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Abstract

Breaking electric charge conservation with charged Higgs
vacua

We introduce additional Higgs fields with charged vacuum expectation values to break
the conservation of electric charge. However the phenomenology of such models is
very strongly constrained and limits such theories to regions of the parameter space
that are already well explored. The main obstacle turns out to be the emergence of a
photon rest mass, further studies would need to find a way of dealing this with this to
have a reasonable prospect of success.

Verletzung elektrischer Ladungserhaltung durch geladene
Higgs-Vakua

Wir fithren zusétzliche Higgs-Felder mit geladenen Vakuums-Erwartungswerten ein,
um die Erhaltung elektrischer Ladung zu brechen. Die Phanomenologie solcher Mod-
elle ist allerdings bereits sehr stark eingeschrankt und begrenzt solche Theorien auf
Regionen des Parameterraums, die bereits sehr gut erkundet sind. Das Aufkommen
einer Photonen-Ruhemasse stellt sich als das groSSte Problem in dieser Hinsicht heraus,
zukiinftige Studien miissten vermutlich einen Weg finden mit diesen umzugehen um
ernsthafte Erfolgsaussichten zu haben.
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Chapter 1

Introduction

Most methods in physics rely on the conservation of certain physical quantities, fa-
mously energy and momentum, mass in most low energy processes and, depending
on the field of study, others. The conservation of these quantities is not self-evident
and through Noether’s theorem a connection between this quality and the mathemat-
ical notion of symmetry has been established, allowing a more formal study of these
properties.

Particle physics is one of the fields that has profited greatly from this formalism.
However since the discovery of spontaneous symmetry breaking and the Higgs mecha-
nism there is also a way in which locally conserved currents do not lead to a globally
conserved charge (often referred to as a breaking of the charge conservation). Examples
for this would be the electroweak symmetry breaking after which hypercharge and
isospin are not conserved quantities anymore, but only the electromagnetic (EM) charge.

A very naive question at this point would be: if some charge conservations are
broken in the Standard Model of particle physics, why not all or at least some more of
them? Utilising a similar Higgs mechanism as in the SM it is possible to introduce a
charged Higgs vacuum that would also lead to the violation of EM charge conservation.

Conventionally, this is considered to be an unattractive prospect, since the experi-
mental evidence for conservation of EM charge is very strong and since such a violation
would invariably lead to a photon rest mass, upon which there are also extremely
stringent limits.

Another obstacle is that up to now charge has only been observed as a quantised
property in multiples of 1/3 of the elementary charge e. However, since EM charge
is a sum of the, by definition, quantised isospin and hypercharge, upon which no
such conceptual restriction can be placed, its quantization is not a theoretical necessity.
Therefore, so-called milli-charged particles (MCPs) can be studied upon which there are
less stringent limits than on processes violating charge conservation at ~ le.

In the following we consider a few possible motivations for the study of theories
predicting such MCPs.

1.1 Cosmology

We consider whether a uniform distribution of MCPs in the universe could contribute
to its expansion that in the ACDM model is attributed to the cosmological constant
¥ or ‘dark energy’ (DE). Naively, this seems possible since A is understood to be a
'vacuum energy density” throughout the universe. A distribution of particles effectively
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decoupled from the SM possessing an electrostatic energy density could account for
this.

However, one can find that the behaviour of such MCPs in an expanding universe is
not compatible with what is required of DE. To see this we consider the acceleration

Friedmann equation

S T+ (L.1)

To explain the observed accelerating expansion of the universe ¢ > 0 one needs p+3p < 0
or expressed through the equation of state parameter p = wp as w < —1/3. Without
explicit calculation it is clear that for a distribution of slightly charged particles one
would have w > 0; one simple way of thinking about this is that the energy density
due to MCPs should decline with expansion a as o~ due to the expansion of space and
then some more due to the weakening of the electrostatic field and since p ~ a=3(+«)
we have w > 0. So while an intriguing idea, it is clear from the outset that MCPs alone
cannot account for the expansion of the universe.

1.2 Particle physics

It has been noted that in experiments a millicharged neutrino would be very hard to
distinguish from an electrically neutral neutrino with a magnetic moment [11]. Since
the XENONnNt experiment discovered an excess in electron recoil events that could be
explained through a neutrino magnetic moment [2] the study of MCPs in this light might
bring interesting insights. However, upon further data-taking and analysis carried out
by the XENONnt collaboration during the time of writing of this thesis the excess
disappeared [3], so this can also not serve as an immediate motivation.

Instead the aim of this thesis was to study additional Higgs fields with charged
vacuum expectation values and to try to find an effective field theory (EFT) description
for such theories of additional Higgs multiplets. In chapter 2 we go through some of
the relevant theoretical background pertaining to symmetries, conserved quantities and
spontaneous symmetry breaking. In chapter 3 we work out the theories for the singlet,
doublet and triplet case and look at some of the phenomenological with regard to an
EFT formulation and chapter 4 summarises these efforts.



Chapter 2

Theory background

Although we frequently use mathematical terminology in this chapter, it does not aspire
to be a mathematically rigorous treatment of the subject nor is the level of rigour applied
throughout it consistent. We rather aim for a mode of presentation that is useful to
readers with a graduate-level background in theoretical particle physics and go into
as much nuance as is deemed useful for later applications; accordingly, proofs for
statements will be given where instructive and not otherwise.

The contents of this chapter can be found in many textbooks and for the most part
will be attributed summarily at this point: Aside from the usual famous choices [12, 9],
we want to especially highlight the clear and thorough treatment of symmetries and
spontaneous symmetry breaking (SSB) in [6].

2.1 Noether’s theorem

We start our description of physics with defining the action S

S:/dtL:/d4a:£ (2.1)

as the integral over time of the Lagrangian L or as space-time integral over the
Lagrangian density £. Assuming that £ describes a field ¢(z), the time derivative of
this field will only appear in terms of 9,¢(z) and so £ can be written as a function of
L(¢(x),0,¢(x)). We derive the equations of motions for this field through the stationary-
action principle

0=148
_ [ qb, ((9£(0(2), 9up(2)) 0L(¢(x), 0u0(x))
- [ e (PG e + G i)
_ /d% (0£(¢(9J),3u¢($)) _ g 9L(0(2), 0,9(x))
0¢(x) o 0(0,0(x))
where we used §0,¢(z) = 0,0¢(x) and integrated by parts with vanishing boundary

terms in the last step. Since the integrand has to be zero for all d¢(z) we find the
Euler-Lagrange equations

0L(¢(x), 0u())
9¢(x)

) dota)

OL((x), 0u0())
9(0up(x))

9, = 0. (2.3)



The equations of motions are the first physically measureable manifestations of our
theory while S is undetermined up to a constant ¢ and £ is undetermined up to a total
derivative 0, F" because

Y (/ d'z (£ + GMF“)) =06(S+c)=0(5). (2.4)
We use this notion to define symmetries of the action 5.

Definition 1 (Symmetry of the action) A transformation A, with a parameter o € R of a
field p(x) — An(¢) = ¢'(x) is called a continuous symmetry transformation if it leaves the
equations of motion of ¢ invariant or, equivalently, changes the Lagrangian L by at most a total
derivative of some function F,, s.t. L(¢'(z),0,¢'(x)) = L(¢(z), 0,¢()) + 0, F* for all o € R.

If this is true for some smooth function o : R™ — R it is called a local symmetry and if it is
only true for some constant function « it is called a global symmetry.

Theories that posses such symmetries proved very fruitful to study, especially those
that can be variied continuously (in contrast to discrete symmetries), because of the
powerful consequences of Noether’s theorem.

Theorem 1 (Noether’s first theorem) Every continuous global symmetry gives rise to a
Noether current j*(x) such that 0,j*(x) = 0 on-shell.

The proof for this theorem can be found in many textbooks and we will not present
it here. Note however that we did not make any statement about conserved charges yet
and that it is indeed impossible to do so without at least one more assumption. Many
textbook derivations are imprecise on this point and imply that a conserved current in
the above sense also produces a charge that is conserved in time. Since this aspect is
relevant for our problem we will illuminate it in greater detail:

Theorem 2 (Conserved charges) Every continuous global symmetry whose associated Noether
current satisfies j'(t, ) — 0 sufficiently fast for |z| — oo gives rise to a conserved charge

Q = dngo(t’x)

R3

with y
—@ =0.
dtQ

We outline the proof of this theorem to understand why the requirement of a
sufficiently fast fall-off of j* is necessary for charge conservation:

d 3 0
dtQ =/, d°x0yj-(t, x)
= / d*2005° (t, z) + 0ij'(t, x) — 0;5'(t, v)
RQS
= —/ dgx@-ji(t,x)
R3

:—7{ dS j'(t,z) =0
S2(|z|—o00)
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Here we first used the conservation of the Noether current, then Gaufs” theorem and
finally the fall-off of j* at |x| — oco. It should be noted that the fall-off at infinity is not
necessary to get rid of some boundary terms, as it is most of the time, but that it directly
concerns the expression in the last line. In many derivations of Noether’s theorem the
conservation of charge is treated as an implicit by-product of Noether’s theorem, but
here we see that it is possible to have a Lagrangian with conserved currents due to
Noether’s theorem while the associated charges are not conserved.

2.2 Gauge theories

Apart from such global symmetries, Lagrangians can also be symmetric under local
transformations, which are more general because they can transform the Lagrangian
differently at each space-time-point. A special case of local transformations are the
so-called gauge transformations. [6] outlines a more nuanced differentiation between
local and gauge symmetries, but while these considerations are informative for physical
understanding they are not necessary for our considerations.

Such gauge symmetries are at the heart of modern quantum field theory (QFT) for-
mulations of particle physics and questions about them frequently arise when dealing
with the mass of particles. One common argument states that the Higgs mechanism
is necessary for a gauge-invariant description of particle masses. While it is straight-
forward to see that this is true, it implicitly assumes that gauge invariance is indeed a
necessary ingredient of physically useful QFTs; we will try to illustrate their role in a bit
more detail here. We will follow a standard textbook approach in introducing gauge
invariance ad-hoc and start with quantum electrodynamics (QED) as an example:

Constructing a theory describing the interaction of photons and Dirac fermions we
start off with the Lagrangian of free particles (which we consider as given here)

1 —
L= _ZFWFW + (i 0, — m)yY (2.6)

with the field strength tensor F),, = 9,4, — 0, A, of the vector field A, and Dirac
fermion field 1. We note that this Lagrangian is invariant under a global U(1) transfor-
mation of ¢ (without explicit effort to make it so)

Y(@) = e (@), () = P(x)e (2.7)

and the corresponding Noether current is j* = ey)y"1). A physical way of thinking
about this U(1)-symmetry is to interpret it as a global phase of a wavefunction which
can be chosen arbitrarily since only differences in phase affect physically measurable
quantities and the conserved current turns out to be the electric charge we would expect
electrons to have!. We will now try to make Eq. 2.6 invariant under the transformation
in 2.7 in local form, so with «(z) as a function of coordinates. We find that this is not the
case, instead

@(iv“@u —m)Yp — E(iv“@u —m)Y + (O,a(x))g” . (2.8)

Conveniently, one finds that the Lagrangian extended by an interaction term between
A, and 7 through the covariant derivative D, = 0, + ieA,

!Note that to make the step from a conserved current to a charge we need j*(z) — 0 for |z| — oo as
noted previously. This is the case here since we assume % to be localized.
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1 _
L= _ZF“”FW + Y (iv"0, — m)p — A, "

1 B (2.9)
= _ZLFWFW + Y (iv' D, — m)y
is invariant under the combined gauge transformation
Y(x) — e @), A, — A, +0,a(z). (2.10)

Since the global U(1)-symmetry is a special case of this gauge symmetry for a(z) =
const. all statements about conservation of electric charge are still true. We thus find that
in our search for a gauge invariant formulation we have inadvertently also found an
expression that contains everything we desire for our interacting theory, i.e. coupling of
photons to a conserved electric charge and the gauge transformation of A, is consistent
with the gauge freedom that also exists in classical electrodynamics.

For QED this is not as coincidental as has been suggested up to this point. As taken
from chapter 8.1 of [12] the Lorentz transformation A of a general massless vector field
a, is

U(N)a,(2)UH(A) = ALa, (Az) + Gz, A) (2.11)

where « is a linear combination of creation and annihilation operators of a,. By
identifying the « in this expression with the gauge transformation we find that for all
massless vector fields demanding Lorentz invariance and gauge invariance are equiva-
lent. And because Lorentz invariance is a physically very well motivated requirement
using gauge invariance as a building principle for QED turns out to be not just useful
but also well justified. While we used this equivalence to argue that a Lorentz invariant
theory of massless vector bosons has to be gauge invariant it can just as well be used to
explain why Lorentz and gauge invariant vector bosons have to be massless (and this
second line of reasoning is more common in the literature).

For massive vector fields (like the W*- and Z-bosons of the SM) however, this
argument does not hold true, there are Lorentz invariant theories which are not gauge
invariant. Still it is commonly argued that it is not possible to naively introduce mass
terms, like —m? A, A, supposedly necessitating the Higgs mechanism as a gauge
invariant way of introducing particle masses.

While gauge invariance may not be strictly necessary to build an interacting theory
with massive vector fields, there are still arguments for why it is desirable to do so. The
most important is surely that gauge invariant Yang-Mills theories have been shown to
be renormalizable to all orders[1]; this has not been achieved for other theories.

2.3 Spontaneous symmetry breaking

Up to now we have only considered whether symmetry transformations leave the
Lagrangian (or equivalently the action or the e.0.m.) invariant but not whether the same
is true for the physical ground state. Theories where this mechanism of spontaneous
symmetry breaking (S5B) occurs have first been described in condensed matter physics
(e.g. Ginzburg-Landau theory) but it has subsequently found fruitful application in
particle physics as well.



To gain some understanding we will study SSB at the example of the linear sigma
model of N real scalar fields ¢’

1 . 1 . A
L= 5(0,0) + 5H%(6)? = S(8)° 212)

where i and )\ are real, positive parameters. This Lagrangian is evidently invariant
under global O(NV) rotations. However, the state which minimises the potential

V(gh) = —5p (6 + 5 ()" 2.13)

is not determined uniquely, only its absolute value, the vacuum expectation value
(VEV), is

2
(8 = 5 =:v? (2.14)
and in contrast to most other potentials this minimum is not zero. It is now possible
to find infinitely many different ground states simply by rotating any one state fulfilling
Eq. 2.14 by an O(NV)-transformation under which the theory is invariant. For further
analysis we pick the state pointing in the Nth direction ¢} = (0,0,...,0,v) and re-
parametrize the fields around this

¢'(z) = (7"(x),v+o(z)), k=1,...,N—1. (2.15)

Expressing the Lagrangian in Eq. 2.14 in terms of these new fields

1 1 1 A A A
L= 5(8/17714)2 + 5(@0’“)2 — 5(2,u2)0'2 —VAue® = V() o — 104 — 2 (7)20? - Z(ﬂk)Q
(2.16)
we find a field o with mass m2 = 2u? and N — 1 massless 7 fields. This is not
coincidental but a consequence of Goldstone’s theorem.

Theorem 3 (Goldstone’s theorem) For each spontaneously broken continuous symmetry a
theory will contain exactly one massless particle, a Goldstone boson.

While SSB provides us as with a way to generate particle masses without introducing
gauge invariance breaking explicit mass terms, it creates a new problem: if the masses
of the W*- and Z-bosons were generated through SSB, the SM would need to contain
at least three massless Goldstone bosons. However, such particles have never been
experimentally observed so SSB alone only replaces one problem, gauge invariance,
with another, the missing Goldstone bosons.

24 The Higgs mechanism

The combination of a gauge invariant theory with SSB, known as the Higgs mech-
anism, turns out to solve all the previously stated problems concurrently. To avoid
misunderstandings we start off with a short note about terminology:

It is frequently stated that the Higgs mechanism is about "spontaneous breaking of a
gauge symmetry" but this phrasing is misleading. It is mathematically impossible to
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spontaneously break a gauge symmetry, a fact known as Elitzur’s theorem [8]. Instead of
trying to find a more suitable turn of phrase we will lay out how it should be understood:

Assume that we have a theory that is - by construction - gauge invariant under some
group of transformations. As noted previously, this theory cannot have explicit mass
terms for gauge bosons, but it is necessarily invariant under global transformations of
this group (since a global transformation is just one particular case of a local transforma-
tion). While it is not possible to spontaneously break the gauge symmetry, this global
symmetry can be broken and generate mass terms for previously massless particles. It
might seem that the problem of the Goldstone bosons would persist, but the beauty of
the Higgs mechanism is that it does not.

We demonstrate this by constructing a theory of a massive photon (this is an example,
not a general proof but that would be significantly more involved). Consider the
following Lagrangian of a complex scalar field ¢ coupled to a gauge field A, through a
covariant derivative D,, = J, +ieA,,

L= TR + Do~ V(0) 17)

which has a U(1) gauge invariance similar to that of QED in Eq. 2.7. If the potential
has the form

V(6) = (@) + 2 (0" @.18)

the resulting global U(1) symmetry is broken spontaneously; if we expand the
Lagrangian around the VEV as in the previous section we find

6(a) = d0 + —=(61(a) + ida(a)
L=~ FuF™ (0,60 + 5002 + VBegoAD'0s + S2PRAM 4 225 4

omitting terms either linear or higher than second order in the fields. We find a
mass term for the photon with m% = 2¢?¢5, a scalar particle with mass m}, = 2u* and
a massless Goldstone boson ¢,. However, there is a term coupling the photon to the
Goldstone boson which contributes to the vacuum polarization of the photon

. 2 _uv ui v\ _ ;o002 ;Lu_k#ky
im53 9" + (mak )k‘2 (mak”) = 1m35(g 12 ). (2.19)

This is exactly the form of a propagator of a massive gauge boson that obeys the
ward identity and so we find that the Goldstone boson has become part of the newly
massive photon, a fact commonly being referred to as the ‘Goldstone boson having
been eaten by the photon’. While this has only been shown exemplary here this turns
out to always happen in gauge theories with SSB and explains why in such theories no
massless Goldstone bosons can be detected as independent particles.

There is also another way of thinking about the role of the Goldstone boson: As
is known from classical electrodynamics, a massless vector boson has two transverse
degrees of freedom (dofs). It is possible to construct two further formal dofs, commonly
referred to as longitudinal and time-like dofs, but these do not contribute to any physi-
cally observable processes. Massive particles however, posses three dofs, two transverse
and one longitudinal; an extremely naive way of thinking about this would be that
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a longitudinal dof requires a variation in the velocity of the particle along its axis of
propagation which is impossible for massless particles which, by definition, move with
exactly the speed of light. This also makes it impossible to introduce mass terms for
gauge bosons in a naive fashion: if a vector boson has two dofs before introducing an
explicit mass term and three afterwards we would need to account for the origin of
this new dof. Again, the Higgs mechanism provides such an explanation through the
absorption of the Goldstone bosons, which have exactly one scalar dof each, into the
massive gauge bosons.

Summarizing, we find that there is no single reason necessitating the Higgs mecha-
nism in the outlined form, but that it achieves several a priori independent properties
that are desirable for a consistent theory:

¢ Introducing gauge invariant mass terms and thereby ensuring renormalizability.
¢ Explaining the absence of massless Goldstone bosons expected after SSB.

¢ Accounting for additional longitudinal degrees of freedom of massive gauge
bosons.

2.5 The Standard Model

In the SM these mechanisms are applied in a way known as the electroweak unification:
The electroweak sector has a SU(2) x U (1) gauge symmetry with the covariant derivative

D, =98,—i¢ B,Y —igT'W, (2.20)
with hypercharge Y and weak isospin 7" and a Higgs field ¢

L. = (D,®) (D'®) — V(®), (2.21)
and V' (®) is the scalar potential

A
V(®,%) = —12|P + 5|<I>|4. (2.22)

Due to this form of the potential for p?, A > 0 the Higgs field acquires a non-zero
vacuum expectation value v. Since a similar computation is done in the following
sections we limit ourselves to merely stating that this leads to a massless photon v and
three massive gauge bosons, the W=*- and Z-bosons,

v = sin Oy W? + cos Oy B
7 = cos Oy W? — sin Oy B
1

w= (W' FiWw?)
V2 (2.23)
I Ui i
a 4
m2 B 922}2
o
where the mixing between the W?*- and B-bosons is given by the Weinberg mixing
angle cos thy = \/g29+7'



2.6 Example: Gauge invariance and the meaning of charge

As a demonstration, we will now examine how gauge invariance determines the physi-
cal meaning of theoretical quantities at the example of conserved EM charge () in the
SM. For this consider a SM VEV rotated by some angle «

1 cosa  sina 0 v sin «v
<Cbr>zﬁ(—sinoz cosa) <v) :ﬁ(cosoz) (2.24)

with hypercharge Y (®,) = 1/2. Due to the Gell-Mann-Nishijima formula @) = T5+Y,
one might assume on the first glance that this VEV has both an EM-neutral and EM-
charged component, resulting in a presumably changed phenomenology.

Let us state right away that this hunch is unequivocally incorrect and that there is a
straightforward way to see this: The rotation matrix above is obviously an element of
SU(2) - it has a determinant = 1 and is orthogonal and therefore unitary - and the SM
is defined to be gauge invariant under SU (2)-transformations. In principle, no further
computations are needed to know that this supposedly modified VEV will result in
the known SM phenomenology. We will proceed anyway in the spirit of a pedagogical
demonstration that will demonstrate the benefit of using the conventional form of the
VEV2.

Using the covariant derivative in Eq. (2.20) we compute the masses of the gauge
bosons®

1
LD Z(qu [9”B.B" + g* (W, W
+ W2 WA — 294 (WLBHG! (2.25)
+ W:B'a? + WiB"a")] (®,)

A difference to the SM occurs for the product of the first Pauli matrix o' with the
VEV

(®,)To(®,) = 2sinacosa
o?(®,) =0 (2.26)

o3(®,) = sin’a — cos® a

T~
LS,
R

S~ ~
=R

which is non-zero in general but is zero in the SM (o = 0). Using the geometric identities

2sina cos o = sin 2o = s, and sin? a — cos? o = — cos 2o = —c¢, we can write the mass
matrix
g> 0 0 gg’ sin 2
2 2
v 0 g 0 0
4 0 0 g? —gg'cos2a |’ (2.27)
gg'sin2a 0 —gg' cos 2« g”

By taking out the block-diagonal part of W? we get

)2 g* 0 gg' sin 2
T 0 g° —gg' cos2a | . (2.28)
gg'sin2a —gg’ cos 2a g"?

2to which (@,.) will reduce for a = 0
3Terms of the kind W7 cancel because of the anti-symmetric tensor in 0%0? = 2ie**“c°.
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The eigenvalues of this matrix are, unsurprisingly, independent of o and accordingly
the same as in the SM

o G202
X 4
2 12 2
m = W)V (2.29)
4
m% =0

but the mass eigenstates are not

X, = cosZan} -+ sin 2« Wi’

1
Z,=—— (g (—sin2a W' + cos2a W?3) — ¢'B
# 7+ g2 (9 (=sin2a 1, aW,) —g'By) (2.30)

A, = N (¢' (—sin2a Wl} + cos 2a Wi) +9B,).

We identified these expressions with the Z-boson and photon of the SM and notice that
everything is consistent for a = 0. However, the interpretation of the X-boson and a
useful way of building new W*-bosons from it seem less straightforward.

2.6.1 Gell-Mann-Nishijima formula

In the SM the Gell-Mann-Nishijima formula @) = 7% +Y relates electric charge ), isospin
7% and hypercharge Y. One textbook approach to deriving this relation is to consider

the effect of the four generators of SU(2);, x U(1)y on the Higgs VEV (®) = % ( ¥ > :

TH®) #0

T?(®) # 0
(T5 ) (®) £0 (2.31)
(T?°+Y) (®) =0

This illustrates that the Higgs VEV breaks the gauge group SU(2), xU(1)y — U(1)q
with conserved charge Q = T°% + Y.

Applying the same procedure to the rotated VEV (®,) = = ( 223 ) we find
TH®,) #0
T%(®,) # 0
(T? = Y)(®,) #0
1.1 (2.32)
<T3+Y)<(I)T’>:<2—52 1 (1))<(I>7“>
272
v sin av
= — 0
()

and so we find that the charge ), has to have some different form to still be conserved.
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We now work out an expression for the electric charge (),. First we express the
fields* in Eq. (??) in terms of the mass eigenstates

Wl} = ———(§'Ay + 9Z,) + ca X,

Ca '
Wi = —==—=(g'Au + 92,) + 5aX,, (2.33)

Bu = T (gAu - g,Z#) .

By inserting these back into the covariant derivative in Eq. (3.2) we get the following
expression where we can identify (), as the charge associated with the photon 4,

/

99

. 1
- ZZMW (Ca92T3 — g%y — SaQQTl) (2.34)

D/‘« = @L - ZA,U (CaTg + Y — saTl)

—1iX,9 (caT1 — saT3)
QT = (CaT3 +Y — SaT1> .

As a consistency check we work out how this generator acts on the VEV

2 (1 + cos2a) —1sin2a

—( 2 2

Qr(®r) ( —3sin2a  §(1—cos2a) (@)
v cos? o —cosasin o sin « (2.35)
V2 \ —cosasina sin? o Cos v

=0

and find that this works out as we want it to. At this point it has become obvious that
the original misconception about the charge of the vacuum arose because the concrete
manifestation of the Gell-Mann-Nishijma formula depends on the form of the vacuum
and is different for our non-conventional choice of the vacuum. Rather it turns out
that the VEV breaking the electroweak symmetry is always EM-neutral and that the
definition of EM charge adjusts to make sure that it stays so.

2.6.2 Fermions

We now consider the implications of this model on the fermions; nothing new is expected
to happen here, it is merely a further example that the SM is reproduced in full. To start
of, a word about which quantum numbers we put into the calculations: The isospin
components of isospin doublets are given by T; = %ai , 1 = 1,2, 3 with the Pauli matrices
0;. The weak hypercharge Y for each respective particle is taken to be as outlined in
Table 2.1. No assumption about electric charge () will be put into this calculation as it
needs to be worked out according to Eq. (2.34).

“We keep disregarding W? because nothing interesting happens there.
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hypercharge Y
particle | LH chirality RH chirality
Ves Vi, Vr — % 0

e, 1, T -3 -1
u,C,t +2 +2
d,s,b —I—g —%

Table 2.1: Weak hypercharge assignments

We start by looking at a Yukawa-term of a lepton generation !

LD _yZE\I}lR + h.c.

_ v sin o _
=Y (yl’ lz) ﬁ ( cos o ) In

v o, o (2.36)
:_ylﬁ (s1naul+cosalL)lR

_ v
—ylﬁ

and find that this would introduce a mixing between the charged lepton and respective

[y

neutrino of each generation. By defining the mass eigenstates of the lepton /; and the
orthogonal mass eigenstate of the neutrino 7;

l’jv{:sinonmLcosozlj:r (2.37)

U =cosay —sinal]

one avoids this issue, but we will have to see whether these are also the interaction
eigenstates.

The term for the fermion-photon interaction according to the covariant derivative in
Eq. (2.34) is

LD ey AdLQnlr
\ 1 2.38)
_ iz — ]t 5Ca +Y 250 i’ (
_e’yA,L(Vl:lL)( ~1s, —%CQ-I—Y)(ZZF).

The eigenvalues of this matrix are ¢; = Y + % and ¢, =Y — %, which is consistent with

the SM, and the corresponding eigenstates are those already found in Eq. (2.37). Using

Table 2.1 as input, we find that although the eigenstates are defined differently, the

charge eigenvalues work out as zero for neutrinos and integers for the charged leptons.
For the interaction with the Z-boson we have

1 —
LD —QVMZMZL (cag®Ts — ¢°Y — s09°Th) I,

92 +g/
v Z L — J%*Y g v (2.39)
- T (T e ) ()
2+ g? —Z 54 —Lco— gy 7
The eigenvalues for this interaction are i » = —¢?Y + 1¢? in which we again find the

SM coupling to the Z-boson A\ = ¢*T5 — ¢’?Y. The corresponding eigenstates are again
those of Eq. (2.37).

13



At this point we will leave it, satisfied that gauge invariance also holds up to explicit
computation. One could argue that there is little to interpret here since we recovered
exactly the textbook result we were bound to find by the very definition of the SM, but
at the very least there are some lessons here that bear repeating:

The misconception that started this section was that the rotated VEV (®,) would
result in a charged vacuum. The fact that it is neutral regardless of its concrete form is an
expression of the central role that gauge invariance plays in the SM; the concrete form is
irrelevant to the physical content of the theory, but the way in which it is relevant is of
crucial importance. At the same time it is not so obvious why gauge invariance should
play such a central role (e.g. in comparison to locality, whose importance as a concept
for physics is directly plausible); there is philosophical literature that expands on this
question further than is necessary for our purposes [10].

There is however a scenario in which this notion carries more meaning: In models
with multiple particles with VEVs, most prominently 2-Higgs-Doublet-models (2HDM)
[7], a charged VEV can occur. Most of these models assume that a SM Higgs particle H;
has a VEV of the familiar SM form, which "fixes" the definition of electric charge and
then there, among multiple others, the following possibilities:

1. The second VEV is EM-neutral and EM-charge is conserved in the model

(Pm,) = % ( 1?1 ) , (®p,) = % ( 7?2 ) . (2.40)

2. The second VEV is not EM-neutral and the conservation of EM-charge is violated
in the resulting model

(®w,) = % ( 31 ) , (Dp,) = % ( o ) . (2.41)

While it is possible to determine whether the second VEV is neutral or not here, this
determination of course still depends on the form of the first VEV. It is not the absolute
form of the second VEV that is relevant but relative form in comparison to the first
(again manifesting the gauge principle).

14



Chapter 3

Charge-breaking Higgs mutiplets

3.1 Theory setup

We will consider theories that break conservation of EM-charge through the introduction
of an additional scalar Higgs field with non-zero charged VEV that breaks the U(1)¢-
symmetry. These theories will modify the scalar part of the SM Lagrangian as follows

L= (D,®)" (D'®y) + (D, ®;)T (DF®;) — V(Dp, P;), (3.1)

where D, is the covariant derivative with hypercharge Y and weak isospin T’

D, =0, —ig B,Y —igT'W, (3.2)

and V' (@, Y) is the scalar potential

A
V(®,5) = — ;| Pn)* + ?h|‘1’h|4

\ (3.3)
— 2| ®* + Es\‘l’z‘|4 + Ap|®p|?|Ps]? .

®), is the SM Higgs doublet with Y = 1/2 and ®; with i = s,d, t is the additional scalar
Higgs field which is either an isospin singlet, doublet or triplet (respectively denoted
by ®,, ®; or ®,) and which carries hypercharge Y; (we will impose a constraint on Y;
on each realization respectively s.t. the VEV never ends up to be EM-neutral). The
parameters of the potential are assumed to be 2, A\, 17, A; > 0 while there is no such
constraint on \p. We demand both Higgs fields to have non-zero VEVs vy, v; # 0
however the values of v, and v; depend on each other due to the Ap-term in Eq. 3.3. We
find this by minimizing the potential
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ov

0= 2"
8|q>h’i| \@h,i\=v\}}’§i
3
Uhi 2 2\ Unhi
= (29} Op| @ — a2 ,)
h, (\/§> (P| ,h| ﬂh,)\/ﬁ

2
Uh,i
= An (%) + )\P|(I>i,h\2 — /L;%,i

2#%,1; — Ap|vin|?
Un,i = M
)

vz, . . . . . .
where we used |®;,|> = =" in the last step. By inserting this expression for ¢ into
the one for h (and vice versa) we find an expression for the VEVs depending only on
parameters of the Lagrangian

N 2Nty s — 2Py, (3.4)
e Midin — A2 ‘

We also find that this can be rewritten as

1 1
5/\h,ivl2z,i — pj; + 5)‘Pvi2,h

~ Mnidinbig = ity = i nidin = AB) = ApAnti — Aot (3.5)
B Anidih — Ap

=0

which will turn out to be useful later on.

3.2 Higgs singlet

We consider a model containing the SM Higgs doublet ¢, with Y = 1/2 and an addi-
tional complex singlet ®, with Y = Y, # 0 with non-zero minimum

<(I)s> = Vg . (36)

V2

We expand the two Higgs fields ®; around their respective VEVs v;

b ) 1 .
b, = . , Oy = — (v, s s) - 3.7
" (%(UhﬂLPh*—“?h) \/§(U + ps +5) (3.7)

where ¢ is a complex charged field with (¢})" = ¢, vss = const. € R # 0 and py, s
and 7, ; are real fields.
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3.2.1 Gauge bosons

First, we consider gauge boson masses. The term (D,®,)" (D"®,) gives the same
contributions as in the SM but new terms arise from

1 1
(D,0) (D) = 10,00%. — L0000, + #Y2BB02 4 g2+ )
-2 (ia,upsns + 5u773 (2)3 + pS)) Y,B". (3.8)

There are no modifications to W*-boson mass, which is plausible since they are associ-
ated with isospin and the new Higgs field is an isospin singlet. There is however an
additional B-boson mass term and due to the mixture with 1® we need to consider a
modified mass matrix

o —799'
4 4

3.9
( ~4 99 (—f +v§Yf) g ) )

which has the following eigenvalues

1 2 2 2
Mzy =5 Th(g? +g?) + V2P \/ <U—h(92 +9?) + Y3v39’2> — g2 Y 22

4 4
(3.10)
102 103
-2
10 10—7
-6
< 10 10-17
(]
9 10—10
< 10727 %
é 10—14 .L_D.
-37 >
B 1p-18 WUE
g
I 10-47
10—26 10_57
10—30 10—67

1073 1072 1072° 107 107 107 10°
singlet hypercharge |Ys|

Figure 3.1: Photon mass m., in the singlet model, using Eq. 3.10 and assuming v, = vga.

both of which are non-zero for vy, Y;v, # 0. This means we have a photon with a
non-zero rest mass upon which there is a stringent limit of m. < 10-*’GeV. Fig. 3.1

17



shows the photon mass as a function of v; and Y; and we see that it translates to a
limit of Y,v, < 1072"GeV on our parameters!. Since the W*-boson mass is not modified
we know that v, = vgy = 246 GeV and so we can expand this result to first order in

Y2’U2
=t L 1
h

2

2 U9 ) 2v2 12 2
mz = 4(9 +g )—l—st;g Sw (311)
= Y2

where the effect of the newly introduced singlet becomes visible as a perturbation to the
SM result.

3.2.2 Higgs sector

We write the potential

A
V(®,5) = — o + e

N (3.12)
— 21D + 22101 A 2P|

out in terms of the fields introduced in Eq. 3.7

V= —piléndn + %(vi + P+ 11+ 20001)]
F 2166 + LR+ o+ 20c)
+ i(v;‘i + Ph 1y AR ph, + 2070+ 203775 4 4vp pn + 203705 4 4upp;, + Anunpn)]
LR 4 g2+ 7 + 20.,)]

2

A1
+357 [vs + ps 4 s + 40202 + 20202 + 20207 + 40l ps + 20207 + dvgpd + Antugps)

_oa 1
+ Ap[0y 5 5 (v + o2 + 115 + 2056,)

(VR + phps + 0 + dopvspnps + Vi p% + V2ph + 20505ps + 20501

o |

+
+opns Ui+ 2ppvsps + 2020Rpn 4 PRNE 4 Pan; + 20K0m7 + 2ps505m7)] -

From this we drop all constant terms (i.e. terms containing only v) because they are
irrelevant in a potential and we also drop all terms which are linear in any field (¢, p, ),
because they can be transformed away. We sort the second order terms and do not care
about higher orders

!Note that while v; > 0 by definition, Y can in principle also be Y; < 0. However since only Y2
contributes to measurable quantities it is sufficient to consider |Y;| > 0.
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1,3 1 1,3 1 1
V= 50%[5)%”2 — pj, + 5)\PU§] + §p§[5A3v3 — 5+ QAPUfL] + §Phﬂs)\PUhUp
1,51 1 1 5.1 1
+ 5772[5)%”2 — iy + 5)\PU§] + 5773[5)\57{3 — i+ 5)\13?)}21]

1 1 .
+ ¢;¢;(§Ahv§ — 3+ EApvg) + O(fields®). (3.13)

Here we can identify the mass terms of the fields which - through application of
Eq. 3.5 - turn out to be

2
m(ﬁ =0
2 _
M, =0 (3.14)

1 MU Apupvs Ph
§ (Ph 7ps) ( )\thvs )\sz Ds :

It is not surprising that we end up with four massless particle. This variant of the
Higgs mechanism has given mass to four previous massless gauge bosons and according
to the Goldstone theorem this necessitates the existence of four massless Goldstone
bosons, which can commonly be thought to make up the longitudinal degrees of

freedom (dofs) of the massive gauge bosons. We also find two massive real scalar fields
pr and p, which mix into mass eigenstates we will label H; and Hs.

1
m?ql,H2 =5 (/\hvi + A2 & \/()\hv}zb + )\503)2 — 4)@;2}%1}2) (3.15)

3.3 Higgs doublet

Secondly, we consider a model containing the SM Higgs doublet ¢, with Y = 1/2 and
an additional complex doublet ®; with Y =Y # —% with non-zero minimum

1 Ud
by) = — . 3.16
We expand the two Higgs fields around their respective VEVs
on —=(va + pa + inq)
), = , Py=( V2 . 3.17

where ¢;; , are complex charged fields with (¢} ;)" = ¢, vna = const. € R # 0 and
pn,qa and ny, 4 are real fields.

3.3.1 Gauge bosons

For our computation of gauge boson masses we only consider terms containing the
gauge boson fields B or W' and the VEVs v, and v,. There are many other terms
governing the interaction with goldstone bosons which we omit for now.
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(D, ®1)" (D*®p) + (D, Pa)t (DF0y)
1 92@}21 + Uﬁ) 1yi71p 271724 g9’ (Ui% + U?t) 3117340
=3 (T (W W+ WIW) 4 === — =W, W (3.18)

2 1
+QZ (v +40;Y}) B B" — 599’ (v " (v — 2Y03) BHW?’“) :

From this we can read the W*-eigenstates and -masses as

1
Wi =—= (W, FiW;2)
Iz Iz Iz
V2 (3.19)

mwy+ = g\/'U%L‘F'Ug

and we get a mixed mass matrix for W3- and B-bosons

l 9 (Uizz + Ug) —99' (UI% - 2}/;17]2) (3.20)
4\ —gg (v —2Yqv3) 9" (vi + 4Y703) '

with eigenvalues

2 1 Ui% 2 2 U?l 2 2 1
Mz =5\ 3 (9 +97)+ 7 (g" +4Y59")

2 2 2
:I:\/ <%(92 +97%) + %(92 + 4Yd29’2)) — dvjuggtg?(1+2Yy)%) | . (3.21)

10° 102 104
10-2 10°
-4
1074 1076 10
-8
—_ 10—10 10 —_
> 10712 3
1074 9 10714 =
> 10—15 >
10—18 E 10—18 E
10—20
10-22 10-24 10-22 10-2¢
10726 10726 10-28
10~ 30 10~ 34 10730 10732

-
o
N

—
= =

S o o
- 1 I
s a S

doublet VEV v4 [GeV]
=
S
IS

doublet VEV v4 [GeV]

10730 1072 10720 1071 107 107 10° 1073 107%® 1072 107 107 10°° 10°
doublet hypercharge Y4 negative doublet hypercharge —Yy
(a) Hypercharge Y; > 0 (b) Hypercharge Y; < 0.

Figure 3.2: Photon mass m, in the doublet model, using Eq. 3.21 and setting v%,, =
vi + v3. Note that the pole at Y; = § is not properly visible due to lack of resolution.

From this we can again consider the phenomenological constraints placed on our
model. One important difference to the singlet model is that we have a dependence on
(14 2Yy)? in the radicand and not on Y. For one, we see that replicate the SM gauge
boson masses for Y; = 3 - regardless of choice of v, - which is why we excluded this
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from the beginning. But the behavior is also different for Y; < 0 and Y; > 0, meaning it
is not sufficient to just consider |Y;| here.

For all our follow considerations we will consider the VEVs related by v%,, = v; +v3
due to Eq. 3.19. Due to the experimental uncertainty of the W-boson mass it is a
simplification to take this relation as exact, but as we will see it would not make a
relevant difference on the scales that are viable for this model. Assuming this, the
photon mass according to Eq. 3.21 is plotted in Fig. 3.2, once for positive and once for
negative Y,. This allows us to limit v, < 10-#*GeV for almost any choice of Y, except for
a small region around Y; = —%. While we excluded the pole itself from the beginning,
there is nothing keeping us from choosing Y; arbitrarily close to the pole, so we need
another limit for this regime

12 A

10 A

doublet VEV v4 [GeV]
o deviation from peyxp

0
-1.00 -0.75 -0.50 —-0.25 0.00 0.25 0.50 0.75 1.00

doublet hypercharge Yy

Figure 3.3: Limits from p-parameter in the doublet model.

But another, independent limit can be derived from the p-parameter

2

mw
= —— 3.22
p m? cos? Oy (3.22)

which is measured to high accuracy p.,, = 1.00039(19). Using Eq. 3.19 and Eq. 3.21
we can compute the p-factor of our model as a function of v; and Y, (again setting
v%y = vi 4+ v3). In Fig. 3.3 we see that this approach in general delivers weaker limits
(only vg S few GeV), however it does not have any divergent behavior for Y,; = —%.

Even using the weaker limit v; < 5.8GeV we can expand Eq. 3.21 to first order in
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:—2 < 1. For clarity consider the general form
h

Va+bx+cx2—>\/5+ix+(’)(x2)
2va (3.23)

2 2 v_ﬁ 2 2 12\ U_g 9’9" 2
(0" +97%)+ (g +4Y59"7) (14 2Y3)
4 4 92 +g/2

2
%h
4

Ule 2 2 1
= Ui )L ] =

and so we can identify a modified Z- and non-zero photon mass in a way that looks
more familiar to the SM

02 02 w2 g2g?
my = —H(g* +9%) + SHg® +4Y79?) — S (14 2Yy)?
4 4 49°+g
2 212 (3.24)
2 Y 99 2V,
m,\/—zg2+g/2<l+ d) .

3.3.2 Higgs sector

We write out the potential again:

_ 1
V= =il by + 50 + o+ i+ 20pn)]
)\h _2 2 _
+ 5 (O O + 685 (v + i+ + 20ndn)

(v, + ph + M+ AV pj, + 20507y 2035 + A0 + 20315 + Aunpy, + Anjunpn)]

=] =

_l’_
1
— paldg of + 5(“3 + P + 05 + 204pa)]
/\d _2 2 _
+ 5 (60760 + 04 bd (Vi + pa+ i+ 20ada)
1
+ (Wi + pi+ g + s + 20ap; + 20g0g + Agpa + 2pq; + 4onpy + A1gvapa)]
o 1 1
+ Aplgy, O 04 04 + 0y b 5 (Va + P 113+ 20ada) + by by 5 (Vi + P 10+ 20n6n)
2 2
1
+ 3 (WRvG + Phpd + a0 + nvapnpa + VG + Vi + 205vapa + PR+ PG
+ 204 vapa + PRVG + PPG + 2050apa + 20npn 0% + 20n0n15)]  (3.25)

As before we consider only the 2nd order terms of fields for contributions to the
masses of scalar particles

1,.3 1 1,3 1
V= 5/)%[5)%”/21 — pj, + 5)\PU§] + 593[5)&1%21 — g+ 5/\13@3]
1,51 1 1,1 1
+ 5772[?%@;21 — iy, + 5)\PU§] + 577521[5&1@3 — pg + 5)\PU§]

_ 1 1 _ 1 1
+ &, ¢}T(§)‘hvi -+ 5)‘13,031) + ¢, Gb;{(g)\hvz — 7+ 5)\19?13)

1
+ §2Apvhvpphpd + O(fields®) (3.26)
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Through the same procedure as for the singlet model, especially application of
Eq. 3.5, we find the masses to be

2

Mora =
2
Mg =0 (3.27)
1
my, g, = 3 ()\hvi + A3 + \/()\hv,% + A\02)? — 4)@1}%1}3)

where H, and H, are again mass eigenstates of p;, and p,. By setting v; = 0 it becomes
clear that H; is the SM Higgs boson. Since we have more constraints here than in the
Singlet model, we can consider what range of mass for H, is phenomenologically viable
here:

At a fundamental level we have five parameters in Eq. 3.27, which are, in principle,
free: i3, u3 A\, A, and Ap. Two of these, A, and \p, can be constrained through model-
independent experimental measurements:

* \p <1072 according to [4].

* k), € [—1.0,6.6] according to [5], where x,, is defined as A, = k), Asyy with
m2 . . . .
Asy = z-. Since we chose )\, > 0 by construction this effectively reduces to
SM

Ky, € [0,6.6] for our purposes.

There are further constraints which affect products of several fundamental param-
eters: The mass of the physical Higgs boson must be reproduced, so my, = mpy sy =
125.25(17) GeV [13] according to Eq. 3.27, as well as the previously derived limits on the
VEVs, namely v, < 5.8 GeV and v, = y/v%,, — v2 =~ 246 GeV according to Eq. 3.4. For
given values of A\p and ), we thus have a system of three non-linear equations with
three unknowns

\/”\dﬂi —2(Ap + Ap)3 _
— Up = 0

Aidn — (Ap + Ap)?

2 2
2Xnpiy — 2(Ap + Ay vy = 0 (3.28)
AdAn — (>\P + )‘B)Z

1 1
3 ()\hvz + Agv3 + \/()xhv,% + \02)? — Z)\%U%Uﬁ) —my =0.

We are interested in what the highest possible mass of H; could be, so we consider
the case of the highest possible doublet VEV. The numerical solution is displayed in
Fig. 3.4 and we find that the highest possible mass is my, = 1.85 GeV.

It is maybe somewhat surprising that all components of both Higgs fields except
for H, and H, work out to be massless. We expect 4 of these 6 dofs to be massless in
any case because through the SM and charge-breaking VEV we break all 4 generators
of SU(2) x U(1) and so the Goldstone theorem tells us that we will have 4 massless
Goldstone bosons (conventionally one would say that the W *-bosons eat the ¢;'s, the
Z-boson eats the 1, and the photon eats the ;). However, we did not put anything into
our theory which would force the ¢7s to be massless (and we did not choose a gauge
yet), so this looks suspicious.
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vg = 5.8 GeV, v, = 246.15 GeV
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Figure 3.4: Mass of H, in the doublet model as a function of x;, and Ap for given
values of v; and v;,. For white spaces no solution of Egs. 3.28 exists, meaning they are
phenomenologically excluded.

3.4 Higgs triplet

Finally consider a model containing the SM Higgs doublet ¢, with Y = 1/2 and an
additional complex triplet ®; with Y = Y} # +1 with non-zero minimum

1 0
(Dy) = E 0 . (3.29)
Ut

Since the spin-1 representation of SU(2) is not used often we give its generators
T" = J" explicitly here

00 0 0 0 i 0 —i 0
Jb={ 00 — |, = 0 00 |, 2= 0 0]. (3.30)
0 i 0 —i 0 0 0 0 0

We expand the two Higgs fields around their respective VEVs

++

h_<%§(vh+ph+mh)>7 - %(vwfowmt)

where ¢, and ¢; ;" are complex charged fields with (¢;,)" = ¢, and (¢;7) = o7,
vpt = const. € R # 0 and pp,; and 7y, are real fields.
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There would have two other choices for the form of the vacuum and Higgs field ®,
(s.t. the fields have definite charges) and each of them also breaks U (1)), in general
(i.e. except for the one specific choice of Y s.t. the vacuum is neutral). One finds that the
two choices

\/%(Ut+/0t+i77t) N
Q1= o D= | 5w+ peting) (3.31)
o o

yield results that are essentially equivalent, so we will only consider one of them.
For a choice of @, ; we find the following mass terms for the W2-bosons

Ly (2 (U5 42 4 Lpopen e O (3.32)
9" n I\ " g e 9y '

and so we see that W' and TW? are still mass eigenstates but with unequal masses. This
means that while it is still possible to construct W* that are EM-charge eigenstates, they
cannot also be mass eigenstates (as we find in the SM). Since this does not conform
to the observed behavior of W*-bosons we will not consider this further. The same
happens in reverse for a choice of ®; ;;.

3.4.1 Gauge bosons
The choice of Eq. 3.4 leads to identical masses for W' and W?

111#27#%2 122“21)}%2
§WHW ’ g Z + v + §W#W ’ g Z + v, (333)

so that we can construct W#, as usual, as simultaneous EM-charge and mass eigenstates.
To be consistent with the SM we require

v2 v?
% ~ Zh + 02 (3.34)

within the uncertainty of the measured W -boson mass. For the 1¥3- and B-bosons we

get a mixed mass matrix
2} 19
9 —99
_ /ﬁ 2 ﬁ Y2 2 (335)
99 % 92 1Y

which results in mass eigenvalues

2 2 2
M. = % (6% + 7)1+ 9"¥0} + \/ ((92 +97)L+ 9’2va?> — 9*g"Y vt

(3.36)
At this point v;,, v; and Y; are unknown free parameters whose numerical values need to
be constrained by experiments. We simplify our phenomenological analysis somewhat
by assuming that all parameters except vy, v; and Y; are only negligibly influenced w.r.t.
their SM values and so we take them as fixed parameters. We also impose Eq. 3.34
strictly s.t. v; and v, are no longer independent variables. We can the compute the mass
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Figure 3.5: Photon mass m, in the triplet model

of the photon as a function of v, and Y; (Fig. 3.5) and compare this with the relevant
limit of m, < 107*'GeV.

From this a limit can be imposed on the product v,Y; < 1072*GeV but this degeneracy
cannot be resolved without considering further aspects. Another limit can be derived
from the p-parameter

_ M 3.37
p_m2ZCOS2HW (3:37)
which is measured to high accuracy pe., = 1.00039(19). Fig. 3.6 shows which parts of
the parameter space are compatible with p,,, at different levels of uncertainty.

The structure is more interesting here. We see that any triplet VEV v; < few GeV is
compatible for arbitrary Y;, but there are also very specific combinations for Y; ~ 4.5
where VEVs up to v < *$4 are allowed. However, we can get pretty stringent limits by
combining the two.

This is done in Fig. 3.7 and finally allows some conclusions: While it is still true that
the product v,Y; < 107%"GeV we also find that there is no case in which v; can be more
than a few GeV and so we can also see that in general v; < v, = vgu.

Using the fact that Y;v; < v, allows us to simplify the expression in Eq. 3.36 by
expanding it to first order

2
2 2 2y [ Yk . 4 2.2
my = + —* 4+ 2sin* 0,Y,*v
7z =1(9 g )<4 t t) (3.38)
m? = (¢* + ¢”)2sin’ 0, cos” 0, Y, v}

where the similarity to the SM result becomes clearer.
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Figure 3.6: Limits from p-parameter in the triplet model.

3.4.2 Higgs sector

The full potential contains all of the terms of Eq. 3.25 (substituting subscripts of ¢ for d)
and the additional terms of

—— A __2 2 ——
Lo —dor ot + 5 |66 + o0 (0F + g+ 0 + 2u)|

_ L L 1
+ Ap {@l T R (A A/ 2”’1@1)}

2
(3.39)
so, much as before, we find through use of Eq. 3.5
2 _
Mok, =
ngﬁi =
m2 =0 (3.40)

Nh,d

1
m%ﬁ,fb = 5 (/\hvlzz + )‘dvj + \/()‘hv}% + )\dvg)Q - 4/\%3’02’03> .

We use the same numerical approach as in the doublet case to determine the max-
imum mass of H,. The constraints on x,, and Ap are the same as before, we take the
maximum triplet VEV from Fig. 3.7b as v, = 3.43 GeV and the according v;, from Eq. 3.34.
From this we find that the maximum mass H; can have in this model is my, = 0.93 GeV.
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Figure 3.7: Combined limits from m. and p-parameter. The color signifies by how many
o the resulting p differs from p.,,, white spaces either differ by more than 3¢ or violate
the photon mass limit.

3.5 Additional terms

Later on we noticed that it is possible to add more terms to the potential in Eq. 3.3 for the
doublet and triplet case. These additional terms would all massless particles in Eq. 3.27
and Eq. 3.40, which are not Goldstone bosons, to become massive. The omission of these
terms effectively placed an artificial constraint on our theory leading to aforementioned
"suspicious” massless particles.
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Chapter 4

Summary

In the previous chapter we have seen that for the doublet and triplet case it is possible
to limit the parameter space in such a way that the physical Higgs boson of the newly
introduced field cannot be heavier than a few GeV. Apart from making it difficult
to justify why a particle in this mass-range would not already have been found in
accelerator searches, it makes it impossible to reasonably describe such theories through
EFT methods since the Higgs boson is too light to be integrated out of low-energy
physics. We have not studied higher order multiplets but it stands to reason that the
problems would be similar there, since they are mostly related to the way the isospin
couples to SM particles.

For the singlet case it is not possible to arrive at such a limit since there is too
much freedom to fine-tune its hypercharge and there is no constraint through isospin
interactions. So while it would be possible to find an EFT description here, the benefit
of finding a common description for all or several orders of multiplets is not given any
more.

Further study into such theories would seem to encounter many problems, the
most pressing being the very stringent limit placed on the value of the charged VEV by
the photon rest mass. If some mechanism could be found to suppress or prevent the
emergence of such a rest mass it would probably go a long way towards making further
study phenomenologically viable. At the moment however, the conclusion would seem
to be that there is practically no leeway for theories as described in this work.
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