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ABSTRACT OF THE DISSERTATION

B-L and Other U(1) Extensions of the Standard Model

by

Nicholas Andrew Pollard
Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, December 2017
Dr. Ernest Ma, Chairperson

In Particle Physics, the Standard Model has had remarkable success at describing the
experimentally observed interactions between the fundamental particles. In 2012, the LHC
discovered a particle at 125 GeV which is consistent with the Higgs Boson. With this
discovery the Standard Model appears to be complete. However with the experimental
evidence for Dark Matter and Neutrino Mass, one is given pause to think there is physics
beyond the Standard Model. By introducing extensions to the Standard Model, one is
able to build upon previous triumphs while giving possible solutions to currently open and
unexplained phenomena. Within this dissertation a specific class of extensions, the gauged
U(1), will be explored with the various consequences highlighted. Of particular interest is
the Gauged U (1) p—r, where Barionic and Leptonic number are charges. Through the careful
introduction of new particles these classes of models seek to explain the outstanding Dark
Matter and Neutrino masses phenomena along with their possible connections. A general
look at the U(1) extensions are considered as well, where the flexibility of this model class

is demonstrated. This includes previously understood processes, flavor changing neutral



currents, as well as novel solutions to experimental data such as the once ”observed” 750

GeV excess.
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Chapter 1

Background

1.1 The Standard Model

The Standard Model (SM) of particle physics is remarkably successful at describing
three of the four fundamental particle interactions of the known elementary particles under

the gauge invariant symmetry
SU(?))C X SU(Q)L X U(l)y. (1.1)

This symmetry describes the interactions of fermions and a single scalar, the Higgs
Boson, via the force carrying gauge bosons (the photon, gluons, W*, and Z bosons). The
Higgs mechanism describes the spontaneous symmetry breaking of SU(2), and explains the
origins of mass for the fermions, the W and Z bosons. With the discovery of the Higgs
Boson at the LHC in 2012 [5, 6] the SM appears to be a complete, fully renormalizable

quantum field theory of fundamental particle physics [7].



Despite this success there are several underlying problems for the minimal SM. For
the purposes of this dissertation, neutrino mass and dark matter are of particular interest.
There is a large body of experimental evidence for neutrino flavor oscillation [8], implying
the existence of non-zero neutrino mass, and an overwhelming amount of astrophysical
evidence for the existence of dark matter [9]. Due to both the right-handed neutrino and

dark matter sterile nature, the minimal SM is insufficient to explain either phenomena.

1.2 Neutrino Mass

Experimentally neutrinos are known to oscillate between the three flavors suggest-

ing mass differences between each,

Parameter best-fit 30
Am3,|107eV?| 7.37 6.93 — 7.97
Am?2[1073eV?| | 2.50(2.46) | 2.37 — 2.63(2.33 — 2.60)

Table 1.1: Current neutrino oscillation data. The first number refers to normal hierarchy
(m1 < ma < ms) while the second is inverted (m3 < my < ma). Am? = A3, — A3,/2 [10]
yet within the minimal SM there is no mechanism by which neutinos obtain mass. There
have been several solutions to this though, the most straight forward is to introduce some
new symmetry by which three right-handed neutrinos may be introduced. These right-
handed neutrinos will then be used to generate neutrino mass. Being electrically neutral,
these right-handed neutrinos may be either Dirac (due to a new imposed charge) or Majo-
rana (implying the right-handed neutrino is its own antiparticle) in nature.

A less obvious method would be to construct neutrino masses via radiative loops.

In this manner new particles may be introduced with fascinating phemenological conse-



quences. One such example was introduced in 2006 called the Scotogenic model, coming

from the Greek word ”scotos” meaning darkness, a Z; symmetry was introduced to the

standard model in which the normal SM particles were even whereas three N’s and a scalar

doublet (n7,7n°) are odd [11]. What is most interesting, the Scotogenic model suggests a

link between dark matter and neutrino mass.

Figure 1.1: Radiative generation of neutrino mass [11]

Both of these ideas as well as their consequences will be explored in the coming

chapters.

1.3 Dark Matter

The evidence for Dark Matter stems from a variety of sources, where each source

illuminates several of Dark Matter’s properties.

For example, by looking at rotational

velocity of a luminous object one would expect a Keplerian orbit, that for an object at a



given radius r the rotational velocity would be given by:

v(r) oc /M(r)/r (1.2)

Where M (r) is the amount of matter contained within the object’s orbit. Once r

has passed the region with the majority of the galaxies mass, it is expected that

v(r) oc 1/3/T. (1.3)

Unexpectedly what is seen is that v becomes approximately constant for large values of 7.
This alludes to a massive particle which does not absorb or admit photons. While this is just
one example, there are a host of experiments and phenomena such as but not including: the
Cosmic Microwave Background (CMB), Gravitational Lensing, Direct Detection searches,
etc.

Assuming that Dark Matter is a particle, a few important properties can be ob-
served. First, Dark Matter must be electrically neutral. That is, Dark Matter must not
be able to interact with the photon directly but does interact indirectly via it’s mass. We
can also infer the stability of Dark Matter, or if it is not stable that it must have a life
time that is at least as long as the age of the universe. If the Dark Matter candidate in
question interacts with SM particles, careful consideration must be given. If the candidate
interacts directly then limits may be derived from the ¢, and ¢4 coefficients [12, 13] or from

it’s cross-section [14].



1.4 Gauged U(1) Extensions to the Standard Model

With both the Neutrino Mass and Dark Matter problems noted above one main
avenue for progress is to introduce minor alterations to the SM such that either, or both,
problem may be addressed. To do this an additional symmetry may be introduced. For

example in 1975 the alteration [15, 16]:

SU(3). x SU(2)r, x SU(2)r x U(1) (1.4)

known as the ”Left-Right Model” was introduced. This model sought to rectify the im-
balance between the left and right handed particles by both introducing a right-handed
neutrino and by reforming the right-handed particles into doublets like their left-handed
counterparts.

Within the context of the Left-Right Model, the electric charge is defined as:

Q=I3; +1I3p + X (15)

where X is the U(1) charge. Using the known electric charges of the Quarks and Leptons
we find the X charge to be 1/6 for Quarks and —1/2 for Leptons. Thus the U(1) of the
Left-Right Model may be identified as U(1)g—r. As will be commented on shortly, due
to the gauged SU(2)r symmetry, three new bosons, W;f and Z’, must be included. The
strongest lower mass limit on W3 set at 4.0 TeV set by CMS [17].

Fortunately, the U(1) extension is of interest for this dissertation. Thus, along



with new particles introduced by the U(1) extension, the properties of the new Z’ boson
are of concern. There are many limits set for this new boson such as, but not limited to,
those set by the LHC and LUX. The benefit of this extension, underneath the new U(1)
charge new particles may be introduced. These particles may be right-hand neutrinos, Dark

Matter candidates, or some other exotic particle, such as Lepto-Quarks.

1.4.1 7’ Mixing

After the introduction of new particles, the most obvious alteration made when

introducing a new gauged symmetry is to the covariant derivative.

SU2)L xU()y - D, =0, — zg'qWWl‘fTa —19qBB, (1.6)

SUQ2)L xU(l)y x U(1)z = Dy = 0y —1g'qwWit® —1gqp B, — 19" qcCy (1.7)

where W, By, and C, are the 5 gauged bosons, 7% are the SU(2)[, generators, g, ¢, and g”
are the coupling constants and qw,p,c are the charges corresponding to the particle which
D,, is applied. For the bosons to generate mass, the Higgs Mechanism is applied, by which
the modulus squared of covariant derivative applied to scalars with a vacuum expectation

value (v.e.v) is observed

> IDudal®. (1.8)



While the results of eq. 1.7 are contingent on the specifics of the model being
considered, it can be stated that W', and W2 will mix to create the W= bosons while W3,

B, and C will mix to become the photon, Z, and Z’ bosons.

1.4.2 The Triangle Anomaly

The benefit of making a gauged extension to the SM is that new fermionic particles
may be introduced to explore less understood phenomena. Being a gauged theory though,
special care must be taken with the charges such that the theory remains renormalizable.

By looking at the current conservation, the axial vector anomaly leads to the relation:

2
ua g av aoc
(p,v,bi k, X, c|0,5"10) = 3.2 P p kg A (1.9)

where

A = [t 10 1] (1.10)

and t*"¢ are the generators of the symmetries used within the triangle diagram. Thus for
the current j#¢ to remain conserved, A%¢ must be zero. In fact A% = 0 is a fundamental
consistency condition for chiral gauge theories [18]. Theories meeting this condition are said
to be anomaly free. A detailed discussion of this derivation may be found in [19].

What is most important is how to use this information. The SM is a good first

example to explore. As is well known, the particle content of the SM is listed in table 1.2,



Particle | SUB3)¢ | SU(2)r, | U(1)y

(w,d)L 3 2 1/6
UR 3* 1 2/3
dr 3* 1 ~1/3

(v,e)r 1 2 -1/2
eR 1 1 -1

Table 1.2: Particle content of the SM.

There are four possible anomalies, each imposes a constraint on the model. The
notation used in this dissertation will be, all left-handed particles obtain a positive sign
while all right-handed will obtain a negative. Note that all of the potential anomalies
within the SM cancel as is seen in table 1.3. When a new U(1) gauged symmetry is
introduced, six new anomalies are introduced. Four of these symmetries are analogous to
those demonstrated with the SM and two new restrictions, U(1)yU(1)? and U(1)U(1)3..
With these six conditions, the charges for the new fermions and the alterations to the original
SM must be considered. One final comment, within the SM as one changes between the
families, the charge distribution is the same between analogous particles. That is, the
Up, Charm and Top quarks all have the same charges. This is not necessary, as long as
these conditions are met any charges may be chosen. For example within the U(1)p_p,
model, if three right-handed neutrinos are chosen then these neutrinos may have the charge

distribution (—1,—1,—1) [20] or (5, —4, —4) [1].



Anomaly

Restriction

SUB)ZU(1)y
SU@ZU(1)y
i
grav?U(1)y

2%1/6 - 2/3 + 1/3 = 0
3%1/6-1/2 =0
35(2 (1/6)° -(2/3)° +(1/3)°) +(2%(~1/2)* +(1)*) = 0
3(2%1/6 -2/3 +1/3) + (2%-1/2 +1) = 0

Table 1.3: Anomaly restrictions of the SM.
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Chapter 2

B-L with Radiative Neutrino mass

and Multipartite Dark Matter

The following chapters are designed to represent the effectiveness of the gauged
B— L symmetry. In this chapter, a unique model is put forth. As opposed to containing just
three right-handed neutrinos, seven electrically-neutral singlet fermions are introduced. The
immediate difference being the former typically has tree-level neutrino mass terms while this
discussion will look at radiative neutrino mass generation. Other consequences (Multipartite
Dark Matter, Leptoquark Fermions) of this model will be explored. The discussion that
follows is based on the work of [2].

Through a simple extension of the Standard Model of Quarks and Leptons an
addition of one singlet right-handed neutrino per family is included to keep the theory
anomaly-free. For sake of convenience in notation, let these three extra neutral fermion

singlets N be left-handed. In this case their charges under U(1)p_r, are (1,1,1). Their

11



additional contributions to the axial-vector anomaly and the mixed gauge-gravitational

anomaly are respectively

(12 +1)P+1)3=3, ()+1Q)+(1)=3, (2.1)

which cancel exactly those of the SM quarks and leptons. On the other hand, it has been

known for some time [21] that another set of charges are possible, i.e.

(=52 + (4% 4+ (4)3 =3, (=5)+(4)+4) =3 (2.2)

Adding also three pairs of neutral singlet fermions with charges (1, —1), naturally
small seesaw Dirac masses for the known three neutrinos may be obtained [22], and a residual
global U(1) symmetry is maintained as lepton number. A further extension in the scalar
sector allows for the unusual case of Z3 lepton number [1] with the appearance of a scalar
dark-matter candidate which is unstable but long-lived and decays to two antineutrinos.
Here we consider another set of possible charges for the neutral fermion singlets, such that
tree-level neutrino masses are forbidden. New scalar particles transforming under U(1)p_p,
are then added to generate one-loop Majorana neutrino masses. The breaking of B — L
to Zs results in lepton parity and thus R parity or dark parity [23] which is odd for some
particles, the lightest neutral one being dark matter. A closer look at the neutral fermion
singlets shows that one may be a keV sterile neutrino, and two others are heavy and stable,

thus realizing the interesting scenario of multipartite dark matter.

12



2.1 Model

The extra left-handed neutral singlet fermions have charges (2,2,2,2, -1, —1, —3),

so that

42 +2(—1)> +(=3)> =3, 4(2) +2(—1)+(=3) = 3. (2.3)

Since there is no charge +1 in the above, there is no connection between them and the
doublet neutrinos v with charge —1 through the one Higgs doublet ® which has charge
zero. Neutrinos are thus massless at tree level. To generate one-loop Majorana masses,
the basic mechanism of Ref. [24] is adopted, using the four fermions with charge 42, but
because of the U(1)p_1 gauge symmetry, we need both a scalar doublet (n*,n°) and a

scalar singlet x°.

Particle SUB)c | SU2)L |UQl)y | B L | B— L | copies | R parity

Q = (u,d) 3 2 /6 | 1/3 | 0 | 1/3 3 +
u’ 3* 1 -2/3 | =1/3| 0 | —1/3 3 +

d° 3* 1 /3 | —-1/3| 0 | —1/3 3 +

L= (v,e) 1 2 —1/2 0 1 -1 3 +
e 1 1 1 0 | -1 1 3 +

N 1 1 0 0 | -2 2 4 -

S 1 1 0 0 1 -1 2 +

S’ 1 1 0 0 3 -3 1 +

O = (T, 4") 1 2 1/2 0 0 0 1 +
n=(n"n 1 2 1/2 0 1 -1 1 -
x° 1 1 0 0 1 -1 1 —

1) 1 1 0 0 2 -2 1 +

o 1 1 0 0 4 —4 1 +

Table 2.1: Particle content of proposed model.

13



The U(1)p_1 gauge symmetry itself is broken by p9 with charge —2 and by p

with charge —4. The complete particle content of this model is shown in Table 2.1.

2.2 Radiative Neutrino Mass

Using the four N’s, radiative Majorana masses for the three v’s are generated as
shown in Fig. 2.1. [A systematic study of this mechanism under B — L (with only one

fermion and three scalars) appeared [25] but does not include our case, which has four

scalars.|
0
PI2
0 Y 0 0
@ O,,L\X ¢
" Bl
Y% X
0./ 0
n I’ ‘\77
1 \
i N, N Vj
0
P4

Figure 2.1: Radiative generation of neutrino mass through dark matter.

Note that N, 7, x all have odd R parity, so that the lightest neutral particle among
them is a dark-matter candidate. This is the scotogenic mechanism, from the Greek ’scotos’
meaning darkness. In addition to the nf®y trilinear coupling used in Fig. 2.1, there is also
the nf®xpy quadrilinear coupling, which may also be used to complete the loop. There are

4 real scalar fields, spanning v/2Re(n°), v2Im(n°), v2Re(x°), v2Im(x?). We denote their

14



mass eigenstates as ¢{ with mass m;. Let the v;Nyn° coupling be hY,, then the radiative

neutrino mass matrix is given by [24]:

h¥ h*, M,
(M) = 3 =S 02 F (o) — (0l 2P ), (2.4
k l

where V2Re(11°) = 35, y'¢q7, V2Im(n°) = 30, y[ Py with 35,(yf)? = ,(y))? = 1, a, =
m?/MZ, and the function F is given by:

zlnx

Flz) = . (2.5)

r—1

2.3 Multipartite Dark Matter

Since the only neutral particles of odd R parity are N,n", x°, there appears to be
only one dark-matter candidate. However as shown below, there could be two or even four,
all within the context of the existing model.

First note that pj , have exactly the right U(1)p_p, charges to make the (S, S, S")

fermions massive. The corresponding 3 x 3 mass matrix is of the form

Mg = 0 mgo  Mo3 (2.6)

miz ma3 0

where mg1,mgs come from (p9) = uy and m13,ma3 from (p) = ug. If all these entries are

of order 100 GeV to a few TeV, then there are three extra heavy singlet neutrinos in this

15



model which also have even R parity. They do not mix with the light active neutrinos v at
tree level, but do so in one loop. For example, S’ mixes with v as shown in Fig. 2.2.
¢O

1
\

0 .-~ T~ 0
" » v X
v N y N S’
0
P4

Figure 2.2: Radiative generation of v — S’ mixing.

Similarly S will also mix with v, using the SNx° Yukawa coupling. However, these terms
are negligible compared to the assumed large masses for (.9, S, S") and may be safely ignored.
Consider now the possibility that mi3, me3 << mg1, mge in Mg, then S’ obtains

a small seesaw mass given by

2 2
LT R

. 2.7
mgsi mg2 ( )

Let this be a few keV, then S’ is a light sterile neutrino which mixes with v only slightly
through Fig. 2.2. Hence it is a candidate for warm dark matter. Whereas the usual sterile
neutrino is an ad hoc invention, it has a natural place here in terms of its mass as well as
its suppressed mixing with the active neutrinos.

We now have the interesting scenario where part of the dark matter of the Universe
is cold, and the other is warm. This hybrid case was recently also obtained in a different

radiative model of neutrino masses [26]. Within the present context, there is a third possi-

16



bility. If we assign an extra Zs symmetry, under which S; o are odd and all other particles
even, then the only interactions involving Si 2 come from their diagonal U(1)p_; gauge
couplings and the diagonal Yukawa terms f1.5151(p9)* and f25252(p9)*. This means that
both S7 and Sy are stable and their relic abundances are determined by their annihilation
cross sections to SM particles. In this scenario, dark matter has four components [27].
Since Si 2 are now separated from S’, the mj3 and mgg terms in Mg are zero and

there is no tree-level mass for S’. However, there is a one-loop mass as shown in Fig. 2.3.

0
P2
A
g N
0 .-~ a0
X/« »\X
S’ N |y N S’
0
P4

Figure 2.3: Radiative generation of S’ mass.

This makes it more natural for S’ to be light. A detailed study of the dark-matter phe-

nomenology of this multipartite scenario will be given elsewhere.

2.4 Scalar Sector for Symmetry Breaking

In this model, there is only one Higgs doublet ® which breaks the SU(2)r x U(1)y
electroweak symmetry, whereas there are two Higgs singlets pa and pg which break U(1)p_1,

to Zs. The most general Higgs potential consisting of @, ps, p4 is given by

17



1 1
V= ig®'® + i3p3po + pipips + Spaalepl + Hoel + S ho(@10)”
1 * 1 * * *
+ 5Aa(p3p2)” + S Aa(Pipa)” + Ao2(@T®) (p3p2) + Noa(DT®)(ppa)

+ A2a(p3p2)(p1pa)-

Let (¢") = v, (pa) = ug, {ps) = u4, then the minimum of V is determined by:

0 =p2 + Mov? + Xogud + Aosu3,
_ 9 2 2 2
0 =p5 + No2v” + Aous + Aoguy + gy,

1
0 =’U,4(/L421 + )\04’1}2 -+ )\24u% + )\4ui) + §MQ4U§.

(2.8)

The would-be Goldstone bosons are ¢=, /21 m(¢?), corresponding to the breaking

of SU(2), x U(1)y to U(1)em, and v2[uaIm(p2) + 2usIm(ps)]/+/u3 + 4u3, corresponding

to the breaking of U(1)p_1 to Zs. The linear combination orthogonal to the latter is a

physical pseudoscalar A, with a mass given by:

_ 2 4 2
my — —Healuz +4ui)
QU4

(2.12)

The 3 x 3 mass-squared matrix of the physical scalars [v2Re(¢°), v/2Re(p2), vV2Re(p4)] is

given by

18



2)\0’02 2/\021)11,2 2)\047)11,4
M2 = 2)\02'I}UQ 2)\2u% ’LL2(2/\24U4 + /L24) (2'13)

2)\04UU4 UQ(2A24U4 + ,u24) 2)\4’1131 — /LQ4U%/2U4

For v? << “%,4’ V2Re(¢°) = h is approximately a mass eigenstate which is identified with

the 125 GeV particle discovered at the LHC.

2.5 (Gauge Sector

Since ¢° does not transform under U (1)p—r, and p24 do not transform under
SU(2), x U(1)y, there is no tree-level mixing between their corresponding gauge bosons
Z and Zp_y. In our convention, M%B_L = 8g%_L(u% + 4u?1). The LHC bound on Mz, ,
comes from the production of Zg_; from u and d quarks and its subsequent decay to e~ e™
and p~pT. If all the particles listed in Table 2.1 are possible decay products of Zg_j, with
negligible kinematic suppression, then its branching fraction to e~e™ and p~pu™ is about

0.061. The ¢, q coefficients used in the LHC analysis [12, 13] are then

2 2
1
Cy =Cqg= [() + <> ] g% X B(Zp_p —e et put) =136 x 1072 g% ;. (2.14)

From LHC data based on the 7 and 8 TeV runs, a bound of about 2.5 TeV would correspond

to gp_1, < 0.24.
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2.6 Conclusion

Using gauge U(1)p_1, symmetry, we have proposed a new anomaly-free solution
with exotic fermion singlets, such that neutrino mass is forbidden at tree level. We add
a number of new scalars so that neutrino masses are obtained in one loop through dark
matter, i.e. the scotogenic mechanism. Because of the structure of the new singlets required
for anomaly cancellation, we find a possible dark-matter scenario with four components.
Three are stable cold Weakly Interaction Massive Particles (WIMPs) and one a keV singlet

neutrino, i.e. warm dark matter with a very long lifetime.
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Chapter 3

B-L with Residual Z3 Symmetry

When three right-handed nuetrinos are added to the standard model under a
U(1)p—r, symmetry the most obvious charge assignment is (—1,—1,—1). The discussion
below is based upon [1] where the unconventional assignment (5, —4,—4) is chosen. As
a consequence a residual Zs symmetry remains after the breaking of U(1)p_y yielding a
possible, long-lived, dark-matter candidate.

Lepton number L is a familiar concept. It is usually defined as a global U(1)
symmetry, under which the leptons of the standard model (SM), i.e. e, u, T together with
their neutrinos v, v, v, have L = 1, and all other SM particles have L = 0. In the case
of nonzero Majorana neutrino masses, this continuous symmetry is broken to a discrete Zs
symmetry, i.e. (—1)% or lepton parity. Consider a gauge B — L extension of the SM, such
that a residual Z3 symmetry remains after the spontaneous breaking of B — L. This is then

a realization of the unusual notion of Z3 lepton symmetry.
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3.1 Neutrino Mass

The conventional treatment of gauge B— L has three right-handed singlet neutrinos
VR1, VR2, Vr3 transforming as —1, —1, —1 under B — L. It is well-known that this assignment

satisfies all the anomaly-free conditions for U(1)p_r. However, another assignment [21]

VR1,VR2,VR3 ~ 5, —4,—4 (3.1)

works as well, because

5—4—4=-3 (57— (4)?°—(4)*=-3. (3.2)

To obtain a realistic model with this assignment, it was recently proposed [22] that
three additional neutral singlet Dirac fermions Nj 23 be added with B — L = —1, together
with a singlet scalar y3 with B — L = 3. Consequently, the tree-level Yukawa couplings
U Nro® and Npvroxs, NLvrsxs are allowed, where & = (¢, ¢°) is the one Higgs doublet
of the SM. Together with the invariant N;, N mass terms, the 6 x 5 neutrino mass matrix
linking (71, N1) to (vgr, Ng) is of the form

0 My
Myn = (3.3)

Mz My
where My and My are 3 x 3 mass matrices and Mg is 3 x 2 because vg; has no tree-level
Yukawa coupling. This means that one linear combination of v, is massless. Of course, if

the dimension-five term vg NV LX% also exists, then Mg is 3 x 3 and M, is 6 x 6.
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The form of M, allows nonzero seesaw Dirac neutrino masses for v [28], i.e.

M, =~ MMy Ms. (3.4)

Without the implementation of a flavor symmetry, any 3 x 3 M,, is possible. Although the
gauge B — L is broken, a residual global L symmetry remains in this model with v,[, N all
having L = 1. Because the pairing of any two neutral fermions of the same chirality always
results in a nonzero B — L charge not divisible by 3 units in this model, it is impossible to
construct an operator of any dimension for a Majorana mass term which violates B — L.
Hence the neutrinos are indeed exactly Dirac.

We now add two more scalar singlets: xs with B— L = 2 and xg with B— L = —6.

The important new terms in the Lagrangian are:

Nivrixe, XeNrNr, x2NrNr, Xixe, XaXe (3.5)

Now B — L is broken by (x3) = us as well as (xg) = ug, and all neutrinos become massive.
If 9 is absent, then again a residual global L symmetry exists with L = 1 for v,I, N and
L = 0 for x36. However, the existence of x2 shows that the residual symmetry is then Z3,
such that xo and all leptons transform as w = exp(27i/3) under Z3 with x36 ~ 1. This is
thus the first example of a lepton symmetry which is not Z (for Majorana neutrinos), nor
U(1) or Zy [29, 30] (for Dirac neutrinos). Note that Z3 is also sufficient to guarantee that

all the neutrinos remain Dirac.
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Although there is no stabilizing symmetry here for dark matter, ys has very small
couplings to two neutrinos through the Yukawa terms of Eq. (3.5) from the mixing implied
by Eq. (3.3). This means that y2 may have a long enough lifetime to be suitable for dark

matter, as shown below.

3.2 Gauge Sector

In this model, there is of course a gauge boson Z’ which couples to B — L. Its
production at the Large Hadron Collider (LHC) is due to its couplings to quarks. Once
produced, it decays into quarks and leptons. In the conventional B — L assignment for
VR, its branching fractions to quarks, charged leptons, and neutrinos are 1/4, 3/8, and
3/8 respectively. These values are obtained by approximating all daughter masses as zero,
then the fermionic decays will be proportional to the daughter particle’s charge squared
multiplied by the number of copies.

In this model, the vy charges are (5, —4,—4), hence their resulting partial widths
are very large. Assuming that Z’ decays also into Y2, the respective branching fractions
into quarks, charged leptons, neutrinos, and y2 as dark matter are then 1/18, 1/12, 5/6,
and 1/36. This means Z’ has an 86% invisible width. Using the production of Z’ via ua
and dd initial states at the LHC and its decay into e"e™ or u~u™ as signature, the current
bound on mys assuming ¢’ = g, i.e. the SU(2)1 gauge coupling of the SM, is about 3 TeV,
based on recent LHC data [12, 13]. However, because the branching fraction into {71 is

reduced by a factor of 2/9 in our B — L model, this bound is reduced to about 2.5 TeV,
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again for ¢ = g. There is also a similar bound [31] from precision e”et — e~e™ measure-

ments at the Large Electron Positron Collider (LEP), i.e. my/ /g’ > a few TeV.

Particle Contribution B. R.
Quarks (1/3)2 x3x3x2+ (1/3)?x3x3x2=4] 1/18
Charged Leptons (-1)2x34+(-1)2x3=6 1/12
Neutrinos (=1)2 x 3 + (5)% +(4)? +(4)*> = 60 5/6
X2 (2)%/2 =2 1/36

Table 3.1: Branching Ratio calculation for this model.

3.3 Yo as Dark Matter

Consider for simplicity the coupling of x2 to just one N, with the interaction

1 1
Lint = EfLXQNLNL + ifRXQNRNR + H.c. (3.6)

Let the v, — Np mixing be (o = mo/my and vg — Ng mixing be (3 = mg/my, then the

decay rate of xs is

Dlxe = 77) = X (J76H + FAGH)- (3.7)

If we set this equal to the age of the Universe (13.75 x 10? years), and assuming m, = 100

GeV, fr = fr and (y = (3, then f¢? =8.75 x 10722, Hence

VC<<3x1071! (3.8)
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would guarantee the stability of y2 to the present day, and allow it to be a dark-matter
candidate. This sets the scale of my at about 10'3 GeV, which is also the usual mass scale
for the heavy Majorana singlet neutrino in the canonical seesaw mechanism.

Since x» interacts with nuclei through Z’, there is also a significant constraint from

dark-matter direct-search experiments. The cross section per nucleon is given by

2
1 2 (247
00 =~ < Ty Tn ) 1, (3.9)
T \my + Am, my,

where A is the number of nucleons in the target and m,, is the nucleon mass. Consider for

example m,, = 100 GeV, then oy < 1.25 x 107%5 ecm? from the LUX data [32]. This implies
my /g > 16.2 TeV, as shown in Fig. 3.1.

If ¢ = g, then myz > 10.6 TeV. This limit is thus much more severe than the LHC bound
of 2.5 TeV. If ¢’ < g, then both the LHC and LUX bounds on my: are relaxed. However,
it also means that it is unlikely that Z’ would be discovered at the LHC even with the 14
TeV run.

Consider now the annihilation cross section of x2x35 for obtaining its thermal relic
abundance. The process x2x5 — Z’ — SM particles is p-wave suppressed and is unlikely
to be strong enough for this purpose. We may then consider the well-studied process
X2X5 — h — SM particles, where h is the SM Higgs boson. If this is assumed to account for
all of the dark-matter relic abundance of the Universe, then it has recently been shown [33]
that the required strength of this interaction is in conflict with LUX data except for a small

region near m, = my/2. On the other hand, another analysis [34] claims that a region with
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Figure 3.1: Lower bound on my: /g’ versus m, from LUX data.

m, somewhat greater than my, is still allowed.

In this chapter, we will consider the following alternative scenario. We assume
that the hxax5 interaction is negligible, so that neither Higgs nor Z’ exchange is important
for x2x5 annihilation. Instead we invoke the new interactions of Fig. 3.2. Since x3¢ may
interact freely with h, thermal equilibrium is maintained with the other SM particles. This
scenario requires of course that m, to be greater than at least one physical mass eigenvalue

in the x36 sector.
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Figure 3.2: x2x5 annihilation to x3¢ final states.

To summarize, xs ~ w under Z3 and decays into two antineutrinos, but its life-
time is much longer than the age of the Universe. It is thus an example of Z3 dark mat-
ter [35, 36, 37, 38, 39]. It is also different from previous Zy proposals [40, 41] based on
Ref. [21]. Tt has significant elastic interactions with nuclei through Z' and Higgs exchange
and may be discovered in direct-search experiments. On the other hand, its relic abundance
is determined not by Z’ or Higgs interactions, but by its annihilation to other scalars of this
model which maintain thermal equilibrium with the SM particles through the SM Higgs
boson. Note that this is also the mechanism used in a recently proposed model of vector

dark matter [42].
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3.4 Scalar Sector

Consider the scalar potential:
V = — i3 (®T®) + m3(x3x2) — #3(x5x3) — 13 (X5xs)
1 )2 1 * 2 1 * 2 1 * 2 * T
+52(2T8)7 + S A2 (x2x2)” + 5A3(X3x3)” + 5 A6 (X6X6)” + Aoz (xax2) (P1@)

+ M3 (3x3) (@T®) 4 A6 (xixe) (BT®) + Aas(xbx2) (ixs) + Aas(Xsx2) (XiXe)

+ A36(x3x3)(X6X6) + [%f%(X%XG) +H.c] + [é b (X3x6) + H.c]. (3.10)

Let (¢°) = v, (x3) = u3, {x6) = ug, then the minimum of V is determined by:

,u% :)\0’02 + )\0311,% + )\ogu%, (311)
2 _y .2 2 2
13 =A3uz + Aoav” + Asgug + f36us, (3.12)
2
U
,U% :)\6’11/(25 + >\06U2 + /\36'“% + f;i 3. (313)
6
There is one dark-matter scalar boson o with mass given by:
mi = m% + )\02112 + )\qug + )\Qﬁug. (3.14)
There is one physical pseudoscalar boson:
A = V2Im(2uexs + uzxe)/\/ug + dud (3.15)
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with mass given by:

m?% = — fa(u3 + 4ug)/2ue. (3.16)

There are three physical scalar bosons spanning the basis [h, v2Re(x3), vV2Re(x6)], with

3 x 3 mass-squared matrix given by:

2 002 2033V 2 p6UgV
M? = 2\03U3V 2)\3u§ 2A36usue + fagus (3.17)
2Xo6UeV  2A36usus + fasus  2Aeud — faeud/2ue
For illustration, we consider the special case Ag3 = Agg = 0, so that h decouples
from x36. It then becomes identical to that of the SM, and may be identified with the 125

GeV particle discovered [5, 6] at the LHC. We now look for a solution with:

S :\/§Re(—u3><3 + 2ugxe)/\/ u3 + 4ud, (3.18)
S’ =V2Re(2ugxs + usxs)/\/u3 + 4ud, (3.19)

as mass eigenstates. This is easily accomplished for example with:

uz = 2ug, 4X3 = X¢ — f36/up- (3.20)

In this case,
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S = —Rexs + Rexﬁ,m% = 2)\61% — 4)\361’% — 4 f36ug, (3.21)

S' = Rexs + Rexg,m% = 2\guz + 4 sgus, (3.22)
A = Imxs + Imye,m% = —4f3gus, (3.23)
myr = 129’u6. (3.24)

The couplings of xax5 to S and S” are given by:

x2X3[ue(A26 — 2X23)S + ug(Aag + 2X23) 5] (3.25)

Since S plays the same role in breaking B— L as the Higgs boson h does in breaking
SU(2)z, x U(1)y, it is expected to be massive of order \/u3 + 4u2 = 2v/2ug. This allows
mg to be adjusted to be very small, then it may serve as a light scalar mediator for xo
as self-interacting dark matter [43]. This is not a necessary assumption of the model and
requires fine tuning of scalar parameters to achieve. We merely want to demonstrate that
such a possible scenario exists within our model. For mg ~ 0, we need A\3s6 = —Ag/2. In

that case, using Eq. (3.20), we find:

m¥% = 16)\3u?, m4 =m% — d\eud. (3.26)

We assume that the relic density of x2 is dominated by the x2x5 annihilation to
S’S’. This may have to be revised if the semi-annihilation xax2 — x5S’ is sizeable. Here

we simply assume that M, is small. For illustration, we set to zero the x2x35’S’ coupling,
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ie. Aoz + Aog = 0, as well as the SS'S” coupling, i.e. —12X3 + 6Xg + 2A36 — f36/us = 0.
This implies A3 = A¢/2 so that the S’S’S’ coupling is also zero and m% = m%/2. This
choice of parameters means that only the middle diagram of Fig. 3.2 contributes to the

X2X5 annihilation cross section with:

1 A%GU(ZS ?
= 3.27
g X Urel 647rm§< mi ( )

Equating this to the optimal value [44] of 4.4 x 10726 cm® s~! for the correct dark-matter

relic density of the Universe, we find for m, = 100 GeV

(3.28)

1T
Ao = 0.0295 ( eV) .

Ug

We assume of course that m4 > 2m,,.

For S’ to be in thermal equilibrium with the SM particles, we consider nonzero
values of A\g3 and Agg. This is possible in our chosen parameter space if 2Ag3 + Agg == 0, so
that the S’h mixing is very small and yet the S’S’h coupling A\ggv/4v/2 and S’S’hh coupling
Ao6/16 may be significant. Note that the Sh mixing is now fixed at (Aos/Ne)(v/2v/2ug)
which may yet be suitably suppressed for h to be essentially the one Higgs boson of the SM.
Even if A\g3 06 are negligible, the gauge interaction S’AZ’ may also be sufficient to maintain
thermal equilibrium. This may also affect the magnitude of the self-interacting x2x5 cross

section.
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The h — S'S’ decay width is given by:

2 .2
D(h— §'8") = 28V _ < (?864

2
- - 0.5 MeV. 3.29
256mmy, ) ¢ (3:29)

It is invisible at the LHC because S’ decays slowly to e”e™ only through its mixing with h,

if mg: ~ 10 MeV for S’ as a light mediator for the self-interacting dark matter yo.

3.5 Conclusion

In conclusion, we have considered the unusual case of a gauge B — L symme-
try which is spontaneously broken to Zs lepton number. Neutrinos are Dirac fermions
transforming as w = exp(27i/3) under Zs. A complex neutral scalar x» exists which also
transforms as w. It is not absolutely stable, but decays to two antineutrinos with a lifetime
much greater than that of the Universe. It is thus an example of Z3 dark matter. In ad-
dition to the one Higgs boson h of the SM, there are three neutral scalars S,S’, A and one
heavy vector gauge boson Z'. From direct-search experiments, myz: /g’ is constrained to be
very large, thus making it impossible to discover Z’ at the LHC even with the current run.
The relic abundance of 2 is determined by its annihilation into S’ which is a candidate for

the light mediator by which yo obtains its long-range self-interaction.
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Chapter 4

Generalized Gauge U(1) Family

Symmetries

This chapter discusses the charge assignment of an arbitrary U(1) gauged extension
to the Standard Model. Restrictions placed on the particle charge assignment under the
U(1) extension is explored and two sample models will be proposed concluding with some

effects to be observed. This chapter is based upon the previously published work in Ref. [3].

4.1 Anomaly Constraints

The Standard Model governs the interactions between the three families of quarks
and leptons. Under its SU(3).x.SU(2)xU(1)y gauge symmetry the right-handed neutrinos
vgr do not transform. As a consequence the right-handed neutrinos are not included in the
Minimal Standard Model. Since neutrinos are known to be massive [8], vr should be

considered as additions to the Standard Model. To accomplish this, a possible new family
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gauge symmetry U(1)p is admitted with charges nj 23 for the quarks and n/1,2,3 for the

leptons as shown in Table 4.1.

Particle SU(B)C SU(?)L U(l)y U(l)F
QiL == (U,Cl)iL 3 2 1/6 T,
UiR 3 1 2/3 n;
diR 3 1 —1/3 n;
LiL = (V, l)zL 1 2 —1/2 n;
liR 1 1 -1 n;
ViR 1 1 0 n,

Table 4.1: Fermion assignments under U(1) .

Anomaly cancellation is imposed to constrain n 23 and n} 5.3- The contributions

of color triplets to the [SU(3)]2U(1)r anomaly sum up to:

3
SUG)2U(1)p : % S (2 — ns — ny); (4.1)
=1

and the contributions of Q;, u;r, dir, Lir,lir to the U(1)y[U(1)r]? anomaly sum up to:

Uy [UD)p)? : ; [6 <é) -3 (;) —3 <—;>} n? + [2 (-i) - (—1)] n?. (4.2)

2

Both are automatically zero, as well as the cubic ([U(1)r]®) and gravitational
(grav?U (1)) anomalies, because all fermions couple to U(1)p vectorially. The contribu-

tions of the SU(2)r, doublets to the [SU(2)]?U(1)r anomaly sum up to:

SUGPUM + 5 > (@ +nl) (13)
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and the contributions to the [U(1)y]?U(1)r anomaly sum up to:

i=1
Both are zero if:
3
> (3ni+nj) =0. (4.5)
i=1
ni | n2 | mz | ny | nh | ng Model
1/3[1/3] 1/3 | -1 | -1 -1 B— L [20]
0 0 0 | 0] 1 |—1]|L,_ L, [47, 48, 49, 50]
1/31/3|1/3] 0 | 0 | 3| B_3L, [51, 52, 53, 54
131/31/3] 3 | 3| 3 Ref. [55]
T 1| 2] 1]1]=2 Ref. [56]
a a | —2a| 0 | -1 1 Ref. [57]

Table 4.2: Examples of models satisfying Eq. (4.5).
Furthermore these results can be extended to more than three families, for example in the
case of four families n123 = 1/3, ny = —1, and n} 53 = 1, njy = —3 [45, 46] as a separate
gauging of B and L. There are many specific examples of models which satisfy the condition
shown in Table 4.2.
We will now discuss two examples which offer some insights to the structure of

mixing among the quark and lepton families. Both models have nontrivial connections
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ny | ng | ng | ny | nh | ng | Model
1 1 0 0|—-2]—-4 A
0

Table 4.3: Two new models satisfying Eq. (4.5).

between quarks and leptons. Their structures are shown in Table 4.3.

In both cases, with only one Higgs doublet with zero charge under U(1)p, quark
and lepton mass matrices are diagonal except for the first two quark families. This allows
for mixing among them, but not with the third family. It is a good approximation to the
3 x 3 quark mixing matrix, to the extent that mixing with the third family is known to be
suppressed. In the leptonic sector, mixing also comes from the Majoranna mass matrix of vg
which depends on the choice of singlets with vacuum expectation values which break U(1) .
Adding a second Higgs doublet with nonzero U(1)r charge will allow mixing of the first
two families of quarks with the third in both cases. As for the leptons, this will not affect
Model A, but will cause mixing in the charged-lepton and Dirac neutrino mass matrices in
Model B. Flavor-changing neutral currents are predicted with interesting phenomenological

consequences.

4.2 Basic Structure of Model A

Consider first the structure of the 3 x 3 quark mass matrix My linking (dr,, 51, br.)

to (dr, sr,bgr). Using:

®; = ( ;rvqb(l)) ~ (172a 1/2;0)a (4'6)
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with (@) = v, it is clear that My is block diagonal with a 2 x 2 submatrix which may be

rotated on the left to become:

Ma= sy e 0 0 m, 0 (4.7)

where s;, = sinf, and c;, = cosf;,. We now add a second Higgs doublet:

Py = ((b;—?(bg) ~(1,2,1/2;1), (4.8)

with (¢9) = va, so that:

cr, —sr O ml, 0 ml,

Ma= sy ¢, 0 0 ml ml, (4.9)

m’ 0 0 cr sr O
MU = 0 m’c 0 —SR CR 0> (4‘10)
ml, mL, m; 0o 0 1

where it has been rotated on the right. Because of the physical mass hierarchy m, <<
me << my, the diagonalization of Eq. (4.10) will have very small deviations from unity on

the left. Hence the unitary matrix diagonalizing Eq. (4.9) on the left will be essentially the
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experimentally observed quark mixing matrix Vo s which has three angles and one phase.
Now M of Eq. (4.9) has exactly seven parameters, the three diagonal masses m/,, m/, my,
the angle 61, the off-diagonal mass m/, which can be chosen real, and the off-diagonal mass
m/y, which is complex. With the input of the three quark mass eigenvalues mg, ms, my, and
Vo m, these seven parameters can be determined.

Consider the diagonalization of the real mass matrix:

a 0 spc a(l—s%/2) 0 0
0 b sec|=Ve 0 b(1 — s2/2) 0 Vi (411)
00 c 0 0 c(1+s2/2+ s2/2)

where 512 << 1 and a << b << ¢ have been assumed. To determine V7, and Vz we utilize

their properties as a unitary matrix, that is:

ViV = ViV = VeV =vivg =1 (4.12)

By multiplying our matrix by it’s Hermitian Conjugate on the right(left) we can eliminate

VivL):
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a 0 sic a 0 O

0 b ssc 0O b 0]~=

0 0 ¢ sic S9¢ ¢
2
a(l—s3/2) 0 0
=V 0 b(1 — s3/2) 0 v
0 0 c(1+s3/2+ s3/2)
Thus we obtain:
1—s2/2 —515202/(b? — 53¢ — a?) 1
Vi = | s189a%) (0% + s3¢% — a?) 1—s3/2 S9
—S1 —S92 1—3%/2—3%/2
and:
1 s1sgab/(b? — a?) —sia/c
V; = | —s182ab/(b* — a?) 1 —sab/c
sia/c sob/c 1
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Hence:

c, —sr O e 0 0

Vekm=|sy e of]l 0 1 ofVe (4.16)

where « is the phase transferred from m/,.

Comparing the above with the known values of Vogas [10], we obtain

s1 = 0.00886, sy =0.0405, s; = —0.2253, €= —0.9215 4 i0.3884, (4.17)

with mg = m/,, ms = m’, my = m} to a very good approximation.
d d» s b Yy g pPp

4.3 Scalar sector of Model A

In addition to @12, we add a scalar singlet:

o~ (1,1,0;1), (4.18)

then the Higgs potential containing ®; 2 and o is given by:
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V =mi®l®) + m3dldy + miso + [uo®i®, + H.c|
1 1 1
+ 5A1(<1>{<1>1)2 + 5A2(<1>;c1>2)2 + 5A?,(c—m—)2 + AP D)) (DL D)

+ N (DT 00) (DLD1) + A13(D1 D)) (50) + Aos(PLDo) (50). (4.19)

Let (47 ,) = v1,2 and () = u, then the minimum of V' is determined by:

0 = vi(md + Ao + (M2 + No)v3 + Aizu?) + pogu, (4.20)
0 = wa(m3+ Aov3 + (M2 + No)v? + Aazu?) + pvru, (4.21)
0 = u(m3+ Azu? + Aizvd + Aosvd) + pvrvs. (4.22)

For m3 large and positive, a solution exists with v3 << v? << u?, i.e.

2 2
9 _ —mj o _ —mi—Aigu Y UL

) >~ - 4.23
2 m3 + Aozu? (4.23)

Hence the scalar particle spectrum of Model A consists of a Higgs boson h very much like
that of the SM with m? ~ 2\1v, a heavy Higgs boson which breaks U (1) p with m2 ~ 2A3u?,

and a heavy scalar doublet very much like ®2 with m?(¢5, ¢9) ~ m3 + Aasu?.
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4.4 Gauge sector of Model A

With the scalar structure already considered, the Z — Zr mass-squared matrix is
given by:
97 (vf +v3) /4 —gzgrv3/2

M 5. = : (4.24)

—g9z9rv3 /2 gp(u? + v3)

The Z — Zp mixing is then (97/2gr)(v3/u?). For vy ~ 10 GeV and u ~ 1 TeV, this is about
104, well within the experimentally allowed range.

Since Zp couples to quarks and leptons according to n1 23 and n’1’2,3, its branching
fractions to e~e™ and p~u™ are given by 2n’1722/(12 S n2 433 nl?). Since n) = 0, we need
consider only the branching fraction Zp — u~u™ to compare against data. For Model A, it

is about 2/21. The ¢, 4 coefficients used in the experimental search [12, 13] of Zp are then:

cu = cqg = 29%(2/21). (4.25)

For gr = 0.13, a lower bound of about 4.0 TeV on mg, is obtained from the
Large Hadron Collider (LHC) based on the preliminary 13 TeV data by comparison with
the published data from the 7 and 8 TeV runs. Note however that if Zp — e~ e™ is ever

observed, this particular model is ruled out.
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4.5 Flavor-changing interactions

Whereas the SM Z boson does not mediate any flavor-changing interactions, the

heavy Zr does because it distinguishes families. For quarks,

Lz, = gpZh(W v +vyud + dyud + 57y,8). (4.26)

Using Eqs. (4.14) and (4.15) to express the above in terms of mass eigenstates for the d

sector, and keeping only the leading flavor-changing terms, we find:

‘C/ZF = QFZ%[SI(JL’YubL‘}‘BL'YudL)+52('§L’7ubL+BL’Y/L5L)_5152(JL'YMSL+§L’7;LdL)]~ (4.27)

From the experimental values of the BY — BY, Bg — Bg, and Kj; — Kg mass

differences, severe constraints on g%/ mQZF are obtained, coming from the operators:

(dryubr)* + Hee.,  (Gryubr)? + Hee.y,  (dpyusp)? + H.c. (4.28)

respectively. Using typical values of quark masses and hadronic decay and bag parame-

ters [58], we estimate the various Wilson coefficients to find their contributions as follows:
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AMp =4.5 x 1072 si(gp/m3%,) GeV?, (4.29)
AMp, =6.4 x 1072 s3(g%/m7%,) GeV?, (4.30)

AMpg =19 x 1073 s%s%(g%/mZZF) GeV3, (4.31)

Using Eq. (4.17) and assuming that the above contributions are no more than 10%
of their experimental values [10], we find the lower limits on mz,/gr to be 10.2, 9.5, 0.84
TeV respectively. This is easily satisfied for mz, > 4.0 TeV with gr = 0.13 from the LHC
bound discussed in the previous section.

In the scalar sector, since ®12 both contribute to Mg, the neutral scalar field
orthogonal to the SM Higgs field will also mediate flavor-changing interactions. The Yukawa

interactions are:

hi

Ly = —
YT Vo

(mgdydp + mSps +mybybp) + (migpdp by +mgsibp).  (4.32)

_ha
V2uo

Extracting again the leading flavor-changing terms, we obtain:

h h - _
[,g/ = <\/§21}2 - \/§1U1> (slmdebR + SompSLbp — S189msdr SR

— S18omySrdp — slsgmdl_)LdR — ngsl_)LSR), (4.33)
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where the physical scalar (vihy — vohy)//v} +v3 = H +iA is a complex field, with mpy =~
ma.
Assuming negligible mixing between H or A with the SM h (identified as the 125

GeV particle observed at the LHC), we consider the following effective operators [59]:

2,92 2
simy (1 1 9 Sissmpymg [ 1 = -
s2m? 1 1 _ s4mbm 1 1 _ _
o (o g ) ot = 0 (L) G + e (435)
2.2, 2 1 1 _ 2.2 1 1 _ _
818272/n3 < 5 _ 5 > (dLSR)2 _ w <2 _|_ 2) (dLSR)(dRSL) —|— H.C. (436)

The upper bounds on (1/v3)[(1/m%) — (1/m?)] from AMp, AMp,, AMy are then

(4.5 x1079, 5.3 x107%, 4.5 x 1073) GeV ™4, (4.37)

respectively, whereas those on (1/v3)[(1/m%) + (1/m?)] are

(1.4 x 1074, 1.7 x 107°, 8.0 x 107°) GeV ™. (4.38)

For vy = 10 GeV, these are easily satisfied with for example my = 500 GeV and m4 = 520

GeV.
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4.6 Lepton sector of Model A

With the chosen U(1)g charges (0,—2,—4) of Table 4.3, the charged-lepton and
Dirac neutrino mass matrices (M; and Mp) are both diagonal. As for the 3 x 3 Majorana
mass matrix Mp of vg, it depends on the choice of scalar singlets which break U(1)r. We
have already used o ~ 1 [see Eq. (4.18)] to induce a small vs [see Eq. (4.23)]. Call that o;

and add o924 ~ 2,4, with vacuum expectation values ;2 4 respectively. Then

My My, M,
Mp = My, M; 0 |- (4.39)
Ms 0 0

where My is an allowed invariant mas term, M; comes from ug, and My 3 from us. The

seesaw neutrino mass matrix is then

0 0 a
My = MpMZME =g 3 . (4.40)
a ¢ d

where the two texture zeros appear because of the form of Mg and M p being diagonal [60].
This form is known to be suitable for a best fit [61] to current neutrino-oscillation data with

normal ordering of neutrino masses.
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4.7 Basic structure of Model B

The quark structure of Model B is basically the same as that of Model A, with

the second Higgs doublet now having two units of U(1)p charge, i.e.

@2 = (¢3,05) ~ (1,2,1/2;2). (4.41)
Hence oy ~ (1,1,0;2) is needed for the oo®®; term in Eq. (17).
In the gauge sector, again Zr — e~ e™ is zero, and the branching fraction Zp —
p~pt is now 2/51. The ¢, 4 coefficients are then
cu = cq = 297(2/51). (4.42)
For the same choice of gp = 0.13 for Model A, the present experimental lower
bound from LHC data is reduced from 4.0 TeV to 3.7 TeV. For quarks,
Lz, = grZia(W v + yud — Pyt + dyd + 5 y,8 —byb). (4.43)

Using Eqgs. (12) and (13) to express the above in terms of mass eigenstates for the

d sector, and keeping only the leading flavor-changing terms, we find:

‘C/ZF = 2gFZ;[—51(JL7#bL + BL'YudL) — 32(§L7ubL + BL’}/#SL) + 3132(JL'7;1,5L + §L’7,udL)]-

(4.44)
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This differs from Eq. (4.25) only by an overall factor of —2. As for the scalar
sector, Eqs. (4.32) and (4.33) remain the same. Altogether, this means that Eqgs. (4.9) to

(4.17) are also valid in Model B.

4.8 Lepton sector of Model B

With the chosen U(1)r charges (0,—1,—2) of Table 4.3, the charged-lepton and

Dirac neutrino mass matrices are given by

m, 0 m,, my 0 O
Mi=10 m, 0] Mp=|o0 mj o] (4.45)
0 0 ml my 0 mf

Using the scalar singlets ;1 ~ 1 as well o3, the v Majorana mass matrix is again
given by Eq. (4.39). Now even though Mp is not diagonal, Eq. (4.40) is still obtained,
thereby guaranteeing a best fit to current neutrino-oscillation data. The difference from
Model A is the presence of 7 — e transitions from the nondiagonal M;. However, for
mL,./m! < 0.1, the branching fraction of 7 — ep~pu" is less than 2 x 107!, far below the

current bound of 4.1 x 1078,

4.9 Application to LHC anomalies

Whereas Zp also mediates b — sy~ u™, its effect is too small in Models A and B to
explain the tentative LHC observations of B — K*u~pu™ and the ratio of BT — K+t~ pu*

to Bt — K'te e" [62]. The reason is the stringent bound on myz, from LHC data as
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a function of gp through the parameters ¢, q of Eqs. (4.25) and (4.42). Suppose we take
ni23 = (0,0,1) and n} 5 3 = (0, —3,0), then Zr couples to only p~p* and Y1, thus allowing
for b — s mixing, but ¢, 4 = 0. This evades the direct LHC bound, and may be used to
explain the B anomalies if they persist. Of course, Eqgs. (4.29) to (4.31) still hold, and a

full analysis of the detailed structure of B — K*u~ u™ will be required.

4.10 Conclusion

We have generalized the B — L symmetry as a gauge U(1)r extension of the
standard model, where quarks and leptons of each family may transform differently. We
have considered two new examples (A and B), each with two Higgs doublets and restricted
quark mass matrices consistent with data. The new Zp gauge boson couples differently
to each quark and lepton family, and is constrained by present data to be heavier than
about 4 TeV if gp = 0.13. Future data may reveal just such a Zr belonging to this class of
models. Flavor-changing interactions are suitably suppressed by the assignments of quarks
and leptons under U(1) . In the leptonic sector, with the addition of a minimal set of Higgs
singlets, a Majorana neutrino mass matrix of two texture zeros may be obtained, leading

to a best fit of neutrino-oscillation data with normal ordering of neutrino masses.
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Chapter 5

Phenomenology of the Utilitarian

Supersymmetric Standard Model

Since the announcement [63, 64] by the ATLAS and CMS Collaborations at the
Large Hadron Collider (LHC) of a diphoton excess around 750 GeV, numerous papers [65]
have appeared explaining its presence or discussing its implications. In August of 2016, the
750 GeV excess was not confirmed indicating this as a statistical fluctuation [66]. In this
chapter, we study the phenomenology of a model proposed in 2002 [67], which has exactly
all the necessary and sufficient particles and interactions for this purpose. They were of
course there for solving other issues in particle physics. However, the ”observed” diphoton
excess may well be a first revelation [68] of this model, including its connection to dark
matter.

This 2002 model extends the supersymmetric standard model by a new U(1)x

gauge symmetry. It replaces the y term with a singlet scalar superfield which also couples
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to heavy color-triplet superfields which are electroweak singlets. The latter are not ad hoc
inventions, but are necessary for the cancellation of axial-vector anomalies. It was shown

in Ref. [67] how this was accomplished by the remarkable exact factorization of the sum of

eleven cubic terms, resulting in two generic classes of solutions [69]. Both are able to enforce
the conservation of baryon number and lepton number up to dimension-five terms. As such,
the scalar singlet and the vectorlike quarks are indispensible ingredients of this 2002 model.
They are thus naturally suited for explaining the observed diphoton excess. In 2010 [70], a
specific version was discussed, which will be the subject of this paper as well. An important
byproduct of this study is the discovery of relaxed supersymmetric constraints on the Higgs

boson’s mass of 125 GeV. This is independent of the diphoton excess’ lack of confirmation.

5.1 Model

Consider the gauge group SU(3)c x SU(2)r x U(1)y x U(1)x with the particle
content of Ref. [67]. For n; = 0 and n4y = 1/3 in Solution (A), the various superfields
transform as shown in Table 1. There are three copies of Q,u¢, d¢, L,e¢, N¢, S1,S9; two
copies of U, U*¢, S3; and one copy of ¢1, ¢2, D, D°.

The only allowed terms of the superpotential are thus trilinear, i.e.

Quc¢27 Qdc¢1a L€C¢17 LNC¢27 S3¢1¢25 NCNCSlu (51)

SsUUS,  S3DDS,  wNU, uD, d°N°D, QLD¢, S1S5Ss. (5.2)
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Superfield | SU3)c | SU2), | U(l)y | U(1)x

Q = (u,d) 3 2 1/6 0
u® 3* 1 —2/3 1/2
d° 3* 1 1/3 1/2

L= (v,e) 1 2 -1/2 1/3
e 1 1 1 1/6
N¢ 1 1 0 1/6
o1 1 2 -1/2 | —-1/2
0% 1 2 1/2 —1/2
S1 1 1 0 -1/3
So 1 1 0 —2/3
S3 1 1 0 1
U 3 1 2/3 —2/3
D 3 1 -1/3 | —=2/3
U° 3* 1 -2/3 | —-1/3
D¢ 3* 1 1/3 -1/3

Table 5.1: Particle content of proposed model.

The absence of any bilinear term means that all masses come from soft supersymmetry
breaking, thus explaining why the U(1)x and electroweak symmetry breaking scales are not
far from that of supersymmetry breaking. As Si23 acquire nonzero vacuum expectation
values (VEVs), the exotic (U,U¢) and (D, D) fermions obtain Dirac masses from (S3),
which also generates the p term. The singlet N¢ fermion gets a large Majorana mass from
(S1), so that the neutrino v gets a small seesaw mass in the usual way. The singlet S; 23
fermions themselves get Majorana masses from their scalar counterparts (S72,3) through
the 515953 terms. The only massless fields left are the usual quarks and leptons. They then
become massive as gb(l)’2 acquire VEVs, as in the minimal supersymmetric standard model

(MSSM).

L

)

Because of U(1) x, the structure of the superpotential conserves both B and (—1)

with B = 1/3 for Q,U, D, and B = —1/3 for u®, d®, U¢, D¢ (—1)* odd for L, e¢, N¢,U,U¢, D, D,
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and even for all others. Hence the exotic U,U¢, D, D¢ scalars are leptoquarks and decay
into ordinary quarks and leptons. The R parity of the MSSM is defined here in the same
way, i.e. R= (—)%*3B+L and is conserved. Note also that the quadrilinear terms QQQL
and uutd‘e (allowed in the MSSM) as well as u¢d“d°N¢ are forbidden by U(1)x. Proton
decay is thus strongly suppressed. It may proceed through the quintilinear term QQQL.Sy
as the 5] fields acquire VEVs, but this is a dimension-six term in the effective Lagrangian,
which is suppressed by two powers of a very large mass, say the Planck mass, and may

safely be allowed.

5.2 Gauge Sector

The new Zx gauge boson of this model becomes massive through (Si23) = u1 23,
whereas (¢(1)72> = v1,2 contribute to both Z and Zx. The resulting 2 x 2 mass-squared matrix

is given by [71]

My — (1/2)g7(vf + v3) (1/2)9z9x (v3 — o)  63)

(1/2)gzgx (v3 —v}) 203 [(1/9)uf + (4/9)u3 + uf + (1/4) (v} + v3)]

Since precision electroweak measurements require Z — Zx mixing to be very
small [72], v1 = vq, i.e. tanf = 1, is preferred. With the 2012 discovery [5, 6] of the
125 GeV particle, and identified as the one Higgs boson h responsible for electroweak sym-
metry breaking, tan 8 = 1 is not compatible with the MSSM, but is perfectly consistent

here, as shown already in Ref. [70] and in more detail in the next section.
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Consider the decay of Zx to the usual quarks and leptons. Each fermionic partial
width is given by
_ gg{ Mz

P(Zx > ) = 20 4 e, (54)

where ¢y, p can be read off under U(1)x from Table 1. Thus

P(Zx —1tt)  T(Zx —bb) 27 (5.5)
I'Zx »ptp~) T(Zx —>putp~) 5 '

This will serve to distinguish it from other Z’ models [73].
At the LHC, limits on the mass of any Z’ boson depend on its production by u
and d quarks times its branching fraction to e”e™ and p~u™. In a general analysis of Z’

couplings to v and d quarks,

/
£ =22, Frulov — 9475)1, (5.6)

where f = u,d. The ¢, ¢q coefficients used in an experimental search [12, 13] of Z’ are then

given by

/2 /2

co =T lgh)? + (GAABEZ — 1710, =Tl + (@DIB(Z = 1), (5.7)

where [ = e, u. In this model
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Cu =g = %B(z’ S ). (5.8)

To estimate B(Z' — [71T), we assume Zy decays to all SM quarks and leptons
with effective zero mass, all the scalar leptons with effective mass of 500 GeV, all the
scalar quarks with effective mass of 800 GeV, the exotic U, D fermions with effective mass
of 400 GeV (needed to explain the diphoton excess), and one pseudo-Dirac fermion from
combining S 5 (the dark matter candidate to be discussed) with mass of 200 GeV. We find
B(Z' — I71") = 0.04, and for gx = 0.53, a lower bound of 2.85 TeV on my, is obtained

from the LHC data based on the 7 and 8 TeV runs.

5.3 Scalar Sector

Consider the scalar potential consisting of ¢;2 and Sj23. Whereas there are 2
copies of S3 and 3 copies each of Si 2, we can choose one copy each to be the one with
nonzero vacuum expectation value. We then assume that the superpotential linking them

is given by

W = fS3¢p1¢2 + hS535951, (5.9)

which is of course missing some terms. We have neglected them for simplicity. Its contri-

bution to the scalar potential is
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Vi = f2(®1®) + ®Idy) 5585 + h2(SFS) 4 5552)5585 + | fO1 Dy + 1SS, (5.10)

where ¢; has been redefined to ®; = (¢, #}). The gauge contribution is

1
Vo = go3l(®]21)° + (2002)° +2(2[81)(2]02) — 4(B]2)(2)P1)
1
+ gg%[—(‘ph’l)‘i‘(@g%ﬂg
1 1 1 1, 2 . Lo P
T30k |5l - S@hes — D578 - 2555, + S5Ss - (5.11)

The soft supersymmetry-breaking terms are
— 25T 25T 2 q* 2 q* 2 o
VSOft = ,U/1¢1q>1 + /,112®2(I)2 —+ m3535'3 —+ m25252 —+ mlsl Sl

+ [m12S557 + ApfS3®I®y + AphS3555) + H.cl. (5.12)

In addition, there is an important one-loop contribution from the ¢ quark and its supersym-

metric scalar partners:

1
Vi = Sha(@h)%, (5.13)

where

58



T 2

6G2 4 m: ms
o = — LTy < a t?) (5.14)
m

t

is the well-known correction which allows the Higgs mass to exceed mz.
Let <¢?’2> = v12 and (Si23) = w123, we study the conditions for obtaining a
minimum of the scalar potential V' = Vp + Vp + Viops + Vi We look for the solution

v1 = v9 = v which implies that

pE =ps + Agv® (5.15)

1 1 2
0=p2 + Ay fug + f2(u3 +0?) + §g§( <v2 + gu% + gu% — u%) + fhujus. (5.16)

We then require that this solution does not mix the Re(¢12) and Re(S23) sectors. The

additional conditions are

0 = Apf+2f° —g%)us, (5.17)
L 9

0 = ggXu1+fhu2, (5.18)
2 9

0 = ggXu2+fhu1. (5.19)

Hence
—v/202
ui = V2uy, fh= \/?:QX. (5.20)
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The 2 x 2 mass-squared matrix spanning [v2Re(¢?), vV2Re(43)] is

K+ g3v?/2 —K + g% v? /2 4 2f%0?
M3 = , (5.21)

—K+ g%v% /2 4+ 2f%0% K+ g%v?/2 + 2 02

where

2 1
k= (2% — gx)ui + 59?&5 + 5(9% + g3)v’. (5.22)

For \2v? << k, the Higgs boson h ~ Re(#! + ¢9) has a mass given by

mi ~ (g% + 2%+ A2) %, (5.23)

whereas its heavy counterpart H ~ Re(—¢{ + ¢J) has a mass given by

4
m¥; ~ (4% — 295 )uj + ggiug + (g5 + g5 — 2f% + o). (5.24)

The conditions for obtaining the minimum of V' in the S 2 3 directions are

4 2Aphu3
0 =2+ ghud + <3h2 - 3g§(> i V2RI (5.25)
3
8 2
0 =m3 + 2myous + (2h2 + ggﬁ) ul + (h2 - Bg§(> u? + V24, hus, (5.26)
0 =m? + 2mygug + B + §g§( uj + ( h? — lggg u? + LAhlwg. (5.27)
9 3 V2

The 3 x 3 mass-squared matrix spanning [v/2Re(S1), v2Re(Ss), v/2Re(S3)] is given by
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4 1 1
mfl = gg_%(u% — ﬁAhhug, + ggg(vQ, m%Q = mel — 2m1aUs, (5.28)
m2 — m2 — 2v/2m A V2 (2 2 5 2_@22
12 =My = 12u2 + Aphug +2vV2 | h* + gIx | ua = 5 gx v, (5.29)
mis = 29%u3 — V2A,hud Jus + (22 — g% )0, (5.30)
1
m3; =m3; = Aphug + 2V2 (h2 _ 3g§(> u3ug, (5.31)
2
m3s = m3y = V2A,hug + 2 <h2 _ 3g§(> u3Us. (5.32)

The 5 x 5 mass-squared matrix spanning
[V2Im(¢?), vV2Im(¢9), vV2Im(S1), v2Im(Ss),v/2Im(S3)] has two zero eigenvalues, corre-
sponding to the would-be Goldstone modes
(1,1,0,0,0) and (v/2, —v/2, —V2ua/3, —2us /3, u3), (5.33)
for the Z and Zy gauge bosons. One exact mass eigenstate is A1y = [2Im(S1)—v/2Im(S2)]/V3
with mass given by
m12412 == *67TL12’LL2. (534)

Assuming that v? << u%’3, the other two mass eigenstates are A ~ —Im(¢?) + Im(¢9) and

Ag = [uzIm(Sy) + vV2uzIm(S2) + V2uaIm(Ss)]/+/u3 + 3u2 /2 with masses given by
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4
my o~ (4f% —2g%)u3 + gggdé, (5.35)

3u V2u?
2 3 2
m ~ —Aph| —=+ , 5.36
Ag h < N ) (5.36)
respectively. The charged scalar H* = (—qbfc + gbéc) /+/2 has a mass given by
4
mipe = (4f* = 205 )u3 + gokuz + (93 — 2f)v*, (5.37)
5.4 Physical Scalars and Pseudoscalars
In the MSSM without radiative corrections,
mi. = mi+miy, (5.38)
1
m%H = 3 <m?4 +m% F \/(m?4 + m%)? — 4m%m? cos? 2ﬁ) , (5.39)
where tan3 = wvg/v1. For v; = vy as in this model, my; would be zero. There is of

course the important radiative correction from Eq. (5.14), but that alone will not reach
125 GeV. Hence the MSSM requires both large tan 5 and large radiative correction, but a
significant tension remains in accommodating all data. In this model, as Eq. (5.23) shows,
m%L ~ (g% + 212 + X\2)v?, where v = 123 GeV. This is a very interesting and important
result, allowing the Higgs boson mass to be determined by the gauge U(1)x coupling gx in

addition to the Yukawa coupling f which replaces the p parameter, i.e. = fus. There is

62



no tension between my, = 125 GeV and the superparticle mass spectrum. Since Ay ~ 0.25

for m; ~ 1 TeV, we have the important constraint

\/ 9% +2f% =~ 0.885. (5.40)

For illustration, we have already chosen gx = 0.53. Hence f = 0.5 and for usz = 2
TeV, fus =1 TeV is the value of the p parameter of the MSSM. Let us choose us = 4 TeV,
then myz, = 2.87 TeV, which is slightly above the present experimental lower bound of 2.85
TeV using gx = 0.53 discussed earlier.

As for the heavy Higgs doublet, the four components (H*, H, A) are all degenerate
in mass, i.e. m? ~ (4f% — 2¢9%)u3 + (4/3)g%u3 up to v? corrections. Each mass is then
about 2.78 TeV. In more detail, as shown in Eq. (5.37), m%[i is corrected by g%v2 = m%,v
plus a term due to f. As shown in Eq. (5.24), m%{ is corrected by (g2 + g3)v? = mZZ plus a
term due to f and Ag. These are exactly in accordance with Egs. (5.38) and (5.39).

In the Sj23 sector, the three physical scalars are mixtures of all three Re(S;)
components, whereas the physical pseudoscalar Ajo has no I'm(Ss) component. Since only
S3 couples to UU€, DD€, and ¢1¢2, a candidate for the 750 GeV diphoton resonance must
have an S3 component. It could be one of the three scalars or the pseudoscalar Ag, or
the other S3 without VEV. In the following, we will consider the last option, specifically
a pseudoscalar y with a significant component of this other S3. This allows the yUU€,
xDD¢ and x¢1¢2 couplings to be independent of the masses of U, D, and the charged

higgsino. The other scalars and pseudoscalars are assumed to be much heavier, and yet to

be discovered.
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5.5 Diphoton Excess

In this model, other than the addition of N¢ for seesaw neutrino masses, the
only new particles are U,U¢, D, D¢ and S 23, which are exactly the ingredients needed to
explain the diphoton excess at the LHC. The allowed S3UU® and S3D D¢ couplings enable

the one-loop gluon production of S3 in analogy to that of h.

U, D
g v

e Sy

77 D

Figure 5.1: One-loop production of S3 by gluon fusion.

The one-loop decay of S3 to two photons comes from these couplings as well as S3¢1¢2.

U,D,¢
AN Y

Sy --om -

AVAVavasi

UD,¢

Figure 5.2: One-loop decay of S3 to two photons.

In addition, the direct 515953 couplings enable the decay of S3 to other final
states, including those of the dark sector, which contribute to its total width. The fact that
the exotic U,U¢, D, D¢ scalars are leptoquarks is also very useful for understanding [74]

other possible LHC flavor anomalies. In a nutshell, a desirable comprehensive picture of
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possible new physics beyond the standard model is encapsulated by this existing model. In

the following, we assume that the pseudoscalar y is the 750 GeV particle, and show how

its production and decay are consistent with the present data.

The production cross section through gluon fusion is given by

For the LHC at 13 TeV, the diphoton cross section is roughly [75]

o(gg — x — 77) = (100 pb) x (Ay TeV)? x B(x — v7),

where )\, is the effective coupling of x to two gluons, normalized by

)\2
T(x = g9) = g2my.

Let the YQQ coupling be fq, where @ is a leptoquark fermion, then

Qs

Ag = > foF(mg/m3),
Q

Ty

where [76]

F(z) =2V [arctan (\/4;7_1)} 2 ;

which has the maximum value of 72/4 = 2.47 as x — 1/4. Let f5/47r =0.21 and
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F(mé/mi) =2.0 (i.e. mg =380 GeV) for all Q = U,U, D, then A\; = 0.49 TeV~!. For the

corresponding

2
F(x = 77) = 2 (5.46)
X Yy 647rmx’ .

the ¢* higgsino contributes as well as U, D. However, its mass is roughly fus =1 TeV, so

F(xz4) =0.394, and

2

Ty

Ay = > NyQLfuF (wy), (5.47)
Y

where ¢ = U,U, D, ¢* and Ny is the number of copies of . Using f£/47r = 0.21 as well,
Ay = 0.069 TeV~! is obtained. We then have I'(x — vy) = 10 MeV and I'(x — gg) = 4.0
GeV.If B(x — vy) = 2.5 x 1074, then ¢ = 6 fb, and the total width of y is 40 GeV, in good
agreement with data [63, 64].

Note the important fact that we have considered 380 GeV for the mass of the
leptoquark fermions. If they are leptoquark scalars, then their mass would be constrained
by LHC data to be above 1 TeV or so. As fermions, @) has odd R parity, and must decay into
the lightest supersymmetric particle, which is discussed in more detail below. We assume
200 GeV for this particle, hence there is no useful bound on mg at present.

As mentioned earlier, there are 2 copies of S3 and 3 copies each of S; 2. In addition
to the ones with VEVs in their scalar components, there are 5 other superfields. One pair
5‘172 may form a pseudo-Dirac fermion, and be the lightest particle with odd R parity. It

will couple to x, say with strength fg which is independent of all other couplings that we
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have discussed, then the tree-level decay x — 5155 dominates the total width of x and is

invisible.

o 2
I(x — 5152) = g—iq [m?2 — 4m3,. (5.48)

For m, = 750 GeV and mg = 200 GeV, we find I' = 36 GeV if fg = 1.2. These
numbers reinforce our numerical analysis to support the claim that x is a possible candidate
for the 750 GeV diphoton excess. Note also that A\, and A, have scalar contributions which
we have not considered. Adding them will allow us to reduce the fermion contributions we

have assumed and still get the same final results.
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Figure 5.3: Allowed region for diphoton cross section of 6.2 + 1 fb.

If we disregard the decay to dark matter (fs = 0), then the total width of x is
dominated by I'(x — gg), which is then less than a GeV. Assuming that the cross section for
the diphoton resonance is 6.2 £ 1 fb [75], we plot the allowed values of fgg /4w versus mg for
both fg = 1.2 which gives a total width of about 40 GeV for x, and fg = 0 which requires

much smaller values of fé /4m. Since x must also decay into two gluons, we show the diject
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exclusion upper limits (~ 2 pb) from the 8 TeV data in each case as well. Our choice of
the pseudoscalr y to be the 750 GeV diphoton resonance is motivated by the necessity of
large couplings to U, D leptoquark fermions for explaining the large width of about 40 GeV
observed by ATLAS. If we take the evidence of CMS that this width is narrow, then as
Fig. 3 shows, we can have much smaller couplings and much greater masses for U, D. In
that case, we can use a physical scalar, with mass-squared matrix given in Egs.(5.28) to

(5.32), which is directly associated with the p term.

5.6 Scalar Neutrino and Neutralino Sectors

In the neutrino sector, the 2 x 2 mass matrix spanning (v, N¢) per family is given

by the well-known seesaw structure:

0 mp
M, = , (5.49)
mp MmN
where mp comes from vy and mpy from wu;.There are two neutral complex scalars with

odd R parity per family, i.e. 7 = (0g + iv7)/v2 and N¢ = (N}% + ZN[C)/\/i The 4 x 4

mass-squared matrix spanning (Vg, Uy, ]\71%, Nf) is given by

m% 0 ADmD 0
) 0 m% 0 —Apmp
Mf/,NC = . (5.50)
Apmp 0 m?vc + Aympy 0
0 —Apmp 0 m?vc — Aymy
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In the MSSM, 7 is ruled out as a dark-matter candidate because it interacts elas-
tically with nuclei through the Z boson. Here, the Ay term allows a mass splitting between
the real and imaginary parts of the scalar fields, and avoids this elastic-scattering constraint
by virtue of kinematics. However, we still assume their masses to be heavier than that of
gl,g, discussed in the previous section.

In the neutralino sector, in addition to the 4 x4 mass matrix of the MSSM spanning

(B, Ws, gg?, ggg) with the p parameter replaced by fus, i.e.

My 0 —qu/V2  qiv2/V2

0 My Gu1/V2  —gava/V2
Mo = , (5.51)

—qi1/V2  gav1/V2 0 —fus

G1v2/V2  —gove/V2  —fus 0

there is also the 4 x 4 mass matrix spanning (X, Ss, Sz, 51), i.e.

Mx V2gxus —2v2gxu2/3 —v2gxu1/3
V2gxus 0 huy hus
Mg = ) (5.52)
—2@9;@@/3 huy 0 hus
—\/igxul/?) hUQ hU3 0
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The two are connected through the 4 x 4 matrix:

0 0 0 0
0 0 0 0

Mogs =
—gev1/V2 —fuy 0 0
—gxv2/V2 —fur 0 0

(5.53)

These neutral fermions are odd under R parity and the lightest could in principle

be a dark-matter candidate. To avoid the stringent bounds on dark matter with the MSSM

alone, we assume again that all these particles are heavier than 5’1,2, as the dark matter

discussed in the previous section.

5.7 Dark Matter

The 5 x 5 mass matrix spanning the 5 singlet fermions (S, Sa, S, 2, S3), corre-

sponding to superfields with zero VEV for their scalar components, is given by:

0 mo 0 0 mi3
mo 0 0 0 mas3
Ms=| 0 0 0 M M

0 0 Mz 0 M

mi3 me3z My M; 0O

(5.54)

Note that the 4 x 4 submatrix spanning (5’1, Sy, 51, S~2) has been diagonalized to

form two Dirac fermions. We can choose mg to be small, say 200 GeV, and Mj 23 to be
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large, of order TeV. However, because of the mixing terms m13, mos, the light Dirac fermion
gets split into two Majorana fermions, so it should be called a pseudo-Dirac fermion.

The dark matter with odd R parity is the lighter of the two Majorana fermions,
call it S , contained in the pseudo-Dirac fermion formed out of 5’172 as discussed in Sec. 5.6.
It couples to the Zx gauge boson, but in the nonrelativistic limit, its elastic scattering cross
section with nuclei through Zx vanishes because it is Majorana. It also does not couple
directly to the Higgs boson h, so its direct detection at underground search experiments is
very much suppressed. However, it does couple to Ag which couples also to quarks through
the very small mixing of Ag with A. This is further suppressed because it contributes only
to the spin-dependent cross section. To obtain a spin-independent cross section at tree level,
the constraint of Egs. (5.17) to (5.19) have to be relaxed so that h mixes with S} 2 3.

Let the coupling of h to SS be €, then the effective interaction for elastic scattering

of S with nuclei through & is given by

6 = ~
Lopy = nf%SSciq, (5.55)

where f, = mgy/2v = my/(246 GeV). The spin-independent direct-detection cross section

per nucleon is given by

2

Ap
oS! = Wﬁfy MZ + (A= 2)\)% (5.56)

where pupyr = mpyMa/(mpur + Mya) is the reduced mass of the dark matter. Using [77]
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2 em
N2 N|| emn '
A= D 27 > i (246 GeV)m?’ (5:57)

u,d,s u,d,s

with [78]

P —0.023, f2=0.032, f2=0.020, (5.58)

F=0017, f7=0.041, f"=0.020, (5.59)

we find A, ~ 3.50 x 1078 GeV~2, and A, ~ 3.57 x 1078 GeV~2. Using A = 131,
Z =54, and M4 = 130.9 atomic mass units for the LUX experiment [14], and mpys = 200
GeV, we find for the upper limit of %7 < 1.5 x 107%® e¢m?, the bound € < 6.5 x 1074

We have already invoked the xS;Ss coupling to obtain a large invisible width for
x. Consider now the fermion counterpart of y, call it S’, and the scalar counterparts of S’Lg,
then the couplings S 5’152 and S’ 5’251 are also fg = 1.2. Suppose one linear combination of
Si2 , call it ¢, is lighter than 200 GeV, then the thermal relic abundance of dark matter is
determined by the annihilation 5SS — (¢, with a cross section times relative velocity given

by:

fim2, /1 —m2/m%
¢ ¢ (5.60)

2 2 N2
167 (mg, + mg —mg)?

O X Upel =

Setting this equal to the optimal value [44] of 2.2 x 10726 cm?/s, we find f; ~ 0.62
for mgr = 1 TeV, mg = 200 GeV, and m¢ = 150 GeV. Note that ¢ stays in thermal

equilibrium through its interaction with h from a term in Vp. It is also very difficult to be
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produced at the LHC, because it is an SM singlet, so its mass of 150 GeV is allowed.

5.8 Conclusion

The utilitarian supersymmetric U(1)x gauge extension of the Standard Model of
particle interactions proposed 14 years ago [67] allows for two classes of anomaly-free models
which have no g term and conserve baryon number and lepton number automatically. A
simple version [70] with leptoquark superfields is especially interesting because of existing
LHC flavor anomalies.

The new Zx gauge boson of this model has specified couplings to quarks and
leptons which are distinct from other gauge extensions and may be tested at the LHC. On
the other hand, a hint may already be discovered with the announcements by ATLAS and
CMS of a diphoton excess at around 750 GeV. It may well be the revelation of the singlet
scalar (or pseudoscalar) Ss predicted by this model which also predicts that there should
be singlet leptoquarks and other particles that S3 must couple to. Consequently, gluon
fusion will produce S5 which will then decay to two photons together with other particles,
including those of the dark sector. This scenario explains the observed diphoton excess, all
within the context of the original model, and not an invention after the fact.

Since S3 couples to leptoquarks, the S3 — l;rl; decay must occur at some level.
As such, S5 — e~ would be a very distinct signature at the LHC. Its branching fraction
depends on unknown Yukawa couplings which need not be very small. Similarly, the Sj3

couplings to ¢1¢2 as well as leptoquarks imply decays to ZZ and Z~ with rates comparable

to vy.
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An important byproduct of this study is the discovery of relaxed supersymmetric
constraints on the Higgs boson’s mass of 125 GeV. It is now given by Eq. (5.23), i.e.
m% ~ (gg( +2f2 4+ X2)v?, which allows it to be free of the tension encountered in the MSSM.
This prediction is independent of the diphoton excess.

Most importantly, since S replaces the p parameter, its association with the
750 GeV excess implies the existence of supersymmetry. If confirmed and supported by
subsequent data, it may even be considered in retrospect as the first evidence for the long-

sought existence of supersymmetry.
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Part 111

Summary
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Chapter 6

Conclusion

As mentioned in chapter 1 the SM cannot accommodate the neutrino mass and
dark matter experimental observations. One possible explanation is to introduce a gauged
U(1) extension.

In Part I, two examples of gauged U(1)p_r models are introduced. Chapter 2
exotic fermion singlets are introduced such that neutrino mass is generated at the one-
loop level through dark matter (i.e. the scotogenic mechanism). In chapter three, three
right-handed neutrinos are introduced with the unconventional charge (5, —4,—4) and the
U(1)p—r, is spontaneously broken to Zs lepton number. These three right-handed neutri-
nos, along with three pairs of neutral singlets Ny, r are connected to the SM left-handed
neutrinos via two unique scalars x3 ¢ such that the neutrinos are Dirac with see-saw mass
generation. A complex neutral scalar s is also introduced under this symmetry, which while
not absolutely stable, decays with a lifetime greater than that of the Universe yielding an

example of Z3 dark matter.
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In Part II, three further examples of gauged U(1) models are introduced. In
Chapter 4 a generalized look at gauged U(1) models. Under the assumption that the
entire particles family contains the same charge, a restriction is derived from the triangle
anomaly. Using this condition two models were put forth and how these models affected
both the quark and lepton sectors was explored. In Chapter 5, a U(1) supersymmetric
gauged extension was made to the SM. A prediction for the 750 GeV diphoton excess was

proposed as well as the LHC constraints put on the gauged Z, boson were explored.
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