
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Table 5.1 Classical Groups

Group Rank | Dimension | Complex Rep.
SU(n) n—1| n*-1 n>3
SO(2n) n n(2n—1) |n=2[+3,1>1
SO2n+1)| n n(2n+1) no

Sp(2n) n n(2n +1) no

G 2 14 no

F 4 52 no

Es 6 78 YES

R, 7 133 no

Gy 8 248 no

fact that D(g) is unitary. Expanding D(g) in the generators we can show that S is symmetric or
antisymmetric. Since the fermions of the SM do not acquire mass until EWSB we need them
to be embedded in a chiral representations at the GUT scale. Even more, suppose we have a
chiral theory with 17, and 1p chiral components of a fermion. All left handed fields 17, and
1§ live in the representation (usually reducible) D;, and the right handed in the representation
Dpr = Dj. So in the the case the representation is real we have that both left and right handed
components transform in the same way thus the representation is not chiral, it is vectorlike”
implying that we necessarily need complex representations. For example in QCD we have
the reducible representation D, labeled as (3 @ 3) and it is real, in fact Dy = D; = Dy,
consequently the theory is not chiral. Last fact limits the space of possible groups as can be
seen in the Table (5.1).

Another important requirement, though not restrictive, is to use a simple group. This is
done in order to have a single gauge coupling at the scale of grand unification, thus explaining
the origin of the coupling parameters of the Standard model. Summarizing, after requiring
rank > 4, complex representations and simplicity of the group, from Table (5.1) we see that
the possible choices for a Grand Unification group are SU(n) forn > 5, SO(41+6) for [ > 1
and Fg’.

Historically the first model was grand unification in SU(5) [43] in 1974. This is the
probably the most simple GUT theory and will be the main topic of this chapter. All the other
simple GUTs contain this group as a subgroup. Contemporaneously, in 1974 Pati and Abdus
Salam [44] developed the eponymous model with gauge symmetry SUL(2) x SUg(2) x SU(4).
It is very important since it is a main subgroup of a larger GUT based on the SO(10) group
and would explain the V' — A (chiral) structure of the interaction of the Standard model since
is left-right symmetric. This last model [45] was created in 1975.

3Table (5.1) should really be a Table of groups generated by semisimple Lie algebras since SO(k) does not
have complex representations. Instead is the group Spin(k) that has them though both have the same algebra.
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5.2 Fields of the Minimal SU(5)

As outlined in Section (3.2), after the choice of the Gauge group, we naturally need to add
dim(G) gauge vector bosons in order to construct covariant derivatives. In addition we need
to find adequate representations for the fermionic fields and for the scalar fields. Following
chapter 3, we can express the Yang Mills fields using Eq.(3.205) as : W, = Wﬁle with
i,j = 1,---,5 with scalar product Tr[X7, X}] = 6;,0; and with each gauge fields Wﬁl
satisfying conditions (3.213) and (3.214). In this chapter we will use a different basis to
express the YM field. We will use the generalized Gell-Mann matrices )\, (hermitian and
traceless) as generators such that the YM is expressed as W, = A7\* witha = 1,---,24.
The scalar product now is:

Tr[Aa, \y) = 200,  a,b=1,-- 24 (5.3)

and the gauge fields A are now real. This new choice representation of generators is chosen
since in this way the embedding of the generators of the SM SU(3). x SU(2);, x U(1)y is
explicit. Since SU(5) is a rank 4 group the Cartan subalgebra ( maximal abelian subalgebra)
is composed of A3, A\g, Aoy and Ayy. Explicitly.

1 1 0
A - 0 A ! : 2 A " 0
3 . =R . , Asg :
0 0 —1
5.4)
—2
1 -2
%= —2 ;
3
(5.5

We can see the correspondence between A3 and \g with the two generators that generate the
Cartan subalgebra of SU(3). and \g; corresponding to the lone generator of the Cartan sub-
algebra of SU(2);. Thus Ay generates the hypercharge (in the fundamental representation):

Y =choy (5.6)

with a constant that will be found later. This last result is important since it solves the problem
of quantization of the Electric charge since the spectrum of the hypercharge and consequently
the charge will take only discrete values. The complete set of generators are, using Ag as the
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3 x 3 Gell-Mann matrices and using block matrices:

A\ = (AGZ' ) i=1,---8 (5.7)
with the rest being
10 v 0 01
0 0 0 0 0
Ao = 0 0 Ao = 0 0 A1 = 0 0f (5.8
1 00 ¢ 0 0 0 00
000 000 100
0 1 0 0 0 0
0 0 10 v 0
)\12 - 0 0 )\13 == 0 0 )\14 = 0 0 (59)
000 010 0 ¢ 0
t 0 0 0 00 0 0O
0 0 0 0 0 0
01 0 1 0 0
)\15: 0 O )\16: 0 O )\17: ]. 0
000 000 0 01
010 0 0 000
(5.10)
0 0 0 0 0 0
00 00 0 0
)\18: 0 )\19— 0 1 )\20— 0 1
0 0 = 000 000
0 0 0 01 0 0
(5.11)
Aog = ( 0a> , a=1,2,3 (5.12)

and Aoy as above. The \;’s with i = 1,¢...,8 form the algebra of SU(3).. The \;’s with
i = 21, 22,23 form the algebra of SU(2).
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5.2.1 Construction of irreducible representations of SU (n) using the fun-
damental representation

The procedure of getting all possible tensorial irreducible representations for the SU (n) group
can be easily done using the Young tableaux. A Young tableaux is a tableaux made of D boxes
arranged in R < D rows such that the number of boxes in each row is non increasing. Explic-
itly, let {r1,--- ,7r} denote the number of boxes in each row of the tableux or equivalently a
non increasing partition of D. A Young tableaux have to satisfy:

Sr=D  mEmzer (5.13)

It can be shown [42] that each Young tableaux with D boxes in at most n rows corresponds
to an irreducible D-tensorial representation of SU(n). Using the general formalism for ten-
sors in SU(n) a general tensor K + K’ tensor is written as ¢) = zﬂfll o fj where lower indices
denote indices that transform under the fundamental and higher ones that transform under the
antifundamental. We can use Levi Civita’s to lower indices. Using Young tableau each box
correspond to an index of the tensor and we have that for two vertically aligned boxes we have
correspondingly two indices antisymmetric for them and for horizontal boxes we have indices
that are symmetric. The conjugate or not nature of the index will depend on how the tableux
is constructed.

The fundamental representation corresponds symbolically to a box, [J. Since the fundamental
SU (n) representation for n > 2 is complex we have also an antifundamental representation.
It’s Young tableaux is defined as the complementary tableaux (complement) of the fundamen-
tal. In general for a given Young tableaux to retrieve it’s complement we first fill the original
Young tableaux with boxes such that we get a rectangular Young tableaux of n rows and an
equal number of columns as the original Young tableaux. Then to the tableaux made of the
new boxes we rotate by 180 degrees and that is the conjugate tableaux of the original Young
tableaux For example fixing n = 5 for the complement of [J, defined symbolically as [, we
use the Young tableaux:

(5.14)

and so the Young Tableaux of [Jis:

(5.15)

Another example, for n = 4:

— (5.16)
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Since the n column Young diagram correspond to a singlet in SU(n) it is sufficient to use
n — 1 indices to label unambiguously any representation of SU(n). One parametrization is as:

[rl —Tp, T2 = Tpy 3 Tp—1 _rn] (517)

in this way if taking a full n-row row we see that it is not a representation of SU(n) since it’s
labeling is made of zero entries thus a singlet. The number of labels n — 1 corresponds to the
number of Casimirs of SU(n) or equivalently the rank of the Group.

Dimension of the the Young Tableaux

To know the irrep that each diagram corresponds to we need to calculate its dimension. To
calculate the dimension of an arbitrary representation of SU(n) we do as follows. Suppose
we have the tableaux: ‘

(5.18)

and we want to calculate it’s dimension. First fill the tableaux inserting n on the leftmost
element of the first row and then inserting n + 1 to the right to it and so on. Then, in the
second row, start with n — 1 in the leftmost elements and so on. For example, for the empty
tableaux above.

n |n+1{n+2

(5.19)

n—1| N

Now multiply all the entries to get a number A. Next construct a similar tableau and fill each
box with the number of boxes directly below and directly to the right of the box plus one. This
is called the Hook Lenght of the box. We then have the following Young’s Diagram:

o131 (5.20)
311
1
Multiplying all entries we get the number 5. Then the dimension is shown to be:
A
d=— 5.21
B (5.21)
We give a more explicit formula. The dimension of the representation [Aq,--- , A, 1] for
SU(n) is:
dz’m[A]:HWr[(W) ij=1,---n—1 (5.22)
i G i<j 9i — gj
where

gi =n—1, m; = g; +r; (5.23)
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Usually we use the dimension of the irrep as the symbol to denote the irrep. For example
for the fundamental rep. of SU(5) we have 5. To the denote conjugate representations we
use a bar as 5. A Young tableaux made of only vertical boxes is antisymmetric irreps, with
each box indicating A totally antisymmetric representation of SU(n) is equivalently labelled
using [m| with m denoting the number of rows of the Young Diagram. When dealing with full
antisymmetric representations the formula (5.22) can easily be seen to reduce into:

dim[m] = ——— (5.24)

Multiplication of tableauxs

Let n be the dimension of SU(n). We give some examples of irreps and the corresponding
labeling in SU(5) in Table(5.2). Note that in general the conjugate representation has the same
dimensionality as the original one. Ths can be deduced from the general formula.

We can multiply two irreps to get new irreducible representations. To do this correctly
we use a simple algorithm, for example for the product in SU (n):

‘® H (5.25)

We start labeling each box of the second tableaux with the number of the corresponding row:

‘® (5.26)

Then multiply each box of the second tableaux, starting from the rightmost box of the first
row. The restrictions on the new Young diagram besides being a proper one for SU (n) (satisfy
condition (5.13), at most n — 1 vertical boxes) are such that:

(a) For each row, the number on the boxes originating from the second diagram must not
decrease from left to right.

1 5.27
112] 12] (5-27)
is valid but
1 5.28
211] 2] (5.28)

it is not since the 2 is before 1 in the same row.

(b) For each column the number on the boxes originating from the second diagram must
increase from top to bottom.

1] (5.29)

—
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Young Tableaux | Dimension in SU(n) | Labeling in SU(5) | Tensor rep.
0 n 5 Viy
E n 5 P
A L) 10 Viyiy
@ n(n2—1) 10 W’m
O L) 15 (N
% n(n2+1) 15 iz
? n?—1 24 I
;3 (D= 1)(n-2) 45 i
H (4012 A5 e
e (otl) o=t 50 Yiria
@ (1= D(n-2) 50 i
a= (etin(et) 20 Birins

Table 5.2 Tableaux of different irreps
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is valud but

[1] (5.30)

is not

(c) Counting labeled boxes starting from the upper right box of the new diagram, the num-
ber of boxes labeled by a must never be more than the ones labeled by the number a — 1.

1] 5.31
3 (5.31)
D)
1

is valid but | |

1 5.32
515 (5.32)
2
1

it is not since the second 2 apperars before the second 1.

We give an example using Eq.(5.26)

1
@5: Yol | lel [ | e[2]= Ugpl | el | lel ]

(5.33)

Thus:

|®H= o [ 1 ]o ol 1] (5.34)

where each resultant Young Tableaux can or cannot be a representation of SU(n). This will
depend on n. For example for SU(2) we at most can have 2 rows thus some diagrams are not
valid so the decomposition is just:

@H: | (5.35)
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Examples with SU(5)

On the other hand for n = 5 the decomposition is exactly as in Eq.(5.34).
We retrieve some general decompositions for SU(n) the correspondent representations
can be seen from Table(5.2) and the last result in SU(5):

el l=[T]e[l=10215 (5.36)

H@D: o[ ]=200 10 (5.37)

ol 1= (o= ([D) & (H) =104 15 (5.38)

(D)C®HE®H lg[2] = e H=[ [ el 1= | el J=4505
L] L] 7 L]
(5.39)
HXH— 1|@ ®2]= Ue e[ l=s50@4595 (5.40)
- Bl
In addition to retrieve the adjoint representation we have:
[® (D) = 1+ dim(SU(n)) (5.41)

If there are subgroups of SU(m) embedded in a larger SU (n) we can see the branching rules.
For the fundamental rep. of SU(5)

= (] 12) ® (13, b) (5.42)

and, since SU (2) is pseudoreal for the antifundamental:

[ =k 12) @ (13, b) (5.43)
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To get the decomposition of 24 we use the Young multiplication procedure:

505 =((1,2)1) @ (3,1)—2s) ® ((1,2)1) ® (3, 1) (42/3))

= ((17 2)(+1) ® (1,2)- ) ((17 2)+1) ® (3, 1)(+2/3)) b ((3> 1)(—2/3 ® (1, 2)(—1))
D (3 1)(2/3 ® (3, 1)(+2/5))
2

=(1,2® 2)(0) ® (3,2) (1373 @ (3,2)(—5/3) ® (3®3,1) ()
)

=(1,1)0) ® (1,3)(0) @ (8, 1)0) & (3,2) (453  (3,2)(—5/3)
(5.44)

5.2.2 Fermion Representations

| Fields in Left chirality | Representation |

Spinor Fields
- 3a 2a l
QL <dL> ( 3
L = (”L> (1,2, -1)
€r
UE (37 17 _g)
ds, (3,1,+3)
) (1,1,+2)

Table 5.3 The SM field for one generation classified with respect to the symmetry group
Gsy = SU(3) x SU(2) x Uy (1) in Left Chirality

As seen before all possible irreducible representation of SU (n) for n > 3 are constructed
from the tensor products of the fundamental representation [J and the antifundamental repre-
sentation [I. This is a consequence of the complexity of representations. From the explicit
algebra of generators of SU(5) we see that su(3) @ su(2) C su(5) thus the fundamental irrep.
of SU(5) is decomposed as:

(= (k1) ® (13, k) (5.45)

Using the tensorial product we arrive at the braching rules of Table (5.4).
Now we want to embed the first generation of the SM fermionic fields into a representa-
tion(s) of SU(5).
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Table 5.4 Branching Rules for SU(5) — SU(3). x SU(2)r, x U(1)y

5 (1,2)(41) & (3, 1) (23

5 (1,2) (1) ® (3,1)(42/3)

10 (1,1)(42) @ (3, 1) (—ay3) D (3,2)(41/3)
15 (1,3)2) @ (3,2)(1/3) @ (6, 1)(—a/3)

24 (1,1)0) D (1,3)0) @ (8,1)(0) ® (3,2) (=573 ® (3,2)(5/3)

3)(—2/3) @ (3, 1)(s/3) @ (3,2) (13

45 | (1,2)0) @ (3,1)(—2/3) @ (3,
6 1)( 2/3) @ (8,2)()

®(6,

50 (1,1)(—a) & (3, 1) (~2/3) & (3, 2) (—1/3)  (6,3)(—2/3)
(6,1)(s/3 @ (8,2))

A first restriction is that they cannot possible be other than totally antisymmetric representa-
tions otherwise we include new fermions not belonging to the standard model. For example
for the 15 representation we have a sextet of quarks 6 = [(T13. Then the only possible repre-
sentations are the K totally antisymmetric tensors denoted by [K].

Fermions are a collection of 15 Weyl spinors so if we want to embed them into a single
representation we need at least one with 15 complex dimension. There are not totally anti-
symmetric reps of SU(5) with this dimensions so we can’t use just one representation, need at
least two. Since the combinations of representations of the type [K] + [n — K] are real (thus
fermions are vectorlike) we can’t use representations of these types.

Nevertheless, the most important restriction is to select fermion representations such that
anomalies cancel. * For a [K] representation we have that the normalized anomaly contribu-
tion is:

(n—2) (n—2m)
(n—m—Dln— 1!

Since we only can have five different totally antisymmetric representations the only combina-

A(lm]) = —A([n —m]) (5.46)

tion for SU(5) that cancel anomalies is: [2] + [4] or equivalently, since [4] = E = [ = 5,

5 + 10. In order to see which fields compose the SU(5) field in the 5, denoted as 5%, we
start from its branching rule, 5 = (3,1) @ (1,2), and see that is composed of a multiplet
that is color antitriplet in SU(3).. and singlet in the SU(2), and another one that is an anti-
doublet in SU(2) and singlet in SU(3). The color antitriplet can be filled, without knowing
the hypercharge of 5%, with u§ or df implying that the chiral field 5% has to be left handed.
On the other hand, since the fundamental representation of SU(2) is pseudoreal then 2 and 2
are equivalent implying that the antidoublet SU(2),, can only be filled with the fields of L,

*In fact we could just imposed anomaly cancellation to retrieve 5; and 10 as the fermion fields.
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and not its charge conjugated, since have to be left handed. Although we know there are the
leptons of L, we still don’t know the order of them in 5%.

Thus we need to find which quark antitriplet belongs to 5% and the position of the lep-
tons. First, since 5% transforms as an antifundamental we need to know the generators in the
antifundamental representation. Denoting \ as the generator in the fundamental representation
and ) in the antifundamental using the fact that for a field in the antifundamental we have

Utp = eMp = Urth = e ™) (5.47)

but ) is hermitian so we have: B
A= —\T (5.48)

Using last equation we see the order of the leptons of 5%. Since the charge operator is defined
as:
A
Q=1+ B (5.49)

since [ in the fundamental is the generator \y3 we have for the doublet of 5%, using Eq.(5.48)

that it has the value of:
S ([ 0 I
i) =5 5 ()

then using Eq.(5.49) on 5% knowing that the value of the hypercharge is —1 we obtain:
LY (-1 0\ (L
o) - (0 O )

C
qir,
C
dar,

5% = |4 (5.52)

(&
—U

D=

Thus >:

To find the hypercharge of the quarks of 5% we need to the constant ¢ from Eq.(5.6). We have:

—cA,5% = —cAyybS = Y55 (5.53)

Sthere is an ambiguity on the sign of v
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Explicitly:
-2 qir Y,
\ c -2 % Y, v
—CAoybfp = —= —2 qr | = q
v15 3 e Y,
3/ \—v Yy

C
qir,
C
dsr,

gL | (5.54)

(&
-V

3

From the value of the hypercharge of the doublet Y, = —1 we have that ¢ = \/E . Thus

Y, = 43 so ¢f = d§. The result is:

5% = d:CaL

We will use greek symbols to denote 1,2, 3 and latin symbols to index 4, 5.
The decomposition of the 10 representation under SU(3). x SU(2), is:

10=(1,1)® (3,1) @ (3,2)

Then the rest of the fermions are contained in the 10 representation :

0 UgL —UgL U1, dlL
C
1 —U:C))L 0 Uy, Uy, d2L
— C
+

—Uy1p, —U2L —U3L 0 €r
+
—di, —dor, —dsr —ep 0

X isan arbitrary operator. For an antisymmetric tensor we have:
[(Xli; = Xi + X;

and for an adjoint: .
QU] = Xi — X;

In this way we complete the branching rules Table using V. Using Q we have:

—2/3 —2/3 —2/3 2/3 —1/3
—2/3 —2/3 —2/3 2/3 —1/3
—2/3 —2/3 —2/3 2/3 —1/3
2/3 2/3 2/3 2 1
~1/3 -1/3 -1/3 1 0

1

)10y = —
Q105 5

(5.55)

(5.56)

(5.57)

(5.58)

(5.59)

(5.60)
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5.2.3 Gauge Bosons

The SU(5) Adjoint representation (5 ® 5 = 24 @ 1) decomposes under SU(3). x SU(2), as:

24=(8,1)%(1,3)® (1,1)® (3,2) & (3,2) (5.61)
where (8, 1) is the adjoint representation of SU(3), (1, 3) the adjoint representation of SU(2)
and the (1, 1) as a singlet under SU(3). x SU(2). The new gauge fields will live in the (3, 2)

and (3, 2). The Yang-Mills field 4,, = %)\aAZ after the correspondent redefintion of fields as
in the SM is:

Xlu }/1“ -9
1 8 aya
1 V2 Za:l G#)\ §2u }}j?u B -2
A= —= 3p S3p | 4 L —2 (5.62)
2 | ye c c Wi 2v/15
V2 Xq, X5, XS, A W,; 3
Yo Yio Yeow, W 3
Or compactly:
L (Gl [X,)G 1
A, =— Hola o) + B\ 5.63
z z([xms (W]t ) 2P 63

We also have:
0 0 0 —4/3 —1/3
0 0 0 —4/3 —1/3
QA, =] 0 0 0 —4/3 —1/3 (5.64)
4/3  4/3  4/3 0 1
~1/3 —-1/3 -1/3 -1 0

5.2.4 Scalar Representations

Using the results of Section 3 we see that we need at least two scalars to arrive to the low
energy symmetry U(1)g. The first scalar X in the adjoint representation will give us the
symmetry breaking pattern SU(5) — SU(3). x SU(2) x U(1)y.

1 ([Zs]5 — %o [Xx]4
Y= — 30 5.65
V2 ( DISCIN A 8 669

The second scalar has to gives us the the electroweak symmetry breaking. To satisfy this it
needs to contain the Standard Model Higgs field. The minimal representation that contains it,
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is again the vector representation of SU(5), 1.

Ty
T, -
op=|T =<Ha>, a=1,2,3. a=4,5. (5.66)
Hl a
Hy

5.2.5 Calculation of the Weinberg Angle

Expressing the coupling of the hypercharge as in the SM, that is with the coupling ¢, we have
that : ] ]

595)\24Bu = §QIYBM (5.67)
Since cAyy = Y we arrive at ¢’ = \/g g5 - From the other components we have that the SU(2),

is equal to g = g5 so the Weinberg angle at grand unification scale (i > Mgyr) is:
sin® Oy = —>—— = = (5.68)

To arrive at testable experimental values at the EW scale we need to use the renormalization
group equations.The result is:
sin 0, = 0.208 (5.69)

in discordance with the result of the SM of sin 63, = 0.23120 + 0.00015.

5.3 SU(5) Lagrangian

The complete Lagrangian is composed of:
£:£B+£f+£H+£Y (5.70)

where the kinetic term of the gauge bosons is:

1
EB _ _ZAZVAMW’ a = 1’ ce ’24 (571)

with

Al = 0,A% — 0,A% + gs fane AV AS a,bc=1,---,24 (5.72)

v

where f,. is the structure constant of the Lie Algebra of SU(5).
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The fermionic Lagrangian (implying scalar product on generation space) is:

Ly =i5;9"D,5% + i Tr[107+"D,105]
=i5% (y*0 'A“1 MA5% + i Tr[10p (70,10 ' “A‘I)\alo iy AC10 ()
=157, (7" 0 — 14, 57" AY) 5 + i Tr[10p(470,10F — " Ay —-10p — i7" Ay10p ]
=i55@55 L e [10,010,] — 55k AT <)\a)T5C Tr[107*A%A“10
=19 F+§Z r[10F F| = 5% n 9 # + Tr[10py " Fl

(5.73)

where we used %a as the antifundamental generators of SU(5) and the antisymmetry propriety

of 10.
We impose parity in the scalar Lagrangian ;, for practical reasons:

£y, = 5 T(D"E)'D,E] + 5 (D"6) Dy~ V(5,0
with
V(S,6) =V(S) + V(6) + 2 T{Z(61) + 2 (6/5%)
V(D) = = TR + 2 s 4 22 sy
V(o) = - T(10) + (oo

The Yukawa Lagrangian (as will be retrieve in Section (5.5)) is:

1
Ly =5%Y510p¢" + §€510FY1010F¢

which contain the Yukawa terms that gives masses to the fermions at EW scale.

(5.74)

(5.75)

(5.76)

(5.77)

(5.78)
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Fermionic Interactions
Expanding the covariant derivatives from £ we have new interactions at GUT scale:

Loy =2 (@4 [Gusluip + A2y (Gl 2dip)

V2
+ L Qe Wl Quns + L Woal' Lo
V2

3 . _ 15

+ \/;‘(]25 ( — Lyt B, Lip — 2¢;,7" Buef, + g@LN“BuQiL
4 _ 1 2 s

+ gum’y BuUiR — gdz‘R'Y BudiR

_ 9%

V2

% 4

T af,jc o 95 apy-c
eabL%’yu[Xﬂ]a[diL] +ﬁ€ B’YuiL’y \/E

I Xulaeawer + hee.

(5.79)

¥ [XH]ZQiLBCL +

Note that there are new interactions mediated by the gauge boson X that violate B baryon and
leptonic numbers but preserve B — L symmetry.

We can retrieve an order of magnitude for the GUT scale M. An amplitude for the
decay of the proton viable from the last term of the full fermionic interacions (5.79) is:

L(p— 7)) ~ —L (5.80)

Since the actual constraints on proton decay are of the order of ~ 10** years we obtain My >
10 GeV.

5.4 Spontaneous symmetry breaking of SU(5)

To retrieve the vev of the potential (5.75) we can use two approaches. The first one is assuming
a priori the existence of two mass scales, the EW scale My, and the very much large GUT
mass scale My, introducing the hierarchy My, < Mx. One can have an approximate order
of magnitude using the Renormalization Group Equation (RGE) on each of the couplings of
SU(3)e SU(2)r, and U(1)y independently. In this case we can assume a two step breaking
mechanism. The first breaking will be of the potential V' (%) from Eq.(5.76) and after that we
will retrieve the Standard Model Higgs potential after assuming certain conditions. The other,
more direct procedure, is retrieving the vev of the full potential V' (X, ¢) as done in [46]. We
will not use this approach though the results, as for example when retrieving the masses of the
different vector and scalar bosons, go like ]‘J@V;, thus essentially irrelevant for calculations but
not so much for the conceptual understanding.

The first stage of the breaking corresponds finding the vev (X) of V(3 ¢) with ¢ = 0
(note that we just take the field as the null vector we don’t minimize the potential in any form
for ¢) that is just the vev of the potential V' (X) of Eq.(5.76). Following Section (3.4.5) if
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(A > 0, A2 > 0) and 30A\; 4+ 7A2 > 0 the pattern of symmetry breaking is:
SU(5) = SU(3). x SU2), x U(1)y- (5.81)

The vev of Eq.(5.76) is retrieved from the general formula Eq.(3.361) with Eq.(3.179) for
ny = 3, ny = 2 and:

2 4mf 2
=— - =4V 5.82
thus:
1 2
1 2

(3) = (¢1) 1 =V 2 (5.83)

_3 -3

2 3
-3 -3

To see the bosons that acquire mass we use Eq. (3.366). From the expression of the gauge

fields we have the relation W7 = %X & then the gauge mass term is:

1 a *ua 25 a *ua
Ly = g*(¢1 — ¢2)2§XWXQ“ = ?VngXWXa“ (5.84)
So the mass of the six X (12 real fields) bosons is Mx = \/? gV'. From the potential V(%)
we retrieve the masses of the components of >:

2 A A
V() + ) = = L) + £+ SHTI(S) + 22 + 2T +2)] (5:85)
arriving at the results in Table (5.5).
The ¢ scalar also develops a mass after SSB at grand unification scale:

M

RPN 6) 0 (5. (586

m3 A
V() == F(010) + T (¢'0)* +
restricting to second order in ¢ we have:

30

2 A
~ e+ HTH) + TAMVATIT + HUH) + TVAATT - 0H )

‘/Iquadratic =

1 9
(=m3 + 150V 4 22V T'T + 3 (—mg + 150V + 2)\5V2> H'H

— N =

1
zim?pTTT + im?{HTH.
(5.87)
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Scalar Fields | SU(3). x SU(2)., Mass
quantum numbers | after separate breaking
5] (8,1) 5AV?
[¥3)2 (1,3) 20\, V2
Yo (1,1) m?
[Sx]2 (3.2) 0
T, (3,1) —m3 + (15X + 2)5)V?
H, 1,2) —m3 + (15Ag + 2X5)V?

Table 5.5 Masses of the Scalar Bosons

In principle after SSB at GUT scale all masses in Table (5.5) would be expected to be of
the order of the GUT scale if the SSB is done contemporaneously. This is not the case for us,
since at the beginning of the Section we have imposed the hierarchy My, < My implying
that the Goldstone Bosons of the SM are absorbed only by the Higgs similar to the one of the
SM that is H. In consequence it will have a mass My of the order My but from seeing how
the analytical form of My is we see that this requirement can be satisfied only at the expense
of Large Fine Tuning O (%—Z) = 1072, For the triplet with mass M, we don’t have this
requirement. This discordance is the doublet-triplet splitting. Even more it is not known if
the triplet 7" satisfies the Appelquist-Carazzone theorem [47] since in principle could interact
with SM particles. We can get a boundary condition for My from the couplings at the Yukawa
sector that produce the proton decay. Using the values of the diagonalized Yukawas of the
SM, [Y}4]11 and [Y£]11, we obtain:

Y[Vl P

5.88
MZ SO (5-88)

that imply M7 > 10'2 GeV and lessening the fine tuning requirement for the Doublet-Triplet
splitting to O (]J\\%V) =10,
Then, at EW scale we get the effective potential.
Vg = TH H + Z(H H) (5.89)
that is the Standard Model Higgs potential and the vev is retrieved in the usual way. Summa-
rizing the SSB pattern is:

SU(5) = SU(3). x SU(2); x U(L)y — SU3). x U(1)o (5.90)
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5.5 Yukawa sector and fermion masses

The combination of fermions we can have for a possible Yukawa coupling and the correspond-
ing representation of the product is:

557055 — 5@5=10¢ 15
557C10p — 510 =5 @ 45
10,.C105 — 10® 10 = 5@ 45 & 50

This shows that the 24 scalar boson cannot couple to the fermions fields via a Yukawa cou-
pling thus the fermions remain massless after SSB at grand unification scale. The Yukawa
Lagrangian is then as in Eq. (5.5), only with the 5 scalar: °

1 Cc \T @ * 1 - j e
. ﬁ<5F)iaCzy(}/5)ij(10F)? b(¢ )o + 8—\/ieabcde(lOF)ib Czy(Ylo)ij(10F)jdy¢ —i-(shgcl)

From the first term we get:

1
JORYs10r0" =dV5Q0° + LYse'9" +d Voo T + LaVsQM T +he (o

=dY5Q¢" + €Y Lo* + dYsesuT* + LeaYsQ'T* + h.c.
Thus the traspose of the Yukawa matrix for down quarks is the Yukawa matrix for leptons:
Yp =Y/ (5.93)

This implies equal masses of leptons and down quarks at GUT scale. Since leptons and quarks
evolve differently, we can use the RGE to see the ratio of masses at EW scale. At scale u = 10

GeV it is:
mq

= 3.5 (5.94)

Me
Implying a mass of my; = 1.6 MeV, different from the measured value in (4.22). From the
second term we retrieve:

11 11
——u(Yio + Y15)QH + h.c. = -—=uYyQH 5.95
5 \/§U (Yio + Yy0)QH + h.c 5 \/§u vQ (5.95)
that implies a symmetric up quark mass Yukawa matrix:
Yy =Y} (5.96)

Note that Eq.(5.92) implies fermions-7" interactions that violate Baryon and leptonic quantum
numbers.

®using mass proportional to ¥ C1); . The indices i, j denote family indices, the ab SU (5) indices and z,y

Lorentz
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5.6

(a)

(b)

(c)

(d)

(e

®

€y

Problems of the minimal SU (5) model

No Unification It can be shown using RGE starting from EW with corrections induced
by the minimal SU(5) that the couplings of the SM do not converge at GUT scale.

Gauge hierarchy problem. Doublet-Triplet splitting After the introduction of a new
mass scale Mgy, we see that we need to fine tune the values of many observables
and explain the existence of a scalar with two different mass scales (Doublet-Triplet
splitting).

No Flavor theory. Although we have constrained some parameters on the Minimal
SU(5), (Y, = Y1, Yy = Y{¥) there is still not an explanation for the existence of three
generations. To deal with this in the context of GUT theries we need larger gauge groups
or horizontal symmetries.

No Neutrino mass. We need to introduce a right handed neutrino in order to construct
a Yukawa coupling analogous to the PMNS matrix. In the minimal SU(5) model this
cannot be done using only the 5 and 10 irreps thus we need at least to introduce a right
handed singlet.

Wrong Charged Lepton Mass. The results Y, = Y/ is wrong. A possible new scalar
that modifies this relationship can be seen in Eq.(5.5).

Too fast proton decay. The initial Georgi-Glashow model, the one we have used in this
chapter, predicted a lifetime of the proton of 7p ~ 103! [48]years for M, ~ 10** GeV.
This was disproved very soon for example at the Kamiokande experiment (1989) that
gave 7p > 2.6 x 1032 years.

Magnetic Monopoles Following hypercharge quantization, the minimal SU(5) pre-
dicted heavy (order ~ M x) magnetic monopoles that have been falsified by the MACRO
experiment (2011).
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