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Abstract

In this Master thesis we extend the Standard Model with an additional U(1) gauge group
and an additional Higgs doublet with a lepton specific Zy symmetry. This is used in a
gauged version of the Froggatt-Nielsen mechanism to describe the observed masses and
mixings among fermions. To reproduce these observables and satisfy the anomaly con-
straints posed by the new gauge symmetry methods from algebraic geometry are used. By
introducing three right-handed neutrinos, an anomaly-free model reproducing the observed
masses, PMNS matrix and Cabibbo mixing in the quark sector was found.
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Popularvetenskaplig sammanfattning

Ar 2012 hittade man Higgs boson vid LHC i CERN, den hér partikeln &r nyckeln for att
beskriva hur partiklar far sina massor i standardmodellen. Vad vi fortfarande inte vet, ar
vilka massor partiklarna far. Detta maste méatas experimentellt och ar inte nagot vi kan
teoretiskt forutsaga. Det visar sig att de observerade massorna ar vitt skilda, vi har allt
fran toppkvarkens massa: 172 GeV ~ 3-10~2° kg till neutrinerna med en massa mindre én
1eV ~2-107% kg. For att forsoka forklara varfor de fundamentala partiklarnas massor
ar sa olika anvéander vi den sa kallade Froggatt-Nielsen mekanismen. Den hir mekanismen
bygger pa att vi introducerar en ny typ av laddning som vi kallar flavonladdning. Precis som
elektrisk laddning gor att partiklar vixelverkar med fotoner, vilket vi till vardags upplever
som elektriska och magnetiska krafter, sa gor flavonladdning att partiklarna vaxelverkar
med vad vi kallar ett flavonfalt. Om olika partiklar har olika flavonladdning kommer de
vaxelverka olika mycket med flavonfaltet. Partiklar med stor flavonladdning vaxelverkar
mycket med flavonfaltet och blir darfor lattare an partiklar med mindre laddning som
vaxelverkar mindre med faltet. Pa det har séttet kan vi forklara partiklarnas olika massor
med att de har olika flavonladdning.

Vi vill inte bara hitta uppsattningar med flavonladdningar som ger de observerade
massorna, utan det finns ocksa ett teoretisk villkor som ar att teorin maste vara fri fran
anomalier. Vad det héar betyder ar att det finns en uppsattning polynomekvationer som
laddningarna behdver satisfiera for att modellen ska vara konsistent. I praktiken ser vi
till att dessa villkor, tillsammans med de observerade massorna, blir uppfyllda genom att
anvanda metoder fran algebraisk geometri. Att hitta laddningsuppséttningar som bade &ar
anomalifria och ger de observerade massorna ar svart, vi utokar darfor partikelinnehallet i
standardmodellen till att innehalla en extra Higgsdublett och hogerhanta neutriner. Med
dessa tillagg ar det mojligt att ha en anomalifri modell som reproducerar alla massor och
nastintill all mixning i standardmodellen.
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1 Introduction

Today’s most complete model for describing Nature’s fundamental interactions is the Stan-
dard Model (SM). Despite its tremendous success, there is a sense of incompleteness about
this theory. Most striking is that it does not account for gravity nor the now well-established
neutrino masses and oscillations. Including the neutrinos, the Standard Model has 26 free
parameters that have to be decided by measurements. Among these 26 parameters are the
12 fermion masses and eight mixing angles. Nine of the masses are generated by the Higgs
mechanism, the three remaining neutrino masses have unknown origin. The only fermion

Figure 1: The different fermion masses in the Standard Model shown by generation. Taken
from [1].



with mass of the same size as the vacuum expectation value of the Higgs boson is the top
quark (Fig. 1). The other quark and charged fermion masses are clearly smaller than the
top quark’s mass. Since all the fermion masses are free parameters in the SM, there is no
known fundamental reason for this mass hierarchy. In addition to this, the neutrino masses
are many order of magnitudes smaller than the other fermion masses. This, together with
the fact that we have not observed any right-handed neutrinos, are the reasons why it
seems likely that neutrinos have their own mass generating mechanism.

One way of describing the mass hierarchies among the quarks was proposed by Froggatt
and Nielsen in [2]. They used a global U(1) symmetry and a set of very heavy fermions to
this end. In this thesis, we will take on a similar approach but with a U(1) gauge symmetry.
In addition to this new symmetry, we also add a Higgs doublet and impose a lepton specific
Zo symmetry. The Zs symmetry guarantees that the two Higgs doublet will not generate
any flavor changing neutral currents and the only choice of Zy symmetry consistent with all
the other conditions of our models is the lepton specific (where one Higgs double couples
to the quarks and the other to the leptons). We call the charge associated with this new
gauge symmetry for flavon charge, this is assigned to all fermions and to the two Higgs
doublets.

When a symmetry of a theory is broken due to quantum effects, we say that the sym-
metry is anomalous. If one of a theory’s gauge symmetries is anomalous, the theory will be
inconsistent; unitarity will break and non-physical degrees of freedom might become phys-
ical. For the gauge anomalies to vanish, the charges have to satisfy certian homogeneous
polynomial equations; the anomaly conditions. In addition to the anomaly conditions
for the flavon charges, we have the Froggatt-Nielsen conditions, which dictate the neces-
sary relations between the charges to reproduce the observed masses and mixings. The
Froggatt-Nielsen constraints are linear non-homogeneous polynomials. These polynomial
equations make it natural to treat this problem in the context of algebraic geometry. By
using Grobner bases the problem is heavily reduced, and in our specific cases it often
reduces to finding rational points on a curve.

This thesis is organized as follows. In the next section we discuss gauge anomalies in
field theory and derive the constraints in different cases. In Section 3 we describe both
the computational algebraic methods and theoretical results about existence of rational
and integer charges. The physics of mass generation, two-Higgs doublet models and the
Froggatt-Nielsen mechanism are described in Section 4. By adding a gauge group, the
phenomenology of the gauge sector will change, this is discussed in Section 5. The results
are described in Section 6 and some concluding remarks are given in Section 7.



2 Anomalies in Field Theory

Anomalies are the key to a deeper understanding of quantum field theory.
-Reinhold A. Bertlmann [3]

The Lagrangian in quantum field theory does not know if it describes a classical or quantum
field theory. Therefore, a symmetry that is manifest in the Lagrangian may be broken by
quantum effects, when this happens, we say that the symmetry is anomalous. When the
involved symmetries are gauge symmetries, anomalies make the theory inconsistent since
unitarity will break down and unphysical degrees of freedom will become physical. In
this section we will study what constraints must be satisfied for a gauge theory to be
anomaly-free. We will begin with discussing some fundamental aspects of Lie groups,
then in Section 2.2 we derive the chiral anomaly from transformation of the path integral
measure. In Section 2.3 we discuss the geometric and analytic meaning of the anomaly in
terms of the Atiyah-Singer index theorem. We then relate the anomaly to triangle diagrams
in Section 2.4 and study the anomaly cancelation in the Standard Model in Section 2.5.
Finally we derive the constraints for the Standard Model extended with one U(1) gauge
symmetry and right-handed neutrinos to be anomaly-free.

2.1 Lie groups

Lie groups are a special class of groups that define smooth manifolds with a smooth group
operation, for a general reference see e.g. [4]. Let G be a Lie group with neutral element
1, then any element U € GG may be written as

U =exp(i0*T?) -1 (2.1)

(summation over a implied) where #* are numbers and T® are the group generators. The
generators of a Lie group generate an algebra called the Lie algebra, g, defined by the
bracket relation

[]: axg—g
[T, T v i foeTe (2.2)

where f2% are known as the structure constants. A Lie group is Abelian if and only if
f¢ = 0. We will only be interested in the classical matrix Lie groups (U(N), SU(N), etc.),
in these cases the Lie algebra can be identified with the tangent space at the neutral
element, the elements of the Lie algebra may then be thought of as matrices and it therefore
makes sense to interpret the bracket as a commutator relation

[T T = T°T® — T°T". (2.3)

A Lie group has infinitely many representations, but the two most important are; the
fundamental and the adjoint representation. The simplest non-trivial representation is



the fundamental representation, for SU(N) it is the set of unitary N x N matrices with
determinant 1, this corresponds to a Lie algebra generated by traceless Hermitian N X
N matrices. Let ¢; be an element on which the fundamental representation acts, the
infinitesimal group action is then given by

¢i = ¢i + i (Tiyng)isd; (2.4)

with a real numbers.
For SU(2) the fundamental representation is generated by the Pauli matrices, we in-
troduce the convention Y
T =1 = (2.5)

R N (s W (A o)

These matrices satisfies the Lie algebra relation [T%, T?] = i€®“T where €® is the totally
anti-symmetric symbol (e!?* = 1). Another well-known example is SU(3) where we have
T = %Xl with A® being the Gell-Mann matrices.

Above we divided the Pauli and Gell-Mann matrices with two, this is a specific choice
of normalization of the generators which in general is arbitrary. We will normalize the
structure constants by

where

Z facdfbcd _ N(Sab. (27)

c,d

Once this is choosen the normalization of the generators is also fixed since [Tg,T%]
i f2¢T¢ must hold for any representation R. For the fundamental representation of SU(N)
this means that the generators are normalized to

1
tr(T°T") = 55‘“’. (2.8)
When the generators are written as 7%, with no representation R specified, we will always

mean the fundamental representation. In the fundamental representation of SU(N), a
product of the generators satisfies

1 1 1
TaTb _ __ gab - abcTc s abcTc 2.
2N5 + 2d + 2zf (2.9)

where d®¢ = 2tr[T%{T®, T¢}] is a totally symmetric group invariant and {,} denotes the
anti commutator. Using this relation one can also show

1
tr[T°T°T¢] = Z(dabc 44 £, (2.10)
The other useful representation is the adjoint representation, this representation acts
on the vector space spanned by the generators themselves. Since SU(N) has N? — 1
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generators, this is an N? — 1 dimensional representation. The matrices describing this
representation are defined by (Ti%;)* = —if**, e.g. for SU(2) we explicitly have

0 0 i 0 —i
Thy; = 0 —i|, TZ= 0 , To;=1i 0 : (2.11)
i 0 —i 0 0

In the spirit of mathematics, we would like to have basis-independent ways of characterizing
the representations. One such invariant is the quadratic Casimir Cy(R) defined by

TpTp = Co(R) - 1. (2.12)
To evaluate the quadratic Casimir we define the following inner product on the generators
tr(TET}) = T(R)5™ (2.13)

where T'(R) is called the index of the representation. For the fundamental and adjoint
representations we have

1
T(fund) =T = 2 T(adj) =T4 = N. (2.14)
By putting a = b in the inner product and summing over a we obtain
d(R)Cy(R) = T(R)d(G) (2.15)

where d(R) is the dimension of the representation (d(fund) = N and d(adj) = N? — 1) and
d(G) is the number of group generators, for SU(N), d(SU(N)) = N? — 1. The quadratic
Casimirs for SU(N) can now be written as

N2 -1

Cr = Cy(fund) = N

C4 = Cy(adj) = N. (2.16)

Another invariant that characterizes SU(N) representations which will be usefull later
is the anomaly coefficient A(R) defined as

tr[Te{Th, TEY] = %A(R)d“bc = A(R)tx[T*{T", T°}]. (2.17)

The anomaly coefficients satisfy some usfull properties:

e Conjugate representations satisfy A(R) = —A(R*) and the anomaly coefficient there-
fore vanishes for real representations.

o A(Rl D RQ) == A(Rl) + A(Rg)



2.2 Transformation of the path integral measure

One symmetry of the Lagrangian that is broken by quantization is the chiral symmetry.
In this section we will use Fujikawa’s approach [5] to anomalies and derive the Abelian
chiral anomaly from a transformation of the path integral measure. A rigorous derivation
should be performed in Euclidean space, here we will follow Weinberg [6] and proceed in
a less rigorous way and stay in Minkowski space. Let ¥ (z) be a massless spin 1/2 fermion
field that interacts non-chirally with a set of non-Abelian gauge fields AZ(x) Moreover,
let U(x) be the local chiral transformation:

P(x) = Ulw)(z) = explia(z)y°T)i(x) (2.18)
where a(z) is an arbitrary real function of z, T a general Hermitian matrix and 7° =
iv9v192y3~4%. A chiral transformation acts in opposite way on left- and right-handed

spinors, where handedness is defined as the eigenstates of the 7°-matrix. Chiral trans-
foramtions are an example of a classically conserved Noether currents that may obtain
non-zero divergences due to quantum effects.

The fermionic part of the path integral measure transforms as

DYDY — | T | *DyYDyp (2.19)
where J is the Jacobian det U. To write J on a useful form, we use the formal equality
J =detU =expTrlogU (2.20)
which gives

J = exp (z’/d‘*:p a(x)TrWT]) : (2.21)

The trace in this equation vanishes, which implies that the transformation of the measure
becomes singular. To deal with this we have to introduce a regulator function, for the
regularization to be gauge invariant we choose the function

(P /M (2.22)

where D, = 0§, — 1tA3T" is the covariant derivative for the fermions interacting with Aj
and M a large mass we will take to infinity at the end. For computational convenience,
we also introduce the one-particle Hilbert space {|x)} so we may write

U(z) = (x|U(z) |x) . (2.23)
The Jacobian is now
J = Jvllgnoo exp (z’/d4x a(z)Tr [(x\ AST P /M |x>]) (2.24)
We are now going to examine the trace in detail, beginning with using the equality
(D) = D+ & ] FET* = ~D* 4 20,0 P, (2.25)



The trace may now be split into

v\2
. 5 _D2/M2 (O-MVFHu )
]\}IE)HOO Tr l(x| v Te exp (—4M2 |) (2.26)
For a trace of y-matrices multiplied with v° to be non-zero we need at least four y-matrices.
Since ]D only contains products of two y-matrices, the leading term in the expansion of the
second exponential will be of order 1/M*. Expanding the second exponential to leading
order, and ignoring the background gauge field in the other exponential, yields

2z 1 (0 FP
A}iinoo Tr | (x| Te /M 5 (W) |:p>] : (2.27)
The bra-ket now only affects e=?/M* which is calculated by Wick-rotation as follows:
92 2 d4]€ 2 2 X d4k’E 12 2 . M4
R e - T

We now have

4

1

T —
g "12872

lim ¢

A, g T [ (o,

1 (o, Fm\?
Sp 14
7 2!( SNE )
1
=5 eI FL e[ TT T (2.29)

where we have used Tr[y>[v*,7"][v*,7"]] = 16ie#**#. Using this for the trace in the Jaco-
bian yields

1
J = exp (—i/d% s )e“"o‘ﬁF“ FbBTr[TT“Tb]) (2.30)

This result may be associated with an anomalous axial current. Assume we have the
path integral

= / DYDY exp [2 / d%m)] : (2.31)

Under the chiral transformation defined in the beginning of this section, the action trans-
forms as

/ d*zip(ip) — / d*z [Y(iDY) + a(x)0, "] (2.32)

where J* = 1)7°Ty*4). Joining this with the transformation of the measure, the trans-
formed integral becomes

_ — 1
— / DDy exp [z / d'z + (DY) + alz) {a JH 4 — T —— eI F FbBTr[TTaTb]H
2
(2.33)
By varying the exponent with respect to «(z) we obtain the operator equation
1 rvo a a
0, = 53¢ PSP T [TTT"). (2.34)
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2.3 Geometry and anomalies

Anomalies is an extremly profound concept in quantum field theory. Although originally
calculated from perturbation theory [7, 8], the anomaly is in fact a non-perturbative topo-
logical effect. If this was not the case, anomalies would not be of the same importance since
they would then change at every order in perturbation theory. Going to Euclidean space-
time, we will be able to connect anomalies to the famous Atiyah!-Singer index theorem
9, 10, 11].

We introduce the Euclidean fourth coordinate x4 = iz° and perform a Wick rotation.
In Euclidean space the Dirac operator i) is Hermitian and therefore has an orthonormal
set of spinor eigenfunctions ¢,,:

iDb = MmO (2.35)
with the normalization completeness relations:
D (@)l (y) = 8 (x —y)1. (2.36)

We assume here that 7" and i]) commute so we also have T'¢,, = t,,¢,,. If we now return to
the Jacobian from the previous section, we can write it as

YT AMEN " qsm(x)cﬂn(x)] )

M—oo

J = lim exp (i/d4xE ax)Tr

M—oo

= lim exp (i/d4xE a(x) Z [tme’\?”/M2 {qbin(x)vsgbm(x)}]) (2.37)

m

By the exact same type of calculations as we did in the previous section, the Jacobian
becomes

392 €ijikl
where i, j, k, [ are Euclidean indices going from 1 to 4 and ¢

tensor with ef,, = 1.
Without the regulator function, the Jacobian becomes

1
J = exp (—z’ / d'rg a(r) £ E‘;F,SZTr[TT“TbO (2.38)

E

ik 18 the totally anti-symmetric

J = exp (z / d'rg a(z)) [%%(sv)v%(x)}) (2.39)

m

and we are now going to study the properties of the sum in more detail. Given the
eigenvalue problem iD¢,,(r) = \,¢(x), there is the associated problem:

le75¢m<x) = _)‘m’YS(bm(x)- (2.40)

!Michael Atiyah was awarded the Fields Medal in 1966 for, among other things, the proof of the index
theorem for elliptic operators.




For \,, # 0 this means that ¢,,(z) and v°¢,,(z) are eigenfunctions to the same Hermitian
operator but with different eigenvalues, they are therefore orthogonal:

t/lfxE B ()7 () = 0. (2.41)

In the case of \,, = 0, ¢,,(x) and v°¢,,(x) are eigenfunctions with the same eigenvalue.
These eigenfunctions, called zero-modes, are not generally paired in a specific way. But
since v° anti-commutes with /), they may be chosen to be simultaneous orthogonal eigen-
functions ¢, and ¢,_ of iI) with eigenvalue zero and of 7° with eigenvalues +1 and -1
respectively:

ilp¢n+ = 07 75¢n+ = ¢n+
ingbn— - 07 75¢n— = _gbn— (242)

The sum in the Jacobian may now, thanks to the orthogonality relation for A,, # 0, be
written as

> tnth (0o Zm&%,%+) >t (h-@on(@) (243

Using the normalization of ¢,,(x), integrating the above equation gives

/ d*zp Ztmqﬁ )Y’ P (T Zm Ztn, (2.44)

In the special case that T' is the identity matrix, these sums becomes the number of zero-
modes n, and n_ with eigenvalues &1 for 4°. The difference n, — n_ is the index of the
the Dirac operator:

index i) = ny —n_ (2.45)

Combining this with the result in Eq. (2.38) we get

1

index 1D, = ~39.2
™

/ d*zp €, FiFy Te[T°T") (2.46)

which is the Atiyah-Singer index theorem. In this way we may regard the anomalous
current 9,.J°" as a local index theorem. This shows how the anomaly, initially determined
from local fields and perturbation theory, is connected to the topology of the gauge field
configuration.

2.4 Triangle diagrams

The above calculation using Fujkawa’s approach gave us the Abelian chiral anomaly for
gauge theories with non-chiral gauge interactions. To deal with the non-Abelian chiral



case, it might be easier to take another approach and derive the anomaly from triangle
diagrams. We define the one-loop three-point function
Love (,y,2) = (QT{J(x), Jy (y), J¢'(2)} |€2) (2.47)

for massless left-handed fermions ¢ interacting with gauge bosons A#, Ay, A%. The leading
order contributions to this function are the diagrams

Ty Ty

Jn + Jr . (2.48)

Je Je

The anomalous contribution comes from calculating the divergence of I'}*. As discussed
above, the anomaly is a topological non-perturbative result and the contributions from
one-loop diagrams is the only contribution [12]. Even though I'')* is convergent and thus
independent of the labelling of the momentum in the fermion loop, the divergence of '/
(which contains the anomalous contribution) involves divergent integrals that do depend
on this labelling. This gives us a freedom to choose which current should be anomalous,
but not enough freedom to remove the anomaly completely.

Calculating the divergence of I''y™ with the fermion momentum chosen so J* is anoma-
lous gives the anomalous contribution (see [6] chapter 22.3 for details):

1
O Jl = —Wd“bce“”aﬁl?ﬁy of (2.49)
where d®¢ = 2Tr[T*{T® T¢}]. The reason Tr[T%{T" T¢}] appears is that we calculate
the sum of the two triangle diagrams, each with contribution Tr[T*T°T*] and Tr[T*T°T"]
respectively. Using Eq. (2.10), the non-symmetric parts cancel and only Tr[T{T° T*}]
remains.

We have already derived an anomaly in Eq. (2.34), and would now like to see that our
new and more general result contains this. In a theory containing both left- and right-
handed particles the anomalous contribution from each of the two chiral states is different
because they couple to a chiral axial current. This current contains a ~°-matrix which
yields different sign for the two chiral states. In such a theory, we have

d™ = 2Ty [Te{T2, T5}) — 2Te([Ta{Th, TE}] (2.50)

10



here the subscripts L and R denote the representation under which the left-handed and
right-handed fermions transform respectively. To obtain Eq. (2.34) we coupled an axial
current to two non-chiral gauge currents. For the axial current we have T, = —Tx = T and
for the non-chiral gauge currents we have T? = T% = T and T¢ = T§ = T° respectively.
Equation (2.49) now becomes

1 rvo, C C
0, J = ~32 PF R Te[T{T", T}] (2.51)
which is the same as Eq. (2.34), if we use in Eq. (2.34) that the only part of Tr[TT°T|

that contributes to the anomaly is the symmetric $Tr[T{T", T}].

2.5 (Gauge anomalies in the Standard Model

Due to the electroweak interaction, the Standard Model is chiral and may therefore contain
anomalies. For the theory to be consistant the anomalies have to vanish, and this is the
case in the Standard Model thanks to an almost magical interplay between the lepton and
quark sector. The gauge group in the Standard Model: SU(3)gcp x SU(2)r x U(1)y,
have the associated currents Jip, J; and Jy. Quantum chromodynamics (QCD) is a
non-chiral theory and therefore couples equally to left- and right-handed fields so there is
no anomaly associated with SU(3)%,,p. The generators of SU(2);, are the Pauli matrices
7% = 0 /2, these satisfy {7, 7°} = 76%1 so

d™ = §*Tr[r%] = 0 (2.52)

so there is no SU(2);, x SU(2); x SU(2).(= SU(2)}) anomaly. For SU(2); x U(1)3 we
have
d™ o 2Tr[7%{1,1}] = 4Tr[7%] = 0 (2.53)

and in a similar way, any anomaly with one factor of SU(2)., or SU(3)gcp vanishes.

We must remember that even though quantum electrodynamics is a vector-like theory
and thus anomaly-free, the current Ji is not a vector current since it couples differently to
left- and right-handed fermions (this is an artefact from the electroweak unification). As
in the previous section, the left- and right-handed fermions will contribute to the anomaly
with different sign due to the ~°-matrices in the hypercharge current. We denote the
hypercharges in the Standard Model by Yg, Y,, Y, Y. and Y, for the quark doublet,
right-handed up singlet, right-handed down singlet, lepton doublet and charged right-
handed lepton singlet respectively.

Let us begin with the anomaly associated with U(1)3., the symmetric trace is now given
by

A o Te[Y (Y2 YY) = e[y Y R Yy Y o > D(VE)E =) (v (2.54)

F F
where the sums are over the left- and right-handed fermions respectively. If the difference
between these two sums is zero, the anomaly vanish. This gives the following constraint

11



on the hypercharges:
Aqir e 3(2Y5 — Y3 YD +2YP Y2 =0 (2.55)

where the factor 3 in front of the quarks is a color factor and the factors of 2 represents
the doublets.

Let us now study the contribution from SU(3)%pU(1)y. The generators of any SU(N)
satisfies (with our normalization in Eq. (2.14)) T [T°T"] = 6, using this we get for the

symimetric trace
A 25@”( dovE- > Yf) (2.56)

F, color F, color

where the sums are over the left- and right-handed colored states respectively. This
anomaly vanishes if

A331 : QYQ — Yu — Yd =0. (257)

The SU(2)2U(1)y anomaly is similar to the anomaly just calculated, but instead of

summing over all colored states, we sum over all left-handed states:

dobe = 2§ Z YL =267(6Y, 4 2Y7). (2.58)

This anomaly vanishes if
./4221 . 3YQ + YL =0. (259)

There is one more potential family of anomalies, those from triangle diagrams with
gravitons. In four-dimensional spacetime, the only possible gravitational gauge anomalies
are with two gravitons (g), the anomalous current will then have the divergence

0o d® o TE[T 1" R 1y s R (2.60)

where R,,,, is the Riemann tensor. Since the trace of an SU(N) generator is zero, the
only possible gravitational anomaly is g?U(1)y. Gravity couples to all fermions, so this
anomaly is simply the sum over all fermions:

Aggr : 3(2Yg =Y, —Yy) +2Y, — Y, = 0. (2.61)

For the Standard Model to be anomaly-free, the hypercharges of the fermions thus must
satisfy:
A 3Q2Y5 —Y) =V +2Y) - Y2 =0
.A3312 QYQ—YU—YdZO
Asar 3YQ +Y,=0 (2.62)
Agn o 32Yo —Y, —Yy)+2Y, - Y. =0

12



Fermion Qf T3 Yr Ypg ‘
Ve, Vy, Vr 0 —i—% -1 0
e, u, 7 -1 —% -1 -2
wet 3L 1
aso -y ot 1

Table 1: Electric charge @)y, isospin T3 and hypercharge Y for the fermions in the Standard
Model.

These equations may easily be solved using the algebraic methods which will be presented
in Section 3. Using these methods here, we find that there are three distinct solutions for
the hypercharges:

Yo=-Y./6,Y, = —2Y./3, YV, =Y./3, Y,=Y./2
Yo=-Y./6,Y,=Y./3, Y;=-2Y./3, Y, =Y./2 (2.63)
Y, =0, Y,=-Y;, Y,=0, Y, =0

All these solutions depends on one free parameter: Y, in the two first and one of the quark
singlet charges in the second. This freedom comes from the fact that hypercharges always
appear together with the coupling ¢’. The object that needs to have a specific value is the
product Y, if the charge is made twice as large, this can be compensated by making the
coupling half as large. These solutions tell us that hypercharge, and thus electric charge,
has to be quantized. However, we can not determine the charges from first principles, we
have to use experiments to determine which of these three solutions corresponds to what
is observed in nature.

Let @ be the electric charge and T3 the third component of isospin. We adopt the
following normalization for hypercharge:

Y =2Q-Ty). (2.64)

In Table 1 are the observed values of the different charges with this normalization. This
means that the correct solution for the anomalies is the first one:

YQ = _Yve/6> Y, = _2}/5/37 Yy = Yve/37 Y, = Y;/Q (265)

with Y, = —2.

2.6 Extending the Standard Model

In this thesis we will work with an extension of the Standard Model where the gauge group
is SU(3)gep x SU(2), x U(l)y x U(1). It will also be necessary for us to introduce
right-handed neutrinos, these may only interact with the new U(1)’ field and with gravity.
The hypercharges in the Standard Model are generation independent, we will need more
degrees of freedom than that, so we will have generation dependent U(1)" charges. We
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denote these charges Q);, wu;, d;, L;, e; and v; which are the charges for the quark doublet,
the two quark singlets, the lepton doublet, the charged lepton singlet and the right-handed
neutrino fields where ¢ is the generation index. The anomaly constraints for this model
may be derived in a similar way as for the SM and are given by:

A

Al’ll .

A331' :

A221/ :

«41'1’1/ :

Aggr

3

> (QF —2uf+df = L3+ ¢f) =0
j=1

3

> (Q; — 8u; — 2d; + 3L; — 6e;) = 0

Jj=1

3
> (2Q; —uy—dj) =0
=1
]3
> (3Q+L;) =0
j=1

3

Z(6Q§—3u§—3d§+2L§—e§—yj) =0
j=1

3
> (2L —ej—v;) =0

J=1

where we have used that the quark part of A, is the same as Az

14
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3 Algebraic Geometry

Given a diophantine equation with any number of unknown quantities and with rational
integral numerical coefficients: To devise a process according to which it can be
determined by a finite number of operations whether the equation is solvable in rational
integers.

-Hilbert’s 10th problem, David Hilbert [13]

Caution: In this section a field is a commutative ring with identity such that every ele-
ment has a multiplicative inverse.

For the mathematically oriented reader the mathematics introduced in the beginning of
this section should be familiar, see [14] for a general reference. But for this thesis to be
self-contained and accessible to a wider audience, the basic definitions will be given here.
In Section 3.2 and 3.3 some more advanced results from Diophantine geometry will be dis-
cussed (see [15] for a general reference) which might be of interest even for mathematicians.

In the following, let K denote a infinite field and K|z, ..., z,| the polynomial ring in
n variables over this field.

Definition 1. If fi,..., fs € K|xy,...,x,]| we call the set
V(fi,.- s fs) ={(ar,...,a,) € K" | filar,...,a,) =0V 1<i<s}
the affine variety defined by fi,..., fs.

It is clear from the definition that the affine variety is the set of solutions to the system of
polynomial equations:
fl(l‘l,...,l’n) =0

fs(x1,...,z,) =0

The algebraic object defining varieties are ideals:

Definition 2. A set I C K|xy,...,x,| is an ideal if it satisfies:
(1)) 0el
(i) If f,g €I, then f+ge€ 1

(i) If f € I and h € K[z1,...,x,] then hf € I

By the Hilbert basis theorem (Chapter 285, Theorem 4 in [14]), every ideal has a finite
generating set, that is, we may write every ideal in K[zq,...,z,] in the form

1=<f1,...,fs>:{2hifi
=1

hiEK[xl,...,xn}Vlgigs}. (3.1)
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The connection between ideals and varieties is given by

I(V)={f € Kl[x,...,x] | flar,...,a,) =0V (ay,...,a,) € V}

V(I)=A{(a,...,a,) € K" | f(ay,...,a,) =0V f eI} (3.2)
For polynomials in one variable, K|z|, it is natural to order the monomials they consist
of according to their degree, either increasing or decreasing. In several variables however,
there is no such natural ordering, let us choose the lexicographic ordering (LEX): z; >
Ty > ... > x, and xf > xé if k > 1. In this ordering xyz3 > x5° since x; > z5. With an
ordering, each polynomial has a well-defined leading term, i.e., the biggest monomial in
the polynomial. We define the ideal of leading terms as follows:

Definition 3. Let I C K[x1,...,x,] be an ideal other than {0}.
(i) Let LT(I) denote the set of leading terms of elements in I, i.e.
LT(I) ={ca...xom | 3 f €T such that LT(f) = ca* ... 23"}

n

(ii) Let (LT(I)) denote the ideal generated by elements in LT(I).

All the above definitions are necessary when we now construct the key notion of computa-
tional algebraic geometry, that of Grobner bases.

Definition 4. For a fix monomial order, a finite subset G = {g1,...,9:} C I, I an ideal,
is said to be a Grobner basis if

(LT(g1), - LT (gr)) = (LT(I)) .

As the name suggests, a Grobner basis is a basis for I and every ideal except {0} admits
such a basis [14]. One important application of Grébner bases is that they eliminate vari-
ables and give the most reduced version of the system you are studying. If a variety is
described by polynomials containing different variables, the Grobner basis of the ideal gen-
erated by these polynomials will consist of polynomials where one or many of the variables
have been eliminated. The following example clarifies this.

Example.
Consider the variety V(f1, fo, f3) € C3 where

fi=+y*+2"—1
fo=22+2"—y
fa=x— 2.

The ideal of this variety is I = (f1, f2, f3) C Clz,y, 2] and we want to find all points in the
variety. To do this we calculate the Grobner basis of I, which is

G={42"+22 -1,y — 22* v — 2}.

Note that the first term only consists of z’s, the zeros of this polynomial can be found by
standard techniques. These solutions can then be substituted one by one into the other
polynomials to find their zeros. The variety V(f1, f2, f3) N R? is visualized in Fig. 2.
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Figure 2: The intersection of these three surfaces is the variety given in the Grobner basis
example restricted to R3.

3.1 Some abstract notions

It is often the case in geometry that life becomes easier if one adds “points at infitiy”, like
how we in complex analysis often prefer to work over the Riemann sphere rather than the
complex plane. Towards this end we introduce the notion of projective spaces.

Definition 5. The projective n-space P over K is the set of lines through the origin in
K" In symbols:

Kn—i—l
pr= K0 (3.3)
where ~ s the equivalence relation defined by
(oy -y Tn) ~ (Yo, Yn) <= (Toy-- oy Tn) = A Y0y -+, Yn) (3.4)

for some non-zero \ € K.

The most familiar example is the previously mentioned Riemann sphere, which is the pro-
jective line P! over C. As we defined affined varieties above, we may now define projective
varieties.

Definition 6. Let K be a field and let f1, ..., fs € K[xg,...,x,] be homogeneous polyno-
maals. We set

V(fi,. .., fs) ={(ag,...,a,) € P" |fi(ag,...,a,) =0V 1 <i<s}. (3.5)
V(fi,...,[s) is called the projective variety defined by fi,..., fs.
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Now that we have varieties we want to extend our toolbox to maps between varieties.
This is important for our study of algebraic curves later, especially the curves of genus 0.
Let us first introduce the notation A for the algebraic closure K.

Definition 7. Let X be a variety and 2’ a point on X. A function f: X — A is regqular
at ' if there exists an open affine neighborhood U C X of o/, say U C A™, and two
polynomials P,Q € K[xy,...x,] such that Q(2') # 0 and f(z) = P(x)/Q(x) for allx € U.
The function f is reqular on X if it is reqular at every point of X. The ring of regular
functions on X is denoted O(X).

Note that the definition of regularity is local, this means that even though f may be regular
on all of X, there are in general no fixed polynomials P and @ such that f = P/Q at every
point on X. In general, one can write X as a finite union of affine open subsets U;, and
one can find polynomials P;, @Q); such that f(x) = P;(z)/Q;(x) for all z € U,.

Definition 8. Let x be a point on a variety X. The local ring of X at x is the ring of
functions that are regular at x, where we identify two such functions if they coincide on
some open neighborhood of x. This ring is denoted by O, x or simply O,

Even more generally, we can define a ring of functions regular along a subvariety of X.

Definition 9. Let X be a variety and Y C X a subvariety. The local ring of X along
Y, denoted by Oxy, is the set of pairs (U, f), where U is an open subset of X with
UNY # 0 and f € OU) is a regular function on U, and where we identify two pairs

(Ui, f1) = (Ua, fo) if f1 = fo on Uy N Us.

A special case of local rings are the function fields, denoted K (X), which are defined to
be Ox x, i.e. the local ring of X along X. We can now define maps between varieties.

Definition 10. A map ¢ : X — Y between varieties is a morphism if it is continuous,
and if for every open set U C'Y and every reqular function f on U, the function f o ¢ is
reqular on ¢~ (U). A map is reqular at a point x if it is a morphism on some neighborhood

of .

We call such a map rational if it is a morphism on some non-empty subset of X. And
a birational map is a rational map with a rational inverse. T'wo varieties are said to be
birationally equivalent if there exists a birational map between them.

3.2 Algebraic curves

Thanks to the Grobner basis, the problem of finding rational or integer charges that satisfy
the anomaly and Froggatt-Nielsen constraints reduces to finding rational or integer points
on algebraic curves. To make a systematic study of curves we would like to find some
classification of them, the most obvious way to do this is by their degree. However, from
an arithmetic point of view, this classification is insufficient. Take for example the two
affine curves

Ci: y*=2a2"+2% and Cy: y* =2"+u. (3.6)
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These are both curves of degree five, a classification based on degree would then suggest
that these curves have the same arithmetic properties, e.g. existence of rational solutions.
As it happens, C has infinitely many solutions in rational x and y, while C5 only has
finitely many. It turns out that the interesting invariant of a curve is its genus g. For a
non-singular projective curve C, the genus is number the of handles of the Riemann surface
C(C).

Many curves are not smooth, e.g. 4> = 23 has a cusp at the origin. In general, a curve C
is a variety of dimension one, this means that its function field K (C) is algebraic over any
subfield K (z) generated by a non-constant function z € K(C'). We may therefore write
K(C) = K(z,y) where z and y are non-constant functions on C' satisfying an algebraic
relation P(x,y) = 0. Now, let Cy C A? denote the affine plane curve defined by P, and let
C) C P? denote the projective curve defined by Z%e” P(X/Z,Y/Z). By definition both Cj
and (] are birational to C', we call such curves models of C'. Such models may very well
have singularities, like the affine curve y?> = 23. However, it turns out that all algebraic
curves have a smooth model:

Theorem 1. Any algebraic curve is birational to a unique (up to isomorphisms) smooth
projective curve.

Proof. See e.g. Fulton [16], Section 7.5 Theorem 3. O

An algebraic curve and its smooth projective model can, at most, differ by a computable
finite set of points (points associated with singularities and at infinity). We may therefore,
without loss of generality, always assume that C'is a smooth projective curve. For smooth
projective curves over any number field K we have the following trichotomy classified by
the genus g¢:

e g=0:
Here we have two choices: either C(K) = () or C(K) is non-empty which means
that C is isomorphic over Q to the projective line P'. Any such isomorphism defines
a parameterization of C'(Q) in terms of rational functions in one variable, which is
easily computable. For example, all rational points on the unit circle 22 +y? = 1 are

given by e
wOt) = (1 o) 57)

for t € P}(Q).
e g=1:
Theorem 2. Mordell-Weil: For any Abelian variety the set of K-rational points

form a finitely generated group.

Proof. For the original proof for elliptic curves by Mordell, see [17], and for the
generalization to Abelian varieties by Weil, see [18]. O
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For K = Q this means that the only genus 1 curves with rational points are the
elliptic curves.

o g>2
For these higher genus curves, Mordell [17] conjectured and Falting [19] later proved
that the set K-rational points is finite.

3.2.1 Genus zero

From the trichotomy we have that a smooth projective curve C' over QQ of genus zero has
infinitely many rational points (which we may describe by an explicit parameterization) if
it contains one rational point. Practically, given a curve we can ask a computer algebra
system such as Singular [20] or Macaulay 2 [21] to find the parameterization, if it does
not succeed, then there are no rational points. If we do not want to check if there exists
an explicit parameterization, we can also use the Hasse principle to check theoretically if
there are any rational points without having to actually find them.

For curves of genus zero there are also well-developed methods to find integer solutions.
This will be useful for us when we study neutrinos since integer charges will allow them to
have effective Majorana masses.

Let f(x,y) = 0 be an absolutely irreducible polynomial with integer coefficient defining
a plane curve of genus zero. By C' we denote the projective model defined by F(X,Y, Z) =
0, where F'(X,Y, Z) is the homogenization of f(z,y). We denote the algebraic closure of
Q by Q and function field of C' by Q(C). For a point P on C the local ring is denoted
by Op(C) and ¥ is the set of discrete valuation rings at infinity. In [22], Poulakis and
Voskos gave an algorithm to explicitly find all integer solutions of f(z,y) = 0 for |X| > 3.
They later extended this to |[X| < 2 in [23]. These cases differ since the latter may have
infinitely many integer solutions, while for |¥| > 3 there are only finitely many.

Let N be the degree of F(X,Y,Z) and remember that the existence of one rational
point on C' is equivalent to the existence of a birational map over Q between C' and P!.

Lemma 1. Let u(S,T), v(S,T),w(S,T) € Z[S,T] be homogeneous polynomials of the
same degree with no common non-constant factor such that the correspondence

(S, 7) — (u(S,T),v(S,T),w(S,T)) (3.8)

defines a birational map ¢ over Q of P! — C. Then ¢ is a birational morphism of P* onto
C and deg u(S,T) = deg v(S,T) = deg w(S,T) = N. If (x : y : 1) is a non-singular point
of C(Q), then there ezists s,t € Z with s > 0 and ged(s,t) = 1 such that x = u(s,t)/w(s,t)
and y = v(s,t)/w(s,t).

Proof. See Poulakis and Voskos [22] Lemma 2.1. O

Let ¢ be as above, then the correspondence f — f o ¢ induces an isomorphism é over Q
between the function fields Q(C) and Q(P!).
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Lemma 2. The correspondence P — ¢~ (Op(P')) defines a bijection between the set of
zeros of w(s,t) and Y.

Proof. See Poulakis and Voskos [22] Lemma 2.2. O

What this lemma means is that the number of distinct zeros of w(s,t) is equal to |X].
This is of practical importance if one wants to use the following theorem.

Theorem 3. The set C(Z) is infinite if and only if one of the following two conditions is
satified:

(1) Yo consists of one element and C(Z) has at least one simple integer point.

(11) Yoo consists of two elements which are conjugate over a real quadratic field and C(7Z)
has at least one simple integer point.

Proof. See Poulakis and Voskos [23] Theorem 5.2. O

For a curve with genus 0 we have thus learned that if it contains one rational point, we
may find a parameterization for all the infinitely many other rational points. For a curve
with |24 | < 2 we have found a way to determine if it has infinitely many integer points
or not.

3.2.2 Genus one

The only Abelian varieties over Q are the elliptic curves. Hence, to determine if a curve
of genus 1 has rational points one only has to check if it is elliptic. Any elliptic curve can
be written on Weierstrass normal form:

y? =2 +ax +b. (3.9)

To test if a curve is elliptic in practice one could ask a high-level language, such as Maple,
to try to write the given curve on this form.

For integer solutions, we have Siegel’s theorem, that states for curves with genus > 1
there are only finitely many integer solutions [24].
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4 Masses and Higgs physics

The advantage of this procedure over the elementary interpretation of the Dirac equations
is that there is no reason to presume the existence of antineutrons or antineutrinos.
-Ettore Majorana [25]

In the Standard Model (SM), all fermions and massive vector bosons obtain their masses
via the Higgs mechanism [26, 27, 28, 29]. Within the SM framework neutrino masses are
usually not treated, even though we know since many years that neutrinos are in fact
massive [30, 31, 32]. In 2012 the ATLAS [33] and CMS [34] experiment discovered a new
resonance around 125 GeV with properties resembling the expected properties of a Higgs
boson with that mass.

The electroweak sector of the SM is invariant under the SU(2), xU(1)y gauge group and
the Higgs mechanism provides a way of keeping the structure of these gauge interactions
invariant at high energies while also generating the masses for the W and Z bosons. The
Higgs mechanism is generated by a self-interacting complex scalar doublet whose C'P-even
neutral component is the observed Higgs field which acquires a vacuum expectation value
(VEV) of v ~ 246 GeV.

In the SM, the scalar SU(2), doublet ® generating the Higgs mechanism has the
potential

V(®) = 1 ®Td + \(dTd)2. (4.1)

For this potential to have a well-defined global minimum A has to be greater than zero, and
moreover, if 42 > 0 there is only one minimum obtained at ® = 0 but if u? < 0 there is a
parametrized family of minima. All the minima for p? < 0 are equivalent, but a convenient

choice of minimum is .
0
(P) = — ( ) ) (4.2)

Since ® is a complex doublet, it has four real degrees of freedom, three of which may be
gauged away (these three appears as longitudinal degrees of freedom for the W* and Z
bosons) while the fourth is the physical Higgs field. In this gauge (the unitary gauge) the

doublet is simply written as
1 0
) = — 4.
(z) V2 (v+h(x)) (4.3)

where h(z) is the physical Higgs boson.

The Higgs mechanism is not only responsible for generating the masses of the elec-
troweak gauge bosons but it also generates the masses of the fermions via Yukawa inter-
actions. We denote the weak eigenstates of the SM fermions as

i UL i i vp i i i i
QL - (DL> ) LL - <EL) ) UR7 DR7 ER' (44)
Using this notation the Yukawa interactions may be written as
— Ly = QYU+ QLoY,P D+ L, dVEE) + hc. (4.5)
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where & = ig,®1 is the Lorentz invariant conjugate, and Y/, VP, Vil are 3 x 3 matrices

containing the Yukawa couplings. These interactions generate mass matrices looking as

F V \F
M;; = ﬁY;j , F=UD,L. (4.6)
These mass matrices are in general complex and non-Hermitian, therefore, they have to be
diagonalized via biunitary transformations. For the quarks we have

mV = vy MmUYt (4.7)
m? = VP M V!
where mY and mP are diagonal matrices containing the physical masses, e.g. m, = mY,.
Since MY and MP are diagonalized by different biunitary transformations and the up- and
down-sector are mixed in weak interactions, the electroweak currents do not have to be
invariant under biunitary transformations. One can easily check that the electromagnetic
and neutral currents are invariant under these transformations. However, the charged cur-
rent gets changed by Voxm = VLUVLD " known as the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. This matrix encodes couplings between the different quark generations via W=
bosons.
A similar matrix, the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, exists in the
lepton sector and encodes neutrino oscillations (we discuss neutrino masses in detail in
Section 4.3). These matrices are roughly [35]:

0.974 0.225 0.004 0.85 0.50 0.17
0.009 0.040 0.999 0.35 0.60 0.70

where the elements are the absolute values of each element.
As seen above, the CKM matrix is nearly diagonal and it can be parametrized by the
four parameters A\, A, p and 7 in the following way

1—2%/2 A AX3(p —in)
Vekm = —A 1—X%/2 AN? + 0\ (4.10)
AN (1 —p—in) —AN 1

which is known as the Wolfenstein parameterization [36]. The parameters are

A =sinf. = 0.225, A =081, p=0.13 and n = 0.35. (4.11)
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4.1 Froggatt-Nielsen mechanism

The observed mass hierarchy among quarks and leptons are not necessarily a problem,
the Yukawa couplings could be fundamental constants with values we just have to accept,
or their hierarchy could be an indication of new physics. In this thesis we use the latter
alternative and thus search for some new physics capable of explaining the observed hier-
archy. This is done by an extended version of the Froggatt-Nielsen (FN) mechanism [2].
In their original work Froggatt and Nielsen tried to explain the mass hierarchies using a
spontaneously broken global U(1) symmetry. Together with this symmetry one also have
to assume the existence of many super heavy vector-like? fermions with different values of
the new “flavon” charge associated with the new U(1) symmetry. At the high energy scale
where these heavy FN-fermions live (we denote this scale Apy) the observed particles are
effectively massless and what we observe are just low energy tails of the physics defined at
this high scale. The heavy FN-fermions attain their masses through a Higgs mechanism
with a neutral Higgs scalar ® whose dynamics we do not specify further. Now, assume that
the observed mass hierarchies are generated by a symmetry breaking mechanism caused
by a scalar field S (“flavon”) with flavon charge 1 attaining a VEV.

We denote the U(1)-charges Q;,u;,d;, L;,e; and H where Q and L denotes the left-
handed quark and lepton doublets while u,d and e denotes the right-handed quark and
lepton singlets. Typical examples of the FN-mechanism are illustrated in Fig. 3. In Fig.
3(a) a right-handed down-type quark interacts with the SM Higgs doublet, but instead of
transforming into a right-handed quark as in a SM Yukawa interaction, a heavy FN-fermion
with mass Apy ~ (®') is generated. This fermion interacts with the flavon field and then
a right-handed quark is created. Evolving this process down to observable energy levels,
the low energy tail of the Froggatt-Nielsen interactions may be described by the symmetry
breaking parameter:

€= {5 ~ 0.2 (4.12)

Arn

where € ~ 0.2 is choosen so we can identify the Wolfenstein parameter A with e. For the
U(1)-charge to be conserved in the process shown in Fig. 3(a), we realize that the U(1)-
charges must satisfy (); —d; — H = 1 since we have the insertion of one flavon field. In
Fig. 3(b) we have the insertion of one conjugated flavon field and the charges must satisfy
Qi —u; + H = —1. We denote the number flavon insertions in a process n;;, so in the
above cases we have ); —u; + H = n;; and Q); —d; — H = n;;. There is some ambiguity
in the choice of S or S*. We get around this by using S as our default field for insertions,
and if this leads to n;; < 0 we interpret this as we should insert S* instead.

This means that the conservation of U(1)-charge determines the number of inserted
flavons. Since each inserted flavon generates a factor € at low energies, this process may
be used to generate the observed hierarchy among the Yukawa couplings in the SM. The
Yukawa interactions in Eq. (4.5) may now be expressed as

Y\ =gl (4.13)

2This means that the FN fermions do not contribute to the anomalies.
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Figure 3: The Froggatt-Nielsen mechanism with one flavon insertion in the quark sector.
For the flavon charges in (a) to be conserved they must satisfy d; + H + n;; = Q; where
n;; = 1 in this case. In (b) we insert the conjugate field S* instead (just as an example).
For this process, the charges must satisfy u; — H + n;; = @; with n;; = —1.

where gg are complex random constants of order one and |n;;| is the number of flavon
insertions needed for charge conservation. Considering a straight forward generalization of
the process in Fig. 3 gives the following expressions for the necessary number of insertions
for charge conservation:

Up —quarks: n;; =Q; —u; + H, (4.14)
Down — quarks : n;; = @Q; —d; — H, (4.15)
Leptons: n;; =L; —1; — H. (4.16)

These expressions are derived with insertions of S in mind. If n;; becomes negative, it
means that we insert S* instead.

From the Wolfenstein parameterization of the CKM matrix in Eq. (4.10) it is clear
that, if we identify A with e, it has the leading order structure

1 €3

€
e 1 . (4.17)

e e 1

Froggatt and Nielsen showed that the entries of the CKM matrix goes as
Vi ~ @il (4.18)
So to reproduce the CKM matrix we need the three constraints:
Q1= Q2 =1, [Q—Qs]=2, |Q1—Qs=3. (4.19)

Or, if we impose some ordering on the @); charges, say ()1 < (2 < ()3, it is enough with
the two constraints:

Q:— @1 =1and Q3 — (2 =2. (4.20)
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Now going to the PMNS matrix (Eq. (4.9)), which will appear when the SM is extended
with massive neutrinos, we note that there is no clear e-structure and all elements are almost
of order one. For the elements to not have any e-suppression we impose the constraints

L2 - L1 =0 and L3 — L2 =0. (421)

The parameters in the PMNS matrix are therefore only determined by the random coeffi-
cients g;;.

4.2 2HDM

The Higgs mechanism in the SM is mediated by the simplest possible scalar sector, one
SU(2) doublet. Since one scalar doublet is sufficient to explain all observed data there
is no real reason to extend the scalar sector to contain more fields. However, we do not
know of any fundamental reason for there to only be one scalar doublet, hence there could
very well be more scalar fields that we have yet to observe. One of the simplest possible
extension of the SM is the two-Higgs-doublet-model (2HDM) [37], which is the SM with
one extra scalar doublet, see ref. [38] for a review.

Denote the two Higgs doublets ®; and ®,, then a general renormalizable potential can
be written as

V =m2,®d; + m2,eld, — (m2,81®, + hoc)

1 1
+ §>\1(‘ﬂ¢1)2 + §>\2(@£@2)2 + Ag (O] 01) (B1Ds) + Ay (®] Do) (PLP4)
1
+ {§A5(<b§<b2)2 + [Aﬁ(qﬁ@l) + A7(<I>;<1>2)} (®]®y) + h.c} (4.22)

where m?,, m2, and \; 234 are real while m?, and A5 7 may be complex which may cause
CP-violation. The VEVs of the two Higgs fields are given by

(@) = %eiel (51) (@) = %ewz (i) (4.23)

where it is also useful to define tan § = vy /v;. A particularly useful basis is the Higgs basis
where only one of the Higgs fields acquires a VEV. This basis is obtained from the generic
basis by a rotation of angle f3:

Hl = COS B(Dl + sin 56_i9®2,
Hy = —sin B0, + cos fe” 0D, (4.24)
where § = 0, — 0;. By defining v? = v} + v the VEVs in the Higgs basis may be written:

(Hy) = %ewl (2) . (Ha) = (8) . (4.25)

The two Higgs fields are complex doublets so in total there are eight real degrees of freedom;
three of which are the longitudinal degrees of freedom of the weak bosons and the remaining
five correspond to physical Higgs bosons: three neutral and one charged pair.

26



4.2.1 Yukawa sector

The Yukawa interactions in 2HDM are given by

—Ly =Q &1 Ur + Q@10 D + Ly ®1n{ Ex
+ QY Ui 4+ Q0P Dy + L ®ont E + h.c. (4.26)
where 7/ are the Yukawa couplings for F = U, D, L. This expression for the Yukawa
couplings is given in a generic basis, if we rotate it to the Higgs basis using Eq. (4.24) we
obtain
~Ly =Q H1k{Ug + Q Hx§ D + Ly Hk{ Eg
QHopYUr + Q HopY D + L Hypk E + hec. (4.27)

where the new Yukawa matrices are given by

kY =cos B nt +Sln6( 0 U)

kg = cos B3 ny + sin B (629772D) (4.28)

/ﬁg = cos 3 771L +sin 8 (ewné)

and

py = —sin B 1t —1—0056( —i0 U)
PP = —sin B P + cos 3 (6’9172’3) (4.29)

py = —sin B nf + cos B (e“ny).

In this basis the Hy field has no VEV, meaning that the fermion masses are generated by
the couplings to the H; field. As in the Yukawa sector in the SM the Yukawa couplings are
in general not diagonal and thus have to be diagonalized to yield the masses. We denote the
diagonalized Yukawa matrices k¥ and these are obtained via a bi-unitary transformation:

= VEREVET (4.30)
The bare mass of, for example, the up quark is thus given by

My = —=rY, (4.31)

V2

and similar expressions yield the masses for the remaining fermions. Now, applying the
same bi-unitary transformation to the p-matrices does not in general diagonalize them, i.e.

= VbVt (4.32)

are in general not diagonal. This leads to flavor changing neutral currents (FCNC) at tree
level which are heavily suppressed in the SM and by experiments. On the other hand,
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Type Up Dr Lr  p" P’ P’
I + + + kYcotB KPcotB  kPcotp

I1 + — - kKYcotB —rkPtanpB —rPtanp
)y + -  + kYcotB —kPtanp  klcotp
IV/X + + — kVcotB KPcotB —kltanp

Table 2: Different types of Zs-symmetric 2HDM models where @, is assumed to be Zs-even
(i.e. have Zy-charge +1) and @, is assumed to be Zy-odd. The right-handed fermions’ Zs-
charges are given in the F columns and the p’ matrices in the three last columns. Note
that with a Zo-symmetry pf oc k' which of course means that they are simultaneously
diagonalizable and thus there are no FCNC.

flavor changing charged currents, are well known and, as in the SM, described by the CKM
matrix
Voxm = VP VP (4.33)

One way of suppressing the FCNC is to construct the theory such that only one of the
Higgs doublet couples to each type of fermion [39]. This can be achieved by imposing a Z,
symmetry on the theory, meaning that one of the Higgs doublets and some of the fermions
are Zs-odd while the other are Zs-even. The different models are summarized in Table 2
where we also note that the Type-II model is the same Higgs sector as in the Minimal
Supersymmetric Standard Model (MSSM).

4.3 Neutrino masses

In the Standard Model neutrinos are taken to be massless, however, a series of experiments
have now established the occurrence of neutrino oscillations implying that the neutrinos
are massless. The SM must therefore be extended to include neutrino masses. One way
of doing this is to let them get masses through the Higgs mechanism. Even though the
neutrino masses are not known, one may, from cosmological data and baryon acoustic
oscillations obtain an upper limit on the sum of neutrino masses® [40, 41]:

3
> m; <0.170 eV, 95% CL. (4.34)

i=1

This total mass is many orders of magnitude smaller than any of the other masses generated
by the Higgs. It may therefore be the case that the neutrino masses are generated by
a different mechanism. An appealing way of obtaining the small neutrino masses is the
seesaw mechanism. For this mechanism to work it is necessary that neutrinos are Majorana
fermions, i.e. they are their own anti-particles.

For the neutrinos to have masses generated by the Higgs mechanism there has to exist
right-handed chiral states. If these right-handed neutrinos exist they have to be sterile in

3This limit might be too restrictive depending on the exact mass generating process.
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all SM gauge interactions. However, as first discovered by Majorana [25], it is possible
to construct mass terms using only left-handed (or only right-handed) chiral states. This

comes from the observation that the charge-conjugate field ¢ = C@f transforms like a
right-handed particle where 17, = Pri = 1/2(1 — 7). We can now define the Majorana
field as

_T c
V=9 +Yr =Y+ C¢, =L+ (4.35)
which has the important implication that ¢ = 1, i.e., a Majorana particle is its own

anti-particle. A Majorana mass term constructed from the left-handed chiral neutrinos is
written as

Lyr = —%MLEI/L + h.c. (4.36)
and similarly for a right-handed state:
Lyr = —%MR@I/R + h.c. (4.37)
With both left- and right-handed Majorana neutrinos we may also have Dirac masses:
Lp = —mpUrry +h.c. = —%mD(ﬁVL + véug,) + hee. (4.38)

where we have introduced the mass terms for the charge-conjugated fields. This must be
the same mass as Vgvy, since the total fields are v;, 4+ vf and vj + vr. The total mass term
for the neutrinos is now given by

L, =Lyt +Lyur~+ Lp

1. — 1 —
= —§MLI/EI/L — §MRV%VR — §mD(ﬁVL + vivg) + hee.
. 1 — — ML mp vy,
=-3 (VL VR) (mD MR) (qu + h.c. (4.39)
Since vy, carries hypercharge, My = 0 for the SM neutrinos. In this case, the mass matrix
(for one generation) is equal to
. 0 mp
M = <mD MR) (4.40)
which, if Mg >> mp, has the two approximate eigenvalues
2
m
my & MZ, me ~ Mp (4.41)

where m; << mgy. This is the seesaw mechanism which in a natural way explains the
smallness of the neutrino mass. So if there exist some heavy right-handed neutrino states, it
becomes natural for the other neutrino states to be extremely light. The physical neutrinos
may now be written

v (v +vf) — %(VR +v%), N=(vg+rv§)+ %(VL + vf) (4.42)
R R
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where the light physical neutrino, v, almost entirely consists of the Majorana field con-
structed from the left-handed states, vy + v{, whereas the heavy physical neutrino, NV,
almost entirely consists of the Majorana field constructed by the right-handed states. This
means that the physical states are Majorana particles. The above discussion gener-
alizes directly to multiple neutrino flavors with mp and Mg becoming matrices.

Important for the possibility of Majorana masses is that the fields carry no quantum
number that has to be conserved. The only quantum numbers that are truly conserved in
the SM are the gauge charges, so for

— VR V]C%

VRV = —————<—— (4.43)
to be a fundamental vertex, vg must have all gauge charges equal to zero. However, we
will later use these right-handed states to cancel gauge anomalies by giving them a charge
under a new gauge group U(1)". This means that this fundamental vertex will not conserve
this new charge; the flavon charge. If vy has integer flavon charge, we may couple it to
the Froggatt-Nielsen mechanism. This means that v§vp would be a low-energy effective
operator comming from something looking like:

where v has flavon charge -2 and turns into a vf; with flavon charge 2. In the middle there
is a true Majorana fermion; the Froggat-Nielsen fermion FJ,, whose mass we denote Mpy.

Later we will use three right-handed neutrinos v%, i = 1,2, 3, with integer flavon charges
v;. The effective Majorana mass matrix is then given by

M;%J — MFNE\WHIV]'\’ i,j=1,2,3 (4.44)

where € = (S) /Apn.
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5 Extending the SM gauge group

Gauge symmetries, both “global” (i.e. space-time independent) and “local” (space-time
dependent) became key issues in elementary particles. [...] The guiding principles in this
work were symmetry and elegance of the magnificent edifice that we call our universe.

And the most important symmetry was gauge symmetry.
-Gerard 't Hooft [42]

Extending the SM gauge group SU(3)gcp x SU(2)r x U(1)y with an additional spon-
taneously broken U(1)" symmetry generates a new electrically neutral color-singlet gauge
boson Z’. In general, when several U(1) groups are present kinetic mixing between the
gauge bosons becomes possible, however, at tree-level this mixing can be rotated away at
any given scale. Thus, kinetic mixing only has to be dealt with at loop-level.

The way the extra gauge group was added above is not unique; there are two op-
tions for the group structure and the symmetry breaking. One way is to start with the
gauge group SU(3)gcp x SU(2)w x U(1l)y x U(1)" and break U(1)" at some high scale
while breaking SU(3)gcp x SU(2)w x U(1)y — SU(3)gcp x U(1)gn at the electroweak
symmetry breaking (EWSB) scale as in the SM. Another way is to consider the group
SU(3)gep x SU(2)w x U(1); x U(1) and first break U(1); x U(1)s — U(1)y at some high
scale and then proceed by electroweak symmetry breaking (EWSB). However, these two
possibilities are always equivalent by redefining the gauge fields and couplings [43].

Here we follow ref. [43], generalized to two Higgs doublets. The new gauge group U(1)’
is spontaneously broken by a complex scalar singlet S acquiring a VEV vg. We will later
take this field to be the flavon field mediating the Froggatt-Nielsen (FN) mechanism [2].
By redefining the U(1)’ coupling gz we may set the charge of S under U(1)" to be 1. We
also extend the Higgs sector to contain two Higgs doublets ®; 5 with charges H; 5 under
U(1), so we have a 2HDM as discussed in Section 4.2. After symmetry breaking we thus
have mixing between Z and Z’ bosons. The kinetic terms for S and @, 5 are obtained from
the covariant derivatives;

2 2
+ ’(8“ - z’g—ZB;> S‘ (5.1)

/
‘ (a# _ ZgWV‘ — Zg—B}I'ﬁ — ’LHLQQ?ZB;) @172 9

2

where W#, By and B, are the gauge fields with couplings g, ¢’ and gz associated with
SU2)w, U(1)y and U(1) respectively. Denoting the VEV for the Higgs doublets v; and
vy respectively, the mass terms for the different fields, except W*, are

2 2 2
v 2 v 2 v
gl (gW? — ¢'BY — HigzBY)" + §2 (gW? — ¢'BY — Hog,BY)” + gsg%Bngu (5.2)

after EWSB where v? + v3 = (246GeV)? . Introducing the quotient tan 8 = vy/v; makes
it possible to express the Higgs’ VEVs as v; = vcos 8 and vy = vsin 5. The mass-square
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matrix, which is twice the above expression, may now be written as:

M2 = g2
4 cos Oy
0 0 0
x U |0 1 — cos? B(Hy + Hytan? B)t, cos Oy, U
0 —cos? B(Hy + Hytan? B)t, cos Oy (r + cos® B[H? + H3 tan? 3])t2 cos? Oy
(5.3)
where
cosby sinfy O
U= |—sinfy cosby 0 (5.4)

0 0 1

and t, = gz /g, tanfy = ¢'/g, r = v%/v?. If either of the Higgs have non-zero z;, the
diagonalization of the mass-square matrix will cause Z — Z’ mixing. This mixing can be
characterized by an angle 6’. Together with the Weinberg angle 6y, defined above, the
gauge fields can be written in terms of the physical fields as

By cosOy —sinfy cos@  sin by sin @’ AF
W3k | = | sinfy  cosBy cos®  —cosby sin @’ ZH (5.5)
BY, 0 sin ¢’ cos ¢ A

where A is the massless photon, Z the observed massive boson and Z’ the unobserved
heavy boson. From the diagonalization we get that the mixing angle must satisfy

2 cos® B(H, + Hytan? B)t, cos Oy

tan 20" =
o (r + cos? B[H? + H2 tan? f])t2 cos? Oy — 1

(5.6)

and that the massive bosons’ masses are given by:

qu

My = —"——
%% 2 cos Oy

)

cos® B(Hy + Hy tan? B)t, cos Oy 1/2
sin 26’ )

1
X 5[(7‘ + cos? B[H? 4 H3 tan? 3))t* cos® Oy, + 1] £

(5.7)

The M, mass is given by taking the minus sign in the above expression. If (r+cos? 3[H? +
H?2 tan? 5])753 cos? Oy > 1 then My > My and in the opposite case My < M.

We see here that the mixing disapears in the limit r >> 1, i.e. v} >> v? or in the
limit ¢, << 1, i.e. gz << g, and in this case Mz = gzvs/2.

5.1 Running of the coupling constant

An important theoretical constraint on Z’ physics is the possible existence of low-lying Lan-
dau poles. The renormalization group equation (RGE) at one-loop for the U(1)" coupling
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gz 18
dCYZ 2
m = bOéZ (58)

where az(p?) = g%(u?)/4m and b is the beta function containing the charges:

3 2
_ 2 2 2 2 2 2 2 1 2 2
= — 5; Q-+ui+di+Li+ei+ui)+§ 2;Hi+1

where we sum all the fermion and Higgs charges and the term 1% is from the flavon [44].
Solving the RGE yields a Landau pole at

(5.9)

1
ALp = MZ’ exp {m] . (510)

This contrains the allowed flavon charges for given Z’ parameters.
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6 Examples of models

The first point is that the enormous usefulness of mathematics in the natural sciences is
something bordering on the mysterious and that there is no rational explanation for it.
Second, it is just this uncanny usefulness of mathematical concepts that raises the
question of the uniqueness of our physical theories.

-Eugene Wigner [45]

In this section we give examples of different models, both anomalous and anomaly-free,
which to varying degree reproduce the observed masses and mixings. Using Dirac neutrinos
in Section 6.3.2 we manage to find an anomaly-free model describing all the observed masses
and mixing except mixing with the third generation in the quark sector.

To derive the Froggatt-Nielsen constraints we use the fermion masses at the Z-mass
from ref. [46]:

My = 1.27 MeV ~ €', myg = 2.9 MeV ~ €', my; =55 MeV ~ ¢,
me = 0.62 GeV ~ €, mp =2.9 GeV ~ €2, my = 172 GeV ~ €, (6.1)
me = 0.5 MeV ~ €®, m, =103 MeV ~ €°, m, = 1746 MeV ~ €.

Since we are using a 2HDM model the VEVs that go together with the € factors are
not 174 GeV as in the SM but rather (®;) = cos f(®) and (Py) = sin 5 (P) where P is
the SM Higgs doublet and ®; 5 the 2HDM doublets. If we take tan3 = 1, then cosf =
sinf =1/ V2 ~ 0.7 which does not change the powers of € from the SM. We will assume
this choice of tan g throughout this section. This is in no way a limitation of the method,
one may use any tan [ as one likes, as long as the powers of € are adjusted accordingly.

6.1 Anomaly-free model with irrational charges

In this model we only use the SM particle content together with two Higgs doublets. For
the theory to be anomaly-free the U(1)" charges of the fermions must satisfy the anomaly
conditions in Eq. (2.66), for the model at hand they are given by:

(Avin: 5 (Q =202+ d2 — L2 +¢2) =0
At 304(Q5 — 8uy — 2d; + 3L; — 6e;) = 0
Aszzi Z?:1(2Qj —u; —d;) =0
Asr s 320 1(3Q; + Lj) =0
Avv o 30 (6Q% — 3ul — 3d2 +2L% — e3) =0

[ Aggr” Z?=1(2LJ’ —e€;) =0
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The Froggatt-Nielsen conditions are then given by:

my: (Q1—ur+Hy)+7=0
me . (QQ—U2+H2>—3:0
my: (Qs—us+Hy) =0

mqy . (Ql—dl—HQ)—7:O
mg : (QQ—dQ—H2)+5 =0 (63)
my . (Qg—dg—Hg)—2:0

me: (Li—e—H))—8 =0
my: (Ly—ex—Hy)—5 =0
m;r . <L3—€3—H1)—3:O
Here we have imposed a lepton specific Zs symmetry on the two Higgs doublets. This
symmetry serves two purposes; first it removes FCNCs (Section 4.2) and secondly, it ensures
that the sum of all the variables in the quark mass conditions equals the SU(3) x SU(3) x
U(1) anomaly Aszy.. The sign of the charges for the quarks are then chosen so that the
sum of all the coefficients equals zero:
+7-3-T7T4+5-2=0. (6.4)
With these choices, Assys is naturally satisfied and thus becomes redundant. This might
seem convenient at first, but it is actually necessary to impose the lepton specific Zs
symmetry and choose the signs of the charges in this way for the ideal not to define an
empty variety. Lastly, we have to ensure that the charges reproduce the CKM matrix (Eq.
(4.9)), this is done by (Eq. (4.20)):
CKM1I QQ—Q1—1:O
CKMQZ QS_Q2_2:0
To find a possible set of charges that satisfies these 17 constraints we calculate the Grobner
basis of the corresponding ideal using Sage [47]:
I = <A1/1/17A1/11,«4331/,«4221’, Al’l’l’vAggl’; My, M, My, Mg, Mg, Mp,
me, my,, m,, CKM;, CKM,)
=(Q1—1/3-Hy+8/9,Q2—1/3-Hy —1/9,Q3 — 1/3- Hy — 19/9,
Uy —4/3 . HQ — 55/9,U2 —4/3 . H2 + 26/9,U3 —4/3 : HQ — 19/9,
di+2/3-Hy+71/9,dy+2/3- Hy —46/9,d3 +2/3 - Hy — 1/9,
L1 —2/3'63 — 1/3H2 —23/9,L2+5/363—|—13/3HQ+50/9,L3 — €3 —H2+ 1,
€1 — 2/3 + €3 —|—2/3 : H2 + 13/9,62 +5/3 - €3 + 16/3 : H2 +59/9,
es+6-e3- Hy+317/30- €3+ 12-e3- HY +634/15-e3 - Hy + 1777/90 - e3+
8- Hj +634/15- H} + 1777/45 - Hy — 6172/45, H; — Hy + 4) (6.5)
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Q1 -8/9 |dy  -71/9 er e — 17
QQ ]_/9 d2 46/9 €9 —§€3+25
Ui 55/9 L1 26’3 + 23 H1 -4
uy -26/9 | Ly —3e3— 32| H, 0
uz  19/9 | Ly e3—1 - -

Table 3: Irrational charges obtained for the SM with 2HDM and an additional U(1) gauge
symmetry. This set of charges is free from anomalies and satisfies the Froggatt-Nielsen
conditions for mass hierarchies and CKM matrix..

This ideal defines a one-dimensional variety which in principle could contain QQ-rational
points. To check if this is the case, we study the second to last equation in the Grébner
basis:

es+6-e3- Hy+317/30- €3+ 12 e3- Hy +634/15 - e3 - Hy + 1777/90 - e3+

8- HJ +634/15 - Hy + 1777/45 - Hy — 6172/45 = 0. (6.6)
This is a non-singular curve of genus one. The Mordell-Weil theorem (Theorem 2) tells us
that the set of K-rational points on Abelian varieties forms a finitely generated group. The
only one-dimensional Abelian varieties are the elliptic curves, and a curve is elliptic if and
only if it has genus one and one rational point. However, the above curve is non-elliptic and

we can therefore not find any rational charges. Since we have no hope of finding rational
points in this variety we might as well put H, = 0 which simplifies the cubic equation to

€5+ 317/30 - €3 + 1777/90 - e3 — 6172/45 = 0 (6.7)

This equation has three algebraic solutions but only one real, the real solution is:

11 10871773\ 3
e = (— V48596766715 - —> "

16200 182250
47179 317

8100 (L V/A85967667+/15 + 1erimsys 90

~ 2.56622573989773 (6.8)

All the other charges are either fractions or expressed in terms of es, see Table 3. Irrational
charges are not frequently discussed in BSM models. This is because it becomes difficult
to embed them in a larger gauge group in a GUT [48]. But if we do not consider what
possible GUT this theory may come from, irrational charges are perfectly valid.

6.2 Anomalous model with rational charges

If the reader find the above result with irrational charges unsatisfactory, there are two ways
to get rid of them; we either add more particles (e.g. right-handed neutrinos) or we lift
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one of the anomaly conditions, of which we will do the latter in this section. Lifting one
of the anomaly conditions comes at a high price, there will now be an energy scale where
unitarity breaks down. To maximize the chance of obtaining rational solutions we remove
the cubic anomaly: Ay1/1.* This yields an effective field theory below the scale [49, 50]

My (Lﬁg) (6.9)

|Q%A1'1'1/|
where My is the mass of the new neutral boson and gz its coupling. Assuming that
the Froggatt-Nielsen mechanism happens at a scale ~ My, we need the factor in the
parenthesis to be bigger than one for the model to be valid.
Doing the calculations as above; with SM fermion content and two Higgs doublets
with lepton specific Zy symmetry, the allowed charges form a two-dimensional variety
parametrized by es and Ho:

(Qi—1/3-Hy+8/9, Q2 —1/3-Hy—1/9, Q3 —1/3- Hy —19/9,

w —4/3 - Hy —55/9, uy —4/3 - Hy +26/9, uz — 4/3 - Hy — 199,

dy+2/3 Hy+71/9, dy+2/3- Hy —46/9, ds +2/3- Hy — 1/9,
Li—2/3-e5—1/3-Hy—23/9, Lo+5/3 e5+13/3- Hy +50/9, Ly —e5 — Hy+ 1,
e1—2/3 es+2/3- Hy+13/9, es+5/3 €3+ 16/3- Hy +59/9, Hy — Hy +4)  (6.10)

Every point on this variety given by rational Hs and es is clearly rational, we thus have
plenty of rational charges satisfying the FN conditions and all but the cubic anomaly. The
only constraint left is from possible unitarity breaking, the region of allowed charges is seen
in Fig. 4.

6.3 Anomaly-free model with Dirac neutrinos
6.3.1 No neutrino mixing

Instead of breaking one of the anomaly conditions we can add more fermions and try to
find rational charges that way. A natural choice, that also allows us to incorporate massive
neutrinos, is to add three right-handed neutrinos. In this way we may give the neutrinos
Dirac masses just as all the other fermions in the SM. Since right-handed neutrinos have
to be sterile with respect to the SM gauge interactions they only enter in the cubic and
gravitational anomaly:
3
Avir s Y (6Q% = 3u? — 3d? + 2L7 — ? — 13) =0
j=1
3
Aggrrt Y (2Lj—e; —v;) =0 (6.11)

J=1

4One could also argue that this anomaly should not be included in the first place. Since it only contains
the unobserved Z’ boson there could very well be particles only coupling to this boson and not to any SM
bosons, we would then have no idea what the anomaly condition actually would look like [6].
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lo ( fidm )
8 |9;A1’1’1’|
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Figure 4: The logarithm of the anomaly breaking parameter with g, = 0.5. If this value
is bigger than zero unitarity breaks above the FN scale and the corresponding charges are
a good choice for the model.

The smallness and hierarchy of the neutrino masses are explained by a large number of
flavon insertions. Assuming normal hierarchy, m,; << m,s < m,3 we get the masses
my3 ~ 0.0506 eV and m,s ~ 0.0086 eV with m,; arbitrary as long as it is much smaller
than the other two. These masses corresponds to 18 and 19 flavon insertion for m,3 and
myo respectively. We impose the FN mass constraints as:

myq . (Ll—V1+H1)—21=O
myo © (L2_V2+H1)+19:0 (612)
mys . (L3—I/3—|—H1)+18:0

The choice of 21 insertions for m; is not arbitrary. Previously we chose the signs of the
quarks’ flavon charges such that the anomaly with SU(3) became redundant. Similarly
here, we chose the signs of the leptons’ charges and m; such that the gravitational anomaly
becomes redundant.

Introducing neutrino masses means that we should also introduce neutrino mixing.
However, the constraints needed to reproduce the PMNS matrix conflicts with the con-
straint for the CKM matrix. In this section we will therefore not consider the PMNS
matrix but continue to ensure the CKM matrix. In the next section however, we will only
consider Cabibbo mixing in the quark sector and this allows for the PMNS matrix to be
reproduced.

Doing the calculation with SM particle content plus three right-handed neutrinos with
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two Higgs doublets with lepton specific Z, symmetry yields the following variety of charges:

(Q1—1/3-Hy+1/8-154+5/24v5 —3, Qo —1/3-Hy+1/8 vy +5/24 - v3 — 4,

Qs —1/3-Hy+1/8 15 +5/24- 13 — 6,

uy —4/3 - Hy+1/8 15 +5/24 - v5 — 10, uy —4/3- Hy+1/8 vy +5/24 - v5 — 1,

ug—4/3-Hy+1/8-v5+5/24 - v5 — 6,

di+2/3-Hy+1/8 - 15+5/24-v3+4, dy+2/3-Hy+1/8 - v3+5/24- 13— 9,

ds+2/3-Hy+1/8 15 +5/24 - v — 4,

Li+Hy—1/8 vy —7/8 13+ 10, Ly+ Hy — o+ 15, Ly + Hy — v3 + 14,

e1+2-Hy—1/8 vy —7/8 vs+ 14, ea+2-Hy — vy + 16, e3 +2- Hy — v3 + 13,

Hy — Hy+4, vy —1/8 15, —7/8v3+ 35,

vy — 406 /867 - vovs — 5720/867 - vp — 461/867 - 3 + 16328/289 - v3 — 239488 /289)
(6.13)

This ideal defines a two-dimensional variety of allowed charges. To check if there are any
rational charges we look at the last equation in the Grobner basis:

V2 — 406/867 - vy — 5720/867 - 1o — 461/867 - V2 + 16328/289 - 13 — 239488,/289 = 0
(6.14)

This equation defines a non-singular curve of genus zero in the vsr3-plane. For curves of
genus zero defined over Q there are only two options when it comes to the existence of
rational points, either there are none, or the curve is isomorphic to the projective line P*.
Such an isomorphism will always yield a rational parameterization of the curve. In this
case, all rational points on the above curve (Fig. 5) is described by

—461t% + 48984t — 718464 867t* + 5720t — 718464) (6.15)

(va(t), va(t)) = ( 1328t — 43264 ’ 13281 — 43264

The allowed rational charges are now described by two parameters: ¢ in the above equation
and one of the Higgs charges, say Hs for definiteness. This model generates the mass
matrices:

e e €& € €
mey= [ & |, mg=|e& & €],
PR (10 3 2
8 10—L(ra—v3)| [T+ (va—vs)|
m, = | ePBtswa-vs)l 5 el2Hva—va)l | (6.16)
ld=ga—w)|  [6—(r2—vs)| €3
21 €|7147%(V271/3)\ 6\714+é(1/271/3)|
m, = 6|16+§(1/271/3)| €19 €l —19+(v2—vs)|
6|17—§(y2—1/3)| l—18—(v2—vs)] 18
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Figure 5: The charges for v5 and v5 given by Eq. (6.15).

The off-diagonal elements in the lepton matrices have in general non-integer exponents and
are in that case zero. For some specific choice of t however, some of them may be integers,
but there is not enough freedom to reproduce the PMNS matrix.

There are two potential problems we have yet to address; large off-diagonal elements
in the mass matrices and Landau poles for gz. A large off-diagonal element, like the 23-
element € in my above, will have too much weight when calculating the masses which
causes the Froggatt-Nielsen mechanism to not work properly. That is, what is assigned to
be the masses in the input might not be the mass eigenstates of the generated matrices.
This can be dealt with by the g;; factors in the matrices. Arguably, one now re-introduces
some fine tuning in the theory, but this will still be much smaller of an adjustment than
needed in the SM.

The energy scale of the Landau pole was derived in Eq. (5.10). For t = 0, the log-log
of the Landau pole normalized to the Z’ mass is shown in Fig. 6. We see in this figure
that for couplings gz < 0.1 the Landau pole poses no problem.

6.3.2 Neutrino mixing with only Cabibbo mixing

As mentioned earlier it is difficult to impose constraint to ensure recreation of both the
CKM and PMNS matrix. Since all elements in the PMNS matrix are relatively large while
some elements in the CKM matrix are very small (Eq. (4.9)) we choose here to only impose
Cabibbo mixing in the quark sector and rather ensuring the entire PMNS matrix. The
lack of hierarchy in the PMNS matrix translates to the constraints

PMNSli Ll—LQZO
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Figure 6: The energy scale of the Landau pole normalized to the Z’ mass for Dirac neutrinos
with no recreation of the PMNS matrix and ¢t = 0 in Eq. (6.15). Note that the line at 0
corresponds to App = 2.7M while the line at 5 corresponds to Azp = 2.85-10%4M . For
couplings around 0.1 and smaller the Landau pole will never cause a problem.

Imposing this and only CKM; gives the following Grobner basis:

(Qr — 1/3 - Hy + 2927/5484, Qs —1/3 - H2 — 2557/5484, Q5 — 1/3 - Hy + 16637 /5484,

—4/3- Hy — 35461/5484, uy — 4/3 - Hy + 13895 /5484, us

—4/3 - Hy + 16637/5484,

dy+2/3 - Hy + 41315/5484, dy + 2/3 - Hy — 29977/5484, ds + 2/3 - Hy + 27605 /5484,
L1 + Hy — 5669/1828, Ly + Hy —
e1+2- Hy + 1643/1828, €5 + 2 - Hy — 3841/1828, e5 + 2 - Hy — 7497 /1828,

Hy, — Hy+ 4, 11 +40031/1828, vy — 33089/1828, v5 — 31261/1828)

which is parametrized by one of the Higgs charges, say H, for definiteness.
generates the mass matrices:

my, =

w N

€
€
0

5
E5
5

5669/1828, L3+ Hy — 5669/1828,

(6.18)
This model
0 e 0
0, mg=1[€e & 0
eV 0 0 ¢
&3 21 19 18
e, m,=[e! €9 ¢ (6.19)
&3 21 19 18

The Landau pole, Eq. (5.10), for this set of charges is shown in Fig. 7.
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Figure 7: The energy scale of the Landau pole normalized to the Z’ mass with only Cabibbo
mixing.

6.4 Anomaly-free model with Majorana neutrinos

To be able to give the neutrinos Majorana masses using the Froggatt-Nielsen mechanism,
it is necessary for the right-handed neutrino fields to have integer charges, see Section 4.3.
We use a setup very similar to the above case; SM particle content with three right-handed
neutrino fields and two Higgs doublets with a lepton specific Z, symmetry. Here we assume
that the Dirac masses for the neutrinos are of the same magnitude as the other particles’
and with normal hierarchy:

my1 - (Ll—V1+H1)—3:O
my9 : (LQ—V2+H1)+2=O (620)
mys . (Lg—V2+H1)+]_:0

and we also change the charged lepton mass conditions to

me - (L1—61—H1)+8:0
my, : (L2—62—H1)—5:O (621)
m.;, . (L3—€3—H1)—3:0

so that the coefficients in the neutrino and charged lepton conditions sum to zero individ-
ually. This, of course, also implies that they sum to zero together which means that the
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gravitational anomaly becomes redundant. The Grobner basis for this ideal is:

(Q1+1/3-Hy+13/9 -1y — 13/18 - vy — 7/18 - 13 + 89/9,

Qo+ 1/3- Hy +13/9- 11 — 13/18 - v — T/18 - 15 + 80/9,

Qs +1/3- Hy —23/9 11 +16/9 - vs + 10/9 - 13 — 157/9,
uy+4/3- Hy +13/9 - 1 — 13/18 - vy — T/18 - 15 + 152/9,

s +4/3 - Hy +13/9 -1y — 13/18 - vy — T/18 - 13 + 53/9,
ug+4/3- Hy —23/9 -1 +16/9 - v5 +10/9 - v3 — 157/9,

dy —2/3 Hy+13/9 v — 13/18 - v — T/18 - 13 + 269,

dy —2/3- Ho+13/9 - 11 —13/18 - vs — T/18 - 13 + 125/9,

d3 —2/3+-Hy—23/9 11 4+16/9 15+ 10/9 - v3 — 175/9,
Ly—Hy—1vy —13/3, Ly — Hy — vy +2/3, Ly — Hy —v3 —1/3,
ey —2-Hy—vy —41/3, 9 —2-Hy — vy +13/3, e3 —2- Hy —v3+4/3,

Hy — Hy — 4/3,
v —126/95 - vy — 82/95 - vivs — 101/285 - vy + 77/190 - v3 4 61/95 - vyvz—
113/285, + 27/190 - 12 — 88/57 - 13 — 4722/95) (6.22)

which defines a three-dimensional variety. To find integer points on this variety we look at
the last equation in the Grobner basis (cleared to integer coefficients):

570V% — 7561119 — 492013 — 2020 + 231V22 + 3661513 — 22619+
811/32 — 880v3 — 28332 = 0. (6.23)

This is a surface, to use our methods developed for curves we fix v3 and then systematically
vary it.

For v3=0 the resulting curve is not parameterizable over the rationals, but over the
finite field extension Q(1/1246), so there are not even any rational points on this curve.

For v3=1 there is still only a parameterization over Q(1/1246). However, for v3 an
integer greater than one there seems to always exist integer solutions. These will be curves
of genus 0 with two point evaluations at infinity, by Theorem 3 there not only exist integer
solutions but actually infinitely many which may be described by a parameterization. Even
though there exists infinitely many integer solutions the smallest are usually of magnitude

10 (with an accidental exception for vy = —17, v, = —43, v3 = 3) and therefore not so
interesting from the viewpoint of a physicist.
Going now in the other direction, let us start with 3 = —1, this curve is only parame-

terizable over Q(v/1246). For v3 < —1 there always exists a rational parameterization, but
integer points only exist for even integers. These integer solutions are usually of the order
10'% and above. One exceptional case is v; = —16, 15 = —10, v3 = —10 which defines the
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following Grobner basis:

(Q1+1/3-Hy, —19/9, Qs+ 1/3- Hy —28/9, Q3+ 1/3- Hy — 49/9,

uy +4/3- Hy+44/9, ug +4/3 - Hy — 55/9, ug +4/3 - Hy — 49/9,

dy —2/3-Hy—82/9, dy —2/3- Hy+17/9, d3 —2/3- Hy — 67/9,

Ly — Hy+35/3, Ly — Hy+32/3, Ly — Hy +29/3,

ep1—2-Hy+7/3, ea—2-Hy+43/3, e3 —2- Hy + 34/3,

Hy — Hy—4/3, 11 + 16, vy + 10, v3 + 10) (6.24)
One of the Higgs charges is still a free parameter, we may for example choose this charge

so that the entire lepton sector has integer charges. Take for example H; = 0, then the
complete set of charges is:

Q1 =23/9, Q2=32/9, (Q3=>53/9,
Uy = —28/9, Uy = 71/9, Uz = 65/9,
dy = 74/9, dy =—25/9, d3 =59/9,
L, =—-13, Ly, = —12, Ly = —11, (6.25)
€1 = —5, €y = —].7, €3 = —14,
vV = —16, Vs = —1(), vy = —10
H, =0, Hy=-4/3
For this model the mass matrices are:
e 0 e 0 S et €l
mu= 1€ & 0|, meg=|e & 0 me= € €& €1,
0 0 ¢ 0 0 ¢ d b 3
P R B 32 (26 26
mp= | & €|, M=[e% & |, (6.26)
5 (1l 26 (20 20

where m, and my represent the quarks, m. the charged leptons, mp and M the Dirac resp.
Majorana mass matrices for the neutrinos.

Note that €2 ~ 10714, so even if the Majorana mass were naturaly at the GUT scale,
the large number of flavon insertions forces the magnitude down to electroweak energies.
This means that there will not be a seesaw mechanism in this model.

In this model we have no handles on the PMNS matrix. In this example we were
also unable to use the seesaw mechanism to explain the small neutrino mass scale, the
Majorana masses was even smaller than the Dirac masses. What this example teaches us
is that there might exist integer solutions for the flavon charges, allowing for Majorana
masses, but these integers are usually so large so that they are not of interest. There might
be accidental smaller integer solutions, but even these yield small Majorana masses and
thus no seesaw mechanism.
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7 Conclusions and Outlooks

There’s a fine line between wrong and visionary. Unfortunately you have to be a visionary
to see it.
-Sheldon Cooper [51]

In this thesis we have explained the observed mass hierarchies and mixings using a gauged
U(1) Froggatt-Nielsen mechanism and two Higgs doublets. Using a gauge symmetry means
that the flavon charges not only have to generate the observed masses but also cancel all
gauge anomalies. This leads to a set of polynomial equations for the flavon charges to
satisfy. We impose a Z, symmetry on the Higgs doublets to remove FCNCs. The only
choice of Zy symmetry consistent with the anomaly and mass constraints is a lepton specific
Zs symmetry. We also studied the position of the Landau pole for the new U(1) coupling
to make sure the model not becomes strongly coupled below the Froggatt-Nielsen scale. To
find charges that satisfies all the constraints from anomalies and reproduces the observed
masses and mixings, methods from algebraic geometry was used.

This succeeded very well, especially with Dirac neutrinos. For this case, the neutrino
mass differences and mixing angles, as well as the overall smallness of the neutrino masses,
could be explained. Also the masses for the SM fermions were completely reproduced
using only Cabibbo mixing in the quark sector. Since it was difficult to include a seesaw
mechanism in this framework, only giving the neutrinos Dirac masses is the minimalistic
most natural way of explaining the observed smallness and hierarchy.

There are many possible ways one could continue this work. One could, for example,
use different seesaw mechanisms or use some other additional gauge symmetry. However,
the most interesting direction to go is probably to use our parametrized solutions for the
charges and try to embed them into a larger GUT group, like for example SO(10).

What to really take away from this thesis is the extreme usefulness and power of
algebraic methods when dealing with these kind of problems. This thesis will hopefully
serve as a useful guide in how to use algebraic geometry when solving problems related to
anomalies and charges in, for example, BSM physics.
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