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Abstract

This thesis describes simple extensions of the standard model with new sources of baryon
number violation but no proton decay. The motivation for constructing such theories comes
from the shortcomings of the standard model to explain the generation of baryon asym-
metry in the universe, and from the absence of experimental evidence for proton decay.
However, lack of any direct evidence for baryon number violation in general puts strong
bounds on the naturalness of some of those models and favors theories with suppressed
baryon number violation below the TeV scale. The initial part of the thesis concentrates
on investigating models containing new scalars responsible for baryon number breaking.
A model with new color sextet scalars is analyzed in more detail. Apart from generating
cosmological baryon number, it gives nontrivial predictions for the neutron-antineutron os-
cillations, the electric dipole moment of the neutron, and neutral meson mixing. The second
model discussed in the thesis contains a new scalar leptoquark. Although this model pre-
dicts mainly lepton flavor violation and a nonzero electric dipole moment of the electron, it
includes, in its original form, baryon number violating nonrenormalizable dimension-five
operators triggering proton decay. Imposing an appropriate discrete symmetry forbids such
operators. Finally, a supersymmetric model with gauged baryon and lepton numbers is
proposed. It provides a natural explanation for proton stability and predicts lepton number
violating processes below the supersymmetry breaking scale, which can be tested at the
Large Hadron Collider. The dark matter candidate in this model carries baryon number
and can be searched for in direct detection experiments as well. The thesis is completed by
constructing and briefly discussing a minimal extension of the standard model with gauged

baryon, lepton, and flavor symmetries.
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Chapter 1

Introduction

1.1 Motivation

One of the most fundamental questions in elementary particle physics is whether baryon
number is an exact or just an approximate global symmetry. This is a highly nontrivial
problem, since the conservation of baryon number insures the stability of ordinary matter.
On the other hand, baryon number violation is essential for producing a baryon asymmetry
in the early universe, as required for a successful mechanism of baryogenesis. Proton decay
is predicted by grand unified theories at a rate that could be detected by present day exper-
iments. Also, the type I seesaw mechanism for neutrino masses requires Majorana mass
terms which break lepton number by two units, and since the weak interactions preserve
the difference between baryon and lepton number at the classical and quantum level, this
suggests that baryon number should be broken by two units as well. However, despite all
those hints, no baryon number violating processes have been observed experimentally.
The standard model contains the ingredients necessary to generate a cosmological baryon

asymmetry. Nevertheless, the quantity in which they appear is insufficient to fully explain
baryogenesis. It is therefore important to investigate extensions of the standard model
which can account for a new structure generating baryon number violation. This is the
main motivation behind this thesis: proposing and analyzing simple models preserving all
the virtues of the standard model, but at the same time incorporating new baryon number
violating processes, and reconciling those models with the current null experimental result

in searches for baryon number nonconservation, especially the absence of proton decay.
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This thesis incorporates three published papers: [1], [2], and [3]], which constitute Chap-
ters and [} respectively. The first and the second papers were written in collaboration
with Mark Wise and Jonathan Arnold, and the third one in collaboration with Pavel File-
viez Pérez, Sogee Spinner, and Jonathan Arnold. Chapter [5] describes the details of an
unpublished project with specific directions for future work. In addition, the thesis is sup-

plemented with appendices providing details of most of the calculations.

1.2 Baryon number in the standard model

1.2.1 Standard model review

The standard model of particle physics is a chiral gauge theory describing the electromag-

netic, weak, and strong interactions [4, 5,16} 7,18, 9], based on the gauge group

The matter fields of the standard model are three spin 1/2 generations of quarks and leptons,
and a spin zero Higgs boson. The only particles carrying baryon number are the quarks,
and they are assigned baryon number 1/3. The leptons have lepton number 1. The gauge
fields associated with the gauge group of the standard model are: G, W, and B, where
A=1,..,8anda = 1,2, 3. The particle content is summarized in Table[I.1]

As a relativistic quantum field theory, the standard model is described by a Lagrangian

which can be schematically written as
ESM = Egauge + Ekinetic + EHiggs + EYukawa . (1 2)

The various terms are:

Lyuge = —5G, G — JWo, W — 1B, B" (1.3)

Liinetic = QUilD QL +unilpuly+dyilpdy + 15 D1 +enilpel,,  (1.4)
2

ﬁHiggS = (DMH)T (DMH) —A (HTH N §> ) (1.5)

Lvaawa = —97 Q% e H* u% — gff Q" Hd‘g% — gL} Heg% +h.c.. (1.6)



Field Spin | SU(3). | SU©2), | Uy B L
i = (“ZL&) 1/2 3 2 1/6 1/3 0
dLa
Ul 1/2 3 1 2/3 1/3 0
ds,, 1/2 3 1 —-1/3 1/3 0
7 Via
I, = o 1/2 1 2 —-1/2 0 1
€l 1/2 1 1 —1 0 1
H 0 1 2 1/2 0 0
G 1 8 1 0 0 0
wa 1 1 3 0 0 0
B, 1 1 1 0 0 0

Table 1.1: Particle content of the standard model. The quantum numbers of the fields under
the gauge groups are listed along with their baryon and lepton numbers. Quarks and leptons
come in three generations, as denoted by the index .

The Yang-Mills part of the Lagrangian (1.3) is built from the field strength tensors of the
three gauge groups in a gauge invariant way. The kinetic part (1.4) describes the dynamics

of quarks and leptons, with the gauge covariant derivative given by
D, =0, +igG T +igsWiT* + ig1B,Y (1.7)

where T4, T¢, and Y are the SU(3), SU(2), and U(1) generators, respectively. The third
part of the Lagrangian (L.5]) involves only the Higgs doublet, both the kinetic and potential
terms. Finally, the Yukawa part (1.6) describes how the quarks and leptons interact with

the Higgs boson. The ¢g*’s are the Yukawa couplings with 7,7 = 1,2, 3 being generation
indices. The color and spinor indices are not included in Egs. (1.4) and (1.6).
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The SU(2);, x U(1)y part of the Lagrangian symmetry is spontaneously broken by the
vacuum expectation value of the Higgs doublet [10, [11}12],
H = 1 — (H)zi ! (1.8)
H° V2o )
and reduces to the electromagnetic U (1)gy. After symmetry breaking, the spin one gauge
fields carrying the interactions are the photon (electromagnetic), W and Z bosons (weak),
and gluons (strong). The photon and weak Z boson fields are linear combinations of the
gauge fields B,, and Wj The Higgs mechanism is responsible for giving masses to the
matter fields (Yukawa couplings produce quark and lepton mass matrices), as well as the
W and Z bosons. For an excellent review of the standard model with a more detailed
mathematical formulation, see Ref. [[13]].
The standard model provides an extremely successful description of our world. It ex-
plains the results of most of the particle physics experiments with stunning accuracy. How-
ever, despite its countless triumphs, it is incomplete by itself, even in the low energy regime.

The standard model:

— does not explain the existence of dark matter, confirmed by many astronomical and

astrophysical observations;

— predicts massless neutrinos, whereas neutrino oscillation experiments clearly indi-

cate nonzero neutrino masses;

— suffers from the hierarchy problem: the natural scale for the Higgs mass is the Planck

mass, by far greater than the measured 125 GeV;

— has a strong C'P problem, since the upper limit on the observed C'P violation in
strong interactions (coming from neutron electric dipole moment measurements) is

smaller than 10719 of its expected value;
— gives no explanation for the hierarchical pattern of the Yukawa couplings;

— does not include an efficient mechanism for cosmological baryon number generation.
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In the following two subsections we concentrate on the last issue mentioned above. We
discuss baryon number violation in the standard model and explain why there is a problem
with accommodating baryogenesis. This will serve as a motivation for building models

with new sources of baryon number violation.

1.2.2 Baryon number nonconservation

The Lagrangian of the standard model is invariant under an accidental global baryon num-
ber symmetry. It is impossible to violate baryon number at the classical level, as well as at

any order in perturbation theory, since the baryon number current is conserved:

: 1 A R N e
Ouip = Ou 3 Z (Qpy" Q7 + uRyufy + dpy'dy) | = 0. (1.9)

The lowest dimensional nonrenormalizable baryon number violating operators allowed by

the standard model gauge symmetries are dimension-six,

qqql

0(6)N A2

(1.10)

and are very suppressed. However, within the standard model, baryon number can also be
broken nonperturbatively through the electroweak chiral anomaly.

At the quantum level, the baryon number symmetry is anomalous and the baryon cur-
rent is no longer conserved [ 14, [15],

.M 3

Opds = iz 7" (2 WiisWis + 61 BagBas) # 0, (L11)

where the factor of three corresponds to the number of generations. The electroweak chiral
anomaly is closely related to the vacuum structure of the standard model. To understand
this quantitatively, let us define the Chern-Simons number (in the gauge where I, = 0),

3
nes(t) = % ¢iikgabe / &’z WEWIWE (1.12)
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and consider static gauge field configurations corresponding to different values of ncs.
Those configurations which have integer ncg are pure gauge configurations of zero energy.
Such minima correspond to topologically distinct vacuum states. The change in baryon

number for a transition between those vacua starting at time ¢; and ending at ¢y is

tr
AB = / dt/d?’a: 0,7 = 3[ns(ts) — nos(ts)] - (1.13)
t;

Now, ncg is a topological number and takes only integer values. Therefore, the change
in baryon number can occur only in multiples of three units. Between the minima the
energies of the configurations are positive and create an energy barrier. The energy of the
saddle point configuration, being an extremum of the static energy, is simply the height of
this barrier. Such a configuration is known as the sphaleron [16} [17]].

At zero temperature, the rate for quantum tunnelling through the energy barrier is ex-

ponentially suppressed [[18]],

2
gz } ~ 107165 (1.14)
2

(T = 0) Nexp[—l

so there is essentially no baryon number violation in this case. On the other hand, at finite
temperature the barrier can be overcome by a thermal excitation. In the broken phase

(T < my,) the rate of sphaleron events is [19]

4 87me(T) mp,
T <Smp)~T exp{— AT f(mw)} (1.15)

and is suppressed as well (the function f takes values of order one). However, at temper-
atures above the electroweak symmetry breaking scale there is no longer any exponential

suppression and the rate takes the form

2\ 9
D(T = my) ~ <j—;) T (1.16)

Determining when the sphalerons were active in the early universe requires analyzing the

condition for thermal equilibrium, i.e., comparing the sphaleron rate within the thermal
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volume 1/ T3 with the Hubble expansion rate,

2
L

~— 1.17

Inserting numerical values into Eq. (1.17) yields an upper bound of 10'2 GeV on the tem-
perature at which the sphaleron processes remain efficient. We conclude that the baryon

number violation mechanism in the standard model works only at temperatures

125 GeV < T < 10" GeV . (1.18)

1.2.3 Generation of baryon asymmetry

There are three ingredients every model is required to have in order to produce a baryon

asymmetry. Those are described by the three Sakharov conditions [20]:

(1) baryon number violation,
(2) C and C'P violation,

(3) departure from thermal equilibrium.

The standard model contains all of those elements so, a priori, it could incorporate baryo-
genesis. However, the amount of baryon asymmetry generated in the standard model is
much smaller than current observations indicate. The first condition, baryon number non-
conservation, is satisfied by sphaleron transitions. As for the second criterion, although the
standard model does violate charge conjugation symmetry C' maximally (since it is a chiral
theory), the main contribution to the conjugation-parity symmetry C'P comes only from
the Cabibbo-Kobayashi-Maskawa matrix [21} [22] and it was proven to be insufficient for
producing the present baryon asymmetry of the universe [23, 24]. On top of this, the stan-
dard model does not fulfill the third Sakharov requirement since it cannot accommodate a
large enough departure from equilibrium: for a Higgs particle of mass 125 GeV there is no
first-order electroweak phase transition crucial for having an inequilibrium state.

The lack of an efficient mechanism for baryogenesis within the standard model leads us

(in Chapter [2) to include new scalar particles in the spectrum, providing additional sources
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of C'P violation. The models we discuss have the potential of explaining the observable
baryon asymmetry of the universe and do not suffer from tree-level proton decay. Some of

them predict also new phenomena such as neutron-antineutron oscillations.

1.2.4 Proton decay

Since baryon number is conserved in the standard model at the perturbative level and the
nonperturbative effects of the sphalerons change baryon number by a multiple of three
units, proton decay can occur only through nonrenormalizable operators. The least sup-

pressed nonrenormalizable operators of this type are dimension-six:

%eo‘ﬁ” [(dRra)" Cupg) [(ury)" Cer, éeaﬁvezjekm (QL)"CQl ] [(@5) ey,
%Gaﬁ’yfij [(Q1.)"CQYs] [(ury)" Cenr), %Gam@j [(dra)" Curs) [(Q1,)7CH ],
) (7 i [(Qh)CQA ) [(Q1)7C17) (119)

where C' is the charge conjugation matrix and the generation indices were suppressed for
simplicity. Those operators mediate proton decay since they violate baryon and lepton
number by one unit. In light of a null experimental observation of proton decay, the oper-
ators above can be used to derive lower limits on the proton mean lifetime, with the most

stringent constraint coming from the decay mode p — e* 7 [23]],
7, > 8.2 X 10% years . (1.20)

In order to satisfy this experimental bound, the scale A of new physics has to be very high,
A > 10' GeV. This implies a huge desert between the electroweak scale and the scale A,
at which the origin of baryon number violating interactions can be understood.

The effective operators have their origin in degrees of freedom at the high scale,
where the physics is probably governed by a grand unified theory (GUT). Actually, grand
unification is one of the most compelling arguments behind the experimental searches for
proton decay, since it predicts a proton decay rate at a level not far from current experimen-

tal detection capabilities.



Figure 1.1: GUT vector boson exchange leading to proton decay.

Grand unified theories unify the three types of interactions in the standard model:
strong, weak, and electromagnetic. They provide explanation to many puzzles of the stan-
dard model, like the quantization of electric charge, cancellation of chiral anomalies, and
the origin of quantum numbers for quarks and leptons. The simplest and most studied
grand unification theories are based on the gauge symmetry SU (5) [26] and SO(10) [27].
For a review of proton decay in grand unified theories, see Ref. [28].

Grand unification predicts new superheavy particles whose interactions with the stan-
dard model may violate baryon number at the perturbative level, causing proton decay. An
example of a diagram involving a GUT vector boson leading to proton decay is shown in
Fig. [I.1] This type of interaction is the origin of the nonrenormalizable dimension-six op-
erators listed in (I.19). Denoting the mass of the new gauge boson by my, the proton decay

rate can be estimated as

5
oL o (121)
P T, 1672 m%/ ’ '

where gy is the coupling constant and m,, is the proton mass. Combining this estimate with

the experimental bound (1.20) gives the lower limit on the mass of new vector bosons,
my 2> 10'% GeV , (1.22)

which is in agreement with our previous bound on the scale A.
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1.3 Neutron-antineutron oscillations

Apart from proton decay, which violates baryon number by one unit, an interesting and
complimentary method of probing baryon number violation is to look for neutron-antineutron
(nn) oscillations, in which a neutron spontaneously changes into an antineutron. This pro-
cess violates baryon number by two units (see Fig[I.2). There are various motivations for

studying nn oscillations:

— New physics behind nn oscillations may be responsible for creating a baryon asym-

metry in the universe.

— The process of nn oscillations is uniquely suited for studying the nature and scale
of the seesaw mechanism. Since the neutrino Majorana mass term violates lepton
number by two units, and the weak interactions conserve B—L at the classical and

quantum level, this suggests that AB = 2 processes should exist as well.

— Observation of nn oscillations would point to a relatively low scale of new physics,
contradicting the picture of a desert between the electroweak scale and the grand uni-
fication scale. This is a consequence of the fact that nn oscillations are mediated by
dimension-nine operators. In light of this fact, searches for nn oscillations can be
viewed as complimentary to searches for proton decay: while proton decay experi-
ments probe physics at the grand unification scale, the nn oscillation experiments are

sensitive to physics at a scale as low as a TeV.

To better understand the phenomenon of nn oscillations, let us consider the dynamics
of a two-level system consisting of a neutron and an antineutron described by an effective

Hamiltonian. Its dynamics are governed by the following equation:

o[ n E, Am n
ih 2 — . (1.23)
o\ 5 Am Ej n
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d d

Figure 1.2: Diagram showing an interaction leading to neutron-antineutron oscillations.

The mixing parameter Am contains information about the underlying theory which breaks

baryon number by two units. The transition probability for a free neutron is given by

(Am)*
(En — En)? + (Am)

_sin’ <\/(En —En)? 1 (2Am)? t) L (124

1
1
The oscillation time is defined as

h

Tnﬁzm.

(1.25)

For neutrons bound inside a nucleus, there is a relation between the measured nuclear

instability lifetime and the corresponding n#n oscillation time given by
Thound = TR Tgﬁ > (126)

where 7'z is obtained from nuclear structure calculations. A more thorough discussion of
nn oscillations in various models is provided in Ref. [29].
Table shows the experimental limit on the mixing parameter |Am/|. The strongest

bound comes from the Super-Kamiokande nuclear decay experiment in Japan [30]],

|Am| < 2.7 x 107%* GeV . (1.27)
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Experiment (year) Type of search Limit on |Am|

Super-Kamiokande (2011) | nuclear decay in 0 | < 2.7 x 10733 GeV [30]

Soudan (2002) nuclear decay in *Fe | < 5.1 x 1073 GeV [31]]
ILL (1994) free neutrons < 7.7 %1073 GeV [32]
NNbarX (prospective) free neutrons < 7 x 1073 GeV [33]

Table 1.2: Best limits on the neutron-antineutron oscillation mixing parameter Am from
experiments of different type and the predicted sensitivity of the NNbarX experiment.

The search for nn oscillations in nuclear decay experiments becomes less efficient when
we require higher sensitivity, which is the result of the atmospheric neutrino induced back-
ground. This is the reason why currently there is a focus on free neutron beam nn os-
cillation experiments. The prospective NNbarX experiment at Fermilab is exactly such
an experiment. It should be able to probe nn oscillations in free neutron beams with a
huge improvement in sensitivity by almost two orders of magnitude. In the case of no nn

oscillation detection, the predicted upper limit for the mixing parameter will be
|Am| <7 x 107 GeV . (1.28)

The limits (1.27)) and (1.28) can be used to set current and future bounds on the couplings

and masses of new particles, as will be shown in Chapter 2]

1.4 Lepton flavor violation

One of the most important open questions in flavor physics concerns the existence of pro-
cesses violating flavor symmetry in the charged lepton sector. Some processes of this type

would be:
W —> ey, | — econversion, u—>eee. (1.29)
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W W

> >

>
Ho Ui v, Usx €

Figure 1.3: One of the diagrams contributing to the process ; — ey in the minimal exten-
sion of the standard model with massive neutrinos.

The standard model itself does not predict any charged lepton flavor violation, since it is

invariant under the symmetry
Ul).xU1),xU1),. (1.30)

Even in the minimal extension of the standard model with just the neutrino masses included,
the predicted rates for charged lepton flavor violating processes are extremely suppressed.
To estimate the level of suppression, consider the process ;1 — e~ in such a model.

From Feynman diagrams like the one in Fig.[I.3] the branching ratio is given by [34]

2
(0%

2

Am

W

UesUs < 10754, (1.31)

B(M_>€’y __‘ZUEZU* o

where U is the Pontecorvo-Maki-Nakagawa-Sakata matrix [35, 36, [3"7]. Such a huge sup-
pression highlights the importance of experimental searches for charged lepton flavor vi-
olation. With essentially no background, a positive signal would be a clear indication of
physics beyond the standard model other than neutrino oscillations. Similar claims are not
applicable in the quark sector. Quark flavor violation is well established within the standard
model and described by the Cabibbo-Kobayashi-Maskawa matrix. It is not suppressed at
all, making it incredibly hard to distinguish between small deviations from the standard

model predictions and experimental uncertainties.
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Experiment (year) Process Limit on branching ratio
MEG (2012) w— ey < 5.7 x 10713 [38]
SINDRUM I (2006) uwAu — e Au < 7.0 x 10713 [39]
SINDRUM (1988) L —eee < 1.0 x 10712 [40]
COMET (prospective) p~Al — e~ Al < 2.6 x 10717 [41]]
Mu2e (prospective) po Al — e Al < 5.4 x 10717 [42]

Table 1.3: Best experimental limits on the branching ratios of various charged flavor vio-
lating processes and the predicted sensitivity of the COMET and the Mu2e experiments.

From an effective theory point of view, charged lepton flavor violation can be described
by the nonrenormalizable dimension-five and dimension-six operators:

1

_ 1 _ _
~ lowli F" 5 (@Y @ + B 1) (1.32)

where i, j, k and m are generation indices (¢ # j). The dimension-five operator encapsu-
lates the lepton couplings to the electromagnetic field and describes the 1 — ey effective
vertex, as well as the tree-level part of the x — e conversion and the ;1 — e e e process. The
dimension-six operators are relevant for the four-fermion vertices responsible for the other
contributions to 4+ — e conversion and p — e e e, but do not contribute to the . — ey de-
cay. The most stringent experimental limits on charged lepton flavor violation come from
the © — e~ and p — e conversion experiments (see Table [[.3)). Although the constraints
are severe, the background is still suppressed by an additional forty orders of magnitude.
The state-of-the-art in measuring ¢ — e~y is the MEG experiment in Switzerland,

which provides the bound [38]]

Br(s — ey)vpg < 5.7 x 10713 (1.33)
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The best limit on ;# — e conversion is set by SINDRUM II in Switzerland [39],

Br(,u — € COHVQYSiOH)SINDRUM n<7x 1071 . (1.34)

This result will be improved by four orders of magnitude by the Mu2e experiment at Fer-

milab, which by the year 2020 should reach the sensitivity [42]

Br(u — e conversion)ypoe <5 x 10717 (1.35)
Its future competitor, the COMET experiment in Japan, by 2020 should reach a similar
sensitivity of [41]

Br(u — e conversion)comer < 3 x 10717, (1.36)

Those high precision experiments are complimentary to the physics searches at the Large
Hadron Collider (LHC). Although narrowed down to a single channel each, their signal
would be very clean and provide evidence for new physics even before the LHC. Such a
signal might be tied in some way to baryon number violation. In Chapter [3] we consider a
model of this type, one that exhibits an enhancement of charged lepton flavor violation, but
also contains dimension-five operators breaking baryon number. A discrete symmetry has

to be imposed to forbid operators mediating proton decay in this model.

1.5 Baryon number in the minimal supersymmetric stan-

dard model

The minimal supersymmetric standard model (MSSM) [43]] is viewed as one of the most
promising candidates for physics beyond the standard model. It has a number of very

attractive features, including that it:
— does not suffer from the hierarchy problem:;
— contains a natural dark matter candidate;
— explains gauge coupling unification;

— is based on supersymmetry suggested by string theory.
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Particle content
Superfield SUB3). | SU2), |Ul)y | B | L
Spin0 | Spin1/2 | Spin 1

Q) a L dh |k, d — 3 2 1/6 | 1/3 ] 0
(4a°)! ki i, - 3 1 —2/3 |=1/3| 0
(d°) 3 diy — 3 1 1/3 |=1/3| 0
[ vioe | v el — 1 2 -1/2 1 0 |1
(e°) By e, - 1 1 1 0 | -1
H, HFf, H° | HY H° — 1 2 1/2 0 |0
H, | HY, H;| HY, Hy -~ 1 2 ~1/2 ] 0 | 0
GA — g g 8 1 0 0 |0
we — W, WO | W, wo 1 3 0 0 |0
B - B° B° 1 1 0 0 | 0

Table 1.4: Chiral and gauge superfields of the minimal supersymmetric standard model.
The quantum numbers of the fields under the gauge groups are listed. Quarks, squarks,
leptons, and sleptons come in three generations as denoted by the index .

Supersymmetry relates masses and couplings of particles with different spins, combining
them into chiral superfields. Within a given superfield, the particles are described by the
same quantum numbers and have equal masses, but their spins differ by a half. It is obvious
that supersymmetry must be broken at some scale in the real world, since we do not observe
any equal-mass partners of the standard model particles.

The MSSM is based on the same SU(3). x SU(2), x U(l)y gauge group as the
standard model. The spin zero partners of quarks and leptons are the squarks and sleptons.

The spin 1/2 partner of the Higgs is the higgsino. Finally, the spin 1/2 partners of the



17

gauge bosons, G/’:‘, W;f and B, are the gluinos, winos, and bino, respectively. A second
Higgs doublet with its supersymmetric partner is needed to cancel the SU(2)% x U(1)y
and U(1)3 gauge anomalies and to give masses to both the up- and down-type quarks. The
complete particle content of the MSSM, including both the chiral and gauge superfields, is
presented in Table After electroweak symmetry breaking, the bino and neutral wino
mix to give a zino (Z°) and photino ().

The Lagrangian of a supersymmetric theory with supersymmetry broken below some

scale can be written as

L = Lyin + Ling + L + LgB . (1.37)

Assuming the theory is described by the superpotential
Ty Lyijkg & &
W = 3™m D, d; + 6)\ D, PPy, (1.38)

where the chiral superfields &, have scalar components ¢; and fermion components 1);, the

terms in the Lagrangian (1.3"/) have the following form:

] - Tl = 1 a va - ya = a
Lin = D' Dudi+i0! 0" Dty — JFi P +i NG DA (1.39)
Lt = —V20, (¢"TY) \* = V29, A" (YT%9) , (1.40)
Lw = —mimb676; — om" X076 — Jmi N6,
]‘ 1] * * * 1 *ra
_ZAZ]nAkln¢i¢j¢ k:¢ I 592 (¢ T ¢)2
1 .. 1 . 1 .. 1 A
—émw%% - émfjWW - §>\”k¢i¢j¢k - §>\fjk¢”¢]¢k ; (1.41)
1 1 .. 1 .. , o
Lsg = — (éma)\av + ga”k@(bj(bk + §b”¢i¢j + tz@‘) +c.co— (m2)2‘¢]*¢i :
(1.42)

In the expressions above the sums extend over all scalars ¢;, chiral fermions v);, gauginos \*
and vector bosons A, in the spectrum of the theory, and D), is the covariant derivative. The
first part of the Lagrangian (1.39) consists of kinetic terms for all the fields and includes the
Yang-Mills term for the gauge fields. The second piece (I.40) describes the interactions be-

tween the scalar and fermion components of the chiral superfields and the gauginos. There
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are no adjustable parameters in those two parts of the Lagrangian. The third part
contains the supersymmetric contribution to the scalar potential and Yukawa interactions
between the scalar and fermion components of the chiral superfields. The last part (1.42)
is responsible for supersymmetry breaking and consists of the gaugino mass terms, trilin-
ear scalar interactions, scalar mass terms, as well as terms linear and bilinear in the scalar
fields.

The minimal superpotential for the MSSM is
Whassn = €ap |yl QF (@), H} + y] Q0(d7) He + y? L(e°) He — pHiHS| . (1.43)

With this superpotential, it is straightforward to write down the full supersymmetric sector
of the MSSM Lagrangian using the relations (I.38)—(T.41). In order for the MSSM to
solve the hierarchy problem, we expect the characteristic mass scale of the supersymmetry
breaking sector to be on the order of mg,s ~ 1 TeV. Therefore, it is reasonable to expect
that masses of the few lightest sparticles are approximately at the TeV scale. A more
detailed review of the MSSM is given in Ref. [44].

The superpotential (1.43)) is sufficient for the MSSM to be a phenomenologically viable
model. However, apart from the terms included in @), it is possible to construct four

other Lagrangian terms which are also gauge invariant and consistent with supersymmetry:
1 ik T T ac ijk 7 A Je 1 igk ~c ¢ Je N7 7
ERP = 5)\1 LiLjek + )\2 Lszdk + 5)\3 uzd]dk + n LzHu . (144)

Those operators violate baryon and lepton number, and result in proton decay at a rate

5

oM
T'(p— et 7% ~ A AP — . (1.45)
my
The experimental limit [23] gives
o msi \2
IALEAL| < 10720 <—1 TZZ\/) , (1.46)

which requires a huge fine-tuning of the couplings.
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One possible way to avoid this naturalness problem is to impose a discrete symmetry

called R-parity,
R

(—1)3B=hr2s (1.47)

where s is the spin of the particle. This symmetry forbids all the Lagrangian terms in (1.44).
Of course, this was not necessary in the standard model, where gauge invariance itself did
not allow for interactions violating baryon or lepton number. Apart from forbidding proton
decay, R-parity plays another extremely important role in the MSSM: it assures the stability
of the lightest supersymmetric particle, making it a good dark matter candidate.

However, even after imposing R-parity, there still exist nonrenormalizable operators in
the MSSM which mediate proton decay:

QOQL acacdee

T and (1.48)

suppressed only by the supersymmetry breaking mass scale compared to ordinary dimension-
five operators. Due to tightening experimental bounds on proton decay, a mechanism for
suppressing those nonrenormalizable operators is needed as well.

In Chapter 4] we propose an extension of the MSSM with gauged baryon and lepton
numbers, which naturally solves all the problems related to proton decay without imposing

any ad hoc discrete symmetry.
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Chapter 2

Simplified models with baryon number
violation but no proton decay

We enumerate the simplest models that have baryon number violation at the classical level
but do not give rise to proton decay. These models have scalar fields in two representations
of SU(3) x SU(2) x U(1) and violate baryon number by two units. Some of the models
give rise to nn (neutron-antineutron) oscillations, while some also violate lepton number by
two units. We discuss the range of scalar masses for which nn oscillations are measurable
in the next generation of experiments. We give a brief overview of the phenomenology
of these models and then focus on one of them for a more quantitative discussion of nn
oscillations, the generation of the cosmological baryon number, the electric dipole moment
of the neutron, and neutral kaon mixing.

The contents of this chapter were written in collaboration with Mark Wise and Jonathan

Arnold, and have been published in Ref. [1]].

2.1 Introduction

The standard model has nonperturbative violation of baryon number (5). This source of
baryon number nonconservation also violates lepton number (L); however, it conserves
baryon number minus lepton number (B — L). The violation of baryon number by non-
perturbative weak interactions is important at high temperatures in the early universe, but
it has negligible impact on laboratory experiments that search for baryon number violation

and thus we neglect it in this paper. If we add massive right-handed neutrinos that have a
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Majorana mass term and Yukawa couple to the standard model left-handed neutrinos, then
lepton number is violated by two units, |AL| = 2, at tree level in the standard model.

Motivated by grand unified theories (GUT), there has been an ongoing search for proton
decay (and bound neutron decay). The limits on possible decay modes are very strong. For
example, the lower limit on the partial mean lifetime for the mode p — e™7¥ is 8.2 x
1033 yrs [23]]. All proton decays violate baryon number by one unit and lepton number by
an odd number of units. See Ref. [28]] for a review of proton decay in extensions of the
standard model.

There are models where baryon number is violated but proton (and bound neutron)
decay does not occur. This paper is devoted to finding the simplest models of this type
and discussing some of their phenomenology. We include all renormalizable interactions
allowed by the SU(3) x SU(2) x U(1) gauge symmetry. In addition to standard model
fields, these models have scalar fields X , that couple to quark bilinear terms or lepton
bilinear terms. Baryon number violation occurs either through trilinear scalar interactions
of the type (1) X2X;.X; or quartic scalar terms of the type (i1) X2 X;.X;7.X;. The cubic scalar
interaction in (i) is similar in structure to renormalizable terms in the superpotential that
give rise to baryon number violation in supersymmetric extensions of the standard model.
However, in our case the operator is dimension three and is in the scalar potential. Without
adding right-handed neutrinos to the standard model spectrum there are four models of type
(i) where each of the X’s couples to quark bilinears and has baryon number —2/3. Hence,
in this case the X’s are either color 3 or 6. There are also five models of type (ii) where
X is a color 3 or 6 with baryon number —2/3 that couples to quark bilinears, and X is a
color singlet with lepton number —2 that couples to lepton bilinears.

We analyze one of the models in more detail. In that model the SU(3) x SU(2) x U(1)
quantum numbers of the new colored scalars are X; = (6,1, —1/3) and X, = (6, 1,2/3).
The nn oscillation frequency is calculated using the vacuum insertion approximation for
the required hadronic matrix element and lattice QCD results. For dimensionless coupling
constants equal to unity and all mass parameters equal, the present absence of observed
nn oscillations provides a lower limit on the scalar masses of around 500 TeV. If we

consider the limit M; < M, then for M; = 5 TeV, the next generation of nn oscillation
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experiments will be sensitive to M, masses at the GUT scale.

There are three models that have nn mixing at tree level without proton decay. In these
models, constraints on flavor changing neutral currents and the electric dipole moment
(edm) of the neutron require some very small dimensionless coupling constants if we are
to have both observable nn oscillations and one of the scalar masses approaching the GUT
scale.

In the next section we enumerate the models and discuss their basic features. The
phenomenology of one of the models is discussed in more detail in Section Some

concluding remarks are given in Section 2.4

2.2 The models

We are looking for the simplest models which violate baryon number but do not induce
proton decay. We do not impose any global symmetries. Hence, all local renormaliz-
able interactions permitted by Lorentz and gauge invariance are assumed to be present.
We begin by considering renormalizable scalar couplings with all possible standard model
fermion bilinears. A similar philosophy can be used to construct models involving proton
decay [45] or baryon number violating interactions in general [46, 47]. We first elimi-
nate any scalars which produce proton decay via tree-level scalar exchange as in Fig.
In particular, this eliminates the scalars with SU(3) x SU(2) x U(1) quantum numbers
(3,1,—1/3), (3,3,—1/3), and (3,1, —4/3). Note that in the case of (3,1, —4/3) we need
an additional T¥-boson exchange to get proton decay (Fig.[2.2)), since the Yukawa coupling
to right-handed charge 2/3 quarks is antisymmetric (for a detailed discussion see Ref. [48]).
The remaining possible scalar representations and Yukawa couplings are listed in Table 2.1}
We have assumed there are no right-handed neutrinos (vz) in the theory.

None of these scalars induce baryon number violation on their own, so we consider
minimal models with the requirement that only two unique sets of scalar quantum num-
bers from Table are included, though a given set of quantum numbers may come with
multiple scalars.

Baryon number violation will arise from terms in the scalar potential, so we need to
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Figure 2.1: AB = 1 and AL = 1 scalar exchange.
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X
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d e
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Figure 2.2: Feynman diagram that contributes to tree level p — Ktete v from
(3,1,—4/3) scalar exchange.

take into account just the models whose scalar quantum numbers are compatible in the
sense that they allow scalar interactions that violate baryon number. For scalars coupling
to standard model fermion bilinears, there are three types of scalar interactions which may
violate baryon number: 3-scalar X; X3 X5, 4-scalar X; X3 X; X5, and 3-scalar with a Higgs
X1X1 X1 H or X1 X, XoH, where the Higgs gets a vacuum expectation value (Fig. [2.3).
Actually, the simplest possible model violating baryon number through the interaction
X1 X1 X H includes just one new scalar (3,2, —1/6), but it gives proton decay via p —
mtate vv (Fig.[2.4). Note that a similar diagram with (H) replaced by X5 allows us to
ignore scalars with the same electroweak quantum numbers as the Higgs and coupling to
Qu and Qd, X5 = (1,2,1/2) and (8,2,1/2), as these will produce tree-level proton decay

as well. The other two baryon number violating models with an interaction term X X7 Xo H
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operaor | D it x| B
XQQ, Xud (6,1,—1/3),(3,1,-1/3)pp | =2/3| 0
XQQ (6,3,—1/3),(3,3,-1/3)pp | =2/3| 0
Xdd (3,1,2/3), (6,1,2/3) -2/31 0
Xuu (6,1,-4/3),(3,1,=4/3)pp | =2/3] 0
XQL (3,1,=1/3)pp, (3,3, =1/3)pp | 1/3 1
Xue (3,1,—1/3)pp 1/3 1
Xde (3,1,-4/3)pp 1/3 1
XQe, XLu (3,2,7/6) 1/3 | -1
XLd (3,2,—1/6)pp -1/3| 1
XLL (1,1,1), (1,3,1) 0 —2
Xee (1,1,2) 0 —2

Table 2.1: Possible interaction terms between the scalars and fermion bilinears along with
the corresponding quantum numbers and B and L charges of the X field. Representations
labeled with the subscript “PD” allow for proton decay via either tree-level scalar exchange
(Fig. [2.1)) or 3-scalar interactions involving the Higgs vacuum expectation value (Fig. [2.4).

are X7 = (3,1,—-1/3), Xy = (3,2,—7/6) and X; = (3,1,—1/3), X5 = (3,2,—1/6). As
argued earlier, such quantum numbers for X; also induce tree-level proton decay, so we
disregard them.

We now consider models with a 3-scalar interaction X; X7 X5. A straightforward anal-
ysis shows that there are only four models which generate baryon number violation via a
3-scalar interaction without proton decay. We enumerate them and give the corresponding
Lagrangians below. All of these models give rise to processes with AB = 2 and AL = 0,

but only the first three models contribute to nn oscillations at tree level due to the symmetry
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Figure 2.3: Scalar interactions which may generate baryon number violation.

d
= X
v \lxX
1
x, X

Figure 2.4: Interaction which leads to proton decay, p — 7t nte vy, for X; =

properties of the Yukawas. Note that a choice of normalization for the sextet given by

X X12/\/§ qu/\/i
(X% =] X12/y/2 X2 XB//2 @.1)
X13/\/§ X23/\/§ X33

leads to canonically normalized kinetic terms for the elements X°F and the usual form of
the scalar propagator with symmetrized color indices. Unless otherwise stated, we will be
using two-component spinor notation. Parentheses indicate contraction of two-component

spinor indices to form a Lorentz singlet.
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Model 1. X, = (6,1,-1/3), X, = (6,1,2/3),

L= —gP"X7" (Q1ae Q) — 95 X357 (dhadhs) — G X7 (uhads)

FAXPY XX €€y (2.2)

By virtue of the symmetric color structure of the 6 representation and the antisymmetric
weak structure of the Q@) bilinear in the first term, g; must be antisymmetric in flavor.
However, this antisymmetry is not retained upon rotation into the mass eigenstate basis.
Similarly, g, must be symmetric because of the symmetric color structure in the second
term. In this case, the symmetry character of g, will be retained upon rotation into the
mass eigenstate basis because it involves quarks of the same charge. Therefore, the inter-
action involving the Yukawa coupling g, gives rise to (and is thus constrained by) K%-K?°

mixing through tree-level X, exchange. The coupling g; has no particular flavor symmetry.
Model 2. X, = (6,3,—1/3), X, = (6,1,2/3),

L= —g" X" Qe QY ) — 95" X5 (Ao dins)

aa’ 'A !
FAXPAXPIAXT € g eqrgry . (2.3)

Here the matrix € 74

is symmetric. Because the first and second terms have symmetric
color structures, g; and go must be symmetric in flavor. The weak triplet X; has com-
ponents which introduce both K°-K° and D°-D" mixing. As in model 1, the interaction

involving g, will introduce K°-K° mixing via X, exchange.
Model 3. X; = (6,1,2/3), Xy = (6,1,—4/3),
L= — g X7 (diadig) — 95°X57 (ufaihs) + A X7 X7 X3 €aprearr - (24)

Both terms have symmetric color structures and no weak structure, so g; and g» must be

symmetric in flavor. In this model, the interactions involving g; and g, each have the po-
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tential to introduce neutral meson-antimeson mixing. For example, the g; interaction will

induce K°-K° mixing while g, will induce D°-D° mixing.

Model 4. X, = (3,1,2/3), X, = (6,1, —4/3),
L= —gi"Xia (dpsdh,) e — 95" X5 (upatis) + A X1a X15X5" . (2.5)

Because of the antisymmetric color structure in the first term, g; must be antisymmetric
in flavor, which prevents it from introducing meson-antimeson mixing. The antisymmet-
ric structure of g; also prevents the existence of six-quark operators involving all first-
generation quarks, and thus prevents nn oscillations. As in previous models, g5 is symmet-
ric and so we will get D°-D° mixing as in model 3. Although this model does not have
nn oscillations, there are still baryon number violating processes which would constrain
this model — for example, the process pp — KT K. This has been searched using the
Super-Kamiokande detector looking for the nucleus decay 0 — “CK*K* [49]. Had

we included vy, model 4 would have been excluded by tree-level scalar exchange.

Now, a similar line of reasoning applies to the case where we have a quartic scalar inter-
action term X; X; X; Xs. The only models violating baryon number which do not generate
proton decay (or bound neutron decay) are discussed briefly below. These last five models
have dinucleon decay to leptons, but do not contribute to tree-level nn oscillations by virtue

of their coupling to leptons.

Model 5. X, = (6,1,—1/3), X, = (1,1,1),

L= —g" X" (QhaeQhs) — 95" Xo(LGeLl) — g™ X717 (ufhodis)

FAXY X XTI Xy €qpy€arpry (2.6)

Similar arguments to those for the previous models tell us that g; and g, must be antisym-

metric in flavor.
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Model 6. X, = (6,3,—1/3), X, = (1,1,1),

L= _g?leaﬁA(QaLaETA Q%g) - gngg(L“LeL(i)

FAXQAAXPIB XIC X ABCe o eigy . 2.7)

In comparison with model 2, we see that ¢g; is symmetric in flavor, while g» is antisymmet-

ric.
Model 7. X, = (6,3, —1/3), X5 =1(1,3,1),

L= — o' X" Qhae " QLp) — 98" X5 (Lier L)

+ ANXOCAXPOB YO YD (g (FABGCP 4 §ACGBD 4 §ADSBCY (2.8

Once again, as in model 2, we have a symmetric g, thus the coupling g> must be symmetric

in flavor as well.
Model 8. X; = (6,1,2/3), X, =(1,1,-2),
L= — g X (dhdhs) — g3 Xo(ehel) + A X7 XPP X7V Xy €apy €arpry - (2.9)
As in model 1, g; must be symmetric. The coupling g; must also be symmetric in flavor.
Model 9. X; = (3,1,2/3), Xy = (1,1,-2),
L = — g{"X1a(dfady, )€™ — g5 Xs(ehel) + A X1aX15X1, X2 €77 . (2.10)

By comparison with model 4, we see that g; must be antisymmetric in flavor. The coupling
go 1s symmetric. Note that the antisymmetric color structure of the scalar interaction re-
quires the existence of at least three different kinds of X scalars for this coupling to exist.

Including vz would eliminate model 9 for the same reason as model 4.



29
2.3 Phenomenology of model 1

In this section we present a detailed analysis of model 1. The corresponding calculations for
the other models can be performed in a similar manner. Our work is partly motivated by the
recently proposed nn oscillation experiment with increased sensitivity [33]. In addition to
nn oscillations, we also analyze the cosmological baryon asymmetry generation in model
1 as well as flavor and electric dipole moment constraints. A brief comment on LHC

phenomenology is made.

2.3.1 Neutron-antineutron oscillations

The topic of nn oscillations has been explored in the literature in various contexts. For
some of the early works on the subject, see Refs. [50, 51} 152,153]]. Recently, a preliminary
study of the required hadronic matrix elements using lattice QCD has been carried out [54].
Ref. [55] claims that a signal of nn oscillations has been observed.

The scalar content of model 1 we are considering is similar to the content of a unified

model explored in Ref. [56]. The transition matrix element
Am = (n|Heg|n) , (2.11)

leads to a transition probability for a neutron at rest to change into an antineutron after time
t equal to P,_,»(t) = sin?(|Am| ).
Neglecting the coupling g; in the Lagrangian (2.2) (for simplicity) the effective |AB| =

2 Hamiltonian that causes nn oscillations is (see Appendix [A)

( /11)29%1>\

91 & g8 4 agb A X
Her = TUAMIMZ Rill iR Ry Wk A €4,3€55€ 5
X (Eijkei/j’k/ + € jk€ij' k! + €' k€il jk! + Eijk’ei’j/k> + h.c. , (212)

where Latin indices are color and Greek indices are spinor. It arises from the tree-level
diagram in Fig. (see, for example Ref. [S7]). We have rotated the couplings g; and

g2 to the quark mass eigenstate basis and adopted a phase convention where A is real and
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Figure 2.5: Interaction which leads to neutron-antineutron oscillations.

positive. We estimate Am using the vacuum insertion approximation [58]. This relates the
required nn six-quark matrix element to a matrix element from the neutron to the vacuum
of a three-quark operator. The later matrix element is relevant for proton decay and has
been determined using lattice QCD methods. The general form of the required hadronic

matrix elements is
(Ol (p, ) = — 708 e (Tupps) + Fups)) . @13)

Here up is the right-handed neutron two-component spinor and the Dirac equation was
used to remove the term proportional to the left-handed neutron spinor. The constant 3 was
determined using lattice methods in Ref. [S9] to have the value 8 ~ 0.01 GeV3. In the

vacuum insertion approximation to Eq. (2.11) we find (see Appendix

/11

2 11
Am| = 2xg2 W) 02 | %’]1\4{2 AZZQ y (2.14)

We note that an analogous calculation using the MIT bag model was performed in Ref. [60]

and yields a similar result. The current experimental limit on Am is [30]

|Am| <2 x 107% GeV . (2.15)

For scalars of equal mass, M; = M, = M, and the values of the couplings ¢/'! = g2t =1,



31

A = M, one obtains

M 2z 500 TeV . (2.16)

If, instead, the masses form a hierarchy, the effect on nn oscillations is maximized if we
choose My > M. Assuming M; = 5 TeV (above the current LHC reach) and A = M,
this yields

My 25 x 10" GeV . (2.17)

Note that A = M, is a reasonable value for this coupling, since integrating out M/, then
gives a quartic X interaction term with a coupling on the order of one. Of course, this
model does have a hierarchy problem, so having the Higgs scalar and the X light compared
with X, requires fine-tuning.

Experiments in the future [33]] may be able to probe nn oscillations with increased
sensitivity of |Am| ~ 7 x 1072 GeV. If no oscillations are observed, the new limit in the

case of equal masses will be

M > 1000 TeV . (2.18)

On the other hand, having M, = 5 TeV would push the mass of the heavier scalar up to the

GUT scale, leading to the following constraint on the second scalar mass:

My > 1.5 x 10'® GeV . (2.19)

We note, however, that in Section [2.3.2] we show that M; on the order of a few TeV is

disfavored by the electric dipole moment constraints.

2.3.2 LHC, flavor and electric dipole moment constraints

If the mass of the scalar X is small enough, it can be produced at the LHC through both

single and pair production. Detailed analyses have been performed setting limits on the



32

Figure 2.6: Diagram contributing to the electric dipole moment of the down quark.

mass of X; from such processes [61},62,[63]]. A recent simulation [61]] shows that 100 fb~1
of data from the LHC running at 14 TeV center of mass energy can be used to rule out or
claim a discovery of X scalars with masses only up to approximately 1 TeV, even when the
couplings to quarks are of order one. Our earlier choice of M; = 5 TeV used to estimate
the constraint on M5 from nn oscillations lies well within the allowed mass region.

Some of the most stringent flavor constraints on new scalars come from neutral meson
mixing and electric dipole moments. Since in model 1 X couples directly to both left- and
right-handed quarks, this means that at one loop the top quark mass can induce the chirality
flip necessary to give a light quark edm, putting strong constraints on this model even when
X is at the 100 TeV scale. The diagram contributing to the edm of the down quark is given
in Fig.[2.6] We find

Ty M12 ) 31/ 131\«
dgl ~ ———1 — ] |Im m. 2.20
|dal 62 M2 Og(mf) 97 (9" )| ec ( )

Here we have neglected pieces not logarithmically enhanced. This will give the largest
contribution to the neutron edm because of the top quark mass factor. All Yukawa couplings

in this section are in the mass eigenstate basis.

Using SU(6) wavefunctions, this can be related to the neutron edm via d,, = 3d4 —
%du ~ %dd. The present experimental limit is [64]

d®™P <29x107% e cm . (2.21)

Assuming M; = 500 TeV, neutron edm measurements imply the bound ‘Im[gfl (1] <
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6 x 1073. Furthermore, for observable n7n oscillation effects, with M, being close to
the GUT scale, we need M; ~ 5 TeV. In such a scenario the edm constraint requires

S| < 1078,

|Tm[g5" ('Y

Another important constraint on the parameters of model 1 is provided by K°-K° mix-

ing. Integrating out X, generates an effective Hamiltonian,

95 (92')

)
OM2

Heﬁ M22

(Srasre)(djedy) — (d%7"sra) (A5 VusRa),  (2.22)

where in the second line we have gone from two- to four-component spinor notation. This

gives the following constraints on the couplings [63]]:

2

Re[g3? (93")]| < 1.8 x 107° (%) , (2.23)
2

Im[g3% (93')7]| < 6.8 x 107* <1AT4§V) : (2.24)

If we set M, to 500 TeV, this corresponds to an upper bound on the real and imaginary

parts of g2%(g4')" of 0.45 and 1.7 x 1073, respectively.

2.3.3 Baryon asymmetry

We now investigate baryon number generation in model 1. B and L violating processes in
cosmology have been studied in the literature in great detail (for early works, see Refs. [66),
67]). We treat X5 as much heavier than X, and use two different X5’s to get a C'P violating
phase in the one-loop diagrams that generate the baryon asymmetry. For this calculation
X is treated as stable with baryon number —2/3, as each will eventually decay via baryon
number conserving processes to two antiquarks. To simplify our discussion, let us consider
the case in which the couplings satisfy the hierarchy A\, A < g2, 2. The top line of Fig.
shows the dominant tree-level and one-loop diagrams contributing to the baryon number

violating decays of X5. Rotating the X fields to make the couplings A and A real, we find
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Figure 2.7: Diagrams corresponding to the decay of Xs. The diagrams on top contribute to
the AB = 2 decays, while the diagrams on bottom contribute to AB = 0.

(see Appendix
— 3\ - M?2
D(Xy — X1 X) = A — 2 Im(Tr(g) ]
(Xo 1X1) 87TM2[ 47T(M22—M22) (Tr(g2 g2))
3\ - M3
DX, = X1X,) = A 2 Im(Tr(g) } 2.25
(o= XX = o VA )| @29

The net baryon number produced per X, X, pair is (see, Table

6 1
m Tr(g39,) M3 — M3

Ang = 2(r —7) = Im [)\ 3 Tre(gh gg)] , (2.26)

where we have used the fact that C' P invariance guarantees that the total width of X, and
X, are the same. Given our choice of hierarchy for the couplings, we have approximated
the total width as coming from the tree-level decay of X5 to antiquarks. A similar result in
the context of SO(10) models was obtained in Ref. [56].

Even with just one generation of quarks, the C'P violating phase cannot be removed

from the couplings A, A, g2, o and a baryon asymmetry can be generated at one loop. At
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Decay Br By
X, = X1 X, r 4/3
Xy — dpdp 1—r | —2/3
X, = X1X, 7 —4/3
X, — dpdg 1—7 2/3

Table 2.2: Branching ratios and final state baryon numbers for the decays of X, and X,
which contribute to the baryon asymmetry in the coupling hierarchy A\, A < gs, go.

first glance this is surprising since there are four fields (X5, X 2, X1, and dr) whose phases
can be redefined and four relevant couplings. However, this can be understood by looking
at the relevant Lagrangian terms, g, Xodd, ggf( odd, AX1X1 X5 and AX 1X1 XQ. The problem

reduces to finding solutions to the following matrix equation:

2100 Ox, N
20 b0 bxa [ _ | 9 , 2.27)
010 2 b, B
001 2 oy D

where the phases on the right-hand side are arbitrary. Let us take the difference of the first
two equations to remove phases for the couplings A and ), and the difference of the last
two equations to remove phases for the couplings g, go. We therefore obtain ¢35, — ¢y, =
b, — Px, and ¢g, — ¢y, = @%, — Px,. Those two equations cannot be simultaneously
fulfilled for arbitrary ¢y, ¢35, ¢g,, g, -

The baryon number generated in the early universe can be calculated from Eq.
by following the usual steps (see, for example, Ref. [68]). Out of equilibrium decay of
X, and X, is most plausible if they are very heavy (e.g., ~ 10'2 GeV). However, to get
measurable nn oscillation in this case, X; would have to be light — a case that is disfavored

by neutron edm constraints, since it requires some very small dimensionless couplings.
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2.4 Conclusions

We have investigated a set of minimal models which violate baryon number at tree level
without inducing proton decay. We have looked in detail at the phenomenological aspects
of one of these models (model 1) which can have nn oscillations within the reach of future
experiments. When all the mass parameters in model 1 have the same value, M, and
the magnitudes of the Yukawa couplings ¢/'! and gi' are unity, the present limit on nn
oscillations implies that M is greater than 500 TeV. For M = 500 TeV, the neutron
edm and flavor constraints give Im[g3'(g1)*] < 6 x 1075, Re[g3%(ga!)*] < 0.45, and
Im[g3?(gat)*] < 1.7 x 1073, which indicates that some of the Yukawa couplings and/or
their phases must be small if nn oscillations are to be observed in the next generation of
experiments. Of course, even in the standard model some of the Yukawa couplings are
small.

There are two other models (model 2 and model 3) that have nn oscillations at tree level.
Similar conclusions can be drawn for them, although the details are different. In models
2 and 3, exchange of a single X; does not give rise to a one-loop edm of the neutron.
However, K°-K° mixing can occur from tree-level X; exchange.

Observable nn oscillations can occur for My > M; with M, at/mear the GUT scale.
This requires M; ~ 5 TeV, and flavor and electric dipole constraints require some very

small Yukawa couplings in that case.
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Chapter 3

Phenomenology of scalar leptoquarks

We study the simplest renormalizable scalar leptoquark models where the standard model
is augmented only by one additional scalar representation of SU(3) x SU(2) x U(1). The
requirement that there be no proton decay from renormalizable interactions singles out two
such models, one of which exhibits an unusual top mass enhancement of the 1 — e~y decay
rate. We analyze the phenomenology of the model with the unusual top mass enhancement
of loop level chirality changing charged lepton processes in the light of existing and upcom-
ing experiments. Both of the models that do not allow proton decay from renormalizable
interactions have dimension-five operators that, even if suppressed by the Planck scale, can
give rise to an unacceptably high level of baryon number violation. We discuss symmetries
that can forbid these dimension-five operators.

The contents of this chapter were written in collaboration with Mark Wise and Jonathan

Arnold, and have been published in Ref. [2].

3.1 Introduction

Currently, the standard model describes most aspects of nature with remarkable precision.
If there is new physics at the multi-TeV scale (perhaps associated with the hierarchy puz-
zle), it is reasonable to expect measurable deviations from the predictions of the standard
model in the flavor sector. Among the experiments with very high reach in the mass scale
associated with beyond the standard model physics are those that look for flavor violation in

the charged lepton sector through measurements of the processes, 1 — ey [69] and 1 — ¢
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conversion [41,42]], and the search for electric dipole moments of the neutron, proton, and
electron. For a recent discussion of the reach provided by the data from K and B meson
decays, see, for example, Ref. [70].

Models with scalar leptoquarks can modify the rates for these processes. Simple models
of this type have been studied previously in the literature, including their classification and
phenomenology [ 71,72, (73] (74} 75,76, 77, [78].

Our approach is to first identify the minimal renormalizable scalar leptoquark models
containing one single additional representation of SU(3) x SU(2) x U(1) and construct
the most general renormalizable model without any additional constraints on the couplings
apart from the usual ones, i.e., gauge invariance, Poincaré invariance, and locality. Given
the strong experimental constraints on baryon number violating processes like p — 7%,
we concentrate only on those scalar leptoquark models which do not have baryon num-
ber violation in perturbation theory. Of course, there is baryon number violation through
nonperturbative quantum effects, since it is an anomalous symmetry. But this is a very
small effect at zero temperature. Only two models fulfill this requirement. One of those
two models gives a top mass enhanced ;1 — e~y decay rate. We perform an analysis of the
phenomenology of this specific model, including the ; — ey decay rate, © — e conver-
sion rate, as well as electric dipole moment constraints, focusing mostly on the regions of
parameter space where the impact of the top quark mass enhancement is most important.
For lepton flavor violating processes at higher energies such as 7 — puy, deep inelastic
scattering e + p — u(7) + X, etc., the impact on the phenomenology of the top quark mass
enhancement of charged lepton chirality flip is less dramatic, and that is why we focus in
this paper on low energy processes involving the lightest charged leptons.

There is also an m; enhancement of the one-loop contribution to the charged lepton
mass matrix. We explore the region of parameter space where this contribution does not
necessitate a fine-tuning of parameters.

We also consider the effects of dimension-five operators that can cause baryon number
violation. We find that the two models without renormalizable baryon number violation
can have such operators, and even if the operators are suppressed by the Planck scale, they

may (depending on the values of coupling constants and masses) give rise to an unaccept-
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able level of baryon number violation. We discuss a way to forbid these dimension-five
operators.

This paper is not a broad survey of the phenomenology of leptoquark models. Rather,
we focus on two issues that have not been discussed adequately in the previous literature:
first, whether the chirality flip by the top quark mass results in much greater experimental
reach in leptoquark mass when one takes into account a naturalness constraint on the lepton

mass matrix, and second, the nature of baryon number violation in these models.

3.2 Models

A general classification of renormalizable leptoquark models can be found in Refs. [[71}72].
However, in the spirit of our approach, in which we are interested in models with no proton
decay, a more useful list of possible interaction terms between the scalar leptoquarks and
fermion bilinears is presented in Ref. [1]], where those models that have tree-level proton
decay are highlighted. The relevant models are listed in Table The only two models
fulfilling our requirement are X = (3,2,7/6) and X = (3,2,1/6).

Model I: X = (3,2,7/6).

The Lagrangian for the scalar leptoquark couplings to the fermion bilinears in this

model is
L= - Nia,XTel) — \Net X1Q) + h.c. , (3.1)
where
Va 0 ]- vy,
X —  e= L= . (32)
Y. -1 0 er

After expanding the SU(2) indices, it takes the form
L= NI (Ve —Youl) = Nigh(Vied , + Vid ) +he. . (3.3)

Note that in this model the left-handed charged lepton fields couple to right-handed top
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Leptoquark Diquark SU(3) x SU(2) x U(1)
couplings couplings representation of X
XQe, XLu — (3,2,7/6)
XLd - (3,2,1/6)
XQL, Xue XQQ, Xud (3,1,-1/3)pp
XQL XQQ (3,3,=1/3)pp
Xde Xuu (3,1,-4/3)pp

Table 3.1: Possible interaction terms between the scalar leptoquarks and fermion bilinears
along with the corresponding quantum numbers. Representations labeled with the subscript
“PD” allow for proton decay via tree-level scalar exchange.

quarks, and the right-handed charged lepton fields couple to left-handed top quarks. So a

charged lepton chirality flip can be caused by the top mass at one loop.

Model Il: X = (3,2,1/6).

The corresponding Lagrangian is

L= -NdX"el 4+ h.c., (3.4)

where we have used the same notation as in the previous case. Expanding the SU(2)

indices yields

L = -\ p(Vye, —Yovl) +he. . (3.5)
In model II the leptoquark cannot couple to the top quark, so there is no m,; enhancement
in the © — ey decay rate. There is also no m; enhancement, and the one-loop effective
Hamiltonian for 4 — e (after integrating out the massive scalars and the heavy quarks) is
proportional to the muon mass. For this reason, in the remainder of the paper we will focus

entirely on model .
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3.3 Phenomenology

In this section we analyze some of the phenomenology of model I, i.e., X = (3,2,7/6).
We concentrate only on those constraints which are most restrictive for the model and po-
tentially most sensitive to the unusual top mass enhancement of the charged lepton chirality
change, i.e., the ones coming from the following processes: muon decay to an electron and

a photon, muon to electron conversion, and electric dipole moment of the electron.

3.3.1 Naturalness

There is a logarithmically divergent contribution to the charged lepton mass matrix that is
enhanced by m,. This contribution to the mass matrix, coming from momenta between A

(the cutoff) and my/, is

Saiviz M A2
Amg; ~ N3 )\fﬁﬂglog(m—%> . (3.6)

To avoid unnatural cancellations between this loop contribution to the lepton mass matrix

and the tree-level lepton mass matrix, we require

|Am”\ S A/ T . (37)

For example, for a scalar of mass my = 50 TeV and a cutoff set at the GUT scale, Eq. (3.6)

gives
Amyg; =~ MIN3 % 170 GeV (3.8)
which, combined with Eq. (3.7), yields the following constraint on the couplings:
A2 AN < 4.3 %1075, (3.9)

In the subsequent analysis, we will include the constraint imposed by Eq. (3.7) by indicat-

ing which regions of the plots are not favored by the naturalness considerations. A more
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Figure 3.1: Feynman diagrams contributing to the process . — e7.

precise analysis would involve solving renormalization group equations for the couplings

in the model.

3.3.2 u — ey decay

The relevant Feynman diagrams for this process are presented in Fig.[3.1 The uniqueness
of model I is that, apart from the fact there is no tree-level proton decay, the ;1 — e rate is
enhanced by the top quark mass. To our knowledge, such an enhancement of ;1 — ey was
observed previously only in Ref. [75] in the context of an SU(2) singlet scalar leptoquark
model. However, that model suffers from perturbative proton decay, and the impact of the
m,; enhancement was not focused on.

Keeping only the piece enhanced by m,, the sum of amplitudes corresponding to the
diagrams in Fig. [3.1] (neglecting the terms proportional to m.) is given by (see Appendix D]
for a detailed calculation)

M = 1279;277%2 f( > ky €. (k)
X [)\23)\22 er(p — k) o ur(p) + (N (N2)" enlp — k) 0" ur(p)|, (3.10)
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where £ is the photon four-momentum and ¢ is the photon polarization. The function

f(m?/m?,) is given by

1—a2*+2zlogx g(l—yc—i-logyc)7 G.11)

J@) = =g 1-2)?
and the tilde over the couplings denotes that they are related by transformations that take
the quarks and leptons to their mass eigenstate basis through the following 3 x 3 matrix

transformations:

A = Ulu, R)INU(e, L), A=Ule,R)N\U(u,L), (3.12)

where the right-handed up quarks in the Lagrangian are related to the right-handed mass
eigenstate up-type quarks by the matrix U(u, R), the left-handed up quarks in the La-
grangian are related to the left-handed mass eigenstate up-type quarks by the matrix U (u, L),
etc.

The 1 — e~y decay rate is

9 e2\*m?m? m2\ >
I'(p— =————F f| —+% 3.13
s o) = St £ (1) (3.13)
where
— L nasiee o Leses?
A= AR+ S (3.14)

Fig. shows the relation between A and the scalar leptoquark mass. This dependence
was plotted for the ;1 — e branching ratio equal to the current upper limit of Br(u —
ey) ~ 2.4 x 1072 reported by the MEG experiment and the prospective MEG sensitivity
of Br(u — ey) =~ 5.0 x 107'3. It shows that the experiment will be sensitive to scalar
leptoquark masses at the hundred TeV scale for small values of the couplings.

2

For very small z, f(z) — f(z) = 3 log . This is a reasonable approximation in the

range of = we are interested in. For example, f(1078)/f(1078) ~ 1.1.
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Figure 3.2: The combination of couplings A from Eq. (3.14) as a function of the scalar
leptoquark mass for two values of the ;© — e branching ratio relevant for the MEG exper-
iment. The shaded region consists of points which do not satisfy Eq. (3.7).

3.3.3 1 — e conversion

The effective Hamiltonian for the ;x — e conversion arises from two sources,
Heg = HE +1E) (3.15)

The first is the dipole transition operator that comes from the loop diagrams, which are

responsible for the ;1 — ey decay, given by

—f(mf/m%/) 5\235\32 éROW,uLFW + (5\%1)*(5\23)* éLau,,,uRF“" . (316)
v

Using the following Fierz identities for spinors (see Appendix [E),

1
(w1 puor)(Uspuar) = §(ﬂ1L7“U4L)(ﬂ3R%U2R)>

1 1
(wrusr)(Uspusg) = i(alLU4R)(a3Lu2R) + g(ﬂlLU#VU4R)<a3LU/wU2R) , 3.17)



45
we arrive, after integrating out the heavy scalar leptoquarks (at tree level), at the second

part of the effective Hamiltonian:
(b) L 512/ 510yep2 o _
Heff = 2—2 )\u (/\u) (GL’}/ ML)(UGR’YMUQR)
my,
TR 1
+ NN | Cs (1) Erme) (@amttar) + 7 Cr (1) (Er0™ 1) (Tar i)
+ AN (Ern" 1) (Tar Yutar)

+ (A2 (5\11})*[05(#) (ELpr)(Uarlar)+ iCT(M) (eLo™ pig) (ﬂaLUuuuaR)} }

AVerar)" <(5\eVCKM)21> (erY'pr)(darYudar) + ... . (3.18)

* 2m3,
The Cabibbo-Kobayashi-Maskawa matrix arises whenever a coupling to the left-handed
down-type quark appears. In Eq. (3.18) the contribution of the heavy quarks, as well as
the contribution of the strange quark, is in the ellipses. Since the operators gg and go*"q
do require renormalization, their matrix elements develop subtraction point dependence
that is cancelled in the leading logarithmic approximation by that of the coefficients C'g 7.

Including strong interaction leading logarithms, we get

—12/(33—2N,)
Cs(p) = {O‘;%)} (3.19)
and oy (my) 4/(33—2N,)

where N, = 6 is the number of quarks with mass below my . In order to match the effective
Hamiltonian to the Hamiltonian at the nucleon level and use this to compute the
conversion rate, we follow the steps outlined in Refs. [[79, 80].

Our results, taking into account only the contribution from H g?f), are shown in Fig.
The current experimental limit is Br(y — e conversion in Au) < 7.0 x 1073 [81]]. How-
ever, here we focus on the prospective MuZ2e experiment [42]], which has a sensitivity goal
of 5 x 10717, The COMET experiment [41]] aims for comparable sensitivity in later stages.
We use the total capture rate for 2ZA1 of Weapture = 0.7054 x 10° s7! [82] to switch from

the ;. — e conversion rate to a branching ratio.
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Figure 3.3: The combination of couplings A from Eq. as a function of the scalar
leptoquark mass for two values of the Br(yx — e conversion in Al) relevant for the Mu2e
experiment. The thin solid line, corresponding to Br(u — ey) = 107!, is included for
reference. The shaded region consists of points which do not satisfy Eq. (3.7).

Apart from coupling constant factors, the contribution to the ;1 — e conversion ampli-
tude from H(E;) is enhanced over the contribution to the amplitude from HS;) roughly by
(my/my,)(3e?/3272) log(mi, /m?) ~ 10 for my in the hundred TeV range.

Our results show that in some regions of parameter space, the Mu2e experiment will be
able to constrain leptoquark couplings with similar precision to that which can be done with
an experiment which is sensitive to a branching ratio for x — e~y of around 10~*. In other
regions the Mu2e experiment is likely to give a more powerful constraint for such a  — ey
branching ratio, as, for example, when the Yukawa couplings are strongly hierarchical and
the top quark loop is very suppressed.

To show graphically the contributions to the branching ratio originating from terms in
the effective Hamiltonian with different structures, we set all the couplings to zero apart
from A3, A23, \31 \32 XL X12 for simplicity; i.e., we leave only the couplings relevant for
the ;. — e~y decay and one of the vector contributions to Hi?f).

Note that the heavy quark contributions are suppressed by Aqcp/mg; low energy phe-
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nomenology suggests that the strange quark contribution is small, and furthermore the ten-
sor contributions are not enhanced by the atomic number of the target.

In addition, we consider only real couplings and define x = AL'A!2. We also assume
ABA32 — A\31\28 — ) 50 that we can plot ) as a function of the scalar leptoquark mass
for a given value of the ratio,

K 1112
X \/1(5\13:\32; _:1(5\31:\23)2 ' 62D
2\ M 2\ e

r

Figs.[3.4] - show our results for a few values of »r = 41, 410, +100, +200, and two
values of the branching ratio Br(x — e conversion in Al) = 10716, 10717,

For r < 1 the branching ratio is dominated by the Hg? contribution, and in this param-
eter region all curves look like the ones in Fig. [3.3] For larger values of r, depending on
the relative sign between the contributions from ’Hgiﬁ and ?—[,g?, there are two possibilities.
If the interference is constructive, the curve moves down with increasing 7, since a smaller
value of the coupling A is required to achieve a given branching ratio (Figs. and [3.7).
In the case of a destructive interference, the curves move up until a value of r is reached
for which the two contributions are the same (Figs. and . As estimated before,
this occurs for r ~ 10. Increasing r further brings the curves back down, since the Hé?f)
contribution becomes dominant.

Large values of r are expected if the Yukawa couplings of X exhibit a hierarchical
pattern like what is observed in the quark sector; x changes generations by one unit, while
the product of couplings in A\ involves changing generations by three units. Finally, we

note that for all the curves in the plots above, the Yukawa couplings are well within the

perturbative regime.

3.3.4 Electron EDM

Another flavor constraint on the couplings of model I comes from the electric dipole mo-
ment (EDM) of the electron. As mentioned earlier, the fact that X couples directly to both

left- and right-handed quarks means that at one loop the top quark mass can induce the
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Figure 3.4: The combination of couplings A from Eq. as a function of the scalar
leptoquark mass for a branching ratio Br(u — e conversion in Al) = 107! and four
different positive values of the ratio of the couplings r from Eq. (3.21)). The shaded region
consists of points which do not satisfy Eq. (3.7).
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Same as Fig. [3.4]but for negative values of r.
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Figure 3.6: Same as Fig. [3.4] but for a branching ratio Br(u — e conversion in Al) =
10717,
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Figure 3.7: Same as Fig. [3.3) but for a branching ratio Br(y — e conversion in Al) =
10717,
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Figure 3.8: The combination of couplings [Im[A!*A%!]| as a function of the scalar lepto-
quark mass for three different values of the electron EDM. The shaded region consists of
points which do not satisfy Eq. (3.7).

chirality flip necessary to give an electron EDM. We find that

2 ~ ~
Ao = 2T (%) I35 (3.22)
m

16 72mi 3
The present electron EDM experimental limit [[83] is

|d.| < 10.5 x 1072 e cm . (3.23)

We can write the dipole moment in terms of the branching ratio, Br(u — ev), giving the

constraint

[Im[ALAL] .

f\/Br(u —ey) <2.0x107". (3.24)
For example, if model I gave a branching ratio equal to the current experimental bound of
Br(u — ey) < 2.4 x 1072, this would correspond to the constraint on the couplings of

[Tm[APA2Y|/A < 0.13. Fig. 3.8] shows the relation between the parameters [Im[A*A3!]|

and my for the electron EDM equal to |d.| = 10727, 1072, and 10~ ¢ cm.
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3.4 Baryon number violation and dimension-five opera-

tors

Tree-level renormalizable interactions are not the only possible source of baryon number
violation. It might also occur through higher-dimensional nonrenormalizable operators.
In the standard model, proton decay is restricted to operators of mass dimension six or
higher. However, the scalar leptoquark models we consider exhibit proton decay through
dimension-five operators.

Let us first consider model I, in which X = (3,2,7/6). Although it does not give
proton decay at tree level, one can construct the following dimension-five operator:

1
Or =% 9% d s (HT X, ) e (3.25)

The coupling constant matrix g is antisymmetric in flavor space. Because of the tree-level
leptoquark couplings (see Table [3.1)), baryon number violating decay occurs here through
the process shown in Fig.[3.9|, resulting inn — e~ K+ and p — K "v. Setting the coupling
constants to unity, we estimate the baryon number violating nucleon decay rate caused by

this operator to be

TeV\* [ Mp\?
szzxm”(‘somjv) < EL> GeV . (3.26)

Since the current experimental limit is ngp < 2.7 x 107 GeV [25]], even if the scale of
new physics A is equal to the Planck mass Mpy, when the coupling constants are unity, this
operator causes too large a proton decay rate for my < 10000 TeV.

In the case of model II, where X = (3,2,1/6), there are two dimension-five baryon

number violating operators:

1 al a (07
Ogll) = KQ buRadlj%ﬁ(HTXw)e BW;

1
o = T 9" o (Xpe X )e™ (3.27)
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Figure 3.9: Feynman diagram representing proton decay in model I.

The operator O§11) permits a nucleon decay pattern similar to the previous case, e.g., n —
e~ 7t and p — 7 v. Proton decay through the operator (95? is much more suppressed.

In order to prevent proton decay through dimension-five operators, one could introduce
a discrete gauge symmetry that forbids the baryon number violating nonrenormalizable
couplings. Since B — L is the only anomaly-free global symmetry in the standard model,
we chose to impose a discrete subgroup of B— L. In models I and II, the leptoquark has B —
L = 4/3. The usual Z,, where the nontrivial transformation is (—1)?~%, does not work, as
the operators Oy, (’)g[), and (’)g) are invariant under this transformation. However, we find
that imposing a Z3 discrete symmetry, with elements that are powers of exp[27i(B — L) /3],
forbids these dimension-five operators, and thus, prevents the proton from decaying in this
class of models. Note that gauging B — L and spontaneously breaking the symmetry with a
charge three scalar (at some high scale) leaves this unbroken discrete Z3 gauge symmetry.
It is not possible to use any discrete subgroup of B — L to forbid proton decays in the
models from Table [3.1] which exhibit proton decay at tree level since all the interactions
conserve B — L.

Finally, we would like to comment on the relation between this work and that of
Ref. [1], where renormalizable models that have additional scalars and have baryon num-
ber violation at tree level, but not proton decay, were enumerated and discussed. In these
models, none of the scalars were leptoquarks (they could rather be called diquarks or dilep-

tons). However, if we permit higher dimension operators, then models 4 and 9 presented
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in Ref. [1]] containing the scalar X = (3,1,2/3) (which has renormalizable diquark cou-

plings) have dimension-five leptoquark-type couplings,

1 _
Onr = Xg“b<Q%“H)e%Xa. (3.28)

This operator, combined with the renormalizable couplings of X to two quarks, gives pro-
ton decay with the rate estimated in Eq. (3.26). This observation restricts the parameter
space of models 4 and 9 to the one in which either the color triplet scalar X is very heavy

or its Yukawa couplings are small.

3.5 Conclusions

We have investigated the minimal set of renormalizable models in which a single scalar
leptoquark is added to the standard model with the requirement that proton decay not be
induced in perturbation theory. We have looked in detail at the model which gives an
unusual top quark mass enhancement of the branching ratio of 1 — e, and studied whether
this enhancement results in greater experimental reach given a naturalness constraint on the
lepton mass matrix.

For this model, we have considered the ;© — e branching ratio, the i — e conversion
rate, and the electric dipole moment of the electron, in light of current constraints and
future experiments. We have shown the potential limits that the MEG, MuZ2e, and the
electron EDM experiments could place on some of the couplings of the scalar leptoquark
to the Qe and Lu bilinears. We have explored the region of parameter space for which
the loop contribution to the charged lepton mass matrix does not overwhelm the tree-level
part. Given this naturalness constraint, and focusing on the contribution enhanced by m,,
we have found that current experiments are sensitive to leptoquark masses on the order of a
hundred TeV, whereas future experiments may push the sensitivity into the several hundred
TeV mass region. Without the naturalness constraint, taking the relevant Yukawa couplings
to unity, the experimental reach would be 10 000 TeV.

We have commented on the existence of nonrenormalizable operators in these minimal
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models, which can give an unacceptably large proton decay rate for my < 10000 TeV, as
well as provided a simple mechanism for avoiding them.
Since there are only two scalar leptoquark models where at the renormalizable level
baryon number is automatically conserved, it would be interesting to examine a more ex-
tensive range of phenomena and address, over a wide range of parameter space, how to

distinguish experimentally between these two models.
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Chapter 4

B and L at the supersymmetry scale,
dark matter and R-parity violation

We present a simple theory where baryon and lepton numbers are spontaneously broken at
the supersymmetry scale. In this context R-parity must be spontaneously broken, but the
theory still contains a stable field which can play the role of the cold dark matter of the uni-
verse. We discuss the spectrum of the theory, the properties of the dark matter candidate,
and the predictions for direct detection experiments. This theory provides a concrete exam-
ple of exotic supersymmetric signatures associated with having the simultaneous presence
of R-parity violating and missing energy signals at the Large Hadron Collider.

The contents of this chapter were written in collaboration with Pavel Fileviez Pérez,

Sogee Spinner and Jonathan Arnold, and have been published in Ref. [3].

4.1 Introduction

The minimal supersymmetric standard model (MSSM) is considered one of the most ap-
pealing candidates for physics beyond the standard model. While the recent results from
the Large Hadron Collider (LHC) have set serious constraints on the masses of the super-
symmetric particles, if one suspects that new physics exists at an LHC accessible scale, an
MSSM-like theory still highly recommends itself as a candidate theory.

Despite its various appealing properties, the MSSM poses a challenge for proton stabil-
ity. This is because it introduces two separate sets of operators which induce proton decay:

tree-level terms, which separately violate baryon and lepton number, and nonrenormaliz-
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able terms which individually violate both baryon and lepton number. The first of these
are

LH,, LLé*, QLd®, and a°d°d",

where the first three operators violate lepton number and the last baryon number. Any
combination of the first three operators with the last one leads to rapid proton decay. Their
absence is typically explained by invoking R-parity, an ad hoc discrete symmetry defined as
R = (—1)3(B=1)+25 'which forbids all of these terms. However, the fate of such operators
is most simply divined from models of gauged B — L. The most minimal of such models
lead to lepton number violating R-parity violation (and therefore no tree-level proton de-
cay) [84] but R-parity conserving models are also possible [85, 186, 187]]. Regardless of the
type of B — L model, the second type of proton decay inducing operators exists. These are
nonrenormalizable operators which conserve B — L but violate B and L separately, e.g.,
QOQL acacdee

and

A A

Despite the suppression in these terms due to the scale of new physics, the bounds on proton
decay are strong enough to motivate a mechanism for suppressing them. See Ref. [28] for
a review of proton decay.

Recently, a simple theory for the spontaneous breaking of local baryon and lepton num-
bers has been proposed in Ref. [88]]. In this context one can define an anomaly-free theory
using fermionic leptobaryons which have both baryon and lepton number charges. Further-
more, even after symmetry breaking, the lightest leptobaryon is stable due to a remnant
Zy symmetry and can therefore be a dark matter candidate (see also Refs. [89, 90, 91] for
similar studies). This idea can be applied in the context of supersymmetric theories to es-
tablish not only the origin of the RR-parity violating terms, as in the B — L models, but also
determine the fate of the nonrenormalizable terms which violate B and L separately.

In this paper we investigate an extension of the MSSM where the local baryonic and
leptonic symmetries are spontaneously broken at the supersymmetry scale. We find that
the minimal model predicts that R-parity must be spontaneously broken in the MSSM

sector (leading only to lepton number violation). Despite the breaking of R-parity, the
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remnant Z, symmetry from the breaking of the baryonic and leptonic symmetries ensures
that the lightest leptobaryon is stable and may be a candidate for the cold dark matter
of the Universe. We investigate the spectrum of the theory and the predictions for dark
matter direct detection. This article is organized as follows: in Section [4.2] we discuss the
model with local B and L symmetries, and in Section 4.3| we discuss the possible dark
matter candidates and the predictions for dark matter experiments; finally, we summarize

our results in Section 4.41

4.2 Spontaneous breaking of B and L

In order to define a theory for local baryon and lepton numbers, we use the gauge group
SU(?))C X SU(2)L X U(l)y X U(l)B X U(l)L .

An anomaly-free theory can be achieved by adding the following new leptobaryonic fields

with B and L numbers [88]]:

A

U ~ (1,2,—-1/2,By,Ly), ¥°~(1,2,1/2, By, L),
ﬁc ~ (171717_317_[/1)7 ﬁN(171,_17_B2,_L2),

A

X¢ ~ (1,1,0,—B;,—L;), and X ~ (1,1,0,—By, —Ls) .

Notice that these fields are vector-like with respect to the SM transformations. The anoma-
lies can be canceled for any values of B; and L; (i = 1,2), which satisfy the conditions

(see Appendix
Bl + BQ = -3 and L1 + Lg =—-3. (41)

In order to generate masses for the new fields and for symmetry breaking, we need the

chiral superfields

Sy~ (1,1,0,3,3) and S~ (1,1,0,—3,-3).



58

Therefore, the superpotential of this theory is given by
WerL = Whrpe + Wi, 4.2)
where
Wipe = YuQH 06 + YyQHyde + Y, LHye + Y, LH, ¢ + nH,Hy — (4.3)

contains the R-parity conserving terms present in the MSSM (plus a Yukawa coupling for

the neutrinos, Y,,) and

Wip = YiWHG + VoW H, X+ YU Huf) + Yol Hy X

+ A U0eS) + Aﬂ%ﬂ% + A X XS, + MBL§1512 4.4)

is the superpotential of the leptobaryonic sector needed for anomaly cancelation. Of course,
because of the conservation of B and L, both the [-parity violating terms and the non-
renormalizable terms leading to proton decay are forbidden. Notice that when B; = B,
and L; = L, we can have Majorana masses for the X and X¢, but we stick to the general
case where By # By and Ly # Ls.

An interesting consequence of the leptobaryonic sector is the presence of a Z, sym-
metry once S; and S acquire a vacuum expectation value (VEV). Under this symmetry,
all leptobaryons are odd: ¥ — -V, V¢ — -V n — —n,n° - —n° X — —X and
X¢ — —X¢°. The consequence of this is that the lightest leptobaryon is stable (must be

neutral) and therefore a dark matter candidate.
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4.2.1 Symmetry breaking and gauge boson masses

Symmetry breaking in the baryon and lepton number sector proceeds through the following

scalar potential:

e 9 2
Vo= (M7 + |pscl?) [Si1? + (M3 + |upLl?) |Sof” + M |o°]” + 59129 (151> = |S2*)

1 ~c
+ 59% (3151‘2_3|S2|2_|V ‘2)2 — (bprS1S2+h.c.), 4.5)

where M7, M, and M;. are the soft terms for the scalar fields S7, Ss and ¢, respectively.

Here bg;, is the bilinear term between .S; and S,, and we define the VEVs as

V2S5, = v+ hi +iay, (4.6)
V2Sy = vy hs+ias, 4.7)
V20° = wg+ hg+iag . (4.8)

The squared mass matrix for the new gauge bosons can be written as

9¢% (v2 + v2 9 vi 4 032
M2, — 95 (vi 3) 9891 (v 5) ’ 4.9)

995gr(v +v3) 99 (v} +v3) + givk
which has a zero determinant if v = 0; note that this cannot be modified even in the
case where (X) # 0 when B; = L;. We stick to these scenarios for simplicity. This is a
consequence of the fact that when S; and Sy acquire VEVs the symmetry group U(1)g x
U(1) is broken to U(1)p_r. The B — L symmetry can only be broken by the VEV of
the right-handed sneutrino, as in Ref. [84]]. Therefore, we conclude that R-parity must be
spontaneously broken in this theory. However, it is only lepton number violating R-parity

violation and therefore the proton remains safe.



60

The minimization conditions read as

v 9 3
0 = (M7 + |psLl?) - bBLU—Q + 59?9(@% —v3) + §gi(3uf —3v; —vy), (4.10)
1

3
0 = (M3 + |psLl?) — bBLv_2 - 593(1)% —v3) — 59%(31)% —3v; —vy), (4.11)

1
0 = MZ— 59% (3vf — 305 — v}), (4.12)

and can be reformulated as

2 3
U}% = ? —Mgc + 59% (U% — U;) , 4.13)
3
) 2bpr,
2 = 4.14
sin(27) M? + M2+ 2lppr)2 (414)

where we have defined

tany = 2 . 4.15)
U1

One can easily prove that there is no symmetry breaking in the supersymmetry (SUSY)
limit. Therefore, the B and L breaking scales are determined by the SUSY scale. In order

to have a potential bounded from below, we must satisfy the condition
2bpr, < ME+ MZ 4 2|upL|?, (4.16)
and in order to break the symmetry we need the condition
byr > (Mf +uprl® — ;9%0122) (M22 +usrl® + 2920122) : (4.17)
The mixing angle between Z; and Z, is defined by

ZB _ COS@BL sinGBL Zl ’ (418)

ZL —SiHQBL COS@BL ZQ
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where My < Mz,. The eigenvalues for the new neutral gauge bosons are

1 9 2
o= (o, 02, for, -0, o, ).
where

Mz, = 9gh(vi +v3),

M%L = ¢ (9@% + 9v3 + v%) ,

and the mixing angle is given by

29591 (v + v3)

in(20 =
SlIl( BL) M%2 — M%l

(4.19)

(4.20)
(4.21)

(4.22)

Note that this produces a Z; lighter than Z, only for Mz, < My, . For the opposite case

take O, — —0pr, and Z; <> Zy. In the limit v% > v? + v3 the eigenvalues are

My, ~ 9g% (63 +13) (1-90),

Mz, ~ Q%U?{ (1 + 96) )
where € = (v} + v3) /v% and the mass eigenstates are

81 ¢2
7, = ( —?g—§e2> Zs—998 ¢z, .

L gL
81 g2
Z2:99_B€ZB+ (1——g—562) Zy, .
gL 2 97

(4.23)
(4.24)

(4.25)

(4.26)

This is an interesting limit, since the lighter Z; eigenstate is predominately Zp-like and

therefore has lower collider bounds [92] 93] compared to a Z’ that significantly couples to

leptons [94]].

Finally, we note that when baryon and lepton numbers are broken at the SUSY scale,

one expects operators mediating proton decay. However, in this theory, the proton is stable

because baryon number is broken by three units. The least suppressed nonrenormalizable
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terms which generate baryon and lepton number violating interactions occur at dimension

fourteen, e.g.,

1 O (~caceac & (~c e jenc & (AAADT
Wi = <5 |eS(@ade) + oS (addi) + c352(QQQL)3] . @2
Because of this large suppression, there is no need to assume a large scale to be in agree-

ment with experiments.

4.2.2 Spontaneous R-parity violation

As we saw earlier, in order to avoid a long range B — L force, the sneutrino must acquire
a VEV. The consequences of this are very similar to those in the minimal supersymmetric
B — L model [84] and we briefly review them here.

The first and most obvious of these consequences is that R-parity is spontaneously bro-
ken. This induces a mixing between SUSY and non-SUSY fields with the same quantum
numbers: neutralinos with neutrinos, charginos with charged leptons, sneutrinos with neu-
tral Higgs, and charged sleptons with charged Higgs. Typically, the most important of
these mixings proceeds through the neutrino Yukawa coupling in the superpotential once

the right-handed sneutrino acquires a VEV, and one obtains

1 ~ A~
W > —Y,vgl H,, (4.28)

V2

which is the so-called bilinear R-parity violating term usually referred to as /. This term
also induces a VEV for the left-handed sneutrino which leads to various mixing terms of
gauge coupling strength such as % g1Bvvy, and g, Brvvy, where B and By, are the hyper-
charge and lepton number gauginos, respectively. The size of R-parity violation is related
to the neutrino sector and is therefore small. Phenomenologically, this means that SUSY
processes proceed as if [2-parity is conserved except for the decay of the lightest super-
symmetric particle (LSP), which can now decay into SM states. More specifically, SUSY
particles are still pair produced. For specific decay channels for a given LSP, see Ref. [93].

A further interesting consequence is that a sizable VEV can only be realized for one
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generation of right-handed sneutrinos. This means that lepton number is broken by one
unit only in one generation, and it is only the corresponding generation of right-handed
neutrinos which attains a TeV scale mass; the other two right-handed, or sterile, neutrinos
attain sub-eV masses [96, 97, 98]]. This has important consequences for cosmology in the

form of dark radiation in the early universe and for neutrino oscillation anomalies.

4.3 Dark matter candidates

After symmetry breaking, the lightest leptobaryon is stable due to the remnant Z; sym-
metry, as discussed earlier. This particle must be neutral and could play the role of dark
matter. Furthermore, unlike in R-parity conservation, the lightest leptobaryon can be either
a fermion or a scalar. The best candidates are the X and X¢ superfields since they do not
couple to the Z. In this study, we assume the lightest leptobaryon is the fermionic compo-
nent of X and X¢, whose Dirac spinor we refer to as X, and focus on its properties. It is
also interesting to note that because the mass of X is given by the VEV of Sy, it is auto-
matically at the SUSY scale, and therefore like a weakly interacting massive particle. This
would not be true if its mass was simply a parameter in the superpotential whose magnitude
would be arbitrary. Of course, there is a trade-off here with the p-type problem associated
with the pp; parameter.

The fermionic dark matter candidate can annihilate into two fermions through the neu-

tral gauge bosons present in the theory:

XX = 7, — ff. (4.29)
The relevant interactions in this case are
—L = gpX4" (= ByPp + B1Pg) Zp, X + gL X4" (=LaPp + Ly Pr) Z1, X, (4.30)

which in the physical basis reads as

—£ = 93)2(7“ (CHPL + CmPR) ij( -+ gB)z'v“ (CleL + CQQPR) ZQuX 3 (431)
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where

Cii = —Bycosfps + z—;LQ sinfpr | (4.32)
Cis = Bycosfpy — g—ng sinfpy | (4.33)
Cot = —Bysinfgy — ;’—;LQ cosfpr | (4.34)
Coo = Bysinfgp + j—;Ll cos gy | 4.35)

Assuming the contribution from Z; dominates, we find an annihilation cross section (see

Appendix [G)

1 4m? ' C
— 1 4 B 4.36
7 zq: 36ms Vs (s— MZ)2+T% M2 (456)
where
C = [(CH + Ch) (s +2m2) (s — M%) + 6 CriCiaM% (s + 2m?)| cos® Oy, . (4.37)

In the nonrelativistic limit, the cross section is given by

1 m2 LC%2(2M2 +m?
(Cv)xr = > =—y/1— 2 I5 ( = 2‘1) — (4.38)
p 247 MX (4MX—M21) +FZ1MZ1
where we have denoted
C= (CH + 012) COS HBL . (439)

In the present epoch the energy density of the relic dark matter particles X would be

N Ty (107 X 109)
N \/aO'oMp GeV

Qgh? . (4.40)

We adopt the value Q9%5,h% = 0.1199 + 0.0027 [99]. The freeze-out temperature z; =
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M /T is then given by

0.038 g MpM 1 0.038 g MpM
vy =In IPEXI0) _ 1y |In 9P EXI0) | (4.41)
v 9x 2 v 9

where ¢ is the number of internal degrees of freedom (in our case g = 4), g. is the effective
number of relativistic degrees of freedom evaluated around the freeze-out temperature, M p
is the Planck mass, and ov = oy + o702,

The direct detection also proceeds through the Z;:
XN = Z;, - XN, (4.42)

and the spin-independent nucleon-dark matter cross section is then given by

1 MiIM§ g}
~dr (Mg + My)? M},

oS c?, (4.43)

assuming that the dominant contribution comes from the Z; gauge boson. Because both
the dark matter annihilation and direct detection proceed through 7, they are intimately
related to each other. Specifically, once one determines the parameters that yield the correct
relic density for a given dark matter mass, there are no free parameters left to hide it from
direct detection. Keeping this in mind, we present the predictions for the direct detection
experiments.

In Fig. fi.T] we show the values for the spin-independent cross section versus the dark
matter mass when C' = 1, 0.1 < g < 0.3, 2.5 TeV < M, < 5 TeV, and assuming that
the relic density is in the range 0.11 < Q3h? < 0.13. One can appreciate in Fig. that
the allowed solutions are below the XENON100 bounds [100], but could be tested in future
dark matter experiments such as XENONIT or LUX.

In Fig. we show some solutions when the mass of the new lightest neutral gauge
boson is 2, 3, or 4 TeV. One can see that there is no need to be very close to the resonance

to achieve the required cross section for the relic density.
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Figure 4.1: Predictions for the elastic nucleon-dark matter cross section for different values
of the dark matter mass when 0.11 < Qh? < 0.13.
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Figure 4.2: Allowed values for the gauge coupling and the dark matter mass when 0.11 <
Qh? <0.13and Mz, = 2,3,4 TeV.
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4.4 Summary and discussions

In this article we have presented the simplest supersymmetric extension of the model pro-
posed in Ref. [88] where baryon and lepton number are local symmetries. In this context,
the baryonic and leptonic gauge symmetries are broken at the SUSY scale and the proton
is stable.

One of the main predictions of this theory is that R-parity must be spontaneously broken
in the MSSM sector because the right-handed sneutrino VEVs are needed to break the
remnant local U(1)p_, that results from the VEVs of S; and S;. Even though R-parity
is broken, the lightest leptobaryon is stable and can be a cold dark matter candidate. The
dark matter candidate can either be the spin one-half or spin zero SM singlet leptobaryon;
we have focused on the former in this paper. It furthermore has baryon and lepton number,
and therefore couples to the two Z's in the model.

There are many interesting predictions for the Large Hadron Collider searches in this
theory. Since RR-parity is broken in the MSSM sector, we will have lepton number violating
signatures at the LHC. For example, one can have exotic channels with four leptons and
four jets where three of the leptons have the same electric charge [95, [101]. On the other
hand, there is a stable dark matter candidate in the theory which can be produced through
the new neutral gauge bosons. Therefore, one can also expect signatures with missing
energy at the LHC. This theory provides a simple example of very exotic supersymmetric
signatures at colliders, since one can have the simultaneous presence of R-parity violating

and missing energy signatures at the LHC.
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Chapter 5

Standard model with gauged baryon,
lepton and flavor symmetries

We propose an extension of the standard model in which baryon number, lepton number,
and the flavor group are spontaneously broken local gauge symmetries. The anomalies
are cancelled by including leptobaryonic and flavor-triplet fields with appropriate quantum
numbers. The model contains a dark matter candidate, generates masses for the neutrinos,
and does not suffer from dangerous low-dimensional baryon number violating operators
inducing proton decay. It also has the potential to solve the flavor puzzle. We discuss
the Lagrangian of the theory, the symmetry breaking mechanism, experimental constraints,

and possible signatures at the LHC.

5.1 Introduction

The standard model has been providing an extremely successful description of our world.
However, despite its undisputable virtues, it suffers from a variety of issues enumerated in
Chapter[I] Apart from experiencing the hierarchy problem, it does not explain the existence
of dark matter and neutrino masses, requires a desert between the electroweak scale and the
GUT scale to be consistent with experimental limits on proton decay, exhibits the strong
C P problem, provides no explanation for the hierarchical pattern of Yukawas, and much
more. All this suggests that the standard model by itself is incomplete. Many extensions
have been proposed, each having its advantages, but so far none of the new physics models

have been able to successfully explain all issues simultaneously.
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It has recently been shown that theories with gauged baryon and lepton numbers are
not plagued with dimension four and five baryon number violating operators responsible
for proton decay [88, 89, 90, [102]. Anomaly cancellation in those theories requires in-
troducing a set of new fields: a sequential fourth generation [|89) [102], vector-like fourth
generation [90]], or vector-like leptobaryons [[88]. The models with a fourth generation are
in tension with experiments either because of the nonperturbativity of the Yukawa cou-
plings [89], or because of the suppression in the H — ~~ decay rate [103} [104]. This
leaves the model presented in [[88] as the most appealing non-supersymmetric extension of
the standard model with baryon and lepton numbers gauged.

At the same time, much progress has been made in understanding flavor symmetries.
In particular, models with gauged flavor symmetries were brought back into attention in
[105] by constructing a minimal anomaly-free extension of the standard model of this type.
The cancellation of anomalies was obtained by introducing a set of fermionic fields which
are vector-like with respect to the flavor gauge group. A more detailed phenomenological
study of this model was carried out in [[106]. An interesting property of such theories is that
spontaneous flavor symmetry breaking, driven by the flavon fields, is capable of explaining
the hierarchy of the standard model Yukawas through the appropriate shape of the flavon
potential [[107].

In this thesis we propose a model in which all the baryon, lepton, and flavor symmetries
are gauged. We call this model the BLFSM. Our motivation is to construct a consistent
theory which has an appealing dark matter candidate, contains a mechanism for generating
neutrino masses, does not exhibit proton decay, and within which the hierarchical pattern
of Yukawas can be understood. We are not concerned with the hierarchy problem, since it
can be alleviated by supersymmetrizing our model, which itself would be an extension of
the model presented in [108], but with baryon and lepton numbers gauged in addition to

the flavor group.
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5.2 The model

Our model is based on the gauge group

SU(S)C X SU(Q)L X U(l)y X U(l)B X U(l)L
x SU(3)g, X SU(3)uy X SU(3)a, x SU(3);, x SU(3),,, x SU(3)

eRr

where the second line represents the gauged flavor symmetries of the standard model aug-
mented by a right-handed neutrino. The minimal particle content of the model, along with
the quantum numbers of the fields, is presented in Table
The leptobaryonic fermion fields ¥, Vg, ng, 1, Xg, X are introduced in order
to cancel the gauge anomalies involving U(1)p and U(1),. The requirement of anomaly
cancellation imposes the following conditions on the baryon and lepton charges of the new
fields:
By—By =3, Ly—L;=3. 5.1

We note that a similar particle content was introduced in Ref. [88] when gauging only
baryon and lepton numbers. For consistency, we stick to their notation for some of the
fields and couplings, but we do not make the simplifying assumption that B; = — B, and
Ly = —L,. On the contrary, we focus specifically on the case B; # —Bs and L; # — L5 in
order to avoid Majorana mass terms for X and X ;. The new Higgs field Sp;, has to have
baryon and lepton number equal to —3 in order to generate vector-like masses for the new
fermions. An additional Higgs field S, is required to realize the type I seesaw mechanism
for neutrino masses.

The simplest way to cancel gauge flavor anomalies in the quark sector is to add the
fermionic fields U%, W%, ¥4 W2 This unique choice of fields (chiral with respect to the
standard model gauge group and vector-like with respect to the flavor gauge symmetry)
was proposed in Ref. [105]. We include an additional set of fields (¥, U5, ¥y, ¥9) to
cancel the gauge anomalies in the lepton sector.

The flavor symmetry breaking occurs through the scalar potential. The quark flavor
gauge group SU(3)q, x SU(3)

up X SU(3)q, is broken spontaneously by the vacuum
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Table 5.1: Matter fields of the minimal BLFSM.
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expectation values (VEVs) of the scalar fields Y,, and Y;, while the lepton flavor gauge
symmetry SU(3);, X SU(3),, X SU(3)e, is broken by the VEVs of Y, and Y.. In order
for the model to explain the hierarchy of standard model Yukawas one needs to include in
the flavon potential, in addition to the Higgs and Yukawa fields, additional scalar fields 2
being triplets under each of the individual flavor groups, as discussed in Section
The Lagrangian of the theory is given by

L= Lo+ LI+ L)

int int

V(H,Y,Z) (5.2)

BL

int

where Ly, describes the dynamics of the fields, £ * corresponds to the interactions in the
leptobaryonic sector with the additional Majorana mass term for the right-handed neutrino,
L}, consists of Yukawa interactions and mass terms, and V (H, Y, Z) is the scalar potential.

n

In particular:

,C~BL = hlli/LHT]R + hQ\I/L[:IXR + hg\IfRH’)?L + h4\I/R]fIXL

+MV LU RSEL + NalrnLSer + M XrX1SBL + MvrrvrSL + hec., (5.3)
LY, = MNQLHYY + N, V1Y, Y% + M, Vup + A\Q HUY,

N UYL+ MyUedp + N HUY + X UV Y, 0

+M VY vp 4+ Al HUS, + N WS Y, 0% + M, USep + h.c. (5.4)

and the potential V' (H,Y, Z), invariant under the flavor group, is a function of the Higgs
and Yukawa fields, as well as other scalar fields in some representations of the flavor group

needed to produce a hierarchical pattern of the standard model Yukawa couplings.

5.3 Symmetry breaking

As mentioned in the previous section, the VEVs of the Yukawa fields, (Y'), spontaneously
break the flavor symmetry. The values of those VEVs are governed by the shape of the

flavor invariant potential V' (H, Y, Z). The standard model Yukawa interactions are obtained
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by integrating out the new fermions from the Lagrangian (5.4)):

M, M _ A A M,
Pl T s T )

(5.5)

<

®
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<
3

and follow an inverted hierarchy pattern [105]]. In Eq. (5.5)) the unitary matrices V;; and V;
arise after a flavor transformation diagonalizing Y; and Y., respectively. This seesaw-like
mechanism for the standard model Yukawa couplings results in the suppression of flavor
and electroweak precision constraints. The mass scale for the flavor gauge bosons can be
as low as the TeV scale.

Most of the literature regarding dynamical flavor symmetry breaking concentrates only
on the case of a global flavor symmetry and is confined to the quark sector. In those mod-
els the standard model Yukawa couplings are generated from dimension-five operators and
follow the same hierarchy pattern as the VEVs of the Yukawa fields. It was shown in
Ref. [109] that the most general renormalizable flavor invariant potential built from Y,, and
Y, after spontaneous symmetry breaking can only give the tree-level vacuum configuration
(Y,) ~ diag(0,0,v,), where ¢ = u,d. This was proven to hold to all orders in pertur-
bation theory, also at the nonrenormalizable level, in Ref. [110]. The same paper shows
that adding new scalar fields in nontrivial representations of the flavor group can yield a
hierarchical Yukawa structure of the form (Y;) ~ v, diag(e;, €2, 1), where ¢; < €, < 1.
Those ideas were extended to the full quark sector in Ref. [107], explaining not only the
quark mass hierarchy, but also the Cabibbo-Kobayashi-Maskawa mixing and the weak C'P
violating phase. All this was accomplished at the cost of introducing four new scalar fields
in the following representations of SU(3)g, X SU(3)y, x SU(3)as: Zg, ~ (3,1,1),
Zg, ~ (3,1,1), 2, ~ (1,3,1),and Z; ~ (1,1, 3).

In our model, and in the case of spontaneously broken gauged flavor symmetries in
general, the construction of a flavor invariant potential providing a given Yukawa pattern
proceeds along similar lines. However, contrary to models with a global flavor symmetry,
for which a hierarchical pattern of the Yukawa VEVs corresponds to a hierarchical pattern
of standard model Yukawas, we require an inverted hierarchy of the Yukawa VEVs to

emerge.
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The first step to explaining the inverted hierarchy of the Yukawa VEVs in models with
gauged flavor symmetry in the quark sector was provided in Ref. [111]], where an explicit

formula for the flavor part of the scalar potential V' (Y") is given:
VYY) = —m2Te (Y]Y,) + X Te (YIY,) 4+ A8 T (Y]Y, YY) + det (V)
3T (Y;Yd) P ATy (Y; Yd>2 P ATy (3{} YY) Yd> + det (Y)
+ [mgd Tr (YY) + A7M Tx (ijYJYQ

L Vikl Ty <Y;TYJ> Tr (YJYO + YV Y + h.cl . (5.6)

This potential has a minimum at (Y,) = diag(m,,0,0), where ¢ = w,d. The authors
suggest that an inverse hierarchy pattern with all diagonal elements nonzero might be ac-
complished after including contributions from higher dimensional operators.

Their speculation seems very well-founded. Taking into account dimension-six op-
erators would correspond, at the renormalizable level, to including new scalar fields in
the potential involving appropriate interactions with the Yukawa fields. One could use
the known results from spontaneous breaking of global flavor symmetry and construct
a potential which would give an inverted hierarchy of the Yukawa VEVs in the case of
our model. In order to accomplish this, one most likely needs six new scalar fields,

three in nontrivial representations of SU(3)g, X SU(3)y, X SU3)4: Zg ~ (3,1,1),

ur
Zu ~ (1,3,1), Z; ~ (1,1,3), and the other three in the following representations of
SU3), x SU(3)y, X SUB)en: Z1 ~ (3,1,1), Z, ~ (1,3,1), Z. ~ (1,1,3). Further-
more, to reproduce not only the standard model Yukawa hierarchy, but also the nonzero
mixing and phases in the CKM matrix, additional fields would have to be included. We

leave a detailed investigation of this aspect for future work.

5.4 Leptobaryonic dark matter

The dark matter candidate in our model is the fermionic particle X. The calculations
of the relic density and direct detection cross section are analogous to those in Ref. [3],
assuming that X couples dominantly to the Z5 gauge boson. This analysis was the subject

of Section 4.3|of this thesis. The updated limits from the LUX experiment [112] are more
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constraining, but there is still a large potion of parameter space available. We recall that
in the dark matter analysis we strongly rely on the assumption B; # —Bs. Otherwise,
the annihilation cross section would be velocity suppressed and it would not be possible to

keep it in agreement with observational constraints in a non-fine-tuned way.

5.5 Phenomenology and constraints

The phenomenology of the quark flavor sector in models with just the flavor symmetry
gauged was analyzed in great detail in Refs. [105} [106]. Their results are applicable to
our model with the additionally gauged baryon and lepton numbers without any substantial
modifications, since the quantum numbers 5B and L we chose for the flavor-triplet fields in
order to cancel the gauge anomalies allow for the same couplings to quarks as in Ref. [[105].
The bounds originate mainly from mixing effects between the standard model and new
fermions. Although the flavor and electroweak precision constraints are greatly reduced by
the seesaw-like mechanism for the standard model Yukawas, they are not absent, especially
for the third generation. The relevant processes and precision observables considered in
Ref. [[105] affected by the mixing are Z — b by, electroweak oblique parameters, b — s,
and Vj;,. Other bounds come from direct searches. One of the most striking signatures of
the model consists of six bottom quarks in the final state. Ref. [106] completes this study
by concentrating on a precise analysis of flavor constraints, including those coming from
tree-level heavy gauge boson exchanges. The lepton flavor sector still needs to be analyzed.

A phenomenological investigation of the leptobaryonic sector has not been carried out
yet as well, even in models with only baryon and lepton numbers gauged. However, we
note that for an extension of the standard model with just lepton number gauged such an
analysis was performed in Ref. [113]]. The authors study the phenomenology of the exotic
lepton sector and its effects on Higgs decay rates. One of the unique signatures of their
model is a four-lepton final state with the new gauge boson resonance in two of the leptons.
It would be interesting to extend their results to the case in which baryon number is gauged

as well. We leave such an investigation for future work.
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5.6 Conclusions

We have constructed a model (BLFSM) based on the standard model gauge group extended
by gauging baryon and lepton numbers, as well as flavor symmetries. The BLFSM provides
solutions to some of the most important problems of the standard model, while at the same
time not being heavily constrained by experiments. Some of its appealing features are the

following:

— The BLFSM contains a natural dark matter candidate required for the theory to be
anomaly-free. A large region of parameter space is consistent with current dark

matter experimental constraints.
— The model incorporates the type I seesaw mechanism for neutrino masses.

— Proton decay is forbidden by gauge symmetry. Processes violating baryon and lepton

number are strongly suppressed.

— Spontaneous breaking of gauged flavor symmetry through the appropriate shape of
the scalar potential can provide a dynamical mechanism generating the hierarchy of

standard model Yukawa couplings.

Future work on this model includes constructing the flavor invariant scalar potential which,
after spontaneous breaking of the flavor symmetry, yields an inverted hierarchy for the vac-
uum expectation values of the Yukawa fields, thus explaining the standard model Yukawa
hierarchy. It would also be interesting to analyze the LHC constraints on the leptobaryonic
and lepton flavor sectors of the theory and propose other specific signatures to look for in

experimental searches.
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Chapter 6

Thesis summary

This thesis investigates models beyond the standard model which contain new processes
violating baryon number but are not plagued by tree-level proton decay. The main body of
the thesis is composed of three published papers: Refs. [1], [2], and [3], which constitute
Chapters [2] 3| and [ respectively. Chapter [5] discusses an unpublished idea involving an
extension of the standard model with gauged baryon number, lepton number, and flavor
symmetry.

In Chapter 2] we consider simple renormalizable models containing new scalars respon-
sible for baryon number violation, in which proton decay does not occur at tree level. We
investigate models where the new scalar fields couple to quark or lepton bilinear terms in a
gauge invariant way. The sources of baryon number violation are the trilinear and quartic
scalar interactions. We identify nine such models and briefly discuss their properties, but
concentrate our analysis on the phenomenological aspects of the model containing scalars
in the following representations of the standard model gauge group: X; = (6,1, —1/3) and
X, = (6,1,2/3). We calculate the neutron-antineutron oscillation frequency in this model
using the vacuum insertion approximation, discuss the generation of cosmological baryon
number, compute the electric dipole moment of the neutron, and analyze constraints from
neutral kaon mixing. We show that in this model the neutron-antineutron oscillation signal
is potentially detectable by present day experiments, with the mass of the lighter scalar at
the TeV scale and the mass of the heavier scalar being as high as at the grand unification
scale. Nevertheless, in such a case the constraints on flavor changing neutral currents and

the electric dipole moment of the neutron require some very small Yukawa couplings.
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In Chapter [3| we concentrate on finding the minimal renormalizable models with just a
single scalar leptoquark added to the standard model particle spectrum. As in the previous
case, we impose the condition that proton decay not be induced in perturbation theory.
There are only two models that fulfill our requirements and contain the scalar leptoquark
in the following gauge representations: X = (3,2,7/6) and X = (3,2,1/6). We perform
a detailed analysis of the phenomenology of the first model since it exhibits a top quark
mass enhancement of the ;1 — e~y branching ratio. Our study includes the calculation of
the ;1 — e~y decay rate, the 1 — e conversion rate, and the electric dipole moment of the
electron. We show the potential limits which current and future experiments could place
on some of the couplings involving the scalar leptoquark. We concentrate on the region
of parameter space for which the loop contribution to the charged lepton mass matrix does
not overwhelm the tree-level part. Given this naturalness constraint, we find that current
experiments are sensitive to leptoquark masses on the order of a hundred TeV, whereas
future experiments may push the sensitivity into the several hundred TeV mass region.
The model in its original form also predicts baryon number violating nonrenormalizable
dimension-five operators triggering proton decay. We show that imposing an appropriate
discrete symmetry forbids these dimension-five operators.

In Chapter ] we propose a simple extension of the minimal supersymmetric standard
model, in which baryon and lepton numbers are local gauge symmetries spontaneously
broken at the supersymmetry scale. The gauge anomalies are cancelled by adding a set of
leptobaryonic chiral superfields. The theory provides a natural explanation for the absence
of proton decay. It also predicts that R-parity must be spontaneously broken. However, de-
spite R-parity nonconservation, the remnant Z, symmetry from the breaking of the baryon
and lepton symmetries ensures that the lightest leptobaryon is stable and may serve as a
good dark matter candidate. We discuss the spectrum of the theory, the properties of the
dark matter candidate, and the predictions for direct detection experiments. A large region
of parameter space is consistent with current dark matter experimental constraints. This
model provides concrete exotic supersymmetric signatures associated with having the si-
multaneous presence of [2-parity violating interactions and missing energy signals at the

Large Hadron Collider.
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In Chapter [5] we describe a non-supersymmetric extension of the standard model with
an even larger gauge sector, which now includes gauged baryon, lepton, and flavor symme-
tries. New leptobaryonic and flavor-triplet fields are required to cancel the anomalies. This
theory has a number of virtues. As the model described in Chapter [} it contains a natural
leptobaryonic dark matter candidate required for the theory to be anomaly-free. It realizes
the type I seesaw mechanism for neutrino masses. Baryon and lepton number violating
processes are heavily suppressed and proton decay is totally forbidden by gauge symmetry.
In addition to inheriting those appealing properties, this theory has the potential to explain
the hierarchical structure of the standard model Yukawas through the spontaneous breaking
of the gauge flavor symmetry by the vacuum expectation values of the Yukawa fields. A
nice feature of the model is that the seesaw-like mechanism for the standard model Yukawa
couplings offers a suppression of experimental constraints in the flavor sector. Directions

for future work are discussed.
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Appendix A

Effective Hamiltonian for low energy
|AB| = 2 processes

The process leading to neutron-antineutron oscillations in model 1 is shown in Fig. 2.5

The relevant Feynman rules derived from the Lagrangian (2.2) are the following:
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The low energy effective Hamiltonian responsible for the |AB| = 2 process is

—i Heg = _22/\( /11)2 92 oy CigkCi'j'k! (ddezﬁﬁ + d /df?,z‘) €ap
8(—M7)(—M7)(—M;)
X (u?%jdéR + URJ d > <udeRk’ + uRk’de> €5 T he (A.1)

where Latin letters denote color indices and dotted Greek letters indicate spinor indices.
Writing out all the terms in Eq. (A.T)) separately, the effective Hamiltonian takes the form
A(g)’ 93"
Her = _W €ijh €1 j'k €a €46 Eiy
6 B v g8 8
+dS, dg,um,d A dS, + d%i,dmu]%jd ,udeRk, + dﬁi,d uRJd gD,

+ d%i,d uR],d udeRk, + d%i,d%iu%j,d%juﬁk,déa +h.c. . (A2)

This expression can be rewritten as

n1y2 11
o T TN RO Cah G
a@ g8 A
><< il Ay s+ Ay il by

o iy Ayl + Al ey i 0y, ) +

RSN
AMINE d i gy R]d ’udeRk’ €ap €46 Eix

X (€ijk €l + €k €ijrir + €ijre €y + € €irjr) + hco (A.3)

which is equivalent to Eq. (2.12).
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Appendix B

|Am/| in the vacuum insertion
approximation

Using Eq. (2.12)), we can write the matrix element (2.11)) as

Ag) g
AMNME
x (n|d% d%z,uR]d%j,udeRk,ln) . (B.1)

(n[Her|n) =

€a €55 Eix (€ijk € + €t €ijrir + €ijrk €y + Eijir €irjrk)

Applying the vacuum insertion approximation and keeping track of the minus signs when

interchanging two fermionic fields gives

M2 11
<ﬁ’?—[ ’n> — _ME S €.+ €4 (6 €11 /_'_6./. €t ,_i_e“/ €1 /+E 1 €11 )
eff - 4M4M2 aB Cy6 Cax \Ligk S’k i3k Cij'k ij'k €' jk igk’ Ci'j'k
12

adg d?%i’“jzj‘())(()’dé oD n) + (7] dgi/uﬁ\%k|0><0|d5 "dﬁk/u;zﬂm

ﬁ\déRJ,ka,uRj 0)(0|d% d’lgﬁ-,u}\%]n ﬁ\d%],dxk,uRk\O) (0|d% dgz,uRj In

di{j’d?%i’u;/%j 0) <0|d%id§%k’u}\%k n d‘;j,d%i,u% 0) <O|d d)z%k'URg n

El

=0

ﬁ‘d%zdxk/uRk|0> <0‘d ’d/lg%z/uR] |n

)+
)+
)~
d%idSRj'U%'|O><0|dB'/dék/U}%k|”> (n
il 1 |0 (Ol oy g ) — ¢

)~

~

~ )
+ (7 )
+ Qg 0) {0l 'y In)
+ )
+ Al 3 |0) (01 iy )

(B.2)

n‘de’d%i’qu 10) <O‘de’ddRiu3\%k n
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Symmetry considerations yield

& B 3 1 &, B 3, 6
Oldfydiyufuln) = i) [“uinp) + Fui)]
5 L Ny 5
(il uful0) = T €)” |[70R(p) + )] | (B.3)

where p is the momentum of the neutron, while ug(p) and vg(p) are spinors. Comparing

those formulas with the following relation (see Ref. [59]):
eireas Olugugdr,|p(k)) = B(k) up (k) (B.4)

(with the value of (3 calculated using lattice methods), and acting on both sides of Eq. (B.3)

with €ijk€es » gives
{(p) =—38() - (B.5)

Therefore

<ﬁ|d?zid§}z¢'uj%j 10) <0|d(ls%j’d)1§2ku>l\%k’ )

= mfz’i’jej’kk’|§(p)|2 [GMUJ%@) + eﬁwvj’fz(p)] [e‘s’\u}‘%(p) + EX)‘U%(p)] . (B.6)

The contribution of the first term in Eq. contains the following factor:
€iirj €jik (€ijk €irjrir  €irjie €ijrry  €ijik €arjir + Eijie €k

= €iitj €ijk €tk €5k k T €iitj €it jk €40k €igrk T+ €iitj €irjky €40kt €iglk T €iitj ikt €4'k!k €if ke

= (_25i/k)(25’i/k’) + (252k>(25zk) + (25ik:’)(_26ik’) + (_26i’k’)<_25i/k”) =0. (B.7)

Similarly, the contributions from all other terms in which a single matrix element contains

the pair of indices (4,4'), (j, 5'), or (k, k") vanish as well.
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This leaves us with
_ A(gi)” gi!
(n|Heln) = TUAMME B S S (€iji €rjn + €t €ijin + Eijrn €arjie + € €irjrn)
x| (sl 10} 10) Oty el ) — (7l O)O] iy )
o {l oy 10 10) 01y At ) — (el OV Ol By ).

(B.8)

Using Eq. (B.6), the four terms in Eq. (B.8) can be calculated separately.

A(git)*gs!
(1) (A|Heg|n)y = W%CB €45 €ix (€ijk €ir o +€ir ks €ijrir +€ijrk €ir iy +€ijir €irj7k)
x <ﬁ|dd‘d)fzkfu;cjm)<O‘d(;%j'd1ﬁzi'u?%k|n>

n1y\2 11
MGy e et enn €t e e €o)
4M4M2 edg E,-ﬂ; 6)\5( €ijk €i'j'k! T €l jk €i/k! T €45k €i jRk! T €k’ €tk
172

x —peiwicrnlE@I [ k) + )] | Punip) + Pubo)] .

(B.9)

It is straightforward to show that

€ik/j€5'i'k (€ijk €51k + €irjk €Eij'k! + €ij'k €' k! + €ijk! Ei’j’k) =72. (BIO)
Using the property of the antisymmetric symbols, e 3= 52‘ , glves

EMUR(J?)G‘”U?%(P)Edﬁ‘%mx = — "ok (p)eP uly(peagesseiy

L s i, 6 &
= 5€X7UR(p)ﬁé/\ufz@)%g%sﬁ;\x = X vp(p)e B3 5R(p>€a,8%5€}\x = vg(p)e aﬁuR( ). (B.11)

All this yields

B 3)\( /11)2 11 ) 3
(Al Herlnh = == ey €0 Peip)easuin(e). (B.12)
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_ A (gth)? gt
(2) <n|Heﬂ’n>2 = W%ﬁ 675 GAX (E,ij Gi’j’k’ + Ei’jk eij’k’ + Eij’k Gi’jk’ + eijk