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Abstract

A broad overview of the current status of proton stability in uni-
fied models of particle interactions is given which includes non - su-
persymmetric unification, SUSY and SUGRA unified models, unifi-
cation based on extra dimensions, and string-M-theory models. The
extra dimensional unification includes 5D and 6D and universal extra
dimensional (UED) models, and models based on warped geometry.
Proton stability in a wide array of string theory and M theory models
is reviewed. These include Calabi-Yau models, grand unified models
with Kac-Moody levels k > 1, a new class of heterotic string models,
models based on intersecting D branes, and string landscape models.
The destabilizing effect of quantum gravity on the proton is discussed.
The possibility of testing grand unified models, models based on extra
dimensions and string-M-theory models via their distinctive modes
is investigated. The proposed next generation proton decay experi-
ments, HyperK, UNO, MEMPHYS, ICARUS, LANNDD (DUSEL),
and LENA would shed significant light on the nature of unification
complementary to the physics at the LHC. Mathematical tools for the
computation of proton lifetime are given in the appendices. Prospects
for the future are discussed.
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1 Introduction

The Standard Model of strong, and the electro-weak interactions, given by
the gauge group SU(3)c x SU(2), x U(1)y, is a highly successful model of
particle interactions [1, 2] which has been tested with great accuracy by the
LEP data. The electro-weak sector of this theory [1], i.e., the SU(2), xU(1)y
sector, provides a fundamental explanation of the Fermi constant and the
scale

GF ~ 292.8GeV (1)

has its origin in the spontaneous breaking of the SU(2); x U(1l)y gauge
group and can be understood as arising from the vacuum expectation value

(v) of the Higgs boson field (H°) so that G;% = 2'/4%. Thus the scale
G'r is associate with new physics, i.e., the unification of the electro-weak
interactions. There are at least two more scales which are associated with
new physics. First, from the high precision LEP data, one finds that the
gauge coupling constants gs, g2, g1(= \/ggy), where g3, g2, gy are the gauge
coupling constants for the gauge groups SU(3)¢, SU(2)r, U(1)y, appear to
unify within the minimal supersymmetric standard model at a scale Mg so
that

Mg ~ 2 x 10'° GeV (2)
This scale which is presented here as empirical must also be associated with

new physics. A candidate theory here is grand unification. Finally, one has
the Planck scale defined by

(SIS

Mp; = (87GN) 72 ~ 2.4 x 10" GeV (3)

where one expects physics to be described by quantum gravity, of which
string-M-theory are possible candidates. Since grand unified theories and
models based on strings typically put quarks and leptons in common mul-
tiplets their unification in general leads to proton decay, and thus proton
stability becomes one of the crucial tests of such models. Recent experi-
ments have made such limits very stringent, and one expects that the next
generation of experiments will improve the lower limits by a factor of ten
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or more. Such an improvement may lead to confirmation of proton decay
which would then provide us with an important window to the nature of
the underlying unified structure of matter. Even if no proton decay signal
is seen, we will have much stronger lower limits than the current experi-
ment gives, which would constrain the unified models even more stringently.
This report is timely since many new developments have occurred since the
early eighties. On the theoretical side there have been developments such as
supersymmetry and supergravity grand unification, and model building in
string, in D branes, and in extra dimensional framework. On the experimen-
tal side Super-Kamiokande has put the most stringent lower limits thus far
on the proton decay partial life times. Further, we stand at the point where
new proton decay experiments are being planned. Thus it appears appropri-
ate at this time to present a broad view of the current status of unification
with proton stability as its focus. This is precisely the purpose of this report.

We give now a brief description of the content of the report. In Sec.(2)
we review the current status of proton decay lower limits from recent exper-
iments. The most stringent limits come from the Super-Kamiokande experi-
ment. We also describe briefly the proposed future experiments. These new
generation of experiments are expected to increase the lower limits roughly by
a factor of ten. In Sec.(3) we discuss proton stability in non-supersymmetric
scenarios. In Sec.3.1 we estimate the proton lifetime where the B -violating
effective operators are induced by instantons. In Sec.(3.2) we discuss the
baryon and lepton number violating dimension six operators induced by
gauge interactions which are SU(3)¢ x SU(2)r, x U(1)y invariant. Proton
decay modes from these B — L preserving interactions are also discussed.
In Sec.(3.3), we discuss the general set of dimension six operators induced
by scalar lepto-quarks consistent with SU(3)¢ x SU(2) xU(1)y interactions.

In Sec.(4) nucleon decay in supersymmetric gauge theories is discussed.
In Sec.(4.1) the constraint on R parity violating interactions to suppress rapid
proton decay from baryon and lepton number violating dimension four oper-
ators is analyzed. However, in general proton decay from baryon and lepton
number violating dimension five operators will occur and in this case it is the
most dominant contribution to proton decay in most of the supersymmetric
grand unified theories. The analysis of proton decay dimension five operators
requires that one convert the baryon and lepton number violating dimension



five operators by chargino, gluino and neutralino exchanges to convert them
to baryon and lepton number violating dimension six operators. The dress-
ing loop diagrams depend sensitively on soft breaking. Thus in Sec.(4.2) a
brief review of supersymmetry breaking is given. As is well known, the soft
breaking sector of supersymmetric theories depends on CP phases and thus
the dressing loop diagrams and proton decay can be affected by the presence
of such phases. A discussion of this phenomenon is given in Sec.(4.3). Typi-
cally in grand unified theories the Higgs iso-doublets with quantum numbers
of the MSSM Higgs fields and the Higgs color- triplets are unified in a single
representation. Since we need a pair of light Higgs iso-doublets to break the
electro-weak symmetry, while we need the Higgs triplets to be heavy to avoid
too fast a proton decay, a doublet-triplet splitting is essential for any viable
unified model. Sec.(4.4) is devoted to this important topic. The remainder
of Sec.(4) is devoted to a discussion of proton decay in specific models. A
discussion of proton decay in SU(5) grand unification is given in Sec.(4.5),
while a discussion of proton decay in SO(10) models is given in Sec.(4.6).
In Sec.(4.7) a new SO(10) framework is given where a single constrained
vector-spinor - a 144- multiplet is used to break SO(10) down to the residual
gauge group symmetry SU(3)¢ X U(1)ep.

Sec.(5) is devoted to tests of grand unification through proton decay and
a number of items that impinge on it are discussed. One of these concerns the
implication of Yukawa textures on the proton lifetime. It is generally believed
that the fermion mass hierarchy may be more easily understood in terms of
Yukawa textures at a high scale and there are many proposals for the nature
of such textures. It turns out that the Higgs triplet textures are not the same
as the Higgs doublet textures, and a unified framework allows for the cal-
culation of such textures. This topic is discussed in Sec.(5.1). Supergravity
grand unification involves three arbitrary functions: the superpotential, the
Kahler potential, and the gauge kinetic energy function. Non-universalities in
gauge kinetic energy function can affect both the gauge coupling unification
and proton lifetime. This topic is discussed in Sec.(5.2). In grand unified
models, the gauge coupling unification receives threshold corrections from
the low mass (sparticle) spectrum as well from the high scale (GUT) masses.
Consequently the GUT scale masses, and specifically the Higgs triplet mass,
are constrained by the high precision LEP data. These constraints are dis-
cussed in Sec.(5.3). Model independent tests of distinguishing GUT models
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using meson and anti-neutrino final state are discussed in Sec.(5.4) where
three different models, SU(5), flipped SU(5) and SO(10) are considered. In
Sec(5.5) the important issue of the constraints necessary to rotate away or
eliminate the baryon and lepton number violating dimension six operators
induced by gauge interactions is discussed. It is shown that it is possible to
satisfy such constraints for the flipped SU(5) case. Finally, an analysis of the
upper limits on the proton lifetime on baryon and lepton number violating
dimension six operators induced by gauge interactions is given in Sec.(5.6).

Sec.(6) is devoted to grand unified models in extra dimensions and the
status of proton stability in such models. In Sec.(6.1) a discussion of pro-
ton stability in grand unified models in dimension five (i.e., with one extra
dimension) is given and various possibilities where the matter could reside
either on the branes or in the bulk are discussed. In these models it is possi-
ble to get a natural doublet-triplet splitting in the Higgs sector with no Higgs
triplets and anti-triples with zero modes. A review of SO(10) models in 5D
is given in Sec.(6.2) while 5D trinification models are discussed in Sec.(6.3).
6D grand unification models in dimension six, i.e., on R xT?, are discussed in
Sec.(6.4). Various grand unification possibilities on the branes, i.e., SO(10),
SU(5) x U(1), flipped SU(5) x U(1), and SU(4)c x SU(2)p x SU(2)r exist
in this case. Another class of models which are closely related to the models
above are those with gauge-Higgs unification. Here the gauge fields arise as
part of the gauge multiplet and hence gauge and Higgs couplings are uni-
fied. Various possibilities for the suppression of proton decay exist in these
models since proton decay is sensitive to how matter is located in extra di-
mensions. In Sec.(6.6) a discussion of proton decay in models with universal
extra dimensions (UED) is given. In these models extra symmetries arise
which can be used to control proton decay. In Sec.(6.7) proton stability in
models with warped geometry is discussed. Such models lead to a solution to
the hierarchy problem via a warp factor which depends on the extra dimen-
sion. Proton decay can be suppressed through a symmetry which conserves
baryon number. Finally, in Sec.(6.8) proton stability in kink backgrounds in
discussed.

In sec.(7) we discuss proton stability in string and brane models. There
are currently five different types of string theories: Type I, Type IIA, Type
I1B, SO(32) heterotic and Fg x Eg heterotic. These are all connected by
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a web of dualities and conjectured to be subsumed in a more fundamen-
tal M-theory. Realistic and semi-realistic model building has been carried
out in many of them and most extensive investigations exist for the case
of the Eg x FEg heterotic string within the so called Calabi-Yau compact-
ifications where the effective group structure after Wilson line breaking is
SU(3)c x SU(3)L x SU(3)r and further breaking through the Higgs mecha-
nism is needed to break the group down to the Standard Model gauge group.
Proton stability in Calabi-Yau models is discussed in Sec.(7.1). In Sec.(7.2)
we discuss grand unification in Kac-Moody levels £ > 1. It is known that
in weakly coupled heterotic strings one cannot realize massless scalars in the
adjoint representation at level 1, and one needs to go to levels £ > 1 to realize
massless scalars in the adjoint representations necessary to break the GUT
symmetry. However, at level 2 it is difficult to obtain 3 massless generations
while this problem is overcome at level 3. In these models baryon and lepton
number violating dimension four operators are absent due to an underlying
gauge and discrete symmetry. However, baryon and lepton number violat-
ing dimension five operators are present and one needs to suppress them by
heavy Higgs triplets. A detailed analysis of proton lifetime in these mod-
els is currently difficult due the problem of generating proper quark-lepton
masses. In Sec.(7.3) a new class of heterotic string models are discussed
where a spontaneous breaking of the observable sector of Eg x FEg heterotic
string leads to the breaking of the Eg in the observable sector by an SU(4)
gauge instanton on an internal Calabi-Yau threefold to Spin(10). A further
breaking of Spin(10) to SU(3)cx SU(2), x U(1)y x U(1)g_1, can be achieved
by a Wilson line breaking. This model has many interesting features with
an almost MSSM like massless particle spectrum. Proton decay is absolutely
forbidden in these models, aside from the proton decay induced by quantum
gravity effects. Other attempts at realistic model building in 4D models in
the heterotic string framework are also briefly discussed in Sec.(7.3).

Proton decay in M-theory compactifications are discussed in Sec.(7.4).
The low energy limit of this theory is the 11 dimensional supergravity the-
ory and one can preserve N = 1 supersymmetry if one compactifies the 11
dimensional supergravity on a seven-compact manifold X of G5 holonomy.
The manifold X can be chosen to give non-abelian gauge symmetry and chiral
fermion. Currently quantitative predictions of proton lifetime do not exist
due to an unknown overall normalization factor which requires an M theory



calculation for its computation. However, it is still possible to make qualita-
tive predictions in this theory. Thus for a class of X-manifolds, baryon and
lepton number violating dimension five operators are absent but baryon and
lepton number violating dimension six operators do exist and here one can

make the interesting prediction that the decay mode p — eL7 is suppressed

relative to the mode p — efn’. In Sec(7.5) proton decay in intersecting
D brane models is discussed. Here we consider proton decay in SU(5) like
GUT models in Type ITA orientifolds with D-6 branes. It is assumed that the
baryon and lepton number violating dimension 4 and dimension 5 operators
are absent and that the observable proton decay arises from dimension six
operators. The predictions of the model here may lie within reach of the next
generation of proton decay experiment. In Sec.(7.6) we discuss proton stabil-
ity in string landscape models. There are a variety of scenarios in this class
of models where the squarks and sleptons can be very heavy and thus proton
decay via dimension five operators will be suppressed. Such is the situation
on the so called Hyperbolic Branch of radiative breaking of the electro-weak
symmetry. A brief review is given in Sec.(7.6) of the possible scenarios within
string models where a hierarchical breaking of supersymmetry can occur. In
Sec.(7.7) a review of proton decay from quantum gravity effects is given. It is
conjectured that quantum gravity does not conserve baryon number and thus
can catalyze proton decay. Thus, for example, quantum gravity effects could
induce baryon number violating processes of the type qqg — [v. Proton decay
via quantum gravity effects in the context of large extra dimensions are also
discussed in Sec.(7.7). In Sec.(7.8) a discussion of U(1) string symmetries is
given which allow the suppression of proton decay from dimension four and
dimension five operators. In Sec.(7.9) discrete symmetries for the suppres-
sion of proton decay are discussed. However, if the discrete symmetries are
global they are not respected by quantum gravity specifically, for example,
in virtual black hole exchange and in wormhole tunneling. However, gauged
discrete symmetries allows one to overcome this hurdle. A brief discussion
of the classification of such symmetries is also given in Sec.(7.9).

A number of other topics related to proton stability in GUTSs, strings
and branes are discussed in Sec.(8). Thus an interesting issue concerns the
connection between proton stability and neutrino masses. This connection is
especially relevant in the context of grand unified models based on SO(10)
and the discussion of Sec.(8.1) is devoted to this case. Supersymmetric mod-
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els with R parity invariance lead to the lowest supersymmetric particle (LSP)
being absolutely stable. In supergravity GUT models the LSP over much of
the parameter space turns out to be the lightest neutralino. Thus supersym-
metry/supergravity models provide a candidate for cold dark matter. The
recent WMAP data puts stringent constraints on the amount of dark mat-
ter. The dark matter constraints have a direct bearing on predictions of the
proton lifetime in unified models. This topic is discussed in Sec.(8.2). In
Sec.(8.3) exotic baryon and lepton number violation is discussed. These
include processes involving AB = 3 such as 3H — e™7", baryon and lepton
number violation involving higher generations, e.g., p — 7 — 7", and
proton decay via monopole catalysis where M + p — M + e* 4+ mesons. Fi-
nally, Sec.(8.4) contains speculations on proton decay and the ultimate fate
of the universe. Sec.(9) contains a summary of the report highlighting some
of the important elements of the report and outlook for the future.

Many of the mathematical details of the report are relegated to the Ap-
pendices. Thus in Appendix A mathematical aspects of the grand unification
groups SU(5) and SO(10) necessary for understanding the discussion in the
main text are given. In Appendix B, the allowed contributions arising from
dimension five operators to proton decay are listed. In Appendix C a glossary
of dressings of dimension five operators by chargino, gluino, and neutralino
exchanges is given. The dressing loop diagrams involve sparticle masses,
and in Appendix D an analysis of the sparticle spectra at low energy using
renormalization group is given. Appendix E is devoted to a discussion of the
renormalization group factors of the dimension 5 and dimension 6 operators.
A detailed discussion of the effective Lagrangian which allows one to convert
baryon and lepton number violating quark-lepton dimension six operator to
interactions involving baryons and mesons is given in Appendix F. Appendix
G gives details of the analysis of testing models, and Appendix H gives the
details on the analysis of upper bounds. Appendix I gives a discussion of how
one may relate the 4D parameters to the parameters of M theory. Finally,
Appendix J is devoted to a discussion of the gauge coupling unification in
string and D brane models.
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2 Experimental bounds and future searches

The issue of proton stability has attracted attention over three quarters of a
century. Thus in the period 1929-1949 the law of baryon number conservation
was formulated by Weyl, Stueckelberg and Wigner [3], and the first experi-
mental test of the idea was proposed by Maurice Goldhaber in 1954 [4, 5].
The basic idea of Goldhaber was that nucleon decay could leave Th?3? in an
excited and fissionable state, and thus comparison of the measured lifetime to
that for spontaneous fission could be used to search for nucleon decay. This
technique produced a lower limit on the proton lifetime of 7 > 1.8 x 108
GeV. The first direct search for proton decay was made by F. Reines, C.
Cowan and M. Goldhaber [6] using a 300 liter liquid scintillation detector,
and they set a limit on the partial lifetime of 7 > 1 x 10?2 years. From a
theoretical view point the idea that proton may be unstable originates in
the work on Sakharov in 1967 [7] who postulated that an explanation of
baryon asymmetry in the universe requires CP violation and baryon number
non-conservation. Further, impetus for proton decay came with the work
of Pati and Salam in 1973 [8] and later with non-supersymmetric [9, 10],
supersymmetric [11], and supergravity [12, 13] grand unification, and from
quantum gravity where black hole and worm hole effects can catalyze proton
decay [14, 15, 16, 17, 18].

Thus spurred by theoretical developments in the nineteen eighties there
were large scale experiments for the detection of proton decay. Chief among
these are NUSEX [19], FREJUS [20], SOUDAN [21], Irvine Michigan Brook
haven (IMB)[22] and Kamiokande [23]. These experiments use either track-
ing calorimeters (e.g. SOUDAN) or Cherenkov effect (IMB, Kamiokande).
These experiments yielded null results but produced improved lower bounds
on various proton decay modes. In the nineteen nineties the largest proton
water Cherenkov detector, Super-Kamiokande, came on line for the pur-
pose of searching for proton decay and for the study of the solar and atmo-
spheric neutrino properties. Super-Kamiokande [24] is a ring imaging water
Cherenkov detector containing 50 ktons of ultra pure water held in a cylin-
drical stainless steel tank 1 km underground in a mine in the Japanese Alps.
The sensitive volume of water is split into two parts. The 2 m thick outer
detector is viewed with 1885 20 cm diameter photomultiplier tubes. When
relativistic particles pass through the water they emit Cherenkov light at an
angle of about 42° from the particle direction of travel. By measuring the
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charge produced in each photo multiplier tube and the time at which it is
collected, it is possible to reconstruct the position and energy of the event as
well as the number, identity and momenta of the individual charged particles
in the event.

The progress in the last 50 years of proton decay searches is shown in
Figure 4, where the experimental lower bounds for the partial proton decay
lifetimes are exhibited. The plot exhibits the power of the water Cerenkov de-
tectors in improving the proton decay lower bounds. Since Super-kamiokande
is currently the most sensitive proton decay experiment, it is instructive to
examine briefly the signatures of proton decay signals in this experiment. We
focus on the decay mode p — e*7”. Since it is one of the simplest modes it
serves well as a general example of proton decay searches.

Figure 1: Idealized p — e*7" decay in Super-Kamiokande [25].

Fig.(1) gives a schematic presentation of an ideal p — e*7% decay. Here,
the positron, et and neutral pion 7°, exit the decay region in opposite direc-
tions. The positron initiates an electromagnetic shower leading to a single
isolated ring. The 7° will almost immediately decay to two photons which
will go on to initiate showers creating two, usually overlapping, rings. In gen-
eral, real p — e*7? events will differ from this ideal picture because the pion
can scatter or be absorbed entirely before it exits the nucleus. In addition
the proton in the nucleus can have some momentum due to Fermi motion.
These two effects, i.e., the pion-nucleon interaction and Fermi motion, serve
to spoil the balance of the reconstructed momentum. Further, the pion can
decay asymmetrically where one photon takes more than half of the pion’s
energy leaving the second photon to create a faint or even completely invisi-
ble ring. All these effects are taken into account in search for proton decay
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signals. Super-Kamiokande experiment also searches for the p — K*7 mode
by looking for the products from the two primary branches of the Kt decay
(see Figure 2). In the KT — p*v, case, when the decaying proton is in the
160, the nucleus will be left as an excited N. Upon de-excitation, a prompt
6.3 MeV photon will be emitted (See Figure 3).

Figure 2: Idealized p — KTv decay in Super-Kamiokande, K+ — 7tr"

case [25)]

Figure 3: Idealized p — K'v decay in Super-Kamiokande, K™ — u*uv,
case [25]

An important question for proton decay searches concerns the issue of
backgrounds. There are three classes of atmospheric neutrino background
events that are directly relevant for proton decay searches. The first is the
inelastic charged current events, vIN — Ne, u+nm, where a neutrino interacts
with a nucleon in the water and produces a visible lepton and a number
of pion’s. This can mimic proton decay modes such as p — etn". The
second class is neutral current pion production, vN — vNnm, the only visible
products of which are pion’s. This is the background to for example, n — vn.
Finally, there are quasi elastic charged current events vN — Npu,e, events
which can look like, p — K. The current experimental lower bounds on
proton decay lifetimes are listed in Table 1.

We note that presently the largest lower bound is for the mode p — e*7°.
Interestingly the radiative decay modes p — ety and p — u™ also have very
strong constraints.
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Channel | 7, (10*° years)

p — invistble 0.21
p — etnd 1600

p — ptm 473
p— vt 25
p— et 313
p—etp’ 75
p— ptp’ 110
p—vpt 162

p — etw’ 107
p— ptw? 117

p — et KO 150
p— et KY 120
p— et KY 51
p— putK° 120
p— utKY 150
p— pt K7} 83
p— vKT 670

p — et K*(892) 84
p — vEK*(892) 51
p— ety 670

p— puty 478

Table 1: Experimental lower bounds on proton lifetimes [26]. The limits
listed are on 7/B;, where 7 is the total mean life and B; is the branching
fraction for the relevant mode.
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Recently the Super-Kamiokande collaboration has reported new exper-
imental lower bounds on proton decay lifetimes. The improved limits for
some of the channels are as follows [27]:

m(p— K™0) > 2.3 x 10% years (4)
7(p— K°u) > 1.3 x 10% years (5)
7(p— K%T) > 1.0 x 10% years (6)

As will be discussed later in this report, proton decay is a probe of funda-
mental interactions at extremely short distances and as such it is an instru-
ment for the exploration of grand unifications, of Planck scale physics and
of quantum gravity and more specifically of string theory and M theory. For
this reason it is crucial to have new experiments to search for proton decay
or improve the current bounds. Fortunately, there are several proposals cur-
rently under discussion. Thus several new experiments have been proposed
based mainly on two techniques: the usual water Cherenkov detector and the
use of noble gases, the Liquid Argon Time Projection Chamber (LAr TPC).
The proposed future experiments based on the water Cherenkov detector are:
the one-megaton HYPERK [28, 29], the UNO experiment [30] with a 650 kt
of water, while the experiment 3M [31] is proposed with a 1000 kt and the
European megaton project MEMPHYS at Frejus [32].

On the other hand the ICARUS experiment [33] is based on the Liquid
Argon Time Projection Chamber (LAr TPC) technique. A more ambitious
proposal along similar lines for proton decay and neutrino oscillation study
(LANNDD) is a 100 kT liquid Argon TPC which is proposed for the Deep
Underground Science and Engineering Laboratory (DUSEL) in USA [34].
Yet another proposal is of a Low Energy Neutrino Astronomy (LENA) de-
tector consisting of a 50 kt of liquid scintillator [35]. The LENA detector
is suitable for SUSY favored decay channel p — K™ where the kaon will
cause a prompt mono-energetic signal while the neutrino escapes without
producing any detectable signal. It is estimated that within ten years of
measuring time a lower limit of 7 > 4 x 103 years can be reached [35]. Ba-
sically all those proposals together with Super-Kamiokande define the next
generation of proton decay experiments. These experiments will either find
proton decay or at the very least improve significantly the lower bounds and
eliminate many models. Thus, for example, the goal of Hyper-Kamiokande
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is to explore the proton lifetime at least up to 7,/B(p — e™n®) > 10%° years
and 7,/B(p — K*v) > 10* years in a period of about 10 years [29]. Thus
the next generation of proton decay experiments mark an important step to
probe the structure of matter at distances which fall outside the realm of any
current or future accelerator.

3 Nucleon decay in non-supersymmetric sce-
narios

As mentioned in Sec.(2) proton decay is a generic prediction of grand unified
theories. There are different operators contributing to the nucleon decay in
such theories. In supersymmetric scenarios the d = 4 and d = 5 contributions
are the most important, but quite model dependent. They depend on the
whole SUSY spectrum, on the structure of the Higgs sector and on fermion
masses. The so-called gauge d = 6 contributions for proton decay are the
most important in non-supersymmetric grand unified theories, which basi-
cally depend only on fermion mixing. The remaining Higgs d = 6 operators
coming from the Higgs sector are less important and they are quite model
dependent, since we can have different structures in the Higgs sector. In this
section we will study the stability of the proton in the Standard Model, and
the nucleon decay induced by the super-heavy gauge and Higgs bosons.

3.1 Proton decay in the Standard Model

The Standard Model with gauge symmetry SU(3)c x SU(2), x U(l)y
has a U(1)p global symmetry at the classical level, where B is the Baryon
number, which implies stability of the lightest baryon, i.e., the proton, in the
universe. However, this global symmetry is broken at the quantum level by
anomalies [36], i.e. the baryonic current is not conserved:

2

g [V
(%Jg = @TTFHVF“ (7)
where ]
Juzg(@L ’}/u QL + Ugp ”y‘u urp + ER ’}/u dR) (8)
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and

F;w = 8;LA1/ - &JAM - ig[A“, AV] (9>
and where )
F,uz/ = 5‘5#1/04,6 Faﬁ (10>

A possible origin of baryon number violation can arise from instanton tran-
sitions between degenerate SU(2);, gauge vacua. The B-violating effective
operators induced by these instanton processes is given by (For details see,
for example, [37]):

_2n
Oeff =ce €afy QaL QBL Q’yL LL (11)

Here we use the standard notation where Q(L) refer to the quark(lepton)
fields. A rough estimate of the proton lifetime from these operators is

M~ 10" years (12)

Further, one can write non-renormalizable terms which violate the baryon
number [38, 39, 40]. This is the subject of discussion in the remainder of this
section.

3.2 Gauge contributions to the decay of the proton

In this subsection we focus on the non-supersymmetric contributions to the
decay of the proton (For an early review of proton decay in non-supersymmetric
grand unification see Ref. [41]). In particular we study the gauge d = 6 oper-
ators. Using the properties of the Standard Model fields we can write down
the possible d = 6 operators contributing to the decay of the proton, which
are SU(3)c x SU(2), x U(1)y invariant [38, 39, 40]:

OF ™" = K €jp €ap UG, V" Qjaay, €51 Tn Quany, (13)
O?I_L = k% €ijk €ap u_z'CaL Y Qjoar, d_gbL Yu Loy, (14)

Tt = k3 €k €ap dSp 7" Qjisag UGy, Vu Labr (15)
O = k3 €ijp €ap Ay 7" Qjsar VE 1, Yu Qhasr (16)

In the above expressions k; = gGUT/\/ﬁM(X,y), and ko = gGUT/\/QM(X/’Y,),
where M x y, M( X'y~ Meayr and ggur are the masses of the superheavy
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gauge bosons and the coupling at the GUT scale. The fields Q@ = (ur,dy),
and L;, = (vp,er). The indices 7, j and k are the color indices, a and b are
the family indices, and a, 3 = 1,2. The effective operators O?~* and 0P ~*
(Egs. 13 and 14) appear when we integrate out the superheavy gauge fields
(X,Y) =(3,2,5/3), where the X and Y fields have electric charge 4/3 and
1/3, respectively. This is the case in theories based on the gauge group SU(5).
Integrating out (X', Y") = (3,2, —1/3) we obtain the operators OF;" and
0%7% (Eqs. 15 and 16), the electric charge of Y is —2/3, while X" has the
same charge as Y. This is the case of flipped SU(5) theories [42, 43, 44, 45],
while in SO(10) models all these superheavy fields are present. One may ob-
serve that all these operators conserve B — L, i.e. the proton always decays
into an antilepton. A second selection rule AS/AB = —1,0 is satisfied for
those operators.

Using the operators listed above, we can write the effective operators for
each decay channel in the physical basis [46]:

Oleq,ds) = cleg,ds) € @L Y ujp, €51 Y disy, (17)
(6a,d§) = c(eq dﬁ) €ijk Uz LY dkﬁL Tu €aL (18)
(l/l,da,dc) = C(l/l,da,dﬁ) €ijk uZ LY djag dkﬁL Yu ViL (19)
O(l/l ,da,dﬁ) = C(l/l ,da,dﬁ) €ijk dlﬁL Y oug g vE 1 Vu Akar, (20)
where:
cleq ds) = KVi"VE" + (MVup) (VaVilp)™] (21)

cleasd) = K VIV K (ViVip) (ViVepViVe)'e (22)

C(Vl,da,dg) = k% (VlvUD)la(VBVEN)Bl
+ k3 VP (ViVup Vi VaVien)" (23)
c(vf da,dS) = K(VAVip) (ULNVR)™ + VI (UL VaVE )M
a=[p+#2. (24)

In the above Vi, V5 etc are mixing matrices defined so that V; = U(TJU ,
Vo = ELD, Vs = DLE, Vy = DLD, Vyp = U'D, Vgy = E'N and Ugy =
ECTN ¢ where U, D, E define the Yukawa coupling diagonalization so that
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ULy, U = Y§™ (25)
DLY, D = vjiv (26)
ELYy E = Yg (27)
Nt Yy N = viv (28)

Further, on may write Viyp = UTD = K, Vo Ko, where K, and K, are
diagonal matrices containing three and two phases, respectively. Similarly,
leptonic mixing Vg = K3V;P Ky in case of Dirac neutrino, or Vpy = K3V,M
in the Majorana case, where V;” and V;* are the leptonic mixing at low
energy in the Dirac and Majorana case, respectively. The above analysis
points up that the theoretical predictions of the proton lifetime from the
gauge d = 6 operators require a knowledge of the quantities ky, ko, Vi!%, V5,
V3, V4 and Ugy. In addition we have three diagonal matrices containing
phases, K;, Ky and K3, in the case that the neutrino is Majorana. In the
Dirac case there is an extra matrix with two more phases.

Since the gauge d = 6 operators conserve B — L, the nucleon decays into
a meson and an antilepton. Let us write the decay rates for the different
channels. Assuming that in the proton decay experiments one can not dis-
tinguish the flavor of the neutrino and the chirality of charged leptons in the
exit channel, and using the chiral Lagrangian techniques (see appendices),
the decay rate of the different channels due to the presence of the gauge d = 6
operators are given by:

- (mp —mi)?
I(p— K'v)= W!‘@ jaf? x
pd T

3 2

2
S| D e, d,sO) + [+ (D + 3F)]e(vi,5,d°)| (29)
i=1 9B Mmp
3
T(p — D) - f 2 |af? 1+D+F22‘cm,ddc‘ (30)
=1
r 3 7( " 42 of? (1 + D — 3F)?
(p — nef) 187 72m tlal”(1+D—3F)
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x {|eles, d)| +|e(e§, )}

(31)
0 o (m;%—m%()z 21 12 my 2
I(p— Kej) = WAL|CV| [1+m—B(D—F)]
X {‘c(eg,sc)lzjt‘c(eg,s)‘z}
(32)
Dp—n'ed) = gg AL lal (14 Do+ FP{letes d)] + |o(e§. ) )
(33)

where v; = v,,v,, v, and eg = e, p. In the above equations mp is an average
Baryon mass satisfying mpg &~ my, &= my, D, F and « are the parameters of
the Chiral Lagrangian. Ay, takes into account renormalization from My to 1
GeV. (See the appendices for details of the chiral lagrangian technique and
the renormalization group effects). The analysis above indicates that it is
possible to check on different proton decay scenarios with sufficient data on
proton decay modes if indeed such a situation materializes in future proton
decay experiment.

3.3 Proton decay induced by scalar leptoquarks

In non-supersymmetric scenarios the second most important contributions
to the decay of the proton are the Higgs d = 6 contributions. In this case
proton decay is mediated by scalar leptoquarks 7' = (3,1, —2/3). Here, we
will study those contributions in detail. For simplicity, let us study the case
when we have just one scalar leptoquark. This is the case of minimal SU(5).
In this model the scalar leptoquark lives in the 5y representation together
with the Standard Model Higgs. The relevant interactions for proton decay
are the following:

Vb = €ijk €ap QWL Cct A Q]ﬁL T, + U C B 6L T;
+ €ap QzaL C C Lﬁ T + €ijk uzL c™ 1D d 7—;* + h.c.
(34)
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In the above equation we have used the same notation as in the previous sec-
tion. The matrices A, B, C' and D are a linear combination of the Yukawa
couplings in the theory and the different contributions coming from higher-
dimensional operators. In the minimal SU(5), the have the following rela-
tions: A=B=Yy,and C =D =Yp =Y.

Now, using the above interactions we can write the Higgs d = 6 effective
operators for proton decay

On(da,es) = a(da,eg) u' L C"d, u” LC e (35)
Ou(da,€§) = a(da,e§) u” L O d, e§' L C7 (36)
On(d es) = a(dC es) dS" L ™ uC u” L C'e (37)
On(dS,e§) = a@dS,e§) dS' L e uC e§T Lo (3)
Ou(da,dg,v;) = aldy,ds,vi) u” LC do dfy L C (39)
On(da,d5,vi) = a(da,d§,v) df Lot dZ;LO (40)
where
1
a(da, €5) = W(UT(A+AT)D)M (UTCE)s (41)
1 \
a(da, €§) = ﬁ%<UT<A+AT>D>m (BEBUS)s  (42)
a(dS e5) = M2 (DLD'US) a1 (UTCE)14 (43)
1
a(dS,e§) = 7 (DED'UE) a1 (ELBIUE) 1 (44)
a(da, dg,v;) = M2(UT(A+AT)D)1a (DTCN)gi (45)
1
a(da, dS,v;) = e (DLEDYUE) 31 (DTCON) o (46)

Here L = (1 — 75)/2, My is the triplet mass, o = § = 1,2 are SU(2)
and ¢ = 1,2,3 are SU(3) indices. The above are the effective operators
for the case of one Higgs triplet. Often unified models have more than one
pair of Higgs triplets as, for example, for the case of SO(10) theories. In
these cases we need to go the mass diagonal basis to derive the baryon and
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lepton number violating dimension six operators by eliminating the heavy
fields. The above analysis exhibits that the Higgs d = 6 contributions are
quite model dependent, and because of this it is possible to suppress them
in specific models of fermion masses. For instance, we can set to zero these
contributions by the constraints 4;; = —A;; and D,; = 0, except for i = j =
3.

4 Nucleon decay in SUSY and SUGRA uni-
fied theories

Supersymmetry in four space-time dimensions [47, 48| arises algebraically
from the ”graded algebra” involving the spinor charge (), along with the
generators of the Lorentz algebra P, and M,,. Among the remarkable fea-
tures of supersymmetry is the property that aside from some simple gener-
alization, the only graded algebra for an S-matrix one can construct from a
local relativistic field theory is the supersymmetric algebra [49]. The above
implies that supersymmetry appears as the only unique graded extension of
a Lorentz covariant field theory. At the level of model building supersym-
metric models enjoy the advantage of a no-renormalization theorem [50, 51]
making the theory technically natural. However, one apparent disadvantage
of supersymmetric theories is that proton stability is a priori more difficult
relative to case for non-supersymmetric theories since dangerous proton de-
cay arises from dimension four and dimension five operators in addition to
the proton decay induced by gauge bosons as in non-supersymmetric theo-
ries. We will first discuss proton decay from dimension four operators which
is considered the most dangerous as it can decay the proton very rapidly.
Later we will discuss proton decay from dimension five operators specifically
in the context of GUT models based on SU(5) and SO(10) [52].

4.1 R-parity violation and the decay of the proton

In this section we discuss proton decay from d = 4 operators. We exhibit
the most general constraints for the R-parity violating couplings that arise
when the current proton decay lower limits are imposed, taking into account
all fermion mixing and we will discuss such constraints in two distinct super-
symmetric scenarios. We consider the framework of the minimal supersym-
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metric standard model (MSSM) and in this framework the renormalizable
baryon(B) or lepton(L) number violating interactions have the form

Winr = qiji Qi f/j f)g + Bijk UZC f)JC f)g + Vijk L; [Afj E}? + a; L; H, (47)

where the coefficient 3,5, and 7,5, obey the symmetry constraints 31 = —Bix;
and 7,;5 = —7;i. In the above we use the usual notation for the MSSM
superfields (See for example [53]). The couplings of Eq.(47) violate R-parity
where R-parity is defined by R = (—1)2 M, where S is the spin and M =
(—1)3(B=L) is the matter parity, which is —1 for all matter superfields and
+1 for Higgs and gauge superfields [54]. In addition to R-parity violation,
the second term of Eq.(47) violates the baryon number, while the rest of
the interactions violate the leptonic number. These terms can be eliminated
by the imposition of R-parity conservation, which requires that the overall
R-parity of each term is +1.

It is interesting to ask what the constraints on the coupling structures are
if one does not impose R-parity invariance. Such constraints for the R-parity
violating couplings from proton decay in low energy supersymmetry have
been investigated for some time [55, 56, 57, 58, 59, 60, 61, 62]. However, only
recently the bounds coming from proton decay have been achieved taking
into account flavor mixing and using the chiral lagrangian techniques [63]
(For several phenomenological aspects of R parity violating interactions see
references [64, 65, 66]). Thus the first and the second terms in Eq.(47) give
rise to tree level contributions to proton decay mediated by the d squarks.
These are the most important contributions, which can be used to constrain
the R-parity violating couplings. To extract these we write all interactions in
the physical basis and exhibit the proton decay widths into charged leptons
using the chiral lagrangian method. The rates for proton decay into charged
anti-leptons are given by

m
P(p—ned) = gits ALlal® (14 D+ F)? felef, d°) (48)
T'(p— K06+) (m;z) _m%{)2 A2 |a|2 [1+ ﬂ(D—F)]Z |C(6+ SC)|2

p 32m f2m3 L mp o

(49)
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where

3 Aam *Aﬁm
(ef,df) = 3 WEIAT (50)
m=1 Mic

Here D and F are the parameters of the chiral lagrangian, o is the matrix
element, and Ay, takes into account the renormalization effects from My to
1 GeV. In the case of the decay channels into antineutrinos, the decay rates
are as follows [63]:

_ (my — mik)?
+oy 21,12
I'(p— K'p) = 3;7T—mgﬁAL |af
2mp - C C 2
X D é(v;,d,s™) + | - (D—|—3F)] (v, s,d”)
B
(51)
+— Mp 49 2 S eNE
Plp— o) = 5 f2A ?lof (14 D+ F)?Y |é(vi, d, d°)|
i=1
(52)
where:
3 Aﬁm *Aalm
&, da,d§) = Y % (53)
m=1 Mijc
In the above equations the couplings A;, Ay and Aj are given by [63]:
AS™ =y, UY E9* DEm (54)
Ag™ = agy D NYDE" (55)
AS™ = 2By Us DE D™ (56)

The most stringent constraints on R-parity violating couplings are ob-
tained from the decays into charged leptons and mesons. Using m,, = 938.3
MeV, D = 0.81, F' = 0.44, Mg = 1150 MeV, f, = 139 MeV, a = 0.003
GeV?3, A = 1.43 and the experimental constraints [26] one finds

lc(e™,d9)| < 7.6x1073! (57)
le(ut d0)| < 14x107% (58)
le(e™,s9)] < 4.2x107% (59)
le(u™, s9)] < 4.7x107% (60)



Now, for simplicity assuming that all squarks have the same mass m, the
quantity (A$")*\/™ have to satisfy the following relations [63]

(3™ A < 3.8 x 1073 m? (61)
(™) AT < 7.0 x 1073 m? (62)
(™A™ < 2.1 x 1072 m? (63)
[(A2™) A2 < 2.3 x 107% m? (64)
where
(AS™N™ = Bl an (UL (DE) UM EPP (65)

It is easily seen that the constraints on «;;, and 3;;, are quite model depen-
dent i.e., they depend on the model for the fermion masses that we choose.
We can choose, for example, the basis where the charged leptons and down
quarks are diagonal, however still Uy will remain, and U = K 1VCTK wle. K
and K, are diagonal matrices containing three and two CP-violating phases,
respectively. In Table I we exhibit the different constraints for two super-
symmetric scenarios, i.e., in the low energy supersymmetry m = 103 GeV
and in scenarios with large scalar masses (split supersymmetry [67, 68] or
hierarchical supersymmetry breaking [69]) the case m = 10'* GeV.

Couplings | Low energy SUSY | m = 10* GeV

ALm)* ALm 3.8 x 1075 0.0038
3 1

[(Alm)*a2m)| 7.0 x 1072 0.0070
[(AZm)* \lm)| 2.1 %102 0.0210
[(AZm)* \2m)| 2.3%x 107 0.0234

Table 2: Upper bounds for the R-parity violating couplings.

The analysis above shows that the R-parity violating couplings could be
large in supersymmetric scenarios with large susy breaking scale. In the case
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of low energy SUSY, since those couplings are quite small we usually believe
that it is a hint to believe that the R-parity has to be a symmetry of our
theory. See for example [70, 71] for the possibility to have the R-parity as
an exact symmetry coming from realistic grand unified theories.

In the above we have investigated the constraints from proton stability
with explicit R-parity violation in the minimal supersymmetric version of
the Standard Model. One may now investigate similar constraints in unified
models such as in the simplest supersymmetric unified SU(5) model [11].

Here the R-parity violating interactions are A% 10; 5; Bk, bi 5; 55 and

A

G O; 2A4H 5 u- In this case at the GUT scale the couplings satisfy the relations

agk = Bijk = Yijk = Niji = —Aig;. These relations reduce the number of free
parameters, and lead to a more constrained parameter space.

4.2 Supersymmetry breaking and SUGRA unification

Supersymmetric proton decay involves dressing of the baryon and lepton
number violating dimension five operators by gluino, chargino and neutralino
exchanges which convert the dimension five into dimension six operators. The
dressing loops depend on the masses of the exchanged sparticles. Thus the
prediction of proton lifetime depends in a central way on the soft parame-
ters which break supersymmetry. Now it is well known that the spontaneous
breaking of global supersymmetry leads to patterns of sparticle masses which
are typically in contradiction with current experiment. Further, such a break-
ing leads to a vacuum energy which is in gross violation of the observed value.
For these reasons a globally supersymmetric grand unification is not a grand
unified theory that has any chance of consistency with experiment. These
problems are closely associated with global supersymmetry and one needs to
go to the framework of local-supersymmetry/supergravity [72, 73] to resolve
them. Thus both of the hurdles mentioned above are overcome within super-
gravity grand unification [12]. In order to build models based on supergravity
one needs to use the techniques of applied supergravity where one couples
N=1 supergravity with N=1 chiral multiplets and N=1 gauge multiplet be-
longing to the adjoint representation of the gauge group [12, 74, 75, 76]. The
effective N = 1 applied supergravity lagrangian depends on three arbitrary
functions: the superpotential W (z;), the Kahler potential d(z;, z/), and the
gauge kinetic energy function faﬁ(zi,zj ) where «, 3 are the adjoint repre-
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sentation indices, and where W, d are gauge singlets, fus3(2;, zZ-T ) is a gauge
tensor, and W, d, f,s3(;, zj ) are hermitian. The potential that results from
such a theory is given by [12, 75]

+ %ZdiW)(aa—ZW + K2d,W)T =32 W A +Vp  (66)
J

ow

_ Kkd —1\%
L (e

where k = 1/Mp) and Vp is the D term contribution to the potential. As may
be seen from Eq.(66) the scalar potential is no longer positive definite. As a
consequence it is possible to fine tune the vacuum energy to zero after spon-
taneous breaking of supersymmetry. A remarkable aspect of supergravity
formulation is that it is now possible to break supersymmetry spontaneously
and still recover soft parameters which are phenomenologically viable. To
achieve this one postulates two sectors: a hidden sector where supersymme-
try is broken and a visible sector where fields of the visible sector reside. The
only communication between the two sectors occurs via gravity.

The simplest way to achieve the breaking of supersymmetry is through
a singlet scalar field with a superpotential of the form W) = m?2(z + B).
Assuming a flat Kahler potential, i.e., d = 22, a minimization of the po-
tential then leads to the result < z >= x~ta(v/2 — v6),a = £1. It is now
seen that < z >= O(Mp,;). For this reason no direct interactions between
the visible and the hidden sector are allowed since they will lead to sparticle
masses O(Mp) in the visible sector [12, 77]. With communication between
the two sectors arising only from gravitational interactions, the problem of
large masses is avoided. Further, in the above example one can fine tune
the vacuum energy to zero by setting B = —x"'a(2v/2 — v/6). The above
phenomenon is in fact a super Higgs effect where after spontaneous break-
ing the fermionic partner of the graviton becomes massive by absorbing the
fermionic partner of the chiral field z. It has a mass which is given by

1 2
my = 5| < W(z) > |exp(% < 73?2 (67)

The above leads to a gravitino mass of ms o~ xkm? and implies that an

m ~ 101711 GeV will lead to ms in the electroweak region [12, 77]. A
realistic model building involves a décomposition of the superpotential so that
W = Wp(z) + W,(z;) so that the hidden sector superpotential W), depends
only on the gauge singlet field z while the visible sector superpotential W,
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depends only the visible sector fields z; and has no dependence on z [12, 77].
Integrating out the hidden sector then leads to soft parameters in the visible
sector. For the case of supergravity grand unification

an extra complexity arises because of the presence of the grand unification
scale M. The appearance of such a scale in the soft parameters would throw
the sparticle spectrum out of the electroweak region. Quite remarkably it is
shown that the grand unification scale cancels out of the soft parameters [12].

We now summarize the conditions under which the soft breaking in the
minimal supergravity mode are derived. These consist of (i) The hidden
sector is assumed a gauge singlet which breaks super-symmetry by a super
Higgs effect; (ii) There is no direct interaction between the hidden sector
and the visible sector except for gravity so the communication of breaking to
the visible sector occurs only via gravitational interactions; (iii) The Kahler
potential is assumed to have no generational dependence; (iv) The cubic and
higher field dependent parts of the gauge kinetic energy function f,3 are
assumed negligible. Thus effectively f,s ~ 0,3. Under these assumptions it
is then found that the scalar potential is of the form [12, 78, 13]

—Lsp = miXN N +mizazl + (AW + BoW® + h.c) (68)
where for the case of MSSM one has
W® = uoH Hy: W = QYy Hyti° + QYpHyd® + LY Hyé¢ (69)

(We note that in the appendices we use H; = Hy, and Hy = H,.) Now a
remarkable aspect of soft breaking is that it leads to spontaneous breaking of
the electroweak symmetry [12]. This is most efficiently achieved by radiative
breaking of the electroweak symmetry by renormalization group effects [79,
80, 81, 82, 83, 84]. To exhibit this consider the effective scalar potential. The
renormalization group improved scalar potential for the Higgs fields is given
by

VvV = mﬂHﬂ+m§\H2\2—m§(H1H2+h.c.)

2_|_ 2
+ (92 8gY)(|Hl|2_ |H2|2)2—|—A‘/1,
2\—1 2s 4 Mc% 3
AV, = (6472) }Xeua@%+1m@an2—§ (70)
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where s, is the spin of the particle a, AV} is the one loop correction [85, 86] to
the effective potential, and all parameters, i.e., gs, gy, m; etc are running pa-
rameters evaluated at the scale t = In(MZ/Q?) where Q is taken to be in the
electro-weak region. The boundary conditions on these parameters are [87]
a2(0) = ag = 2ay(0); m¥(0) = mg + pd, i = 1,2; and m3(0) = —Bypo.
Now SU(2) x U(1)y electro-weak symmetry breaks when the determinant
of the Higgs mass®? matrix turns negative and further one requires that the
potential be bounded from below for a valid minimum to exist. Thus one re-
quires the constraints on the Higgs parameters so that (i) mim3 —2mj < 0,
and (i1) m? +m3 — 2|m3| > 0, where the first constraint indicates that the
determinant of the Higgs mass? matrix turns negative while the second con-
straint requires the potential to be bounded from below. Minimization of
the potential, i.e., V/0v; = 0 where v; =< H; > is the VEV of the neutral
component of the Higgs H;, gives two constraints

(a) Mj = 2(ui— p3tan® 3)(tan® 3 — 1),
(4) sin28 = 2md(E+ ) ()

Here 7 = m?+3; where 3; is the loop correction [88, 89] and tan 3 = vy /vy.
The electroweak symmetry breaking constraint (a) can be used to fix p using
the experimental value of the Z boson mass Mz, and the constraint (b) can
be utilized to eliminates By in favor of tan 3. Thus the supergravity model
at low energy can be parametrized by

Mo, M2, Ao, tan 3, sign(p) (72)

The number of soft parameters in the minimal supersymmetric standard
model allowed by the ultra-violet behavior of the theory [90] is quite large
and thus the result of Eq.(72) is a big improvement. While the assumption
of a super Higgs effect using a scalar field is the simplest way to break super-
symmetry, there are other ways such as gaugino condensation [91, 92] where
one can accomplish a similar breaking. Non-perturbative effects are needed
to produce such a condensate which makes the condensate analysis more
difficult. However, if the gaugino condensate [91] does occur the gravitino
mass generated by such a condensate will be of size ms ~ k2 < MO\ >.

2
In this case the condensate | < MO\ > | ~ (10'713) GeV will lead to an
ms again in the electro-weak region. Further, the result of Eq.(72) arises
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from certain simple assumptions about the nature of the Kahler potential
and on the gauge kinetic energy function that were stated in the paragraph
preceding Eq.(68). On the other hand, the nature of the Kahler potential
in supergravity is determined by the physics at the Planck scale of which
we have as yet not a firm grasp. For this reason it is reasonable to explore
deformations of the Kahler potential from the flat Kahler potential limit,
i.e., consider non-universalities [93, 94]. One possibility is to consider non-
universalities in the Higgs sector, and in the third generation sector and also
allow for non-universalities in the gaugino sector by allowing for field depen-
dent gauge kinetic energy function f,s. For instance, non-universalities for
the Higgs boson masses at the GUT scale arising from deformations of the
Kahler potential will lead to [95, 96, 97, 98]

mu, (0) = mo(1+6;), i =1,2 (73)

For the case of non-universalities an additional correction term arises at low
energies in the renormalization group evolution [99], i.e.,

3 3
Am3, = —gSop, Am}, = —=

4
55029 (7 )

where Sy is given by

Ng
So = Tr(Ym?) = m, — iy, + Yo(my — 203+ o — 4 )
=1

(75)

Here all the masses are taken at the GUT scale, and n, is the number of gen-

crations and p is defined by p = 2&[1— (311((8)))], where a7 (0) = ¢#(0)/4n is the
U(1) gauge coupling constant at the GUT scale. The T'7(Y'm?) term vanishes
for the universal case but contributes in the presence of non-universalities [99].
Similarly, non-universalities can be introduced in the third generation sector.
An important aspect of SUGRA models is the possibility of realizing radia-
tive breaking of the electroweak symmetry on the so called hyperbolic branch
(HB) [100]. To see how this comes about we consider the radiative symmetry

breaking constraint expressed in terms of the soft parameters only

Cymg + Csmyy + CoAS + Api,,, = p? + M /2 (76)
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where m] jo =M1+ %AOC4 /C3, and C etc are determined purely in terms
of gauge and Yukawa couplings, and A,u%oop is the loop correction [89]. The
correction Ay, plays an important role as it controls the behavior of ra-
diative breaking specially for moderate to large values of tan 3. To see this
phenomenon we note that the coefficients C, C3 are positive and the loop
corrections are typically small for small tan § when () = M. In this case
one finds that C; > 0 and thus Eq.(76) implies that the soft parameters lie
on the surface of an ellipsoid. However, as tan /3 > 5 the loop correction
Ap? becomes sizable and also C1(Q) develops a significant Q dependence.
One may then choose a Q value where Ap? is minimized. Quite remarkably
then one finds that C1(Q) turns negative. The implications of this switch
in sign means that the soft parameters can get large while p remains fixed.
Thus if one thinks of u/My as the fine tuning parameter, then in this case
the switch in sign implies that for a fixed fine tuning, the soft parameters lie
on the surface of a hyperboloid. This is the hyperbolic branch of radiative
breaking of the electroweak symmetry and this branch does not limit the soft
parameters stringently the way the ellipsoidal branch did [100]. The so called
focus point region [101] is included in the hyperbolic branch [100, 102].
There are several novel phenomena that occur on the hyperbolic branch.
Thus as mg and m1 get large with p remaining relatively small, the light
chargino becomes hlggsmo like while the lightest neutralino and the next to
the lightest neutralino become degenerate and also essentially higgsino like.
Typically the following pattern of masses emerges when mgy and my/, get
large on HB [103]: mg < Mg+ < myg. This relation holds at the tree level
and there could be important loop corrections to this relation. The mass
differences AM* = m,, £ —mgo and AM ¥ = mgg —mg depend significantly
on the location on HB "For the deep HB region Wlth large mo and m;/, and
small p these mass differences will be typically small, ie., O(10) GeV. The
implications for such a scenario are many. Thus the usual missing energy
signals in the decay of the chargino and in other sparticle decays would not
work as in the usual SUGRA scenario which implies that one must look for
alternative signals to search for supersymmetry on the hyperbolic branch in
this region. Quite remarkably dark matter constraints can be satisfied on
HB. Since my is typically large on HB, with mg becoming as large as 10 TeV
in the deep HB region, proton lifetime is enhanced significantly especially in
the deep HB region. The HB region is essentially like the split SUSY scenario
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which is discussed elsewhere in this report in greater depth. There are also a
variety of other approaches to supersymmetry breaking. Chief among these
is the gauge mediated breaking. The reader is directed to recent reports for
reviews [104, 105].

An interesting issue concerns the origin of . For phenomenological rea-
sons we expect i to be of electroweak size. The challenge to achieve a p
of electroweak size while the other scales appearing in the theory are Mg
and Mp, is the so called p problem. One possibility is that such a term in
absent in the theory for the case of unbroken supersymmetry and arises only
as a consequence of breaking of supersymmetry. In this circumstance a term
appearing in the Kahler potential of the form H;Hs can be transferred by
a Kahler transformation into the superpotential and a p term naturally ap-
pears in the superpotential which is of size the weak supersymmetry breaking
scale [12, 93, 106]. There are indications that a term of the form HyH, can
arise in string theory [107, 108]. Another issue of theoretical interest concerns
the stability of the weak- scale hierarchy. A potential danger arises from non-
renormalizable couplings in supergravity models since they can lead to power
law divergences which can destabilize the hierarchy. This problem has been
investigated at one loop [109, 110] and at two loops [111]. At the one loop
level the minimal supersymmetric standard model appears to be safe from
divergences [109]. At the two loop level divergences can appear when the
visible sector is directly coupled to the hidden sector where supersymmetry
breaking occurs [111]. We end this section by directing the reader to Ap-
pendix D where the mass matrices for the sparticles are discussed since these
matrices enter in the computation of the dressing diagrams for the dimension
five operators.

4.3 Effect of CP violating phases on proton lifetime

CP phases affect proton lifetime. We discuss first the situation on the CP
phases in the Standard Model and then in supersymmetry and finally we
will give a discussion of the CP violation effect on proton lifetime in super-
symmetric theories. We begin with the Standard Model. The electroweak
sector of the theory has one CP violating phase which enters via the Cabbibo-
Kobayashi-Maskawa (CKM) matrix V. An important constraint on the CKM
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matrix is that of unitarity and one of the unitarity constraints is

VudVay + VeaViy + ViaViy = 0. (77)

C

A convenient way to represent this constraint is via the so called unitarity
triangle which has angles «, 3, defined by the relations

a = arg(=ViaViy/VaaVip), B = arg(=VeaVe/ViaViy),

v = arg(—VuaVy,/VeaVy) (78)

The current evidence on CP violation in nature comes from four independent
pieces of data: from the kaon system one has experimental evidence for € and
¢ /e and from the B meson decays BY(BY9) — J/VK, at BABAR and Belle
one has a direct measurement of 3 such that sin24 = (0.69 £ 0.03) [112].
The fourth piece of evidence for CP violation is indirect. It comes from
the observed baryon asymmetry in the universe which is given by ng/n, =
(1.5 —6.3) x 10712, Of the four pieces of evidence for CP violation, the first
three appear to be quite consistent with the CP violation predicted by the
Standard Model. However, the fourth one, i.e., the baryon asymmetry in
the universe seems to require a source of CP violation beyond the Standard
Model.

Before going on to discuss the new sources of CP violation beyond the
Standard Model, we first discuss the size of the electric dipole moments
(edms) of the leptons and of the quarks from CP violation effects in the
Standard Model. The electroweak sector of the Standard Model supports
one CP phase and it contributes to the electric dipole moment of the electron
and of the quarks. The edm contribution in the lepton sector arises only at
the multiloop level and is more than ten orders of magnitude smaller than
the sensitivity of the current experiment so the edm prediction in the lepton
sector falls outside the real possible observability in the foreseeable future.
The situation in the quark sector is drastically different. The Standard Model
has a new source of CP violation from a term 9?—;GC~; in the strong interaction
sector and it is of topological origin. € gives large contributions to the edm
of the quarks and to the edm of the neutron and must be fine tuned to be
extremely small, lying in the range 1078 — 10710,

There is much work in the literature regarding how one may suppress the
strong CP violation effects (for a review see Ref. [113]). These include the use
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of axions, a massless up quark or a symmetry to suppress the strong CP ef-
fects [114]. Among the more recent works is the analysis of Ref.[115] based on
Left-Right symmetric models where the strong CP parameter 6 is zero at the
tree level, due to parity (P), but is induced due to P -violating effects below
the unification scale. In the analysis of Ref. [116] a solution to the strong CP
problem using supersymmetry [116] is proposed. Thus the work of Ref: [116]
envisions a solution to the strong CP problem based on supersymmetric non-
renormalization theorem. In this scenario CP is broken spontaneously and
its breaking is communicated to the MSSM by radiative corrections. The
strong CP phase is protected by a SUSY non-renormalization theorem and
remains exactly zero while the loops can generate a large CKM phase from
wave function renormalization. In the analysis of Ref. [117] an axionic solu-
tion of the strong CP problem with a Peccei-Quinn mechanism [118] using
the gluino rather than the quarks is given and the spontaneous breaking of
the new U(1) global symmetry is connected to the supersymmetry breaking
and a solution to the p problem [117]. Finally, in the analysis of Ref. [119]
a solution based on gauging away the strong CP problem is proposed. Thus
the work of Ref. [119] proposes a solution that involves the existence of an
unbroken gauged U(1)x symmetry whose gauge boson gets a Stuckelberg
mass term by combining with a pseudoscalar field n(z) which has a axion
like coupling to GG. Thus the # parameter can be gauged away by a U(1)x
transformation. This leads to mixed gauge anomalies which are canceled by
the addition of an appropriate Wess-Zumino term. We will assume from here
on that the strong CP problem is solved by one or the other of the techniques
outline above.

As already pointed out above the CP violation in the Standard Model is
not sufficient to generate enough baryon asymmetry in the universe. Here su-
persymmetry is helpful. The soft breaking sector of supersymmetry provides
a new source of CP violation. This new source of CP violation arises from the
soft breaking sector of supergravity and string theory models. Usually this
type of CP violation is called explicit CP violation. If we allow for explicit
CP violation, then the parameter space of mSUGRA allows for two phases
which can be chosen to be the phase of uy and the phase of the trilinear
coupling parameter Ay. Including these the parameter space of mSUGRA
for the complex case is
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m07m1/2aA0atan/6a9uoaa0 (79)

where p9 = |polexp(ib,,), and Ay = |Aolexp(icg). For the case of non-
universal sugra model one also has more CP violating phases. These phases
can arise in the trilinear parameters, in the gaugino sector. Thus more gen-
erally we will have phases in addition to 6, so that

m; = |myle’ (i =1,2,3); Ap =|As|e, f = flavor (80)

where m; (i=1,2,3) are the gaugino masses for SU(3)c x SU(2), x U(1)y
gauge sectors. Not all the phases are independent and only certain combi-
nation of them appear after field redefinitions. As indicated already in the
context of CP phases in the Standard Model one needs to make certain that
the constraints from experiment on the electric dipole moments (edm) of el-
ementary particles are satisfied. Currently the most sensitive experimental
limits are for the edm of the electron, of the neutron and of the % Hg atom.
The current limits on these are [120, 121, 122]

de| <2 x 107 eem, |d,| <6 x 1072 ecm, |dp,| <2 x 1072 ecm (81)

Now one approach to satisfy these constraints in supersymmetric theories is
to simply assume the CP phases to be small [123]. In this circumstance the
CP phases play no role in the supersymmetry phenomenology and have no
effect on the proton lifetime. However, as pointed out already one needs a
new source of CP violation for generating baryon asymmetry in the universe
and from that view point it is useful to have the possibility that at least
one or more of the SUSY phases are large. Now it turns out that there are a
variety of ways in which one can have large CP phases in supersymmetry and
consistency with experiment on the edm [124, 125, 126, 127]. One such
possibility is mass suppression where one may have large sparticle masses
especially for the first two generations. In this case some of the sparticles
but not all would have to be massive with masses lying in the TeV range.
For instance the heaviness of the sfermions for the first two generations will
guarantee the satisfaction of the edms while the gluino, the chargino and
the neutralino could be light enough to be accessible at the LHC. This is
precisely the situation that arises also on the hyperbolic branch (HB) of
radiative breaking of the electroweak symmetry.
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Another intriguing possibility is the cancellation mechanism [128]. In su-
persymmetry there are three different types of contributions to the edm of
the elementary particles. These arise from the electric-dipole operator, the
chromoelectric dipole operator and from the purely gluonic dimension six
operator of Weinberg [129]. In general these operators receive contributions
from the gluino, from the chargino, and from the neutralino exchanges. Now
in certain arrangement of phases there are cancellations among the contribu-
tions from the gluino, from the chargino and from the neutralino exchanges.
Further, there may also be cancellations among the contributions from the
electric dipole, from the chromoelectric dipole and from the purely gluonic
dimension six operators. Thus in general there is the possibility of two layers
of cancellations and these allow the reduction of the edms of the electron, of
the neutron and of the % Hg atom below their current experimental limits
(for further developments see Refs. [130, 131, 132, 133, 134, 135, 136]). Ad-
ditionally, it turns out that there is a scaling which approximately preserves
the cancellation as one scales in mg and m; /» by a common factor. Thus with
the help of scaling, given a point in the parameter space where cancellations
occur one can generate a trajectory where such cancellations also occur [137].
Using this procedure one can generate a region in the moduli space where the
phases are large and the edms are within the current experimental bounds.

The presence of large CP phases affect all of supersymmetric phenomena.
As an example the phases will lead to a mixing of the CP even and the
CP odd Higgs bosons [138] which makes the Higgs boson and dark matter
searches more interesting and more intricate. The inclusion of CP phases also
has an effect on the proton lifetime. To see this we note that the inclusion of
phases in the gaugino masses and in the parameter u affect the chargino, the
neutralino, the squark and the slepton mass matrices. Thus, for example,
with the inclusion of phases the chargino mass matrix is

v _( | M| et ﬂmwsinﬁ)
“ " \V2mweosp  |ple®

which can be diagonalized by the following biunitary transformation
U*McS™! = diag(mﬁ, m>~<2+) (83)

where U and S are unitary matrices. To exhibit the sensitivity of the chargino
masses on the phases we note that

m2imZe = [uMo| + My, sin(28) — 2| M| M3, sin(28) cos(0, + &) (84)

xXi

(82)
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The last term in Eq.(84) changes sign as (6, + &3) varies from 0 to 7 which
exhibits the sharp phase dependence of the chargino masses. Consequently
the chargino propagators that enter in the dressing of the baryon and lepton
number violating dimension five operators are sensitive to the CP phases.
CP phases also enter in the vertices via the U and S matrices that appear
in Eq.(83). A similar situation holds for other sparticle exchanges in the
dressing loops, e.g., the neutralino and the squark exchanges etc. Inclusion
of these effects makes the proton lifetime quite sensitive to CP phases. An
analysis of proton lifetime with the inclusion of phases is given in Ref. [139]
where it is found that the CP phases that enter via the dressing loops can
affect the proton lifetime estimates by much as a factor of 2 or even more.

4.4 Doublet-triplet splitting problem

One of the main issues in GUT model building is the doublet-triplet splitting.
Thus in the simplest SU(5) model one has two Higgs multiplets 55 and 55
and the simplest scheme to affect doublet-triplet splitting is via fine tuning
where one takes the following combination

1 1
We = )\1[523 + §M22] + Ao Ho[S + 3M') Hy (85)
where ¥ is a 24-plet of Higgs whose VEV formation breaks SU(5) and where
M is of size Mg. Now minimization of the effective potential generates a
VEV for the ¥ field and assuming that the VEV formation breaks SU(5) —
SU3)c x SU(2), x U(1)y one has

<¥! >= M diag(2,2,2,-3,—3) (86)

A fine tuning M’ = M then makes the Higgs doublets light while Higgs
triplets are supermassive with masses of order the GUT scale if M is of size
Myg¢. There are alternate possibilities where one can avoid a fine tuning in
order to recover light Higgs doublets. One well known mechanism for this
is the missing partner mechanism [140, 141] where one replaces the 24-plet
of Higgs with 50, 50, 75 Higgs representations. Consider for instance a Higgs
sector of the form

W& = M50, 750 Hop = M50y, 750 HE + We” (T55) (87)
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Let us assume that the scalar potential generated by Wg" (75y) supports
a VEV formation for the 75 plet field with < 75 >~ M. Inserting this
VEV growth in the rest of W/, one finds that the Higgs triplets become
supermassive while the Higgs doublets remain light. To see this more clearly
let us look at the SU(3)c x SU(2) x U(1) content of 50 plet representation

(6,2,-7)+ (8,2,3) + (15,1, —2). (88)

Quite remarkably one finds that there is no SU(2) -doublet-color-singlet in
the above and similar is the case for 50z. Thus the VEV formation of 75
plet and breaking of the SU(5) symmetry leave a pair of light Higgs doublets
coming from 55 and 5. On the other hand one finds that Eq.(88) contains a
Higgs color triplet (3,1, —2) which can tie up with the color anti-triplet from
Hy; making them supermassive. Thus in this fashion the color triplets and
anti-triplets from H|} and Hs; become superheavy while the Higgs doublets
remain light. There are a variety of other avenues for splitting the doublets
from the triplets.

An interesting possibility for realizing light Higgs iso-doublets without
the necessity of fine tuning arises in SU(6) [142]. Thus consider an SU(6)
grand unification where the Higgs sector of the theory consists of a 35-plet
field ¥ and a pair of 6(H) and 6(H) multiplets. In particular consider the
superpotential in the Higgs sector so that:

W = MTr?* + hTrY® + pY (HH — A?) (89)

where Y is an auxiliary SU(6) singlet field. This model has a global SU(6)x, x
U(6)y symmetry. The superpotential of Eq.(89) can lead to spontaneous
breaking of this symmetry with VEV formation of the 3, H, and H fields
such that

<% >= Vs diag(1,1,1,1, -2, ~2) (90)

and
< H>"=<H >"=Vy; (1,0,0,0,0,0) (91)

where Vs = M/h, and Vg = A. Here < H >, and < H > break SU(6)
down to SU(5), while < ¥ > breaks SU(6) down to SU(4) x SU(2) x
U(1), which together lead to the breaking of the local SU(6) symmetry
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down to residual gauge group symmetry SU(3)c x SU(2)r, x U(l)y. At
the same time the global symmetry SU(6)s x U(6)y is broken down to
[SU(4) x SU(2) x U(1)]s x U(5)m. All of the Goldstones bosons are eaten
by the SU(6)/SU(3)c x SU(2), x U(1)y coset gauge bosons which become
super-heavy, and only a pair of Higgs doublets remain massless. These are
the pseudo-Goldstone bosons which are identified as the MSSM Higgs dou-
blets. The matter sector of SU(6) consists of three families each containing
(6 + 6 + 15), and one 20-plet.of matter. These have the following SU(5)
decompositions

20=10+10=(¢ + v’ + %) + (Q° + U + E)gg (92)
15=10 + 5=(q + v + ¢ + (D + L); (93)
=5+ 1=0° + s +n (94)
’ (95)

As in SU(5) supersymmetric grand unified model this model also contains
baryon and lepton number violating dimension five operators and one needs
a mechanism to suppress them. An investigation of proton decay in this class
of models is given in Ref. [143]. The doublet-triplet splitting in the context
of SO(10) will be discussed in Sec.(4.6), and for the case of models with extra
dimensions in Sec.(6).

4.5 Proton decay in SU(5) supersymmetric grand uni-
fication

The decay of the proton in the minimal SU(5) model is governed by

1 T I = uv
Wy = =2 fiij€uvnay HY 107107 + foij Hou5010; (96)

where 5;, and 10;¥ (i=1,2,3) are the 5 and 10 of SU(5) which contain the
three generations of quarks and leptons, and H;, Hy are the 5,5 of Higgs, and
f's are the Yukawa couplings. After the breakdown of the GUT symmetry
there is a splitting of the Higgs multiplets where the Higgs triplets become
super-heavy and the Higgs doublets remain light by one of the mechanisms
discussed in Sec.(4.4). One can now integrate on the Higgs triplet field and
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obtain an effective interaction at low energy which contains baryon and lepton
number violating dimension five operators with chirality LLLL and RRRR
such that

1 ~ 7 —c c
W(LLLL) = Meabc(PffV)ij(f2d)kl(ULbichj(t?Lk(VUL)al —Vidra) + -..)

+ H.ec.

1 o
W(RRRR) = _Meabc(VTf )i (PV ) a(€hitt ratrerdr + ---)

+ Hec (97)
where V is the CKM matrix and f;, P; are generational phases

P = (em)7 Z% =0;:=1,2,3 (98)

Both LLLL and RRRR interactions must be taken into account in a full anal-
ysis and their relative strength depends on the part of the parameter space
where their effects are computed [144, 145]. The operators of Eq.(97) are
dimension five operators which must be dressed via the exchange of gluinos,
charginos and neutralinos. The dressings give rise to dimension six operators,
and a full analysis of these dressings was first given in Refs. [144, 145] and
worked on further in Refs. [146, 147, 148]. These dimension six operators
are then used in the computation of proton decay. In the dressings one takes
into account the L-R mixings, where, the mass diagonal states for sfermions
are related to the chiral left and right states by a unitary transformation.
After dressing of the dimension 5 by the gluino, the chargino and the neu-
tralino exchanges one finds baryon and lepton number violating dimension
six operators with chiral structures LLLL, LLRR, RRLL and RRRR in the
Lagrangian. In the minimal SU(5) model the dominant decay modes of the
proton involve pseudo-scalar bosons and anti-leptons, i.e.,

DiK+a 172'7T+, 6+K0a ,U+KO> 6+7T07 ,U+7TO, 6+777 ,U+777 1= e, T (99)

The relative strengths of these decay modes depend on various factors, such
as quark masses, CKM factors, and the third generation effects in the loop
diagrams which are parametrized by y!¥ etc. The various decay modes and
some of the factors that control these decays modes are summarized in table
below.
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Table: Leptonic decay modes of the proton

Mode quark factors | CKM factors
v K Vi Var Vas MM
7K Vo Va1 Vs mem,

v K Vil Vor Vo myMm,
77677-7 77677 ‘/ITI ‘/221 mgime
7,7, D) Vo V3 msm.
DT, Ue Vi V2 myMme

eK Vi Vi Mgy,

e, Vi Vol mymg

The order of magnitude estimates can be gotten by keeping in mind m, Vi <<
meVo << m;V3;. In general the most dominant mode is 7K in the mini-
mal supersymmetric SU(5) model. In the analysis below we will ignore the
mixings among the neutrinos, a good approximation for a detector with size
much smaller than the neutrino oscillation length. In this approximation
the chargino exchange contributions involving the second generation to this
decay is [144]

ﬂimN
M332m f2

mp

L(p—mK") = I

(100)

2
m
(1 - mg)zlAwKIQAi(Aé)z\(l +

where (3, is defined by Eq.(511) and where we have used a subscript p to
distinguish it from the § in tan § and where

A, i = (sin 28M2,) " a2 Pymem@V;i Viy Voo [I(&; di; W) + 1(G 65, W)] - (101)

Here I(; d;; W) are dressing loop functions as defined in Ref. [144]. Further,
one can take into account the contribution of the third generation exchange

via corrections parametrized by y* where [144]

d

7
7

) (102)

tK & m V31 Vao I(ﬂ
67 )_I_I(év éMW)

v Py mcVn Voo " I(E, dy, W

Here P, and Pj are the relative intrinsic parities of the second and the third
generation as defined by Eq.(98). The ratio P»/Ps is a relative phase factor
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which can generate a constructive or a destructive interference between the
second generation and the third generation contributions. An enhancement
of the proton lifetime can occur by a destructive interference and the max-
imum destructive interference occurs when P,/P; = —1. Similarly one can
take into account the gluino and the neutralino exchange contributions to
the dressing loops. Thus, for example, the gluino exchange contribution can
be parametrized by y; where [144]

yo = Dias _ muVi H(i;d : §) — H(d : d; )
S Praam Vo Vi Vg 1(& 8 W) + I(&; ji; W)

where I and H are loop functions as defined in Ref. [144]. It is now easily
seen that the gluino contribution given by Eq.(103) vanishes when the @ and
d squarks are degenerate.

In general the contributions of both the LLLL and the RRRR dimen-
sion five operators to the proton decay amplitudes are important and their
relative contributions vary depending on the part of the parameter space
one is in. Specifically, for example, the RRRR dimension five operators can
make a significant contribution to the 7, K mode. The important contribu-
tion of the RRRR operators was first observed in Ref. [144] and later also
noted in Ref. [147, 149, 150, 151]. Further, the relative contributions of the
dressing loop can modify the relative strength of the partial decay widths.
Thus consider the situation where the third generation contribution cancels
approximately the second generation contribution in the 7K™ mode. In this
case the subdominant mode vm™ will be relatively enhanced and become
comparable to the 7K™ mode [144, 145]. In addition to the nucleon decay
modes involving pseudo-scalar bosons and anti-leptons, one also has in gen-
eral decay modes involving vector bosons and anti-leptons. The source of
these modes are the same baryon number violating dimension six quark op-
erators that give rise to the decay modes that give rise to pseudo-scalar and
anti-lepton modes. The vector decay modes of the proton are

(103)

ﬂiK*7 772/)7 ﬂiwa GK*,,MK*, P, PP, EW, W 1= €, U, T (104>

A chiral lagrangian analysis of these modes is carried out in Ref. [152]. How-
ever, the vector meson decay modes have generally smaller branching ratios
than the corresponding pseudo-scalar decay modes. An analysis of these vec-
tor boson decay modes for the supergravity SU(5) model is given in Ref. [153].
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Another interesting mode is p — e™~. While this mode would be suppressed
by a factor of «, it has some interesting features in that it is a relatively
clean mode free of strong final state interactions and nuclear absorption. An
estimate of the decay rate is given in Ref.[154].

The issue of viability of the supersymmetric grand unification and specif-
ically of the minimal supersymmetric SU(5) has recently been analyzed [155,
156]. The work of Ref. [156] which is focussed on the minimal SU(5) model
analyzed the dual constraints arising from gauge coupling unification and
proton partial lifetime limits for the 7 K™ mode and found them to be incom-
patible. Thus according to the work of Ref. [156] gauge coupling unification
in the minimal supersymmetric SU(5) constrains the Higgs triplet mass to
lie in the range

3.5 x 10" < My < 3.6 x 10" GeV (105)

at the 90% confidence level. Using the partial lifetime lower limit on the
vK* mode of 6.7 x 103 yr (the current limit for this mode is > 2.3 x 1033
yr) they find a lower limit on the Higgs triplet mass of [156]

Myp > 7.6 x 10! GeV (106)

The above led the authors of Ref. [156] to conclude that the minimal sus-
persymmetric SU(5) is ruled out. There are a number of ways in which
the incompatibility of Eq.(105) and Eq.(106) can be overcome. Thus for
example, the addition of Planck scale corrections can drastically alter the
picture [157, 158]. An analysis along these lines with inclusion of higher
dimensional operators and inclusion of fermion mixings is carried out in
Refs. [159, 160, 161] and the work of Refs. [159, 160] concludes that the
uncertainty in the theoretical predictions is as much as 10% or even larger for
the minimal model to be ruled out when modifications of the above type are
included (For an earlier analysis of uncertainties in the prediction of proton
decay lifetime in the context of non-supersymmetric grand unification see
Ref. [162]). There are additional ways in which one can find compatibility of
gauge coupling unification and the KamioKande lower limits on the proton
lifetime. For example, presence of additional matter in the desert between
My and Mg could increase the Higgs triplet mass removing the constraint.
Another possibility is to enhance the proton lifetime by fine tuning or by a
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discrete symmetry if there are additional Higgs triplet fields present [163].
Thus, for example, with many Higgs triplet fields the proton decay inducing
dimension five operators are governed by the interaction

T\J + KTy + T; M;; T; (107)

In the above we have made a redefinition of fields so that the Higgs triplet
and anti-triplet that couple with matter are labeled T}, T}, while J and K
are matter currents, and M,; is the Higgs triplet mass matrix. A suppression
of proton decay in these theories can be engineered if [163]

(MY, =0 (108)

A suppression of this type can occur in the presence of many Higgs triplet
fields by a discrete symmetry, or by a non-standard embedding [163, 164].
Another possibility for the suppression of proton decay is via gravitational
smearing effects discussed in Sec.(5.2).

4.6 Nucleon decay in SO(10) theories

The SO(10) is an interesting group in that a single spinor representation of
SO(10) can accommodate a full generation of quarks and leptons. Thus the
16-plet of SO(10) has the following decomposition in terms of SU(5)

16=10+5+1 (109)

where the 5 and 10 plets accommodates the full set of one generation of
quarks and leptons and in addition on has the singlet field which is a right
handed neutrino needed for generating See-Saw masses for the neutrinos.
One of course must break the SO(10) gauge symmetry down to SU(3)c X
SU(2)r x U(1)y and further break SU(2). x U(1)y down to U(1)em. Now a
combination of 455 and a 165 + 16y can break the symmetry down to the
Standard Model gauge group symmetry. Further, a 10-plet of Higgs gives
the two SU(2)., doublets of Higgs that are needed to break SU(2), x U(1)y
down to U(1)ep. Thus a 45, 165 + 165 and a 10 plet of Higgs are a minimal
set that is needed to break SO(10) down to SU(3)c X U(1)en,. Now the Higgs
content of a model is determined not only by the requirement that the SO(10)
gauge group completely breaks down to SU(3)c X U(1)em, but also by the

44



constraint that one produce Yukawa couplings, quark-lepton mass matrices,
and neutrino textures consistent with the current experiment. Further, the
stringent proton decay limits put further constraints on the Higgs content of
amodel. Attempts to satisfy partially or in whole these constraints has led to
huge number of SO(10) models with a variety of Higgs structures. Following
is a list of the some of the most commonly employed Higgs representations:

105,16 + 165,45, 545, 1205, 1267 + 126,210y (110)
More recently the following Higgs structure has been used
144y + 144y (111)

to accomplish a one step breaking of SO(10) down to the Standard Model
gauge group. We will discuss this possibility in greater detail later. In most
models the Higgs contents of the model do contain the 45-plet representation.
This representation is also interesting as it enters in accomplishing doublet-
triplet splitting. There are many ways in which the VEV formation can
take place in the 45-plet consistent with the Standard Model gauge group
SU3)c x SU(2) x U(1)y. Some of the possible directions for the < 45 >
plet VEVs are

viiog(1,1,1,1,1), vaioy(0,0,0,—1, —1), vsioe(1,1,1,0,0),

222
37373
Here the VEV formation v; breaks SO(10) down to SU(5) x U(1), vq is along
the third component Tsg of SU(2)g, vs is along the B — L direction, while

vy is along the hypercharge Y direction, the VEV formations for the cases
v, v3, vy all break SU(5).

’U4ZU’2( 1,—1) (112)

The Yukawa couplings for the 16-plets at the cubic level can be generated
by 10, 126 and 120 plets of Higgs. The coupling of the 10-plet to the 16-plet
of matter in the superpotential is the following

.fab'lZ}aBPuwbgbu (113)
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where a, b are the generation indices. The coupling of the 120 plet to matter
is

1 ~
gfabwaBFurur)\@bquuu)\ (114)

and the coupling of the 126 to matter is given by

1 ~
gfabwaBFpFuFAFpro¢bAuuApo (115>

The couplings of these can be explicitly computed using the so called Ba-
sic Theorem derived in Ref. [165]. The decomposition of these in terms of
SU(5) x U(1) representations is discussed in the Appendix A.

An interesting phenomenon in SO(10) is the possibility of a natural
doublet-triplet splitting in SO(10). Consider, for example, two 10 plets of
SO(10) Higgs fields 104, 105, and a 45 plet of Higgs and consider a superpo-
tential for the Higgs fields of the form

Wy = M103 4+ \10,.45.10, (116)
Consider now that a VEV formation takes place for the 45-plet field so that

< 45 >= diag(v,v,v,0,0) X oy (117)

We may decompose the 10-plet of Higgs in SU(5) representations so that
10 = 5+ 5. The above leads to the following mass matrices for the doublets

and the triplets
(gd gd) 0 0 54 (118)
122) 00 M, 54

Here one finds that one pair of Higgs doublets is light while the second pair is
supermassive. For the case of the Higgs one finds the following mass matrix

a5 () () 1
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Here both pairs of Higgs triplets are superheavy. Further, the Higgs triplet
combination which enters in the Higgsino mediated proton decay have an
effective mass which is given by [149]

A2
M,

Méff = (120)
The above allows the possibility of raising M.ss by adjustment of Av and
M. Of course one must check that the unification of gauge couplings is
maintained [149, 166]. It is also possible to get a strong suppression of
baryon and lepton number violating dimension five operators as we now
discuss. For this purpose we consider a bit more elaborate Higgs structure.

Thus consider the case when the Higgs potential and the Higgs interactions
with matter have the form [166]

Wy = M103g1035 + A11015455100 + A210954551035 + JZM102H (121)

where the 45 plet of Higgs develops a VEV as in Eq.(130) and the 45’ -plet
develops a VEV as follows

< 45" >= diag(0,0,0,v",v") X ioy (122)

Here one has three color triplets and anti-triplets coming from the 10; (i=1,2,3)
and also three iso-doublet pairs. The mass matrix in the Higgs doublet and
in the Higgs triplet sectors are

0 \v 0 0 0 0
M= -xv 0 0 |, M= 0 0 Ao (123)
0 0 M 0 -/ M

Here one has one pair of light Higgs doublets while all the Higgs triplets are
heavy. If we define the fields so that the Higgs multiplet that couples with
matter is 10,z of Higgs, then only the coupling JM 10,5 appears in Eq.(121)
and one finds that the (M?!);7 = 0 (see Eq.(108)) and thus there are no
dimension five operators arising from the exchange of the Higgs triplets and
we have a strong suppression of proton decay.

In Ref. [167] an attempt is made at the analysis of fermion masses in
a class of SO(10) models and a more detailed analysis of one model was
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given in Ref. [149] where an investigation of proton decay rates along with
quark-lepton textures was carried out. A mechanism of the type Eq.(118) and
Eq.(119) is used in the analysis of Ref. [149] to get a doublet-triplet splitting.
The Higgs sector of the model consists of two 10-plets of Higgs 10,4, 1055 and
three 45-plets of Higgs 454, 4521, 45 which develop VEV’s in the B — L,
hypercharge and in the SU(5) invariant direction, and in addition one has
an SO(10) singlet field S which develops a VEV of Planck size. Ounly the
third generation of matter has cubic couplings, i.e., O33 = 16310,163 while
couplings where the first or second generation of matter enter are quartic or
higher suppressed by appropriate mass factors, i.e., the effective operators
are of the form

O;; = (][] My ")16:451..45,,1045,,11...45,16; (124)
k=1
Here M, could be order the Planck scale or the GUT scale as needed to get
the right textures. For the model discussed in Ref. [149] the branching ratios
of p decay into different modes differ significantly from the predictions of a
generic SU(5) model. The analysis of neutrino masses is not included in this
work.

A somewhat different scheme is adopted for doublet-triplet splitting in
the work of Ref. [150]. Here a 45-plet of SO(10) is used to break the SO(10)
symmetry in the B-L direction, a pair of 165 + 165 is used to break the
B — L symmetry, and 10-plets of Higgs are used to break the electroweak
symmetry. Specifically one considers two 10 plets of Higgs 10,5 and 1094,
one 455 adjoint Higgs and a pair of 165 + 165 of Higgs. The superpotential
is of the form

WH = Ml()]_O%H + M1616HEH + )\1101H-45H-102H + )\2]__6[{.]__6[{.101]{
(125)

Assuming that the 455 and 165 develop VEVs we have the following mass
matrix

3 3 3 0 A <45 > A< 1_6H > 5101
(5101 5102 516) - < 45 > M10 0 5102 (126)
0 0 M B

Here one finds again that with the VEV of 45 in the B — L direction that
one has one pair of light Higgs doublets while the Higgs triplets all become
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heavy. Here the light Higgs doublet that couples to the down quarks is a
linear combination of the Higgs doublets from the 10,5 and from 165. Thus
the two Higgs doublets of MSSM are

H, =101, Hj;=cosalOig +sinal6y (127)

where tan v = Ay < 16y > /M. In the model of Ref. [150] the matter-Higgs
interaction is taken to be of the form

WMH = h33163.163.10H + h2316216310H +
1
+ 37 (As162165105455 + Xyy162163165161) +

1 _
+ 37(M216116210545, + Xip161162167 165 + f;;16:16,T6416)

(128)

In the above the cubic couplings are the typical Yukawa couplings which con-
tribute only to the quark-lepton textures in the generations 2 and 3 sectors.
The quartic interactions with coefficients A;; contribute to textures in all
three generations while the term with coefficient f;; contributes to Majorana
mass matrix for the neutrinos. A detailed analysis of quark-lepton textures,
of neutrino oscillations and of proton decay modes in given in Ref. [150].
An interesting aspect of this analysis is that the corrections to az(Myz) from
heavy thresholds is rather small and thus unification of gauge coupling con-
stants is well preserved.

The work of Ref. [168] gives an analysis of proton decay in SO(10) model
where the Yukawa couplings arise from a Higgs structure consisting of 10, 120
and 126 plet representations. Additionally a 210 multiplet is used to break
SO(10). There are six pairs of higgs doublets which arise from the 10-plet
(H), the 126- plet (A), the 120- plet (D), and from the 210-plet (®). Thus
one has the following set of Higgs doublets h, = (H°, D D2 A,, A,, ®,)
and hy = (H)°, DY, D2 Ay, Ay, ®4). Each of the sets produce a 6 x 6 Higgs
doublet mass matrix and a fine tuning is needed to get to the MSSM Higgs
doublets which are now linear combinations of the above six Higgs dou-
blets for each H, and Hy. A similar situation holds in the Higgs triplet
sector. Here one has the following sets of fields for the Higgs triplets (hr)
and Higgs anti-triplets (hp): hy = (HY, DX D2 Ap, Ap, A, ®7) and hy =
(HY, DL, D2, As, Ay, A;®7) and the Higgs triplet mass matrix is a 7 x 7
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matrix. We note that the dimension five operators are only mediated by
interactions arising from 10-plet and 120-plet mediations but these interac-
tions are modified as a consequence of the mixings in the Higgs triplet sector.
Thus the rigid relationship between the Higgs doublet and the Higgs triplet
couplings no longer exist. Using this flexibility the analysis of [168] shows
that it is possible to fine tune parameter in the textures to suppress both
LLLL and RRRR dimension five proton decay operators. Another SO(10)
model where the Higgs sector is composed of 10, 126, 126, and 210y is
discussed in Ref. [169].

4.7 Proton decay in models with unified symmetry
breaking

In all the models discussed above the symmetry breaking is carried out with
more than one multiplets of Higgs. However, it is tempting to think that in a
truly grand unified scheme only a single representation of the Higgs multiplet
might accomplish the breaking to the Standard Model gauge group and even
all the way down to the residual gauge group SU(3)c X U(1)em. We will
discuss this idea within the context of SO(10) [170] although the idea could
have a more general validity. For the case of SO(10) model building typically
the Higgs multiplets used are 45y -plets and 16y + 165 of Higgs and for
getting the light higgs doublets one uses in addition 10 plet of Higgs. Thus
we see three different Higgs representations that are used to break SO(10)
down to SU(3)¢ X U(1)em. It is possible, however, to achieve the breaking of
SO(10) to SU(3)3 x U(1)en with a single irreducible representation, i.e., with
a single 144 plet of Higgs and its conjugate which is a very economical way to
break the gauge symmetry [170]. The 144 plet of Higgs can be decomposed
under SU(5) x U(1) as follows

144 = 5(3) + 5(7) + 10(—1) + 15(—1) + 24(=5) + 40(—1) + 45(3) (129)

The decomposition contains the 24 — plet of Higgs which is in the adjoint
representation of SU(5) and further it carries a U(1) charge of —5. Thus
once the Standard Model singlet in it acquires a VEV one will have a change
in the rank of the gauge group and the SO(10) symmetry will break down
to the Standard Model gauge group SU(3)c x SU(2), x U(1)y. The SU(5)
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multiplets 5(3), 5(7) and 45(3) all contain fields which have the same identical
quantum numbers as the Standard Model Higgs doublet. Thus in addition
to two doublets arising from 5(3),5(7) one has one more doublet arising from
the 45-plet which can be seen from the following SU(2) x SU(3) x U(1)y
decomposition

45 =(2,1)(3) + (1,3)(=2) + (3,3)(—2) + (1,3)(8)
+(2,3)(=7) + (1,6)(—2) + (2,8)(3) (130)

Thus we find that one has three pairs of Higgs doublets arising from 144 +144
leading to a 3 x 3 Higgs doublet mass matrix and a fine tuning is required
to get a light Higgs doublets [170]. Such a fine tuning can be justified within
the framework of recent ideas of string landscapes [171, 172, 69, 173, 174].
Since one has a light pair of Higgs doublets one can break the SU(2) x U(1)y
gauge symmetry down to U(1)e,. Thus one finds that with a single pair of
144 + 144 one can break the SO(10) symmetry down to the residual gauge
group SU(3)c: X U(L)em

SO(10) = SU3)c x U(1)em : 144 breaking (131)

In the Higgs triplet sector one finds that there are four Higgs triplets and
anti-triplets two of which arise from 5(3),5(7) and two from 144+ 144 leading
to a 4 x 4 Higgs triplet mass matrix which factorizes further into 3 x 3 and
1 x 1 block diagonal forms. Further, all the Higgs triplets are heavy. The
interactions of the 144-plet Higgs are quartic. Thus the superpotential that
accomplishes the symmetry breaking of Eq.(131) has the form

_ A _
Wy = M (1605 x 1605) + Y ﬁl/u Op X 1605):(T605 x 160); + -
i=1,45,210

(132)

Of course, many additional self-interactions can be included on the right
hand side of Eq.(132) but the terms exhibited are sufficient to accomplish the
desired breaking. There are no cubic interactions of the 144 with the 16-plet
of matter and the lowest such interaction is quartic. Thus the matter-Higgs
interactions are

s
Wy = > ﬁﬂl(w X 16);(144 x 144); (133)

j=10,120,126
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and terms with 144 replaced by 144 can also be added. We note that
< 144 > /M’ is typically O(1) and thus the above interactions give baryon
and lepton number violating dimension five operators when one of the 144
or 144 is replaced with a VEV. As already noted above the Higgs triplets
arise from the 5 and 5 and also from the 45 -plet in the 144. Thus there
are now more than one sources of baryon and lepton number violation. Be-
cause of this there is the possibility of internal cancellations of the baryon
and lepton number violating interactions. One can thus easily enhance the
proton lifetime by this internal cancellation procedure still allowing for the
possibility of observation of proton decay in the next generation of proton
decay experiment.

Analyses of higher gauge groups also exist such as, for example, SU(15) [175,
176, 177]. Proton decay for this case is discussed in Ref. [177].

5 Testing grand unification

In this section we investigate the possibility of making tests of grand uni-
fied theories through the decay of the proton. A variety of phenomena can
influence such tests and we investigate them here. These include the ef-
fects of quark-lepton textures (Sec.(5.1)), the effects of gravitational smear-
ing (Sec.(5.2)), and the constraints of gauge coupling unification. (Sec.(5.3)).
The possibility of making a clean test of grand unified theories with symmet-
ric Yukawa couplings is discussed in Sec.(5.4). In Sec.(5.5) we discuss the
possibility of eliminating or rotating away proton decay in flipped SU(5). In
Sec.(5.6) we discuss a model independent upper bound on the total proton
decay lifetime. This upper bound is helpful in establishing if a given GUT
model is allowed or disallowed by experimental lower limits.

5.1 Textures, Planck scale effects and proton decay

The quark-lepton masses and mixing angles pose a challenge in understand-
ing their hierarchical structure. It is suggested that perhaps such structure
may be understood from simple hypotheses at high scale, i.e., the grand uni-
fication scale or the string scale [178, 179, 180]. Thus, for example, in grand
unification where the b quark and the 7 lepton fall in the same multiplet the
experimental ratio m;,/m, ~ 3 at low energy can be understood by the equal-
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ity of the b — 7 Yukawa couplings at the grand unification scale. This occurs
in supergravity grand unification but not in ordinary (non-supersymmetric)
grand unification giving further support to the validity of supersymmetry.
However, the same does not hold for mg/m, and mg/m.. This discrepancy
is attributed to the possibility that the Yukawa couplings at the high scale
have textures. That is the couplings have a matrix form in the flavor space.
Thus in MSSM the Yukawa interactions at the high scale will have the form

Wy = HyuY"q + HydY%q + H 1Y € (134)

where Y*, Y4 Y*¢ are the texture matrices. A simple choice for these are the
ones by Georgi-Jarlskog (GJ) [178] which (assuming no CP phases) are

0 ¢ 0 0 f 0
Yi=1]c 0 b|, Y*=[Ff e(1,-3) 0 (135)
0 b a 0 0 d

where a-f have a hierarchy of scales so that a ~ O(1) and the quantities b-f
are appropriate powers of € where ¢ < 1. In addition to the GJ textures
there are also a variety of other suggestions. Chief among these are those of
Ref. [179] which classify many possibilities. There are various approaches to
generating textures [181, 182]: grand unification, Planck scale corrections,
models based on an Abelian U(1)x symmetry, and string based models.
A possible origin of the parameter € is from the ratio of mass scales, e.g.,
€ = Mgur/Mg, [183, 158]. Thus in the context of supergravity unified
models this ratio can arise from higher dimensional operators. In the energy
domain below the string scale after integration over the heavy modes of the
string one has an effective theory of the type W = W3 + X, .3 W,,. where
W, (n > 3) are suppressed by the string (Planck) scale and in general contain
the adjoints which develop VEVs~ O(Mgyr). After VEV formation of the
heavy fields W,, ~ O(Mgur/ Msuing)™ % (operators in W3). With the above
one can generate the necessary hierarchies in the textures.

A technique similar to the addition of Planck scale corrections to gen-
erate textures is due to Froggatt and Nielsen [180] who observed that a
way to generate hierarchy of mass scales is through non-renormalizable in-
teractions involving a flavon field which carries some non-trivial quantum
numbers under a U(1l)x symmetry. If the Standard Model fields possess
quantum numbers under this U(1)x symmetry which are flavor dependent,
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then a hierarchy could be generated when the flavon field develops a vacuum
expectation value. Thus, for example, a term in the superpotential involving
the up quarks would have the form

0.
YN“ijqu2u§(M)”” (136)

where 6 is the flavon field with a U(1)x charge of —1 and the subscript N on
Yy, refers to the non-renormalizable nature of the interaction. Invariance
under U(1)x requires

where n,, is the U(1)x charge of the field ¢; etc. VEV formation for the
flavon field will lead to a Yukawa interaction for the up quarks of the form

<0 >

)
If the VEV formation for the flavon field occurs below the scale M (so that
€ < 1) then desirable fermion mass hierarchies can occur with appropriate
choices of € and of the U(1)y charges. This is essentially the Froggatt-Nielsen
approach which has been examined in a variety of scenarios.

Typically string models lead to an anomalous U(1)4 symmetry and this
case has been examined quite extensively. The cancellation of anomalies
impose many constraints limiting the choices for the generation dependent
U(1)x charges. However, that still leaves one with many possibilities [184].
However, more severe restrictions arise when one includes as a constraint
the size of allowed baryon and lepton number violating interaction such as
QQQL. The number of allowed models is then drastically reduced [185,
186, 187]. In a variant of the same approach the analysis of Ref. [188] has
considered an anomaly-free U(1) along with some simple ansatz regarding
the origin of Yukawas. The analysis leads to an automatic conservation of
baryon number [188].

Proton decay involves textures not only in the quark-lepton Yukawa cou-
pling sector, but also involves textures in the Higgs triplet sector. [158, 189].
In general the Higgs triplet textures are not the same as the Higgs doublet
textures so that

Wy = TuY, e’ + €apy (ToadG Y u + TougY d,) + TIY q (139)

Yz‘]u'%quj; Y']u' = YNuij(€>nijv €= ( (138)
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where Y, Y Y Y¢ are the Higgs triplet textures. In Ref. [158] Higgs triplet
textures for the case of SU(5) corresponding to the Georgi-Jarlskog textures
were classified and their form found to be significantly different from the
textures in the up and down quark sectors in the Higgs doublet sectors. An
example of such textures based on Planck scale operators in SU(5) is [158]

0 ¢ 0 0 7 F(—1,1) 0
YVi=|4c 0 2|, V=] EF(-1,1) je(-1,4) 0

(140)
and fft“ = Y,*. As already stated proton decay is affected by textures both
in the doublet sector and in the Higgs triplet sector. For the SU(5) case the
7K™ mode is enhanced roughly by a factor of ~ (%%)2 by the inclusion of
Higgs triplet textures. In general textures affect differentially the different
decay modes. Thus p decay modes hold important information on GUT
physics and this includes also textures both in the doublet as well as in the
triplet sectors. More recent analysis of textures in GUT models can be found

in Refs. [150, 190, 191, 192].

5.2 Gravitational smearing effects

Gravitational smearing effects can modify the unification of gauge coupling
constants as well as affect analysis of proton decay. Consider, for example,
the gauge kinetic energy function for gauge fields for a gauge group G. Here
the conventional kinetic energy term —(1/2)Tr(FF'), where F is the Lie
valued field strength in the adjoint representation of the gauge group can be
modified by the addition of the non-renormalizable operator [193, 194]

L,

¢
~ 2Mp

where @ is a scalar field in a representation of the gauge group such that
Tr(FF®) is a gauge group scalar which develops a VEV and enters in the
spontaneous breaking of the gauge group symmetry. Thus after spontaneous
breaking the gauge kinetic energies in the SU(3)c x SU(2), x U(1)y will be
modified and a proper normalization will lead to splitting of the SU(3)¢ x
SU(2)r x U(1)y fine structure constants for these so that [195]

cM cM cM

I +rg— 1+ r3—r 142
Mp, * Mp, 3Mp1) (142)

Tr(FF®) (141)

ag'(Mg) = ag' (Mg) (14
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where r; depend on the nature of the gauge group. These splittings affect the
analysis of gauge coupling unification [195, 196, 197, 198, 199]. Further, the
GUT breaking will bring in heavy thresholds. With inclusion of the splittings
due to quantum gravity effects and of heavy thresholds the renormalization
group evolution in the vicinity of the unification scale can be written as
follows

cM M,
+—oag i+ Cilog — 143
oMp € r g 0 (143)
where M, are the heavy thresholds, C}, are one loop renormalization group
beta function and @ is the renormalization group scale. Now by a transforma-
tion M, = M¢/eXe one can absorb the quantum gravity correction by defin-

ing effective heavy thresholds so that o; *(Q) = ozerf_l + Ciqlog(ME1T/Q)
where ad/’ is ag evaluated at MG where ME'=Mg exp(-54,), and A, =
(T@fa&l) so that (af’)™' = agt — (15/2n)A,, M) = M,e %2 where k,
are pure numerics that depend on the specifics of the gauge group, on the
representations ® and on the heavy thresholds. The main point of the above
illustration is that quantum gravity effects warp the heavy thresholds and
it is these warped thresholds that enter in the renormalization group analy-
sis. On the other hand, proton decay is controlled by the unwarped heavy
fields. This means that the masses of the lepto-quarks My that enters in
proton decay from heavy gauge boson exchange and of the Higgs triplet field
My, that enters in the proton decay from dimension five operators can be
significantly different from the values one obtains from the renormalization
group analysis. Indeed prediction of proton lifetime will depend sensitively
on the gravitational effects and conversely the observation of a proton decay
mode can be utilized along with renormalization group analysis to estimate
the amount of Planck scale effects.

o;1(Q) = ag'

Consider, for specificity SU(5) and ® a 24-plet of scalar field in the adjoint
representation of SU(5). The VEV formation < ® >= Mdiag(2,2,2, -3, —3)
gives the heavy thresholds as follows: (3,2,5/3)+ (3,2, —5/3) massive vector
bosons of mass My, (1,3,0) + (1,3,0) massive color Higgs triplets of mass
Mr, (1,8,0) 4 (1, 3,0) massive Y-fields of mass My, and a massive singlet 3
field. Here r; = (—1,—3,2) for i in U(1), SU(2), and SU(3)¢ and the grav-
itational warping generates an effective scaling of the heavy masses so that

ko = (—%, 1%, 5), where a=1,2.3 refer to X, V, My masses. As noted above the
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heavy masses that enter in proton decay are the unwarped ones. Thus, for
example, an experimental determination of p — 7K' would provide a deter-
mination of M while the renormalization group analysis provides a determi-
nation of M/ allowing for a determination of ¢ [198, 197, 200]. To see these
effects more clearly we look at the experimental constraints on the current
data. The RG analysis of Ref. [156] gives 3.5 x 10 < My < 3.6 x 101°GeV,
while Super-Kamiokande data demands My > 2 x 10'GeV. This appears
to eliminate the SU(5) model. However, inclusion of the Planck scale effects
requires only that

3.5 x 10" < Mpe ™% < 3.6 x 105GeV (144)

The above implies that with ¢ ~ 1 one can achieve consistency with the
SuperK data. However, we add a note of caution. In Eq.(144) we have
not taken into account the corrections to the gaugino masses that arise as
a consequence of quantum gravity effects [201, 202, 203, 197]. Inclusion of
these affects involve an overlap of the Planck scale and GUT scale effects
and bring in a new parameter ¢’ generally distinct from ¢. The gluino, the
chargino and the neutralino masses are thus modified and since they enter in
the dressing loop integrals for proton decay in the mode p — v K™, Eq.( 144)
is affected. Because of this the effects of gravitational smearing in this sector
are more model dependent. However, ¢’ does not enter in the analysis of p —
7Y which is thus a cleaner channel to observe the gravitational smearing
effects. Similar modification will also arise in SO(10) analysis. However, here
there are many more possibilities for Planck scale corrections since the Higgs
structure of SO(10) models is more complex. Thus Higgs fields that enter at
the GUT scale to accomplish SO(10) breaking include large representations
such as 45, 54, 210 etc. which can give rise to higher dimensional operators

T’I“(FF(I)45), T’I“(FF(I)54), T’T’(FF(I)QH)) (145)

After VEV formation for these scalars, one would find gravitational correc-
tions to the renormalization group evolution which also indirectly affects
proton decay estimates as discussed above. An RG analysis including gravi-
tational corrections in SO(10) is given recently in Ref. [204].

o7



5.3 Constraints from gauge coupling unification

The analysis of the previous sections exhibits that the proton lifetime from
dimension five operators depends critically on the mass of the Higgs triplet
while that from dimension six operators depends on the mass of the su-
perheavy gauge boson. It turns out that these masses are also strongly
constrained by the condition that gauge couplings unify at high scale [205].
Thus consider the renormalization group equations for the gauge couplings
206, 207, 208]:

(0 = (o) (146)
where the functions 3; at one-loop level are given by:
g 2 1 11
Bi0s(10) = TS ET(P)A(F) + 5T(S)S) - SCoGD] (147)

with ¢ = 1,2,3 for U(1)y, SU(2); and SU(3)c. In the above expression
the fermion representations are assumed to transform according to the rep-
resentation F' with dimension d(F'), while the scalars transform in the rep-
resentation S with dimension d(S). For an irreducible representation R we
have,

R*R" = Cy(R)I (148)
Tr(R°RY) = T(R)s® (149)

where R is a matrix representation of the generators of the group. T(R)
and Cy(R) are related by the identity,

Co(R)d(R) = T(R)r (150)

with 7 the number of generators of the group and d(R) is the dimension of the
representation. Cy(R) is the quadratic Casimir operator of the representation
R. For the group SU(N) T'(N) = 1/2 and T'(Adj) = N. In the case of the
U(1)y group we can use the above formula for f;, with C2(G) = 0 and
T(R) = Y? (See for example [209]), where the electric charge is defined by
@ =T5+Y. In the above expression we have taken the scalar representation
to be complex, and the fermion representation to be chiral.

The equation for the running of the gauge couplings at one-loop level is
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_ _ bi , Mgyt
a;(Mz)™ = agyr + o My
where «; = g?/(4m). Using the general expression (3; one finds for the Stan-

dard Model

(151)

vwM =41/10, M = —-19/6, b3M = -7 (152)

As is well known the above beta functions do not allow the unification of
gauge couplings. Next we consider the minimal non-supersymmetric SU(5),
where the matter is unified in 5 and 10, the Higgs sector is composed by
S5p = (H,T) and 24y = (g, X3, X32), X(3,2), L24), While the gauge fields live
in 24y. Using the SM decomposition one gets the following equations for the
Bi>

BSVO) M %Tv + 1_157~T (153)
BIVE) M %7“23 _ %TV (154)
B§S”U(5) — Mg %TZs — Ty + érT (155)
where:
.= % (156)

and where M7 is the mass of the additional particle I (Mz < M; < Mgyr).
Now, following Giveon et al [210], The equations for the running of the gauge
couplings (replacing b; by B;) can be put in a more suitable form in terms of
differences in the coefficients B;;(= B;— B;) and low energy observables [210].
One finds two relations that hold at M [210]

B3 58in? Oy — Qepn /v
- = 157
By 8 3/8—sin’f, (157)
MGUT 167 3/8 — Sil’l2 Hw
1 = . 1
" MZ 5aem Bl2 ( 58)
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Using the experimental values at My in the MS scheme [26] of sin?6,, =
0.23120 £ 0.00015, a_! = 127.906 £ 0.019 and «, = 0.1187 & 0.002, one
obtains

B
28— 0.719 + 0.005, (159)
By
Meur — 184.940.2
| _ , 160
n My By (160

The above two relations constrain the mass spectrum of the extra particles
that leads to an exact unification at Mgy and this approach offers a simple
way to test unification for a given model. The fact that the SM with one Higgs
doublet cannot yield unification is now more transparent in light of Eq.( 159).
Namely, the resulting SM ratio is simply too small (B3M/BiM = 0.53) to
satisfy equality in Eq. (159). In minimal non-supersymmetric SU(5) we have
the same problem, since the colored triplet and superheavy gauge bosons have
to be very heavy to avoid problem with proton decay (Bng(s) / BlszU(‘r’) < 0.60).
Now, in a minimal realistic non-supersymmetric grand unified theory based
on SU(5) [211], the Higgs sector is extended by 155 = (P, Py, P.), where
the fields ®,, ®,, and ®. transform as (1,3,1), (3,2,1/6) and (6,1, —-2/3),
respectively. Here it is possible to generate neutrino masses, satisfy all ex-
perimental bounds on proton lifetimes and achieve unification. In this case
we have additional contributions to the parameters B and Bz (see Table
3):

A knowledge of By and Bss allows one to exhibit the entire parameter
space where it is possible to achieve exact unification (See figure 5). The
triangular region in Fig. 5 represents the available parameter space under
the assumption that Uy, g and ®. reside at or above the GUT scale. The
region is bounded from the left and below by experimental limits on Mg,
and Mg,. The right bound stems from a requirement that My, > M. We
note that in this scenario it is possible to predict the maximal value for the
GUT scale, which allows one to define the upper bound on the proton decay
lifetime (See Section 5.6 for details.). In this minimal non-supersymmetric
scenario light leptoquarks ®; are predicted in order to achieve unification.
Therefore it is a possibility to test the idea of grand unification at the next
generation of collider experiments [211]. For studies in a different extension
of the Georgi Glashow model see Ref. [213].
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Minimal SU(5) o, D, o,

SU(5) 2 1 5
Bs Bys 37 670 | —gle

SU(5) 1 7 8
B By, 5T, | T157e, | 15T

Table 3: Contributions to the B;; coefficients in a realistic minimal non-SUSY
SU(5) [211].

Let us investigate the constraints in supersymmetric scenarios. In the
minimal supersymmetric standard model the equations for the running are
given by:

21 2

13
BYSSM = pSM 2 s+ 5 i (162)
BMSSM _ M 4 9 4 9y, (163)

assuming the same mass Mj; for all scalars and the same mass for Higgsinos
and gauginos Mg. In this case it is well-know that it is possible to get
unification around 106 GeV, if the supersymmetric particles are around 1
TeV, or if one has only the gauginos and higgsinos at the TeV scale [214,
215, 216]. To discuss the constraint on the Higgs triplet mass we list the
equations for the running in the case of the minimal supersymmetric SU(5):

2
BSSUG) BMSSM | =TT - 10 7 (164)
BSSUG) — BMSSM 4 9. Gy (165)
BP0 = BMSSM o dry 4 3y, (166)

Assuming that Y3 and Yg have the same mass and using the equations
above one finds [217]:
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1 (12 M M
3a;7 — 205" —a;h)(M. :—<—1—T—21 SUSY) 167
(3, a3 oy )(Mz) on \ 5 nMZ 1 M, (167)

Eq.(167) is a very useful in constraining the Higgs triplet mass. In refer-
ence [156] the authors concluded that the triplet mass My < 3.6 x 10'° GeV,
in order to satisfy the above constraint in the context of the minimal super-
symmetric SU(5). However, for the case the fields X35 and ¥g have different
masses [160] Mr < 1.15x10'" GeV. This is a possible solution, which implies
that in the context of the minimal supersymmetric SU(5) it is still possible
to satisfy the experimental bounds on proton decay lifetimes.

5.4 Testing GUTSs through proton decay

As shown in the previous section the proton decay predictions arising from
the gauge d = 6 operators depend on the fermion mixing, i.e. the predictions
are different in each model for fermion masses [42]. Let us analyze the possi-
bility to test the realistic grand unified models, the SU(5), the flipped SU(5)
and SO(10) theories, respectively. Let us make an analysis of the operators
in each theory, and study the physical parameters entering in the predictions
for proton decay. Here we do not assume any particular model for fermion
masses, in order to be sure that we can test the grand unification idea.

As an example we discuss now the specific case of SU(5) with symmetric
up Yukawa couplings. Here we consider the simplest grand unified theories,
which are theories based on the gauge group SU(5). In these theories the
unification of quark and leptons is realized in two irreducible representations,
10 and 5. The minimal Higgs sector is composed of the adjoint representation
¥, and two Higgses 55 and 5y in the fundamental and anti-fundamental
representations [9, 11]. If one wants to keep the minimal Higgs sector and
have a realistic SU(5) theory, one needs to introduce non-renormalizable
operators, Planck suppressed operators, to get the correct quark-lepton mass
relations. A second possibility is introduce a Higgs in the 455 representation.
In order to generate neutrino mass in these theories we have to add 15y
Higgs (See for example [211]) or the right handed neutrinos. In this case we
have only the operators OF % (Eq. 13), and 0% (Eq. 14) contributing to
the decay of the proton. Let us study the prediction for proton decay in a
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SU(5) theory with Yy = V¥, In this case we have Uc = UK, where K, is
a diagonal matrix containing three phases which gives [46]:

3
> eV, da, d5)spy (s dy, d5 )sus) = K (Vigan) ' (55) (Vo) 7 K367
=1

(168)

In this case the clean channels to test the scenario, are [46]:

T(p— K*9) = ki [A}Vinl* + A3Vl O (169)
Pp—ntn) = K|Vl G (170)

where

(my — mi)*

— 2 2

¢, = 8p7rm3f2 A7 |a| (171)
_ 2 2

Cy = o f2A 2laP(1+D+F) (172)

where the notation is as in Appendix G. Here we have two expressions for
k1, which are independent of the unknown mixing matrices and the phases.
Thus it is possible to test SU(5) grand unified theory with symmetric up
Yukawa matrices through these two processes [46]. These results are valid
for any unified model based on SU(5) with Yy = V£, Similar tests can be
investigated for other gauge groups. Specifically a discussion of the tests for
the gauge groups SO(10) and flipped SU(5) is given in Appendix G.

5.5 Proton decay in flipped SU(5)

In the previous section we have shown the possibility to make a clear test of
realistic grand unified theories with symmetric Yukawa couplings through the
proton decay into a meson and antineutrinos. It is thus interesting to investi-
gate how these conclusions change if one departs from the flavor structure of
the minimal renormalizable theories. It is well known that the gauge d = 6
proton decay cannot be rotated away, i.e., set to zero via particular choice of
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parameters entering in a grand unified theory, in the framework of conven-
tional SU(5) theory with the Standard Model particle content [218, 219]. So,
it would appear that the gauge d = 6 operators and proton decay induced
by them are genuine features of matter unification. How this conclusion has
some caveats as we now discuss. To understand the issues more clearly it
is useful to investigate the constraints that might allow one to rotate away
the baryon and lepton number violating dimension six operators induced by
gauge interactions. Thus consider the model based on conventional SU(5).
Setting ko = 0 in Egs. (9)-(10) the relevant coefficients that enter in the
decay rate formulas are:

o dg)su) = K[V + (VVep) (Vi) (173)
cea, d)suE = KV Ve (174)
c(vy, dq, dC)SU = E(ViVyp)'(VaVen)?, a=1or B=1 (175)
(v, do, d5)su = 0 (176)

It is now easy to see that the demand to rotate away proton decay leads to
conflict with experiment. In order to set Eq. (174) to zero, the only possible
choice is V' = 0. [Setting (V3)”® to zero would violate unitarity.] If we
now look at Eq. (175), there is only one way to set to zero the coefficient
entering in the decay channel into antineutrinos. Namely, we have to choose
(ViVyp)'® = 0. This, however, is not possible since it would imply that,
at least, V2%, is zero in conflict with experiment. Next we investigate the
same issue in flipped SU(5). In this case the gauge d = 6 proton decay is
mediated by V' = (X', Y’). This time the relevant d = 6 coefficients are:

cleg dg)susy = 0 (177)
c(ea dF)suey = k3 (VaVip)™ (ViVupVivi)'® (178)
e, da, d§)suy = KV ViVopViVaVen)', a=Tor =1 (179)
c(vf, da, dﬁmsy = B3 [(VaVip) " (U Va)'® + VI Uk VaVidp)"]
a=1lorf=1 (180)

where the subscripts SU(5)" stands for flipped SU(5). Let us see if it is
possible to rotate away the proton decay in flipped SU(5). To set Eq. (179)
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to zero, we can only choose V* = (DLD)?* = 0, where « = 1 or § = 1.
We could think about the possibility of making both Egs. (178) and (180)
zero, choosing (V4Vi1,)?' = 0, however, this is in contradiction with the
measurements of the CKM angles. Since in flipped SU(5) the neutrino is
Majorana, we only have to suppress Eq. (178). This can be accomplished by
setting (ViVypViVs)'® = (ULE)'™ = 0 [220]. We note that this constraint
is unrelated to the constraint on V,. Thus, there is no contradiction with
the unitarity constrains nor conflict with any experimental measurements of
mixing angles. Consequently in the context of flipped SU(5), it is possible
to completely eliminate or rotate away the gauge d = 6 contributions in a
consistent way, by imposing the necessary conditions at 1 GeV [220].

In contrast in the minimal renormalizable flipped SU(5) it is not possible
to satisfy the first condition, since Yp = Y7 implies V, = K3, where K, is
a diagonal matrix containing three phases. However, as discussed already
we have to take into account the nonrenormalizable operators, which are
important for fermion masses and which invariably lead to modification of
naive predictions. Thus in general, in the context of flipped SU(5), one is
allowed to impose the necessary constraints and remove the gauge operators
for proton decay. In summary the main difference between SU(5) and flipped
SU(5) is that the unitary constraint that prevents one to eliminate proton
decay in conventional SU(5) does not operate in the latter case. In other
words, the coefficients which depend on o and § with &« = 1 or 8 = 1 have
different consequences in those two scenarios [see Egs. (174) and (179)].

5.6 Upper bound on the proton lifetime in GUTs

In the previous section we have discussed the different ways to test grand
unified theories through the decay of the proton. In this section we discuss the
possibility of finding an upper bound on the total proton decay lifetime [221].
In order to establish an upper bound on the total proton lifetime one may
focus on the gauge d = 6 contributions since all other contributions can be set
to zero in searching for upper limits. Proton lifetime induced by superheavy
gauge boson exchange can be written as follows

7, =C My agir mf (181)

Here C is a coefficient which contains all information about the flavor struc-
ture of the theory, My is the mass of the superheavy gauge bosons, and
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acur = gayr/4m, where gopr is the coupling defined at the GUT scale (the
scale of gauge unification). To find a true upper bound on the total lifetime
the maximal value of C' is needed. Then, for a given value of My and agyr
it is possible to bound the GUT scenario prediction for the nucleon lifetime.
However, minimization of the total decay rate is very difficult since in prin-
ciple 42 unknown parameters enter in the decay. The upper bound on the
proton lifetime in the case of Majorana neutrinos reads as:

(M /106 GeV)
2

7p < 6.0%0:3 x 10%
aGur

(0.003 GeV?/a)? years (182)

where the gauge boson mass is given in units of 10'® GeV. Details of the
analysis is given in Appendix H and here we present only the results [221].

The proton decay bounds in the Mx—agyr plane for the Majorana (Dirac)
neutrino case are in Fig. 6 (7). These results, in conjunction with the exper-
imental limits on nucleon lifetime, set an absolute lower bound on mass of
superheavy gauge bosons. Since their mass is identified with the unification
scale after the threshold corrections are incorporated in the running this also
sets the lower bound on the unification scale. Using the most stringent limit
on partial proton lifetime (7, > 50 x 1032 years) for the p — 7’e™ channel [26]
and setting a = 0.003 GeV?, the bound on My read:

My > 3.04703 x 10" /agyr GeV (183)

where agyr usually varies from 1/40 for non-supersymmetric theories to 1/24
for supersymmetric theories. For example, if we take a non-supersymmetric
value agyr = 1/39, one obtains

My > 4.9 x 10" GeV (184)

We note that the above result implies that any non-supersymmetric the-
ory with agyr = 1/39 is eliminated if its unifying scale is bellow 4.9 x
1013 GeV regardless of the exact form of the Yukawa sector of the theory.
Further, a majority of non-supersymmetric extensions of the Georgi-Glashow
SU(5) model yield a GUT scale which is slightly above 104 GeV. Hence, as
far as the experimental limits on proton decay are concerned, these exten-
sions still represent viable scenarios of models beyond the SM. Region of My
excluded by the experimental result is also shown in Figs. 6 and 7. The plots
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of Fig.(6,7) exhibit that it is possible to satisfy all experimental bounds on
proton decay in the context of non-supersymmetric grand unified theories.
For example in a minimal non-supersymmetric GUT [211] based on SU(5)
the upper bound on the total proton decay lifetime is 7, < 1.4 x 10%
years [212].

6 Unification in Extra Dimensions and Pro-
ton Decay

6.1 Proton decay in models with 5D

In this subsection we discuss proton decay in theories with one extra dimen-
sion. Theories with extra dimensions have a long history beginning with
the work of Kaluza and Klein in the nineteen twenties [222, 223, 224, 225].
More recently interest in theories with extra dimensions emerged with the
realization that string theories could allow for low scale compactifications
which removes the rigid relationship that exists between the string scale and
the Planck scale in the weakly coupled heterotic strings [226]. Thus, in the
context of the weakly coupled Type I string compactifications the string scale
can be quite low [227, 228] and there has been much work in model building
along these lines [229, 230, 231, 232] and important constraints have been
placed on the size of such dimensions from experiment [233, 234, 235]. An in-
teresting phenomena in such theories is the power law evolution of the gauge
coupling constants [236, 237, 238, 239] which allows for a meeting of the cou-
pling constants at a low scale although in such a scheme the unification of the
gauge couplings is not a prediction of the model but rather an accident. The
second more serious issue concerns stability of the proton. This is so because
if one wishes to formulate unified models with low scale extra dimensions
then dimension five and dimension six baryon and lepton number violating
operators are suppressed only by the inverse powers of a mass order a TeV
which would lead to disastrous proton decay. An early suggestion to achieve
proton stability is to have quarks - leptons in the bulk [240]. In the model of
Ref. [240] B and L are separately conserved and the proton is stable with a
unification scale in the TeV region. In this model TeV scale mirror particles
could be produced at colliders [240]. Another way to suppress proton decay
is to assume that the baryon number is gauged in the bulk and the sym-
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metry is broken on a brane different from the physical brane [241]. Other
suggestions to suppress proton decay require imposition of discrete symme-
tries [237, 232, 242, 243]. Such discrete symmetries are discussed in detail in
Ref. [242] where a generalized matter parity of the type Z3 x Z3 is proposed in
an extended MSSM type model where proton decay operators are suppressed
to high orders. However, suppression of proton decay may require an exact
or almost exact baryon number conservation, since otherwise proton decay
may be induced by quantum gravity effects [244]. It is argued that in order
to suppress this type of proton decay one would need a high scale similar to
what one has in grand unified theories [244].

We would not pursue further the analysis of proton decay in extra di-
mension theories with low scale. Rather, we turn our attention now to the
more realistic scenarios with high scale extra dimensions. Typically this is
the situation in heterotic string models where the size of the extra dimension
is of order the inverse of the compactification scale My which one expects
is close to the string scale. It turns out that the study of such models do
have important benefits, the most prominent being that they provide a nat-
ural solution to the doublet-triplet splitting in the Higgs sector. Often they
also lead to a reduction of the gauge symmetries without the necessity of
invoking the Higgs mechanism. Thus, we consider grand unified theories in
higher dimensions where reduction to 4 dimensions is accomplished by orb-
ifold compactification. It has been known for some time that an orbifold
compactification can reduce symmetries beginning with the work of Scherk
and Schwarz [245, 246] and follow up works [247, 248, 249, 250]. (For a dis-
cussion of generalized symmetry breaking on orbifolds see Refs. [251, 252]).
Orbifold compactifications have played a major role in recent works in the
exploration of low scale extra dimensions putting lower limits of a few TeV
on such dimension [233, 234, 235]. More recently interest has focused on
grand unified models with extra dimensions and here an interesting devel-
opment is the reduction of the gauge symmetry by orbifold compactifica-
tion [253, 254, 255, 256, 251, 257] which has in addition some very interesting
features such as automatic doublet-triplet splitting. The simplest possibility
is a GUT theory formulated in 5 dimensions. Thus let us consider a 5D space
with coordinates # = (z#, %) where u = 0, 1,2, 3. We assume that the fifth
dimension ° is compacted on S'/(Z, x Z}) where the Z, and Z} are defined
as follows: Z, corresponds to the transformation
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2° — —a° (185)
while Z) corresponds to the transformation
e (186)

where 2% = 2% + 7R/2. We focus on the Z, orbifolding first and return to
the Z! orbifolding later. We begin by considering a super Yang-Mills field
in the bulk. The N = 1 super Yang-Mills in 5D consists of the multiplet
(VM ¥, X\ f9), where VM is the vector field with M=0,1,2,3,5, ¥ is a real
scalar field, \’ are simplectic Majorana spinors and f* (a=1,2,3) are a triplet
of auxiliary real fields [V}, is a Lie valued quantity so that V), = gVT*
where tr(T*T?) = 16,5, and A and ¥ are similarly defined.]. For specificity
we consider first the unified gauge group SU(5) and assume that the super
Yang Mills multiplet belongs to the adjoint representation of SU(5). The 5D
super Yang-Mills Lagrangian is given by [258, 259, 260]

£ - %{—%tr(VMN)Q Ftr(DaD)? + tr(hiy™ D) — (A, A])
+ tr(f9?} (187)

where Dyo = OyX — i[V, X]. The action is invariant under the following
supersymmetry transformations

5eX = Q&' N
SNt = (M Vary — M Dy D)E — (f0°)e?
0" = (") "M Dy N — [, E(o)IN], (188)

where ¢' are the transformation parameters and o™V = [y™ ~N]/4. From
the 4D view point, the 5D N=1 vector multiplet is an N=2, 4D multiplet. We
would like to reduce this multiplet to an N=1 multiplet on the 2° = 0 brane
which we consider to be the physical brane. To achieve this we consider the
Zs transformation which acts on the bulk fields so that

fay) = f(a", —a®) = Pf(a",2”) (189)
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where P = +1. We take the fields V,,, A\, f? to have even parity, and the
fields V5,3, A2, f12 to have odd parity. Further, we assign to £ an even
parity and to £2 an odd parity. Now the fields with odd parity vanish on the

2® = 0 boundary, and the transformations on the 2°> = 0 brane reduce to the
following [261]

SV = i€l a" AL — i oML
SNy, = 0"V — iDE;

D = i&'a" DAL + h.c. (190)
where D = (f? — 05X). Eqgs.(190) constitute the transformations of an N=1

gauge multiplet Wlth components
Vi, AL, D = (f* — 05%) (191)

on the 2° = 0 brane. We note the appearance of 95X in the auxiliary field D.
While ¥ has odd Z, parity and vanishes on the 2° = 0 brane, 95X has even
7, parity and is non-vanishing on the 2° = 0 boundary.

Analogous to the vector multiplet we assume that the Higgs multiplets
reside also in the bulk and for model building we consider two hypermulti-
plets consisting of two complex scalar fields and two Dirac fermions (H?, ¢®)
(i=1,2) where H? are complex Higgs doublets and ¢* are Dirac spinors. We
identify these multiplets as follows

{(Hy, vp), (Hy,vp)}
{(H, %), (H3, ¢7)} (192)
The 5D bulk Lagrangian for the Higgs multiplet is then given by [259]

= | Dy HE )2 4 iy Dyp® — (iV2HI N + hec)
2 .
~0" — HI(EPH; - T SN eITHP (193)

m.x

However, care is needed in the reduction of the Higgs bulk Lagrangian to the
boundary. Analogous to the case of the vector multiplet one should begin
with off shell hypermultiplets (H?,¢*®, F?) which break up into the Z, parity
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even multiplets (H{, vk, F), (H2, 4%, F) and the Z, parity odd multiplets
(Hy, v}, Fy), (HE, 0%, F2). As we go to the boundary x° = 0 only the Z,
even parity multiplets survive and the surviving multiplets are [258, 259]
Hy = (H{, @& F), and Hy, = (H2,92, F5) where F, = F} — 9;H} and
Fy = F} — 0,H?. Here Hs is the multiplet that couples to the up quark and
‘H1 is the multiplet that couples to the down quark and the lepton. We note
that on the boundary the auxiliary fields are modified and this phenomenon
is much similar to the modification of the D term on the boundary discussed
above for the case of the vector multiplet.

In the preceding analysis we have seen that the action of Z5 orbifolding
reduces N=2 supersymmetry down to N = 1 supersymmetry on the bound-
ary. However, the SU(5) gauge symmetry is left intact. We consider now
the action of the Z) orbifolding which leaves the N = 1 supersymmetry in-
tact but reduces the SU(5) gauge symmetry down to the Standard Model
gauge group. To accomplish this we consider Z) transformation such that
the field f(z#,2°) which belongs to the fundamental representation of SU(5)
transforms so that

fla, ™) = ', —a™) = P'f(a", 27) (194)
where 2% = 2°4-7R/2 and P’ is a 5x5 matrix with P’ = diag(—1, -1, —1,1,1).
Thus the fields with SU(3)¢ color indices will transform with parity — and
the fields with SU(2) indices will transform with Zj parity +. We identify
Hjs with H2 as the one that gives mass to the up quarks, and Hs with H{
which gives mass to the down quarks and the leptons. Similarly, we define
Hs = H? and H; = H}. One has then the following transformations for the
Higgs multiplets under Z, transformations

x
Hs (2", %) — Hs(a", —2”) = —P'Hs(a", 2”). (195)
Thus under Z» x Z} transformations a field can be classified as fii(z#, 2°).
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It is instructive to carry out a normal mode expansion for these.

1 (2n 2771375

1 9]
forlena®) = 7R X0 o P ) cos(To),

Frolo) = 2 3 A ) cos( I,

Falea®) = [ 32 £ sin DT,

f—(2,a) = %iﬁi‘*”@)m(%), (196)
n=0

The above implies that the modes fff), ffﬂ), f£2f+1), £ have masses

2n/R, 2n +1)/R, (2n+1)/R and (2n + 2)/R. One notices that only f,
contains massless modes corresponding to the case when n = 0. The other
modes all acquire masses scaled by the inverse of the compactification radius,
i.e., proportional to 1/R. We exhibit the mode expansion for the Higgs multi-
plets in Table (4) where we have decomposed the Higgs 5 plets in SU(3) color
triplets, and SU(2) doublets and the Higgs 5 in the SU(3) color anti-triplets,
and SU(2) doublets, ie., Hs = (H,, Hy), H; = (Hy, Hy), Hs = (H,, Hy),
and ﬁf; = (ﬁd,ﬁff).

In Table (4) the entries above the double horizontal line are the Higgs
doublet modes. Here for n = 0 we have massless modes in H,, and H,;. The
entries below the double horizontal line are the Higgs triplets (denoted by
the subscript 7) and the color anti-triplets (denoted by the subscript T').
Here we see that none of the Higgs triplets and anti-triplets have massless
modes. Thus we see a natural doublet-triplet splitting by the assignment of
the parities as described above. The Higgs triplets and anti-triplet produce a
tower of massive Kaluza-Klein modes whose masses are scaled by the inverse
radius of the circle S*.

We look now at the transformation properties of the vector multiplet.
These fields have transformations like bi-fundamentals because they carry
two SU(5) indices. It is easily seen that the Lagrangian is invariant under
the following Z) transformations
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4D fields | Zy x Zj parity Mass
HEW (+,+) 2n/R
HE (=, —) | (2n+2)/R
HE (+,+) 2n/R
a2 (=, =) | (2n+2)/R
HE Y (+,—) | (2n+1)/R
HEM (+,-) | (2n+1)/R
gty (=, 4) | (2n+1)/R
A8 (=, 4) | (2n+1)/R

Table 4: P and P’ parities of the components of bulk Higgs multiplets.

V(2" 2% — V,(a#, —x ) PV, (a", 2% )P,

At %) = AL, =) = P'AL (ot 2% P,

A2 (@ 2) = A2 (aH, =) = —P' A2 (a", 2% )P,

Yz, %) — Bzt —2®) = —P'S(at, 2% )P

Vs(zt, 2% — Vi(z#, —2%) = —P'Vi(a®, 2 )P~} (197)

It is easy to infer that the transformation of the generators of SU(5) under
P’ are

PTP Tt =T pP'TipP = T (198)

where T are the generators of the Standard Model gauge group Gy and T
are in the remaining set. The mode expansion of the vector multiplet compo-
nents is listed in Table 5 where the subscripts £ on the modes specify their
properties under Z, x Z) transformations. We find that only the fields with
(4, +) parities have zero modes and they transform under SU(3)c x SU(2),

s (8,1) 4+ (1,3) + (1,1). These zero modes are precisely the gauge vector
multiplets of MSSM which we label V. All the remaining vector fields V/f,
i.e., the lepto-quarks, acquire masses. Specifically, we note that the vector
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multiplet which transforms like (3,2)+ (3, 2) under SU(3)¢ x SU(2) has only
massive modes. Thus the above orbifolding naturally splits the lepto-quarks
from the Standard Model gauge bosons.

4D fields | SU(3) x SU(2) reps Mass

Vet A (8, 1) + (1,3) + (1,1) 2n/R

Vo) (2 et (8,1) 4+ (1,3) + (1,1) | (20+2)/R
v e (3,2) +(3,2) | (20+1)/R
A \2a@ntl) gaGnt) (3,2)+ (3,2) | (2n+1)/R

Table 5: P and P’ parities for the components of bulk gauge multiplets

In setting up the Lagrangian in 5D we have to make sure that the La-
grangian is invariant under the full Z; x Z) transformations. This set up is
dependent on how the matter is located in the 5D space. One could locate
such matter either in the bulk, or on the orbifolds. There are two invariant
orbifold points corresponding to #° = 0 and 2° = wR/2 which are the end
points of the fundamental domain z° = (0, 7). When matter, is located at
the 2° = 0 brane, one can maintain the full SU(5) symmetry, while when
matter is located at the x> = 7R/2 brane, only the standard model symme-
try can be maintained. In fact, there are three scenarios for the location of
matter and we classify the three possibilities as follows [257, 262, 256].

1. Matter on the SU(5) brane
2. Matter in the bulk
3. Matter on the SM brane

Let us begin by discussing case (1). We need to assign parities to the quark
and lepton fields. For Zy transformations, P is 4 for color and + for SU(2).
For quarks and leptons, one way to determine the P’ parities is to require
that cubic SU(5) invariant interactions with matter-matter-Higgs transform
with an over all sign when one uses the P’ parities of Higgs as given in Table
(4). This gives the following possibilities
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10 : P/(Qv UchC) :7]10(_'_7_7_)
5:  P'(DYL)=ns(—+) (199)
where 15 1 are overall signs of 5 and 10 multiplets, i.e., 75,9 = £1. With the

above we have

P'(10.10.55) = —(10.10.55)

Using Eq.(200) we can write a Zy x Z) invariant 5D Yukawa interaction in
the form

1
L= / P05(5(a) = 32" — 7R)) f5,1010.51
1 _
+ / P05(3(a) — ngmod(a® = 7R)) f5u10.555 + hc. (201)
The Zy x Z} invariance of Eq.(201) is easily checked by using Eq.(200). On
integration over the fifth coordinate one gets the following effective Higgs-

quark-lepton interaction in 4D

Li= Lo+ Lxx (202)
Lo= / E0(QUHO + £,0DHY + L,LEHY) + h.c. (203)

Lxx = Y. V2 / PO(HLQUHPY + LQDH™ + f,LEH™)

n=1

+ VR [ @(QQuEE + FUCECHEY 4 LQLHE™Y
n=1
+ HQLH) (204)

where fi = f5u/V27R, fo = fsq/V27mR. One finds that £, which contains

the zero Higgs modes is precisely what one has in the minimal SU(5) theory
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for the Higgs doublets. However, unlike the minimal SU(5) of 4D theory,
here one has a natural Higgs doublet-triplet splitting and one has no zero
Higgs triplet modes. The Lk contains the Kaluza-Klein excitations of the
Higgs doublets and the Higgs triplets and anti-triplets.

There is no dimension five proton decay in this theory since the Higgs
triplet mass terms are of the form [257]

ZR_l/dzé’(H}znﬂ)fI}%H)+H¢(p2"+1)f1¢(p2"+1))+h.c. (205)

n=0

Since H does not connect to the quarks and leptons there is no dimension five
proton decay mediated by Higgs triplets in this model. Further, as shown in
Ref. [257] the model has an overall U(1)g invariance which kills the proton
decay via dimension four operators from the term 10.5.5 where all multiplets
are matter multiplets. However, there is proton decay via dimension six
operators. Assuming that all the three generations are located on the SU(5)
brane, one has a dimension six operator in this case, leading to a proton
decay width for the mode p — e*7® which is

Y4 )45042A%mp
IMo)  16mS?

With F' = 0.47, D = 0.8, f, = 0.13 GeV, a = 0.01(GeV)3, ¢g3/(47w) = 0.04 ,
Agr = 2.5 one finds

L(p—etn®) = (14+ D+ F)2 (206)

Mc
1016GeV

The current experiment already puts a lower limits on Mo of Mo ~ 5 x 101
GeV.

7(p — et n?) ~ 3 x 10°( )yr. (207)

We consider now case (2) where one has matter in the bulk. Here one
starts with complete SU(5) multiplets involving 10 and 5. However, P’ splits
these so that only certain components of these multiplets have zero modes.
For example, with a specific choice of P’ parities, only U¢ and E° in the 10
plet and only D¢ in the 5 plet have zero modes. To complete the multiplets
one can add a copy of the 10 and 5 which have an overall opposite P’ parity to
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the previous multiplets. Since in this case the zero modes arise from different
multiplets there are no X and Y gauge interactions which can produce baryon
and lepton number violating dimension six operators. There are, however,
Kaluza-Klein excitations of the bulk matter fields and X and Y gauge bosons
do connect the zero modes matter fields with their KK counterparts. But
these lead to operators which are at least dimension eight and suppressed by
MY, Their contributions to proton decay is far too small to be relevant.

Next we consider case (3) where one has matter confined to the SM
brane. Here the X and Y boson wave-functions vanish at the location of
the SM brane and thus one has no couplings of these gauge bosons to the
SM matter fields and consequently no baryon and lepton number violating
dimension six operator. So there is no proton decay from the usual X and Y
boson exchange. However, we now show that non-minimal couplings such as
derivative couplings can lead to proton decay. One can write in general on
the SM brane a non-minimal operator with one derivative as follows [263]

£5N =

Vi 54 / 20d*0¢ (Dse? Y; + h.c. (208)
My

The effective baryon and lepton number violating dimension 6 operators can
be obtained by an integration over the X and Y gauge bosons, and one has

2

g ] ctrra ctrpia

Os = Ty o [ RO W T (! T ) (209)
MecMp -

In the above 7;; and § are strong interaction parameters which are typically

O(1). The proton lifetime resulting from above is

1/2 71/

T(p — et 7°) = 3.5 x 1034(5711)_2(106167(}(;/

Clearly the result of Eq.(210) has a significant model dependence. If one
assumes that Mp is around the Planck scale, since such type couplings are
expected to arise from Planck scale corrections, one has Mp ~ 10'® GeV.
Then an M¢ around 10% GeV or larger, will put this lifetime out of reach
of the next generation of experiments unless a suppression is manufactured
from the front factors (6y11) 2.

)years (210)
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6.2 SO(10) models in 5D

The SO(10) models in 5D which have been investigated by a number of
authors [264, 265]. Here the gauge multiplet V is 45 dimensional belonging to
the adjoint representation of SO(10). In 4D language the 5D vector multiplet
will consist of the N=1 vector multiplet V' and an N=1 chiral multiplet .
We take the Higgs multiplet to lie in the 10 plet representation of SO(10) so
in 5D it is a 10 dimensional hypermultiplet Ho. In 4D it would correspond
to two N=1 chiral superfields Hjy, H,yy. Similar to the SU(5) case we have
the following transformations under Z,

Hlo(Iu,I5) — Hlo(.ilf‘u, —LU5) = PHlo(Iu,LU5)
[:[10(113'”,1'5) — ffflo(l’u, —ZL’S) = —PTﬁflo(l’u,l’E’) (211)

with P? = I where P is now a 10 x 10 matrix. We choose P so that P =
15x5 X layo. We assume similar transformations under Z), with x5 replacing
2% and P’ replacing P and for P’ we choose [264, 265]

P' = diag(—1,-1,-1,1,1) x (1, 1). (212)

As in the case of SU(5) the Zy orbifolding breaks the N=2 supersymme-
try in 4D to an N=1 supersymmetry . The Z) orbifolding breaks the SO(10)
gauge group to an SO(6) x SO(4) gauge group. Since SO(6) ~ SU(4)
and SO(4) ~ SU(2), x SU(2)g, we classify the fields according to their
SU(4) x SU(2), x SU(2)g representations. Thus the 45 plet of vector fields
which belong to the adjoint representation of SO(10) can be classified in the
SU(4)c x SU(2) x SU(2)g representations as follows: V(15,1,1), V(1,3,1),
V(1,1,3), V(6,2,2) and an identical decomposition holds for the 45 plet of the
chiral scalar superfield ¥. The Higgs multiplets H and H which belong to the

~

10 plet representation of SO(10) decompose as H(6,1,1), H(1,2,2), H(6,1,1),
H(1,2,2). The Z, x Zb properties of these fields are exhibited in Table.
(6). The 16-plet spinor representation of SO(10) can be decomposed under
SU(4)e x SU(2), x SU(2)g as (4,2,1) + (4,1,2). The generalization of a Z}
transformation on a spinor is [264] P/ = =% (B-L) Now under the SU(4)¢
decomposition SU(4)c — SU(3)c x U(1)p—r, one finds (4,2,1) — 31/3+1_4
which leads to P’ = —i for the (4,2, 1) multiplet. Thus 16-pet spinor has Z,
parities given by (4,2,1)_; + (4,1,2);.
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SU(4) x SU(2)r x SU(2)r N=1 multiplets | Zy x Z} parities
V(15,1,1), V(1,3,1), V(1,1,3), H(1,2,2) (+,+)
V(6,2,2), H(6,1,1) (+,—)

%(6,2,2), (6 1,1) (—+)
¥(15,1,1),%(1,3,1),%(1, 1, 3), ( ,2) (——)

Table 6: P and P’ parities of SO(10) vector and chiral multiplets

As discussed earlier in the Z, x Z, compactification there are two in-
equivalent orbifold points: z° = 0 and z° = 7R/2. At z° = 0, the wave-
functions for all the gauge bosons are non-vanishing and one has an SO(10)
invariance. On the other hand at 2° = wR/2, the V(6,2,2) gauge bosons
have their wave-functions vanishing, and the gauge symmetry is reduced to
SU(4)e x SU(2)r x SU(2)g . Thus we can classify the models at the two
orbifold points as

1. SO(10) brane model
2. G(4,2,2) brane model

Analogous to the SU(5) 5D model there is no proton decay in these models
from dimension 4 or dimension 5 operators. For the case of SO(10) brane
proton decay from dimension six operators can occur. However, this proton
decay is proportional to Mg* as seen in Eq.(207). An estimate of M for the
model of Ref. [265] gives a value too low to be compatible with the current
lower bounds on the proton lifetime. We focus next on the G(4,2,2) brane
model. Here to reduce the gauge symmetry further and to reduce the rank of
the gauge group one needs to invoke the Higgs mechanism. One possibility
is to consider addition of 16 + 16 of Higgs multiplets. Now under SU(4)¢c X
SU(2)r x SU(2)r the 16 plet decomposes so that 16 = (4,2,1)+ (4,1, 2) and
one gives VEV to x¢ + y¢ where x¢ = (4,1,2). A VEV formation for this
combination then breaks the SU(4)c x SU(2), x SU(2)g symmetry down to
the symmetry of the standard model gauge group. Since the wave-function
for the V/(6,2,2) gauge bosons vanishes on the SU(4)c x SU(2)p x SU(2)r
brane, there is no proton decay of the usual sort from the mediation of X
and Y gauge bosons. However, proton decay can occur from derivative terms
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on the SU(4)c x SU(2), x SU(2)g brane as given in Eq.(210). Analysis of
gauge coupling unification in Ref. [265] gives an estimate of Mg ~ 2 x 1014
GeV and Mp is identified with the unification scale in string models and
taken to be ~ 2 x 1017 GeV. In this case the analysis of Ref. [265] gives

7(p — etn%) ~ 7 x 105 2yr (213)

where the +2 reflects the uncertainties due to 6, v11, Mo and Mp.

6.3 5D Trinification

5D trinification models have also been considered [266, 267]. The trinification
is based on the gauge group SU(3)c x SU(3), x SU(3)gr X Z3 where the
discrete symmetry permutes the three labels C,L,R which gives a single gauge
coupling constant g at the unification scale. The gauge fields for the system
can be decomposed in representations of SU(3)¢ x SU(3), x SU(3)r so that
they fall into the sets

(8,1,1)+(1,8,1) + (1, 1,8) (214)

The Zy x Z} parities of the vector multiplet V are defined as in Eq.(197)
where P, P' are given by P = Po + P, + Pg and similarly for P’. We make
the following assignments
(PC'a PL; PR) = (17 ]-7 17 ]-7 1a _17 ]-7 1a _1)
(Pos Py Pp) = (1,1, 11,1, -1; 1,1, 1) (215)

With the above assignments one has

(+,+) (++)| (+,+)

V(8,1,1) = ((+,+) (+,+) (+,+)), (216)
(+,+) (++) | (+,+)
<(+7+) (+’+) (_7_)>

V(1>8a1) = (+>+) (+’+) (_7_) ) (217)
(_a_) (_a_) (+a+)
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(+a+) (+a+) (_a+)
V(L8 = | (+4) (++) | (=4 |. (218)
(—+) =+ | ++)

Now as usual in addition to the possibility of putting matter in the bulk
one may put matter on the x° = 0 brane or on the z° = 7 R/2 brane. Suppose
we consider the last possibility. In this case the gauge bosons odd under
P’ vanish at 2% = 7R/2 and the gauge symmetry is reduced to SU(3)c x
SU(2), xU(1)L x SU(3)g. There are no dimension six operators to produce
proton decay in these models. In the usual triunification models, proton
decay can arise from the dimension five operators generated by the Higgs
triplets in the 27 plet representations. Here, however, since at the orbifold
point one already has a reduced symmetry, a further reduction of the gauge
symmetry involves only small representations [266]. Consequently there are
no dimension five operators arising from them and hence there is no proton
decay from this sector either.

6.4 6D models

There are a number of works which have explored GUT model building in
6D [268, 269, 270, 271, 272]. In such models one begins with a space R* x T*
where T is a two torus and one orbifolds 72 in a way similar to what we
discussed in 5D. One model studied in detail in the context of proton decay
is the specific compactification [269, 270] T2/(Zy x Zj x Z, ). The Lagrangian
density for the vector multiplet in this case is

1 1

'CG = ?t’f’(—ﬁ

where I'M satisfy the Clifford algebra in 6D. Defining Vi = (V,,, V,,), where

pw=0,1,2,3 as usual and a = 5, 6 the transformation properties of Vs, A1, Ao
under Z, x Zj X Z, are

Vaun VMY £ idTM Dy N) (219)

PV, (2", —x°, —SL’G)P_l =V, (a¥, z, x6),
PV, (2", —°, —SL’G)P_l = =V, (2", z°, x6),
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P (2", —2°, —2%) P~ = \ (2", 2°, 2°),

PXo(az#, —2®, —2®) P~ = — Ny (¥, 2%, 29), (220)

and we choose P = I. Here (V,,\;) form an N=1 vector multiplet and
(Va, A2) form an N=1 chiral multiplet. The zero modes arise only from the
vector multiplet. Next under Z,

P'V,(z#, —2°, =25 + nRs/2) P~ = V,(2#,2°, 2% + 7Re/2),
PVy(zt, —2°, —2% + 7R /2)P ™t = =V (z#, 2%, 2° + 7R /2), (221)

where for P’ we choose

P = diag(1,1,1,1,1) X 0. (222)
Similarly for Z,
PV, (2", —2® + wR5/2, —aS)P" 7' = V(" 2° + mR5/2, 2°),
P'Vy(a, —a® + wRs /2, —2®) P~ = —V,(a#,2° + 7R /2,2%),  (223)

1"
where for P we choose

P" = diag(—1,-1,-1,1,1) x a,. (224)

Now the mode expansion of a function on the torus depends on its parities
and there are eight cases corresponding to the eight permutations 4+ + +.
These have the following mode expansions

1 (2m,2n) 2ma® 2naS

froq(@ o) = (7T2R5R6)_%mf+++ (@) cos(

m>0

R R
5

1 2 2 1)2b
fra-(at,z%) = > (m*RsRe) "2 D (2) cos( ZZE +( ntlj

R

m>0 5

Froa(a 2®) = 30 (P Rs R) ™% fET2 () cos(
m>0 R5 R6
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2 1)a® 2 1)a8
foro(@2®) =Y (x 2Ry Rg) ™% f&m L2 (i cos(( m+ 1)z +( n+ 1)z

m=0 RS RG )
2 1)ab 2 1)
fori (@t a®) = 3 (7R Re) ™2 fO7H2 D () sin(( m+ 1)z 4 (2n + 1)z )
m20 R5 R6
5 6
foro (@ 2%) = Y (n 2R5R6)__f_2m_+1 2n) () sin( (2m+ 1)z N 2nx )
m>0 R5 RG

_1 (2m2n o 2ma® (2n+1)ab
Foo(ata?) = Y (72 Ry ) O (g sin( 2Ly 2Rt DT
m>0 R5 RG

m,2n . 2ml'5 277,1'6
foe(a,2%) = > (7 RsRe) ™2 f220 (a#) sin(— + =)
m>0 R5 R6

(225)

where the subscripts label the P, P/, P” parities. The vector multiplet in
its Glsy; = SU(3)c x SU(2)r, x U(1)? decomposition takes on the following
parity assignments

(8,1,0,0)+5+, (1,3,0,0)1s, (1,1,0,0) 45+, (1,1,0,0)4 1+

(3.2,-5.0)4.-, (3 250>++

(3.1.4,~4) 4. (L1,6,4) 4y, (3,1, ~4,4), ., <1,1, )y
(3.2,1,4) 1, (3,2.~1,~4),__ (226)

Now at the orbifold point 2° = 7R/2, 2% = 0, one finds that the gauge vector
bosons with parities + + — and + — — vanish and thus only the first and
third lines of Eq.(226) survive and these generators can be assembled into
representations of SU(4)c x SU(2)p x SU(2)g so that

(15,1,1) = (8,1,0,0) 444+ + (3,1, =4, 4) 14 + (3, 1,4, =4) 1 4 + (1,1,0,0) 414,
(1737 1) = (17 3707O>+++7
(17 17 3) = (17 17 07 O)+++ + (17 17 67 4)+—+ + (17 17 _67 _4>+—+

(227)
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We see then that the surviving gauge fields at this orbifold point con-
sist of the sets (15,1,1) +(1,3,1) +(1,1,3) which are precisely the gauge
fields for the group SU(4)c x SU(2); x SU(2)g. Thus the orbifold point
2% = mR5/2,2° = 0, can appropriately be labeled G(4,2,2) orbifold, since
G(4,2,2) is the surviving gauge symmetry at this orbifold point.

Next we consider the orbifold point 2° = 0, 2° = 7Rs/2. Here the
surviving operators are those with parities + 4+ + and + + — and consist of
the first two lines of Eq.(226). They can be assembled into the (24,0) and
(1,0) representations of SU(5) x U(1) as follows

(24,0) = (8,1,0,0) 44+ + (1,3,0,0) 444 + (1,1,0,0) 444 +
(3? 2, -9, 0)++— + ((37 2,9, 0)++—>

(170) = (1>1a070)+++' (228)
Clearly then it is appropriate to call this orbifold point an SU(5) x U(1)
orbifold. As in the 5D case a 10-plet of Higgs multiplet in 6D contains two

chiral multiplets H, H. For H the Z, x Zh X Zg parities can be assigned as
follows in G gy decomposition

H(1,2,3,2) 440, H(1,2,-3,-2) 4, H(3,1,-2,2) 4, H(3,1,2,—2)__.
(229)

Proceeding as before we consider the orbifold point z° = 7wR5/2,25 = 0.
One finds that the non-vanishing Higgs multiplets here fall into the (1,2,2)
representation of SU(4)c x SU(2)p x SU(2)g since

H(17 27 2) = H(lv 27 37 2)+++ + H(lv 27 _37 _2)+—+’ (230>

Similarly at the orbifold point 2%, 2% = 7w Rs/2, one finds that the following
non-vanishing Higgs multiplets fall into the (5,2) representation of SU(5) x
U(1) [269]

H(5>2) = H(1>2a3>2)++++H(3>1a_2a2)++—' (231)

Thus we can classify the 6D orbifold points as follows

84



1. SO(10) brane

2. SU(5) x U(1) brane

3. Flipped SU(5) x U(1) brane

4. SU4)c x SU(2)L x SU(2)g brane

In the orbifold breaking of the gauge symmetry the rank of the group is typ-
ically not reduced. To reduce the rank down to the standard model gauge
group symmetry one needs to introduce 16 + 16 of Higgs. The choice of the
Higgs structure to break the symmetry down to the SM gauge group depends
on the details of the model. Further, proton decay is very sensitive to place-
ment of generations in the compact space and there are a variety of models
each with a different scenario. We would not discuss the specific details of
their constructions. Rather, in the following we comment on some general
features common to these constructions.

There is no dimension 4 or dimension 5 proton decay in models of this type
for reasons similar to the case of 5D models. Proton decay from dimension
six operators is very model dependent. For example, placement of all three
generations on the SU(4)c x SU(2) x SU(2)g brane will suppress proton
decay from X and Y exchange. A similar situation holds if the first generation
is placed on the SU(4)c x SU(2)L x SU(2) g brane and the second and third
generations on the flipped SU(5) x U(1) and the SU(5) x U(1) branes. When
dimension six operators from the X and Y generations are allowed, one finds
that there is a modification due to the exchange of the towers of KK states.
Thus the mass of a (m;n) KK state is

M%(m,n) = (2m + 1)>M? + (2n)* Mg, (232)
where M; = R;' and Ms = Rg !. The effective mass that enters in the

dimension six operator is Mx where

2=2 Z (2m + 1)2M2 + (2n)*MZ) " (233)

m,n=0
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For the case when Mg/Ms — 0, one finds that (My)? = M2 which is
correctly the 5D result. For the case of the double summation the sum
actually diverges. However, infinite summation on (n,m) is not really justified
since above an effective scale M, the theory becomes strongly interacting.
Because of this one ought to use a cutoff so that one counts KK states only
below M,. This can be done by putting a cutoff so that My(m,n) < M,.
One then has using My = Mg = M¢

Mz ?(In—= +2.3). (234)

The above modification leads to an enhancement of the proton lifetime sim-
ilar to what happens in the 5D case. Also as in the case of the 5D analysis
derivative couplings can produce proton decay. Beyond these general obser-
vations the details of the proton decay are highly model dependent. As an
example, we note that the work of Ref. [270] investigates a specific model
where the three generations of 16 plets of matter are located at different
branes. Thus generation 1 is placed on the SU(5) x U(1) brane, generation
2 is placed on the flipped SU(5) x U(1) brane, and generation 3 is placed
on the SU(4)c x SU(2)r x SU(2)g brane. There are additional assumptions
regarding the Higgs structure and flavor sector of the theory. In this model
the dominant proton decay branching ratios are [270].

BR(t%") = (711 - 75)%, BR(vr%) = (19 —23)%,
BR(p™7%) = (4 — 5)%, (235)

while the other modes are typically less than 1%. An interesting signature
of Eq.(235) is the strong suppression of the mode putK° compared to the
predictions of the 4D models. The analysis of Ref. [270] calculates the life
time for the e™7® mode so that

01GeV? ., M,
T(p—etn’) =53 x 1033(O 0 SGV (5 10015

Using o = 0.01 GeV?, and My = 2 x 10'® GeV as indicated by the unifica-
tion of the gauge coupling constants, one finds that 7(p — e*n%) ~ 1 x 10%

Yiyr. (236)

86



yr. This life time lies within reach of the next generation of proton decay
experiments.

6.5 Gauge-Higgs unification

Another class of model which are closely related are models with gauge-Higgs
couplings unification [268]. Here the Higgs doublet fields arise as a part of
the vector multiplet and hence there is a unification of the gauge and Higgs
couplings. There are several variants of such models. We discuss briefly an
SU(6) model in 6D compactified on T2 /(Zy x Z}) of Ref. [268]. One introduces
an SU(6) vector multiplet in the bulk which can be decomposed under 4D
N=1 supersymmetry as the multiplets V, Vs, Vs, ¥. To construct the T2 /(Z, x
Z}) orbifold one considers the following operations: Z5: (2°,2%) — (—2°, 2°);
Zg: (20, 25) — (25, —a%); T5: (2°,2%) — (2 +15,2°); To: (2°,2°%) — (2, 2%+
lg) where l5 = 2mR5 and lg = 2w Rg. One can choose the transformations for
the fields under the above transformations so that the zero modes correspond
to the SU(3)¢ x SU(2) x U(1)y components. Corresponding to Z5 and Zg
transformations we choose

N(z®, —1%) = =Py (2", 2%) P, (237)

and similarly

Vs(—a®, 936) = —PZV5(:E5, xG)Pz_l,
V5(x5, —x6) = PZ‘/})(x5, :L’G)PZ_I,
1/'6(—:)35,176) = PZV6($5, xG)Pz_l,
Vs(z°, —:)36) = —PZ%($5,x6)PZ_1. (238)
where Py is chosen so that [268]
Py = diag(1,1,1,1,1, —1). (239)
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Under 75 and 7 the fields transform as follows

V(z® + 15, 2% = PrV (a®, 2%) P,
V(2 2%+ 1g) = PrV (2°, 2% Ppt. (240)

and identical relations hold for the other fields, where Pr is chosen so that [268]

Pr = diag(1,1,1,—1, -1, —1). (241)

With the above assignments, SU(6) breaks down to SU(3)c x SU(2) %
U(l)y xU(1)x. The Py, Pr parities of the V and ¥ components can now be
exhibited.

Vi [ @2x3)(+,-) | @x2)(+,+) | @x )(=,+) |, (242)
(Ix3)(= =) | (1 x2)(=+) [ (I x1)(+,+)

S| _2x3) (=) | @x2)(=4) | @xD(+.+) |, (243)
(I x3)(+, =) | (L x2)(+,4) [ (L x 1)(—,+)

where (3 x 3)(+, +) means that all elements of a (3 x 3) matrix have Py, Pr
parities (+,+) and (3 x 2)(+, —) etc are similarly defined. Looking at the X
fields, one finds that fields with (+, +) parities have the SU(3)c x SU(2), X
U(1)y quantum numbers of (1,2,1) + (1,2,—3%). These fields then qual-
ify as Higgs doublets of MSSM allowing for the possibility of gauge-Higgs
unification since ¥ is part of the original vector multiplet in 5D. Before
proceeding further, it is instructive to identify the residual gauge symme-
try at various orbifold points. We label the orbifolds by (z°,z°) values.
Thus the residual symmetries at the various orbifold points are: (i)(0,0):
SUB)xU(1)x, (i) (7 R,0): SU3)exSU(2), xU(1)y xU(1)x, (iii) (0,7 R):
SU(B)CXSU(2)LXU(l)yXU(l)X, (IV) (71' R, WR)I SU(?))OXSU(Q)LXU(l)X—
As in previous scenarios, proton decay is sensitive to how matter is located
in the compact extra dimensions. If we place matter on the (0,0) orbifold
point, the residual symmetry is SU(5) x U(1)x and one has dimension six
operators from X and Y gauge bosons. On the other hand if the quark lepton
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generations are placed at the other orbifold points with reduced gauge sym-
metry, e.g., at the orbifold point (0, 7 R), dimension six proton decay from
the X and Y gauge bosons will be absent. However, as discussed earlier one
can have proton decay from derivative couplings although such decays will
be suppressed by volume of the extra dimensions. We note in passing that
dimension 5 proton decay through Higgs triplet mediation is absent since
there are no couplings of the Higgs triplets to quarks and leptons.

6.6 Proton decay in universal extra dimension (UED)
models

We turn now to a discussion of proton decay in the universal extra dimen-
sion (UED) models. In these models it is possible to control proton decay via
the use of extra symmetries that might arise in models with universal extra
dimensions [273, 274]. Thus in six dimensions with two universal extra di-
mensions the standard model particles are charged under the U(1) symmetry
which arises due to the extra dimensions x4 and x5 and thus this symmetry
may be labeled as U(1)45. Even after compactification a discrete Zg sym-
metry survives. The symmetry allows only very high dimension baryon and
lepton number violating operators, i.e., dimension sixteen or higher which
leads to a suppression of proton decay. In six dimensions the Lorentz sym-
metry is SO(1,7) and in six dimensional space on can introduce Dirac ma-
trices '™ (M=0,1,..,5) which are 8 x 8 and can define a I'" matrix so that
['7 = I'TY.I"®. Using I'" one can define chiral eigenstates ©. of chiralities
+ and thus a six dimensions 1 can be broken up into two 4. Each of the
six dimensional chiralities states are full four component Dirac fields in four
dimensions and can be further decomposed in left and right chiral projec-
tions under the four dimensional chiral projection. An interesting result is
that the Standard Model gauge and gravitational anomalies cancel only for
certain combinations of chiral assignments which are one of the following two
possibilities [273]

(Z) Q+,Z/{_,D_,£+,g_,N_; (ZZ) Q+,Z/{_,D_,£_,g+,/\[+ (244)

where all the quark-lepton fields are in six dimensions and where N is a
gauge singlet that is needed for the cancellation of gravitational anomaly. On
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compactification the zero modes of Q. ,U_, D_ etc fields will be the standard
model fields. The U(1)4; quantum numbers of the fields are as follows

1 1
(ur,dr, ug, dR)(—§), (vp.er, VR, er)(Fz) (245)

2

Because of Eq.(245) one can immediately see that lepton and baryon num-
ber violating operators of the type QQQL/M are forbidden. Thus Lorentz
invariance in six dimensions severely constraints the operators and the al-
lowed lepton and baryon number violating operators must have at least three
quarks and three leptons. This constraint leads to interesting new signals for
proton decay. Thus consider the following operator allowed by the above
constraints [273]

Oy

O (L.D_)*H (246)
where H is the conjugate Higgs doublet in six dimensions, and A is the scale
up to which the six dimensional effective theory is valid. On compactification
one can obtain the effective baryon and lepton number violating operator in
four dimensions. The effective operator in four dimensions contains the term

(71dg)?(ILdg) which implies proton decay modes of the type, 7*7+e~vr and
7t~ vr. As estimate of proton decay into these modes is then
10% 2 x 10712 M, A
m(p — ntat i ) ~ yr(2x ¢y )2 (247)

C%, Psf(m) 7°0.5TeV’ ‘5M¢

Here Pj is the phase space factor which is estimated to be < 2x107'2, f(7) is
a r form factor which is expected to be O(1), and M¢ = 1/R is the compact-
ification scale. Setting C';; = 1 and the ratios within the braces to unity one
find that 7(p — 7#"7Tl~vv) ~ 10% yr. The current experimental limits on
the mode p — 777te™ is 7, > 3 x 103! yr. Thus we see that with the default
values of the parameters in Eq.(247) the partial lifetime 7(p — 77 vv)
is much larger by orders of magnitude than the current limits of similar type
processes. One must, however, keep in mind the extreme sensitivity of the
theoretical predictions because of the high powers on quantities which are
currently unknown. The above results have been derived using the six di-
mensional symmetry. On compactification of the two extra dimensions, the
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SO(1,5) symmetry including the U(1)45 subgroup symmetry is broken and a
simple choice is compactification of T?/Z, orbifold of equal radii. In this case
the U(1)45 symmetry is broken down to a Zg symmetry. This discrete sym-
metry is sufficient to guarantee that there are no baryon and lepton number
violating processes with less than three quarks and three leptons. Of course
it remains to be seen if the considerations of Casimir energy indeed lead to
the vacuum state with the desired symmetry. Some progress along this di-
rection is made in Ref. [275]. Further development of this scheme has been
carried out in the analysis of Ref. [276] where issues of neutrino masses and
of dark matter are also addressed. The gauge group investigated here include
SU2), xU(1),, xU(1)p—r, and SU(2) x SU(2)r x U(1)p—r, and compact-
ifications on a T?%/Z, or T?/Zy x Z} orbifolding is considered. The dominant
decay mode of the neutron in this model is n — 3v. Aside from the power
law suppression of proton decay, a similar mechanism for the generation of
small neutrino masses is also valid. Further, in this model dark matter could
consist of two components consisting of Kaluza-Klein excitations of the neu-
trino and of the photon. In summary in UED models a discrete subgroup of
the Lorentz symmetry in six dimensions continues to forbid dangerous proton
decay operators when reduction to four dimension is carried out.

6.7 Proton decay in warped geometry

Warped geometry presents a possible solution to the hierarchy problem with-
out necessarily using supersymmetry. Thus in Refs. [277, 278] Randall and
Sundrum proposed a metric of the form

ds?* = e~ Wy, do"da” + dy® (248)

where y is the coordinate of the extra dimension limited to 0 < y < 7r,
where 7. may be considered the compactification radius for the extra dimen-
sion. The action of the theory consists of a Planck brane at y = 0 and a
TeV brane at y = nr. and the geometry is a slice of AdS5;. The AdS ge-
ometry creates a warp factor and mass scales at the two branes are related
by an exponential hierarchy. In the original formulation of RS all the stan-
dard model particles are located at the TeV brane. Later it was realized
that to solve the hierarchy problem one needs only the Higgs fields on the
TeV brane and the remaining standard model fields including quarks, lep-
tons and the gauge bosons could live in the bulk [279, 280, 281, 282]. This
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procedure leads naturally to a hierarchy of the Yukawas couplings if different
generations of standard model fermions are located at different points in the
bulk [281, 282, 283, 284]. One still has to address the issue of dangerous pro-
ton decay operators in the theory. A possible way to address this problem is
to assume a gauged baryon number symmetry [285, 286]. However, to make
such a symmetry compatible with grand unification, one needs to break 5D
GUT by boundary conditions [253, 257, 287] and extract zero modes for a
single generation from different multiplets. The remaining components of the
multiples have only KK modes. Thus in the work of Ref. [288, 289] a non-
supersymmetric extra dimensional Randall-Sundrum (RS) model [278] has
been explored. The specific model of Ref. [288] assumed the grand unified
group is broken to the Standard Model gauge group by boundary conditions
on the Planck brane and the matter is composed from different replicas of
multiplets [286]. For example, for the case of SO(10) one assumes three 16
-plet representations for each generation as shown below

/ / / /
U d uc C I// 6/ 60 I/c)
( LYWL, YR, YRy Y1,C1»CRy VR B=1/3
/ / c qgc 1 1 .
(uL’ L7uR’ R» VL’ €L76R7 VR)B:—I/s

! ! c  c c c
(uL7 L UR, dR7 Vp,€L,€gR, VR)B:O

(249)

where only the unprimed fields have zero modes and the subscript indicates
the baryon number of the multiplet. Thus one finds that a full generation of
matter arises from three replicas of 16-plet of matter. The baryon number
assignment of the multiplets corresponds to the baryon number of the zero
modes. The assumption that baryon number is conserved leads to a Z3
symmetry

nc_ﬁc

¢ — exp(2mi(B — 3

) @ (250)

Here the multiplet ® carries the baryon number B and n.(n.) is the color
(anti-color) index. The quantum numbers assignments are such that the zero
modes which constitute the standard model particles are not charged under
Z3 while the other states are. This also applies to the gauge vector bosons of
SO(10) where the gauge bosons which enter in the Standard Model are not
charged under Z3 but the lepto-quarks are charged. Thus exotic particles
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with non-vanishing baryon number B cannot decay into the Standard Model
particles. In this scenario the lightest Kaluza-Klein particle (LKP) will be
stable and could be a candidate for dark matter. Of course, the baryon
number gauge symmetry cannot be exact as it would lead to an undesirable
massless gauge boson. The analysis of Ref [288] has analyzed the implica-
tions of such breaking on the Planck brane. It is shown that if the symmetry
is broken such that AB # %, %, proton decay will be suppressed by a Planck
mass and the LKP mode could be long lived with as much as 10'° times the
age of the universe [288, 290].

In another work which is motivated by RS models [291, 292] unification
of gauge couplings with composite Higgs and a composite right handed top
quark are considered [293]. Thus RS models where most or all of the Standard
Model fields are in the RS bulk may have a dual to a purely 4D composite
Higgs scenario via a ADS/CFT correspondence [294, 295]. Motivated by this
observation it is then suggested that in the running of the gauge unification
one should project out the Higgs above a compositeness scale Aqop,. It is fur-
ther suggested that the largeness of the top Yukawa couplings indicates that
either t; or tg or both may be composite. However, precision electroweak
data on Z — bb indicate the elementarily of b, and hence of ¢;, and thus it is
argued that tg should be composite [291]. In running of the gauge coupling
constants above the scale A, one should then replace H and ¢z by the
strong dynamics so that

a;(Q) = ay + SM — {H,tg} + strong dynamics + My — corrections (251)

Now if the strong dynamics cancels out in the differential running as would
be the case if the SM gauge group is embedded in a simple factor of G then
one will have

a;(Q) —a; = SM — {H,tg} + My — corrections (252)

While Eq.(252) improves the unification relative to the Standard Model run-
ning, a variant of the scenario improves it still further. Here one include ¢4
along with H,tg on the right hand of Eq.(252). With this modification and
assuming that the corrections from heavy states at the unification scale are
small as is conventional, one finds a unification scale of My ~ 10'® GeV. This
scale is too low to suppress proton decay from the exchange of states with
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masses of this size which generate baryon and lepton number violation such
as lepto-quarks. Additionally there are also composite states which can gen-
erate proton decay in this model. However, it is envisioned that the model
arises from a string or orbifold compactification where processes of the above
type are suppressed by symmetries or orbifold projections.

6.8 Proton stability in kink backgrounds

Another approach to suppression of proton decay operators in extra dimen-
sional models comes from fermion localization mechanism [296, 297, 298|
where chiral fermions are localized in solitonic backgrounds [299]. With this
mechanism the quarks and leptons have Gaussian wave functions in the extra
dimension under a kink background. In this scenario the Yukawa couplings
will be suppressed since they involve overlap of two quark or lepton wave-
functions. This mechanism for the suppression of proton decay in extra
dimensional models is explored in Ref. [300] where it is proposed that the
same mechanism that leads to a hierarchy of quark-lepton masses and cou-
plings is also responsible for the longevity of the proton. Specifically, in the
analysis of Ref. [300] the quark-lepton chiral multiplets are localized under
a kink background along a spatial extra dimension and the smallness of the
Yukawa couplings and of the operators that govern proton decay result from
the overlap of their wave functions and are exponentially suppressed.

In summary, in this section we have investigated proton decay in grand
unified models based in extra dimensions. The most commonly studied mod-
els are those using compactifications of five and six dimensions to four di-
mensions. While the focus of most model building has been on SU(5) and
SO(10) in extra dimensions, other possibilities such as SU(6) and SU(3)? have
also been investigated. The main attractive feature of such model building
is a natural doublet -triplet splitting, which makes the color triplets super-
heavy while the SU(2), Higgs doublets remain light. In some models there
is a residual U(1)g invariance which kills proton decay from dimension four
and five operators leaving the exchange of X and Y gauge bosons as the
main possible source of proton decay. However, proton decay from X and Y
exchanges turns out to be highly model dependent as it depends critically
on how the matter fields are located in the extra dimensions. If the mat-
ter fields are assumed to propagate in the bulk, then a full generation of
quarks and leptons must arise from split multiplets which have no normal
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X and Y gauge interactions among them. In such models proton decay can
arise only via higher than six dimensional operators which is far too small
to be of relevance for any experiment in the foreseeable future. The usual
dimension six operators can also be forbidden by location of matter on cer-
tain brains. For example, for the SO(10) case placing all three generations
on the SU(4)c x SU(2)L x SU(2)g brane will give vanishing dimension six
operators from the normal X and Y exchanges since the wave functions for
the X and Y gauge bosons vanish on the SU(4)¢ x SU(2)., x SU(2)g brane.
However, with other choices of locating matter on branes, one will have in
general proton decay from dimension six operators. Additionally proton de-
cay can arise from derivative couplings. Consequently, predictions of proton
decay in higher dimensional models vary over a wide range, from predictions
of an essentially absolutely forbidden case to the case where it could be just
around the corner. Turning this observation around, whole classes of models
would be eliminated by the observation of proton decay. Thus proton decay
is an important discriminator of higher dimensional grand unified models.

7 Proton Decay in String Models

The string theory holds out the hope of unifying all the interactions of na-
ture including gravity (For a review see [301, 302]). There are five types of
known string theories: Type I, Type IIA, Type IIB, SO(32) heterotic and
FEys x Eg heterotic. These theories are known to be connected by a web of
dualities. Indeed all these five theories may have a common origin in a more
fundamental theory which is the so called M -theory, and whose low energy
limit is an 11 dimensional supergravity. We will first discuss proton decay
in the heterotic string models [303]. Historically this is the class of models
which were investigated in great detail in the beginning [304, 305] and there
has been a revival of interest in these models more recently. The Fg x Ejy
heterotic string model after compactification can generate a large variety of
models since models with rank up to 22 are allowed. Many possibilities for
model building exist and the models investigated include those based on free
fermionic constructions, on orbifolds [306] and on Calabi-Yau compactifica-
tions [307]. The number of possibilities is rather large one may use additional
principles to reduce the number of models. Below we will discuss in some
detail models based on some specific Calabi-Yau manifolds which come close
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to being realistic. We will also discuss the situation regarding proton sta-
bility in string models based on Kac-Moody levels k£ > 1. Later we will
discuss proton stability in the more recent class of models, based on Type
ITA or Type IIB or more generally M theory models. We will also discuss
proton decay induced by quantum gravity via wormhole and blackhole effects
and the role of U(1) abelian gauge symmetries and discrete symmetries in
controlling dangerous proton decay.

7.1 Proton Stability in Calabi-Yau Models

We begin with a discussion of a class of heterotic string models which on
compactifications maintain N = 1 supersymmetry [307]. These compactifi-
cations are of the type M, x K where M, is the four dimensional Minkowski
space and K is a compact six-dimensional Calabi-Yau manifold [308]. The
fact that one has residual N = 1 supersymmetry after compactification is
attractive for model building. A specific interesting case is the manifold
CP3x CP3/Z3 with coordinates x;,y; (i=0,1,2,3) [These obey the constraints
Py =Y 2} +arorime+as +xor173 = 0, Py = oY+ C1701Y1 + Colals + C373Y3 +
CaToys + csx3y2 = 0, and Pz = Y yd + biyoyiya + bavoyays = 0.]. There are
nine complex or eighteen real parameters that enter in K. The zero modes of
K are given by the Hodge numbers. For the model above one has [305]

h271 - 9, hl,l == 6 (253)

which imply that there are nine 27-plet generations and six 27 generations
which leads to a net three generations of matter. The non-simply connected
nature of CP? x C'P3/Z3 manifold allows for the breaking of the Fg gauge
symmetry by Wilson loops and one has [249, 309]

In terms of [SU(3)]? there will be nine families of nonets of leptons L. (1, 3, 3)
from the nine generations of 27, and six families of mirror leptons L. (1,3, 3).
There would also be seven nonet of quarks Q¢(3,3,1) and four families of
mirror quarks Q! (3,3, 1); seven nonents of anti-quarks (Q°)" (3, 1, 3) and four
nonets of mirror anti-quarks (Q¢)%(3,1,3). Here (a,l,r)=(1,2,3) label (color,
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left, right) components. In the standard particle notation these nonets are
given by

L = (la’ Ha? H;{? 607 VC7N)7 Q = (qa’ D)’ QC = (uC’dC’ DC) (255)

where [*, [, H*, H! and ¢* are the lepton, Higgs-boson, and quark SU(2),
doublets, D and D¢ are color Higgs triplets, and N, are SU(5) singlets
while N is also an SO(10) singlet.

An important constraint in model building on Calabi-Yau manifolds is
that of matter parity My which for the three generation models is defined
by [310, 311]

M, = CUy; C=(1,1,0) x (1,1,0), a:<(1) é)

Uz = diag(1,1,1) ® diag(—1,—1,—1) ® diag(—1, -1, 1) (256)

where C is a transformation of the Calabi-Yau coordinates (g, 1, T2, T3) X
(Yo, y1,Y2,y3) and Uz is an element of SU(3)c x SU(3), x SU(3)g. Un-
der the constraint of the discrete symmetry C the number of parameters on
the Calabi-Yau manifold reduce to five complex parameters [In this case the
constraints read P, = Z:E? + a(xor1Te + To123) = 0, Py = 200 + 1211 +
co(zayo+r3ys)+es(w2ystcsrayz) = 0, and Py = 3 y2+b1 (Yo y2+yoy1ys) = 0.
Thus instead of nine complex parameters for the general case, we have here
just five complex parameters for the restricted space.|. To distinguish be-
tween C even and C odd states we will adopt the following convention:
i = (n,r), n = C even, r = C odd. From Table (7) we find that for
the lepton nonet one has n = 14, 3+,5,7,84, and r = 1—,3—,6,8—. Com-
bining these with the values of Uz one gets the M, parities of the particle
states listed in Table (7).

Now matter parities restrict the interaction structure. To exhibit this

we first display the superpotential for the Calabi-Yau models without any
restriction. Here one has

W3 = AMdetQ® + NdetQ + NdetL — Mtr(QLQC) (257)
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C-even states C -odd states
Lyy, L3y, Ls, Ly, Lgy Ly, L3, Lg, Lg_
6021, (2, Q3, Qur, Qor Qs—, Qs
1> Qg> Qg> Qf—‘rl Qﬁc-i- _ _Qf:> Q_g—
Ly, L —2 L3, Ly, Ls, Lg
Quy,Qs4,01,,05, | Q1,Q3,Q7 Q5
Ms-even states M5 -odd states
l, ef, I/T,C Iy, eg, u,?
qhurcadrc qn,ug,dg
D,,D¢ N, D,.D¢, N,
H, H H,. H

Table 7: C parities and matter parities from Ref. [305] where Ly = (L1 £

Ly)/V/?2 etc.

where we have suppressed the generation indices. The superpotential in
explicit detail is given by!-2

W3 = A diU; Dy, + Au€d” D + Ny (= HiHI Ny, — Hiv®ly, + H'eCly,)

~Ap(DiN; DY — DieCu + D dy + qil; DY — qiHjug, — . Hdy, )(258)
Matter parity restricts the couplings®. Interactions of Eq.(258) contain two
SU(5) singlets: the C even N and the C odd v¢, and a VEV growth for
these leads to a spontaneous breaking of the [SU(3)]* symmetry down to the
Standard Model gauge group symmetry. The breaking occurs in two steps

IThe full analysis of the couplings from first principles for the general case is difficult.
Part of the problem relates to the computation of the kinetic energy normalizations which
require that one calculate not just the superpotential but also the Kahler potential. While
progress has been made [312], a complete determination of Yukawa interactions from first
principles is still lacking.

2 A related topic is the phenomenology of string inspired E(6) models. See, e.g.,[313, 314]
and references therein

3The couplings satisfy the restrictions A\2°% = AL23 - A — (0 =4 =\~ —

rst mnr? mnnr mrn

)\4

Tmn-*
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where first N develops a VEV which breaks the [SU(3)]? symmetry as follows

<Ng4>

SU(B)C X SU(B)L X SU(?))R — SU(?))C X SU(2)L X SU(Q)R X U(l)B_L

while the C odd v“ VEV breaks it down further to the SM gauge group

<I/87>

SU(B)C X SU(Q)L X SU(Q)R X U(]-)B—L — SU(B)C X SU(Q)L X U(l)y

Quite remarkably the lowest minimum after spontaneous breaking is the one
that preserves matter parity [315]. After spontaneous breaking there will
be mass growth for the matter fields. One finds that only three generation
remain and the remaining (exotic) states become massive. There is also a
mixing among D and d states. Here including symmetry breaking at the
electro-weak scale one finds

WP~4 = DMDY + DM'd® + dud* (259)

where M, M’, i are matrices. Only the combinations that preserve matter
parity enter so that My, = — Ay, < N; >, M), = =X} < V5 >, j,s =
)xﬁjs < H} > etc. Diagonalization by a bi-unitary transformation leads to

eigenstates D,d, D, dC. One has [316]

De ol gt Dc
<dc>_<51 Cl)(go) (260)
where S!, C* etc are mixing matrices and only states with the same matter
parity mix but states of different C parities get mixed. Similarly one can

define a relation between D, d and D, d, by replacing C*, S* by C2,52. The
sizes of S* and S? are very different

M’ uM’

St~ ~1, S~
(M2 + M"2)1/2 ’ M2+ M2

~ 107" (261)

Thus S? is much suppressed compared to S*. There are two types of ex-
changes that can mediate proton decay through dimension five operators.
These are from [317, 318]
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1. D exchange

2. d exchange

The D exchange gives the dominant contribution to proton decay and the
contribution from this exchange is [317]

J20‘2 My M12< 2 42 ALN\2 tK (2

I'(p — EH+K+)

where Mp is the D quark mass, AL(Ap) are the short-range (long-range)
RG factors, « is the three-quark matrix element of the proton, y** is the
correction from the third generation exchange, and A, x is the dressing loop
function. In the above we have included a fudge factor f which is put there
to account for the fact that the couplings in Calabi-Yau manifolds are not
fully known (The normalization f=1 corresponds to the SU(5) GUT model).
Using the current data on the 7, K* mode one finds the following limit on
Mp

BIy o
10-3710.01GeV3

where B depends on the dressing loops that convert dimension five to di-
mension six operators. Next we consider the p decay that can arise from the
exchange of d. One finds that because of mixings of Eq.(260), there are in-
teractions of the type A2SMugde d¢, A\*S2d,ecu, where n mean C parity plus

and s means C parity minus. The proton lifetime via exchange of the C odd
ds can be estimated [318]

Mp > ( x 101°GeV (263)

mg, )4(0‘em 1077,

2 34
Tp (109GeV >\2>\4) (5152) X (10 yI‘) (264>

For the superstring models being considered on has m; ~ 10* GeV. Thus
proton decay via ds exchange is totally negligible and the dominant decay
comes from the D exchange as discussed above. An alternative approach is
to suppress proton decay from the isosinglet D exchange by use of discrete
symmetries, specifically by extension of the so called Z3 baryon parity of
Ref. [54, 319] to include the isosinglet quarks [320].
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7.2 Kac-Moody level k£ > 1 string models and proton
decay

As discussed above there is a large number of possibilities for models building
in string theory and one way to limit such constructions is to use the con-
straint of grand unification. Such constructions depend on the nature of the
gauge symmetry which is turn depend on the Kac-Moody level which enters
in the operator product expansion of world sheet currents [The product of
two currents can be expanded so that j,(z)Jy(w) ~ ifape(z — w)  je(w)+
(k/2)0a (2 —w)™2 + .. where k is the Kac-Moody level. k is a positive in-
teger for the case of non-abelian gauge groups but for abelian case k is not
constrained.|. The level 1 is the most widely studied case. In these models
grand unified groups such as SU(5), SO(10), and Egs can be obtained [321].
One problem encountered here is the absence of massless scalar fields in the
adjoint representation of the gauge group which can be used to break the
unified gauge symmetry. In grand unified theories based on the weakly cou-
pled heterotic string massless scalars in the adjoint representation along with
N=1 supersymmetry and chiral fermions can only be realized for k£ > 1 [321].
At level 2, while it is possible to get massless scalars in the adjoint repre-
sentation, however, it is difficult to get three massless generations of quarks
and leptons in this case. Although there is no firm theorem to this effect,
all analyses to achieve k=2 models with three generations have been unsuc-
cessful. Perhaps a simple way to understand this result is that the orbifold
group for level 2 is Z,. Since the numbers of chiral families are related to
the fixed points in the twisted sectors, this number will then be even [322].
At level three it is possible to get the massless scalars in the adjoint repre-
sentation as well as get three massless generations of quarks and leptons [322].

Thus there has been considerable work over the past few years on the level
3 models [323, 324, 325, 326, 322]. The construction of the models requires
realizing a Z3 outer automorphism symmetry not present in 10 dimensions
and one needs rules for model building which have been realized within the
framework of asymmetric orbifolds. Thus models building at level 3 requires
special techniques and is significantly more difficult than level 1 construc-
tions. Using these techniques, models with gauge groups SU(5), SO(10),
and Eg have been constructed which have N = 1 space-time supersymmetry;,
three chiral families and massless scalars in the adjoint representation of the
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gauge groups. Specifically the number of adjoint scalars is just one. Addi-
tionally these models have a non-abelian hidden sector. The phenomenology
of the Eg model as well as of the related SO(10) model has been worked out
in some detail [323]. Here with the assumption of dilaton stabilization by a
non-perturbative mechanism, the gaugino condensation scale in this model
is found to be around 10'® GeV which gives a weak SUSY breaking scale of
~ TeV. However, there are some undesirable features as well. Thus although
one has massless scalars in the adjoint representation, the adjoint Higgs is
flat modulus. Further, the Higgs doublet mass matrix is rank six and all the
Higgs are in general superheavy. If one uses the Dimopoulos-Wilczek mech-
anism then one gets two pairs of light Higgs doublets which is undesirable.
Thus typically one needs a fine tuning to get a pair of light Higgs doublets.
Lepton-number violating dimension four operator LLE® and LQD®, and
the baryon-number violating dimension four operator UY DY D¢ are absent
due to the underlying gauge and discrete symmetries of the model. However,
baryon and lepton number violating dimension five operators are present and
one needs to use heavy Higgs triplets to suppress proton decay rates from
these operators. A detailed analysis of proton decay life time would require
computation of the quark-lepton textures. But these are problematic since
the leptons and down quarks have the same mass matrices. Thus while many
of the features of the models investigated have the right flavor, on the whole
the models appear not to be phenomenologically viable rendering a detailed
investigation of proton stability in these models not compelling.

7.3 A new class of heterotic string models

Recently a new class of heterotic string models have been proposed [303]
which lead to some remarkably attractive features from the point of view
of phenomenology and these models are worthy of attention [327, 328, 329,
330]. The main idea behind the models is to achieve spontaneous breaking
of the observable sector of the Eg x FEg heterotic string so that the Eg in
the observable sector breaks spontaneously to Spin(10) by an SU(4) gauge
instanton on an internal Calabi-Yau threefold [331, 332]

Ex(visible) — Spin(10) (265)
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Spin(10) can be broken down further by the action of Wilson lines such
that [333, 309, 334, 332]

The model has many interesting features. The observable sector has three
generation of quarks and leptons and in addition each generation has a right
handed neutrino which is needed in giving neutrinos a small mass via the
See-Saw mechanism [335]. The model has no exotic matter but it with two
pairs of Higgs doublets rather than one pair in MSSM.

In addition there are a small number of moduli. Thus the models comes
strikingly close to MSSM. The structure of the hidden sector in this model
depends on whether the sector is strongly coupled or weakly coupled. If the
sector is strongly coupled then the gauge group is E7 x U(6) and this gauge
group is large enough to support gaugino condensation and the breaking of
supersymmetry. This sector yields no matter fields, no exotic matter, and
only a small number of additional (vector bundle) moduli. If the hidden sec-
tor is weakly coupled, then the gauge group in the hidden sector is Spin(12).
In this case there are two matter field multiplets in the 12-plet of Spin(12) and
a small number of (vector bundle) moduli. In this case also the hidden sector
gauge group is large enough to support breaking of supersymmetry via gaug-
ino condensation. The fact that the residual symmetry in the visible sector
has the additional gauge group factor of U(1)z_1, means that the baryon and
lepton number violating dimension four operators are absent in this model.
Further, since the color triplet Higgs as well as lepto-quarks are absent in
the spectrum of states because of orbifolding, there are no baryon and lep-
ton number violating dimension five operator or dimension six operators.
Thus proton decay is absolutely forbidden in the model. The only exception
to this would be the possibility of baryon and lepton number violating op-
erators arising from quantum gravity effects above the compactification scale.

A more recent work on heterotic string model building is that of Ref. [336]
where a compactification of the heterotic string on a Calabi-Yau three-
fold with Z5 fundamental group coupled with an invariant SU(5) bundle
is achieved. The spectrum of this model consists of three generation of mat-
ter and in addition 0, 1, or 2 Higgs doublet conjugate pairs depending on the
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part of the moduli space one is in. Specifically it is possible to get a heterotic
string model with precisely the MSSM spectrum with a single pair of Higgs.
The gauge group in the visible sector is SU(3)c x SU(2)p x U(1)y. In this
model proton decay from dimension 4, 5 and 6 operators is absent. Another
recent work which finds an exact MSSM spectrum from string theory is that
of Ref. [337]. Here one finds three families of quarks and leptons, each family
with a right-handed neutrino and one pair of Higgs doublets while the gauge
group in the visible sector is SU(3)c x SU(2)p x U(1l)y x U(1)p—r. The
proton stability in this model is similar to that of Ref. [332]. However, it has
been pointed out [338] that the hidden sector bundle of the work of Ref. [337]
is not slope-stable which would require changing the hidden sector and will
result in different phenomenological properties[337].

Among other attempts at realizing 4D string model building in heterotic
strings is the work of Ref. [339]. The analysis is motivated by orbifold GUTSs
discussed in the previous section. Specifically they consider the 5D SO(10)
models of Refs [264, 265] with a bulk extension where the extra dimension
is a half circle S'/Z,. The effective gauge group in 4 dimensions is the Pati-
Salam group [340] SU(4)cx SU(2), x SU(2)g. The model has the interesting
feature that three generations of matter can be realized with two generations
localized on the Z; orbifold fixed point while one generations propagates in
the bulk. It predicts a gauge-Yukawa unification at the 5D compactification
scale. However, the model has a problem in that there is no identifiable
symmetry for suppression of dangerous proton decay operators.

7.4 Proton decay in M theory compactifications

As discussed already in the beginning of this section M theory is conjectured
to be the source of all string theories. The low energy limit of this theory is
the 11 dimensional supergravity [341, 342] formulated in the late seventies.
An interesting phenomenon is that N=1 supersymmetry can be preserved if
one compactifies the 11 dimensional supergravity to 4 dimensions on a seven-
compact manifold X of Gy holonomy. But if X is a smooth manifold then
one obtains only an abelian gauge group and no chiral fermions [343, 344].
How to get a non-abelian gauge symmetry in compactification of such a the-
ory is non-trivial. One way is to compactify M-theory on a manifold with
boundary [345]. Another possibility is to get gauge fields and chiral fermions
from singularities in geometry [346, 347, 348]. Thus A-D-E orbifold singu-
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larities can produce gauge fields [349] and conifold singularities can produce
chiral fields [350]. For example, consider M-theory on R* x X, where X is
the manifold of G holonomy. If X looks locally like @ x R*/T" where Q is
a three-manifold, then one will get gauge fields on the singular set R* x Q.
The case I' = Z5 will lead to the SU(5) gauge fields on the R* x Q [351, 352]*.

We discuss now proton decay in the above framework following closely
the analysis of Friedmann and Witten in Ref. [351]. In the analysis of models
in R* x ), we begin by assuming that in general quark-lepton multiplets are
located at different points ¢;, in the manifold Q. Thus effective operator for
proton decay will arise from interactions of the type

g?/d‘*fvju(w;ql)}“(o; 32) D(z; q1; 0; g2) (267)

where ju,j” are the currents and D(x,q;y, ¢') is the gauge boson propagator
function in the space R* x ) and satisfies the relation

(Ars + Ag)D(z,q;y,¢) = 6" (x — y)d(q,q) (268)

For heavy gauge bosons one can use the conventional ’local’ approximation
where we put currents at the same spatial point and in that approximation
the effective operator is

3,:(0;¢1)73"(0; g2) 92 F (a1, q2) (269)

where F(q1,q) = [d*zD(z,q1;0,q2). Now F(qi,q2) is bounded for large
separation |¢; — ¢2| and for small separations as ¢; — ¢o, one has F'(qq, g2) —
1/47|¢1 — go|. Thus in computing the dimension six operators for multiplets
residing at the same point in the compact space, the limit g — ¢, is necessary
which, however, is a singular limit. In a realistic treatment a cutoff should
emerge to render such an analysis a meaningful exercise. A rough fix is to
replace 1/|q; — qo| by Mi; and replace g2F(q1, g2) as g2 — q1 by Cg2 My, /4x,

4A detailed study of these compactifications including the I' = Z5 case has been carried
out in the quantum moduli space of M-theory compactifications in Refs. [353, 354].
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where C' is a constant which in principle can be computed by the details of
an M theory calculation. Using Eq.(583) of Appendix I for g2M;; one finds
an effective dimension six operator of the form [351]

O = 3" 21 Cu(q)j* ()ae* Ly MG (270)
q

Eq.(270) contains an interaction of the type 10210° which gives rise to
the decay p — efn®. Unlike the case of p decay in intersecting D brane
models [355] which will be discussed next it is not possible to make a definitive
statement here whether this decay is enhanced or not relative to what one
expects in a grand unified theory due to the unknown constant C. One hopes
that further progress in M theory calculations would allow one to make a
more predictive statement.

We discuss now the decay p — efn’ which arises from the interaction
10252, If 10 and 5 are located at different points in Q, one expects a sup-
pression for this decay relative to p — ef . It is important then to be able
to detect the helicity of the outgoing charged lepton to check on this model.
Finally, this class of models have a natural doublet-triplet splitting [356] and
also because of a discrete symmetry the dimension five operators from Higgs
triplet exchange do not arise [351].

7.5 Proton decay in intersecting D brane models

An interesting class of models are those based on intersecting D branes [357,
358, 359, 360, 361] and attempts have been made to build semi-realistic mod-
els based on these [362, 363, 364, 365, 366, 367], and issues of gauge coupling
unification, soft breaking and possible applications to the real world have
also been discussed [368, 369, 370] (For reviews see Ref. [371, 372, 373]).
Here we follow closely the work of Klebanov and Witten in Ref. [355] which
investigates p decay on SU(5) GUT like models in Type IIA orientifolds with
D6-branes (Also see in this context Ref. [374]). We will assume that proton
decay from dimension four and dimension five operators which arise in su-
persymmetric GUT theories are absent due to a symmetry in the model and
thus we focus on the dimension six operators. In the analysis of Ref. [355]
one assumes a stack of D6 branes which intersect an orientifold fixed sixplane
along the 341 directions. The above can be viewed as a stack of D6 branes
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intersecting an image set of D6’ branes on the covering space. If the stack has
five D6 branes, the covering space contains the SU(5) x SU(5) gauge group,
and the open strings are localized at the intersection and lie in (5,5) + (5, 5)
representations. An orientifold projection gives an SU(5) theory with matter
in 10 + 10. In 4 dimensional SU(5) grand unification dimension six opera-
tors are of type 5252, 101055, and 102T0°. The 5252 do not have baryon and
lepton number violation and 101055 operators do not appear in the D brane
analysis being discussed here. However, 10210 operators do arise and we
discuss their contribution to proton decay.

The analysis is done in the covering space and for specificity it is assumed
that the D6 branes are oriented in the 0123468 directions and the D6’-branes
intersect them along the 0123 directions, resulting in a 341 dimensional inter-
secting brane world. The orientation in the six transverse directions are spec-
ified by the complex coordinates z, = ot +i2°, 2o = 25+ ix7, 23 = 28+ i2”.
N=1 supersymmetry in (3+1) dimensions can be preserved if the rotations
act on an SU(3) matrix on the three complex coordinates. A diagonal rota-
tion that transforms D6 branes to D6’ branes is

zi— ™z, (i=1,2,3), >.60;=2 mod 2Z. (271)

)

An analysis of 4 fermion amplitude in Ref. [355] gives
Ast = iﬁgsa'l(é’l, 92, 93) (272)

where

00 3 1
[(91,92,93) = 2‘/0 dtH(SlIl(?T@,))EF(QZ, 1— 9,'; 1; 6_t) X
i=1

=

[F(HZ, 1 — ‘9@7 1, 1 — €_t)]_
(273)

and where F is a hypergeometric function. To fix the size of g, and o’ one
may consider the gravitational action for a Type ITA superstring

(27) T/~ / 42/ —Ge R (274)
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where ® is a dilaton field and the string coupling constant is g, = e®. Re-
duction to 4 dimensions is necessary to make contact with the familiar 4 D
quantities such as the GUT coupling constant ag and the GUT scale M.
The details can be found in Ref. [355](see also Appendix I). Thus the relation
connecting o’ and g, with ag and Mg is given by

2/3 12/3
/ O‘G/ LQ/

o = (275)
47?298/ M

where Lq is the Ray-Singer [351, 375, 376] topological invariant of the com-
pact three-manifold. The Ray-Singer torsion is a model dependent quantity
and requires the specification of the compact three-manifold for its compu-
tation. Eliminating o/ in Eq.(272) using Eq.(275) we can write Ay in the
form

2/3
A, — 1/3@2/3 LQ/ ](ela 927 93)
R TS V)

(276)

To compare the string calculation with the comparable result in a grand
unification model one can carry out a field theory analysis of the four-fermion
scattering and here one gets

27TO(G
Ag = 2
Eqs.(276) and (277) lead to the relation
A VSL23T(0,, 0, 05) M2
_G:gs Q (1 2 3) G (278)

Ast 87r2ag ’ M3

One can now compare the life time for the decay mode p — e™7° in the

string model compared to its life time in a GUT model. One finds
Mg

tMgl(

+

To(p — e™7°) = 7qur(p — ™ 7°)C, (279)

where Cj; is the string enhancement factor of the proton lifetime and is given
by
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1 8m2al?

Cst - (
g;/?’Lé/?’f(@l, 02, 03)

T )2 (280)

Here y is the fraction of p — e;7m° to p — efn® which is y = 1/[1 + (1 +

|Vua|?)?] where V4 ~ 1. The factor 1/(1—y) is inserted in Eq.(280) to take ac-
count of the missing p — e£7® mode in the intersecting D brane model here.
We note that the factor Mx* cancels out in the product 7gpr(p — e*n®) Mx*,
and thus 7, is determined directly in terms of M. In this sense 7, is more
model independent since it depends directly on M rather than on the X
gauge boson mass.

To numerically estimate the proton lifetime one may consider Q = S3/Z,
(lens space) where k in an integer. In this case [351]

Lg = 4ksin®*(5mm/k) (281)

where m is an integer such that bm is not divisible by k. For the case m=1,
k=2, one finds Ly = 8. The analysis of Ref. [355] finds I in the range 7 — 11.
Setting g ~ 1, ag = 0.04, y = 0.2, and Mg = Mx gives Cy ~ 0.5 — 1.2.
Since the current estimate of the GUT prediction is 7qpr = 1.6 x 103%yr
for values of o = 0.04 and Mx = 2 x 10'6 GeV, one finds that the string
prediction in this case is (0.8 —1.9) x 103¢ yr. The current experimental limit
on this decay mode is Tezp(p — eT7%) > 1.6 x 10% yr (Table 1. See, however,
Ref. [377] which gives Te.,(p — €™7%) > 4.4x10% yr). The next generation of
proton decay experiment using underground water Cherenkov detectors may
improve the experimental lower limit for this mode by a factor of 10 close
to 103 yr [30] which, however, falls short of the theory prediction above.
However, one must keep in mind the model dependence of the theoretical
prediction arising from the assumed values of L, g5, assumption on fermion
mixings etc. Thus, for example, if Lg lies in the range 1-10 [378], then Cy;
will lie in the range (0.4-19) which is a significant shift from the previous
estimate.

7.6 Nucleon stability in string landscape models

The natural scale of vacuum energy density py is the Planck scale while pgps
is much smaller.
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pv ~ Mp,  pops < (3 x 107 %ev)* (282)

To fit observation this requires a fine tuning of order O(10'*°) to get the
observed scale. With softly broken SUSY of scale Mg = O(1) TeV one gets

pv ~ Mg* (283)

Here one needs a fine tuning of order O(10%°). There are two ways out to re-
solve the problem. The first one is the possibility that some as yet unknown
symmetry principle sets the vacuum energy effectively to zero. However, as
exhibited above one does not need an exactly vanishing value of vacuum en-
ergy but a small one, and thus one would still need to find a way to give the
vacuum energy a tiny positive value consistent with current experiment. The
second possibility is to invoke the anthropic principle. Thus Weinberg [379]
has observed that the seeding of the galaxies requires that the value of the
cosmological constant lie in a rather restricted range of the current value.
The idea is that there are a large number of different vacua and the one we
live in corresponds to a small value of the cosmological constant. In this
sense the current value of the vacuum energy becomes just an ’environmen-
tal” parameter rather than something intrinsically fundamental.

Some support for the anthropic idea has come from studies of string land-
scapes [171, 172]. We discuss now the idea of string landscape briefly as such
ideas have implications also for string model building and for proton stability.
As is well known a common feature of string models is the presence of many
moduli. Often the moduli potential is flat leaving the moduli undetermined.
Thus one needs to lift the flat directions to fix or stabilize the moduli. This
is the so called moduli stabilization problem. There has been recent progress
in this direction in that inclusion of fluxes in the compactification of extra
dimensions allow one to lift the flat directions and with fluxes turned on it
is possible to stabilize the moduli. An example of this phenomenon is the
type IIB string theory where one has three form RR and NS and fiveform
RR fluxes which can be turned on in compactification. There are many
choices for these fluxes and the possibilities are very large. In the presence
of the fluxes one has a non-vanishing tree level superpotential W, which is
moduli dependent [380]. In addition it has been observed [381] that there
will be in general a non-perturbative contribution to the superpotential Wy p
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arising from strong coupling dynamics such as from gaugino condensation,
instantons etc which can be parametrized by Wyp = Aexp(—cp) where ¢
depends on strong interaction dynamics and p is a size modulus. Together
the potential then will have the form [381]

W =W, + Ae=<" (284)

It is then possible to stabilize the moduli but one ends up with anti-de Sit-
ter (AdS) vacua with a negative vacuum energy. However, with inclusion of
supersymmetry breaking it is possible to get de Sitter vacua with positive en-
ergy. There are a huge number of allowed possible states. An order estimate
can be gotten as follows [382]: Consider an integer flux lattice of dimension
K in Type IIB strings. The vectors in the lattice 7 are constrained by 7% < L
where L is an integer determined by the tadpole cancellation condition. To
compute the number of allowed states one computes the number of states
in a K dimensional sphere with radius v/L. This results in the number of
allowed states to be [382]

LK /2

Nyac ~ W (285)
With L ~ 103, K ~ 10% one has Ny, ~ 10°° Thus there are a huge num-
ber of metastable de Sitter vacua. This huge number allows the possibility
that the cosmological constant takes on fine grain values and there is a range
in which the physically observed value of the cosmological constant could
lie. Such calculations could be impacted by a further restriction of proton
stability by a study of the gauge group ranks [383, 384]. Further, the same
principle may be used to fine tune the Higgs mass if the SUSY breaking scale
was high. Specifically it is advocated that the scalars except for the Higgs
could all lie at the Planck scale and be superheavy while the light particles
would consist of gauginos and Higgsinos [67, 68]. Unified models with land-
scape scenarios have been discussed in Refs. [385, 170].

In the above scenario the proton decay via dimension five operators will be

highly suppressed since the squarks and sleptons fields in split supersymmetry
scenario are typically supermassive. It is interesting to ask how a large mass
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hierarchy in supersymmetry breaking can arise in string models. It turns
out that a natural hierarchy in supersymmetry breaking scales can arise
in D brane models [386] and more generally in string models with Fayet-
Iliopoulos D terms [387, 69]. One can illustrate this even in the framework
of global supersymmmetry. Thus we consider extended gauge symmetry
SU3)e x SU(2) x U(1)™, where the extended U(1) sector aside from the
hypercharge contains an anomalous U(1), a situation which is quite common
in string theory, where the anomaly in then canceled by Green-Schwarz (GS)
mechanism [The corresponding gauge boson develops a Stueckelberg mass
and decouples (see e.g. [388])]. This provides a motivation for inclusion of an
FIterm. Including the FI term the D term potential in global supersymmetry
takes the form

9a y2 9a i 72 2
Vo = 5D =2 T (L Qulfil + &) (256)

A single extra U(1) cannot lead to a SUSY hierarchy but with multiple extra
U(1)’s it is possible. Thus consider an extra U(1)x where we add two oppo-
sitely charged scalars £1 under the extra U(1)x and assume an interaction of
the type Wi = m¢T¢~ in the superpotential [389, 390]. Minimization yields
(%) = 0, and (¢7)% = Ex — m?/g%. This leads to (Dx) = m?/g% and
(Fy+) = my/Ex + --- where Fy+ is the supersymmetry breaking scale. The
above analysis gives for the scalar masses m; the result m? = 3, ¢2Q" (D,)
and for the gaugino masses my the result my ~ méx/M3,. In this case
both the scalar and the gaugino masses are scaled by the same mass m and
we find no hierarchy. Thus for m ~ O(TeV) and £ ~ O(M3,) and all masses
are at the electro-weak scale. However, the situation changes drastically if
one considers multiple anomalous U(1)’s. Here it is possible to split the
masses of the scalars and the gauginos. A realistic scenario requires that
one carry out the analysis within the framework of supergravity unification.
Then one finds that the condition that the vacuum energy vanish requires
that (F;) < mgpMp and (D,) < mgMpy. Since the scalar masses are
proportional to (D,)!/? one finds that for my/, ~ O(TeV), the above relation
implies [69]

my < \fmgjsMp ~ 10171 (GeV) (287)
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which is the usual intermediate supersymmetry breaking scale that arises
in SUGRA models. The F-term masses are Fy/Mp; ~ O(TeV). Thus the
scalar masses arising from the D terms are much larger than the F term
masses. In the context of the heterotic strings the FI parameter is of size
M3, and thus the gaugino mass is of size Mp, if its mass arises from the
above mechanism. However, the FI-parameter can in principle be of any size
in orientifold D-brane models, and thus the above problem is circumvented
in orientifold D-brane models. In this case one has a hierarchical symmetry
breaking with scalars superheavy which put the proton decay rates much
above the current experimental limits. It is to be noted that large scalar
masses naturally arise on the Hyperbolic branch (HB) of radiative breaking
of the electro-weak symmetry [100]. The quite interesting phenomenon is
that it is possible to keep the parameter p small while the scalar masses get
large. The parameter My /u also provides at least one measure of fine tuning
and naturalness. Thus the larger 1 gets, the more fine tuned is the radiative
breaking. The fact that it is possible to achieve large my while keeping u
small implies that large scalar masses can be be construed as being natural
when they arise on HB. Now numerical analysis indicates that scalar masses
as large 10-20 TeV arise quite naturally on HB [100]. It is interesting then
that the HB branch of radiative breaking leads to a suppression of proton
decay.

7.7 Proton decay from black hole and wormbhole effects

Quantum gravity does not conserve baryon number and thus can catalyze
proton decay. There is a significant amount of literature trying to analyze
proton decay lifetime arising from such effects [14, 15, 16, 17, 18, 391, 392,
244]. Thus in quantum gravity one will have not only the exchange of gravi-
tons but also exchange of mini black holes and wormhole tunneling effects.
For example, the mass (mpy) of a mini black hole will be typically the Planck
mass, and its Compton length typically the Planck length

< mpg >~ Mp], < LBH >~ lp1 ~ 10_33CII1 (288)

It is possible then that the two quarks in the proton might end up falling
into the mini black hole and since one expects black holes not to conserve
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baryon number, such virtual black hole processes will lead to baryon number
violating processes such as

g+q—1l+v, ¢+q—q+1,. (289)

These processes can be simulated by effective four -fermi interaction, with an
effective coupling scaled by the inverse of the quantum gravity scale Mgg.
A typical proton lifetime from such interactions will be

M,
~ 136 QG \4
For Mg = Mp) the above leads to a proton lifetime of ~ 10 yr. A lifetime
of this size is certainly beyond the experimental reach. However, it will have
significance in determining the ultimate fate of the universe [393, 391].

It is also instructive to investigate proton decay from quantum gravity
effects in the context of large extra dimensions [244]. In theories of large
extra dimensions the fundamental scale is lowered. Now the geometry of
extra dimensions affects the physics of the virtual black holes and also the
quark-lepton interactions. Thus suppose the quarks can propagate in n extra
dimensions rather than being confined to the four dimensional wall. Since
the quarks can propagate in more dimensions they are less likely to encounter
each other and this effectively weakens their interactions. The above must
be folded with the effect arising from the black holes now living in (4+n)
dimensions. Together these modify the proton lifetime so that [244]

MQG

mp

YL (291)

TPN( D

Using the current experimental data of 7, > 10**yr, one finds that Mgp
should satisfy the constraint [244]

Mo > 108U+ Gev (292)

The above implies that for the case when quarks are confined to the four
dimensional wall, so that n=0, one has Mg > 10'® GeV. Even for the case
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when n = 6, one finds that Mgp > 2.5 x 10® TeV. These results appear to
be disappointing from the point of view of observation of the fundamental
scale Mg at accelerators.

7.8 U(1) string symmetries and proton stability

We are already familiar with the fact that in supersymmetric theories the
baryon and lepton number dimension four operators QLD U°D°D¢, and
LLE are eliminated by the gauge B — L symmetries [394]. This is so because
these operators have B— L = —1, and an imposition of B — L invariance does
not allow these operators to appear in the superpotential. On the other hand
dimension five operators QQQL and U°U°D°E° have B — L = 0. and thus
imposition of B — L invariance alone would not eliminate these operators.
While symmetries of SO(10) are not sufficient to suppress these operators,
one may investigate if a larger group such as Eg could provide the additional
U(1) symmetry to suppress such operators. Indeed, Eg — SO(10) x U(1), so
there is an indeed an extra U(1) that may help. However, on closer scrutiny
one finds that color triplets Hs and Hjz arising from the 27 plet exist in the
spectrum and the exchange of these triplets will induce baryon and lepton
number dimension five operators. Thus the symmetries arising from FEjg are
not sufficient to suppress the dangerous operators [394, 395]. It is possible,
however, that string derived symmetries are more powerful. This issue has
been explored at some length by Pati[395] with focus on the standard like
models by Faraggi [396, 397, 398, 399, 400] using free fermionic construc-
tions [401, 402, 403]. In these models either the Higgs triplets are absent
from the spectrum or the extra U(1) symmetries suppress their couplings
with quarks and leptons. Thus in the model of Ref. [396, 397, 398, 399] one
has six U(1) factors, such that

1 1 1

§T’I“U1 = §TTU2 = §T’I“U3 = —T’T’U4 = —T’T’Ug, = —T’I“Uﬁ =12 (293)
so all the U(1)’s are anomalous. However, it is possible to choose five anomaly
free and one anomalous combination [The anomaly free combinations can be
chosen so that Uy, = U =1 —-U, , Ug = Uy — Us, U, = Uy + Us — 2Ug,
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fields(generations) | Qs | Q. | Qs + Q.
Q.2) [1/2 |12 0

L(12) | 1/2| 3/2 2
UC,EC(12) | 1/2| 3/2 2

D, NE(1,2) | 1/2 | -1/2 0
QB) | 1[-1/2 0

L(3)| -1 3/2 2

U, E°(3)| -1| 3/2 2

DY NE(3)| -1|-1/2 0

Table 8: The U(1) quantum numbers of the fields in a class of string derived
models [395]

U(s = Ul -+ U2 — 2U3, and (]6 = Ul + U2 + U3 + 2U4 + 2U5 + 2U6 The
anomalous combination can be chosen so that Us=U; + Us — 2U3.].

From Table (8) one finds that baryon and lepton number dimension four
operators U DYDC, QLD®, and LLE® are not allowed if one requires in-
variance under )5 + .. Further, baryon and lepton number dimension five
operators QQQL are also eliminated if one requires invariance under Qs+ Q..
For the case of USUY DY EC, this operators is eliminated for all cases under
the Q)5 + Q. invariance except when all four fields are from generation 3.
However, here if one requires that in addition one also has invariance under
either Qs or ). then these dimension five operators are also eliminated and
thus there in no proton decay from this set of operators. At the same time
some combination of safe operators such as LLH;H; where H, are the Higgs
doublets of the model are allowed. This operator violates lepton number but
is desirable as it enters in the neutrino mass matrix. Thus here one finds that
a combination of the symmetries generated by ()5 and Q). eliminate dangerous
baryon and lepton number operators but allow for desirable lepton number
violating operators. So in this sense the string derived symmetries are more
powerful than the symmetries that can be gotten from the grand unified
models. While the additional exact U(1) gauge symmetries suppress proton
decay they also bring in additional massless modes which are not accept-
able on phenomenological grounds. Thus one must break these symmetries
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spontaneously and such breakings lead to additional Z" gauge bosons whose
masses depend on the scale of spontaneous breaking.

7.9 Discrete Symmetries and proton stability

Dimension 4 and dimension 5 proton decay operators can be eliminated by
specific choice of discrete symmetries. However, if the symmetries are global
they would not be respected by quantum gravity [14, 15, 16] specifically, for
example in virtual blackhole exchange and in wormhole tunneling, and thus
such phenomena can lead to new sources for proton decay [18]. The way
out of this problem suggested by Krauss and Wilczek [404] is to use discrete
gauge symmetries. An example of this phenomenon is a U(1) gauge theory
where the gauge invariance is broken by condensation of a scalar Higgs field
& with charge N while the charges of the remaining fields 1; in the theory
are all (). In this case one will have after condensation of the Higgs field a
residual Zy symmetry

2mi

U(l) = Zn, i — eN (294)

So Zy is just the residual symmetry that is a remnant of the broken abelian
gauge symmetry. As pointed out by Krauss and Wilczek, although Eq.(294)
looks very much like a global symmetry, the fact that it is remnant of a
local symmetry means that it is protected against even worm hole tunnel-
ing and black hole interactions. Consequently such symmetries are then
an ideal instrument to protect the proton against dangerous decays via vir-
tual black hole exchanges. Ibanez and Ross (IR) [54, 319] have analyzed
the generalized Zy parities for the standard model superfields such that
W — exp(2mic; /N )1p; where

{,lvbz} = (Qa uca dC> L> 6c)> {al} = (aQa Qe Qge, L, aec) (295)

Not listed above are the Higgs superfields Hy, Hy whose charges are deter-
mined via their couplings with the SM fields. Since each of the charges
assume N values there are N° possibilities. However, not all are indepen-
dent. IR reduce this set by imposing the restriction that all elements related
by hypercharge rotation exp(2miY/N) are equivalent, which corresponds to
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an invariance under the shift & — & + (1, —4,2,3, —6) mod N. Further, the
constraint that the Higgs field H couple to Qd° and Le® imposes the con-
straint ag + aq = ar, + a.. With the above constraints there is a reduction
in the allowed number of possibilities.

The symmetries can be classified according to the constraints they im-
pose on dimension four operators. These are [54]:(i) symmetries which for-
bid both lepton and baryon number violation. These require the constraint
Qye + 204c # 0 (mod N) and 2ay, + a. # 0 (mod N). Specifically they for-
bid cubic interactions u°d‘d® and LLe® in the superpotential. One might
call these constraints generalized matter parity constraints (GMP); (ii) sym-
metries which forbid lepton number violation but allow for baryon number
violation violation, i.e., u®d“d® is allowed but LLe¢ is forbidden in the super-
potential. These require the constraint a,, + 2a4 = 0 (mod N), 2ap + o, # 0
(mod N). One might call this the generalized lepton parity (GLP); (iii) sym-
metries which allow for the lepton number but not the baryon number vi-
olation, i.e., u®d°d is forbidden but LLe¢ is allowed in the superpotential.
These require o, + 204 # 0 (mod N), 2ay, + @, = 0 (mod N). One might
call this the generalized baryon parity (GBP); and finally (iv) symmetries
which allow both lepton number and baryon number violation. Here both
u®d®d® and LLe are forbidden and the constraints are a,, +2ay = 0 (mod N),
2ay, + a. = 0 (mod N). Possibility (iv) is excluded as it allows for dangerous
proton decay.

Further constraints arise from anomaly cancellation conditions. Analo-
gous to the anomaly cancellation condition for gauge symmetries, there are
also anomaly cancellation conditions for discrete symmetries arising as rem-
nants of gauge symmetries [The discrete gauge anomalies can be understood
in the low energy theory in terms of instantons and are required for the consis-
tency of the low energy discrete gauge theory [405, 406]]. One might call these
discrete gauge anomaly cancellation conditions [319]. The Zy arising from
the extra U(1) must be considered in conjunction with SU(3) x SU(2) x U(1)
of the standard model. Consequently all non-trivial anomalies involving Zy
and factors of SU(3), SU(2) and U(1)y must be considered. Thus typically
we will have anomalies from the combinations Z3,, Z% x U(1)y, Zy x U(1)%,
Zn x SUM) x SU(M) (M=2,3) as well as mixed Zy-gravitational anoma-
lies. An analysis with inclusion of anomaly cancellation constraints shows
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that with the particle content of the minimal supersymmetric standard model
there are two discrete anomaly free generalized parities. One of these is the
familiar Z5 R parity symmetry, while the second is a Z3 symmetry Bz which
allows for lepton number violation. The phase assignment for this symmetry
are (1,02, a,a? a?) for elements (Q,u, d° L,e®). The analysis of Ref. [54]
assumed that the hypercharge is unbroken. However, hypercharge is a broken
symmetry below the electroweak scale after the Higgs field gets a VEV. The
analysis of Ref. [407] re-examined the IR analysis without the assumption
of an unbroken hypercharge symmetry. Here the constraints that arise from
the fermion mass terms give

ag + e = ag + Qe = ap + Qe = ap + e =0 (mod N) (296)

where we have assumed generational independence.

The above gives d=(ag, —ag, —ag, ar, —ar, —ayr) where the elements
corresponds to the set (Q,u, d L,e®,v°). The analysis of Ref. [407] re-
quires that dimension five operators QQQL and u®d°de® be absent which
leads to the constraint 3ag + ar = 0 (mod N) and in addition requires
that the neutron-antineutron oscillation mediated by operators uddudd be
absent which implies 6y # 0 (mod N). Along with the above there is one
anomaly cancellation condition from the Zy x SU(2) x SU(2) sector which
gives 9ag + 3ar = 0 (mod N). The lowest N consistent with the above is
N=9 and the allowed (o, ayr) sets are (1,0), (1,3), (2,0), (2,6), (4,0) and
(4,3). These choices suffice to suppress proton decay from dimension 4 and
dimension 5 operators as well as from gravitationally induced wormhole tun-
neling and blackholes induced processes.

A more recent analysis shows that the conclusion of IR that only Bz sym-
metry (also called Bs-triality) forbids the problematic dimension five proton
decay operators is a consequence of the restriction to Zy for N=2.3 dis-
crete symmetries. The more general analysis of Ref. [408] has extended the
work of IR to arbitrary values of N. In doing so the authors of Ref. [408]
find 22 new anomaly-free discrete gauge symmetries. After imposition of
the phenomenological requirements (i) the presence of the mu-term in the
superpotential, (ii) baryon-number conservation up to dimension-five opera-
tors, and (iii) the presence of the See-Saw neutrino mass term LHLH, they
are left with only two anomaly-free discrete gauge symmetries. These are
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the Bs symmetry discussed above and in addition a new symmetry which
the authors call proton-hexality, FPs. This symmetry is a Zg symmetry and
reproduces the low-energy R-parity conserving superpotential without the
undesirable dimension-five proton decay operators. Thus the main problem
of the MSSM with R-parity with respect to proton decay is solved with pro-
ton hexality symmetry..

In the context of string theory an interesting issue in model building
concerns the question if the imposition of the anomaly cancellation condition
is always essential. It may be that in string models all anomalies in discrete
symmetries are cancelled [409] by the Green-Schwarz mechanism [410]. In
that case one may obviate the necessity of imposing the anomaly cancellation
condition.

8 Other Aspects

8.1 Neutrino masses and proton decay

An important issue concerns the implications of neutrino masses and mixings
for proton decay lifetime. A grand unified model such as SO(10) has a
righted handed neutrino which is an SU(5) singlet along with a left handed
neutrino, which resides in the 5 in the decomposition 16 = 1 + 5 + 10. This
allows for the possibility of both Dirac and Majorana type mass terms for the
neutrino states. Together, they combine to produce neutrino masses by the
See-Saw type mechanism. The See-Saw contains information on the nature
of unification and thus a study of neutrino masses may also have implication
for proton decay in unified models. It is thus desirable to discuss the issue of
neutrino masses. We first summarize the current status of neutrino oscillation
experiments which yield results on masses and mixings of neutrinos [411]. We
will then discuss the theoretical aspects relevant for grand unification and
proton stability. The flavor states of the neutrino can be related to the mass
diagonal states by

151

(Ve, vy, v7) =U | 11 (297)
V3
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where U is a unitary matrix which can be parameterized in terms of three
mixing angles 615, 023, 013 and one phase. The natural range for the angles
are 0 < 6;; <m/2and 0 <9 < 27. An explicit parameterization is

U = UysU;3Uq9 (298)
where U;; are defined by
ci2 S22 0 13 0 s13€%
U= —s12 ci2 0 |, Uiz= 0 I 0
0 0 1 —si3e0 0 ez
1 0 0
Uz =1 0 a3 S23 (299)

0 —s93 cCo3

where ¢;; = cos(f; — 0;) and s;; = sin(#; — 6;). The neutrino mass matrix
m,, in the flavor diagonal basis is related to the mass matrix mZ in the mass
diagonal basis by

m, = U'm2U" (300)
The solar neutrino and the atmospheric neutrino data give [412, 413, 414]

Am?, = (5.4 —9.5) x 107° eV?, Am?

2 = 2 =(14—37)x107% eV? (301)
Within the three neutrino-generations fits to the data give

atm = |lmal® — [maf?|
sin? 015 = (0.23 — 0.39), sin®fy; = (0.31 — 0.72), sin?6y3 < 0.054 (302)

AmZy = [[mal* — [maf*], Amg

The neutrino oscillation experiments measure only the mass? differences and
cannot tell us about the absolute value of the neutrino masses.

Information on the absolute values comes from other sources. Thus neu-
trinoless double beta decay gives an upper limit of [415, 416]

IMee| < (0.2 = 0.5)eV (303)
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where
Mee = (1 — 573) (M, Coy + My, 5T5) + My, e st (304)
while the WMAP collaboration gives [417, 418]
> my,| < (0.7 =1)eV (305)

A variety of neutrino mass patterns are possible. Some possibilities that
present themselves are

() [mus] >> My, |
(b) |ml/1| ~ |m1/2|> |mV17V2| >> |ml/3|
() [,y | ~ [, | ~ |my,l, |mu1,l/27ug| >> ||my,| — |mVj||

The remarkable aspect of Eq.(302) is that the mixing angles 015 and a3 are
large with 53 being close to maximal while ;3 is small. This is quite in con-
trast to the case of mixings for the case of the quarks and it appears difficult
a priori to see how the neutrino mass textures and the quark mass textures
could arise from the same unified structure. However, such a conclusion may
be hasty as the neutrino masses have a more intricate structure. Thus uni-
fied models typically produce Dirac neutrino masses Mp, LL type neutrino
masses My, and RR type neutrino masses Mrr which combine to produce
the neutrino mass matrix

m, = My, — MpMpgp M}, (306)

The second term involving Mgg is the so called Type I See-Saw contribution
while the first is the Type II See-Saw contribution. We see then that the
neutrino mass matrix is more complex than the corresponding ones in the
quark-sector. While Mp has a direct correspondence with the quark-lepton
textures, their connection with My, and Mgg is more dependent. Further,
the matrices My, and Mgg can be helpful in connecting the two very different
type of hierarchies, i.e,, the hierarchies in the quark sector vs those in the
neutrino sector. For example, it is proposed that Mgzp textures may have a
hierarchy similar to the hierarchy in the Yukawa sector. The simplest such
possibility is [419]

MRR = MR d’LCLg (ElRa €R, 1) (307)
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which leads to

€2R 0 0
M}E}% = (elR €2R MR)_l 0 €1R 0 (308)
0 0 erer

With Mpp of the form given by Eq.(308) and e,z << €3z << 1 it is possible
to generate the neutrino textures compatible with data. Such possibilities
along with a variety of others have been investigated within the SO(10) grand
unification [420]. Over the years attempts have also been made to understand
neutrino masses within string models [421] and this effort is likely to grow
with discovery of additional realistic or semi-realistic string based models.

We turn now to the connection of the neutrino masses to proton decay. It
turns out that the connection between the two is very much model dependent.
This connection can vary from one extreme of little or no connection to a
strong correlation. To begin with in the general analysis of dimension five
operators in MSSM it is possible to suppress proton decay from dimension
five operators by the elimination of certain operators while allowing for lepton
number violating operators such as

fisqpLiliod (309)

where L; are lepton doublets and ¢, ¢’ are Higgs doublets. A VEV formation
for the Higgs doublets then produces Myr;jvr, v, where Mpr;; =< ¢ ><
¢ > /M. With < ¢ >~< ¢ >~ Mgy and M ~ Mg one can generate
neutrino masses in the O(107! — 107°) eV range which is a large enough
range to accommodate a variety of possible scenarios. A mass term of type
Eq.(309) can arise naturally in a variety of SU(5) and SO(10) models.

In SU(5) models the right handed neutrino is absent in the 5 and the 10
plet representations but can be added to the spectrum by hand in an ad hoc
fashion. Because of this there is no correlation between the neutrino masses
and proton decay in minimal SU(5) models in the case of Type I see-saw.
However, in the case of Type II see-saw one can use 155 in SU(5), and there
is a correlation between B — L non-conserving channels for proton decay and
neutrino masses (eee, for example, Ref. [211]). In SO(10) the right handed
neutrino appears as a basic element of the 16 plet representation and because
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of this typically there is some correlation between neutrino masses and proton
decay. For example, in SO(10) the textures for the Dirac neutrino masses
are directly correlated with the up quark mass textures and arise from the
same common couplings of the Higgs fields with matter. Further, in SO(10)

the Majorana masses for the right handed neutrinos can arise from the 1264
interaction with matter, i.e., from the couplings

M35 16,16,126, (310)

since 126 contains an SU(5) singlet as can be seen from the SU(5) decom-
position of 126

126=1+5+10+15+45+50 (311)
Alternately, one can generate Majorana masses from the couplings of matter
with 16y of Higgs, ie.,

A;?%mimjramf, (312)
For example, with < 165 >~ Mg and M ~ Mp, one has Mpgr ~ 1012714
GeV which is typically the intermediate scale mass. Thus with restricted
number of couplings a strong correlation between the neutrino masses and
proton decay can arise. However, the degree of correlation between the two
phenomena depends on the number of assumed interactions. Thus, for ex-
ample, in the SO(10) model of Ref. [168] the Higgs fields that couple with
matter consist of 10, 1205, and 126 while the breaking of SO(10) includes
the 210y representation. In this case it is possible to suppress proton decay
from dimension five operators to the current experimental level and at the
same time get consistency with the solar and the atmospheric neutrino os-
cillation data.

A model where predictions of proton decay are connected with the prediction
of neutrino masses is discussed in Ref. [422]. Here a new source of proton
decay from dimensions five operators is suggested which arises from 126y
couplings. Normally the mediation of 1265 does not produce dimension
five operators, the reason being that the 1265 mass term involves 1265 and
1265 and 1265 has no couplings with 16-plet of matter. However, consider
the couplings where 126 and 126 couple with a 545 with SO(10) invariant
couplings

Wi = M1264.126 .54, ) + N(T26,126,,545) (313)
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Now in the SU(2);, x SU(2)r x SU(4)¢c (Ga24) decomposition, the 54 plet has
the decomposition: 54 = (1,1,1) + (3,3,1) + (1,1,20) + (2,2,6). Similarly,
126 has the decomposition 126 = (1, 3,10) + (3,1,10) + (2,2,15) + (1, 1,6).
Here (1,1,6) contains the color triplet and the color anti-triplet If the 545
acquires a VEV in the (1,1, 1) direction then the superpotential of Eq.(313)
generates a (1,1,6).(1,1,6) mass term for the Higgs color triplets and color
anti-triplets. This mass term will mix with the mass term from 1265126y
and produce an effective color triplet mass My, to suppress the dimension
five operators. If we assume

then the size of these couplings f;; can be estimated. One can assume that
the size of all the VEVs including the VEV of the 45, 54 and 126 which
break the GUT symmetry are order the GUT scale Mg = 2 x 10 GeV.
With the assumption of a universal Majorana mass of (1 — 3) x 10'? GeV,
one finds f;; ~ 107*. With these parameters one finds dimension five op-
erators with strengths which can generate proton decay at observable rates.
With the above assumptions one of the predictions of the model is a non-
hierarchical nature of the couplings which lead to predictions such as [422]
LITKY) : T(I"n%) ~ 2 : 1. However, it is clear that the predictions from
this sector depend strongly on the nature of the neutrino sector and thus
different assumptions on couplings in this sector, specifically, for example,
on the nature of the Majorana mass matrix will lead to different predictions
on proton decay modes. The inclusion of Planck slop can modify the correla-
tion between proton decay and neutrino masses. Thus the addition of higher
dimensional operators whose number increases sharply with dimensionality
typically weaken the correlation between proton decay and neutrino masses
because of the greater arbitrariness that such operators bring in. Finally, in
the string framework there is no logical necessity for proton decay operators
to be correlated with neutrino masses.

8.2 Proton stability and dark matter

There is a strong correlation between dark matter and proton stability in
supersymmetric theories. One may recall that in MSSM one introduces the
R parity symmetry to suppress dangerous proton decay from dimensions
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four operators and this R parity then serves to make the lowest mass super-
symmetric particle (LSP) absolutely stable. Further, if the LSP is neutral
it becomes a candidate for dark matter [423, 424]. Quite remarkably one
finds that in a large class of supergravity based models the LSP is a neu-
tralino which then becomes a candidate for non-baryonic cold dark matter
(CDM) [425]. On the experimental side the Wilkinson Microwave Anisotropy
Probe (WMAP) has placed stringent bounds on the amount of cold dark mat-
ter present in the universe. The analysis of WMAP data gives [426, 427, 428]

Qopuh® = 0.112675505 (315)

where Qcpy = popu/pe, and where popys is the matter density of cold
dark matter and p. is the critical matter density needed to close the uni-
verse, and h is the Hubble parameter measured in units of 100km/s/Mpec.
A reasonable assumption is that our Milky way contains cold dark matter
in similar amounts and this has led to much experimental activity for the
detection of cold dark matter in terrestrial experiments and larger experi-
ments for future are also being proposed. On the theoretical side the result
of Eq.(315) puts a stringent constraint on the unified models. Not only do
the unified models need to provide a candidate for the CDM, but also predict
a CDM in the amounts consistent with Eq. (315). It is then of interest to
investigate what correlations exist between dark matter and proton stability
in some of the current unified models of particle interactions. In spite of
the very strong connection between dark matter and proton stability, there
are only a few detailed studies exploring these constraints [429]. In super-
gravity unified models, where proton decay via dimension five operators is
allowed, the connection between proton stability and dark matter arises since
both depend strongly on the soft breaking sector. Typically, proton stabil-
ity requires sparticle spectrum to be heavy to suppress proton decay while
dark matter prefers a lighter sparticle spectrum to facilitate efficiently ex-
cess CDM produced in the early universe. Thus the requirement that the
constraints be satisfied simultaneously limits severely the parameter space of
the model. In models with universal soft breaking proton decay is governed
by mys/m¢ which very roughly requires larger values of mg and relatively
smaller values of gaugino masses. But large values of my and squark masses
tend to suppress the annihilation of neutralinos. Thus typically satisfaction
of the proton decay constraints renders the detection of dark matter more
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difficult [429]. Recently such connections have also been explored in other
scenarios with large extra dimensions [430, 288, 290, 431].

8.3 Exotic B & L violation
8.3.1 |AB| > 1 violation and other non-standard B&L violation

In Sec.(6.6) it was found that in models with two universal extra dimensions,
the surviving discrete Zg symmetry which is a remnant of the U(1),5 symme-
try in the extra dimensions x4 and x5 suppresses the dimension six baryon
and lepton number violation but does allow such operators at high order.
One possibility is to dispense with the extra dimensional constructions and
simply focus on discrete symmetries to generate the appropriate constraints.
An analysis along this line in given in Ref. [432] where an anomaly free Zg
symmetry is imposed and it is shown that such a symmetry can emerge from
(I3+L;+L;—2Ly) where L, is the lepton number for the ith generation. With
the Zg symmetry all AB =1 and AB = 2 effective operators are forbidden
but AB = 3 operators are allowed and these give rise to some very exotic
processes. To illustrate this symmetry one may consider the interaction

Ly =Qu°H+Qd°H" +Iv°H" + lv°H + Mpv°v° (316)

where a Majorana mass term has been included for generating the See-Saw
type neutrino masses. With the Zg charge assignments

Q(6),u"(5),d*(1),1(2),¢°(5),v°(3), H(1) (317)

the Lagrangian of Eq.(316) is invariant under the Zg symmetry. With the
above charge assignments the Zg discrete group is anomaly free. Now it
can be easily seen that the Zg is a subgroup of U(1)yy_p.. since under
U(1)oy_pyr, the fields have the quantum numbers: @Q(0), u®(—1), d°(1),
1(2), e“(—1), v°(=3), H(1) as can be easily checked by recalling the B, L and
Y quantum numbers for these fields. The above implies that any effective
operator allowed by the Zg symmetry must satisfy the constraint

A(2Y — B +2L) = 0 mod 6. (318)
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Using the invariance under U(1l)y (AY = 0) it is then easily seen that
AB =1 and AB = 2 effective operators are forbidden but AB = 3 effective
operators are allowed. Examples of such operators include
1
ALL

These lead to processes such as [432]

{Qud™1, Q°deM, QPdee”, .} (319)

SH — e™n°) 3He — et (320)

It is now seen that an estimate of the triple nucleon decay lifetime is propor-
tional to A?? and a quantitative analysis shows that even a A ~ 10 GeV is
sufficient to suppress the process to current experimental limits [432].
Among other models where non-standard B& L violation occurs is the
analysis of Ref. [433] where a generic lepto-quark extension of the Standard
Model is considered. Here one finds dimension nine operators of the type

(I?PRd)(éPRd)(FPR6) (321)

which induce AL = —AB = 1 proton decay producing decay channels of the
type
p— e etvnnt e ovntrT e etun T, vvon T (322)

8.3.2 B & L violation involving higher generations

Another phenomenon concerns baryon number violation (BNV) involving
decays of higher generations [434, 435]. It was noted in Ref. [434] that an
estimate of baryon number violating 7 decays can be given by using limits
on proton decay lifetimes. This can be done using dimension six operators
which have all been classified. Let us label these operators by O, where
i,j,k,1 are generation indices. The effective interaction that governs baryon
and lepton number violating processes is then

6
S oo, (323)
n=1

where n=1,..,6 indicates the different types of dimension six operators. Now
a possible decay mode of the proton is through an off-shell 7* such that

p—T1" =t (324)
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The effective C,,4, coupling that enters this process can be constrained by the
current limit on 7(p — vr™) > 2.5x103! year to yield [435] Cyuar < 6x10724
GeV~2. The same coefficient then can be utilized to compute the decay
branching ratio of 7 — pr° and one finds [435]

B(t — pr®) < 5.9 x 107 (325)

Similar considerations also apply to a variety of other decay modes such as
7 — pK° 7 — py. However, as one can see from Eq.(325) the branching
ratio for such decays is extremely small and one has no hope of observing
such decays at colliders. Decay modes of the above type have also been
calculated in D and B decays such as D® — pl™ and B° — AfI~ and the
branching ratios for these are also highly suppressed as expected [435]. Still
there have been searches for such decays to put experimental limits of BNV
processes in 7 decays. Thus the CLEO collaboration [436] has looked for five
modes of the 7 lepton that violate baryon and lepton number while preserving
B — L. These searches which yield negative results include the decay modes
7= — pry, pr°, prO70, pn and prn.

8.3.3 Monopole catalyzed proton decay

The existence of magnetic monopoles [437] is a generic prediction of grand
unified theories (GUTs). The magnetic monopoles appear in the early uni-
verse at the phase transition corresponding to the breaking of the unified
gauge group (G — H x U(1)) [438]. The mass of the magnetic monopoles
M, is related to the mass of the superheavy gauge bosons which mediate
nucleon decay, M,, > My /agyr. The GUT magnetic monopoles have a
complex structure: a very small core (r ~ 107 c¢m), an electroweak region,
a confinement region, a fermion-antifermion condensate region, and for » > 3
fm it behaves as a point particle generating a magnetic field B = g/r%

A remarkable property of monopoles discovered by Rubakov and Callan is
that monopoles can catalyze proton decay [439, 440, 441, 442]. The catalysis
of the proton decay is due to the interaction of the GUT monopole core which
at the quark level leads to the reaction dj + M — ef + Uiz + Uiz and at the
nucleon level leads to the process

M+ p — M + e" + mesons
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The above phenomenon is caused by boundary conditions which must be
imposed on fermion fields at the monopole core. These boundary conditions
mix quarks and leptons and cause the monopole to have an indefinite baryon
number. An equally remarkable property of monopole catalysis is that the
scattering amplitude is not suppressed by a of factor 1/My, i.e., by inverse
power of the unification mass. However, it is difficult to predict with preci-
sion the rate of the proton decay induced by the monopole [443]. Current
estimates for the catalysis cross-sections lie in the range 102" em?2—10"2 em?.
Typically Big Bang cosmology leads to an abundance of monopoles, while re-
alistic estimates with M, ~ 10'% GeV lead to a number density n,,, < 107'*n,
where n, is the number density of the proton [444]. This is the familiar
monopole problem of grand unification to which inflationary cosmology pro-
vides a solution [445]. It is still important from the experimental view point
to put limits on the magnetic monopole flux. Since monopoles are heavy
one expects the monopoles to be non-relativistic with § = ¢ << 1. The
most recent bounds on the monopole flux come from the MACRO collabora-
tion which has put upper limits on the magnetic monopole flux at the level of
~ 3x10716 em=2 s~ sr~! for B lying in the range 1.1 x 107 < 8 < 5x1073,
based on the search for catalysis events in the MACRO data [446].

8.4 Proton decay and the ultimate fate of the universe

Since quantum gravity effects could destabilize the proton, the eventual fate
of the universe would be governed by the proton lifetime [393, 391]. Thus, for
example, over long time span white dwarfs and neutron stars will be powered
by proton decay. The proton decay mode p — et7® within a white dwarf
will result in the process

pte —y+y+v+7y (326)

where two of the «’s come from the decay of the 7° and the other two arise
from the annihilation of e™ +¢e~, and where the energy of each of the photons
will be ~ m,/4. The photons have a short mean free path and will quickly
thermalize. Other decay modes would involve neutrinos which would escape.
An estimate of the luminosity of the white dwarf powered by proton decay
gives [391]
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L, ~ 1072 L( ) (327)
where L stands for stellar luminosity. The white dwarf luminosity arising
from proton decay is indeed extremely small relative to the solar luminosity.
If we assume that the white dwarf consists of N nucleons initially, then the
time for it to deplete to Ny because of nucleon disintegration is given by [391]

N
T= Tpln(ﬁo) (328)
For N ~ 10°" and Ny = 1 one finds 7, ~ 1317p. A similar analysis holds
for neutron stars and for planets although the evolution of the neutron star

under nucleon decay processes is more involved.

9 Summary and Outlook

We summarize now the main conclusions of this report.

Non-supersymmetric grand unification

In non-supersymmetric models proton decay proceeds via dimension six op-
erators which are induced by gauge interactions and via exchange of scalar
lepto-quarks. In these models one needs an extreme fine tuning to get light
Higgs doublets, which however, may be justified in the context of string land-
scape models. An analysis of proton lifetime requires that one first address
properly the fermion mass and mixing issues to predict in a realistic fash-
ion proton lifetime. These issues are discussed in detail in Sec.(3) where
it is shown that some of the non-supersymmetric unified models may still
pass the stringent experimental proton lifetime constraints. As an exam-
ple one may consider a simple extension of the Georgi-Glashow [9] model
with a Higgs sector composed of 5y, 24y, and 155 [211]. In this case one
finds an upper-bound on the total proton decay lifetime in this scenario of
7, < 1.4x10% years [212]. More discussion of this topic is given in Sec.(5.6).
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SUSY and SUGRA grand unified models

Supersymmetric unified models have several advantages over the non - su-
persymmetric models. The Higgs sector of the theory is free of quadratic
divergences and no extreme fine tuning as in non-supersymmetric models is
needed. Globally supersymmetric unified models are not viable because of
the difficulty of breaking supersymmetry which is overcome in supergravity
unified (SUGRA) models. Interestingly supergravity models also allow for ra-
diative breaking of the electro-weak symmetry which is accomplished without
the addition of ad hoc tachyonic mass terms as is done in non-supersymmetri
models. SUGRA models predict a sparticle spectrum in the TeV mass range
accessible at accelerators and such spectrum is consistent with the gauge
coupling unification. An apparent drawback of supersymmetric models is
the possibility of proton decay via dimension 4 operators which, however,
can be eliminated by an R parity invariance. Proton decay dimension five
operators still remains and typically dominates over proton decay from di-
mension six operators. This puts stringent limits on the allowed parameter
space of the theory to be consistent with experiment. In Sec.(4) a number
of topics were considered. They include the constraints on R parity violat-
ing interactions using experimental bounds, doublet-triplet splitting, and an
analysis of proton decay in SU(5) and SO(10) models.

Tests of grand unification

In grand unified models predictions of the proton lifetime are intimately tied
with the fermion masses and mixings since they arise from the same com-
mon Yukawas interactions. In a more technical language one needs to have
realistic Yukawa textures. In an analogous fashion, the Higgs triplet sector
also has textures which are in general different from textures in the Higgs
doublet sector and these enter into proton lifetime predictions (Sec.5.1). A
phenomenon which can affect proton lifetime in supergravity models is that
of gravitational smearing. It arises from the possibility of a non-trivial gauge
kinetic energy functions which can split the gauge coupling constants at the
unification scale. These splittings effectively modify the heavy thresholds
and specifically the Higgs triplet mass and consequently affect proton life-
time (Sec.5.2). The masses of the Higgs triplet and other heavy thresholds are
also constrained by the gauge coupling unification constraints but the analy-
sis depends sensitively on the inputs (Sec.5.3). The important topic of testing
grand unification through proton decay modes was discussed in Sec.5.4 with
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special attention to the gauge groups SU(5), SO(10) and flipped SU(5). An
investigation of the conditions under which gauge dimension six proton decay
can be eliminated in flipped SU(5) is given in Sec.5.5. An analysis of the up-
per bounds on proton decay lifetimes in GUT models is given in Sec.5.6 where
it is shown that it is possible to find a model independent upper bound on the
total proton decay lifetime. Such bounds are useful in testing unified models.

Grand unified models in extra dimensions

The most attractive feature of extra dimensional models is that they pro-
vide a mechanism for a natural doublet-triplet splitting where one achieves
a light Higgs doublet necessary for electroweak symmetry breaking while the
Higgs triplet becomes superheavy. A large number of models in 5D and 6D
with gauge groups SU(5), SO(10), SU(6) and SU(3) have been investigated
which, however, differ vastly in their predictions for proton decay. For exam-
ple, proton decay from dimension 4 and dimension 5 operators can be killed
in some models by a residual U(1)g symmetry which leaves the exchange
of X and Y gauge bosons as the main source of proton decay. However,
proton decay from these is typically dependent on the way matter is located
in the extra dimensions. As discussed in Sec.(6) if, for example, the matter
fields propagate in the bulk, then a full generation of quarks and leptons
must arise from split multiplets which have no normal X and Y gauge in-
teractions among them. In such models proton decay can arise only via
higher than six dimensional operators and is suppressed. The usual dimen-
sion six operators can also be forbidden by location of matter on certain
brains. For example, for the SO(10) case placing all three generations on the
SU(4)cxSU(2)r x SU(2) g brane will give vanishing dimension six operators
from the normal X and Y exchanges since the wave functions for the X and
Y gauge bosons vanish on the SU(4)c x SU(2);, x SU(2)r brane. However,
with other choices of locating matter on branes, one will have in general
proton decay from dimension six operators. Additionally proton decay can
arise from derivative couplings. Consequently, predictions of proton decay in
higher dimensional models vary over a wide range, from highly suppressed
to the possibility of observation in the next generation of experiment.

We emphasize,however, that the branching ratios into various modes can
be used as probes of models including extra dimensional models. As an exam-
ple in Sec.(6), we discussed the work of Ref. [270] which investigates a specific
model in 6D where the three generations of 16 plets of matter are located at
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different branes: generation 1 is placed on the SU(5)xU(1) brane, generation
2 is placed on the flipped SU(5) x U(1) brane, and generation 3 is placed
on the SU(4)c x SU(2);, x SU(2)g brane. With additional assumptions
regarding the Higgs structure and flavor sector of the theory, the model pre-
dicts the dominant proton decay branching ratios so that [270]. BR(m%") =
(71 — 75)%, BR(vnt) = (19 — 33)%, and BR(u*7°) = (4 — 5)% (Sec.6.4).
Clearly the branching ratios provide important signatures for testing the
models. Another example, is proton decay in universal extra dimension mod-
els where in a class of such models one finds [273] p — 77 Te vv, 77ntpu v
(Sec.6.6). Again such signatures provide a possible avenue to differentiate
among various classes of models if proton decay is observed and branching
ratios measured.

String unified models
There are five types of known string theories: Type I, Type ITA, Type IIB,
SO(32) heterotic and Eg x Eg heterotic which are connected by a web of
dualities and may a common origin in a more fundamental theory - the
M theory. Of these the Eg x FEg heterotic case has been investigated the
most from the point of view of model building but considerable progress
has also occurred recently in model building based on Type ITA and Type
IIB. In Sec.(7) we discussed the status of proton decay in a class of Calabi-
Yau compactifications of the heterotic string. The dominant decay mode of
the proton in these models as in supersymmetric SU(5) is p — vK™ but
further progress in needed in computations of the Kahler potential to make
precise lifetime predictions. There has been a revival of interest recently
in the heterotic string models. Specifically in the work of Ref. [328] the
visible Eg — Spin(10) and the Spin(10) further breaks so that Spin(10) —
SU3)e x SU(2), x U(10y x U(1)p_r. There are no dimension four, five,
or six proton decay operators in this model. For k£ > 1 Kac-Moody string
models, generally dimension four proton decay operators are absent due to
the underlying gauge and discrete symmetries of the model but dimension
five proton decay operators are present [322]. However, it is difficult to get
realistic quark-lepton textures in these models and hence difficult to make
reliable estimates of proton decay lifetime in these models [322].

An interesting recent result on proton decay comes from the M theory
analysis discussed in Sec.(7.5) where one considers M theory on R*x X, where
X is the manifold of G5 holonomy [351]. If X looks locally like @ x R*/T
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where () is a three-manifold, then one will get gauge fields on the singu-
lar set R? x Q. The case I' = Z5 leads to the SU(5) gauge fields on the
R* x Q [352, 353]. Here the assumption that the quark-lepton multiplet are
in general located at different points in the manifold () leads to the predic-
tion that the decay p — efn® which arises from the interaction 10?10 is
enhanced relative to p — ef;, +7° which arises from 1025%. Since 10 and 5 are
located at different points in @ the e, mode is in general suppressed [351].
Unfortunately, the decay lifetime is not predicted due to unknown normaliza-
tion factors in the effective proton decay dimension six operator that arises
from M theory. Further, it remains to be seen if experiment can be geared to
measure the polarization of the exiting charged lepton. Another interesting
analysis of proton decay is the one based on intersecting D branes [355] which
investigates p decay on SU(5) GUT like models in Type ITA orientifolds with
D6-branes. Here the analysis of the proton decay mode p — en® gives a
lifetime which may lie within reach of the next generation experiment (see

Sec.(7.5)).

Proton decay from black hole and wormhole effects

Quantum gravity does not conserve baryon number and thus can catalyze
proton decay. Such an effect can arise from virtual black hole exchange and
wormhole tunneling (Sec.(7.7)). It is then possible that the two quarks in the
proton might end up falling into the mini black hole and since one expects
black holes not to conserve baryon number, a process such as this can lead
to baryon number violation through ¢ + ¢ — [+ v and ¢+ ¢ — ¢+ [ and
consequently to proton decay. If the scale of quantum gravity Moo = Mpy,
the proton lifetime will be very high, i.e., ~ 10* yr and outside the realm of
experimental observation. However, such lifetimes still have significance in
determining the ultimate fate of the universe.

Outlook

Search for proton decay should continue as one of the prime experimen-
tal efforts as it probes the nature of particle interactions at extremely short
distances which the accelerators can never hope to reach. Fortunately there
are proposals already being pursued which will improve the sensitivity of the
proton decay searches by an order of magnitude or more. Chief among these
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are the HYPERK, UNO, MEMPHYS, ICARUS, LANNDD at the Deep Un-
derground Science and Engineering Laboratory (DUSEL), and LENA. On
the theoretical side one finds that in general predictions of absolute pro-
ton lifetime in unified models contain significant uncertainties. These arise
from uncertainties in extrapolations from the GUT/string scale to the proton
decay scale of m, ~ 1 GeV, uncertainties in the 3-quark matrix element be-
tween the proton and the vacuum state, uncertainties due to the quark-lepton
textures and uncertainties due to the approximation of using the effective La-
grangian to compute prediction of dimension six operators. However, models
do better in predicting the relative branching ratios since these are subject
to a smaller subset of uncertainties. Thus even with a fuzzy knowledge of
the absolute decay rates, one can use branching ratios as an instrument for
differentiating models. Examples of this possibility are provided by the et 7"
for the non-supersymmetric minimal SU(5) model, by 7K™ mode for the
minimal SUSY SU(5) model, by the branching ratios for the specific six
dimensional model of Ref. [270] and by the modes ntnte vy, 7ntntuvv
for UED models, and by the dominance of ef7° over efx° for the M-theory
model of Ref. [351].

The preceding discussion points up that given sufficient data one can dis-
tinguish among a variety of unified models arising from 4D, 5D. 6D and from
strings and branes. However, as one of the main observations of this report
it is imperative that more theoretical effort is needed in the prediction of
absolute rates to coincide with the larger experimental effort in improving
proton lifetime sensitivities by an order of magnitude or more. It is only
then that the maximum benefit from the new generation of proton decay
experiment will accrue. In summary, if proton decay is found it will winnow
down the allowed set of unified models. Further, as exhibited in this report
a detailed knowledge of its decay modes will help to test specific grand uni-
fied, string and M theory scenarios. Even if no proton decay is found in
the next generation experiments, the improved theoretical predictions and
the improved experimental lower limits will eliminate or more stringently
constrain unification models of particle interactions and gravity.
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APPENDICES
A Mathematical aspects of SU(5) and SO(10)

unification

In this appendix we will give some technical details of group theory that will
facilitate reading the main body of the report. We begin by discussing SU(5)
where a single generation of quarks and leptons is placed in the 5 and the 10
plet of SU(5). The particle decomposition of 5 is
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diq
5= e (329)

—VeL

where sub a is the color index. For the 10 plet of SU(5) we have

0w —uy —u' —d!
—u§ 0wy —u? —d?

0= u§5 —uf 0 —u® —d® (330)
u o w? ud 0 et

d' &# A —et 0

To recover the interaction of the Standard Model particles from their SU(5)
invariant couplings one needs to carry out their SU(3)c x SU(2) x U(1)y
invariant reduction. Here we will illustrate the basic technique for the re-
duction of SU(5) tensors into tensors which are irreducible under SU(3)¢ x
SU(2)r x U(1l)y. First it is useful to record the tensorial representations
of irreducible representations of SU(5) which commonly surface in model
building based on the group SU(5). As we have seen the matter falls in the
SU(5) representations 5y, + 105, while, the Higgs could be in any of the fields
5i,5m, 105, 105, 245, 455, 455, 50, 504, 75 etc. The tensors representing
these are

5',5;, 107, 10,5, 241,457 45, 5000% 50,3,.., 755 (331)
where one has anti-symmetry in all the sub indices and in all the super
indices. Further, the 24;'- is traceless, while the 50-plet, 50 plet, and the
75-plet satisfy the following constraints

5 5

5 5
> 45 =0=13"15,; > 50%,=0 Z i 275”‘— (332)
n=1 n=1 =

The following decomposition is useful in the reduction of the SU(5) irre-
ducible tensors into irreducible components under SU(3)c x SU(2), x U(1)y

3 5
=S a0+ oioe (333)
a=1 a=4
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where a = 1,2, 3 is the color index and o = 4,5 is the SU(2) index. Thus
consider the 24-plet which has the following SU(3)¢c x SU(2), x U(1)y de-

composition
24 = (1,1,0) + (1,3,0) + (8,1,0) + (3,2, —5/3) + (3,2,5/3) (334)

Using the above technique (1,1, 0) takes the form

245(1,1,0) = ,/ 25’56‘——25’50 O (110) (335)

where (119 is the SU(3)c x SU(2), x U(1) singlet field and the other com-
ponents in Eq.(334) can be similarly gotten.

We now give some mathematical background relevant for the group SO(10).
For reasons of computation of SO(10) couplings it is found useful to decom-
pose them in the more familiar SU(5) representations. We begin by defining
the 45 generators of SO(10) in the spinor representation so that

1
21
where elements I'), (1 = 1,2, ...,10) which satisfy Clifford algebra

Eﬂu = [Fuv Fu] (336>
{Flm FV} = 25/“/' (337)

It is convenient to define I', in terms of creation and destruction operators,
by and b} (i =1,2,...,5) [447, 448] so that

where
{00} =0: {bi b} =6 {bl.0]} =0 (339)

and where the SU(5) singlet state |0 > satisfies ;|0 >= 0. One can define
an SO(10) chirality operator (1 £ T)/2 where Iy = i°T'1T'5...I'1¢ so that the
32 plet spinor of SO(10) can be split into semi-spinors W14 (¢ = 1,2,3 is
the generation index) which are eigen -states of of SO(10) chirality.

1

~[1 4 L)W, (340)

Uity = 5
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Now W (), transforms as a 16(16)-dimensional irreducible representation of
SO(10). They can be expanded in SU(5) decomposition so that 16 = 1 +
54 10(16 = 1+ 5 + 10) and are given by

1 1 )
1165 >= 10 > 14 + ibjb}m > 107 + ﬂewklmb}bgbjbmo > B (341)

_ 1 .. i
164 >= bibipibink|0 > 15 + ﬁelﬂklmbzb}bm > 1004 + 010 > 5 (342)

One generation of quarks and leptons can be identified as residing in a single
16 plet representation of SO(10), i.e., in the 5 and 10 SU(5) multiplets,
while the SU(5) singlet field is a right handed neutrino which is needed in
generation of neutrino masses in a See-Saw mechanism. One may also define
a charge conjugation operator in SO(10) by

B=]] Ty=—i ﬁ(bk —b}) (343)

pu=odd

This operator is needed in forming the SO(10) invariant interactions.

In building models using SO(10) grand unification, one needs the explicit
decomposition of the SO(10) invariant couplings in terms of the Standard
Model fields. This task in facilitated by decomposition of the SO(10) in-
variant couplings in terms of the SU(5) invariant couplings, since SU(5) in-
variant couplings can be easily decomposed in terms of the Standard Model
states. The decomposition of the SO(10) invariant couplings in terms of
SU(5) invariant couplings can be easily achieved by use of the so called Ba-
sic Theorem [165, 449, 450, 451, 452 which we explain briefly below. We note
that an SO(10) invariant vertex can be expanded in a specific set of SU(5)
reducible tensors ®., and ®;, defined as follows: ®., = Pgp, + 1Po_1, Pz, =
Dy — P9, _1. We can extend the above easily to define the quantity D.csc..
which has an arbitrary number of barred and unbarred indices where each
c index is defined so that ®..z,.. = Paic;z,... + 1Pai—1c;z,... etc. The above
implies that the quantity ®.,.z, ..y 15 a sum of 2N terms gotten by expanding
all the ¢ indices. @, z,..c, 18 completely anti-symmetric in the interchange
of its ¢ indices whether unbarred or barred: Czicpien = —Peyzjes.m, Fur-
ther, & = Pz,c,z...c, €bC. It is now clear that the quantity ®c.cz,. .,

CiCjCl...Cn
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transforms like a reducible representation of SU(5). This reducible represen-
tation can be further decomposed into a sum of irreducible tensors. Thus the
procedure is that one first computes the SO(10) invariant couplings in terms
of the SU(5) reducible tensors and then decomposes them further in terms
of the the irreducible tensors. The above procedure can be summarized in
terms of the following result in a compact form: The SO(10) invariant ver-
tex I',II'x.T'y @1 0, Wwhere @5 » is a tensor field, can be expanded as
follows [165]

D00 L@ o = DIbIL b Bricin o + (DiDID]..0E Dy e
+ perms)+ (bibjbz...bibq)gigjckmcn + perms) + .o+

(bibjbk-~-bn—lbL(bEiEjEk...Enflcn + perms)
+ bbb b ®rzz (344)

The quantity ®.cz,..c, transforms like a reducible representation of SU(5)
and can be further decomposed into irreducible SU(5) parts. The above
technique is easily extended to the expansion of an SO(2N) vertex in terms
of SU(N) vertices.

With the above technique the cubic couplings in the superpotential in-
volving 16-plet of matter and the 10, 120 and 126 of Higgs fields, and cubic
couplings in the Lagrangian involving the 16-plet of matter fields and the
45 plet of gauge fields can be computed. We give now the explicit compu-
tations. For the 16 — 16 — 10 couplings one finds the following expansion in
their SU(5) decomposed form

o _ 1 .
W0 = (2v/2:) £ (109555, — 155 + geijklmmgmﬁ:%g) (345)

where the 10-plet of SO(10) Higgs fields is decomposed in SU(5) representa-
tions so that 105 = 55 + 5. In Eq.(345) the Higgs fields are identified with
the subscript H while the remaining fields are the matter fields. In analyzing
the 16-16-120 coupling in the superpotential in terms of SU(5) representa-
tions we note that the 120-plet representation can be decomposed in SU(5)
representations as follows: 120 =5+ 5 + 10 + 10+45 + 45. Thus one has

W(120) — 2

Zﬁféé_)p(ld‘sié‘%g{) + 10?1610Hij + 5id5jl;1011?1
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IJE E E Ly 1 171 mn
—1075,5m; + 5m10£k45ij — Zeijklmlodjloé 45K 1 (346)
where the fields with subscripts H are the Higgs fields in SU(5) representa-
tions. In decomposing the vertex involving the 126 coupling we note that the
126 and 126 have the SU(5) decompositions: 126 = 1+ 5+ 10+ 15 + 45 + 50
while 126 = 145+ 10 + 15 4 45 + 50. The 16 — 16 — 126 vertex can be

expanded as follows

W(liﬁ) _ z'f(+) \/§
- ab \/ﬁ

1 g o g L
— =107 1085 €ijram — 5iab 31555 + 10555,y

8V/3

1
T\/éeijklml

where again the Higgs fields have been displayed with a subscript H while
the other fields are matter fields.

The SO(10) gauge invariant couplings involve the couplings of the 45 plet
of gauge vector bosons with 16-plet of matter. The supersymmetric Yang-
Mills part of the Lagrangian in superfield notation is

[—V2(Lalyla) — V3(15,45%) + 14107104

04105507 ] (347)

/ 420 tr(WoW,)) + / 420 tr (W W) (348)

where W, is the field strength chiral spinor superfield. Since we are inter-
ested in dimension six fermion operators arising from these interactions, such
interactions arise only from the elimination of gauge vector bosons. Thus we
exhibit only the gauge vector boson interactions of the 45 gauge vectors Vi,
where A is a Lorentz index (A=0,1-3)

L(45) — _-_g/, < \I/(+)d|’>/0’}/AZ“V|\II(+)I; > VA/J,I/ (349>

Here v spans the Clifford algebra associated with the Lorentz group, and ¢
is the gauge coupling constant. Now in SU(5) decomposition the 45 plet of
SO(10) can be decomposed as follows

45 =1+ 10+ 10 + 24 (350)

We exhibit the 16 — 16 — 45 couplings in the decomposed form
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5 3__Z _ 1 - .. .
L8 = ¢ [V5 <__5a 7456 + 721047107 + 1‘”A1f’> Va

5 10
1 /- 1 ..., _
+ 7 <1ﬂA10§;m + §€Z]klm10éij7A5l;k> Vaim
1 /— 1 - .
— ﬁ (10d1m7A11; + §€z‘jkzm5ﬂA10£k) vy
+ V2 (Todiw/ﬂo’gj +S§;¢‘5éi> il (351)

where V4, Vi, Vaij, ij are the 1, 10, 10, and 24 plets of SU(5). The same
technique can be used to compute the interactions involving Higgs fields lying
in representations 10, 45, 54, 120, 126, 210 (For later works using different
techniques, see [453, 454, 455, 190]).

We discuss now briefly the vector-spinor 144(144) which requires special
care [452]. The reason for this is that the 144(144) arise via a constraint
on the reducible vector spinor 160(160). Thus the 160 vector-spinors has an
expansion in SU(5) oscillator modes so that:

1 1
W (1 ap >= 10> Pgy, + 5bjb}|0 >PY + ﬂe”’“mb}b;bjbjnm > Py, (352)

while the 160 vector-spinor has an expansion in SU(5) oscillator modes so
that:

1 ijklm i
U )5, >= blbLbLbbEI0 > Q6M+Eeﬂ’“ bRbIb1,10 > Qj,,+b1[0 > Q| (353)

where 4, j, k,l,m, ... =1,2,...5 are SU(5) indices, u, v, p,...=1,2,...,10 are
SO(10) indices, while d,b,¢,d = 1,2,3 are generation indices. The SU(5)
field content of 160 multiplet is

160(¥(1),) = 1(P)+5(P;) +5(P") + 5(P) + T0(P;;) + 10(P;)
+ T5(PY) + 24(P%) + 10(Piy,) + 45(PY) (354)

while the SU(5) field content of 160 multiplet is
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160(T(y,) = 1(Q)+5(Q) +5(Q:) +5(Q:) + 10(QY) + 10(Q)
+ 15(Qg) +24(Q)) + 40(Q") + 15(Q})) (355)

To get the 144144 multiplets these must be subject to the constraint
PM|T(Z|:)M >=( (356)

Imposing these constraints on the 160 multiplet gives

~ 1 .. ~
LUy, > = bibibibibio > P+ Eewklmbzbjbin\o > (Py; +6Py)
+ bljo > (P’ + P (357)

Thus to get the 144 spinor, | Y (), > the following constraints must be im-
posed on the components in |¥ 4y, >

D Di i D 1
P=0, P'=-P', P,;= —EPU (358)
Similarly to reduce the 160-plet |Y(_y, > to 144-plet we need to impose the
constraints

—

_ . 1.
Q=0 Q=-Q, Q"=-;Q" (359)

The SO(10) invariant cubic couplings in the superpotential involving two
vector-spinors and the tensors 1, 10, 45, 120, 210, and 126 plet of Higgs etc
can be written analogous to the couplings of the 16-plet spinor. We display
the couplings for the 1,45, 10 tensors. The couplings for these are

1) (1) *
Wi = < TOaul BIT (o > @

10) _ 310 *
WU = 7 < Y1, BT (g > ©o,
1 s
45 *
W = Shgi < Taul B0 T4t > Do (360)

Here @ is the 1-plet, ®, is the 10 plet, and ®,, is the 45-plet Higgs field. A
detailed computation of these and other couplings is given in Ref. [452].
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B d =5 contributions to the decay of the pro-
ton

In this Appendix we present the complete set of diagrams responsible for

d = 5 nucleon decay in supersymmetric scenarios. In this case proton decay

is mediated by scalar leptoquarks and their superpartners. The relevant
interactions for proton decay are the following:

W = QAQT + U°BET (361)

+ OCLT + U°DD°T + MyIT (362)

where we use the conventional notation for all MSSM superfields. The super-

fields T, and T transform as (3,1, —2/3), and (3,1,2/3), respectively [159].

Decay Channels:

p — (KT, 77, p") i, and n — (7% p° n,w, K°) ;, with i = 1,2, 3.

dig—»—T-----1 —<—d2,1
| G - N L
ry t g o< (DTAU)1393(UT D)o 51 (NTE*)is(ETCTU )3 (363)
j? Y F Yo
U —»—=------ L < U
di 2 h ,'—j—erzl
—-]j—<' § o (DTA U)o (NTE)3(ETCTU)33(UTD)3g31 (364)
:\v W
u Tl V;
dig—»—T-----1 —<—d2,1
| QR - N S
ryg t 3w o (DTA%U)1393(UD)30.31(UT D*)13(DTCN)3;  (365)
j? Y [; Y 0
vV, -»—_L-----4 —e U
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X

(DTQN)M,%(UTD*)L%(DTASﬁ)33(UTD)32,31

(366)

(DTASU)13,23(0TY5D:)32,31 (UCTYJD*)M(DTQN)&

(367)

(DTCN) 12U D*)15(DT AU )33(UTY 5D )32,

(368)

(UJE*E:)B (ECTYEN)Z%(DTYU(jc>13,23(ﬁ!Q*D:)32,31

(369)

(UID*D:)11,12(D Yy UL)a3,13(U B*ES )33(EX YN )3

(370)

(DT AT )13,93(UTYEU )31 (DIY) D )g315(DTCN) 35

(371)

(DTCN)1i2i(UIYIU)13(U" ASD)33(DTY 5 D} )32,
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Tg gl o (DTAU)1323(UTU )51 (DT D*)313(DTCN)s; - (373)
71 b 1V
Vi —»—L - ----4 —<—d21
dy 2 L TE
>'-]j_<:/ I YO x (DTQN)M,%(DTD*)23,13(DTASU)33((7TU)31 (374)
~\ ¥
v; b jd2,l
iz =2 === Vi
ry v oy YO o (DTCN)1395(NTN)3;(DTD")313(DT AU (375)
SIRe
U +»—+-----4 —<—d21
Uu I; ,'_<~_ Vi
>'-jj_<:/ : ‘~/0 X (UTASD)H,H(DTD*)23,13(DTQN)%(NTN)&‘ (376)
~\ ¥
di 2 b \-—<‘éd21
dig—oT === Vi
Ty vog W o (DTCN)133(NTN)gi (UTU")13(U" A%D)gyz1 (377)
TV t Y Vo
do——t------ e u

Decay Channels:

p — (K% 7% n 0w e, andn — (K—,7n,p7) ef withi=1,2.
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d172—>— ——————— —e— C;

7:7 A U At
TY b Yo
u ——Lt----- L -— u
d172 7 T €;
T 740"
_____(\
B\\V 'IIJ_
Uu —— U
U —>—T-----T— U
T 4 b I T
]17" tN \ 4 ’lZJ+
€ —-»—L ----- —<—d12

1,2
€ —»T-----1 —+—dy 2
fn N
TTV Bc v }:L
—C o | _____4 - u
77/ _Ec, ~ d1,2

T o,
_____(\ ~
~N Y
ﬂc bc \‘ h_ u
U —»—T =21 —% u
T A l; A hl
~ ~ ~7
Y \é _
i B D

(DTCN)1325(NTE)5;(UT D*)15(DT ASU )3,

(DT ASU)1101(UTD*)13(DTCN)33(NTE)s;

(UTASD)B(DTU)sl (DTU*)13,23(UTQE)&'

(UTCE)1(DTU*)1323(UT A5 D)g3(DU )3
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(378)

(379)

(380)

(381)

(BIB'U) (UL Y D)31,32(UTYpDo)13(DIDTUZ )

(382)

(EIBTUN 4 (UTYpD,)1s(DI DU )35(UTYE D)3y 30

(383)

(UTASD)13(DIYU )51 (DY U )1305(UTCE)s;

(384)



Uu 7 )
7 b4 Bl
_____( :-|>
l\v ho-
€; t -—<—_d§72
ey -2y
T A v 4 h_
15 1
U —+»—+------ L« ¢

u _:_"':"'_1_1
A A7
T b 4 b
Tv t y hg
€ -»—L-----4 ——
u _ T T %
T t74 B
-—--x
:\\V }:LT
€; b L&
R
T 4 t¢ A 0
I A
ué —»—+t-----4 L
C
d172 = f¢ ~
s A h'O
_____(\ ~
~N Y h
C'\
—c T _.4_0

x  (UTCE)y;(DIY} U )13.23(UT A5 D)s3(DY3UY)s
(385)

o (DTCN)i323(NTYLE? )3 (UIYID*)15(DT AU )3
(386)

x  (DTAU) s (UJYSD*)15(DTCN)ss(NTYEED )5
(387)

X (UTASD)13(DTYD*D:)31,32(UJYJﬁ*)ls(UTQE)si
(388)

<  (UTCE)y(DIY}D*)1323(DTAST )33 (U YUY )5
(389)

x  (DID'U)1303(UIYEU )31 (BTYE E) i3 (B BTUS )31
(390)

x  (DIDUN) s (BTYEE) (B BTU )a3(UL YL U ) s
(391)
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TA e 4 hO
LTy Y h
e —-»—Lt----- L -— U

dig——T-----1 s
Th 1 4 hg)
T Y 7 v f:LT

u =t L <0 ¢&¢

U = -----=dio
T 4 b A Vb
j‘ﬂr tN 4 f/o

€ —-»—L----- —a— U

Uu B 6 R ,
T )4 VO
_____(\ ~
~\v VO

e Ly

U —>—T---""7 — €
TA T 4 VO
T Y £ Y ‘70

d1,2—>— ------- —— U

(UID*D?)15(DIYE D)3y 30 (UT YU, )13(U BYE} )3

(392)

(BIB'U)a(D"YpDe)13.23(DIDU )33 (UL Y Uy

(393)

(DT AU ) 1323 (UNY5UD )31 (ENY 5 E*)is(ETCTU )3

(394)

(UTASD)H,H(UJYJ(}*)B(UTQE)%(ETYLT?E:)&‘

(UTASD)13(DTD)31,32(UTU*)B(UTQE)&'

(UTCE);(UTU*)13(UT ASD)s5(D' D)3y 59

(UTCE)3(ETE)3;(UTT*)13(UT ASD)3y 5
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(395)

(396)

(397)

(398)



U -
TV
___—-(\ ~
~\\V V
di2 tolet u
i oo i
j’vTA e A I/E)Jr
_ TTV lfc y %]L
€, »—+------ L« ¢
u S
T b,c,,“ VE)T 12
___—-(\ T
& AN
U =T -1 — €
T T7¢ & I/E)Jr
_ =ty 7oy VT
P B

where:

0.8

(UTASD) 11 1o(UTT*) 15(UTCE)33(ETE)s;

(UJQ*D:)13(DZD:)31,32(Uch)B(ﬁJE*E:)?)i

(UIB*E)1;(UIU)15(U}

IS

*

S

O %

)33(D?;D:>31,32

(UIB*E)13(ET E})5i(UU.)13(UID* D )a1 39

(UCTQ*D:)M,M(U!Uc)ls(UJE*E:)%(EZE:)&
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(399)

(400)

(401)

(402)

(403)

(404)



For the case when there are more than one pair of Higgs triplet and anti-
triplet, as is often the case in SO(10) models, one must go to the mass
diagonal basis for these fields to compute the dimension five operators gen-
erated by their elimination. The preceding diagrammatic analysis exhibits
that the baryon and lepton number violating d = 5 operators are quite model
dependent and generic predictions are not possible. Specifically the proton
lifetime predictions depend on the structure of the Higgs sector, and on the
mixing between the fermion and the sfermions. However, calculations with
greater predictivity are possible if the model is fully well defined, including
the Higgs sector, and the supersymmetry breaking sector is well defined as,
for example, is the case for the minimal supergravity model (mSUGRA).

C Dressing of the d=5 operators

In this appendix we exhibit the expressions for the dimension six operators
after the dressing of the d = 5 operators. The full analysis of the dressings
of LLLL and RRRR dimension five operators including the chargino, gluino,
and neutralino exchanges and including the sfermion mixings is given in the
context of supergravity grand unification in Ref.[144], and later in Refs.[146,
147, 148]. The dressings are carried out at the electroweak scale which one
may take as the average scale of sparticle masses (Msysy). Here we exhibit
the results in a compact form (See references [144, 146, 147, 148)):

uuea2~ uueazl
Ly = CSwObiy doye,, + O “2

(udue)abzy ~ (aude)abij 1
+ Cj dbuRzeRj + CR 2uaubdRzeR]

audezeL]

U Vaz~ uuai'lN"'
+ Cé dd bij ddeZVLj + Cde bjidadbuLiI/Lj

(@eud)abij ~ ~ (déuu)abij I~
+ (O} Ugeptridr; + CL §daebuL,~uL]—

(@eud)abij ~ ~

deuu abij 1~ ~
+ Ch UaCpupidr;j + CR §da€buRiuRj

ud)abi avdd)abi 1
N C(d Dabis ] 5 budeL]‘l'C pdd) b]2 TaDydridy, (405)

152



These coefficients are obtained from the coefficients of the original dimension-
five operators including their renormalization from Mgyr to Msysy. For
the renormalization of the d = 5 operators see the next appendix. After
the sparticles dressing, we obtain the following dimension-six operators for
nucleon decays:

C(udue ij (ULsz)(uLeLj) + C(udue i (URdRi>(uL€Lj)
C(“due g (urdr;)(uger;) + C’(wue “ (urdR;)(urer;)

C(uddu Uk(uLsz)(dL]VLk) + CRu[(jldV ”k(uRdRi)(dLijk)

uv)i 1
C(dd gk 5 (dRZdR])(uLI/Lk) (406)

Lg

+ o+ +

For the dimension-six operator, we have three contributions according to the
dressed sparticles. Thus, for example,

Céuliiue)z CLuIiiue)ZJ( ) + C(udue 2](~()) + C(udue ij (%i> (407>

and the same for the rest of the coefficients. After the dressing we have the
following expressions:

U ue ) 4 1 (1 ue a u /rrlf% m%
CL9 () = SO IR GG 1 (—g m—g) - 108)

3m~

2 2
y 1 ms, m=,
C(udue)zy ~+ _ . (adue)ablj L(u) L(d) Xm Xm
LL (X ) M+ CL F(C) 1mb F(C)zma I mg ) m2~
Xm Uq dp
(doud)abli L(u) L(e) m%Jr m%+
C F(C)lmar(c)jmbl QO ; m—gm ; (409)
da %
(udue)ij 1 ~0 1 (adue)ablj L(u) L(d) m%O m%O
C (X ) = M~ C1L F(N)lmaF(N)zmb I 2m> —gm
X M M
a b
(@éud)abli L(u) L(e) m%() m%zo
+ C'L F(N)lmaF(N>jmb] mgmv Wm ) (41(])
Uq ep
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2 2
(udue)ij %L (adue) abljr R(u)r R(d)I m@} m@} 411
CRL (g) 3 mN L (G)la (G)zb m2~ ) mZN ) ( )

Uq b

2 2

g 1 - . m. mz,

C(Udue)w - N C(Udue)abljr C R(U)F C R(d)] Xm Xm 4192
RL (X ) m;{% L ( )1mb ( )zma m%a ) mc%) ) ( )

Xm

udue)ij 1 ~0 (@due)ablj R(u) R(d) m%o m%o
Cre x") = — C} D(N) ST (N)o) T | X X

m2, m2
+ CRueud ablZF(N)islua)F(N>L(6)] (mxi)n X% )] 7

jmb 2 777?/% (413>
Uq €p
(ud 41 (adueyablj L(u) L(d) mZ mZ
CLr ](9) 3m~CR (G, "T(G)y 1 m—gga—z ) (414)
Ua db

(udue)ij / ~+ 1 (adue)ablj L(w) L(d) m%* mfﬁ
Cir "(X7) = e —Cr D(C) 1 T(Cima m%m ; m—f
Xm Uq dp,

m2, m2
_'_ CLdl/ud ablZF(C)ﬁggr(C)R(e)] ( Xﬁm Xﬁ’b ) ] ,

| % (415)
da Vb
Cfudue)is (0 L | ptadueranns p ayop i@ 7 (M ™
udue)ij ; ~ adue)a T u T ] m _ Xm
(X ) m;o R ( )1ma ( )zmb m% ’ m2~
m Ua dp
(aéud)abli R(u) R(e) mf?o mf?o
+ C F(]V)lma F(N>jmb I m,%m ) szgvm ) (416>
Uq €p

C(udue)ij (g) % 1

2 2
udue abl R(u R(d me oy
RR 3m~0 T(G)RIT(G) R (m——) (417)
Ug, dy,
2 2
udue)ij / ~ 1 adue)ablj R(u R(d meZ mN;L
" () = = ——CR™ V(O D (Chima T | 5= % | (418)
Xon U gb
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udue)ij ; ~ ]- tdue)a u
Crr' " (X") CHM M (N)ET () 55T

1ma

mss,

jmb

m2.  m2
+ ORI (N (NS T (m— F)] | e

2 2
uddv)ijk 4 1 | (addvabjk u d my g
C( J (g) = C( J F(G)L( )F(G)fl;( )[ ( ; ’m_2i>
g Ua dy
(dduv)ablk L(d) L(d) mZ  m2
+ CL F(G!)ja F(G)zb I m29 >m—29 ) (420)
o dy
2 2
uddv)ijk | ~ 1 addv)abjk L(u L@, [ "M% M
O [—cé PR (C) 1 D(C) i T (— —)
Xm Uq dy,
(aéud)abli L(d) L(v) m%Jr m%*
+ (C) jma ' (C) o I m—gnvﬁ ) (421)
Uq €p
O \uddv)igh (=0 1 C(addu)abjkr NV AYVED | mf?o m%o
LL (X)) = M L (N)1ma (N )i m%a ’m—%

4 Cgiduu)ablkr(N)p(d)F(N);(d)]

jma imb

I Céciﬂud)ablil—‘ ( N)f;(d)F ( N)L(V) I

/\/\
L LS
) X pmzmgg
gzgwg%?g“’
N————

jma kmb
dq Vb
(avdd)abji L(u) L(v) m%O m%O
+ C1L F(N)lmaF(N)kmb[ m%m ) sz ) (422)
Uq v
2 2
41 ad ; ms~  ms
C(uddzx ijk x4 (uddu)ab]kr G R(u)r G R(d)I g g 4923
(g) 3 mg L ( )la ( )zb m% ) mg ) ( )
a b
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uddv)ijk ; ~ addv)abjk R(u R(d
O™k (%) e St N (e) s W (o)l

C(ueud able(C)L(d) P(C)ir(:b) I

jma

2 2
mz, mz
( X Xih

2
iy m=
uddv)ijk ; ~ addv)abjk R(u R(d o
e L g () BT () 1 ( 3
2 2
- 41 i ms  ms
C(dduu)uk =\ _ __C(dduu)ablkr G R(d)r G R(d)I g g
RL (g) 3m5 L ( )za ( )]b m%?
dduv)ijk ; ~
C;{L s (Xi) Oa
(dduv)ijk ; ~0 1 (dduv)ablk R(d) R(d) mg}?(,)n
C (X ) M~ C1L F(N)zma F(]V)jmb I 2
Xm da

where the loop function is defined by:

(

1 ab
1672a -0

1
1—a

I(a,b) = loga —

2

2
Xm
2
m=
dy

(424)

(425)

(426)

(427)

(428)

(429)

For the dimension-five operators, we have the following expressions (using

the following notation for the anti-symmetric tensor, Cl7l! = ¢kl —

C(udue )abij

= CPM02) k(0
C'kﬂ (0%)ak (0% (Verm ) im

C(uude abij
L

C]({adue)ablj o (C*klﬂ C*Zl]k)(O )a,k+3(0*~)bvl+3
C(uude abij (C*klﬂ _ C;k%ll]k)(ON)a k43 )b 43

C (addv)abij

= (O™ — CI™)(02)uk (O

C(dduu abij

(Clnzk Ckml) ( ) ( )
Céueud)abw _ C[k“ m(Oi)ak (O%)u(Vekm) jm

C(deuu Jabij C[zl] (03>ak(0’zv)bl

VPMN S)

156

(O
Dot (Verw)im (Vemns ) jn
i

ijil'>



O = (CHM — ORI (0%) 4 es3(0D)p 13 (438)
C}(géuu)abij _ (o C};iklj)(OZV)a,k 3(0%)p143 (439)
ng’?“dmbij = (CF"™ = CP'"™)(09)ak(0%)5(Vern) jm (440)
Cglﬁdd)abij — (Cp*m — O (02) 41 (O (Vera)im (Vo) i (441)

where:

D(G)ia" = g3(Oa)aiss (442)
M@ = 93(0)ai (443)

D(G)E Y = g5(0g)ai+3 (444)
D(G)i” = g3(0)ar(Verm )i (445)
D) = g (O1),5(0,)u (446)

ima :g\/ﬁMWsmﬁ

VA2 = 9 (OU ) (O = e (01 )alO s Vi |
(447)
R(d) . My, _ )
D(C)ima = 9 50 e B COS/@(O—)M(Ou)ak(VCKM)m (448)
D(C)ins =g {<O+>1m<0a>ak + mwgm(omm} (Vera ki
(449)
L(C)ie) =g {—<Oi>m1<oé>ak + #%M(Oi)m(om,m} (Vinns )ik
(450)
R(e) M, N
F(C)ima = g\/iMw 0086(0_)27”(0”)(“ (451)
D(C)imed = =9(04)1m(O)ai (452)
PNR(“):_ﬁ &OT O- ._é G (OF O:).
(V)ima V2 | My sinﬁ( N )ma( u)a,z 3 tan Oy (O )ma( u)a,2+3
453
D(N)E® = — 9 o
ma \/§

157



{miuf(ON)Mn(Oﬂ)a,i_;_g + {(ON)2m n

My sin 3  tan ﬁw(ON)lm} (Oﬁ)az} (454)

3

R@) _ 9 [ ma } L2 1 Ny
P(N)ima - \/§ {MW COSﬁ(ON)mg(Od)ak(VCKM)kZ + 3 tan QW(ON)ml(Od)a,H-B}
(455)

{ MVT\/n(CZlOSﬂ(ON)gm(OJ)a’i+3 + {(ON)2m — g tan ew(ON)lm] (Oj)ak(VCKM)ki}
(456)

D(N)EY) = —% [(On)am — tan Oy (On) 1] (Op)ap(Vonins)es  (457)

F(N)zma - —gf{ (ON)m3(0¢)ai + taneW(O;fv)ml(Oé)a,i-i-?)}

(458)

2Mw cos 3

T(N)A9) = gv/2x
1

mel ~ . —
{—m (ON)3m(0¢)asits + [2

1
(ON)am + B tan 9W(ON)1m} (Oé)ai}
(459)
where the squark, slepton mass-squared matrix M }g chargino and neutralino

mass matrices Mq and My are diagonalized by the unitary matrices O , O_,
O, and Oy, respectively.

05 M3 0T (M3)%es (460)
Ol Mg Of = (M) (461)
O% My Ok = (My)%ias (462)

D Sparticle spectrum and renormalization

In this appendix we exhibit the sparticle mass matrices that enter in the anal-
ysis of the dressings of the dimension five operators. The matrices are given
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at the electroweak scale, and they are the most general ones including CP
phases. We list all relevant renormalization group equations at the one-loop
level for the soft parameters in the MSSM. In the MSSM the superpotential
is given by

W =U°Y,QH, + D°Y,QH, + E°Y.LH, + nH,H, (463)

where Y, 4. are matrices in family space. The soft SUSY-breaking La-
grangian contains scalar couplings

Loost > 1h,QH, + d°hgQHy + é“h LHy + BH,Hy + h.c. (464)
where hy, q. are 3 X 3 matrices. There are also scalar masses

Looge > iy, HiH, +m} HiHy + Q'MZQ + LTMZ L (465)

+iTmg @ + dm3 d° + e%Tm? & (466)

Here again MZ, Mz, mZ, m?, and m? are 3 x 3 matrices in family space.

The renormalization group equations for the gauge couplings are:

dga 9a (1) Ja & 2 2 T
E = 167T2Ba + (]_671'2)2 ZBabgb - Z CaTT(Y;cY:’C) (467)

b=1 r=u,d,e

with B{Y) = (33/5,1,—3) for U(1)y, SU(2);, and SU(3)¢, respectively.

199 27 88

25 5 5
9

B —| 5 » 4 (468)
=09 14
26 14 18
5 5 5

Cude — 6.6 2 (469)
4 4 0
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The one-loop renormalization group equations for the three gaugino mass
parameters are [99]:

dM,  2g? BO

dt 1672 ¢ (470)
while for the p term, and the Yukawa couplings one has:
du B
& Tor2 (471)
(1)
dYu,d,e Yu,d,e
TR (472)
where 3
B0 = (TrvaY] + 3V + YY) — 3¢ - 2g)  (47)
1 1
0y, <3Tr(Y Y1) 4+ 3Y1Y, + YV, — 36g§ 32— 1;’ ) (474)
() i f i ty, — 16 2 7
By, :Yd<T7“(3Yde +5/;Y6)—|-35/;ﬂ/;z—|-YuYu—§ 2 — 393 ~ 159 >
(475)
9
o _y, <Tr(3Yde YY) 43V, — 3¢% — ggl) (476)
For the trilinear terms the RG equations are
APy e 1)
7d, o 6hu,d,e (477)

dt 1672
where:

16 13
ﬁi(tt) = hu (BTT(YUYJ) + 5YJYu + an - 3932, - 39% - 1_59%> +

2 2
+Y, <6Tr(huYJ) +4Y by, + 2V by + %ggMg, + 695 My + 0

= M1> (478)

16 7
B = hy (TT(BYde + YY)+ 5V v, + Yy, - =9 g2 —3g3 — 15g1) +

39 14
Y, (Tr(ﬁhdY; 2 YS) + AV ha+ 2V o+ S gEM; + 6930y + glMl)

15
(479)
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9
0 _p, (Tr(:sYdKJ + YY) +5YIY. - 395 - 593) +

18
Y, (Tr(fshde + 2R Y ) 4 AV hy + 662M, + gngl) (480)
The renormalization group equation for the B-term is given by
dB By
2= B 481
dt 1672 (481)
where 3
8 = B (Tr(avay] +3av] + Y.v)) - 363 - gt ) +
6
" (Tr(6huYuT +6haY] + 28 Y) + 6620, + gg%Ml) (482)
while the RG equations for the soft masses are
d o, pY
—m? = m2 483
it~ 16m (483)

where

6
Bus. = 6T ((miy, + ME)Y]Y, + YimiY, + hih) — 695 Maf* — —g7| M,

my
3
=915 (484)

B = Tr(6(m?, + M2)Y,Ya + 6Y m2Yy +2(m¥y, + MAY]Y, + 2V m2Y,

de

6 3
+6hiha + 2hlhe) — g |Ml* — S| MA[* — ZgiS (485)
B = (M3 42, )YV (M3 23, Y]Vt (VY4 YY) M3 42V 2,
Q
(486)
B = (MZ +2m3 )YV, + 2V m2Y, + VY. M? + 2ih.—
L
2 s 6, 2 3
—6g3Mof” = £ gi| Muf” — 2975 (487)

BY) = (2m2 + 4m )YV, + 4V, MY, + 2V, Y m2+
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32,
=01
15

ﬁ% = (2m2 + 4m3; YoV + AV MEY, + 2Y¥ Jm% + 4hghi—

32 4
A, — SR — S — 23S (48)

32 2 2 8 2 2 2 2
——05|M3|" — —gi| M —g;S 489
393| 3] 1591| 1 ‘|’591 (489)

BY) = (2m?2 + 4m3y Y.V, + AV, M2V 4 2V.Y m2 + 4h bl -
24 6
—gg%|M1|2 + ggfs (490)
and where

S =my, —miy, + Tr (M — M} — 2m2 + m3 + m2) (491)

The full two loop RG equations can be founds in Refs.[456, 99]. Now, let
us list the mass matrices for the sparticles in the MSSM. The chargino mass
matrix was already given in Eq.(82). For the neutralino mass matrix one has

M1 0 —MZchﬁ Mzswsg
Moo — 0 M2 MZCWCB _MZCWSB
X —MZchﬁ MZCWCB 0 — K
Myswsg —Mzewsg — 0

(492)

where Oy is the weak angle, sy = sinfy, sg = sinf3, ¢3 = cosf3, and
ss = sin3. The squark (mass)? matrix for @ at the electroweak scale is
given by

2 M%—I—muz—l—]\/[%(% — Qus%,) cos 23 my (A% — pcot 3)
E my (A, — p* cot 8) m2 +m,* + M2Q,s%, cos23
(493)
where O, = %, and the squark (mass)? matrix for d is given by
2 ME +mq” — MZ(5 + Qusiy) cos 203 mg(A% — ptan 3)
d mg(Ag — p* tan 3) mz+mg® + MzQqs%, cos 2[3
(494)
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We note that here we are using the relations hy, g = Yy acAude for the
trilinear terms. Qg = —%. Finally, the slepton mass matrix is given by

M2 — <Mi+m§—M§(% — s%,) cos 23 me(A? — ptan 3) )
L me(A, — p* tan 3) m?2 +m? — M2s%, cos 23

(495)

Further details of supersymmetry phenomenology can be found in Refs. [74,
457, 53, 458

E Renormalization of the d = 5 and d = 6
operators

In this appendix we discuss the renormalization effects for the d = 5 and
d = 6 operators for proton decay. Typically the d = 5 effective operators are
obtained at the GUT scale, once we integrate out the colored triplets. Before
we dress those operators at the electroweak scale to obtain the d = 6 effective
operators, we have to run them from the GUT scale to the electroweak scale.
After the dressing, we have to compute their coefficients at the proton decay
scale 1 GeV, and then use the Chiral Lagrangian technique to compute the
lifetime for the different decay channels.
The superpotential for the d = 5 operators is

]. kl ~ /\b A A
W5 = —C},] €abe €aB €8 QZQ lIB foy L;;
Mr
1 i R,
v o i og 05 b (196)
T

where a, b, and ¢ are the color indices. The coefficients C7, and Cy are
functions of the Yukawa couplings and fermionic mixings at the GUT scale.
Therefore in each model we have to find their expressions and values at the
GUT scale and carry out the RG evolution from the GUT scale down to the
SUSY breaking scale [147].

(4W)2u@0£“ = (—8932,—693—59?)%]“
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+ OPM(YLYS +Ypyh + ok ylyy )

+ CImNYpY) + Yo YhE
+ CIYLYS + YYD (497)
and
d i . .
(g CR = (=868 —agh O + CRMvYo), +

+ CEREYIYDY + O™ YL YE
+ CcIFreyiyy)l (498)

where p is the renormalization scale, Y;, and g; are the Yukawa matrices and
gauge couplings.

Once we know Cj and Cg at the electroweak scale, we can dress the
d = 5 operators. In order to estimate the value of the effective operators at
the proton decay scale, we have to consider the long-range renormalization
factor due to the QCD interaction between the SUSY scale (mgysy ~ my)
and the proton decay scale of 1 GeV. This factor is given by [459]:

6/25 6/23
Ay = (Ls(Mﬁad)) x (O‘S(mb)> ~ 1.4 (499)

o (my) as(mz)

In Sec.(3) we discussed the most generic predictions for nucleon decay from
the gauge d = 6 operators. In this case proton decay is mediated by super-
heavy gauge bosons with mass My,. Those effective operators are obtained
at the GUT scale once the gauge bosons are integrated out. Since we have
to compute the lifetime of the proton at 1 GeV, we have to carry out the
RG evolution of these operators from the GUT scale to the electroweak scale
and from the My scale to 1 GeV. In this case the effective d = 6 opera-
tor will be multiply by a factor Ar = AP Ar, where the coefficient A% is
the short-distance renormalization factor which at one-loop (neglecting the
flavour dependence of those operators) is given by [459]:

4 3

35 3by

AR = (LWZ)) " x (L(mz>> (500)
aguT aqur

where b3 = 9 — 2n, and by = 5 — 2n, with n, is the number of families.
AP =~ 2.0 if SUSY is the low energy effective theory below the GUT scale.
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F Effective lagrangian for nucleon decay

As discussed already in supersymmetric theories baryon and lepton num-
ber violating dimension five operators must be dressed by gluino, chargino
and neutralino exchanges to produce dimension six operators. These opera-
tors are typicallly of two types: AS =0 and AS = 1. The baryon and lepton
number violating AS = 0 operators are:

Cein (501)

In the above a,b,c =1,2,3 are the color indices, and i is the generation index.
For the |AS| = 1 the baryon and lepton number violating dimension six
operators are:

~%R = 6abc(81‘%(1)6’“1‘%(“1‘%0
OFrs = €abe(ARa)“URb(SLe
) (

b
OT'Lo = €abe

—
U
h
~—
Q
g
h
Sa

Ty, (502)

Eq.(501) and Eq.(502) contain all the possible type of dimension six oper-
ators, i.e., of chirality types RRLL, LLLL, LLRR, and RRRR. The general
Lagrangian with baryon and lepton number violating dimension six opera-
tors will then have the form

Lpe = Cg 0%+ Crr 07 + Crr0%; + CrrOTR

165



+ Cr107 + CErO%R + CRri Ok
i AV ~Nei Aei ~Nei Aei ~e; e;
+ CpnUr +CrUpp + CrrUrg + OO +
+ CRrO%R + CRraO%rs + Cr120710 (503)

We note that in Eq.(503) the neutrinos v; are in mass diagonal state and
hence are not related by a simple SU(2); symmetry to the corresponding
operators with e;;. If we assume that the 1v; are flavor diagonal, then some of
the co-efficients C’s and C's can be related. Thus in this case Cl;, = —C%;,
Vi = —C%,, and CYp, = —C%,, C¥,, = —C%,. These reduce the number
of independent couplings from six to four for the AS = 0 case and from
eight to six for the |AS| = 1. The co-efficients Ci, Ci are determined by
the details of the underlying GUT or string theory. In trying to extract the
physical implications of this interaction one uses the technique of effective
or phenomenological Lagrangians [460]. Specifically what one wishes to do
is convert the above interaction which contains quarks and leptons into an
interaction involving mesons, baryons and leptonic fields. To this end it is
useful to classify the operators according to their transformation properties
under SU(3), x SU(3)g. While the analysis below follows closely the work of
Ref. [461, 462, 463] it is more general. First, we have not imposed any SU(2)
symmetry on the operators in Eq.(501) and Eq.(502) since one is below the
electro-weak symmetry breaking scale where the residual symmetry is only
SU(3)c X U(1)em. Secondly, in the analysis of Chadha and Daniel [462, 463]
only the chirality LLLL type operators were considered in computing the
decays. Specifically the LLRR and RRLL type operators were not fully
included in the computation of proton decay rates. This was subsequently
corrected in Ref. [144]. In the following we will give a full analysis including
all four types of operators, i.e., LLLL, RRLL, LLRR and RRRR (For a recent
update see Ref. [464]). We give now the details of the effective Lagrangian
approach. Noting that ur,, dr, transform like 31, ug,, dr, transform like 3y,
3 X3, =37 +65, 3L x 3} =8+ 1 etc, one finds the transformations of
the operators listed in Table (9).
To obtain the effective Lagrangian for the operators we want to simulate
the transformations of Table (9) using the baryon and meson fields. For the
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Dim 6 operator

Chirality type

Transformation

V; €; V; €; V;
Ox: O%r, Okr1, O OrLs
€ ()i
- Y LR LR
14 €; V; €; €;
O7'1, 011, 0111, 071, Of'rs

€; €;
O%r, Orr

RRLL
LLRR

LLLL
RRRR

(3,3%)
(3",3)
(8,1)
(1,8)

Table 9: Properties of the dimension six operators under SU(3), x SU(3)g.

baryons we introduce the matrix

=, A +
s WCRRERY EOE )
B:Z)\aBa: )y ~5AT %
a=1

—_
—
—

=0
=

p

n
—@A

which transforms under SU(3), x SU(3)g as follows
B' = UBU' (505)

while the transformations of the pseudo-Goldstone bosons are described as
follows

¢ = LeUT = UERT, ¢ =M (506)
where
0 + -
8 Vi T % 07T K
M=% dto=| ©  —-H+% K (507)
a=1 _ %
K K =%
Then under SU(3), x SU(3)g transformations we have:
EBE — LEBERT, ¢'BET — RETBETLT
¢BET — LEBETLY, ¢'B¢é — R¢TBER! (508)

The above transformations are of the type (3,3%), (3%, 3), (8,1), and (1,8),
respectively. However, we must use projection operators to precisely get
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the operators of type in Eq.(501) and Eq.(502). We can now write the O
operators as follows [461, 462]
Orp = avi)°Tr(P'¢BLE)
Ofy, = Bvir)Tr(P'¢BLET)
Ofr = o(ei)“Tr(PEBLE)
Of'r = aleir) Tr(PE Bre")
Or = Bleir)® )
OFr = Bleir)® )

00 0 00 0
P=|0o o0 o, P=|0 0 0 (510)
1 0 0 01 0

and where a and [ are matrix elements of the three quark states between
nucleon and the vacuum state (see, e.g., Ref. [464])

Tr
Tr (509)

where

< Oleanc€apticrdypul|p >= auj,
< Oleapc€agugrdyrui|p >= Buj (511)
a and [ are known to satisfy the constraint [465, 466] |a| = |3]. Recent
lattice gauge calculations of a and 3 give [464]

a = —0.015(1)[Gev’], B =0.014(1)[Gev"] (512)

The relative sign between a and § is important as it can affect very signif-
icantly the proton decay rates. Similarly we can write the O operators as
follows

ORL2 = a(y; )CTT(P%B §
OLL2 = B(viL )CTT(PHgBLgT

(513)
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where

) 0 0 0\ 0 0 0\ 00 0
P=[-1 00|, P=|0 -1 0|, P"=|0 0 0 (514)
0 0 0 0 0 0 00 1

In extracting the baryon and lepton number violating parts from Eq.(503)
we must compute both the quadratic and a cubic term. The quadratic part
is easily extracted. It is

Ls? = (aChy + BCT)(vin)np + (aChp + BCTL) (i )L +
) e ” » 20 AO
(@Cin-+ BCTia) )P + (0Ciyy + B W) (< = )

— (aCf, + BCT,) (ei)°SF
- . 9
— (aCfp + BCSR)(eir) S — (aC RL2+/60LL2)\/;(V2'L)CA%
(515)

while the baryon and lepton number violating cubic interaction is

0

Lo = §{a%<<m>0m-—<m>%<”7 )
3

_ 0
+ B (i) Cprr + (i) (— 2

+ aC% ((ein)nrm™ + (e;0)Cpr(

—~

— aC%n((e;r)nrm™ + (eir)pr

+ BCTL((ein)nrm™ + (i) pL(

— BCSL((en)Cnpmt + <eiR>CpR<% +220)

+ (—aChp, + BCTL) (ki) on KO + (—aCy

BCT(ein)pL K + (aCfiy — BCHR) (ein) CprK®

+ (aClps + BCY L) ((win)np K° + (vi)CprK ™)} + hec.
(516)

+
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In addition there are baryon number conserving interactions. The rele-
vant terms are [462]:

Lpe = D — F)TT[37 753{8 5§T

-
2
— 086} (D + FYTrBy (60,6 — 10,6} 5]

+ 0Tr[Bys(E'mE" — EmE) Bl + baTr[Bys B(E'meT — €mg)]
(517)

where m is quark mass matrix such that m = diag(m,, mg, ms). In the above
the terms with co-efficients (D 4+ F) are invariant under SU(3), x SU(3)gr
while the terms with co-efficients by, by transform like (3,3*) + (3*,3) and
break SU(3)r, x SU(3)g down to SU(3)y. The matrix B is defined so that

50 A =

(T i?
B: 2+ _ﬁ_'_

(518)

The relevant part of Lge is

D—F_ D + 3F -
(x/if S0y ysp — NG, A%y ysp + \[f2775">8K
D—-F D—F_ D +3F - _
+ <TE+’Y V5P — NeT; S0y s NG AO”Y“%”) 8“K0

. 5 _ ] )
+§<mu +my) (\/; (2by — ba) A%sp — V20,5 y5p + 2b22w5n> K~

. - 9 - - -
—|—%(md -+ ms) <—2b22+”)/5p —+ \/;(2[)1 — bg)AO’}/g)n —+ \/5()220”)/577,) KO + h.c.
(519)

The contribution of the m,, m4 terms is typically small and as is conventional
we neglect them from here on. For simplicity we introduce the notation

"vi.e; vi,e Ve Ovirti ‘e; ’ei_ e;
Crr ' =aCg", Cpp™ Cri", Crr = aClg, Cri = BCHR,
— ’e- . ~’e. o e
CRLI aCRle CLLl B LlecRL —040 %y Crr=aClg,
v;
Cri = BCTL, Crr = 5CRR7 ri2 = @CRra, CLL2 BCTLy,  (520)
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We discuss now the decay widths for the various decay modes.
(i) p — 7 KT decay

I'lp— K'Y = (327rf2m§’v)_1(m?v ) |(CLL2 + C’;zuiz)

+ 2 2 (CLVi1+CRL1)(D F)

+ {CLLl + Cia +2(Clia + CRis) H(D +3F)?
(521)
In the above and in the following the Cs and C's are as defined in Eq.(520).
(i) n — 7, K° decay
D(n — K%)= (32n f2myy) " (m —m%)*|(— CPIzjil +Ci+ Ciia + Ciha)
1 my

- §m—(CRL1 +OLVi1)(D - F)+ 6m (CRLI +CLVLil

+ 20, +2071,)(D + 3F)|? (522)
(iii) p — ;7 K° decay
Lp—IfK°) = (327Tf2m§’v)_l(m?v—m§<){ [~Cri + Cri + Cita
— Crh— (C +Cri CLR_CRR)<D_F)]2+
+ [ Cli+Cf —Cf+ Ci
T e (C + i+ Cih+ Crp) (D — F)I”}

(523)
(iv) p — pwt decay
L(p — pmt) = (327 f*m) "' (m2 — m2.)*|Ci + CLi*(1+ D + F)?
(524)
(v) n — pm° decay
L(n — 7;7°) = (327 f2m) " (m?2 — m20)? |C}§i—l—0 (14 D+ F)?
(525)
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Neglecting the mass differences of p and n and of 7 and 7° we get

I'(n — 7;7m°) ~ 0.5 (p — ™) (526)
(vi) n — ;n° decay
D(n — 7m°) = (321 f2miy) ™ (my — myo)? X
3 ... 1 D W D
5ICRL (=3 =5 + F)+ Ol — 5 + F) (527)

(vil) p — e 70 decay

L(p — efm") = (321 f*my) ™ (my; — mZo)* x

1 /. /.. /. /.
5 (ICHL + CLi P+ 1CG + Ciil’) L+ D+ F)?
(528)
(viii) p — € n° decay
D(p — e;n°) = (321 f*my) ™' (my, — miyp)? x
3 . D . 1 D
SUCLE (L = 5 + )+ Cpp(—5 — 5 + )P
e, D W 1 D
+HCrr(1 = 5 + F) + Crip(—5 — 5 + F)I'} (529)
(ix) n — ef 7~ decay
D(n — efn7) = (32mf*my) ™ (m}, — m3-)? x
3 ‘e; "e; ‘e; ‘e;
5 (ICkL + CLil? + |Ch + Cil?) 1+ D + F)? (530)

Currently the effective lagrangian approach is the most reliable approach to
the computation of proton decay amplitudes. Numerically f = 139 MeV,
while F and D can be gotten from a recent analysis of hyperon decays which
gives[467]

F+D=12670=£0.0030, F'—D = —-0.341+0.016 (531)

As we already discussed, in order to compute the lifetime of the proton we
have to take into account the renormalization effects from the GUT scale to
1 GeV. In the previous appendix we already discussed those effects for the
d =5 and d = 6 operators.
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G Details of the analysis on testing GUTSs

In Sec.(5.4) we discussed the discussed the tests on SU(5) models with sym-
metric up Yukawa couplings. In this appendix we expand on those tests to
include other groups. These are discussed below.

(i) SO(10) models with symmetric Yukawa couplings

Next we investigate the predictions in realistic grand unified theories
based on the gauge group SO(10) [10] with symmetric Yukawa couplings.
This is the case of SO(10) theories with two Higgses 10y and 126. In these
theories with symmetric Yukawa couplings we get the following relations for
the mixing matrices, Uo = UK,,, Do = DK  and Ec = FK,, where K; and
K. are diagonal matrices containing three phases. In those cases Vi = K

Vo = K:V[T)E, Vs = K;Vpg and V, = K. Using these relations the coeffi-
cients in Eqs.( 21-24) are given by [46]:

c(ed dg)sym = (K" (KD) 6" + Vera k8 (K3 (Va1 (Viog)™
(532)

(€ardS)sym = (K)M(E;)P x
x (k267 + K3 (K3) PP (Vigear) Vi K3 (Vi)
(533)

c(l/l,da,dg)sym = (KHMK{' x
X [k20%6%7 4 k20°P 55 (K K (Vorm Ko) " (K VpeVen !
(534)

W do dF)sym = (K5)7P (KM X
X [(KS)ﬁB(VCTKM)mém + 5a6(K;)ZZ(VCT*KM)Zl](U;NK:VDTE)M
(535)
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with a = 8 # 2. Notice all overall phases in the different coefficients. In
order to compute the decay rate into antineutrinos we need the following
expression:

3
> (v da, dg)iymc(vi, dy, ds) sym = [k25%16%7 4 k269861 K (K) "] x
=1

X K267 6% 4 k2570673 (K3 K | (Varenr K3) (Vorm Koo)' (536)

Using the above expression we find that it is possible to determine the factor
ki1 = gour/V2Mx,y) so that [46]:

1/4
ky = 1 " (537)
[|A1| | CKM| + A [V e ]/

where:

3021 s KD
0 = 8mm, f2I'(p — K1) (538)

2
(mp —mi)* AL |of

2m
A = 2D 539
! 3mB ( )

AQI

(D +3F) (540)

Here one finds that the amplitude for the decay p — K7 is independent of
all unknown mixing and phases, and only depends on the factor k;. Thus
it appears possible to test any grand unified theory with symmetric Yukawa
matrices through this decay mode. Once k; is known ky can be gotten by
solving the following equation [46]:

2 8T f2T(p — 7t D)
ky + 2k3k1 |V, + kW, — s =
2 2 ‘ CKM‘ ‘ CKM mpA% |OK‘2 (1 +D+F>2

(541)

which gives

by =k |V {1+ Q2 (542)
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where

8t [ (p — 7o) —2
Q, = 1+ (543
2 K VAL 1 my A2 [af? (1+ D + F)? = Vet )

Using the condition Q)3 > 1, we get the following relation
T(p— K'v) my, [Veru “(1+ D+ F)?

T(p — 7 D) (m2 — ) (1A [Vikearl” + [ A2l [V ]

(544)

The above is a clean prediction of a GUT model with symmetric Yukawa
couplings. The relations among the nucleon decays read as follows:

7(n — K°) _ mi(mi mi)? HAI‘ | CKM‘ + |A2‘ Ve CKM ]
T(p — K+t0) m3(m2 — mi)? A3 [Vaker* + 1A V& 1]
(545)
7(n — 70) 2m,,
pu— 4
pp— e (546)
(n—n'v) 6m,m3(1+ D + F)? (547)
(p—ntp)  (m2— m2)*(1 — D — 3F)?
with
Ag = “(D—3F 548
J— 1t (D) 519

Thus using the expressions for k; and ks (Egs. 537 and 542), and the rela-
tion among the different decay rates of the neutron and the proton into an
antineutrino (Eqs. 544- 547), it is possible to make a clear test of a grand
unified theory with symmetric Yukawa couplings.

Next we look at the predictions for the proton decay into charged an-
tileptons. To write the decay rate for these modes we need the following
expression:

2
Z sym (egadv)sym = [(wl+VCKMK2BB(K;)“(VC]:KM)21]

a=1

(077 + VCI}(MK;W(KS)jj(VcT*KM)ﬂ] X

2
xS VEE(VEE)* (549)

i=1
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Thus the decay of the channels with charged antileptons always depend on
the matrices Ky and Vpg. In the theories with the 105 and/or 126 Higgses
there is a specific expression for the matrix Vpg:

4VJDKZYgiagVUD — (3tan g + tan al%)K&kngg _
Ve KV "V p(tan ang — tan ans)
(550)

where tanajy = vl /v, and tanajes = v, /vhs. Here we see explicitly
the relation among the different factors entering in the proton decay predic-
tions. Thus in this case it is very difficult to get clean predictions from those
channels. However, these relations are still very useful as they allow on to
distinguish among different models for the fermion masses.

(ii) Renormalizable flipped SU(5) models

As is well known the electric charge is a generator of conventional SU(5).
However, it is possible to embed the electric charge in such a manner that
it is a linear combination of the generators operating in both SU(5) and an
extra U(1), and still reproduce the SM charge assignment. This is exactly
what is done in flipped SU(5) [42, 43, 44, 45]. The matter now unifies in
a different manner, which can be obtained from the SU(5) assignment by a
flip: d° < u®, e’ « % u < d and v + e. In the case of flipped SU(5) the
gauge bosons responsible for proton decay are: (X', Y’) =(3,2,—1/3). The
electric charge of Y is —2/3, while X’ has the same charge as Y. Since the
gauge sector and the matter unification differ from SU(5) case, the proton
decay predictions are also different [43].

Flipped SU(5) is well motivated from string theory scenarios, since one
does not need large representations to achieve the GUT symmetry breaking
[45]. Another nice feature of flipped SU(5) is that the dangerous d = 5 oper-
ators are suppressed due to an extremely economical missing partner mech-
anism. In renormalizable flipped SU(5) one has Yp = Y}, so Do = DKj.
In this case the coefficients entering the proton decay predictions are [468]:

176



3
> e, da, d§) sy vy d)suey = Ky 67 (K3)76 (551)
=1

eteard)| =k [Vau |0iVen VIV | = Ve @l |
(552)
Using these equations one gets the following relations [468]:
Lp—7atp) = kj Oy (553)
1
P(p—n'el) = 5 T(p—n'7) Véieu| [WEB [ (554)
r K%t C
(p_> Oea) — 2 3 | CKM (555)
I'(p — o) Gy |V CKM
where:
(mz_m%{)z 2 m 2
Cy=—L——A] 1+ —2(D-F 556
o= gyl 1 D =) (556)

We note that in this case, I'(p — K*v) = 0, and I'(n — K°%) = 0. In
Eq. (555) we assume (ULE)' # 0. Thus the renormalizable flipped SU(5)
can be verified by looking at the channel p — 77, and using the correlation
stemming from Eq. (555). This is a nontrivial result and can help us to test
this scenario, if proton decay is found in the next generation of experiments.
If this channel is measured, we can make the predictions for decays into
charged leptons using Eq. (554) for a given model for fermion masses.

Thus it is possible to differentiate among different fermion mass models.
We note the difference between Eqs. (170) and (553); there appears a sup-
pression factor for the channel p — 7«7 in the case of SU(5). Since the
nucleon decays into K mesons are absent in the case of flipped SU(5), this
presents an independent way to distinguish this model from SU(5), where
these decay modes are always present. The discussion of this section demon-
strates that an analysis of proton decay modes and specifically of proton
decay into antineutrinos allows one to differentiate among different grand
unification scenarios.
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H Detailed analysis of upper bounds

In this appendix we give details of the analysis presented in Sec.(5.6). As
pointed out in that section the minimization of the total decay rate repre-
sents a formidable task since there are in principle 42 unknown parameters in
equations (21 - 24). One possibility is to look for solutions where the “SU(5)
contributions” and the “flipped SU(5) contributions” are suppressed (mini-
mized) independently [221]. Since one expects that in general the associated
gauge bosons and couplings have different values this is also the most natural
way to look for the minimal decay rate. Moreover, the bounds obtained is
such a manner will be independent of the underlying gauge symmetry. As
discussed in the previous sections the “flipped SU(5) contributions” are set
to zero by the following two conditions:

Vi = (DLD)’* = 0, a=1or f=1, (Condition I)
(ULE)'* = 0. (Condition II)

Therefore, in the presence of all gauge d = 6 contributions, in the Majo-
rana neutrino case, there only remain the contributions appearing in SU(5)
models. But, those can be significantly suppressed. There are two major
scenarios to be considered that differ the way proton decays [221]:

(A) There are no decays into the meson-charged antilepton pairs

All contributions to the decay of the proton into charged antileptons and
a meson can be set to zero . Namely, after we implement Conditions I and
I1, we can set to zero Eq. (22) by choosing

V111 _ (U(TJU)H =0 (Condition III) (557)

(This condition cannot be implemented in the case of symmetric up-quark
Yukawa couplings.) On the other hand, Eq. (21) can be set to zero only if
we impose

(VaVii )t = (ELU)* = 0 (Condition IV) (558)

Thus with conditions I-IV there are only decays into antineutrinos and, in
the Majorana neutrino case, the only non-zero coefficients are:
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c(, day d§) = ki (ViVp)'*(VaVen)” (559)

So, indeed, there exists a large class of models for fermion masses where
there are no decays into a meson and charged antileptons. Up to this point
all conditions we impose are consistent with the unitarity constraint and
experimental data on fermion mixing. (In the SU(5) case we have to impose
Conditions ITT and IV only.) Let us see the decay channels with antineutrinos.
From Eq. (559) we see that it is not possible to set to zero all decays since
the factor (V1Vyp)'® can be set to zero for only one value of a in order to
satisfy the unitarity constraint. Therefore we have to compare the following
two cases:

1. Case (a) (V4Vyp)" = 0 (Condition V)
In this case:
Lo(p— ntw) =0 (560)

Using chiral langragian technique yields

2 2

m S
r, K™p) = Clp,K) |1+ —(D+3F)| —2
(b= 7) (v K) 3mB( ) STy + Closis
(561)
where: ( ) 2)2
m, —m

2. Case (b) (V1Vyp)'? = 0 (Condition VT).

All the decay channels into antineutrinos are non-zero in this case. The
associated decay rates are:

2
S
Iyp— 7o) = C(p,m)[l+ D+ F? 13 (563)
[ ] 0%2 + 5%25%3
2m 2 52
Ip— KTo) = Cp, K P 13 564
b(p ) (p ) 3mg 0%2—0—8%28%3 ( )
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We note that these results are independent of all phases including those of
Vexm and V) and any mixing angles beyond the C KM ones (This is rather
unexpected since there are in principle 42 different angles and phases that
could a priori enter the analysis.). Also, in the limit V3, — 0 all decay
rates vanish as required in the case of three generations of matter fields.
Here they have used the so-called “standard” parametrization of Vg, that
utilizes angles 6,2, 623, 013, and a phase d13 (For example, in that parametriza-
tion VCKM = e‘i‘smslg.), where ¢;; = cosf;; and s;; = sin6,;;. Hence, all one
needs to know are angles 615 and ;3. Clearly of the two cases studied, it is
Case (b) that gives the lowest total decay rate in the Majorana neutrino case.

(B) There are no decays into the meson-antineutrino pair in the Majorana
neutrino case

We now show that it is also possible to set to zero all nucleon decay chan-
nels into a meson and antineutrinos. After Conditions I and II, it is possible
to impose (V1 Viyp)'® = 0 (Condition VII) instead of Vi'' = 0. (Again, these
two equalities are exclusive in the case V2%,, # 0.) Therefore, in the Majo-
rana neutrino case, there are no decays into antineutrinos (see Eq. 23). In
this case the property that the gauge contributions vanish as [V, — 0
is obvious since |V111\ = |V23./]. We have to further investigate all possible
values of V{* and VJ*®. Now, it is possible to choose Vi’® = 0 and Vi* = 0,
except for the case o = § = 2 (Condition VIII). In that case there are only
decays into a strange mesons and muons. Let us call this Case ¢). To under-
stand which case gives us an upper bound on the total proton decay lifetime
in the Majorana neutrino case, we compare the predictions coming from the
Case (b) and Case (c¢). The ratio between the relevant decay rates is given
by [221]:

T, KO+ 2 232 (1 4+ 22 (D — F))?
b= ,u_ ) = 2(0%2 + 5123%3) (mp i) | mB( ) =0.33
Ly(p — 7t0) (m2—m2)?  [1+ D+ FJ?

(565)

Thus, the upper bound on the proton lifetime in the case of Majorana
neutrinos indeed corresponds to the total lifetime of Case (c). One finds [221]:
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(M /106 GeV)
2

7p < 6.0%0:3 x 10%
aGur

(0.003 GeV?/a)? years (566)

where the gauge boson mass is given in units of 10'® GeV. It explicitly in-
dicates the dependence of the results on the nucleon decay matrix element.
These bounds are applicable to any GUT regardless whether the scenario is
supersymmetric or not. If the theory is based on SU(5) the above bounds are
obtained by imposing Conditions VII and VIII. If the theory contains both
SU(5) and flipped SU(5) contributions, in addition to these, one needs to im-
pose Conditions I and II [221]. Thus following two observations are in order:
(i) All three cases (Case (a)—(c)) yield comparable lifetimes (within a factor
of ten) even though they significantly defer in decay pattern predictions; (ii)
Using the most stringent experimental limit on partial proton lifetime as if
it represents the limit on the total proton lifetime. Even though this is not
correct (see discussion in [26]) it certainly yields the most conservative bound
on Myx.

I Relating 4D parameters to parameters of
M theory

The compactifications of an 11 dimensional theory to four dimensions al-
lows one to relate 4 dimensional parameters such as Newtons’ constant Gy,
the grand unification scale Mg and the unified coupling constant ag to pa-
rameters of the higher dimensional theory. In the analysis here we give an
abbreviated version of the work of Refs. [351, 345]. We begin with the gravity
action in 11 dimensions which is

(262, /R  daygR (567)

Reduction of this action to four dimensions gives

Vi (262,) 7 /R d'z\/gR (568)
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where Vy is the volume of the compact space X. The 4D action of general
relativity is
(167G )" /R d'r/gR (569)

This leads to a determinations of Gy in terms of the parameters of eleven
dimensions and the volume of compactification

Gy =nr3,(87Vx)™! (570)

Next we look at the Yang-Mills action on R* x . For the case of Type IIA
D6 branes, we can write the Yang-Mills action in the form

(4(271)2g,(a')~/2) ! / 472\ /gTr (F F™). (571)

Here g, is the string coupling and the trace is taken in the fundamental
representation of U(n). We can write Eq.(571) in the form

(8(2m)'g,()2) " [ T /g Y B P, (572)
where we have expanded F),, = 3=, F7,Q, and used Tr(Q.Qp) = %5[11,. Com-
paring with the Yang-Mills action in 7D which is (4¢2)~! [ d"z,/gx
>a i, F** one finds

gt = 2P (2m) iy (573)

A further reduction of Eq.(572) to 4 dimensions on R* x 0, and comparison
of the action with the 4D Yang-Mills gives

Vg = (4m) ki (574)

Vo Y3 has approximately the meaning of My. To make this connection more
precise one can consider the gauge coupling evolution in the above theory.
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Now if gp; is the unified gauge coupling as deduced in the M-theory, then
SU(3), SU(2) and U(1) gauge coupling constants are given by 1/¢? = k; /g3,
where (kq, ko, k3) = (5/3,1,1). On inclusion of loop corrections including the
Kaluza-Klein harmonics on the compact space, one finds the evolution [From
the evolution equations one notes that the prediction of sin 6y, is essentially
unaffected by the tower of Kaluza-Klein states.]

1672 1672 L2/3
2~ g TR G o7
where
Lq = exp(1, — To) (576)

and where 7, 7 are the so called analytic torsions that are computable and
the combination L is the so called Ray-Singer torsion [375, 376], and p is
the renormalization group scale. One may compare this evolution with what
one expects in a GUT theory. Here one has

1672 1672 M2
= k; + bilog(—& 577
g7 (1) ( 9& ) (xﬂ ) (577)

A comparison of the M-theory and the GUT theory results give

5
-2 _ =2 _7;
9¢" =9u t )
(578)
and
Mg = LV, '? (579)

Here Eq.(578) gives the connection between the couplings of the M theory
and the grand unified theory while Eq.(579) makes more precise the definition
of the GUT scale for M theory compactifications. Eliminating V in terms
of M and L gives a determination of x13
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3/2 1 3/2
- 0‘6’7629/2 (580)
(47T)1/2MG

Using the definition of the 11 dimensional Planck scale M;;[302]:

2r2, = (2m)8My° (581)

one gets a relation between Mg and My,

Mg = (2m) ad’ Ly My (582)

From Egs.(573), (580) and (582) one finds

My = 8r2a’ LY M? (583)

Interesting is the fact that Mg is scaled down by a factor ozlG/ % from the eleven
dimensional Planck scale. One can estimate the size of M;; from above. Thus
using Mg = 2% 10' GeV, ag = 0.04 and Lg = 8, one finds M;; = 1.8 x 10'7
GeV.

Next we consider Type IIA superstring. The action of the gauge fields on
a Dg brane is given by[302]

(ghe) ™" [ Ao /G TrFFY, (584)

where gpg is the gauge coupling constant and F;; are the Yang-Mills field
strengths. Here T'r is the trace in the fundamental representation of U(N).
Next assume that the D6-brane worldvolume has the product R?* x ), where
Q@ is a compact three-manifold of volume Vj. With this assumption the
action in four dimensions is

Va(8ghe) ™" [ d'e Y FyF" (585)
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where as before we have expanded Fi; = >, F5Q, and used Tr(Q.Qp) =
%5@. Comparing it to the conventional action of GUT gauge fields (4¢g%)~*
Jd*z ¥, FiF7* where gg is the GUT coupling constant one finds the relation

2056

7 (586)

96 =
Next we use the following relation on the D6 brane gauge coupling constant[302]

ghs = (2m) g0’ (587)

and get

geVo = 2(27?)4930/3/2. (588)

Now it is argued [355] that the relation of Eq.( 579) is valid also for Type

ITA theory. Using Eq.(579) in Eq.(588) gives
= 2/3

Am2g3" M

/

(589)

J Gauge coupling unification in string mod-
els

As noted already aside from proton stability, gauge coupling unification is an
important constraint on unified models of particle interactions. For unifica-
tion of gauge coupling constants it is not necessary that the gauge couplings
arise from a grand unification since the Standard Model gauge group can
emerge directly at the string scale. Here one has an additional constraint,
i.e., not only the gauge couplings unify but also that the gauge couplings
unify with gravity. Thus one has [469]

where k; are the Kac-Moody levels of the subgroups, and ' is the Regge
slope. Models of this type will in general possess fractionally charged neutral
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states unless the SM gauge group arises from an unbroken SU(5) at the
string scale, or unless k£ > 1 [470]. In models with fractionally charged states
one must either confine them to produce bound states which carry integral
charges or find a mechanism to make them massive.

The unification of the gauge couplings and of gravity is automatic in
string models, but these constraints must be checked with LEP data. The
renormalization group evolution implies

1672 1672 M?2
=k + biln(=3) + A, 591

where A; contains stringy and non-stringy effects. Now it is known that with
the MSSM spectrum there is a unification of gauge coupling constants at a
scale of Mg ~ 2x10'® GeV with ag ~ 1/24 [471]. The scale Mg is about two
orders of magnitude below the scale where the unification of gauge couplings
and of gravity can occur as can be seen roughly by extrapolating G y E? which
acts like the fine structure constant for gravity. This discrepancy is a serious
problem for any string unified model [239]. Some of the possible avenues to
resolve this conflict are as follows

1. Extra matter at a high scale which can modify the RG evolution of
gauge couplings to remove the discrepancy [472, 473, 474]

2. Non-standard hypercharge normalizations within string models with
higher level gauge symmetries [475].

3. An M theory solution [227] to the gauge coupling/gravity unification,
where the gravity propagates in a higher dimensional bulk while gauge
and matter fields reside on four dimensional wall. Below a certain
scale, both matter, gauge and gravity propagate in four dimensions
while above this scale matter and gauge fields propagate in four di-
mensions while gravity propagates in higher dimensions which allows
o, to evolve much faster allowing for unification at the conventional
scale of Mg.

It is also of interest to discuss the issue of gauge coupling unification in
intersecting D brane models. Here typically the gauge coupling unification
is less transparent due to the product nature of the group structure at the
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string scale. Thus it is instructive to explore the conditions under which the
gauge coupling unification may occur. We recall that the crucial constraint
in unification of the three couplings is the condition as(Mx) = as(Mx) =
gay. In brane models it is not at all a priori obvious how a relation of this
type might emerge. For concreteness one may consider torroidal orbifold
compactifications of 79/Zy x Z, with 7° a product of two-tori. The moduli
sector of this compactification includes the Kahler moduli 7; (i=1,2,3) which
shall be the focus of our attention. In type IIB picture which is dual to Type
ITA, the D brane intersection angles are replaced by fluxes on the internal
world volumes so that F" = m["/nl", where a labels a stack of D branes and
m stands for the components of the two torus m, and where m}* and n" are
rational numbers. The satisfaction of N=1 supersymmetry in type IIB can
be written in the form
" B
2, Tty - Urar, (592)

m=1,2,3

While the unification of gauge coupling constants on intersecting branes in
not automatic such unification is not excluded. Thus an interesting observa-
tion is that one may choose intersecting brane configurations for which the
following relation holds
1 21 1
—=s-—+— (593)

Qy 3 Q3 (6%)

If we work in the above class of models then the additional condition
Oég(Mx) = Oég(Mx) (594)

would automatically lead to the desired relation ao(Mx) = a3(Mx) = 3ay.
It is interesting then to investigate the conditions under which the constraint
of Eq.(594) arises. A closer scrutiny reveals [369] that there are three dis-
tinct classes of constraints which we label as A, B, and C that allow for the
satisfaction of Eq. (592). The class A constraints arise when none of the
fluxes F? vanish. In this case the Re(T}) are all uniquely determined and the
satisfaction of the relation as = a3 can only be accidental. That is to say for
most models satisfying Eq. (592) the satisfaction of the relation Eq. (594) and
hence the unification of gauge coupling condition ay(My) = asz(Mx) = gay
can only be accidental. The class B constraints arise when one of the fluxes
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F! vanishes (for each a) but one still has a determination of the ratios
Re(Ty) : Re(Ty) : Re(T3) but not a determination of the overall size. In
this case again one has the same problem in unifying the gauge couplings
as in case A, i.e., the gauge coupling unification will have to be accidental.
Finally, in case C one of the fluxes F! vanishes (for each a) and this time
one has a determination of only one ratio. Thus, for example, one may de-
termine Re(1}) : Re(T}) while Re(T;) (i # j # k) is unconstrained. In this
case one has the possibility of unifying gauge coupling constants by utiliz-
ing the free parameter Re(T;). There are no known examples of models of
class A. An example of class B model is that of Ref [476] where the ratio
Re(Ty) : Re(Ty) : Re(T3) is determined and the gauge coupling unification
does not occur while an example of class C model is that of Ref. [368, 477]
where Re(T3) : Re(T3) is determined, Re(77) is left unconstrained and one
may achieve gauge coupling unification by constraining Re(717).
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