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Abstract

A broad overview of the current status of proton stability in unified models of particle interactions is given which includes
non-supersymmetric unification, SUSY and SUGRA unified models, unification 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 experiments, HyperK, UNO, MEMPHY S, 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.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

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

Gp'* ~292.8Gev (1)
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has its origin in the spontaneous breaking of the SU(2); x U (1)y gauge group and can be understood as arising from

1
the vacuum expectation value (v) of the Higgs boson field (H?) so that Gp’ = 21/4y. Thus the scale GF 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

g3, 82, 81 (=\/§gy), where g3, g2, gy are the gauge coupling constants for the gauge groups SU(3) ¢, SU(2);, U(1)y,
appear to unify within the minimal supersymmetric standard model at a scale Mg so that

Mg ~2 x 100 GeV. ()

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

MPl = (87'CGN)7]/2 ~ 24 X 1018 GeV, (3)

where one expects physics to be described by quantum gravity, of which string-M-theory are possible candidates. Quite
remarkable is the fact that the scale M where the gauge coupling unification occurs is smaller than the Planck scale by
about two orders of magnitude. This fact has important implications in that one can build a field theoretic description of
unification of particle interactions without necessarily having a full solution to the problem of quantum gravity which
operates at the scale Mpj. Since grand unified theories and models based on strings typically put quarks and leptons
in common multiplets their unification in general leads to proton decay, and thus proton stability becomes one of the
crucial tests of such models. Recent experiments 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 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 what the
current experiment 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 experimental 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 appropriate 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 Section 2 we review the current status of proton decay
lower limits from recent experiments. The most stringent limits come from the Super-Kamiokande experiment. 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 Section 3 we discuss proton stability in non-supersymmetric scenarios.
In Section 3.1 we estimate the proton lifetime where the B-violating effective operators are induced by instantons. In
Section 3.2 we discuss the baryon and lepton number violating dimension six operators induced by gauge interactions
which are SUQ3)c x SU(2); x U(l)y invariant. Proton decay modes from these B—L preserving interactions are
also discussed. In Section 3.3, we discuss the general set of dimension six operators induced by scalar lepto-quarks
consistent with SU(3) x SU(2); x U(1)y interactions.

In Section 4 nucleon decay in supersymmetric gauge theories is discussed. In Section 4.1 the constraint on R-parity
violating interactions to suppress rapid proton decay from baryon and lepton number violating dimension four operators
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 dressing loop diagrams depend sensitively on soft breaking.
Thus in Section 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 Section 4.3. Typically 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
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for any viable unified model. Section 4.4 is devoted to this important topic. The remainder of Section 4 is devoted to
a discussion of proton decay in specific models. A discussion of proton decay in SU(S) grand unification is given in
Section 4.5, while a discussion of proton decay in SO(10) models is given in Section 4.6. In Section 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 SUQ3)¢c x U (1) -

Section 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 calculation of such textures. This topic is discussed in
Section 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 Section 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 discussed in Section 5.3. Model independent tests of distinguishing GUT
models using meson and anti-neutrino final state are discussed in Section 5.4 where three different models, SU(5),
flipped SU(5) and SO(10) are considered. In Section 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 Section 5.6.

Section 6 is devoted to grand unified models in extra dimensions and the status of proton stability in such models. In
Section 6.1 a discussion of proton 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 possible 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 Section 6.2 while 5D trinification models
are discussed in Section 6.3. 6D grand unification models in dimension six, i.e., on R X T2, are discussed in Section
6.4. Various grand unification possibilities on the branes, i.e., SO(10), SU(S) x U (1), flipped SU(5) x U(1), and
SU@)c x SU2); x SU(2)p exist in this case. Another class of models which are closely related to the models above
are those with gauge—Higgs unification. Here the Higgs fields arise as part of the gauge multiplet and hence gauge
and Higgs couplings are unified. Various possibilities for the suppression of proton decay exist in these models since
proton decay is sensitive to how matter is located in extra dimensions. In Section 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 Section 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 dimension. Proton decay can
be suppressed through a symmetry which conserves baryon number. Finally, in Section 6.8 proton stability in kink
backgrounds is discussed.

In Section 7 we discuss proton stability in string and brane models. There are currently five different types of string
theories: Type I, Type IIA, Type 1IB, SO(32) heterotic and Eg x Eg heterotic. These are all connected by a web of
dualities and conjectured to be subsumed in a more fundamental 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 Eg heterotic
string within the so called Calabi—Yau compactifications where the effective group structure after Wilson line breaking
is SUB)¢ x SU(3); x SU(3) g and further breaking through the Higgs mechanism is needed to break the group down
to the Standard Model gauge group. Proton stability in Calabi—Yau models is discussed in Section 7.1. In Section 7.2
we discuss grand unification in Kac—Moody levels k > 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 k > 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 violating dimension five operators are present and one needs to suppress them by heavy Higgs triplets.
A detailed analysis of proton lifetime in these models is currently difficult due the problem of generating proper
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quark—lepton masses. In Section 7.3 a new class of heterotic string models are discussed which have the interesting
feature that they have the spectrum of MSSM, while 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 Section 7.3.

Proton decay in M-theory compactifications are discussed in Section 7.4. The low energy limit of this theory is the
11 dimensional supergravity theory and one can preserve N = 1 supersymmetry if one compactifies the 11 dimensional
supergravity on a seven-compact manifold X of G, 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 qualitative 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 — e}fno is suppressed relative to the mode p — ezr 0.
In Section 7.5 proton decay in intersecting D brane models is discussed. Here we consider proton decay in SU(S)
like GUT models in Type IIA 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 Section 7.6 we discuss proton stability 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 Section 7.6 of the possible scenarios within string models where a hierarchical
breaking of supersymmetry can occur. In Section 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 gg — gl. Proton decay
via quantum gravity effects in the context of large extra dimensions are also discussed in Section 7.7. In Section 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 Section 7.9 discrete symmetries for the suppression 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 Section 7.9.

A number of other topics related to proton stability in GUTS, strings and branes are discussed in Section 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 Section 8.1 is devoted to
this case. Supersymmetric models 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 supersymmetry/supergravity models provide a candidate for cold dark matter. The recent WMAP data
puts stringent constraints on the amount of dark matter. The dark matter constraints have a direct bearing on predictions
of the proton lifetime in unified models. This topic is discussed in Section 8.2. In Section 8.3 exotic baryon and lepton
number violation is discussed. These include processes involving AB = 3 such as >H — e*n°, baryon and lepton
number violation involving higher generations, e.g., p — t* — V7", and proton decay via monopole catalysis where
M + p — M + e + mesons. Finally, Section 8.4 contains speculations on proton decay and the ultimate fate of the
universe. Section 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 Appendices. 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
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parameters of M theory. Finally, Appendix J is devoted to a discussion of the gauge coupling unification in string and
D brane models.

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 et al. [3], and the first experimental 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> 1.4 x 10'8
years. The first direct search for proton decay was made by Reines et al. [6] using a 300 liter liquid scintillation
detector, and they set a limit on the lifetime of free protons of > 1 x 102! years and a lifetime for bound nucleons
of 7> 1 x 10?? 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 [14-18].

Thus spurred by theoretical developments in the nineteen seventies and the eighties there were large scale experiments
for the detection of proton decay. Chief among these are the Kolar Gold Field [19], NUSEX [20], FREJUS [21],
SOUDAN [22], Irvine-Michigan-Brookhaven (IMB) [23] and Kamiokande [24]. These experiments use either tracking
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 purpose of searching for proton decay and for the study
of the solar and atmospheric neutrino properties. Super-Kamiokande [25] is a ring imaging water Cherenkov detector
containing 50 ktons of ultra pure water held in a cylindrical 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 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 Fig. 4, where the experimental lower bounds for
the partial proton decay lifetimes are exhibited. The plot exhibits the power of the water Cerenkov detectors 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 — etn0. Since it is one of the simplest modes it serves well as a general example of proton decay searches.

Fig. 1 gives a schematic presentation of an ideal p — e*n° decay. Here, the positron, e and neutral pion 7°, exit
the decay region in opposite directions. The positron initiates an electromagnetic shower leading to a single isolated

Fig. 1. Idealized p — etnd decay in Super-Kamiokande [26].



P. Nath, P. Fileviez Pérez / Physics Reports 441 (2007) 191-317 197

Fig. 3. Idealized p — K v decay in Super-Kamiokande, K+ — ;ﬁvu case [26].

ring. The 7° will almost immediately decay to two photons which will go on to initiate showers creating two, usually
overlapping, rings. In general, 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 invisible ring. All these effects are taken
into account in search for proton decay signals. Super-Kamiokande experiment also searches for the p — K™V mode
by looking for the products from the two primary branches of the KT decay (see Fig. 2). In the K+ — u*v, case,
when the decaying proton is in the '°0, the nucleus will be left as an excited '>N. Upon de-excitation, a prompt 6.3
MeV photon will be emitted (See Fig. 3).

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, VYN — Ne, u + nn, 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 — e 7. 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 — vy. Finally, there are quasi elastic charged current events vN — Ny, e, events which can look
like, p — K 9. 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 — T ¥, Interestingly the radiative decay modes
p — etyand p — uTy also have very strong constraints.

Recently the Super-Kamiokande collaboration has reported new experimental lower bounds on proton decay life-
times. The improved limits for some of the channels are as follows [28]:

(p = KT9) >2.3 x 10* years, 4)
(p — K%") > 1.3 x 10* years, Q)
o(p — Koe+) >1.0 x 10* years. (6)

As will be discussed later in this report, proton decay is a probe of fundamental interactions at extremely short distances
and as such it is an instrument 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 currently under discussion. Thus
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Table 1

Experimental lower bounds on proton lifetimes [27]

Channel Tp (10% years)
p — invisible 0.21
p—etnl 1600
p— utnl 473
p— vt 25
p— ety 313
p— uty° 126
p—etp 75
p— utp® 110
p— vpt 162
p—eta? 107
p— pta 117
p— etk 150
p— etk 120
p—etK} 51
p— utKO 120
p— utK? 150
p— utk? 83
p— vkt 670
p — et K*(892) 84
p — vK*(892) 51
p—ety 670
p— uty 478

The limits listed are on 7/B;, where 7 is the total mean life and B; is the branching fraction for the relevant mode.

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 [29,30], the UNO experiment [31] with a 650kt of
water, while the experiment 3M [32] is proposed with a 1000kt and the European megaton project MEMPHYS at
Frejus [33].

On the other hand the ICARUS experiment [34] 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 [35]. Yet another proposal is of a Low Energy Neutrino Astronomy (LENA) detector consisting of a 50kt of
liquid scintillator [36]. The LENA detector is suitable for SUSY favored decay channel p — VKT 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 >4 x 10°* years can be reached [36]. Basically
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 is to explore the proton lifetime at least up to
T,/B(p — etn%) > 103 years and t,/B(p > KT9) > 103* years in a period of about 10 years [30]. 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 (Fig. 4).

3. Nucleon decay in non-supersymmetric scenarios

As mentioned in Section 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 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 basically 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
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Fig. 4. Experimental lower bounds on proton decay partial lifetimes [34].

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. The outline of the rest of this section is
as follows: In Section 3.1 we discuss the B-violating effective operators induced by instantons and estimate the proton
lifetime arising from them. An analysis of SU(3) x SU(2); x U(1)y invariant and B—L preserving baryon and lepton
number violating dimension six operators induced by gauge interactions is given in Section 3.2. Also discussed are
the proton decay modes from these interactions. SU3)- x SU(2); x U(1)y baryon and lepton number -violating
dimension six operators can also be induced by scalar lepto-quark exchange and an analysis of these is given in
Section 3.3. We give below the details of these analyzes.

3.1. Baryon number violation in the Standard Model

The Standard Model with gauge symmetry SU(3) x SU(2);, x U(1)y hasa U (1) g 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 [37], i.e. the baryonic current J g is not
conserved:

2
nw_nf8 =
Oulh = Jguz T FirF™, )

where 7 ¢ is the number of generations and
Fuv =0, Ay — 8,A, — iglAu AV, ®)
while

Fon = LeuupF?P. ©)
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With the above anomaly baryon number violation can arise from instanton transitions between degenerate SU(2),
gauge vacua. The B-violating effective operator induced by the instanton processes is given by (for details see, for
example, [38])

1\ 3 S
Ocit = C(M_W> e/ % H(eaﬁVQlaL QO L) (10)
i=1

where i is the generation index. The above interaction leads to violations of baryon and lepton number so that
AB = AL = 3. We note, however, the front factor would give a rate so that

Rate ~ |e 2% 2 ~ 107173, (11)

Clearly this is a highly suppressed rate irrespective of other particulars. However, baryon and lepton number violating
dimension six and higher operators can be written consistent with the Standard Model gauge invariance [39—41]. This
is the subject of discussion in the remainder of this section.

3.2. Grand unification and gauge contributions to the decay of the proton

We discuss now a unifying framework beyond that of the Standard Model. There are many reasons for doing so.
One of the major ones is the presence of far too many arbitrary parameters in the Standard Model and it is difficult
to accept that a fundamental theory should be that arbitrary. One example of this is the presence of three independent
gauge couplings: o for the color interactions, op for SU(2);, and ay for the gauge group U (1)y. This arbitrariness
could be removed if one had a semi-simple gauge group, i.e., a grand unified group, with a single gauge coupling
constant. Thus the three gauge coupling constants will be unified in such a scheme at a high scale, but would be split
at low energy due to their different renormalization group evolution from the grand unification scale to low scales. Of
course, the correctness of a specific assumption of grand unification must be tested by a detailed comparison of the
predictions of the unified model with the precision LEP data on the couplings. Another virtue of grand unification is
that it leads to an understanding of the quantization of charge, e.g., | Q.| = | Q |, while such an explanation is missing
in the Standard Model. Additionally, grand unification reduces arbitrariness in the Yukawa coupling sector, by relating
Yukawa couplings for particles that reside in the common multiplets. However, one important consequence of grand
unification as noted earlier is that it leads generically to proton decay. This arises from the fact that in grand unified
models quarks and leptons fall in common multiplets and thus interactions lead to processes involving violations of
baryon and lepton number.

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. [42]). In particular we study the gauge d = 6 operators.
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) x SU(2); x U(1)y invariant [39—41]:

OIB_L = k%ei/’kﬁaﬁaﬂu QimegLVu Qipp s (12)
01?7L = k%ﬁ‘jkﬁxﬁELVuQjaaLd_lg,LVuLﬁbL’ (13)
0£{L = k%ﬂjk%ﬁ%ﬂ” QjﬂuLaLVﬂL%bL, (14)
OIIi;L = kgeijkﬁaﬁgﬁ/“ Qj/)’aLELVy OQkonr- (15)

In the above expressions k; = gGUT/ﬁM(X,y), and kp = gGUT/\/EM(X/’y/), where M(x y), Mx'yy & Mgurt and
gaur are the masses of the superheavy gauge bosons and the coupling at the GUT scale. The fields Q7 = (4, dL),
and L; = (vz, er). The indices i, j and k are the color indices, a and b are the family indices, and o, f = 1, 2. The

effective operators OIB and 05 * (Egs. (12) and (13)) 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 05{ L and OIIi;L
(Egs. (14) and (15)), the electric charge of Y’ is —2/3, while X’ has the same charge as Y. This is the case of flipped
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SU(S) theories [43—46], while inSO(10) models all these superheavy fields are present. One may observe 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 [47]:

0§, dp) = (S, dp)eijins | 7"u; e 1 ,dip (16)
Ofes, df) = cles, df)eijrul | "uj d5y vyen (17)
O, dy, d) = (v, dy, d eijat€ 7'y G 3,011, (18)
00, dy, df) = cOf , duy dfeijid$ "0, C 7o (19)
where
c(eS, dg) = IRV VP + (vivep) B i v )™, (20)
cle, df) =k V! v L B )P vivep v, Q1)
e, dy, df) = kF (Vi Vyp) *(VsVen) !, +13 V7 (ViVu p Vi Vs Vew) Y, (22)

cOf s dy, dff) = KS1(VaVy )P U V)™ + VW Va V) ),

a=f #2. (23)

In the above Vi, V>, etc. are mixing matrices defined so that V| = UEU, Vo= Eé D, V3= DZ E, V4= Dz D,Vyp=UT'D,
Vey = ETN and Ugy = ECTNC, where U, D, E define the Yukawa coupling diagonalization so that

ulyyu =y, (24)
DLYpD =Y5, (25)
ELYpE =Yy, (26)
NTYNN =Y, 7

Further, on may write Vyp = U "D =K VekuKa, where K| and K5 are diagonal matrices containing three and two
phases, respectively. Similarly, leptonic mixing Vey = K3V,” Ky in case of Dirac neutrino, or Vgy = K3V, in the
Majorana case, where VID and VZM 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 k1, k2, Vllb , Va, V3, V4 and Ugy. In addition we have three diagonal matrices
containing phases, K1, K» and K3, in the case that the neutrino is Majorana. In the Dirac case there is an extra matrix
with two more phases. An example of the Feynman graphs for those contributions is given in Fig. 5. 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 distinguish 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:

(m% — m%()2 )

2
o2 L|fx|
8mms, f2

I'(p— KTv) =

2
; (28)

3
2m m
x Z ﬁDc(\li, d,s¢) + [1 + ﬁ(D + 3F)] cOvi,s,d%)

i=1
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Fig. 5. Gauge contributions to the decay of the proton. In this case the decay of the proton is mediated by vector leptoquarks. The fields ¥, i and @
are quark fields and / corresponds to the leptons. A possible contribution is: ¥ = uy , y = (uC)L, D= (do(C)L andl=egy. o, f=1,2.

3
_ m
I(p— %) = g5 AL (14 D+ ) e d. dP, (29
n i=1
oy mpmm? 2 cy 2 C 2
HP%W%)=—E;ﬁETAﬂM(1+D—3D{k@md)I+W@wdﬂh (30)
np
(m2 _ m2 )2 m 2
0,4+ _ p K 21,12 p Cy2 C 2
I'(p— Kleg) = WALM [1 + E(D - F)i| {leCep, s7)I7 + le(eg, )17}, (31)
m
I(p— nej) = 167;}2 AL (1+ D+ F)*{le(ep, dO) P + [e(eg, D)), (32)
T

where v; =v,, vy, v and ep = e, p1. In the above equations m p is an average Baryon mass satistying mp ~ my ~ m 4,
D, F and « are the parameters of the Chiral Lagrangian. Ay, takes into account renormalization from Mz 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.

As we explained above the gauge d = 6 contributions are quite model dependent. However, we can make a naive
model-independent estimation for the mass of the superheavy gauge bosons using the experimental lower bound on

the proton lifetime. Using
5
(33)

~ 2 P
I'y = ogur—71
My,

and 7(p — net) > 1.6 x 103 years we find a naive lower bound on the superheavy gauge boson masses

My > (2.57 — 3.23) x 101 GeV (34)
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T T

Fig. 6. Higgs contributions to the decay of the proton. In this case proton decay is mediated by scalar leptoquarks 7. The fields Q = (uy,dy ) and
L=(g.ep).

for aguT = 1/40 — 1/25. Notice that this value tell us that usually the unification scale has to be very large in order to
satisfy the experimental bounds.

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 (See
Fig. 6 for the Feynman graphs.). This is the case of minimal SU(5). In this model the scalar leptoquark lives in the S5y
representation together with the Standard Model Higgs. The relevant interactions for proton decay are the following:

_ T .
Vr = eijkefx[fQiY;gLC 1AQj[3LTk —G—uiCL C 1@657}
_ T .
+ €40, CTCLYT + €jruf; €' DA, T +hc. (35)

In the above equation we have used the same notation as in the previous section. 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 relations: A=B =Yy,andC=D=Yp =Y g .

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

01 (dy, ep) = a(dy, eg)u” LC™'du” LC ey, (36)
Ot (dy €§) = aldy, e§u” LC dye§ LC™ U™, 37)
Ou S, ep) = a(dS, epdS LCuC u"LC g, (38)
0 S . ) =a(dS . e§)as L uC"e§ Le 1, (39)
On(dy, dg, vi) = a(dy, dg, viyu" LC™'dydf LC vy, (40)

On(dy, dS. vi) = a(dy. S vi)d§ LC™uC"dT LC v, 1)
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where
d _ ! A+ ATYD TCcE 42
a x,e,;)—M—%(U (A+ AT)D), (U CE)y. (42)
1 .
a(dy, ¢§) = W(UT(AJrAT)D)m(EZE U&p1 (43)
T
1
a(ds. ep) = 5 (DLDTUE) (U CE)p, (44)
T
| -
a(dg, ) = W(D‘CQ‘ U&u(ECBTUE) g1, (45)
T
1
a(dy, dg, vi) = W(UT(AvLAT)D)m(DTQN)m, (46)
T
1 N
a(dy, df, vi) = W(D‘CQTU(%l(DTQN)w. 47)
T

Here L = (1 —y5)/2, M7 is the triplet mass, a = =1, 2 are SU(2) and i =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 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 A;; = —A ;; and
D;; =0, except fori = j =3.

As we explained above the Higgs d =6 contributions to the decay of the proton are quite model dependent. However,
we can make a naive model-independent estimation for the mass of the superheavy Higgs bosons using the experimental
lower bound on the proton lifetime. Using

2’”;
I, ~ 1YY, M—§ (48)

and 7(p — net) > 1.6 x 1033 years we find a naive lower bound on the superheavy Higgs boson masses
Mz >3 x 101 GeV. (49)

Notice that this naive bound tell us that usually the triplet Higgs has to be heavy. Therefore since the triplet Higgs lives
with the SM Higgs in the same multiplet we have to look for a doublet—triplet mechanism.

4. Nucleon decay in SUSY and SUGRA unified theories

Supersymmetry in four space—time dimensions [48,49] arises algebraically from the “graded algebra” involving the
spinor charge Q, along with the generators of the Lorentz algebra P, and M,,. Among the remarkable features of
supersymmetry is the property that aside from some simple generalization, the only graded algebra for an S-matrix
one can construct from a local relativistic field theory is the supersymmetric algebra [50]. The above implies that
supersymmetry appears as the only unique graded extension of a Lorentz covariant field theory. At the level of model
building supersymmetric models enjoy the advantage of a no-renormalization theorem [51,52] 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 decay arises from dimension
four and dimension five operators in addition to the proton decay induced by gauge bosons as in non-supersymmetric
theories. 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) [53].
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In the following we assume that the reader has familiarity with the basics of supersymmetry and of the minimal
supersymmetric standard model (MSSM) which can be found in a number of modern texts and reviews (see, e.g.,
[49,53-57]). Here, for completeness, we mention some salient features of MSSM as this model is central to the
discussion of low energy supersymmetry. MSSM is based on the gauge group SU(3)¢ x SU(2); x U(1)y with three
generations of matter, and two pairs of Higgs multiplets which are SU(2); doublets (H; and H>) where H; gives mass
to the down quark and the lepton, and H, gives mass to the up quark. Thus the gauge sector in addition to the gauge
bosons of the Standard Model consists of eight gluinos 4, (a=1, ..., 8), four SU(2); x U(1)y electro-weak gauginos
% (¢=1,2,3) and Ay which are all Majorana spinors. Similarly, in the matter sector MSSM consists in addition to
the three generations of quarks and leptons, also their superpartners, i.e., three generations of squarks and sleptons. In
the Higgs sector one has in addition to the two pairs of SU(2); Higgs doublets, also two pairs of SU(2),; Higgsino
multiplets. The renormalizable superpotential in MSSM is given by

W:UCYMQI:IM+bCYdQFId+EACY9£1:1d+ﬂI:[u1:Id+WR, (50)
where Y, 4 . are matrices in generation space and Wx contains the R-parity violating terms which are given by
Wgr = “ijkéil:jﬁjg + ﬂ,‘jkf/icé]cblg + yijkiiijﬁ,f + ail:iI:IL,, n

where the coefficient f3;;; and 7;;; obey the symmetry constraints f3;;; = —fix; and 7;;x = —7 ;- In the above we use
the usual notation for the MSSM superfields (see for example [55]). The couplings of Eq. (51) violate R-parity where
R-parity is defined by R = (—1)>5 M, where S is the spin and M = (—1)*>) is the matter parity, which is —1 for all
matter superfields and +1 for Higgs and gauge superfields [58]. In addition to R-parity violation, the second term of
Eq. (51) 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.

The outline of the rest of this section is as follows: In Section 4.1 we discuss the constraint on R-parity violating
interactions to suppress rapid proton decay from baryon and lepton number (B&L) violating dimension four operators.
In addition to B&L violating dimension four operators most supersymmetric grand unified theories also have B&L
violating dimension five operators which typically dominate over the B&L violating dimension six operators which
arise from gauge interactions. A computation of proton decay from dimension five operators involves dressing of
these operators by chargino, gluino and neutralino exchanges to convert them to baryon and lepton number violating
dimension six operators. Such dressings depend on the sparticle spectrum and thus on the nature of soft breaking. With
this in mind we give a brief discussion of supersymmetry breaking in Section 4.2. Soft breaking is also affected by the
CP phases and thus proton decay is affected by the CP phases. This phenomenon is discussed in Section 4.3. In Section
4.4 a discussion of Higgs doublet—Higgs triplet problem is given. Since typically Higgs doublets and Higgs triplets
appear in common multiplets a splitting to make Higgs doublets light and Higgs triplets heavy is essential to stabilize
the proton. Sections 4.5—4.7 concern discussion of specific grand unified models. Thus in Section 4.5 a discussion of
SU(5) grand unification is given, and a discussion of SO(10) grand unification is given in Section 4.6. In Section 4.7 we
discuss a new class of SO(10) grand unified models based on a unified Higgs sector where a single pair of 144 4 144
of Higgs can break the SO(10) gauge symmetry all the way down to SU3)¢ x U(1),,.

4.1. R-parity violation and the decay of the proton

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 [59-66]. However, only recently the bounds coming from proton decay have been achieved
taking into account flavor mixing and using the chiral lagrangian techniques [67] (For several phenomenological aspects
of R-parity violating interactions see references [68—70]). Thus the first and the second terms in Eq. (51) give rise to
tree level contributions to proton decay mediated by the d kc 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
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into charged anti-leptons are given by

I(p— 10}y = —L_A2|a(1 + D + F)> le(ej. dO)P, (52)
641 fn
0 (mp —mg)* mp ’ sO)2
+H_ - pr K +
I'(p— Key) = S2mf2m] A7 ol [1+ (D — F)i| leCeg, s, (53)
where
3 m /)’m
(AZ™y* A
c(eg, d$) = Z ==L (54)
m=1 ma?C

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 Mz to 1 GeV. In the case of the decay channels into antineutrinos, the decay rates are as
follows [67]:

(m2 2 )2
I'(p— Kty = —"‘Aim2
mm;, f3
3 2m m 2
x —pDE(vi,d,sC)+[l+—p(D+3F)} &, s,d%) (55)
iz 3mB 3mB
3
I'(p—nty) = o f2A2|oc| (14+D+F)? ;|c(v,,d L dO), (56)
where
3 B« qolm
s (A37)"A
o, dyydff) =y~ (57)
m=1 md~n€
In the above equations the couplings A1, A, and A3 are given by [67]
AP = o UV ET*DEM, (58)
AYM = o D¥ NI DEM (59)
AP =24, US DI DEm. (60)

The most stringent constraints on R-parity violating couplings are obtained from the decays into charged leptons and
mesons. Using m, =938.3MeV, D =0.81, F =0.44, Mp = 1150MeV, fr =139MeV, o= 0.003 GeV?3, Ap =1.43
and the experimental constraints [27] one finds

le(et, d)| <7.6 x 10731, (61)
le(u, d%)| < 1.4 x 1079, (62)
le(et, s€) <4.2 x 10739, (63)

le(ut, s€)| <4.7 x 10739, (64)



P. Nath, P. Fileviez Pérez / Physics Reports 441 (2007) 191-317 207

Table 2

Upper bounds for the R-parity violating couplings

Couplings Low energy SUSY =10 GeV

|23y alm 3.8 x 10725 0.0038

[(A3my*3m) 7.0 x 10725 0.0070

[(A3my* Al 2.1 x 10724 0.0210

|23 )*A%'"| 2.3 x 10724 0.0234

Now, for simplicity assuming that all squarks have the same mass m, the quantity ( ,_%m)*/lf " have to satisfy the

following relations [67]:

|(2AM* M <3.8 x 1073 (65)

|(A3™)* 3™ < 7.0 x 10—3% : (66)

|23 M| < 2.1 x 1073%72, (67)

[(23")*3M| < 2.3 x 107972, (68)
where

gy A" = B (UL (DI UV EPP, (69)

It is easily seen that the constraints on o and f3; jk are quite model dependent 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 U¢ will remain, and U = K VCJr xuK2. K1 and K> are diagonal matrices containing three and
two CP-violating phases, respectively. In Table 1 we exhibit the different constraints for two supersymmetric scenarios,
i.e., in the low energy supersymmetry 7 = 103 GeV and in scenarios with large scalar masses (split supersymmetry
[71,72] or hierarchical supersymmetry breaking [73]) the case m = 101 GeV (Table 2).

The analysis above shows that the R-parity violating couplings could be large in supersymmetric scenarios with large
susy breaking scale. In the case of SUSY breaking with low scale, the R-parity violating couplings are small, and this
smallness can be construed as a hint that R-parity is an exact symmetry of a physical theory [See, for example, [74,75]
for the possibility of an R-parity as an exact symmetry arising 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 1n the 51mplest supersymmetric unified SU(5) model [11]. Here the R-parity violating interactions are ATR10; 5 Sk,

b; 5 SH and ¢; 5 24H5H In this case at the GUT scale the couplings satisfy the relations ”k ﬁz/k Vijk =Aijk=—Aixj.

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 parameters which break supersymmetry. One could in principle add soft parameters by hand to
break supersymmetry at low energy. In MSSM the number of such terms is rather large [76] consisting of 30 masses,
39 real mixing angles, and 41 phases, a total of 110, making the model unpredictive. It is thus desirable to generate
soft breaking via spontaneous breaking of the supersymmetric GUT model for a predictive theory much the same
way one generates spontaneous breaking of a non-supersymmetric GUT model. However, 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 breaking 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
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of consistency with experiment. These problems are closely associated with global supersymmetry and one needs to
go to the framework of local-supersymmetry/supergravity [77,78] to resolve them. Thus both of the hurdles mentioned
above are overcome within supergravity 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 belonging to the adjoint representation of the gauge group [12,56,79,80]. The effective N =1
applied supergravity lagrangian depends on three arbitrary functions: the superpotential W (z;), the Kahler potential
d(zi, zl.T), and the gauge kinetic energy function f,4(z;, z:.r) where o, f§ are the adjoint representation indices, and where

W, d are gauge singlets, f,5(z;, z;f) is a gauge tensor, andW, d, f,5(zi, z;r) are hermitian. The potential that results
from such a theory is given by [12,79]

t
V= [(d—l)g (a—W + sz,»W) (a_w + x%d; W) - 3K2|W|2:| + Vp, (70)
0z 0z

where k=1/Mp; and Vp is the D term contribution to the potential. As may be seen from Eq. (70) the scalar potential is no
longer positive definite. As a consequence it is possible to fine tune the vacuum energy to zero after spontaneous 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 supersymmetry is broken and a visible sector where fields of the physical 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), = m2(z + B). Assuming a flat Kahler potential, i.e., d = zz', a minimization of the potential then leads
to the result (z) = k'a(v/2 — v/6), a = £1. It is now seen that (z) = O (Mpy). For this reason no direct interactions
between the visible and the hidden sector are allowed since they will lead to sparticle masses O (Mpy) in the visible
sector [12,81]. 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 = —k~'a(2+/2 — v/6). The above phenomenon is in fact a super Higgs effect where after spontaneous breaking 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

_Lw Py 71
m3/2—§|< (Z))|GXP<I( ))- (71)

The above leads to a gravitino mass of m3,, ~ x«m? and implies that an m ~ 109711 GeV will lead to m3/2 in
the electroweak region [12,81]. A realistic model building involves a decomposition of the superpotential so that
W = Wy (z) + Wy(z;) so that the hidden sector superpotential W), depends only on the gauge singlet field z while
the visible sector superpotential W, depends only the visible sector fields z; and has no dependence on z [12,81].
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 model are derived.
These consist of (i) The hidden sector is assumed a gauge singlet which breaks super-symmetry by a super Higgs
effect; (i) 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, 4 are assumed negligible. Thus effectively f,5 ~ J,4. Under these assumptions it is then found that
the scalar potential is of the form [12,82,13]

—Lsp =mi "M +mizaz) + (AgW® + BoW® +h.c), (72)
where for the case of MSSM one has

w® = UoH1Hz; w® = QYUH2ﬁC + QYDHM?C + iYEHléc (73)
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(We note that in the appendices we use H; = H;, and H» = 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 [83—88]. To exhibit this consider the effective scalar
potential. The renormalization group improved scalar potential for the Higgs fields is given by

2012 2012 2 (g3 +&7) 2 2.2
V:m1|H1|+m2|H2| —m3(H1H2+h.C.)+—8 (|H1 | — |H2|7)” + AV,
2 —1 254 W, M7 3
AV, = (6472) %(—n (sa+ DM |In 55 =5 | (74)

where s, is the spin of the particle a, AV is the one loop correction [89,90] to the effective potential, and all parameters,
i.e., g2, gy, m; etc are running parameters evaluated at the scale ¢ = In(M, é /0?) where Q is taken to be in the electro-
weak region. The boundary conditions on these parameters are [91] 02 (0) = oG = %OCy(O); m,.z(O) = m% + ,u%, i=1,2;
and m%(O) = —Bopy. 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 requires the constraints on the Higgs parameters so that (i) m%m% - 2m‘3t <0, and (ii) m% + m% - 2|m%| >0,
where the first constraint indicates that the determinant of the Higgs mass®> matrix turns negative while the second
constraint requires the potential to be bounded from below. Minimization of the potential, i.e., 0V /0v; = 0 where
v; = (H;) is the VEV of the neutral component of the Higgs H;, gives two constraints

(@) M7 =2(uj — tan’f)(tan’f — D",
(b) sin2f =2m3 (i +43) " (75)

Here uiz = m% + 2; where X; is the loop correction [92,93] and tan f = vy /v;. The electroweak symmetry breaking
constraint (a) can be used to fix u using the experimental value of the Z boson mass Mz, and the constraint (b) can be
utilized to eliminates By in favor of tan f8. Thus the supergravity model at low energy can be parametrized by

mo, m1,2, Ao, tan f3, sign(u). (76)

The number of soft parameters in the minimal supersymmetric standard model allowed by the ultra-violet behavior of
the theory [94] is quite large and thus the result of Eq. (76) is a big improvement. While the assumption of a super
Higgs effect using a scalar field is the simplest way to break supersymmetry, there are other ways such as gaugino
condensation [95,96] 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 [95] does
occur the gravitino mass generated by such a condensate will be of size m3,, ~ K2 (/y02). In this case the condensate
[(Ap92)| ~ (10'2713) GeV will lead to an m3 /2 again in the electro-weak region. Further, the result of Eq. (76) arises
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. (72). 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
[97,98]. 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 dependent gauge kinetic energy function f,.
For instance, non-universalities for the Higgs boson masses at the GUT scale arising from deformations of the Kahler
potential will lead to [99-102]

my (0) =mo(146;), i=1,2. (77)

For the case of non-universalities an additional correction term arises at low energies in the renormalization group
evolution [103], i.e.,

Amyy, =—3Sop,  Ami, =—3Sop, (78)
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where S is given by

g
So=Te(Ym?) = m, —miy, + ) (my —2m +m3 —m? +m3). (79)
i=1

Here all the masses are taken at the GUT scale, and 1 is the number of generations and p is defined by p= % [1—( :l‘ (((’])) )],

where o1 (0) = g12 (0)/4m is the U (1) gauge coupling constant at the GUT scale. The Tr(Ym?) term vanishes for the
universal case but contributes in the presence of non-universalities [103]. Similarly, non-universalities can be introduced
in the third generation sector.

An important aspect of SUGRA models is the possibility of realizing radiative breaking of the electroweak symmetry
on the so-called hyperbolic branch (HB) [104]. To see how this comes about we consider the radiative symmetry breaking
constraint expressed in terms of the soft parameters only

2
Cim§ + Cam'y )y + CHAG + Aptioop = 1 + M3/2, (80)

where m’l p=mi2+ %A()C4 /C3, and C etc. are determined purely in terms of gauge and Yukawa couplings, and
Aulzoop is the loop correction [93]. The correction A,ulzoop plays an important role as it controls the behavior of radiative

breaking specially for moderate to large values of tan 5. To see this phenomenon we note that the coefficients C}, C3
are positive and the loop corrections are typically small for small tan § when Q = M. In this case one finds that
C1 > 0 and thus Eq. (80) implies that the soft parameters lie on the surface of an ellipsoid. However, as tan f§ > 5 the
loop correction Ay® becomes sizable and also C;(Q) develops a significant Q dependence. One may then choose a Q
value where Ax? is minimized. Quite remarkably then one finds that C;(Qg) turns negative. The implications of this
switch in sign means that the soft parameters can get large while u remains fixed. Thus if one thinks of y/Mz 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 [104]. The so called focus point
region [105] is included in the hyperbolic branch [104,106].

There are several novel phenomena that occur on the hyperbolic branch. Thus as m¢ and m;,, get large with p
remaining relatively small, the light chargino becomes higgsino 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 mq and mj /> get large on HB [107]: My <Mt <my. This relation holds at the tree level and there

could be important loop corrections to this relation. The mass differences AM* =m 7 myp and AM? =m 2 My
depend significantly on the location on HB. For the deep HB region with large m( and m /5 and small p these mass
differences will be typically small, i.e., 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 decayswould 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
mo becoming as large as 10 TeV, proton lifetime is enhanced significantly especially in the deep HB region. The HB
region is essentially like the split SUSY scenario 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 [108,109].

An interesting issue concerns the origin of . For phenomenological reasons we expect u to be of electroweak size.
The challenge to achieve a u 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; H> can be transferred by a Kahler transformation into the superpotential and a p term naturally
appears in the superpotential which is of size the weak supersymmetry breaking scale [12,97,110]. There are indications
that a term of the form H; H, can arise in string theory [111,112]. 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 [113,114] and at two loops [115]. At the one loop level the minimal supersymmetric standard
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model appears to be safe from divergences [113]. At the two loop level divergences can appear when the visible sector
is directly coupled to the hidden sector where supersymmetry breaking occurs [115]. We end this section by directing
the reader to Appendix 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. As is well known the CP phase that appears in the SM via the CKM matrix is not
sufficient to generate the desired amount of baryon asymmetry in the universe. Here supersymmetry 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 y and the phase of the trilinear coupling parameter Ag. Including these the parameter
space of mSUGRA for the complex case is

m05m1/27A07tanﬁ7 ()}LO’O(Oa (81)

where uy = || exp(iHﬂO), and Ag = |Ag| exp(iag). For the case of non-universal sugra model one also has more CP
violating phases. These phases can arise in the trilinear parameters and in the gaugino sector. Thus more generally we
will have phases in addition to 0, so that

mi=|mileS (i=1,2,3); A;=|Agle™s, f=flavor, (82)

where m; (i =1, 2, 3) are the gaugino masses for SU3)¢ x SU(2); x U(1)y gauge sectors. Not all the phases are
independent and only certain combination 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 elementary particles are satisfied. Currently the most sensitive experimental limits are for the
edm of the electron, of the neutron and of the 199Hg atom. The current limits on these are [116-118]

lde| <2 x 107% ecm, |dy] <6 x 107 ecm,  |dpg| <2 x 107 ecm. (83)

Now one approach to satisfy these constraints in supersymmetric theories is to simply assume the CP phases to be
small [119]. 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 [120-123]. 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.

Another is the intriguing possibility for the suppression of the edmss [124]. In supersymmetry 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 [125]. 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 contributions from the gluino, from the chargino and
from the neutralino exchanges, as well as among the contributions from the electric dipole, from the chromoelectric
dipole and from the purely gluonic dimension six operators. 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. [126—132]).
Additionally, it turns out that there is a scaling which approximately preserves the smallness of the edms as one scales
in mo and m1,2 by a common factor. Thus with the help of scaling, given a point in the parameter space where the
edm is small one can generate a trajectory where the edms remain small [133]. 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.
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The presence of large CP phases affect all the supersymmetric phenomena. As an example the phases will lead to
a mixing of the CP even and the CP odd Higgs bosons [134] 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

M, el 2 sin
Mc:( Mo \/_mw.o ﬁ) (84
V2my cos 8 |p|etn
which can be diagonalized by the following biunitary transformation
UMcS™! = diag(myy . msy), (85)
where U and S are unitary matrices. To exhibit the sensitivity of the chargino masses on the phases we note that
m%_m% = |uMa|* + My, sin®(2B) — 2|uMa| M3, sin(2) cos (0, + &3). (86)

The last term in Eq. (86) changes sign as (0, + &3) varies from 0 to m 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. A similar situation holds for other sparticle exchanges
in the dressing loops, e.g., the neutralino and the squark exchanges, etc. Thus, for example, the up-squark mass matrix
in the presence of phases becomes

e M2Q +m? 4+ M2(5 — Qusk) cos 2 my (A% — pcot B)
“ my (A, — p* cot ) m% + mﬁ + M% QMS%V cos2pf ’

where p and A, are complex. Consequently, the squark masses dependent on the phases. The phase dependence can
be quite significant similar to the phase dependence for the chargino case discussed above. CP phases also enter in the
fermion—sfermion—gaugino vertices. The dependence there arises from the diagonalizing matrices, i.e., from U and S
matrices that appear in Eq. (85) and similar matrices arising from the diagonalization of the squark sector. The above
are the two main avenues by which the CP phases enter proton decay, i.e., via modifications of the sparticle masses
and via the vertices. The effects of these modifications can be included by following the standard procedure where one
expresses the squark and slepton fields in terms of their sources. Thus, for example, one can write

~ oL oL
ujp = 2/ |:A5,- 5#1 ) +AiLR—Ii| )

o
Uir, Ol
oL oL

ﬁiRzzf[A5}~—T'+AﬁL~—TI] (87)
Ol g Oy

where Ly contains all the fermion—sfermion—chargino, fermion—sfermion—neutralino, and fermion—sfermion—gluino
interactions. In the above AL, AR ALR ARL are linear combinations of the propagators for the mass eigen states. For

wi’ “ui’ “ui > “ui
the CP conserving case one has 4 ,fl.R = ARL but is no longer the case when CP violating phases are present, and in

ui
the presence of CP phases 4 II;iR # A LI;_L_ This is yet another way in which CP violating effects enter in the dressing
loop function. Of course as pointed out above the propagators for the mass eigen states as well as the vertices are also
dependent on the phases.

In addition to the above, CP phases can modify drastically the nature of interference involving different generations
in the dressing loops. Specifically, for supersymmetric proton decay the major contributions arise from the dressing
loops involving the second and the third generations. The phases define the relative strength with which they interfere,
and with appropriate choice of phases a constructive interference can become destructive interference suppressing the
dressing loop. This is one of the ways in which the proton lifetime can be enhanced. The above analysis shows that
phases do affect proton lifetime and the effects can be quite significant. An analysis of proton lifetime with the inclusion
of phases is given in Ref. [135] 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.
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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
Wo =4 [523 + EMzz] + JoHo[2 + 3M'1H;, (88)

where 2 is a 24-plet of Higgs whose VEV formation breaks SU(5) and where M is of size M. Now minimization
of the effective potential generates a VEV for the 2 field and assuming that the VEV formation breaks SU(5) —
SUB)c x SU2);, x U(1)y one has

(Z;) = M diag(2, 2,2, -3, —3). ®

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 M. 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 [136,137] where one
replaces the 24-plet of Higgs with 50, 50, 75 Higgs representations. Consider for instance a Higgs sector of the form
- R

W = 21507, 755 Hok + 72500,, 7545 HY + WG (T5m). (90)
Let us assume that the scalar potential generated by W/ (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) x SU(2) x U (1) content of 50-plet
representation

50 =(1,1,—12) + (3,1,-2) + (3,2, =7) + (6,3, =2) + (6,2, =7) + (8,2, 3) + (15,1, =2). On

Quite remarkably one finds that there is no SU(2)-doublet-color-singlet in the above and similar is the case for 504 .
Thus the VEV formation of 75-plet and breaking of the SU(5) symmetry leave a pair of light Higgs doublets coming
from 5z and 5. On the other hand one finds that Eq. (91) contains a Higgs color triplet (3, 1, —2) which can tie up
with the color anti-triplet from H> making them supermassive. Thus in this fashion the color triplets and anti-triplets
from H 1’ and H»; 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)
[138]. Thus consider an SU(6) grand unification where the Higgs sector of the theory consists of a 35-plet field 2 and
a pair of 6(H) and 6(H) multiplets. In particular consider the superpotential in the Higgs sector so that:

W=MTr2>+hTr 2> + pY(HH — A?), (92)

where Y is an auxiliary SU(6) singlet field. This model has a global SU(6)» x U (6) y symmetry. The superpotential of
Eq. (92) can lead to spontaneous breaking of this symmetry with VEV formation of the 2, H, and H fields such that

(2) = Vydiag(1,1,1,1, =2, =2) (93)
and

(0" =(H)" =Vvy(1,0,0,0,0,0), (94)
where Vs = M/h, and Vi = A. Here (H), and (H) break SU(6) down to SU(5), while (X) breaks SU(6) down to

SU4) x SU(2) x U (1), which together lead to the breaking of the local SU(6) symmetry down to residual gauge group
symmetry SU3)- x SUR2); x U(1)y. At the same time the global symmetry SU(6)s x U (6)y is broken down to
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[SU@) x SUQ2) x U(1)]z x U(5) . All the Goldstones bosons are eaten by the SU(6)/SU (3)¢c x SU2); x U(l)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 doublets. 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= (g +u€ +¢%) g+ (Q° + U + E)yg, (95)
15=10+5=(q+u’ +e%) 0+ (D + LC)s, (96)
6=5+1=(@d"+Dz+n, 97)
6=5+1=(D"+L)g+n. (98)

AsinSU(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. [139]. The doublet—triplet splitting in the context of SO(10) will be discussed in Section 4.6, and for
the case of models with extra dimensions in Section 6.

4.5. Proton decay in SU(S) supersymmetric grand unification
The decay of the proton in the minimal SU(S) model is governed by
Wy == fisjeunnny H 107107 + fo Fou 510104, ©9)

where 5;, and 10fy (i=1,2,3) are the 5 and 10 of SU (5) which contain the three generations of quarks and leptons,
and Hj, H 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 Section 4.4. One can now integrate on the Higgs triplet field and 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 - ~ -
W(LLLL) = Meahc(Pf’fv)ij (fzd)kl(uLhichj €, Vur)y — vidra) +--+) + Hee,,

1 . _ -
W(RRRR) = ——cane(V' )i (PV ) @it rajiirerdro + ) + Hee., (100)
where V is the CKM matrix and f;, P; are generational phases

Pi=(7), Y =0 i=1,2.3, (ob

1

Both LLLL and RRRR interactions must be taken into account in a full analysis and their relative strength depends
on the part of the parameter space where their effects are computed. The operators of Eq. (100) are dimension five
operators which must be dressed via the exchange of gluinos, charginos and neutralinos. The dressings give rise to
dimension six operators. A partial analysis of the dressing loops was given in Refs. [140,141], and a full analysis was
first given in Refs. [142,143] and worked on further in Refs. [144—146]. 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 neutralino 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.,

VKT, vint, eTKO, u+K0, etn?, u+n0, etn oty i=e p, 1. (102)
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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{k, etc. The various decay modes and some
of the factors that control these decays modes are summarized in table below.

Leptonic decay modes of the proton

Mode Quark factors CKM factors
7K V] Vai Vi mame
vuK V;l Vo1 Voo MmgMe
v K V;] Vo1 Voo mpme
VeTt, Vel V\V3 mame
VuT, V] V2+1 V221 msme
VT, Vil V;l V221 mpni;
ek V:l Viz mqmy
um, un Vfl V2+1 mgmy

The order of magnitude estimates can be gotten by keeping in mind m, Vi; <m.V>; <m; V3. In general the most
dominant mode is VK in the minimal 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 [142]

2
_ Brmy m3 mn(D + F)\ |?
I'(p— Kt = 21’—2 1-—£) 14,k ?A7 (4%)? (1 + M) , (103)
M732nf; my mp

where f§ p 1s defined by Eq. (519) and where we have used a subscript p to distinguish it from the f in tan § and where
Ay = (sin2BM3) " o3 Pymem{ Vi Vo Vool (& dis W) + 1(E; &3 W), (104)

Here I (c; Ji; W) are dressing loop functions as defined in Ref. [142]. Further, one can take into account the contribution
of the third generation exchange via corrections parametrized by yi’k where [142]

« P (m,V31V32> <1<f di, W) + 1., éi,W)>. (105)

yi© = ———— ——
' Py \mcVo1Vaa J \ I, d;, W)+ 1(C,¢;, W)

Here P, and Pj; are the relative intrinsic parities of the second and the third generation as defined by Eq. (101). The
ratio P,/ P3 is a relative phase factor 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 maximum 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 [142]

(106)

po Prom  maVi Hi;d: ) —Hd:d; §)
8 ~ o~
¢ 5

Pr oy me Vo Vi Vay 1@ 5 W)+ 1@ i W)

where I and H are loop functions as defined in Ref. [142]. It is now easily seen that the gluino contribution given by
Eq. (106) vanishes when the i and d squarks are degenerate.

In general the contributions of both the LLLL and the RRRR dimension 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 v; K mode. The important
contribution of the RRRR operators was first observed in Ref. [142] and later also noted in Ref. [145,147—-149]. Further,
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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
¥K+ mode. In this case the subdominant mode v will be relatively enhanced and become comparable to the K+
mode [142,143]. In addition to the nucleon decay modes involving pseudo-scalar bosons and anti-leptons, one also
has in general decay modes involving vector bosons and anti-leptons. The source of these modes are the same baryon
number violating dimension six quark operators 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

ViK*,Vip, viw, eK*, uK*, ep, up, ew, pw; i =e, i, 1. (107)
p ps 1p

A chiral lagrangian analysis of these modes is carried out in Ref. [150]. However, the vector meson decay modes have
generally smaller branching ratios than the corresponding pseudo-scalar decay modes. An analysis of these vector
boson decay modes for the supergravity SU(5) model is given in Ref. [151]. Another interesting mode is p — e™y.
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. [152].
A more recent analysis of this decay mode is given in Ref. [153]. A closely related process is the decay of the bound
neutron so that [153].

n— yv. (108)

This decay is interesting since the anti-neutrino will escape detection in the detector and the only visible signal will be
just a photon of energy about half a GeV [153]. An estimate of the lifetime here gives 1038+ ! yr.

The issue of viability of the supersymmetric grand unification and specifically of the minimal supersymmetric SU(5)
has recently been analyzed [154,155]. The work of Ref. [155] which is focused on the minimal SU(5) model analyzed
the dual constraints arising from gauge coupling unification and proton partial lifetime limits for the ¥K+ mode and
found them to be incompatible. Thus according to the work of Ref. [155] gauge coupling unification in the minimal
supersymmetric SU(5) constrains the Higgs triplet mass to lie in the range

3.5 x 10 < M7 <3.6 x 101 GeV (109)

at the 90% confidence level. Using the partial lifetime lower limit on the VK + mode of 6.7 x 1032 yr (the current limit
for this mode is > 2.3 x 103 yr) they find a lower limit on the Higgs triplet mass of [155]

Mr>7.6 x 10'°GeV. (110)

The above led the authors of Ref. [155] to conclude that the minimal supersymmetric SU(5) is ruled out. However, as
is well-known the minimal supersymmetric SU(S) is not a realistic model since the relation between fermion masses
are not in agreement with experiment.

There are a number of ways in which the incompatibility of Eq. (109) and Eq. (110) can be overcome. Thus for
example, the addition of Planck scale corrections can drastically alter the picture [156,157]. An analysis along these
lines with inclusion of higher dimensional operators [158—160], crucial for fermion masses, and inclusion of mixings
between fermion and sfermions is carried out in Refs. [158,159]. The work of Refs. [158,159] concludes that the
uncertainty in the theoretical predictions is as much as 103 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. [161].) The constraint of Eq. (110) on the
SU(5) model can be significantly softened if the Higgs sector at the GUT scale contains higher dimensional operators.
Thus, for example, if the superpotential in the Higgs sector contains operators of the Tr(2?%)? /Mp) and Tr(Z%) / Mpy,
then the gauge coupling unification and the Higgs triplet constraints can be reconciled more easily in certain regions
of the parameter space of the Higgs potential. One consequence of the addition of higher dimensional operators is
to generate a splitting in the GUT masses of 23 and X§g. This splitting turns out to be rather useful in softening the
constraints on the SU(5) GUT model. Specifically, in Ref. [159], an explicit analysis shows that it is possible to satisfy
the bound on M7 from proton decay once the splitting between the masses of the fields 23 and Xy is taken into
account. As pointed out above such a splitting is quite natural when higher-dimensional operators are included in the
Higgs sector.
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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 Mz 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 discrete symmetry if there are additional Higgs triplet fields present [162]. Thus, for example, with many
Higgs triplet fields the proton decay inducing dimension five operators are governed by the interaction

TiJ + KTy + T; M;; T;. (111)

In the above we have made a redefinition of fields so that the Higgs triplet and anti-triplet that couple with matter are
labeled 77, 77, 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 [162]

M)y =0, (2

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 [162,163]. Another possibility for the suppression of proton decay is via gravitational smearing
effects discussed in Section 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, (113)

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 SUQ3)- x SU(2); x U(1l)y and further break SU(2); x U(1)y
down to U(1),,,. Now a combination of 45y and a 165 + 16 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
SUQ2); x U(1)y down to U(1),,,. Thus a 45, 165 + 16y and a 10-plet of Higgs are a minimal set that is needed to
break SO(10) down to SU3)¢ x U (1),,,. 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) x U (1),,,, but also by the 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 a model. Attempts to satisfy partially
or in whole these constraints has led to a 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:

10y, 165 + 16,451, 54, 120y, 1265 + 1264, 2104. (114)
More recently the following Higgs structure has been used
144y + 144y (115)

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
VEYV formation can take place in the 45-plet consistent with the Standard Model gauge group SU(3)c x SU(2) x U (1)y.
Some of the possible directions for the (45) plet VEVs are

viioo(1,1,1,1, 1), 12i02(0,0,0, -1, —1), w3io2(1,1,1,0,0),
wio(3, 3,3, -1, =1 (116)

Here the VEV formation vy breaks SO(10) down to SU(5) x U (1), vy is along the third component T3g of SU(2)
and breaks the SO(10) symmetry down to SU(3)¢ x SU(2); x U(1)7,, X U(1)p_y, v3 is along the B—L direction and
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breaks the SO(10) symmetry down to SU(3)¢ x SU(2); x SUQ2)g x U(1)p_;, while vy is along the hypercharge Y
direction and breaks the SO(10) symmetry down to SU(3) x SU(2); x U(1)y x U(1). Thus the VEV formations for
the cases vy, v3, vg all break SU(5).

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:

fablzaBFHlpb¢/_p (117)
where a, b are the generation indices. The coupling of the 120-plet to matter is
F fav b BT 300 (118)

and the coupling of the 126 to matter is given by

L farWa BTV ;T T oy Ao (119)

The couplings of these can be explicitly computed using the so called Basic Theorem derived in Ref. [164]. 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 101-, 10,-, and a 45-plet of Higgs and consider a superpotential for
the Higgs fields of the form

Wy = M105 + 210;.45.10,. (120)
Consider now that a VEV formation takes place for the 45-plet field so that
(45) = diag(v, v, v, 0, 0) x ioy. (121)

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. Thus for the Higgs doublets one finds

—a—a_ (0 0 [5¢
(5152)<0 M2> <5§1> (122)

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

27w M» 5’2 '

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 [147]

(124)

The above allows the possibility of raising Mg by adjustment of Zv and M;. Of course one must check that the
unification of gauge couplings is maintained [147,165]. 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 [165]

Wyr = M10351035 + 2110154551025 + 4210054551035 + JiMloiH, (125)
where the 45-plet of Higgs develops a VEV as in Eq. (121) and the 45'-plet develops a VEV as follows:

(45" = diag(0, 0, 0, v, V') x ioy. (126)
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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 O 0 0 0
M=—-v 0 0], M=o 0o Jw]. (127)
0 0 M 0 —)Qv/ 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 101y of Higgs, then only the coupling JIM 1014 appears in Eq. (125) and
one finds that the (M’ )1—11 =0 (see Eq. (112)) 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. [166] 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 given in Ref. [147] where an investigation of proton decay rates along with quark—lepton
textures was carried out. A mechanism of the type Eq. (122) and Eq. (123) is used in the analysis of Ref. [147] to get a
doublet-triplet splitting. The Higgs sector of the model consists of two 10-plets of Higgs 1015, 1025 and three 45-plets
of Higgs 451y, 452H, 45 g 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. Only the third generation of matter
has cubic couplings, i.e., O33 = 1631071163 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

n
0ij = (]‘[ M,;l) 16451 ... 45,1045, ...45,16;. (128)
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. [147] the branching ratios of proton 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. [148]. Here a 45-plet of
SO(10) is used to break the SO(10) symmetry in the B—L direction, a pair of 16 + 16y 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,y and 10,4, one 45y adjoint Higgs and a pair of 16 + 165 of Higgs. The superpotential is of the form

Wy = MIOIO%H + Mi6165.165 + 211015455100 + 12165.165.101 4. (129)
Assuming that the 45y and 16 develop VEVs we have the following mass matrix:

0 A1(45)  22(16p) 10,
(510,510,516) | —41(45) Mo 0 510, | - (130)
0 0 Mg Ste

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 heavy. Here the light Higgs doublet that couples to the down quarks is a linear combination
of the Higgs doublets from the 10;z and from 165. Thus the two Higgs doublets of MSSM are

H, =101y, Hj=cosalOyg + sinal6y, (131)
where tan o = 2, (165) /Mje. In the model of Ref. [148] the matter—Higgs interaction is taken to be of the form
1
Wyg =h33163.163.105 + hy3162,163105 + M(}u2316216310H45H + /1/23 162163164 16f)
1 .
+ M(/112161 1601045y + )/12161 16164165 + f,/ 16; 16./' 16y16g). (132)
In the above the cubic couplings are the typical Yukawa couplings which contribute only to the quark—lepton textures

in the generations 2 and 3 sectors. The quartic interactions with coefficients /;; contribute to textures in all three
generations while the term with coefficient f;; contributes to Majorana mass matrix for the neutrinos. A detailed
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analysis of quark—Ilepton textures, of neutrino oscillations and of proton decay modes in given in Ref. [148]. An
interesting aspect of this analysis is that the corrections to «3(Mz) from heavy thresholds is rather small and thus
unification of gauge coupling constants is well preserved. Further, update of this work can be found in Ref. [167].

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 (4), the 120-plet
(D), and from the 210-plet (). Thus one has the following set of Higgs doublets &, = (Hulo, D;, D,%, Zlu, Ay, &) and
hg= (HL}O, D}i, Dﬁ, Zld, Ag, D4). 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 doublets for each H,, and
H,;. 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 (h7): hr = (Hy", Dy, D7, Ar, Ay, A7, ®1) and hy = (H]%, DL, D%, Ag, A7, A3 PF)
and the Higgs triplet mass matrix is a 7 x 7 matrix. We note that the dimension five operators are only mediated by
interactions arising from 10-plet and 120-plet mediations but these interactions 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 10y, 126y, 126, and 210 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 SUQ3)¢ x U(1),,,. 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 45 y-plets and
16y + 16y 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),,,. It is possible, however, to
achieve the breaking of SO(10) to SU(3); x U (1),,, 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) 4+ 15(=1) + 24(=5) + 40(—1) + 45(3). (133)

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)¢ x SU(2); x U(1)y.
The SU(5) 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). (134)

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 [171-174]. 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),,,. Thus one finds that with a single pair of 144 + 144 one can
break the SO(10) symmetry down to the residual gauge group SUB3)¢ x U(1),,

SO(10) — SUB3)¢ x U(1),,,: 144 breaking. (135)

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 45 + 45 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
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superpotential that accomplishes the symmetry breaking of Eq. (135) has the form

— Al o— _
Wy =M144y x 144y) + Z ﬁl/(144H X 1445); (144 x 144 p);. (136)
i=1,45,210

Of course, many additional self-interactions can be included on the right hand side of Eq. (136) 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

Aj
Wy = Z W(m x 16);(144 x 144); (137)
j=10,120,126

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. Because of this there is the possibility of
internal suppression 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) [175-177]. 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 unified theories through the decay of the proton.
A variety of phenomena can influence such tests and we investigate them here. In Section 5.1 we give a discussion
of the effects of Yukawa textures on the proton lifetime. The Yukawa textures at a high scale play the important role
of providing a possible explanation for fermion masses. However, the textures in the Higgs triplet sector can be very
different than in the Higgs triplet sector and this phenomenon has an important bearing on the proton lifetime. In
Section 5.2 we discuss the possible effects of gravity on predictions of grand unification. Specifically such effects arise
in supergravity grand unification which involves three arbitrary functions: the superpotential, the Kahler potential, and
the gauge kinetic energy function. The non-universalities in gauge kinetic energy function are known to affect gauge
coupling unification. But they can also affect proton lifetimes. In Section 5.3 we discuss the effects on proton lifetime
from gauge coupling unification. This is so because the gauge coupling unification receives threshold corrections from
the low mass (sparticle) spectrum as well from the high scale (GUT) masses in grand unified models. Since the gauge
couplings are given to a high precision by the LEP data, the gauge coupling unification leads to constraints on the GUT
scale masses, including the Higgs triplet mass, and hence on the proton lifetime. In Section 5.4, a model independent
analysis of distinguishing various GUT models using meson and anti-neutrino final state is given. Specifically three
different models, SU(5), flipped SU(5) and SO(10) are analyzed. In Section 5.5 we discuss the constraints necessary to
eliminate the baryon and lepton number violating dimension six operators induced by gauge interactions. Specifically
it is shown that such constraints can be satisfied for the case of flipped SU(5). In Section 5.6 we discuss the upper
limits on the proton lifetime on baryon and lepton number violating dimension six operators which arise from gauge
interactions. The upper bound is helpful in determining 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 understanding their hierarchical structure. It is
suggested that perhaps such structure may be understood from simple hypotheses at high scale, i.e., the grand unification
scale or the string scale [178—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 equality of the b—t
Yukawa couplings at the grand unification scale. This occurs in supergravity grand unification but not in ordinary
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(non-supersymmetric) grand unification giving further support to the validity of supersymmetry. However, the same
does not hold for my/m, and my/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 = HouY"q + HidY%q + HylY¢e", (138)

where Y%, Y¥, 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=|c 0 b, Y¥=|Ff el1,-3) 0], (139)
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 e where € < 1.
In addition to the GJ textures there are also a variety of other suggestions. Chief among these are those 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) y symmetry, and string based models. A possible origin of
the parameter € is from the ratio of mass scales, e.g., € = Mgut/ Mg [183,157]. 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 + )", W,
where W), (n > 3) are suppressed by the string (Planck) scale and in general contain the adjoints which develop VEVs
~ O(Mgur). After VEV formation of the heavy fields W,, ~ O(Mgut/ Mstring)"_3 x (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 generate textures is due to Froggatt and Nielsen
[180] who observed that a way to generate hierarchy of mass scales is through non-renormalizable interactions involving
a flavon field which carries some non-trivial quantum numbers under a U (1) x symmetry. If the Standard Model fields
possess quantum numbers under this U (1) y symmetry which are flavor dependent, 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

u of O\
Yyiiqi Houj i , (140)

where 0 is the flavon field with a U(1)x charge of —1 and the subscript N on Yy, j refers to the non-renormalizable
nature of the interaction. Invariance under U (1) y requires

nij =ng, +nmg, +nu;, (141)

where ng, 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

YiiqiHu§: Y=Yy, (", €= <%> : (142)
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)y
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—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].
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Proton decay involves textures not only in the quark—lepton Yukawa coupling sector, but also involves textures in
the Higgs triplet sector [157,189]. In general the Higgs triplet textures are not the same as the Higgs doublet textures
so that

Wy = TuY{"e® + ey, (Tod Y u§ + Tup¥/'dy) + T1Y{q, (143)

where Y¢, Y", Y", Y€ are the Higgs triplet textures. In Ref. [157] Higgs triplet textures for the case of SU(5) corre-
sponding 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(S) is [157]

0 gc 0 0 SF(-1,1) 0
/=4 o 2|, v=|L5F1,1) fe-1,4 0 (144)
0 —3b a 0 0 2d(-1,1)

and 171“ = 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 VK T 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 5r0ton 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. [148,190-192].

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(F F), 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]

Cc

L =
" 2Mpy

Tr(FF®), (145)

where @ is a scalar field in a representation of the gauge group such that Tr(F F @) 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) 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); x U(1)y fine structure constants for these so that [195]

0= (M) — a5 (M. )<1+ Mo, M o CM) (146)

G G r—, rn—, 3—:1=,
¢ ¢ Mpy Mp Mpy

where r; depend on the nature of the gauge group. These splittings affect the analysis of gauge coupling unification
[195-199]. 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
2Mp

1 M
oG 1i + Cig log (147)

-4
0’
where M, are the heavy thresholds, C;, are one loop renormalization group beta function and Q is the renormalization
group scale. Now by a transformation M, = ijffeh one can absorb the quantum gravity correction by defining
effective heavy thresholds so that o, 1(Q) = ocerf_l + Ciq log(ijff / Q) where ocerf is ag evaluated at Mg‘;ff where
Mgff = Mg exp(—54,), and 4, = (’Icyaal) so that (ocerfY1 = ocal — (15/2m) A, Mgff = Mye *ads where k, are

o () =ag' +

M
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 analysis. 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
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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.

Consider, for specificity SU(5) and @ a 24-plet of scalar field in the adjoint representation of SU(5). The VEV
formation (®) = M diag(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) + (1, 3, 0) massive
2—fields of mass My and a massive singlet 2 field. Here r; = (—1, —3,2) foriin U (1), SU(2); and SU(3) and the
gravitational warping generates an effective scaling of the heavy masses so that k, = (—%, 13—0, 5), wherea =1,2,3
referto X, V, M7 masses. As noted above the heavy masses that enter in proton decay are the unwarped ones. Thus, for
example, an experimental determination of p — VK ™ would provide a determination of M7 while the renormalization
group analysis provides a determination of MeTff 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. [155] gives 3.5 x
10 < M7 <3.6 x 1012 GeV, while Super-Kamiokande data demands M7 >2 X 10'7 GeV. This appears to eliminate
the SU(5) model. However, inclusion of the Planck scale effects requires only that

3.5 x 104 < Mre 4 <3.6 x 101 GeV. (148)

The above implies that with ¢ ~ 1 one can achieve consistency with the SuperK data. However, we add a note of
caution. In Eq. (148) we have not taken into account the corrections to the gaugino masses that arise as a consequence
of quantum gravity effects [201-203,197]. Inclusion of these affects involve an overlap of the Planck scale and GUT
scale effects and bring in a new parameter ¢’ generally distinct from c. 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 — VK, Eq.
(148) 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 — 7% 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

Tr(FF®y5), Tr(FF®sq), Tr(FF®da0), (149)

where, however, the first term is zero due to anti-symmetry. After VEV formation for these scalars, one would find
gravitational corrections to the renormalization group evolution which also indirectly affects proton decay estimates
as discussed above. An RG analysis including gravitational corrections in SO(10) is given recently in Ref. [204].

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 superheavy 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—-208]:

d
K 8i () = P (gi (W), (150)
u

where the functions f3; at one-loop level are given by

i = g? 2TFdF lTSdS 11C Gi 151
ﬁ,-(g,w))—@[g (F)I(F) + 3T(S)d(S) = 5-Ca »} (151)

withi =1,2,3 for U(1)y, SU2),;, and SU(3)c. In the above expression the fermion representations are assumed to
transform according to the representation F' with dimension d(F’), while the scalars transform in the representation S
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with dimension d(S). For an irreducible representation R we have,

RRY = Cy(R)I, (152)
Tr(R*R”) = T(R)5%, (153)

where R“ is a matrix representation of the generators of the group. 7'(R) and C»(R) are related by the identity,
C2(R)d(R) =T (R)r (154)

with r the number of generators of the group and d(R) is the dimension of the representation. C»(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 81, with C2(G)=0and T(R) =Y 2 (See for example [209]), where the electric
charge is defined by Q = 75 + 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

bi M,
—1 —1 GUT
0 (Mz)~ ' = ogyr + ﬁ In o, (155)
where o; = gl.2 /(4m). Using the general expression f3; one finds for the Standard Model
pM=41/10, bSM=-19/6, bHM=-7. (156)

As is well known the above beta functions do not allow the unification of gauge couplings. See Fig. 7 for details.
Next, we consider the minimal non-supersymmetric SU(5), where the matter is unified in 5 and 10, the Higgs sector
is composed by 5y = (H, T) and 24 = (23, 23, X(32), 2(3’2), 2»4), while the gauge fields live in 24y . Using the SM

Evolution in the Standard Model

1 1 1 1 1 1 1

25 5 7.5 10 12.5 15 17.5
logqo(u/ 1GeV)

Fig. 7. Values of the gauge couplings of the Standard Model at different scales. As input parameters we take os(Mz)grg = 0.1187,
a(Mz)35 = 1/127.906, and sin20W (Mz)375 = 0.2312. Here the three couplings do not have a common intersection.
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decomposition one gets the following equations for the B;:

Biw(s) =b§M _ %rv + %rr, (157)
BZSU(S) _ bgM + %723 . %rv, (158)
ng(s) = b;M + %rzs —Try + %VT» (159)

where

_ InMgur/M; (160)

=
In Mgur/Mz

and where M; is the mass of the additional particle I (Mz < M; < Mgurt). 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
Mz [210]

By 5 sin? 0, — Oem /[ Os

B, 8 3/8—sin20,

Mgur _ 16m 3/8 —sin® 0,
Mz Stem B,

(161)

In

(162)

Using the experimental values at M in the M S scheme [27] of sin? 0,, = 0.23120 £ 0.00015, oce_ni =127.906 +0.019
and oy = 0.1187 £ 0.002, one obtains

B
—2 = 0.719 £ 0.005, (163)
12
M, 184.9+0.2
jp Mour _ 1849402 (164)
Mz By

The above two relations constrain the mass spectrum of the extra particles that leads to an exact unification at Mgyt
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. (163). Namely, the resulting SM ratio is simply too
small (B%VI / B%VI = 0.53) to satisfy equality in Eq. (163). 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 (B%U(S) / BIS2U ® <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, D), where the fields &,, @y, and P, 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 experimental
bounds on proton lifetimes and achieve unification. In this case we have additional contributions to the parameters Bj2
and Bj3 (see Table 3):

A knowledge of B> and B3 allows one to exhibit the entire parameter space where it is possible to achieve exact
unification. (See Fig. 8.) The triangular region in Fig. 8 represents the available parameter space under the assumption
that Y7, 2'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, > Mz. 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

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

Minimal SU(5) D, 8 D,
SU((5
Br3 B3 ® %r% értph —%hp(,

SU(5) 1 7 8
312 B12 —ﬁr% —Er@) ﬁr@,
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Fig. 8. Plot of lines of constant Mz; and Mg, in the Mgur-log(Mg, /1 GeV) plane, assuming exact one-loop unification. The central values for
the gauge couplings as given in the text are used. All the masses are given in GeV units. The triangular region is bounded from the left (below)
by the experimental limit on Mg, (Mg, ). The right bound is Mz; 2> M7z. The two grey solid (thick dashed) lines are the lines of constant Mz,

(Mg,). The line of constant ‘“(__‘vlle is also shown. The region to the left of the vertical dashed line is excluded by the proton decay experiments if
2 =0.015GeV? [212].

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].

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

B%VISSM _ bISM + %rq + %ré, (165)
BYSSM — p3M 2ra + %rg, (166)
BMSSM _ pSM 25 + 2rg, (167)

assuming the same mass M; for all scalars and the same mass for Higgsinos and gauginos M. In this case as is
well-known it is possible to get unification at the scale Mgyt ~ 10'¢ GeV, if the supersymmetric particles are around
1 TeV, or if one has only the gauginos and higgsinos at the 102-10° GeV scale [214-216]. See Fig. 9 where we show
the values of the gauge couplings at different scales in the context of the MSSM.

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):

BiSSU(S) _ BiVISSM + %rT — 10ry, (168)
B2SSU(5) _ B;VISSM +2r5, — 61y, (169)

B3SSU(5) _ B%\/ISSM +rr —4ry + 3rg,. (170)
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Evolution in the Minimal Supersymmetric Standard Model
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Fig. 9. Values of the gauge couplings at different scales, in the DR scheme, in the context of the minimal supersymmetric standard model. For
simplicity all superpartner masses are taken at Mz scale. The input parameters in the M S scheme are listed in Fig. 7. Here the gauge couplings unify
at a high scale of Mg ~ 2 x 1010 Gev.

Assuming that X3 and X'g have the same mass and using the equations above one finds [217]

1 /12 M M
(30(2_1 _ 2a3—1 — Ocl‘l)(Mz) = — <_1n_T —2In svsy).

(171)
2n 5 MZ MZ

Eq. (171) is a very useful in constraining the Higgs triplet mass. In Ref. [155] the authors concluded that the triplet
mass M7 <3.6 x 101 GeV, in order to satisfy the above constraint in the context of the minimal supersymmetric
SU(5). However, when the fields X3 and Xg have different masses [159] the bound on M7 is quite different. 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 GUTs 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 [43]. Let us analyze the possibility
to test the realistic grand unified models, the SU(S), 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 X, and two Higgses 5z and 5 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 45 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 OIB -+ (Eq. (12)), and 05 -+
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(Eq. (13)) contributing to the decay of the proton. Let us study the prediction for proton decay in a SU(5) theory with
Yu=Y g . In this case we have Uc = UK, where K, is a diagonal matrix containing three phases which gives [47]

3

Y e, dy, dfYy 5y, dy, dS)sus) = K (V) * (K3 (Ve ) K361, (172)
=1

In this case the clean channels to test the scenario are [47]:

I(p — K*9) = KA VEgul? + A3IVER uIP1C, (173)
I[(p — 1) =k}|Vik 12 Ca, (174)
where
(m2 — m2)?
O VAL (175)
8mmy, f7
m
Cr=—LA2|0>(14+ D + F)?, (176)
8712

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 [47]. These results are valid for any unified model based on SU(5) with Yy =Y 5 .
Similar tests can be investigated for other gauge groups. Specifically a discussion of the tests for the gauge groups
SO(10) and flipped SU(S) is given in Appendix G.

5.5. Proton decay in flipped SU(S)

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 investigate
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 parameters
entering in a grand unified theory, in the framework of conventional 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. Now 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 k> = 0 in Egs. (9)—(10) the relevant coefficients that enter in the decay rate formulas are:

e(e€. dp)sucs) = BV + (vivep) P (i v ), (177)
clex df)su =KV, (178)
O, dy df ) sy sy =K (ViVup) " (VaVen)?, a=1lor p=1, (179)
C(Vlc,doc»dlg)su(s) =0. (180)

It is now easy to see that the demand to rotate away proton decay leads to conflict with experiment. In order to set
Eq. (178) to zero, the only possible choice is Vlll =0. [Setting (V3)ﬁ“ to zero would violate unitarity.] If we now look at
Eq. (179), there is only one way to set to zero the coefficient entering in the decay channel into antineutrinos. Namely,
we have to choose (Vi Vy D)I“ = 0. This, however, is not possible since it would imply that, at least, Vé;( 7 18 zero in
conflict with experiment.

Next we investigate the same issue in flipped SU(5). However, before doing so we give a brief discussion of it. The
gauge group in this case is SU(5) x U (1) and the hypercharge is a linear combination of generators in SU(5) and in
U(1), and so strictly speaking one does not have a unified gauge group. The particles reside in the multiplets 3, 10
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and in an SU(5) singlet and the assignments differ from those of the usual SU(5) as given in Appendix A. Thus in the
flipped SU(5) x U (1) case the particle content of the multiplets is as below: For the 5 of SU(5) we have

Ulg
e; | (181)

—VeL

5=

where subscript a is the color index. For the 10-plet of SU(5) and for the singlet we have
0 d§ —d§ —u' -d'
-d5 0 df —u? -a
10=| & -da 0 —u® -a*|, 1=e". (182)
u' u? u’ 0 v
A N
The d =6 proton decay from gauge interactions is again mediated by lepto quarks but their quantum number assignments
are different so we label them with a prime: V' = (X', Y’). This time the relevant d = 6 coefficients are:

c(eS . dp)susy =0, (183)
clex df)sysy =B (VaVi )P (ViVupViva)!, (184)
e, dy. d5) sy sy =12V VvepVivsven !, a=1or f=1, (185)
cOF dy. d) sy sy = BV )P ULV + VI UL V)L a=Tor =1, (186)

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. (185) to zero, we can only choose Vf“ = (DED)/’)“ =0, where « = 1 or f = 1. We could
think about the possibility of making both Eqgs. (184) and (186) zero, choosing (V4VJ D)ﬁl = 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. (184). This can be accomplished by setting (V; VUDVI V3)“‘ = (UgE)“‘ =0 [220]. We note that this
constraint is unrelated to the constraint on V4. 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 = Yg
implies V4 = Kj, 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(9) 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 ff with & =1 or =1 have different
consequences in those two scenarios [see Eqgs. (178) and (185)].

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:

t, = CMYoghrm,”. (187)
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Fig. 10. Isoplot for the upper bounds on the total proton lifetime in years in the Majorana neutrino case in the M x—ogyuT plane. The value of the
unifying coupling constant is varied from 1/60 to 1/10. The conventional values for My and agyt in SUSY GUTSs are marked in thick lines. The

experimentally excluded region is given in black [221].

Here C is a coefficient which contains all information about the flavor structure of the theory, My is the mass of the
superheavy gauge bosons, and oGyt = géUT /4n, where ggur 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 agur 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 principle 42 unknown parameters enter in the decay. The

upper bound on the proton lifetime in the case of Majorana neutrinos reads as
(188)

Mx/10'6 GeV)*
x 10% ()‘/2—6) (0.003 GeV3 /a)? years,

Tp< 6'OJ—F8:§
YGuT
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—agyT plane for the Majorana (Dirac) neutrino case are in Fig. 10 (11). These
results, in conjunction with the experimental 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 (), > 50 x 1032 years) for the p — n0eT channel [27] and setting o = 0.003 GeV3, the bound
(189)

on My reads

My >3.04703 x 10" /aguT GeV,
where agur usually varies from 1/40 for non-supersymmetric theories to 1/24 for supersymmetric theories. For

example, if we take a non-supersymmetric value agyt = 1/39, one obtains
(190)

Mx>4.9 x 10 GeV.
We note that the above result implies that any non-supersymmetric theory with agyt = 1/39 is eliminated if its

unifying scale is below 4.9 x 10'3 GeV regardless of the exact form of the Yukawa sector of the theory. Further,
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Fig. 11. Isoplot for the upper bounds on the total proton lifetime in years in the Dirac neutrino case in the My—oaguT plane. The value of the
unifying coupling constant is varied from 1/60 to 1/10. The conventional values for My and agyT in SUSY GUTs are marked in thick lines. The

experimentally excluded region is given in black [221].

a majority of non-supersymmetric extensions of the Georgi—Glashow SU(5) model yield a GUT scale which is slightly
above 10'4 GeV. Hence, as far as the experimental limits on proton decay are concerned, these extensions still represent

viable scenarios of models beyond the SM. Region of My excluded by the experimental result is also shown in
Figs. 10 and 11. The plots of Figs. 10, 11 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 1036 years [212].

6. Unification in extra dimensions and proton decay

Over the recent past models based on large extra dimensions have received considerable attention. The largeness

of the extra dimension implies that the compactification scale is small compared to the Planck scale, and guided by a

desire for new physics at accelerators this scale is often chosen to lie in the TeV region, limited only by the constraints

of the precision data. The extreme smallness of the compactification scale compared to the GUT scale or Planck scale
implies that baryon and lepton number violating dimension six operators would only be suppressed by the inverse
of the TeV scale and thus lead to unacceptable rate for proton decay. This is an important hurdle for the large extra
dimension models. In this section we discuss various scenarios where proton stability can be achieved in such models
with the help of discrete symmetries. We briefly outline the main items discussed in this section.

In Section 6.1 we consider grand unified models based on one extra space—time dimension, and discuss proton
stability within such models. It is shown that with discrete symmetries it is possible to get a natural doublet—triplet
splitting in the Higgs sector. In Section 6.2 we give a review of SO(10) models based in 5D, and give a discussion
of 5D trinification models in Section 6.3. Section 6.4 is devoted to a discussion of grand unification models in 6D,
where several unification scenarios are analyzed. These include SO(10), SU(5) x U (1), flipped SU(5) x U(1), and

SU@)c x SU2);, x SU2)g- In Section 6.5 we discuss gauge—Higgs unification. Here the Higgs fields arise as part of

the gauge multiplet and thus gauge and Higgs couplings are unified. In these models proton decay is sensitive to how
matter is located in extra dimensions. A discussion of proton decay in models with universal extra dimensions (UED)
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is given in Section 6.6. Proton decay is suppressed in these models due to the existence of extra symmetries. In Section
6.7 we give a discussion of proton stability in models with warped geometry. In this class of models proton stability
arises via a symmetry which conserves the baryon number. Section 6.8 is devoted to a discussion of proton stability in
kink backgrounds.

6.1. Proton decay in models with 5D

In this subsection we discuss proton decay in theories with one extra dimension. Theories with extra dimensions
have a long history beginning with the work of Kaluza and Klein in the nineteen twenties [222—-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 [229-232]
and important constraints have been placed on the size of such dimensions from experiment [233-235]. An interesting
phenomena in such theories is the power law evolution of the gauge coupling constants [236-239] which allows for a
meeting of the coupling 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 symmetry is broken on a brane
different from the physical brane [241]. Other suggestions to suppress proton decay require imposition of discrete
symmetries [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 dimension 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
M ¢ 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 natural 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 orbifold
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 [247-250]. (For a discussion 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 [233-235].
More recently interest has focused on grand unified models with extra dimensions and here an interesting development
is the reduction of the gauge symmetry by orbifold compactification [251,253-257] 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 xM = (x*, x3) where uw=0,1,2,3. We assume that
the fifth dimension x> is compacted on S'/(Z5 x 7)) where the Z, and Z/, are defined as follows: Z, corresponds to
the transformation

X = —x° (191)
while Z) corresponds to the transformation

[N (192)
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where x5 =x’+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 3 )1, fo),
where VM is the vector field with M =0, 1,2, 3,5, ¥ is a real scalar field, A’ 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 Vy; = gV, T* where

tr(T*TF) = %%ﬁ, and 4 and X 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 [258-260]

Lé= 5% {—%tr(VMN)Z +tr(Dy2)? + te(ZiyM Dy d) — (L2, A]) + tr(f“)2} , (193)

where Dy =0,,2 —i[Vy, 2]. The action is invariant under the following supersymmetry transformations:
VM =g My,
5.2 =il i,
54 = ("N Vyn — M Dy D) — (faN) e,
5@ =& (M Dyl —i[2,E (eI, (154)

where & are the transformation parameters and o™ = [yM yN]/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 x> = 0 brane
which we consider to be the physical brane. To achieve this we consider the Z; transformation which acts on the bulk
fields so that

FGEy) = ek, —x7) = PF(xH, x5), (195)

where P = +1. We take the fields V/, /IIL, f 3 to have even parity, and the fields Vs, X, )%, f 1.2 {0 have odd parity.
Further, we assign to élL an even parity and to é% an odd parity. Now the fields with odd parity vanish on the x> = 0
boundary, and the transformations on the x> = 0 brane reduce to the following [261]:

5Vl =ig, Al —ialfarel,

Sl = V&) —iDEp,

3:D =i&, " Dyi} +hec., (196)
where D = (f3 — 052). Egs. (196) constitute the transformations of an N = 1 gauge multiplet with components

Vi Ap. D= (f? —052), (197)

on the x> = 0 brane. We note the appearance of 052 in the auxiliary field D. While 2 has odd Z, parity and vanishes
on the x> = 0 brane, 052 has even Z, parity and is non-vanishing on the x° = 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 hypermultiplets consisting of two complex scalar fields and two Dirac fermions (H;’, y*) (i = 1,2)
where H;’ are complex Higgs doublets and y* are Dirac spinors. We identify these multiplets as follows:

{(H! Yk, (HY b)),
{(HE, %), (HZ,y7)). (198)

The 5D bulk Lagrangian for the Higgs multiplet is then given by [259]
L8 = Dy H 1> + i)™ Dyy® — V2H! 7" +hec)

o 2 o
— 2y — H (2 H} — g? Y H (0™ T HT (199)
m.ol
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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;, y*, F;') which break up into the Z; parity
even multiplets (H], '//}e’ Fll), (H22, l//%, F22) and the Z, parity odd multiplets (H2], x/JIL, le), (le, w%, Flz). As we
o to the boundary x> = 0 only the Z, even parity multiplets survive and the surviving multiplets are [258,259]
Hi= (HllT, fp; FlT), and Hp = (H22, zp%, F>) where F; = Fl1 — 65H21 and Fr = F22 - GSHIZ. Here 7 is the multiplet
that couples to the up quark and #; 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 Z, orbifolding reduces N = 2 supersymmetry down to
N =1 supersymmetry on the boundary. However, the SU(5) gauge symmetry is left intact. We consider now the action
of the Z, orbifolding which leaves the N = 1 supersymmetry intact 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(x*, x7) which
belongs to the fundamental representation of SU(5) transforms so that

Fot x5y > Fet, —x5) =P FcM, 1), (200)

where x5 = x3 +7nR/2 and P’is a5 x 5 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 Z} parity 4. We identify
Hs with H22 as the one that gives mass to the up quarks, and Hz with Hl1 which gives mass to the down quarks and

the leptons. Similarly, we define ﬁg = H12 and Hs = Hzl. One has then the following transformations for the Higgs
multiplets under Z), transformations

Hs(xt, x”) — Hs(x#, —x”) = P'Hs(x¥, x*),

Hs (x*, ¥y = Hs (x*, Yy = P'Hs(x", x),

Hs(x", x%) — Hs(x*, —x%) = —P'Hs(x", x5,

Az (x#, %) — Hz(x*, —x>) = —P'Hs(x*, x%). (201)

Thus under Z, x Zé transformations a field can be classified as fi (x*, x°). It is instructive to carry out a normal
mode expansion for these.

Fro(x, “‘\/»Zm 20 () co (%)
Foo(iux )_\/72f(2n+1)(x) ((2n+1)x )
f_+(x’x5)=\/>zf<zn+n( s ((2n+1)x )
fo(x, x5>—\/>2 £ (x) si ((2n+2)x ) (202)

The above implies that the modes f(2n) FnED ffzfrl), £@"2) 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 multiplets in Table 4 where we have decomposed the Higgs 5-plets in SU(3) color
triplets, and SUI 2) doublets and the nggs 5i in| the SU3) color anti-triplets, and SU(2) doublets, i.e., Hs = (H,, Hr),
Hz = (Hg, Hy), Hs = (H,, Hr), and H5 = (Hy, HT)

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 Hy. The entries below the double horizontal line are the Higgs triplets (denoted by the subscript 7)
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Table 4
P and P’ parities of the components of bulk Higgs multiplets

4D fields Zy x Z} parity Mass

H* (+ 4 2n/R
A" (—-) @n+2)/R
H (4, +) 2n/R
I:Id(2n+z> (-, —) 2n+2)/R
H;2n+l) (+, —) 2n+1)/R
H—;ZnJrl) (+,—) 2n+1)/R
I:I;Z"H) (=, +) 2n+1)/R
A2 (=4 @n+1)/R
Table 5

P and P’ parities for the components of bulk gauge multiplets

4D fields SU@3) x SU(2) reps Mass
veen e @D+ 1.3+, 1 2n/R
Vsajzj’+2’,iz_“_(2”+2>, Fa@n+2) @S, D+1,3)+, 1) 2n+2)/R
gD gt (3.2)+(3.2) @n+1)/R
VECED jaalntl) | yaGnth 3.2+@3.2) @n+1)/R

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(S) indices. It is easily seen that the Lagrangian is invariant under the following
Z), transformations:

Vu, %) = Vet —x%) = PV, (e, ) P

Ak, Pl R A (x, = P} (xH, P!,

/I%(x”, ¥y = )t% xH, —x%) = —P/),%(x“, ¥¥yp' 1

S xSy = Tt - = —P' T, )P,

Vs(xH, %) = Vs(xt, —x°) = —P'Vs(x*, x> P~ 1. (203)

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

PTP ' =1 PTIP'=_T4 (204)
where T¢ are the generators of the Standard Model gauge group Gsm and T are in the remaining set. The mode
expansion of the vector multiplet components 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 (+, +) parities have zero modes and they
transform under SU(3) ¢ x SU(2); as (8, 1)+ (1, 3)+ (1, 1). These zero modes are precisely the gauge vector multiplets
of MSSM which we label V,i. All the remaining vector fields Va, j.e., the lepto-quarks, acquire masses. Specifically,
we note that the vector 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.

In setting up the Lagrangian in 5D we have to make sure that the Lagrangian 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
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either in the bulk, or on the orbifolds. There are two invariant orbifold points corresponding to x> = 0 and 7R /2 which
are the end points of the fundamental domain x° = (0, 7). When matter, is located at the x> = 0 brane, one can maintain
the full SU(5) symmetry, while when matter is located at the x> = nR/2 brane, only the standard model symmetry
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 Z; transformations,
P is + 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:

10:  P(Q,UC, E€) =no(+, —, -,
5. P/(DS,L)=nz(—,+), (205)

where 75 | are overall signs of 5 and 10 multiplets, i.e., 115,10 = £1. With the above we have

P’(10.10.55) = —(10.10.5),
P'(10.5.55) = —n51,0(10.5.55). (206)

Using Eq. (206) we can write a Z> x Z) invariant 5D Yukawa interaction in the form
1
Ls= /dzez(a(ﬁ) — (x> = 7R)) f5,10.10.5y
1 .
+ / d20§(5(x5) — N3N100(x° — TR)) f5,10.5.5y + h.c. (207)

The Z, x Z, invariance of Eq. (207) is easily checked by using Eq. (206). On integration over the fifth coordinate one
gets the following effective Higgs—quark—lepton interaction in 4D:

L4=Lo+ Lkk, (208)

Lo :/dze(leU"H,fo) + £20D°HY + HLEH) +hee., (209)

o0
Lxx =Y V2 f @0(fi QUEHEY + LODH™ + fLEH")

n=1
o8]

+Y V2 / COAQOHT"V + UCECH TV + LOLHT ™D + HOLHE™).  (210)
n=1

where fi = f5,/~/2nR, f> = fs54/+/2nR. One finds that Ly which contains the zero Higgs modes is precisely what one
has in the minimal SU(5) theory 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 L g 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]

o0
ZR“/d20(H}2”+1)I:I}2"+1)+H}2"+l)ﬁ}2”+l))+h.c. @11
n=0
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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 10.5.5where all multiplets are matter multiplets. We pause to contrast
the situation here with that in 4D supersymmetric theories. As discussed in Section 5, in 4D supersymmetric grand
unified theories, even with R-parity one typically has baryon and lepton number violating dimension five operators
which lead to proton decay, and because of that there exist overlapping constraints on the GUT scale from the current
experimental limits on the proton lifetime and from the gauge coupling unification. This issue lead us to consider in
detail the twin constraints of gauge coupling unification in 4D theories and proton stability in Section 5.3. In contrast
in higher dimensional theories of the type discussed above, one does not have any dimension five induced proton
decay. However, the gauge coupling unification constraint can still affect proton decay via dimension six operators.
Specifically, here Kaluza—Klein tower of states can affect proton decay lifetimes. A detailed discussion of this topic
is given at the end of Section 6.4. It needs to be pointed out that the analysis of gauge coupling unification in higher
dimensional theories in by no means unique, but rather has a significant model dependence. However, in a class of
models the situation is even improved [263] over the supersymmetric SU(5) model in 4D. A more detailed discussion
of this topic is outside the scope of this report, but the reader is refereed to a number of recent works for an update
[239,257,263-265].

Although, there no proton decay from dimension four and five operators in models of the above type, there is,
however, proton decay from dimension six operators induced by gauge interactions.

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*n® which is [266]

g4 4 50(2A%,mp
4Mc Ar f?

I'(p— e+n0)=( (14 D+ F)>. (212)

With F = 0.47, D = 0.8, fr =0.13GeV, o = 0.01 (GeV)?, g2/(4m) = 0.04, Ag = 2.5 one finds

Me \*
(p— etn’) ~ 1.4 x 1034<—) r. 213
(p ) gy ) (213)

The current experiment already puts a lower limits on M¢ of M¢ ~ 8 x 101> GeV.

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 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 Mé. 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 [266]:

Lsy = Li&oﬁ’) / d20d%0y" (Dse*" ) ; + hec. (214)
P

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

gi
McMp

O6 = Y7 / d*0d%0 Y W TN W T, (215)
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In the above y;; and ¢ are strong interaction parameters which are typically O(1). The proton lifetime resulting from
above is

12, ,1/2\ 4
(p = et =3.5 x 10345y, ) 2| =5-—L— ] vyears. 216
(P ) ( /11) 1016 GeV y ( )

Clearly the result of Eq. (216) has a significant model dependence. If one assumes that M p 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 (6y,,) 2.

6.2. SO(10) models in 5D

The SO(10) models in 5D which have been investigated by a number of authors [267,268]. 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 Vand an N =1 chiral multiplet 2. We take the Higgs multiplet to lie in the 10-plet
representation of SO(10) so in 5D it is a 10 dimensional hypermultiplet . In 4D it would correspond to two N = 1
chiral superfields Hjo, A 10- Similar to the SU(5) case we have the following transformations under Z;

Hio(x", x°) — Hip(x", —x°) = PHo(x", x°),
Hio(x", x5) — Hio(x", —x%) = —PT Hjo(x*, x°), (217)

with P2 =1 where Pis now a 10 x 10 matrix. We choose P so that P = 1555 X 12x2. We assume similar transformations
under Z}, with x> replacing x> and P’ replacing P and for P’ we choose [267,268]

P' =diag(—1,—1,—1,1, 1) x (1, 1). (218)

As in the case of SU(5) the Z, orbifolding breaks the N = 2 supersymmetry in 4D to an N = 1 supersymmetry . The
Zé orbifolding breaks the SO(10) gauge group to an SO(6) x SO(4) gauge group. Since SO(6) ~ SU(4) and SO(4) ~
SUR2); x SU2) 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) ¢ x SU2); 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 2. 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(l 2,2). The Z> x Z’ properties of these fields are exhibited
in Table 6. The 16-plet spinor representation of SO(10) can be decomposed under SU@A) ¢ >< SUR2);, x SUQ2)g as
(4,2,1) + (4, 1, 2). The generalization of a Z/, transformation on a spinor is [267] P’ = e~ F(B-L) . Now under the
SU4) ¢ decomposition SU4)¢c — SUB3)¢ X U(l)B 1> one finds (4,2, 1) — 31,3+ 1_; which leads to P’ = —i for
the (4, 2, 1) multiplet. Thus 16-plet spinor has Z parities given by (4,2, 1)_; + “,1,2);.

As discussed earlier in the Z; x Z), compactification there are two in-equivalent orbifold points: x>=0and x>=nR/2.
At x> = 0, the wave-functions for all the gauge bosons are non-vanishing and one has an SO(10) invariance. On the

Table 6

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

SUM4) x SUR2); x SUR2)g N =1 multiplets Zy X Zé parities
v(as,1,1), V(1,3,1), V(1,1,3), H(1,2,2) (+ 4
V(6,2,2), H(6,1,1) (+,-)
2(6,2,2), H(6, 1, 1) (= +)

(5.1, 1), 21,3, 1), Z(1,1,3), H(1,2,2) (=, —)
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other hand at x> = nR/2, the V (6, 2, 2) gauge bosons have their wave-functions vanishing, and the gauge symmetry
is reduced to SU(4) x SU(2); 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 M 4 as seen in Eq. (213). An estimate of M¢ for the model of Ref. [268] 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 1616 of Higgs multiplets. Now under SU(4) ¢ x SU(2), x SU(2) g the 16-plet
decomposes so that 16=(4, 2, 1)+ (4,1,2) and one gives VEV to y¢ + 3¢ where x© = (4, 1, 2). AVEV formation for this
combination then breaks the SU(4) - 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)- x SU(2); x SU(2)g 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 on the SU(4) - x SU(2); x SU(2) g brane as given in Eq. (216). Analysis of gauge coupling
unification in Ref. [268] gives an estimate of M¢c ~ 2 X 101 GeV and Mp is identified with the unification scale in
string models and taken to be ~ 2 x 10!7 GeV. In this case the analysis of Ref. [268] gives

(p — eTn%) ~ 7 x 1032 yr, (219)

where the 42 reflects the uncertainties due to 6, 7, Mc and Mp.

Another possible class of SO(10) models in 5D is based on embedding of a four-dimensional flipped SU(5) model
in a five-dimensional SO(10) model [269]. This approach can preserve the best features of both the flipped SU(S)
and of SO(10). Namely, the missing partner mechanism, which naturally achieves both doublet-triplet splitting and
suppression of dimension 5 proton decay operators, can be realized as in flipped SU(5), while the gauge couplings
unify as in SO(10) [270].

In this approach orbifold compactification leaves two inequivalent points. One has an SO(10) invariance while the
other has flipped SU(5) invariance. To break the rest of the way to the Standard Model one can either use Higgs fields
that originate from the bulk [269] or reside on the flipped SU(S5) brane [270]. In both cases the split between the
doublets and the triplets is done through the four-dimensional flipped-SU(5) missing partner mechanism. As before,
there is no proton decay from dimension 4 or dimension 5 operators. On the other hand, the strength of dimension 6
gauge contributions depends on the exact location of matter fields. If they originate from the bulk then the dimension 6
operators are strongly suppressed; if they are situated on either the SO(10) or the flipped SU(5) brane some suppression
in the Yukawa sector is needed to avoid experimental bounds since M¢ ~ 5.5 x 10 GeVv [270].

6.3. 5D Trinification
5D trinification models have also been considered [271,272]. The trinification is based on the gauge group SU(3) ¢ x
SU@3);, x SUB)g 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
SUB)c x SU@B3);, x SU(3)g so that they fall into the sets
@ 1L+ 1,8 1)+(,1,8). (220)

The Z, x Z/, parities of the vector multiplet V are defined as in Eq. (203) where P, P’ are given by P = Pc + P + Pg
and similarly for P’. We make the following assignments

(PC; PL; PR) = (1’ 15 1; 15 17 _1; 1’ 15 _1)5
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With the above assignments one has
+.+ *H |+

v, 1, h=| ++H +D| D | (222)
++H |+

+,+) + )| (=)
viLs,h=| ++H 1+ [ (=) (223)
(= =) (=) |+

++H D=+
v, L) =l +H D[ | (224)
-+ —D|[H+D

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 x> = 7R /2 brane. Suppose we consider the last possibility. In this case the gauge bosons odd under P’ vanish
at x> = R /2 and the gauge symmetry is reduced to SU(3)¢ x SU(2); x U(1); 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 [271]. 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 [273-277]. In such models one begins
with a space R* x T2 where T2 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 [274,275] T2/(Z, x Zy x Z1).
The Lagrangian density for the vector multiplet in this case is

1 1 MN | :31M )
Lo = ?tr (_EVMNV + Al DMA) s (225)

where ' satisfy the Clifford algebra in 6D. Defining Vjs = (Vy, V), where =0, 1, 2, 3 as usual and « = 5, 6 the
transformation properties of Vjs, A1, 4> under Z, x Zé X Zé’ are

PV, (x*, -, —x4p = Vi(xH, x,x9),

PVy(xt, =, —x® P~ = —V,(x#, x°, x0),
Ply(xt, —x%, —x® P71 = 4 (x#, 12, x9),
Ply(xF, —x, =x® P~ = =2 (x*, %3, x9), (226)

and we choose P = I. Here (V),, A1) form an N = 1 vector multiplet and (V,,, 42) form an N = 1 chiral multiplet. The
zero modes arise only from the vector multiplet. Next under Z),

PV, (xH, —x, —x® + 1Rs/2) P~ = V,,(x*, x°, X + 1Rs/2),
P'Vy(x*, —x3, —x® + R /2)P ™' = —V,(x*, x°, x° + nRg/2), (227)
where for P’ we choose

P’ =diag(1,1,1,1, 1) x 03. (228)
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Similarly for Z7

PV (x*, —x> + nRs/2, —x®) P~V =V, (x", x° + nR5/2, x5),

P"Vy(x*, —x° + nRs/2, —x®) P! = —V,(x*, x> + nRs/2, x°), (229)
where for P” we choose

P" =diag(—1,—1,—1,1, 1) X aq. (230)

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

1 2mx>  2nx®
2 x%) = 3 (W RsRe) 2 ——— FP (xH) cos + :
f+++( ) - 20( 5Re) 2(5%0’5”10 f+++ (x7) Rs R

2mx> 2 1)x©
Ffra_(xM x* = Z (7T2R5R6)_1/2fff;2"+1)(xﬂ) cos [ 2 N 2n + Dx ,
m=0 Rs Rg

2m+1Dx®  2nxS
Frmr 3y = Y (1 RsRe) ™2 20 (ot o (ZEELNT 2T
=0 Rs Re

fro—(x*, x" = Z (2 RsRg)~"/2 212040 (41t cos (

m=0

2m + 1)x> N (2n + 1)x®
Rs Rs '

2m+ x> (2n+ 1)x8
fora®) = 3 (a2 RsRe) ™ £ "2”+‘)(x“)sin(( mr D Gk D )

S0 Rs Re
2m + x> 2nx®
A G = Z (n2R5R6)_1/2f£2+"1j1’2")(x") sin (2m + Dx 2 ,
m>0 Rs Rs
2mx>  (2n+ D)x®
o (M %) = Z(RZRSRG)—I/ZfEZ_n:,_%—Q—l)(xy) sin [ 2™ 4 (2n+ Dx ’
=0 Rs R
2mx>  2nx®
oo (e 2% = 3 (@ RsRe) 2 F2 (et sin( 7t R ) (231)
m=0

where the subscripts label the P, P/, P” parities. The vector multiplet in its Gy, = SU3)¢ x SU(2), x U(1)?
decomposition takes on the following parity assignments:

(8,1,0,0) 444, (1,3,0,0) 4, (1,1,0,0) 44, (1,1,0,0) 4,
(3,2,-5,0),._,(3,2,50),,_

G, L4 -4, (0,1,6,4) 4, G 1, —4,4), ., (1,1,-6,—4),_

(3,2, 1,4),__, (3,2, —1,—4),__. (232)

Now at the orbifold point x> =7R /2, x®=0, one finds that the gauge vector bosons with parities +-+— and +— — vanish
and thus only the first and third lines of Eq. (232) survive and these generators can be assembled into representations
of SUA) ¢ x SUR2)p x SU(2)g so that

(15,1, 1) =(8,1,0,0) . + 3.1, =4, 4), _, + (3, 1,4, —4), _, +(1,1,0,0), .
(19 3a 1) = (1’ 31 Oa O)+++7
(1, 1,3)=(1,1,0,0) 1 + (1, 1,6,4) 4, + (I, 1, =6, —4)__. (233)
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We see then that the surviving gauge fields at this orbifold point consist of the sets (15, 1, 1)4(1, 3, 1)+(1, 1, 3) which
are precisely the gauge fields for the group SU(4) x SU(2); x SU(2)g. Thus the orbifold point x> =7Rs /2, x0=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 x =0, x® = 7Rs /2. Here the surviving operators are those with parities + + +
and ++ — and consist of the first two lines of Eq. (232). 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) 4 + (1,3,0,0) 1 + (1,1,0,0)4 4 + (3.2, =5,0)4 1 + (3.2.5,0) .

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 Z), x Z} parities can be assigned as follows in
G\ decomposition

H(1,2,3,2) . H(1,2,-3,-2), . H3,1,-2,2),,  H3,1,2,-2),__. (235)

Proceeding as before we consider the orbifold point x> = 7Rs/2, x® = 0. One finds that the non-vanishing Higgs
multiplets here fall into the (1,2,2) representation of SU(4)- x SU(2); x SU(2)g since

H(1,2,2)=H(1,2,3,2) 44, + H1,2, -3, -2),_,. (236)

Similarly at the orbifold point x7, x® = ©Rg/2, one finds that the following non-vanishing Higgs multiplets fall into
the (5,2) representation of SU(5) x U(1) [274]

H(5,2)=H(1,2,3,2), + HB.1,-2,2) . (237)

Thus we can classify the 6D orbifold points as follows:

1. SO(10) brane.

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

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

4. SUA)c x SUQ2); x SU(2) g brane.

In the orbifold breaking of the gauge symmetry the rank of the group is typically 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 placement 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)- x SU(2);, x SU(2) brane will suppress proton decay from X and Y exchange. A similar
situation holds if the first generation is placed on the SU(4)- x SU(2); x SU(2)g brane and the second and third
generations on the flipped SU(5) x U (1) and the SU(S5) 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)>M3 + (2n)* Mg, (238)
where Ms = Rq Uand Me¢ = Ry ! The effective mass that enters in the dimension six operator is Mx where
o0
(Mx)>=2 )" (@m+1)*M3 + 2n)* M)~ (239)
m,n=0

For the case when Mg/Ms5 — 0, one finds that (117[;()2 = %MSZ 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
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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 using
Ms = Mg= Mc

(Mx) 2 ~ Zmz? (m

M,
2 + 2.3) . (240)

Mc

The above modification leads to an enhancement of the proton lifetime similar 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 observations the
details of the proton decay are highly model dependent. As an example, we note that the work of Ref. [275] 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)¢ x SU(2); x SU(2) 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 [275].

BR(r’et) = (71 — 75)%, BR(int) = (19 — 23)%,
BR(ut 1) = (4 — 5)%, (241)
while the other modes are typically less than 1%. An interesting signature of Eq. (241) is the strong suppression of the

mode u K compared to the predictions of the 4D models. The analysis of Ref. [275] calculates the life time for the
eT7° mode so that

0.01GeV3\°/ Mc \*
w(p = etn%) =5.3 x 1033 © € ) yr (242)
o 9 x 1015

Using 2=0.01 GeV?, and M =2 x 10'© GeV as indicated by the unification of the gauge coupling constants, one finds
that 7(p — eT7%) >~ 1 x 103 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 [273]. 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/z) of Ref. [273]. One introduces an SU(6) vector multiplet in the bulk which can be decomposed
under 4D N = 1 supersymmetry as the multiplets V, Vs, Vg, . To construct the T2 /(Z, x Z%) orbifold one considers
the following operations: Zs: @3, x%) = (=27, x9); Ze: (17, x0) = (X3, —=x%); T5: (X2, x0) — (&0 + 15, x0); Tg:
(x5, x6) — (x5, X0+ l¢) where Is =27 R5 and lg = 21 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

V(—x>,x% =P, v(x, x% P!,

VS, —x% =PV, X0 P, !,

I(—x2,x% = =P, 23, O P,

SO, —x8 = —Pzx 3, 1O P (243)
and similarly

Vs(—x°,x% = =Pz V5(x*, xO) P,

Vs(x®, =x%) = Pz Vs(x, x®) P},

Ve(—x>, x%) = Pz Vs(x”, x®) P,

Ve(x, —x0) = =P, V(x> x% P!, (244)
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where Py is chosen so that [273]

Pz =diag(1,1,1,1,1, —1). (245)
Under 75 and 7Tg the fields transform as follows:

Vx> +1s, x5 = Prvd, x4 P,

VS, x8 +16) = Prv(x®, x% P! (246)
and identical relations hold for the other fields, where Pr is chosen so that [273]

Pr =diag(1,1,1, -1, —1, —1). (247)

With the above assignments, SU(6) breaks down to SU3)¢ x SU(2);, x U(1l)y x U(1)x. The Pz, Pr parities of the
Vand 2 components can now be exhibited.

Bx3)(H+H) [Bx2)(H+, )| Bx (=)
V| @x3)H ) | CXxDH.H) | Cx D= 1) | (248)
A x3) (=) [ AxD)(=+) | AxDH+)

Bx3)(=4) |BxD(= =) |G x D+, —)
2l Cx3)(=.2) |CXD(=+H) |CxDH.$) | (249)
(I x3)(+,—-) [AxD(+,+) | A x D(=+)

where (3 x 3)(4, +) means that all elements of a (3 x 3) matrix have Pz, Pr parities (+, +) and (3 x 2)(+, —) etc are
similarly defined. Looking at the X fields, one finds that fields with (4, 4) parities have the SU(3)- x SU(2);, x U(1)y
quantum numbers of (1, 2, %) + (1,2, —%). These fields then qualify as Higgs doublets of MSSM allowing for the
possibility of gauge—Higgs unification since 2 is part of the original vector multiplet in 5D. Before proceeding further,
it is instructive to identify the residual gauge symmetry at various orbifold points. We label the orbifolds by (x°, x©)
values. Thus the residual symmetries at the various orbifold points are: (i) (0,0): SU(5) x U(1) x, (ii) (nR, 0): SU(3) ¢ %
SUQR), xU 1)y xU(1)y,(ii) (0, zR): SUB) ¢ xSUR), xU (1) y xU (1) x, (iv) (AR, aR): SUB) & xSUR2) , x U (1) 5.
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(S5) x U (1) x and one has dimension six operators
from X and Y gauge bosons. On the other hand if the quarklepton generations are placed at the other orbifold points
with reduced gauge symmetry, e.g., at the orbifold point (0, 7R), 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 dimension (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 [278,279]. Thus in six dimensions with two universal extra dimensions 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 symmetry 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 symmetry is SO(1, 7) and in six dimensional space on can introduce
Dirac matrices I' (M =0,1,...,5) which are 8 x 8 and can define a I'" matrix so that I’ = r°rt...rs. Using
I'” one can define chiral eigenstates © . of chiralities & and thus a six dimensions i/ can be broken up into two V..
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 projections 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 [278]

() Q+.U-,D_, Ly, E,N_;  (i)Q4, U, D, L, E4 Ny, (250)
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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 compactification the zero modes of Q4 ,U_, D_ etc. fields will be the standard model
fields. The U (1)45 quantum numbers of the fields are as follows:

(ur.dp,ug,dg)(—%), (vL.eL. VR, er)(F3). (251)

Because of Eq. (251) one can immediately see that lepton and baryon number violating operators of the type QQQL /M
are forbidden. Thus Lorentz invariance in six dimensions severely constraints the operators and the allowed 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 [278]:

C - -
On = 7 (L4DYH, (252)

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 (v;dg)?(Izdg) which implies proton decay
modes of the type, nTn e~ vv and 7Tt vv. As estimate of proton decay into these modes is then

1035 2 10712 M 12 A 22
w(p — wratlw) ~ 2”( x )( ¢ ) ( ) . (253)
2 \pfm J\ostev) \5me

Here Ps is the phase space factor which is estimated to be <2 x 10_12, f(m) is a nr form factor which is expected to
be O(1), and M¢ = 1/R is the compactification scale. Setting C17 = 1 and the ratios within the braces to unity one find
that t(p — mtatl=vv) = 10 yr. The current experimental limits on the mode p — ntnte™ is 7, >3 x 103 yr.
Thus we see that with the default values of the parameters in Eq. (253) the partial lifetime t(p — nTatI=w) 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 dimensional symmetry. On compactification of the two
extra dimensions, the SO(1, 5) symmetry including the U (1)45 subgroup symmetry is broken and a simple choice is
compactification of 72/ Z, orbifold of equal radii. In this case the U (1)45 symmetry is broken down to a Zg symmetry.
This discrete symmetry 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 direction is made in Ref. [280].
Further development of this scheme has been carried out in the analysis of Ref. [281] where issues of neutrino masses
and of dark matter are also addressed. The gauge group investigated here include SU(2); x U(1),, x U(1)p_; and

SUQ2) x SUQ2) g x U(1) ;. and compactifications ona T2/ Z, or T2/ Z 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 neutrino 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 without necessarily using supersymmetry.
Thus in Refs. [282,283] Randall and Sundrum proposed a metric of the form

ds? = e 2Py, dxt dx¥ + dy?, (254)

where y is the coordinate of the extra dimension limited to 0 < y < nr, where r. may be considered the compactification
radius for the extra dimension. The action of the theory consists of a Planck brane at y =0 and a TeV brane at y = 7tr,.
and the geometry is a slice of AdSs. The AdS geometry 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 standard model particles are located
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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, leptons and the gauge bosons could live in the
bulk [284-287]. This 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 [286-289]. One still has to address the issue of
dangerous proton decay operators in the theory. A possible way to address this problem is to assume a gauged baryon
number symmetry [290,291]. However, to make such a symmetry compatible with grand unification, one needs to
break 5D GUT by boundary conditions [253,257,292] 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 Refs. [293,294] a
non-supersymmetric extra dimensional Randall-Sundrum (RS) model [283] has been explored. The specific model of
Ref. [293] 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 [291]. For example, for the case of
SO(10) one assumes three 16-plet representations for each generation as shown below:

/ ry, ’ ’ v
(uLa dL5 u%a d;a vLa gLa gcRa v‘k)B:l/3
3 . J J
(u/[‘adi9u§gvd;esV/L’elL’e(/R9VLR)B:—l/3 5 (255)
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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

. ne —ne
® — exp <2n1 (B — 3 >> D. (256)

Here the multiplet & carries the baryon number B and n.(7n.) 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 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 [293] has analyzed the implications
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 [293,295].

In another work which is motivated by RS models [296,297] unification of gauge couplings with composite Higgs
and a composite right handed top quark are considered [298]. 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
[299,300]. 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 Acomp. It is further suggested that the largeness of the top Yukawa
couplings indicates that either 7 or g or both may be composite. However, precision electroweak data on Z — bb
indicate the elementarily of by and hence of #7 and thus it is argued that g should be composite [296]. In running of
the gauge coupling constants above the scale Acomp one should then replace H and tg by the strong dynamics so that

0 (Q) =ay + SM — {H, tr} + strong dynamics + My — corrections. (257)

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

o (Q) — oy =SM — {H, tr} + My — corrections. (258)

While Eq. (258) improves the unification relative to the Standard Model running, a variant of the scenario improves it
still further. Here one include 3 along with H, tg on the right hand of Eq. (258). With this modification and assuming
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that the corrections from heavy states at the unification scale are small as is conventional, one finds a unification scale
of My ~ 10'3 GeV. This scale is too low to suppress proton decay from the exchange of states with masses of this
size which generate baryon and lepton number violation such as lepto-quarks. Additionally there are also composite
states which can generate 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 dimensional models comes from fermion local-
ization mechanism [301-303] where chiral fermions are localized in solitonic backgrounds [304]. 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 wavefunctions. This mech-
anism for the suppression of proton decay in extra dimensional models is explored in Ref. [305] where it is proposed
that the same mechanism that leads to a hierarchy of quark—lepton masses and couplings is also responsible for the
longevity of the proton. Specifically, in the analysis of Ref. [305] 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 models are those using compactifications of five and six dimensions to four dimensions. 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 superheavy 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 matter 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 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
certain brains. For example, for the SO(10) case placing all three generations on the SU(4) x SU(2); 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)p 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 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 nature including gravity (For a review see
[306,307]). There are five types of known string theories: Type I, Type IIA, Type 1IB, SO(32) heterotic and Eg x Ejg
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 [308]. Historically this is
the class of models which were investigated in great detail in the beginning [309,310] and there has been a revival
of interest in these models more recently. The Eg x Eg 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 [311] and on Calabi—Yau
compactifications [312]. 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 to being realistic. We will also discuss the situation regarding proton stability in string models based on
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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
wormbhole and blackhole effects and the role of U (1) abelian gauge symmetries and discrete symmetries in controlling
dangerous proton decay.

A brief outline for the rest of the section is as follows: In Section 7.1 we discuss proton stability in Calabi—Yau
models. A discussion of grand unification in Kac—Moody levels k > 1 is given in Section 7.2. The k > 1 levels are
needed to realize massless scalars in the adjoint representation necessary to break the GUT symmetry. It turns out,
however, that at level 2 it is difficult to obtain 3 massless generations but it is possible to overcome this problem at level
3. Baryon and lepton number violating dimension four operators are absent in these models due to an underlying gauge
and discrete symmetry. There are, however, present the baryon and lepton number violating dimension five operators
and it is necessary to suppress them by heavy Higgs triplets. One problem in such models concerns the generation of
proper quark—lepton masses. In the absence of such mass generation it is difficult to carry out a detailed analysis of
proton lifetime. A new class of heterotic string models are discussed in Section 7.3.

This class of model have an MSSM massless spectrum, and no baryon and lepton number violating operators exist
except for those induced by quantum gravity. Also discussed in Section 7.3 are other attempts at realistic 4D model
building.

In Section 7.4 proton decay in M-theory compactifications are discussed. While quantitative predictions of proton
lifetime do not exist in models based on such compactifications due to an unknown overall normalization factor, still
qualitative predictions of proton life time are possible and are discussed. A review of proton decay in intersecting D
brane models is given in Section 7.5. The case discussed in some detail is of SU(5) like GUT models in Type ITA
orientifolds with D-6 branes. The analysis focuses on the baryon and lepton number violating dimension six operators
while it is assumed that the baryon and lepton number violating dimension 4 and dimension 5 operators are absent.
Quite interestingly the predictions of proton lifetime lie within reach of the next generation of proton decay experiment.
A discussion of proton stability in string landscape models is given in Section 7.6. There exist a number of scenarios
of soft breaking of supersymmetry where the squarks and sleptons can become superheavy and proton decay from
dimension five operators is suppressed. A discussion of proton decay arising from quantum gravity effects is given in
Section 7.7. It is widely conjectured that quantum gravity does not conserve baryon number and can generate proton
decay. Also discussed in Section 7.7 is proton decay in higher dimensional models via quantum gravity effects. The
suppression of proton decay from U (1) string symmetries is given in Section 7.8. Finally a discussion of discrete
symmetries that allow for the suppression of proton decay is given in Section 7.9.

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 super-
symmetry [312]. These compactifications are of the type M4 x K where My is the four dimensional Minkowski space
and K is a compact six-dimensional Calabi—Yau manifold [313]. The fact that one has residual N = 1 supersymmetry
after compactification is attractive for model building. A specific interesting case is the manifold C P3 x CP3/Z;
with coordinates x;, y; (i =0, 1,2,3) [These obey the constraints P; = fo + axox1xy + az + xpx1x3 = 0,
Py = x0y0 + C1x1y1 + €2X2Y2 + €3X3y3 + caxays + esxzyy =0, and Py =Yy + biyoyiyz + bayoyiys = 0.,
There are nine complex or 18 real parameters that enter in K. The zero modes of K are given by the Hodge numbers.
For the model above one has [310]

ha21=9, hi1=06, (259)

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 C P3 x C P3/Z3 manifold allows for the breaking of the E¢ gauge
symmetry by Wilson loops and one has [249,314]

E¢ — SUQB)c x SUB), x SUB)g. (260)

In terms of [SU(3)]? there will be nine families of nonets of leptons Ll, (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 Ql“ (3, 3, 1) and four families of mirror
quarks Qé(g, 3, 1); seven nonents of anti-quarks (Q”)Z(i 1, 3) and four nonets of mirror anti-quarks (Q")jf (3,1, 3).
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Table 7
C parities and matter parities from Ref. [310] where L+ = (L £ L2)/ V2, ete
C-even states C-odd states
Liy, L3y, Ls, L7, Lt Ly, L3, Le, Lg—
01, 02, 03, Qa+, Qo+ Q4—, Qo

C HC HC HC c c c
0§, 05. 05, 05,. 05, 0§, 0¢
Li,L—-2 L3, Ly, Ls, Lg
014 034, 0F,. 05, 01-. 03, 0§_. 05
M;-even states M>-o0dd states
I, eC A In,eg vy
qr, urC’drC qn»urcr"dnc
Dy, DS, N, D.DE, N,
Hy, H, H,, H

Here (a,l,r) = (1, 2, 3) label (color, left, right) components. In the standard particle notation these nonets are
given by

L=(%H" H, e v N), Q=(¢*D), Q°=u*d" D), (261)

where 1%, 1%, H*, H], and g* are the lepton, Higgs-boson, and quark SU(2); doublets, D and D¢ are color Higgs
triplets, and N, vE 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 M» which for the three
generation models is defined by [315,316]

1 0
Uz =diag(l, 1, 1) ® diag(—1, —1, —1) ® diag(—1, —1, 1), (262)

0 1
My=CUz; C=(1,1,0) x(1,1,0), 0=< )

where C is a transformation of the Calabi—Yau coordinates (xg, x1, x2, X3) X (o, 1, 2, ¥3) and Uz is an element
of SUQ3)¢c x SUB); x SU3)g. Under 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; = ) x? + a(xpx1x2 +
x0x1x3) =0, Py=x0y0+c1xX1y1 +¢2(x2y2 +x3y3) +c3(x2y3 +¢5x3y2) =0,and P3=>" ¥ + b1 (yoy1 y2 + yoy1y3) =0.
Thus instead of nine complex parameters for the general case, we have here just five complex parameters for the restricted
space.] To distinguish between 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 = 14,34,5,7,84, and r = 1—,3—, 6, 8—.
Combining 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 = Al det Q€ + 42 det Q + 23 det L — A r(QLQC), (263)
where we have suppressed the generation indices. The superpotential in explicit detail is given by!?
W3 = A3 diU; Dy + i35,ud D + 2, (= H H Ny — HvC I + H'eCly)

— M (DiN;Df — DieCuf + DivCdf + qil;Df — g Hjuf — q;H}df). (264)

I The 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 [317], 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., [318,319] and references therein.
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Matter parity restricts the couplings.®> Interactions of Eq. (264) 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 where first N develops a VEV which breaks the [SU(3)]?
symmetry as follows:

SUB)e x SUB), x SUG)p 53 SUBR) e x SUR), x SUQ) g x U1,

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

SUB)c x SUR)L x SUR)g x U(1)p-1, e SUB)c x SUQR), x U(Dy.

Quite remarkably the lowest minimum after spontaneous breaking is the one that preserves matter parity [320]. 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 = pMDC + DM'd€ + dud®, (265)

where M, M’, i are matrices. Only the combinations that preserve matter parity enter so that M,,, = —Z; in{Nj),

M, = —ifn ir (vjc Vs Uy =i‘r‘js (H j’ ) etc. Diagonalization by a bi-unitary transformation leads to eigenstates D, d, D€, d€.

One has [321]

D¢ c! s'\ /D¢
(o)=(5 ) () @00

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 C?, §2. The sizes of S!
and S? are very different

1 M’ 2 pM’

~e—— o~ 1, P~ ~ 107 267
(M2 + M'?)1/2 M2+ M"? (267)

Thus S? is much suppressed compared to S'. There are two types of exchanges that can mediate proton decay through
dimension five operators. These are from [322,323]

1. D exchange,
2. d exchange.
The D exchange gives the dominant contribution to proton decay and the contribution from this exchange is [322]

f2? My [1 M2

F(p—vu+khH=20 2N 112K
(P = Wt KD W2 nfE | M

} |Av,k PAT (A1 + y K2, (268)

where Mp is the D quark mass, Aé (Ar) 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 Ay, k 1s 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:

Mp> ( Bf ) ( x ) % 10' GeV (269)
~\1075/) \0.01 GeV? ’

where B depends on the dressing loops that convert dimension five to dimension six operators. Next, we consider the
p decay that can arise from the exchange of d. One finds that because of mixings of Eq. (266), there are interactions of

3 The couplings satisfy the restrictions /1}&%’3 = 1,11{3;3, M= 0=Jk =k =0k
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the type AS luflc?,ﬁc?f , ),4Szﬁse,‘;u§, 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 [323]

mJ * Oem 2 107]3 ? 34
Ty ~ : x (1077 yr). 270
P 10° GeV (m) <SIS2) 107y .

For the superstring models being considered on has m i~ 10'3 GeV. Thus proton decay via d; 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 Refs. [58,324] to include the isosinglet quarks [325].

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 constraint 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) Jp(w) ~ if ,p.(z — w)~! Je(w) 4+ (k/2)dqp
(z — w)"2 4 - - - where k is the Kac—Moody level. k is a positive integer 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 E¢ can be obtained [326]. 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 coupled heterotic string massless scalars in the adjoint representation along with
N = 1 supersymmetry and chiral fermions can only be realized for k > 1 [326]. At level 2, while it is possible to get
massless scalars in the adjoint representation, 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 analyzes to achieve k = 2 models with three generations
have been unsuccessful. 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
[327]. At level three it is possible to get the massless scalars in the adjoint representation as well as get three massless
generations of quarks and leptons [327].

Thus there has been considerable work over the past few years on the level 3 models [327-331]. 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 constructions. Using these techniques,
models with gauge groups SU(5), SO(10), and E¢ have been constructed which have N =1 space—time supersymmetry,
three chiral families and massless scalars in the adjoint representation of the gauge groups. Specifically the number
of adjoint scalars is just one. Additionally these models have a non-abelian hidden sector. The phenomenology of the
E¢ model as well as of the related SO(10) model has been worked out in some detail [328]. Here with the assumption
of dilaton stabilization by a non-perturbative mechanism, the gaugino condensation scale in this model is found to be
around 10'3 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
mechanism 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 L Q D¢, and
the baryon-number violating dimension four operator U¢ D€ 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.
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7.3. A new class of heterotic string models

Recently a new class of heterotic string [308] have been proposed which lead to some remarkably attractive features
from the point of view of phenomenology and these models are worthy of attention. The models have the remarkable
feature that the spectrum is exactly that of MSSM. Specifically in the work of Ref. [332] a compactification of the
heterotic string on a Calabi—Yau threefold with Z, fundamental group coupled with an invariant SU(5) bundle is
achieved. The spectrum of this model consists of three generation of matter and in addition 0O, 1, or 2 Higgs doublet
conjugate pairs depending on the 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
SUB)c x SU2);, 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. [333]. 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) ¢ x SU2); x U(1)y x U(1)g_r. The proton is again stable in this model with no dimension
four, five, or six lepton and baryon number violating operator present. However, it has been pointed out [334] that the
hidden sector bundle of the work of Ref. [333] is not slope-stable which would require changing the hidden sector
and will result in different phenomenological properties [333]. Further discussions of these models can be found in
[335,336].

Among other attempts at realizing 4D string model building in heterotic strings is the work of Ref. [337]. The analysis
is motivated by orbifold GUTs discussed in the previous section. Specifically they consider the 5D SO(10) models of
Refs. [267,268] 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 [338] SU(4) x 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 [339,340] 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 G holonomy. But if X is a smooth manifold then one
obtains only an abelian gauge group and no chiral fermions [341,342]. How to get a non-abelian gauge symmetry in
compactification of such a theory is non-trivial. One way is to compactify M-theory on a manifold with boundary [343].
Another possibility is to get gauge fields and chiral fermions from singularities in geometry [344-346]. Thus A-D-E
orbifold singularities can produce gauge fields [347] and conifold singularities can produce chiral fields [348]. For
example, consider M-theory on R* x X, where X is the manifold of G, holonomy. If X looks locally like Q x R*/I"
where Q is a three-manifold, then one will get gauge fields on the singular set R* x Q. The case I' = Zs will lead to
the SU(5) gauge fields on the R* x Q [349,350].*

We discuss now proton decay in the above framework following closely the analysis of Friedmann and Witten in
Ref. [349]. In the analysis of models in R* x Q, we begin by assuming that in general quark—lepton multiplets are
located at different points g;, in the manifold Q. Thus effective operator for proton decay will arise from interactions
of the type

g%/d“xm(x;q])f“(o; q2)D(x; q1: 0; q2), 271)

where j,, j* are the currents and D(x, q:v.,q’) is the gauge boson propagator function in the space R* x Q and
satisfies the relation

(Ags + 40)D(x, q; y,q") = *(x — )d(q. ) (272)

4A detailed study of these compactifications including the I" = Zs case has been carried out in the quantum moduli space of M-theory
compactifications in Refs. [351,352].
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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

Ju(0; 1) (05 ¢2) 83 F (q1, 92), (273)

where F(q1,q2) = fd4xD(x, q1;0,g2). Now F(q1,q>2) is bounded for large separation |q; — ¢2| and for small
separations as g1 — ¢2, one has F(q1,q2) — 1/4n|g1 — g2|. 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/|q1 — g2| by M1 and replace g%F(ql, q2) as g2 — q1 by Cg%M11/4n, where C is a constant which in
principle can be computed by the details of an M theory calculation. Using Eq. (591) of Appendix I for g%M 11 one
finds an effective dimension six operator of the form [349]

M-th . s 2/3,2/3 5 ,—
O " =Y 20Cj () M (@)og LY MG, 274)
q

Eq. (274) contains an interaction of the type 102T0° which gives rise to the decay p — ezno. Unlike the case of
proton decay in intersecting D brane models [353] 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 — e n” which arises from the interaction 10252, If 10 and 5 are located at different
points in Q, one expects a suppression for this decay relative to p — eanO. 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 [354] and also because of a discrete symmetry the dimension five operators from Higgs triplet exchange do
not arise [349].

+
R

7.5. Proton decay in intersecting D brane models

An interesting class of models are those based on intersecting D branes [355-359] and attempts have been made
to build semi-realistic models based on these [360-365], and issues of gauge coupling unification, soft breaking and
possible applications to the real world have also been discussed [366—-368] (For reviews see Ref. [369-371]). Here we
follow closely the work of Klebanov and Witten in Ref. [353] which investigates proton decay on SU(5) GUT like
models in Type IIA orientifolds with D6-branes (Also see in this context Ref. [372]). We will assume that proton decay
from dimension four and dimension five operators which arise in supersymmetric 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. [353] one assumes a
stack of D6 branes which intersect an orientifold fixed six-plane along the 3 4 1 directions. The above can be viewed
as a stack of D6 branes 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 operators are of type 5252,101055, and 10210, The 525 do not
have baryon and lepton number violation and 101055 operators do not appear in the D brane analysis being discussed

here. However, 10%2 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 3 4+ 1 dimensional
intersecting brane world. The orientation in the six transverse directions are specified by the complex coordinates
21 =x*+ixd, 20 =x0 +ix7, z3 = x® 4+ ix®. 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 rotation that transforms D6 branes to
D6’ branes is

i — ez (1=1,2,3), > 60 =2mod2Z. (275)

1
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An analysis of 4 fermion amplitude in Ref. [353] gives
Ag = imgsol 1(01, 02, 03) (276)

where

00 3
1(01, 02, 03) = 2/ di [ Jsin@0)' 2 F(0:, 1= 035 15 e HIF (0,1 = 0i5 1,1 — )] 712 (277)
0 i=1

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

(m)~ e 4 / d'0%/—Ge 2?R, (278)

where @ is a dilaton field and the string coupling constant is g; = e®. Reduction to 4 dimensions is necessary to make
contact with the familiar 4 D quantities such as the GUT coupling constant o, and the GUT scale M. The details can
be found in Ref. [353] (see also Appendix I). Thus the relation connecting o’ and g with o and Mg is given by

IETRIE
¢ Lo 279)
4n2 g2/ M 2 ’ (
where L is the Ray—Singer [349,373,374] topological invariant of the compact three-manifold. The Ray—Singer
torsion is a model dependent quantity and requires the specification of the compact three-manifold for its computation.
Eliminating ¢/ in Eq. (276) using Eq. (279) we can write Ag in the form

101, 02, 03)

Ag gs1/3 2/39—2 (280)
AnMg

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

Ag = 216 (281)
G= "5
M2
X
Eqgs. (280) and (281) lead to the relation
A 2" 2/31(91 02, 03) M2 282)
As 87120(16/3 M;Q(-

One can now compare the life time for the decay mode p — e*n¥ i

GUT model. One finds

in the string model compared to its life time in a

4
ta(p = e 1) = 1ur(p > e 1) Cy—<, (283)
My
where Cg; is the string enhancement factor of the proton lifetime and is given by
2
C ! 5 a1/3 (284)
st =
RSV 2/31(01 02. 03)

Here y is the fraction of p — eRn top — eLno whichis y =1/[1 4+ (1 + |Vud| ) ] where V4 ~ 1. The factor
1/(1 — y) is inserted in Eq. (284) to take account of the missing p — e;no mode in the intersecting D brane model

here. We note that the factor My 4 cancels out in the product tgut(p — etnOMm X 4, and thus 7y is determined directly
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in terms of M. In this sense 1 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 = S°/Z; (lens space) where k in an integer. In this
case [349]

Lo = 4ksin*(5nm/k), (285)

where m is an integer such that 5m is not divisible by k. For the case m =1, k = 2, one finds L o = 8. The analysis of
Ref. [353] finds [ in the range 7-11. Setting g; ~ 1, o =0.04, y = 0.2, and Mg = My gives Cg ~ 0.5 — 1.2. Since
the current estimate of the GUT prediction is tgur = 1.6 X 10% yr for values of oG =0.04 and My =2 x 1016 GeV,
one finds that the string prediction in this case is (0.8 — 1.9) x 10 years. The more recent analysis of Ref. [375] gives
the range (0.5 — 2.1) x 103® yr. The current experimental limit on this decay mode is Texp (P —> etn0) > 1.6 x 103 yr
(Table 1. See, however, Ref. [376] which gives texp(p — e*n”) > 4.4 x 10°3 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 10%3 yr [31] 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 Lo, gy, assumption
on fermion mixings etc. Thus, for example, if L lies in the range 1-10 [377], 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 p, is much smaller.
Py ~Mpl,  pops<(3 x 103 ev)?. (286)

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

py ~ M. (287)

Here one needs a fine tuning of order O(10°0). There are two ways out to resolve 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 energy 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 [378] 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 ‘environmental’ parameter rather than
something intrinsically fundamental.

Some support for the anthropic idea has come from studies of string landscapes [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 Wy
which is moduli dependent [379]. In addition it has been observed [380] that there will be in general a non-perturbative
contribution to the superpotential Wy p arising from strong coupling dynamics such as from gaugino condensation,
instantons etc which can be parametrized by Wy p = A exp(—cp) where ¢ depends on strong interaction dynamics and
p is a size modulus. Together the potential then will have the form [380]

W =W+ Ae“P. (288)
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It is then possible to stabilize the moduli but one ends up with anti-de Sitter (AdS) vacua with a negative vacuum energy.
However, with inclusion of supersymmetry breaking it is possible to get de Sitter vacua with positive energy. There are
a huge number of allowed possible states. An order estimate can be gotten as follows [381]: 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 /L. This results in the number of allowed states to be [381]

LK/2

~ & (289)

Nvac
With L ~ 103, K ~ 102 one has Nyzc ~ 10190 Thus there are a huge number 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 [382,383]. 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 [71,72]. Unified models with landscape scenarios have been discussed in Refs. [384,170].

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
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 [385] and more generally in string models with Fayet-Illiopoulos D
terms [386,73]. One can illustrate this even in the framework of global supersymmmetry. Thus we consider extended
gauge symmetry SU3)¢ 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. [387])]. This provides a motivation for inclusion of an Fj term. Including the Fj term the D term potential in
global supersymmetry takes the form

2
2 2
vpzz%ugzz%“(ZQ;IszréQ) : (290)
a a i

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 oppositely charged scalars £1 under the extra U (1) y and assume an interaction of the
type We =m¢T ¢ in the superpotential [388,389]. Minimization yields (¢) =0, and (¢~)> = &x — mz/gg(. This
leads to (Dx) =m?/ g% and (F ¢+) =my/Ex+ --- where F o is the supersymmetry breaking scale. The above analysis

gives for the scalar masses m; the result ml2 =), ga2 Q! (D,) and for the gaugino masses 1 ; the resultm; ~ m¢y/ Mlgl.
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 & ~ (’)(Ml%l) and all masses are at the electro-weak scale. However, the situation changes drastically
if one considers multiple anomalousU (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;) <m3,2Mp and (D) <m3,2Mp;. Since the
scalar masses are proportional to (Da)l/ 2 one finds that for m3 2 ~ O(TeV), the above relation implies [73]

m ;<y/m32 Mpi ~ 101013 (GeV), (291)

which is the usual intermediate supersymmetry breaking scale that arises in SUGRA models. The F-term masses are
Fr/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 F; parameter is of size Mgl and thus the gaugino mass is of size Mp if its mass
arises from the above mechanism. However, the Fj-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 [104]. The quite interesting phenomenon is that it is possible to keep the parameter
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small while the scalar masses get large. The parameter Mz /u also provides at least one measure of fine tuning and
naturalness. Thus the larger p gets, the more fine tuned is the radiative breaking. The fact that it is possible to achieve
large mq while keeping u small implies that large scalar masses can be construed as being natural when they arise on
HB. Now numerical analysis indicates that scalar masses as large 10-20TeV arise quite naturally on HB [104]. 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 wormhole 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 [14-18,390,391,244]. Thus in quantum
gravity one will have not only the exchange of gravitons 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

(mpu) ~ Mp1, (L) ~ Ipy ~ 107+ cm. (292)

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 baryon number, such virtual black hole processes will lead to baryon number violating
processes such as

qg+qg—qg+1,... (293)

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

Mo 4
~ 36
=10y ) @54

For MpG = 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 [392,390].

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 4 n) dimensions. Together these
modify the proton lifetime so that [244]

M 4+n
T, ~ ( ch) m;t. (295)
P

Using the current experimental data of ), > 1033 yr, one finds that M op should satisfy the constraint [244]
Mog > 10044 MGev., (296)

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 when 1 = 6, one finds that Myp > 2.5 x 10° TeV. These results appear to be
disappointing from the point of view of observation of the fundamental scale Mo 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 QL D¢, U°D¢D¢, and LLE are eliminated by the gauge B—L symmetries [393]. 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 UU° D€ E€ have B-L = () and thus imposition
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Table 8

The U(1) quantum numbers of the fields in a class of string derived models [394]

Fields (generations) 05 0. Qs+ 0.
0(1,2) 172 —1/2 0
L(1,2) 12 3R 2
UC, E€(1,2) 172 32 2
D€, N§(1,2) 12 —1/2 0
003) -1 —1/2 0
L(3) -1 32 2
UC, E€(3) —1 3/2 2
DC, N§(3) -1 -1/2 0

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 E¢ could provide the additional U (1) symmetry to suppress
such operators. Indeed, E¢ — SO(10) x U(1)y, so there is an indeed an extra U (1) that may help. However, on closer
scrutiny one finds that color triplets H3 and Hj 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 E¢ are not
sufficient to suppress the dangerous operators [393,394]. It is possible, however, that string derived symmetries are
more powerful. This issue has been explored at some length by Pati [394] with focus on the standard like models by
Faraggi [395-399] using free fermionic constructions [400—-402]. 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 Refs. [395-398] one has six U (1) factors, such that

IO =Tt = TrUs = —Tr Uy = —Tr Us = —Tr U = 12, (297)

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 — Uz, Ug = Us — Us, Uy = Us + Us — 2Us,
Us=U) + Uy —2U3, and U, = U1 4+ Uy + U3 + 2U4 + 2Us5 + 2Us. The anomalous combination can be chosen so
that Uy = U 4+ Uy — 2U3].

From Table 8 one finds that baryon and lepton number dimension four operators U¢ D€ D€, QL D¢, and LLE€
are not allowed if one requires invariance under Q 5+ Q.. Further, baryon and lepton number dimension five operators
QQOQL are also eliminated if one requires invariance under Q5 + Q.. For the case of USUC D€ E€, this operators is
eliminated for all cases under the Q5 + 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 Q. 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 Qs 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 acceptable on phenomenological grounds. Thus one
must break these symmetries 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—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 [403] 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
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a scalar Higgs field £ with charge NQ while the charges of the remaining fields /; in the theory are all Q. In this case
one will have after condensation of the Higgs field a residual Z symmetry

U(l) = Zy, y; — 2™/Ny. (298)

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. (298) 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 tunneling and black hole interactions. Consequently such
symmetries are then an ideal instrument to protect the proton against dangerous decays via virtual black hole exchanges.
Ibanez and Ross (IR) [58,324] have analyzed the generalized Zy parities for the standard model superfields such that
Y; — exp(2nio; /N)Y; where

i} =(Q,u,d" L, e, (o} = (ag,oue, tae, oL, o). (299)

Not listed above are the Higgs superfields H;, H> whose charges are determined via their couplings with the SM fields.
Since each of the charges assume N values there are N possibilities. However, not all are independent. IR reduce this
set by imposing the restriction that all elements related by hypercharge rotation exp(2niY/N) are equivalent, which
corresponds to an invariance under the shift & — o + (1, —4, 2, 3, —6) mod N. Further, the constraint that the Higgs
field H couple to Qd and Le® imposes the constraint o + 0,g = o7 + .. With the above constraints there is a reduction
in the allowed number of possibilities.

The symmetries can be classified according to the constraints they impose on dimension four operators. These
are [58]: (i) symmetries which forbid both lepton and baryon number violation. These require the constraint o,,c +
204¢ # 0 (mod N) and 207 + o, # 0 (mod N). Specifically they forbid cubic interactions u“d“d® and LLe¢ in the
superpotential. One might call these constraints generalized matter parity constraints (GMP); (ii) symmetries which
forbid lepton number violation but allow for baryon number violation, i.e., ud°d¢ is allowed but L Le¢ is forbidden in
the superpotential. These require the constraint o, 4+ 207 =0 (mod N), 20y, + o, # 0 (mod N). One might call this
the generalized lepton parity (GLP); (iii) symmetries which allow for the lepton number but not the baryon number
violation, i.e., u°d“d¢ is forbidden but L Le“ is allowed in the superpotential. These require o, + 20,y 7 0 (mod N),
201, 4+ o, = 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 L Le¢ are forbidden and the constraints
are o, + 204 =0 (mod N), 201, + 2. =0 (mod N). Possibility (iv) is excluded as it allows for dangerous proton decay.

Further constraints arise from anomaly cancellation conditions. Analogous to the anomaly cancellation condition for
gauge symmetries, there are also anomaly cancellation conditions for discrete symmetries arising as remnants of gauge
symmetries. [The discrete gauge anomalies can be understood in the low energy theory in terms of instantons and are
required for the consistency of the low energy discrete gauge theory [404,405].] One might call these discrete gauge
anomaly cancellation conditions [324]. The Zy arising from the extra U (1) must be considered in conjunction with
SU@3) xSU(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 Z 3 Z12v xU(1)y,
ZnxUD3, Zy xSU(M) x SUM) (M =2, 3) as well as mixed Z y -gravitational anomalies. An analysis with inclusion
of anomaly cancellation constraints shows 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 Z, 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, o, o, a2, 42) for elements ( Q,u‘,d L,e). The analysis of Ref. [58] 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. [406] re-examined the IR analysis without the assumption of an unbroken hypercharge symmetry. Here the
constraints that arisefrom the fermion mass terms give

oo + oye = og + otge = 0, + tee = 0tp, + otye =0 (mod N), (300)

where we have assumed generational independence.

The above gives &:(ocQ, —og, —0g, oL, —or, —or) where the elements corresponds to the set (Q, u“, d, L, e, v°).
The analysis of Ref. [406] requires that dimension five operators QQQL and u°d“de® be absent which leads to the
constraint 3o 407, =0 (mod N) and in addition requires that the neutron-antineutron oscillation mediated by operators
uddudd be absent which implies 60cp 7# 0 (mod N). Along with the above there is one anomaly cancellation condition
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from the Zy x SU(2) x SU(2) sector which gives 909 + 307, =0 (mod N). The lowest N consistent with the above is
N =9 and the allowed (2, o) 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 tunneling
and blackholes induced processes.

A more recent analysis shows that the conclusion of IR that only Bz symmetry (also called Bs-triality) forbids
the problematic dimension five proton decay operators is a consequence of the restriction to Zy for N = 2, 3 discrete
symmetries. The more general analysis of Ref. [407] has extended the work of IR to arbitrary values of N. In doing so the
authors of Ref. [407] 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 operators, 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 the B3 symmetry discussed above and in addition a new symmetry which the
authors call proton-hexality, Ps. This symmetry is a Z¢ 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 proton 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 [408] by the Green—Schwarz mechanism [409]. In that case one may obviate the necessity of imposing
the anomaly cancellation condition.

8. Other aspects

In this section we discuss a number of topics related to proton stability. One important issue concerns the relationship
of proton stability to neutrino masses and mixings in grand unified models. This topic is discussed in Section 8.1 in
the context of SO(10) grand unified models. Another phenomena which is closely associated with proton stability in
supersymmetric grand unified models is dark matter. Thus grand unified models with R-parity automatically have the
LSP which is absolutely stable and if the LSP is neutral, it becomes a candidate for dark matter. It turns out that in
such a circumstance severe constraints exist in obtaining amounts of dark matter consistent with experiment and at the
same time achieving proton lifetime consistent with data. This topic is discussed in Section 8.2. A discussion of exotic
baryon and lepton number violation is given Section 8.3 where AB = 3 such as >H — ¢ ' 7, and baryon and lepton
number violation involving higher generations, e.g., p — ©* — v,n", are discussed. Also discussed in this section
is proton decay via monopole catalysis where M + p — M + et + mesons. Speculations on proton decay and the
ultimate fate of the universe are discussed in Section 8.4.

8.1. Neutrino masses and proton decay

As pointed out above 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 right handed neutrino which is an SU(5) singlet along with a
left handed neutrino, which resides in the 5 in the decomposition 16 = 1 4+ 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 [410]. 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

Vi
Ve, visv))=U | v2 |, (301)

V3

where U is a unitary matrix which can be parameterized in terms of three mixing angles 013, 6»3, 013 and one phase.
The natural range for the angles are 0<0;; <7/2 and 0 <0 <2n. An explicit parameterization is

U =UxU;3U, (302)
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where Uj; are defined by

cr2 si2 O c13 0 S13ei6 1 0 0
Up=|-s12 c2 0}, Uiz= 0 I 0 s Us=10 c3 23|, (303)
0 0 1 —S13e_i(> 0 C13 0 —s3 23

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

v
my=U*mPUT. (304)
The solar neutrino and the atmospheric neutrino data give [411-413]

Am?; = (54-95)x 107%eV2, Am?, =(1.4-37) x103eV2 (305)

sol =

Within the three neutrino-generations fits to the data give

AmZy = llmal* — Imi*l,  Amiy, = Im3* — Ima)?),
sin 012 = (0.23 — 0.39), sin 023 = (0.31 — 0.72), sin” 0,3 < 0.054. (306)

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

Information on the absolute values comes from other sources. Thus neutrinoless double beta decay gives an upper
limit of [414,415]

IMee| < (0.2 — 0.5) eV, (307)
where
Mee = (1 — s33) (my, cly + myysTy) + my,e?0st, (308)
while the WMAP collaboration gives [416,417]
> lmy| < (0.7-1)eV. (309)
i

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

(@) |myy|> |y, v, |.
(b) |mv1| ~ |mv2|, |mv1,vz| >|mV3|~
(C) |mvl| ~ |m\72| ~ |m\’3|’ |n'lv1,\)2,v3|> ||mv,-| - |m\’j||'

The remarkable aspect of Eq. (306) is that the mixing angles 01> and 03 are large with 053 being close to maximal
while 013 is small. This is quite in contrast 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 unified models
typically produce Dirac neutrino masses Mp, LL type neutrino masses M 1, and RR type neutrino masses M gg which
combine to produce the neutrino mass matrix

my= M — MpMzpMPb. (310)

The second term involving Mgr 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 Mg
is more dependent. Further, the matrices My and Mgg can be helpful in connecting the two very different type of
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hierarchies, i.e,, the hierarchies in the quark sector vs those in the neutrino sector. For example, it is proposed that Mg
textures may have a hierarchy similar to the hierarchy in the Yukawa sector. The simplest such possibility is [418]

Mpgg = Mg diag(eg, €2r, 1), (311)
which leads to
ep 00
Mgg=Mp™'| 0 &z 0. (312)
0 0 1

With M, of the form given by Eq. (312) and €1 <ezr <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
[419]. Over the years attempts have also been made to understand neutrino masses within string models [420] 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

1
fijMLiLj(ﬁ(/ﬁ/, (313)

where L; are lepton doublets and ¢, ¢ are Higgs doublets. A VEV formation for the Higgs doublets then produces
Mprijvi, VL, where Mp1;j = ()Y (¢y /M. With (¢p) ~ (¢') ~ Mgw and M ~ Mg one can generate neutrino masses
in the O(10~'-1073) eV range which is a large enough range to accommodate a variety of possible scenarios. A mass
term of type Eq. (313) 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 154 in SU(S), and there is a correlation between B—L non-conserving channels for proton decay and neutrino
masses (see, for example, Ref. [211]). In SO(10) the right handed neutrino appears as a basic element of the 16-plet
representation and because 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 126 interaction with matter, i.e., from the couplings

J5616;16,126, (314)
since 126 contains an SU(5) singlet as can be seen from the SU(5) decomposition of 126
126 =145+ 10 + 15 + 45 + 50. (315)

Alternately, one can generate Majorana masses from the couplings of matter with 16 of Higgs, i.e.,
1 —
)/1—6M16i16j16;11611. (316)

For example, with (165) ~ Mg and M ~ Mpy, one has Mgg ~ 10!12-14 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 example, in the SO(10) model of Ref. [168] the Higgs fields that couple with matter consist of 10y, 120y,
and 126 while the breaking of SO(10) includes the 2105 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 oscillation data.
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A model where predictions of proton decay are connected with the prediction of neutrino masses is discussed in
Ref. [421]. Here a new source of proton decay from dimensions five operators is suggested which arises from 126
couplings. Normally the mediation of 126 does not produce dimension five operators, the reason being that the 126
mass term involves 1265 and 126 and 126 has no couplings with 16-plet of matter. However, consider the couplings
where 1267 and 126 couple with a 545 with SO(10) invariant couplings

Wi = (1264126554 ) + 2(1265 126154 1). (317)

Now in the SU(2); x SUQ2)gr x SU#4)c (G224) decomposition, the 54-plet has the decomposition: 54 = (1, 1, 1) +
(3,3, )+(1, 1,20)4+(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 54 acquires a VEV in the (1, 1, 1) direction
then the superpotential of Eq. (317) 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 126 126 and produce an effective color triplet mass
M, to suppress the dimension five operators. If we assume

Wize = £;;(16;16;)126, (318)

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 10'2 GeV, one finds f; i~ 10, With these parameters one finds dimension
five operators 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 [421]
F(l*KO) : F(l*no) ~ 2 : 1. A later analysis involving 165 + 16y rather than 1265 + 126y is given in Ref. [148]
which appears to give more realistic pattern of fermion masses and mixings. 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 correlation 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 four operators
and this R-parity then serves to make the lowest mass supersymmetric particle (LSP) absolutely stable. Further, if the
LSP is neutral it becomes a candidate for dark matter [422,423]. Quite remarkably one finds that in a large class of
supergravity based models the LSP is a neutralino which then becomes a candidate for non-baryonic cold dark matter
(CDM) [424]. On the experimental side the Wilkinson Microwave Anisotropy Probe (WMAP) has placed stringent
bounds on the amount of cold dark matter present in the universe. The analysis of WMAP data gives [425-427]

Qcpmh? = 0.112670008 (319)

where Q2cpm = pcpm/Pe» and where pepy is the matter density of cold dark matter and p, is the critical matter
density needed to close the universe, and / is the Hubble parameter measured in units of 100 km/s/MPc. 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 experiments for future are also being
proposed. On the theoretical side the result of Eq. (319) 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. (319). 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 [428]. In supergravity unified models,
where proton decay via dimension five operators is allowed, the connection between proton stability and dark matter
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arises since both depend strongly on the soft breaking sector. Typically, proton stability requires sparticle spectrum
to be heavy to suppress proton decay while dark matter prefers a lighter sparticle spectrum to facilitate efficiently
excess 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 m1,2/ m% which very roughly requires larger values of mq and relatively smaller values of gaugino masses. But
large values of mq 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 difficult [428]. Recently such connections have
also been explored in other scenarios with large extra dimensions [429,293,295,430].

8.3. Exotic B and L violation

8.3.1. |AB| > 1 violation and other non-standard B and L violation

In Section 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)45 symmetry in the extra dimensions x4 and xs 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 is given in Ref. [431] where an anomaly free Z¢ symmetry is imposed and it is shown that such a
symmetry can emerge from (1133 + L; + Lj — 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* +IvH* + Iv*H + MgvH©, (320)

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

0(6),u’(5),d“(1),1(2), €°(5),v(3), H(1), (321)

the Lagrangian of Eq. (320) is invariant under the Zg symmetry. With the above charge assignments the Z¢ discrete
group is anomaly free. Now it can be easily seen that the Zg is a subgroup of U(1),y_p; since under U(1),y_p.p,
the fields have the quantum numbers: Q(0), u“(—1), d°(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 Ze¢ symmetry must satisfy the constraint

AQ2Y — B +2L) =0mod6. (322)
Using the invariance under U(1)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 - - .
F{Qaﬁddz, 0°dl, o¥aces, .. ). (323)

These lead to processes such as [431]
H —» etn, 3He — etnt. (324)

It is now seen that an estimate of the triple nucleon decay lifetime is proportional to A?? and a quantitative analysis
shows that even a A4 ~ 10> GeV is sufficient to suppress the process to current experimental limits [431].

Among other models where non-standard B&L violation occurs is the analysis of Ref. [432] where a generic
lepto-quark extension of the Standard Model is considered. Here one finds dimension nine operators of the type

(VPrd)(ePrd)(u Pge), (325)
which induce AL = —AB = 1 proton decay producing decay channels of the type

p— e_e+v7r07r+, e“watat, e etvat, wint. (326)



266 P. Nath, P. Fileviez Pérez / Physics Reports 441 (2007) 191-317

8.3.2. B and L violation involving higher generations

Another phenomenon concerns baryon number violation (BNV) involving decays of higher generations [433,434].
It was noted in Ref. [433] 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 0[.”1. « Where i, j, k, [ are generation indices. The effective interaction that governs baryon and lepton
number violating processes is then

6
(n) ~(n)

Z Ci;?kz Oi;lkl’ (327)

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 =* such that

p— T = vt (328)

The effective C,,,4; coupling that enters this process can be constrained by the current limit on t(p — V™) > 2.5 x
103! year to yield [434] C,uq: <6 X 10~2* GeV~2. The same coefficient then can be utilized to compute the decay
branching ratio of 7 — pno and one finds [434]

B(t — pn’)<5.9 x 1077, (329)

Similar considerations also apply to a variety of other decay modes such as t — pK°, © — py. However, as one
can see from Eq. (329) 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* — pI™t
and B® — AF1™ and the branching ratios for these are also highly suppressed as expected [434]. Still there have been
searches for such decays to put experimental limits of BNV processes in 7 decays. Thus the CLEO collaboration [435]
has looked for five modes of the 1 lepton that violate baryon and lepton number while preserving B—L. These searches
which yield negative results include the decay modes 1= — py, pn°, pn®n®, py and pn'y.

8.3.3. Monopole catalyzed proton decay

The existence of magnetic monopoles [436] is a generic prediction of grand unified theories (GUTs). The magnetic
monopoles appear in the early universe at the phase transition corresponding to the breaking of the unified gauge group
(G — H xU(1))[437]. The mass of the magnetic monopoles M,, is related to the mass of the superheavy gauge bosons
which mediate nucleon decay, M,, > My /ocut. The GUT magnetic monopoles have a complex structure: a very small
core (r ~ 10~ cm), an electroweak region, a confinement region, a fermion—antifermion condensate region, and for
r >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
[438—441]. 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 d;, + M — e‘LIr + ug + up and at the nucleon level leads to the process

M+ p — M+ et + mesons.

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 factor
1/Myx, i.e., by inverse power of the unification mass. However, it is difficult to predict with precision the rate of
the proton decay induced by the monopole [442]. Current estimates for the catalysis cross-sections lie in the range
10727-102! cm?. Typically Big Bang cosmology leads to an abundance of monopoles, while realistic estimates with
M,, ~ 10'®GeV lead to a number density n,, < 10~z p Where n, is the number density of the proton [443]. This
is the familiar monopole problem of grand unification to which inflationary cosmology provides a solution [444]. 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 collaboration which has put upper limits on the magnetic monopole flux at the level of
~3x 1071 ecm=2s ! sr~! for f lying in the range 1.1 x 10™% < <5 x 1073, based on the search for catalysis events
in the MACRO data [445].



P. Nath, P. Fileviez Pérez / Physics Reports 441 (2007) 191-317 267
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 [392,390]. Thus, for example, over long time span white dwarfs and neutron stars will be powered
by proton decay. The proton decay mode p — e+ 7 within a white dwarf will result in the process

pte —y+yr+r+7, (330)

where two of the ’s come from the decay of the 7° and the other two arise from the annihilation of et + ¢~, 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 [390]

1035
L, ~10"2Lg ( ) , (331)

TpYrIs

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 [390]

N
=tpln|— ). 332
T=1p ( No) (332)
For N ~ 10°7 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
operators 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 landscape
models. An analysis of proton lifetime requires that one first address properly the fermion mass and mixing issues to
predict in a realistic fashion proton lifetime. These issues are discussed in detail in Section 3 where it is shown that
some of the non-supersymmetric unified models may still pass the stringent experimental proton lifetime constraints.
As an example one may consider a simple extension of the Georgi—Glashow [9] model with a Higgs sector composed
of Sy, 24y, and 15y [211]. In this case one finds an upper-bound on the total proton decay lifetime in this scenario of
T, <14 x 1036 years [212]. More discussion on this topic is given in Section 5.6.

SUSY and SUGRA grand unified models. Supersymmetric unified models have several advantages over the non-
supersymmetric 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 radiative breaking of the electro-weak symmetry which is accomplished without the addition of
ad hoc tachyonic mass terms as is done in non-supersymmetric 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 dimension six operators. This puts stringent limits on the allowed parameter space
of the theory to be consistent with experiment. In Section 4 a number of topics were considered. They include the
constraints on R-parity violating 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 common 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
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in general different from textures in the Higgs doublet sector and these enter into proton lifetime predictions (Section
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 lifetime (Section 5.2). The masses of the Higgs triplet and other heavy thresholds are also
constrained by the gauge coupling unification constraints but the analysis depends sensitively on the inputs (Section
5.3). The important topic of testing grand unification through proton decay modes was discussed in Section 5.4 with
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 Section 5.5. An analysis of the
upper bounds on proton decay lifetimes in GUT models is given in Section 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
provide 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)3 have been investigated which, however, differ vastly in
their predictions for proton decay. For example, proton decay from dimension 4 and dimension 5 operators can be
killed in some models by a residual U (1), 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 Section 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 interactions
among them. In such models proton decay can arise only via higher than six dimensional operators and is suppressed.
The usual dimension 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)- x SU(2); x SU(2)p 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)p 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 example in Section 6, we discussed the work of Ref. [275] which investigates a specific
model in 6D where the three generations of 16-plets of matter are located at different branes: 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 SU4)c x SU(2); x SU(2)p brane. With additional assumptions regarding the Higgs structure and flavor sector
of the theory, the model predicts the dominant proton decay branching ratios so that [275] BR (1% ™) = (71-75)%,
BR(vnt)=(19-33)%, and BR (,u*no) =(4-5)% (Section 6.4). Clearly the branching ratios provide important signatures
for testing the models. Another example, is proton decay in universal extra dimension models where in a class of such
models one finds [278] p — ntnTe vy, nTnt vy (Section 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 IIA, Type IIB, SO(32) heterotic
and Eg x Eg heterotic which are connected by a web of dualities and may have a common origin in a more fundamental
theory—the M theory. Of these the Eg x Eg 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 ITIA and Type
IIB. In Section 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. One class of models is successful in achieving the MSSM
particle spectrum without exotics, and here are no dimension four, five, or six proton decay operators in these models.
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 [327]. 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 [327].
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An interesting recent result on proton decay comes from the M theory analysis discussed in Section 7.5 where one
considers M theory on R* x X, where X is the manifold of G, holonomy [349]. If X looks locally like Q x R*/I"
where Q is a three-manifold, then one will get gauge fields on the singular set R* x Q. The case I' = Zs leads to the
SU(5) gauge fields on the R* x Q [350,351]. Here the assumption that the quark—lepton multiplet are in general located
at different points in the manifold Q leads to the prediction that the decay p — ez’ ¥ which arises from the interaction

102E2 is enhanced relative to p — e; + 70 which arises from 10?52 Since 10 and 5 are located at different points
in Q the ej?' mode is in general suppressed [349]. Unfortunately, the decay lifetime is not predicted due to unknown
normalization 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 [353] which investigates proton decay on SU(S)
GUT like models in Type IIA orientifolds with D6-branes. Here the analysis of the proton decay modep — e*n° gives
a lifetime which may lie within reach of the next generation experiment (see Section 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 (Section
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
qg+q — l+vand g + g — g+ and consequently to proton decay. If the scale of quantum gravity Mo = Mpi, the
proton lifetime will be very high, i.e., ~ 10* years 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 experimental 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 are the HYPERK, UNO, MEMPHYS, ICARUS, LANNDD at the Deep
Underground Science and Engineering Laboratory (DUSEL), and LENA. On the theoretical side one finds that in
general predictions of absolute proton 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 between the proton and the vacuum state, uncertainties due to the quark—lepton textures
and uncertainties due to the approximation of using the effective Lagrangian 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 e 7° for the non-supersymmetric
minimal SU(5) model, by ¥K ™ mode for the minimal SUSY SU(5) model, by the branching ratios for the specific six
dimensional model of Ref. [275] and by the modes n*nte™vv, 7™y~ vv for UED models, and by the dominance of
et 70 over e;no for the M-theory model of Ref. [349].

The preceding discussion points up that given sufficient data one can distinguish 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 unified, 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.

10. Summary table of p decay predictions

It is useful to summarize in a tabular form the range of theory predictions for the proton lifetime vs the current
experimental limits. As the report exhibits the literature on this topic is enormous,and in the table below we show only
a sample of the models discussed in the report. Thus the table should be used only as a guide to the more detailed
discussion in the body of the report. Further,the numerical estimates on the lifetimes exhibited are gotten under specific
assumptions which should be kept in mind while using these estimates. For example,in entry (3) a different choice of
the Ray—Singer torsion can change the estimate by more than a factor of 10. In entry (7) we have used in Eq. (212) the
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value of the compactification scale M¢c =2 x 10'® GeV. Even a factor of 2 shift on M¢ would modify the estimate by
more than an order of magnitude. In entry (10) we have used in Eq. (294) the value M g p = Mp) for the scale of quantum
gravity. In entry (12) we have assumed that the coupling f that appears in the Calabi—Yau manifolds is ~ .05 in the
relation Eq. (268). In entry (16) the proton lifetime in proportional to 4> where A is the scale to which the 6D effective
theory is valid. Thus the predictions are highly unstable,and the estimate can change by six orders of magnitude by a shift
in the value of A by a factor of 2. In entries (15) and (17),the terminology ‘suppressed’ implies that the parameters of the
respective models can be adjusted to suppress proton decay to the current experimental limits. Thus,in these models the
possibility exists of detecting proton decay just beyond the current limits. Conservatively,overall the estimates given
should be considered accurate to no better than a factor of 10. Finally,we note that in the Table we have presented only
some sample set of decay modes. Models typically have many more such as vt ,ut K, etc. The reader is directed to
the original references listed in the table and in the various sections, for estimates on these decay modes.

Summary of proton decay lifetime estimates in years for various models

Mode Reference Lifetime estimate Exp. limit
l.p > et [446] 1.6 x 103 1.6 x 103
2.p— etnl [447] 103338

3.p— et [353] (0.8-1.9) x 103

4. p — etn® [268] ~ 7 x 10332

5.p— et [167] ~ 5 x 103*!

6.p— et [275] ~ 5 x 1034+]

7.p — etn® [266] ~ 4 % 10%

8.p— etnl KT, ... [211,212] <1.4 x 103°

9.p — etnd [448] ~10%7

10. p — et nl ete Black holes (Section 7.7) ~ 10%

11.p — 3K+ [142,155,158-160] ~ 103 6.7 x 1032
12. p > 7K+ [323] ~ 103

13.p —> KT [147] (6.6-3 x 10%)10%

14.p - yK+ [167,148] (1/3-2) x 103

15.p — ¥K™* [168,170] suppressed

16. p — ntati~wy [279] >10% 3 x 103!
17. p — e"etvat etc. [432] suppressed 1.5 x 10%
18. p(n) = y+ et () [153] > 1038+! 6.7 x 1032
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Appendix A. Mathematical aspects of SU(S) 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(S) where a single generation of quarks and leptons is placed in the 5 and the
10-plet of SU(S). The particle decomposition of 5 is

5= ¢ |, (333)

0 us  —uj —ul —d!
-u§ 0 ui  —u —d?

10=| u5 —u§ 0 —ud —-d*|. (334)
w' o wd 0 et

' d* & -t 0/,

To recover the interaction of the Standard Model particles from their SU(S) invariant couplings one needs to carry
out their SU(3)¢ x SU(2); x U(1)y invariant reduction. Here we will illustrate the basic technique for the reduction
of SU(5) tensors into tensors which are irreducible under SU(3) x SU(2); x U(1)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(S) representations 5y + 10y while, the Higgs could be
in any of the fields 5y, SH, 10y, 10y, 241, 455,455, 505, 50, 75, etc. The tensors representing these are

5',5:1,107,10;, 247, 45/ .45 ,k,so”" 50,(,,,1,75}(/,, (335)

where one has anti-symmetry in all the sub indices and in all the super indices. Further, the 245. is traceless, while the

50-plet, 50-plet, and the 75-plet satisfy the following constraints:

5 5
> asit=0=> 45,,; Zsoj,m_o Zsojjn”, 275/,12 (336)
n=1 n=1

The following decomposition is useful in the reduction of the SU(5) irreducible tensors into irreducible components
under SUQ3)¢c x SUR), x U(l)y

5
251 5% + 25&53{, (337)
o=4

where a = 1, 2, 3 is the color index and « =4, 5 is the SU(2) index. Thus consider the 24-plet which has the following
SUB)c x SU2);, x U(1)y decomposition

24=(1,1,0)+(1,3,0) + (8,1,0) + (3,2, —5/3) + (3,2, 5/3). (338)

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

24;(1,1,0):4 (Zé’ 5”——Z5a5]> a(110)» (339)

where a(110) is the SU3)¢ x SU(2); x U(1) singlet field and the other components in Eq. (338) can be similarly
obtained.
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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 decompose 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
Zuv = Z[F,uv Iyl (340)

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

(I, Iy} =26 (341)
It is convenient to define Iy, in terms of creation and destruction operators, b; and b;f (i=1,2,...,5)[449,450] so that

o= (b +b));  Taimi = —ihi = b)), (342)
where

{bi.bj}=0: (b b}y =0/ (b bl}=0 (343)

and where the SU(S) singlet state |0) satisfies b;|0) = 0. One can define an SO(10) chirality operator (1 £ I'g)/2
where I'g=i>I'1I'y ... I'1o so that the 32-plet spinor of SO(10) can be split into semi-spinors ¥1)q (@=1,2,3is the
generation index) which are eigen-states of SO(10) chirality

Vs =31 £ To]¥,. (344)

Now ¥ (4); transforms as a 16(16)-dimensional irreducible representation of SO(10). They can be expanded in SU(5)
decomposition so that 16 =145+ 10(16 = 1 4+ 5 + 10) and are given by

1164) = 10)14 + 3b;b110)107 + L™ b b b5} 0)54;, (345)
T64) = bl bibibibLI0)1, + L e mpip bl 10)10,; + b110)5.". (346)

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

5
B= [] ru=—i[]®c—b). (347)
k=1

n=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) invariant
couplings in terms of the SU(5) invariant couplings, since SU(5) invariant 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 Basic Theorem [164,451-454] 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
&z, defined as follows: @, = Py + iPy—1, Pz, = Do — iPox—1. We can extend the above easily to define the
quantity @c,c;g,.. which has an arbitrary number of barred and unbarred indices where each ¢ index is defined so that
dicl.cjgk_“ = <152icjgk_, + i(pz,’_lcjzk“_, etc. The above implies that the quantity <1§C,.ngk_“CN is a sum of 2V terms gotten
by expanding all the c indices. cDCingk,_,Cn is completely anti-symmetric in the interchange of its ¢ indices whether
unbarred or barred: Pc;z;¢,..c, = —Peicjc;..e, - Further, (D:izjck...a, = D¢;c;cy...c,» €LC. It is now clear that the quantity
b, €Tkt transforms like a reducible representation of SU(5). This reducible representation 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(S) reducible tensors and then decomposes them further in terms of the irreducible tensors. The above procedure
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can be summarized in terms of the following resultin a compact form: The SO(10) invariant vertex I'y I'yI';..I'¢ @y 5
where @, , is a tensor field, can be expanded as follows [164]:

Tyl To®py g =blbb} . by Peiciey..c, + BibID] .. by Deicey. e,
+ perms) + (bibij b (150,0 Choncy T pETMS) A+ -
+ (bibjby .. ~bn—1b},¢azjzk..f

n—1Cn

+ perms) +bibjby . .. bn(pgizjzkmzn. (348)

The quantity P, ST 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 involving 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 computations. For the 16—-16—10 couplings one finds the following
expansion in their SU(5) decomposed form

w40 — 220 £ (107565 1; — 1a55% + Seijum 10 10857, (349)

where the 10-plet of SO(10) Higgs fields is decomposed in SU(5) representations so that 10 =5 + 5. In Eq. (349)
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) representations we note that the 120-plet representation
can be decomposed in SU(5) representations as follows: 120 =5 + 5 4 10 4 10 + 45 + 45. Thus one has

w120 — ff( 120135555 + 107 110515 + 5,45 510},
— 1075, 5HJ+5,[,10 45ij 46,».,,(1,,,103'102’"45’;}"], (350)

where the fields with subscripts H are the Higgs fields in SU(S) representations. In decomposing the vertex involving
the 126 coupling we note that the 126 and 126 have the SU(5) decompositions: 126 = 1 4+ 5+ 10 + 15 4+ 45 4+ 50 while
126 =1 4+ 5+ 10 + 15 + 45 + 50. The 16-16-126 vertex can be expanded as follows:

V2 . .

w26 — f(+)\/_ [ V2(41451m) = V313545 + 14107 105
L 1071045 €3 — 5103 415 s + 10075, 35 !

“33 0a 105 Sucijkim = Sidd jj + 10755 mij — FEWG

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

e,-,-kzmlo""10”50’,§’;y] (351)

/ 20t (W*W,)) + / oW Wh, (352)

where W, is the field strength chiral spinor superfield. Since we are interested 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 V4, where A is a Lorentz index (A =0, 1-3)

11 “s)
L = =g (P il 7" Zul P () Vi (353)

Here 74 spans the Clifford algebra associated with the Lorentz group, and g 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. (354)



274 P. Nath, P. Fileviez Pérez / Physics Reports 441 (2007) 191-317

We exhibit the 16-16-45 couplings in the decomposed form

(45) _— ii —_— — .. R —
L#) =g [V5(~ 35 10104774107 +Tap 1)V + %(uwoﬁ;’" + LeTHmT04 945, OV aim
—_— :l ‘k [— k‘ :] - .
- %aomm«/‘l;; + %ei,kzmsdyAlog VI +V2(1047* 10 +5;745,;)V 1, (355)

where Vg4, V/i/ , Vaij, Vj‘ ; 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 [455-457,190].).

We discuss now briefly the vector-spinor 144(144) which requires special care [454]. 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:

1P (i) = 10)Pg, + 1b] bj|0)P;fH + 2 b b BT 10) PG, (356)
while the 160 vector-spinor has an expansion in SU(5) oscillator modes so that:
¥y = b1030I0IDS10)Qy, + e bbb 100Qy 4 b10)Q) (357)
wherei, j, k,I,m,...=1,2,...,5are SU(5) indices, u, v, p,...=1,2,..., 10 are SO(10) indices, while @, b, ¢,d =
1, 2, 3 are generation indices. The SU(5) field content of 160 multiplet is
T60(¥ (1)) = L(B) + 5(P) + 5(B') + 5(P') + T0(P;) + T0(P;)
+T5(PY) +24(P) +20(PY, ) +45(P)), (358)
while the SU(5) field content of 160 multiplet is
160(¥ ()0 = 1Q) +5(Q) +5(Q) +5Q) + 10(Q7) + 10(Q")
+15(Qf) +24(Q) +40(Q") +45(Q). (359)
To get the 144144 multiplets these must be subject to the constraint
FulYyu) =0. (360)
Imposing these constraints on the 160 multiplet gives
Tl () = bibIbIbibII0)P + 78 mp bl bT [0)(P;j + 6P;;) + b] |0) (P + PY). (361)
Thus to get the 144 spinor, |74y the following constraints must be imposed on the components in | ¥ () ,):
P=0, P'=-P, P;=-lP;. (362)

Similarly to reduce the 160-plet |Y(—),) to 144-plet we need to impose the constraints
O — O — O — _10iJ
Q=0, Q=-Q, Q'=-3Q". (363)

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

"
WH = h' ( (= )au|B| (+)bu>

(10)
5 Vol BTV (i

D,

Wi =p ) Dy,

45 @5
W) = — ha (& BZ00l V4 ) Ppo- (364)
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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. [454].

Appendix B. d =5 contributions to the decay of the proton

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:

(365)
(366)

where we use the conventional notation for all MSSM superfields. The superfields T,and T transform as (3,1, —2 /3),
and (3, 1, 2/3), respectively [158].

Decay channels

p— (KT, 7", pT)v, andn — (7%, p°, n, 0, K%, withi = 1,2, 3.
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7 e e
fﬁ A 7e A f_l . ~ _ _
I S o (UIB*ED 3 (E; YEN)3(DT Yy Ue) 13,03 (U1 DF DY)y 31 (373)
_ Al h
i, o] <,
i ey
- TC 7’ =
T 7% n - - - -
- o (UID*D})11,12(DT Yy Ue)as 13U B*EX) 33 (EL YEN)3;. (374)
B \\V ]:’l+
diy £y,
dip—— - - - - - - —— i
P WA WS R ; } .
i 3 IS (DT ASU) 13 03U YU 31 (D] Y] D)3 13(DT CN)3;. (375)
, T ) A
P s oo —dy
dis i . _f_d_zc,l
T Wt
e
T F L < (DTN (U U 3(0T AT D)3 (DY D)) 31- (376)
N h,
V; ! —40— i€
L —— U
T A 7 A ‘}O ~ ~ ~ ~
T 1. o (DT ASD) 13,030 U)31 (DT D*)3,13(D" CN)3;. (377)
b
U,‘—z— ——————— —<O—d2,l
d1)2 5 —a— U
- t e ~
T /’ A VO . . _ _
T T L« (DICN) (DT D)3 13(DT ASD)53(UT U3 (378)
~\\ V
v; b —<O—d2_1
d1,2 —— - - - = —— V;
- A3 Ay
! ' ’ (DTCN)13,3(NTN)3; (DT D*)p3 13(DT ASU) (379)
Y 5 Y X CN)13,23 3i 23,13 A 31-
T
T —<O—d2’1
u 5 —<—l)l~
T VA ‘}0 ~ ~ } y
T Y L« WUTATD) ) (DT DY) 13(DT CN) (NN, (380)
N v,
d b _<O_d21
diy—b— -~ —a—;
; A 5 A ‘;0 . _ ~ ~
X F L DTNV INy U0 ATD)s 5. (381)
T t V,
dy b - - - - —<O—u

Decay channels

p— (KO, no, n, pO, w)e;", andn - (K" ,n,p ) e;" withi =1, 2.



P. Nath, P. Fileviez Pérez / Physics Reports 441 (2007) 191-317

dig—»—T-----+ —a— ¢;
; A 5 A ~+ . . ~ _
o (DT CN)1303(NE)3; (UT D*)13(DT A% U3y
f A ; A\ 4 W
u—»—L----- - u
di, . ey
T /’ A s B B . .
Y« DIA DU DD CN s (N )y,
u ; : —LV— u
U—»—--=-=--~ —a— U
Ty b g T ASFAY (BT T s 5T
B x (U"A’D)13(D'U)31 (D" U")133(U" CE)3;.
ot
A S £
u 5 —— U
Ty T T ST AS Ay (7
RN 1 o (U"CE);(D"U*)1323(U" A’ D)33(D"U)3y.
~\\ ot
¢i ! _Y_dIZ
e T ——d,,
. A F A}
T + ~ ~ ~ ~
1. T o (EIBTUN3(UL Y D)3 3 (UTYp D) 13(DIDTUN3,.
Tt b¢ h
e - - - == L -y
é © T dip
T oAb, - - . .
KL < EBTUDNWTYpD3(DID U5 (UL Yy D)3 s
7 \\ h
i b L e—u
U—p—mpy-=-=-=- -~ —<}— u°
T 4 ; A p, ros e . . -
A A o« (UTASD) ;3(DT YU 31 (DY, U*)1305(UT CE)3;.
T 1 ho
& —p—t - - -~ i,
u N —e—
- b 7z ~-;—
T /' A h+ . . . .
¥, < WTCE)(DIY U 130507 ASD)s3 (DY U5,
ST h
¢; t —i—dfvz
d12—>— ——————— —<—El-c
3 S A ;T ~ . y }
X ¥ xDTCM (YLD 5 (U D) s(DT ASU)y,.
T b hy
7 S — L
diy -, — ¢
T UoA . - .
T K DA s (UY DNs(DT CN) sy (N G ED) ;.
AN h+
u L

271

(382)

(383)

(384)

(385)

(386)

(387)

(388)

(389)

(390)

(391)



278

P. Nath, P. Fileviez Pérez / Physics Reports 441 (2007) 191-317

o (UTASD) ;3D Y} D1)31 (U YU 130T CE)y;.

o (UTCE);(D}Y}D*)13.03(DT ASU)33(UT Y[ U)3:.

o (DIDTU) ;3030 YE U (ETYE E)i3(ElBTUY )3 .

e S ——d,
7:~ A be A Z

7: A 7 A 4 [10

el —p—Lb - - - - - LU

— U

T oA

N 4

hy
——d,,

dip = -----1 s

N
>
~1

A ﬁg

o (UTASD) n(UI Y] 0%) 307 CE)s3(ETY ] E®)5;.

o« (UTASD)3(D D)3 30(UT U*)13(UT CE)5;.

o« (UTCE);(UTU*) 130" ASD)33(D" D)3 3.

o« (DI D U | s (ETYEE)is(EIBT U3 (T YL Uy,

< (UID*D})13(DI YL D)3 (U Yy U,) 13(U] B*E)s3;.

o« (E[BTU);1(DTYpDe)1303(DI DT U35 (UL Y] U3y

o (DT ASU) 13050 YU 3 (ELYEE®) 3(ET CT U3,

(392)

(393)

(394)

(395)

(396)

(397)

(398)

(399)

(400)

(401)



P. Nath, P. Fileviez Pérez / Physics Reports 441 (2007) 191-317 279
U —»— - - === —e—€;
; A z A ‘}0 - . ;- s
) i X (U'CE);3(E"E)3; (U U™)13(U" A’ D)3 3;. (402)
7Y ; YV,
dyg—p—t - - - - - - —— u
u ~ —a—e;
T TAy
e 0 T 48 Troy (7T iy
SR X (U A’D) 112U U")13(U" CE)33(E"E)3;. (403)
N\\ V,
dy, t —40— u
BT _<~Td_l(’2
T=+ A Lc 4 v, ~ . _ .
¥ T < WD DB DY 22U U0 (U B EDsi: (404)
Tl C
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(LT WA 3 e 5
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7‘- T, A ‘N/g ~ ~ ~ ~
U Y L WD D)W U U B ED s (B EDx: (407)
d_lc,z t"C N 0 .
where
AS=A+AT. (408)

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 generated 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 (mnSUGRA).

Appendix 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. [142], and later in Refs. [144—-146]. The dressings are carried out at the electroweak scale which one may take as the
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average scale of sparticle masses (Msysy). Here we exhibit the results in a compact form (See Refs. [142,144—146]):

[: _ C(udue)abl] C(uude)abtj 1

uadhuLteLj zuaudezeL]

+ C(udue)abt/ + C(uude)abt/

uadbuRzeRj SUqlipdRier;

(uddv)asz~

+ Cp ugdpdpivyj + C(ddw)abu ld gbuLivLj

(ueud)abij (deuu)ubi 175 ~
+ C; Tugepuridrj + C; ! Sdaepuriug;

C(ueud)abl] Ma?budeR/ C(déuu)ahij lgaz;buRiuRj
+ C(dvud)abljd VbudeLj + C(uvdd)abl/l avdeldLj (409)

These coefficients are obtained from the coefficients of the original dimension-five operators including their renormal-
ization from Mgyt 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:

J d
Le= CéuL wels (urdr)(urerj) + C(" ueij (urdpgi)(uper;)
+ C(udw)” (updri)(uger;) + C(”due)ij (urdpri)(urer;)
+ C(”ddv)”k( urdri)(drjvik) + C(Mddv)”k(MRdRi)(dLJ'"Lk)

dduv)ijk
+ Crp " S dpidry) (urvi). (410)
For the dimension-six operator, we have three contributions according to the dressed sparticles. Thus, for example,
CEMLdME)ij _ CYZME)”( )+ C(udue)t/( )+ C(udue)tj Ci) (411)

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

| ml  m2
(ua'ue)ZJ( ) _ C(udue)abljF(G)L(u)F(G)L(d)[ g 2g i (412)
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(udue)u (wi _Céudue)ablj F(C)lLYE,ub)F(C),l;,%)] ;m ’ /ém
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2 2
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Uy ep
2 2
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CLL (7 )= m _CL F(C)lmb F(C)tma 1 2 2
T i Mg,
b
(@eud)abli L(d) L(v) m';zﬁ m%
ueud)abli vV m Lm
+ C! L) Ty | =55 =32 | | (425)
Uy ep
m%o m20
(uddv)z]k (@ddvyabjk L) L(d) T Ao
@)=——1¢] TN 1 TN 1| 52 =3
7m mi, Mz,

9
jma imb m2

m:%o m%o
+ C(ddu\’)ablkl—v(N)L(d) F(N)L(d)l Am Xm

m2, m2
(dvud)ablt L(d) L(v) Tm  m

~~ .. ma
+ C(Luvdd)abjzF(N)L(u)F(N)L(v)I Am Am

426)
Ima kmb 2 2 ’ (
" mz, M3,
) mZ  m2
C}(QMdeV)ljk( ) _ C(uddv)abij(G)R(u)F(G)R(d)I g ’ _2g i (427)
3 myg mz  m%
Ua dp
2 2
(uddvyijk ot 1 (@ddvyabjk R@) ray, [ M "
CRi MGy = — | =P o i rofar [ 5= 5
pas mi, Mma,
2 2\ 7
C(ueud)abltr C L(d)r C L(V)I m7$ m7;; 428
+ ( )/ma ( )kmb _27 2 ) ( )
m;a m;b
2 2
C(uddv)i]k(«sﬂ C(uddv)abjkr YR RO T 429
RL )= ( )1ma ( )lmb T2 2 ’ ( )
" i, M3,
dduijk ~ 4 1 (Gduvabik R(d) R(d) m% m%
Crr T == —C; G, Gy I'\—-—) (430)
3my m=~ m%
dy dp
(dduv)t]k(vi (431)
dd k m%‘) m
( uv)ij (“O) C(dduv)ablkF(N)lRWEZ)F(N)Rn(;z)I ;m ’ A2m ’ (432)
msys ! ms - m3

where the loop function is defined by

1 ab [ 1 1
I(a,b) = loga — logh ). 433
(@ 5) 16n2a—b<1—a AT T T, ) (439
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For the dimension-five operators, we have the following expressions (using the following notation for the anti-symmetric
tensor, ClKIl = Cijkl _ Ckjily,

where
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r)ke© = 02, (03)ui 455
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where the squark, slepton mass-squared matrix M ,27’ chargino and neutralino mass matrices M¢ and M y are diagonalized
by the unitary matrices O 70—, 04 and Oy, respectively.

Osz OT — (MZ)dlag (464)
0" Mc O, = (Mc)¥e, (465)
05 My O], = (My)Hae, (466)

Appendix D. Sparticle spectrum and renormalization

In this appendix we exhibit the sparticle mass matrices that enter in the analysis of the dressings of the dimension
five operators. The matrices are given 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. As
discussed already in Sec.(4.2), in MSSM the superpotential is given by

W=UY,0H, + D°Y,Q0H, + E°Y,LH, + uH, Hy, (467)
where Y, 4 . are matrices in family space. The soft SUSY-breaking Lagrangian contains scalar couplings

Lot 3 ihyQH, +d“hyQHy + & hLH; + BH, Hy + h.c, (468)
where hy, 4. are 3 x 3 matrices. There are also scalar masses

Loote > m3y, Hi Hy +m?% Hj Hy + O'MZO+ L'MIL (469)

+uCTm a¢ + dc"-mfzcic + ECTmééC. (470)
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Here again M%, M2, m2, m%, and m? are 3 x 3 matrices in family space. The renormalization group equations for
QL g é

the gauge couplings are:

=3B C*Tr(YTy 1
dr 167> (16n2>2 ,; oo - 2;1 T “71)

with BY" = (33/5, 1, =3) for U(1)y, SU(2); and SU(3), respectively.

199 27 88
25 5 5
(@) 9
By =135 25 241, (472)
11
> 9 14
26 14 18
5 5 5
cide=le6 6 2 473
4 4 0
The one-loop renormalization group equations for the three gaugino mass parameters are [103]:
dMa _ 287 o
BV M,, 474
i 1672 ¢ @79
while for the y term, and the Yukawa couplings one has
03]
dﬂ ﬁ‘u
- , 475
dr  16m2 “75)
(1
dYM d,e ﬁyu d,e
__wd.e 476
dr 16m2 (476)
where
1 — i i 2
By’ = wu(Tr(3Y, Y, +3YaY, + Y, Y )—S’g2 gl), 477)
By = YuBTe(VuY,) + 37,1, + Y Yy — L3 —3g3 — Bgh), (478)
V) = Ya(TrBYaYy + YY) +3Y Vg + VY, — g3 —3¢2 — Lob), 479)
(1 _ i T ty _ 2,2
By, =Ye(Tr(BYqY, + Y.Y,) +3Y, Y. — 385 — 581) (480)
For the trilinear terms the RG equations are
(1
dhud.e hu.d.e
= 481
dr 16m2 (“81)
where
B = huBTr(Y,Y,) + 5V Y, + Y ¥y — g3 —3¢2 — Bg?)
+ Yu(OTr(hyY,) + 4V, hy +2Y hg + 2g3M5 + 6g3M> + g2 My), (482)

1 K
Bi) = ha(Te(YaY, + YY) + 5V Yy + ¥,¥, — g3 — 3¢ — Lg?)

+ Yg(Te(6haY,) + 2k Y)) +4Y T hg +2Y by + 2 g3M5 + 683 Ma + 12g2 M), (483)
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= he(Tr3Y Y] + YY) +5Y[ Y, — 3¢3 — 2¢])
+ Ye(Tr(6haY, +2h,Y)) +4Y]he + 6g3M> + B My). (484)

The renormalization group equation for the B-term is given by

1
dB g
A 16n2 (485)
where
W = BTrBY, Y, +3Y,7) + Y.¥)) —3g3 — 3¢
+ W(Tr(6h, Y, + 6haY, +2h.Y)) + 683 Ma + SgIM)) (486)
while the RG equations for the soft masses are
(1)
d 2 ﬁ 2
"= —16"; . (487)
where
ﬁfnll =6 Tr((m;, + M3V, Yy + YimZY, + hih) — 6g5|Mal” — SafIMi* + Lgi, (488)
/3<” = Tr(6(m2, + MZ)Y Ya+6Y m2Y, +2 MAHYY, +2vim2y,
= Hy d m5Yq + (de + M) +2Y,m
Hy
+ 6hjha +2h[he) — 6g31Mal” — $IMiI” — dgiS, (489)
[3;14)2 = (MZQ +2m3 )Y Y, + (Mé +2m3 )Y Ve + (VY + Y, Yd)MZQ +2Ymy,, (490)
BUL = (M2 +2m3, Y] Yo + 2Y[m2Ye + Y] Yo M? + 2hih, — 6g3|Maf* — SgfIM | — 3g7S, (491)
L
ﬁ“> Qm? +4m3 )Y, Y, +4Y, M2 Y] +2Y,Ym?
+ dhyh) — 23 IM3)> — EetIMy|* — g7, (492)
(n _ 2 2 1l 2 v ) T
[fmj = @m3 +4miy Yo, + 4YaMZ Y] +2YaY m? + 4hah)
- FaIMsl — Egf M + 2678, (493)
,gfnl) = m3 +4my YY) + 4V MY +2Y, Y mZ + 4hoh] — FgiIMi)* + $eiS, (494)
and where
S=my —my, + Tr(M2Q — M% —2m2 + mj +m32). (495)

The full two loop RG equations can be founds in Refs. [458,103]. Now, let us list the mass matrices for the sparticles
in the MSSM. The chargino mass matrix was already given in Eq. (84). For the neutralino mass matrix one has

M, 0 —M2SWC[; M2SWS[;
Moo — 0 M, Mzcweg  —Mzewsg (496)
X ~Mzsweg  Mzeweg 0 - ’

Mzswsﬁ —M2CWSﬁ —u 0
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where 0w is the weak angle, sy = sin 0w, sp = sin 8, cg = cos f§, and s = sin 8. The squark (mass)? matrix for i at
the electroweak scale is given by

M2 +m2+M2(l—Qs2)0052[3 my, (A}, — pcot ff)
ML% _ ) u z\2 uSy u (497)
my (A, — u*cot ) m +m —i—M2 QusW cos2f
where Q, = %, and the squark (mass)? matrix for d is given by
e MZQ + mé - M%(% + st%,v) cos2pf mq (A} — utan ff) 98)
mg(Ag — p* tan ff) mfi + mﬁ + M% stzw cos2f
We note that here we are using the relations /4., = Yy .d,¢ Au.a,c for the trilinear terms. Q4 = —%. Finally, the slepton
mass matrix is given by
2 (M% + mg — M%(% — s%v) cos2f me(AY — ptan f) ) 499)
! me(Ae — pu* tan ff) mg + mg — M%szw cos2f

Further details of supersymmetry phenomenology can be found in Refs. [54-57].
Appendix E. Renormalization of the d =5 and 6 operators

In this appendix we discuss the renormalization effects for the d = 5 and 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
1 ijki

W ABB A o2 1
WSZ_CL EabceaﬂE/bQ QlﬁQ,'L')L(;-i-M—TCR abcEkUlaU DC

e . (500)

where a, b, and c are the color indices. The coefficients Cy and Cg 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 [145].

d . 2 .
@) u—CiM = (=83 — 683 — Zg} ) M + M (vpY ) + Yuy )i, + CE (v iYL,
du 3

+ /M Y]+ Yu Y + C rp Y] 4+ Yo vl (501)
and

d _ijki ikl ikl » - ' ijml
(“n?u-CR = (=83 — 4gHCy" + CM @YYy, + CH @YYl + CYM @YLY

+ ey, (502)

where u is the renormalization scale, Y;, and g; are the Yukawa matrices and gauge couplings.

Once we know C, and Cy, 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 (msysy =~ mz) and the proton decay scale of 1 GeV. This factor is given
by [446]

6/25 6/23
AL = <M) « (M> ~ 1.4, (503)

o (M) os(mz)
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Long range effects also receive important two loop QCD corrections which have been computed in [459]. The reader is
referred to this work for further details. In Section 3 we discussed the most generic predictions for nucleon decay from
the gauge d = 6 operators. In this case proton decay is mediated by superheavy 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 M scale to 1 GeV. In this case the effective d = 6 operator will be multiply by a factor
Agp= A‘}DA ., Where the coefficient A%D is the short-distance renormalization factor which at one-loop (neglecting the
flavour dependence of those operators) is given by [446]

ASD _ (063(”12))4/%3 x <“2(mz))3/2b2’ 500

OGUT 0GUT

where b3 =9 —2n, and by =5 — 2n, with ng is the number of families. A%> ~ 2.0 if SUSY is the low energy effective
theory below the GUT scale.

Appendix F. Effective Lagrangian for nucleon decay

As discussed already in supersymmetric theories baryon and lepton number violating dimension five operators
must be dressed by gluino, chargino and neutralino exchanges to produce dimension six operators. These operators are
typically of two types: AS = 0 and 1. The baryon and lepton number violating AS = 0 operators are:

.
Oy, = €abe(dra)  urp(dre)Cvir,

Vi C C
0,1 = €abe(dra)  upp(dre)=viL,

o
0%, = eapc(dra) urp(ur)Ceir,

e; C C
OLIR = €ape(dra) " urp(URe)™ €iR,

.
O/ = eabe(dra)Curp(ure)Ceir,

02R = 6abc(dRaz)CMRb(“Rc)CeiR- (505)

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:

Vi e NC 1 \C

Orp1 = €abe(SRa)” URb(dL) ™ ViL,

Vi o NC, 1 NC

Or'11 = €abe(sLa) " urp(dre)™ vir,

<0, — — =

ORlL = €abc(SRa) " URp(ULC)™ €L,

<. — —

Oy 'r = €abc(SLa)” ULb(URe)" €iR,

5ei ¢, ¢
OLlL = €abe(SLa) " uLp(ULc)~ €L,

- . =
ORgr = €abc(SRa) URb(URC)™ €iR,
5% N, TC

O = €abc(dRra)“ URp(SL) ™ ViL,

OZiLZ = €abc (dLu)CuLb (SLc)C ViL- (506)

Egs. (505) and (506) contain all the possible type of dimension six operators, i.e., of chirality types RRLL, LLLL,
LLRR, and RRRR.
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In obtaining the above set of operators one uses a Fierz reordering. This is best accomplished by defining a set of 16
matrices as follows (see, e.g., [460]):

I =(1,9 iy, i7%s, 95, ps. i6%, 6} i, j =13, (507)
which are normalized so that

tr(FA 8y = 4548, (508)
With the above definitions and normalizations, the Fierz rearrangement formula takes on the form

(T up) (T Pug) =Y FER G T ug) iz TP uy), (509)
C,D

where u ; may be Dirac or Majorana spinors and
FEE = —(H) 1 e €rirerh. (510)

In the above the +ve (—ve) sign is for commuting (anticommuting) u spinors. A —ve sign should be chosen when
dealing with quantum Majorana and Dirac fields in the Lagrangian.
The general Lagrangian with baryon and lepton number violating dimension six operators will then have the form

Vi Vi Vi Vi i e ¢i  )Ci ¢i )i e i ~Vi AV
Lpr=CgOg, +C[L 0/ + C;L O;QL + CZROLR + C‘LL OZL + CrrOrr + Cr1ORr11
~Vi Vi e A ~ei A ~ei e e A AVi AV ~Vi Vi
+ ClniOp + C;?L O;L + CZR OiR + CZL OEL + C;?R O;R + Cri20r12 + Cri201o (511)

We note that in Eq. (511) 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 v; are flavor diagonal, then some of the co-

efficients C’s and C’s can be related. Thus in this case C)}Q[L :—C;"L, CZ[L = —CziL, and é}gu = —égL, CZiL] =—C~‘Z[L.
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 C,i, CN‘,’; 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
[461]. Specifically what one wishes to do is convert the above interaction which contains quarks and leptons into an
interactioninvolving 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 Refs.
[462-464] it is more general. First, we have not imposed any SU(2) symmetry on the operators in Eqs. (505) and (506)
since one is below the electro-weak symmetry breaking scale where the residual symmetry is only SU(3)¢ x U(1),,,-
Secondly, in the analysis of Chadha and Daniel [463,464] 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. [142]. 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. [465]). We give now
the details of the effective Lagrangian approach. Noting that ur,, dr, transform like 37, u g, dr, transform like 3g,
3. x31p =37 +61,3. x 3] =8 + 1 etc, one finds the transformations of the operators listed in Table 9.

Table 9
Properties of the dimension six operators under SU(3); x SU(3)x
Dim 6 operator Chirality type Transformation
Ogys OjeiL* Okp1> Ok1» Ok1a RRLL (3,3
O/'r- Or' LLRR (3%.3)
0}, 01, Oy, OF1, Of LLLL 3, 1)
A€

0%, 05, RRRR 1,8
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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 baryons we introduce the matrix

30 LA ot
8 VNG i
X0 4
B=Y 2B.=| » -4+ . | (512)
S A
B~ g0 _ 24
3
which transforms under SU(3); x SU(3) g as follows:
B' = UBU" (513)

while the transformations of the pseudo-Goldstone bosons are described as follows:

¢ =LEUT =UERT, ¢ =eM/T, (514)
where
0
T " + +
— + —= T K
V2 V6
M 8 Jah - G 4+ ko (515)
fd = T _—— _ .
= NEIING
_ 2
K~ KO - /=
3'1

Then under SU(3); x SU(3)p transformations we have
EBE— LEBERT, E'BET — RETBETLY,
EBE" — LEBETLT, E'BE — REBERT. (516)

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 the operators of type in Egs. (505) and (506). We can now write the O operators
as follows [462,463]:

Oy = a(vin)CTr(P'EBLE),
0}, = B CTr(P'EBLED),
0%, = a(ein) “Tr(PEBLY),
0% p = a(ei) CTr(PE  Breh),

0451 = Bleir) Tr(PEBLED),

05 = Bleir) Tr(PE BRO), (517)
where
0 0 0 0 0 O
Pp=|0 0 0], P =0 0 0], (518)
1 0 0 01 0
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and where o and f are matrix elements of the three quark states between nucleon and the vacuum state (see, e.g.,
Ref. [465])

<0|€abc€ocﬁuZRd£RM1£|p> = 0‘“2,
(Oleapeexpuily dly ul |p) = pul, (519)

o and f§ are known to satisfy the constraint [466,467] |a| = |f].
Recent lattice QCD calculation of the proton decay matrix element by the CP-PACS and the JLQCD Collaborations
gives [468]

5
o] = 0.0090(09) ( +19> GeV?,

| = 0.0096(09) (:;60) GeV?, (520)

where o and f§ have a relatively opposite sign. In the above the first error is statistical and the second error system-
atic. The lattice analysis uses the quenched QCD calculation in the continuum limit where the continuum operators
are defined in the naive dimensional regularization (NDR) with M S subtraction scheme. The evaluation of « and f3
given above is at the scale Q = 2GeV. The result of Eq. (520) is smaller the previous evaluation by the JLQCD
Collaboration which gave [465] |o| = 0.0151(1) GeV3, | = 0.014(1)GeV? where again the analysis is done us-
ing NDR and the evaluations are scale Q = 2.30(4) GeV. Further, one may compare the result of Eq. (520) with
the preliminary results of the RBC Collaboration at the scale Q = 1.23(5) GeV which gives |a| = 0.0061(1) GeV3,
|p =0.007(1) GeV? and are about 30% smaller than those of Eq. (520). The above difference cannot be accounted
for by the renormalization group effects in going from the scale O = 1.23 GeV to the scale Q = 2 GeV which gives
about 3.5% effect [468]. It should be noted that the analysis of Eq. (520) is about a factor of 3 larger than the early
QCD calculations of these matrix [469]. Returning to the analysis of Ref. [468] the relative sign between o and f§
is important as it can affect very significantly the proton decay rates. Similarly we can write the 0 operators as
follows:

Oy, = o) CTr(PEBLE),
O} = Boi) CTr(P'EBLED,
0~;’L = erTr(ISEBLf),
0y = alein) Tr(PE B,
0% = fleir)CTr(PEBLED,
0% = Bleir) CTr(PE BRo),
Oy = a(vip)CTr(P"EBLE),
0712 = BOi) “Tr(P"<BLET), 521)

where

(522)

~
I
|
—_
(@]
"O\z
I
(e
|
—_
(e}
v
I
oS O O
o O O
- O O
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In extracting the baryon and lepton number violating parts from Eq. (511) we must compute both the quadratic and a
cubic term. The quadratic part is easily extracted. It is

LY = @C, + BCy i) np + (aCy + BCY ) (ein)C pr

. L — 20 A9
+ (Cilg + BCRReir) pr + (1Criyy + BCI i) | T = =
Lr T BCRrR)(€iR)" PR Rt TACLL DL NG

— (@C, + BCy (e}
~ 0 . T ~. -~ 2——
— (@€ + BCRRI€iR) Tk — (aCrpy + ﬁcz’m)\/; (i) A9, (523)

while the baryon and lepton number violating cubic interaction is

1] —c T, (™ .
L= aCp; | i)~ pLm (viL) " np +

_ _ 0
+ Bcy, ((ViL)CpLﬂ_ + i) ny (—% + %'1))
+ aCq, <(eiL)CnL7E+ + (ein) P (n—o - L”I))
V2 V6
e;j C 4+ C TEO 1
—aC/p <(€iR) npr’ + (eir)” PR <—2 - —6’7>>
+ BCy, ((eiL)CnUT+ + (ei) pr (n—o + iﬂ))
V2 V6

= <(eiR)Can+ + (eir)“ PR <_ + —’7>>

+ (—oCppy + BCI i) nL KO + (—aCly

+ BC ) (ein)C prLK® 4 (aClip — BCG ) (eir)E pRK

+ (@Cps + BCI (i) n KO + (i) pL Kf)} +h.c. (524)

In addition there are baryon number conserving interactions. The relevant terms are [463]:

1 - - 1 - .
Lie=5(D = )Tt By"ys B0, £E" = 0,E' 811 — (D + F)Tr[By"ys5{¢8,¢" — £0,61B]
+ biTr[Bys(EmE" — Em&) Bl + by Te[Bys B(E mE™ — Em)), (525)

where m is quark mass matrix such that m = diag(m,, m4, my). In the above the terms with co-efficients (D £ F) are
invariant under SU(3); x SU(3)p while the terms with co-efficients by, by transform like (3, 3*) + (3*, 3) and break
SU3); x SU(3)g down to SU(3)y . The matrix B is defined so that

30 N A 5- -
V2 6 -
. . 04 .
B= >+ =+ = E° (526)
V2 6

Tl
S
|
TS
ot
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The relevant part of Lgc is
D — F
Lpc= ( 209k
V2f
D—F_ D—F_ D+ 3F - -
+ ( Z+V“V5P BT, 209Hysn — TfAOV”VS”> auKO

i 2 <0 50 S
+ ?(mu + my) 5(2171 — b)) A%5p — V2022 %sp + 2625 ysn | K

D+3F D—F__ _
Ayysp + M) y”ysn) 0, K
N V2f !

. ) 5 ) ) )
+ %(md + my) (—2b22+y5 p+ \/; (2b1 — by) A%sn + «/Ebzzoysn) K% +hec.

293

(527)

The contribution of the m,, mg terms is typically small and as is conventional we neglect them from here on. For

simplicity we introduce the notation

vie; V;,e; /v ,e Vi,e; rej e /el

Crp =aCgi", Crp%=pCy", Clr=0aCir, Cgr=PBCxg
~Vi Vi /Vz ~rep € ~rep €

Crr1=%Cgr1» Crp= ﬁCLLl’ Crr=2Cg, Cip= O‘CLR’
¢ Pold A Vi i
Cri=BCir. Crr= ﬁCRR’ Crra=0Cgrp: Cprin= 5CLL2

We discuss now the decay widths for the various decay modes.
(i) p — V; K™ decay

I'(p— %K")=@2nf2my) " md —m%)*(Ch, + ;;'Lz>+ (C’J'L1 Cri (D —F)

+ 6 {Cng + CRL[ + 2(CLL2 glLZ)}(D + 3F)|

In the above and in the following the C’s and C’s are as defined in Eq. (528).
(ii) n — v; K decay

I — %K% = @2n 2 m)~ iy —mi)? [(=Criy + CLpy + Crin +Clio)

I m SV /v, ~IVi ~/Vi
- 2m2 (CRLI LLI)(D F) + (CRLI + CLLl

2
+ 2CR1, +2Ci ) (D + 3F)

>iii) p — ll.+K0 decay
1
I[(p — I7K% = 32nf2m3y) " (m3y — m%)? {E [ Cri +Cf 4+ C %
. B 2
— Crr — (C’e’ +C1 = Clr = Crp)(D — F )]
1
+3 [ Crr+Crp — Clr+ Crp

2
__(C,e, LEE &R D F)”

(528)

(529)

(530)

(531)
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(iv) p — Vit decay
F(p — wint) = G2nf2md) ™ 3 —m2)21Chy + CLL P+ D + F)2. (532)
v)n — v;n° decay
I(n — vn%) = @2nf2m3) " (my — m2)*$|Cy + CLul*(1+ D+ F)>*. (533)
Neglecting the mass differences of p and n and of 7t and 7° we get
I'(n - vn’) ~0.50(p — vinh). (534)

(vi) n — v;n° decay

I'(n— v’y = B2nf2my) m2 — mio)é‘c};’i <—% — ? + F) +c (1 g + F) ’ (535)
(vil)) p — e ¥ decay
I(p — efn®) = B2nf2m3) " (m} — m2)*3(ICy, + CLy P+ |C + CrplD(1 4+ D + F)?. (536)
(viii) p — e n° decay
I(p— ey = G2nf2m3y) " (m? — W; HC’E"L (1 - ? + F) +Cry (—% - ? + F)T
rei D e 1 D 2
—i—[CR’R(l—?—i—F)—i—C’( 3—§+F>:|}. (537)
(ix)n — e?n_ decay
In— efn)=@2nf2miy) m2 —m2)23(1Cky + CL1* +1Cf % + Crrl>)(1 + D + F)2. (538)

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 obtained from a recent analysis of hyperon decays which gives [470]

F + D =1.2670+0.0030, F — D =-0.341£0.016. (539)

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 6
operators.

The chiral Lagrangian approach is currently the best available technique for the analysis of proton decay lifetime
starting with the fundamental Lagrangian in terms of quark fields. The approach [461] had considerable success in the
past but it has certain limitations. The technique works best in the so called soft pion approximation. In the present
context, the mesons in proton decay may have energies as large as 500 MeV so a certain extrapolation is necessary.
However, the technique still remains the state of the art in the computation of proton decay life times.

Appendix G. Details of the analysis on testing GUTs

In Section 5.4 we discussed the discussed the tests on SU(5) models with symmetric up Yukawa couplings. In this
appendix we expand on those tests to include other groups. These are discussed below.

(1) 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 4. In these theories
with symmetric Yukawa couplings we get the following relations for the mixing matrices, Uc =UK,,, Dc = DK 4 and
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Ec = EK,, where K4 and K, are diagonal matrices containing three phases. In those cases V| = K\, Vo = K} Vz) o
V3 = Kj Vpg and V4 = Kj. Using these relations the coefficients in Egs. (20)—(23) are given by [47]

c(eS, dp)am = (KD (KD + VKL (K3 (Vi IV ), (540)
clew, df)sym = (KD KDPPUGOP + 1B (KPP (Vi P VMK 1V ), (541)
cOn, dy, df ) sym = (KD KT8 0P + k367051 (K )™ K 1(VermK) " (K3 VpEVew) (542)
cOf  dyy df )ym = (KPR IEDPP (V6" + 0P (K3 (Vi) MU KV )", (543)

witha=/5 # 2.Notice all overall phases in the different coefficients. In order to compute the decay rate into antineutrinos
we need the following expression:

3
Y O dy. dp)lymc (i, dy. do) gy = k76" 6P) + 13605 K (K )]
=1

x k267 6% + k387067 T (KK 1 (VeemK DY (VermK) . (544)

Using the above expression we find that it is possible to determine the factor k1 = ggut/ ﬁM(x, y) so that [47]

Q1/4
1
1= , (545)
ALV 12 + A2 VEE 1214
where
8rm3, f2l(p — KT7) (546)
1 = 9
(m3 — m%)? A7 |of?
2
A =2 p, (547)
3mp
mp
Ay=1+ ——(D + 3F). (548)
3m3

Here one finds that the amplitude for the decay p — K ™V is independent of all unknown mixing and phases, and only
depends on the factor k1. Thus it appears possible to test any grand unified theory with symmetric Yukawa matrices
through this decay mode. Once k; is known k; can be gotten by solving the following equation [47]:

8nf2I(p — nty)

K 1 22K VAL 12 g Ayl 2 =0, (549)
2 + 2k Vel K 1Vekul myA%|al>(1 4+ D + F)?
which gives
k= ki Vel (=1 +v/02) 72, 530
where
0re 14 8nf2l(p — nty) AT (551)
2 = - CKM N
KHVekal'mp AL 221+ D + F)?
Using the condition Q> > 1, we get the following relation:
K+5 mA VL 2(1+ D + F)?
(p — V) p!VckMm (552)

— > .
w(p =~ V) (md — mi) AP VEkml? + 14221 VEEWI
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The above is a clean prediction of a GUT model with symmetric Yukawa couplings. The relations among the nucleon
decays read as follows:

wn— K%  my(my —mi) (AP Viul + 1422 Vg ]

— = , (553)
w(p—> KTV m3m2 — mi)?[| Az 2| Vi l? + 1422 VEE 2]
t(n — nO\_}_) _ 2mp’ (554)
(p — wty) mpy
05 3 2
tn—>nv)  6mpmy(1+D+F) (555)
w(p— V) (m2—m2)*(1— D —3F)*
with
mpy
Az=1+ (D — 3F). (556)
3m3

Thus using the expressions for k1 and k> (Egs. (545) and (550)), and the relation among the different decay rates of
the neutron and the proton into an antineutrino (Eqgs. (552)—(555)), 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 antileptons. To write the decay rate for these
modes we need the following expression:

2
3 @S dp)iyme (el dygym = 167 + Ve KY (K3 (Va7 + Ve K3 (K5 P (V']

a=1

2
x> VEE(VhE). (557)
i=1

Thus the decay of the channels with charged antileptons always depend on the matrices K> and Vpg. In the theories
with the 10y and/or 126y Higgses there is a specific expression for the matrix Vpg:

AVERKIY VD — Blanag + tan o126) K Y™ = Vjy pKEYE V) p(tan o — tan o), (558)

where tan o = vijo / vl%, and tan o2 = vf]% / vlg(). Here we see explicitly the relation among the different factors
entering in the proton decay predictions. 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.

(i1) Renormalizable flipped SU(5) models

Asis 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) [43—46]. 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 [44].

Flipped SU(5) is well motivated from string theory scenarios, since one does not need large representations to
achieve the GUT symmetry breaking [46]. Another nice feature of flipped SU(5) is that the dangerous d = 5 operators
are suppressed due to an extremely economical missing partner mechanism. In renormalizable flipped SU(5) one has
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Yp= Yg , 80 Dc = DK 4. In this case the coefficients entering the proton decay predictions are [471]:

3

} ( 50 "‘7
> (. dy, A5y, dys d§) sUsy = Kol (k)00 577, (559)
=1
le(eq d)P = KV PIVIVD VI V)12 = 3IVERMIPIUEE) P (560)
Using these equations one gets the following relations [471]:
I'(p — 1% =k3Ca, (561)
1 _
I(p— n%¢f) = 3I'(p — m DI VekuPIWUEE) P, (562)
r KO%) C3|Vigyl?
[ = Koe) _ G Vel (563)
I'(p — ;) 18} |VCKM|2
where
(m2 _ m2 )2 m 2
3= —L L AF |1+ LD - F)| . (564)
8 frmy, mp

We note that in this case, I'(p — KTv)=0,and I'(n — K%)=0.In Eq. (563) we assume (UgE)I“ # 0. Thus the
renormalizable flipped SU(5) can be verified by looking at the channel p — =, and using the correlation stemming
from Eq. (563). 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. (562) for a given model for fermion masses.

Thus it is possible to differentiate among different fermion mass models. We note the difference between Eqs. (174)
and (561); there appears a suppression factor for the channel p — n™V 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 demonstrates that an analysis of
proton decay modes and specifically of proton decay into antineutrinos allows one to differentiate among different
grand unification scenarios.

Appendix H. Detailed analysis of upper bounds

In this appendix we give details of the analysis presented in Section 5.6. As pointed out in that section the minimization
of the total decay rate represents a formidable task since there are in principle 42 unknown parameters in Egs. (20)—(23).
One possibility is to look for solutions where the “SU(S) contributions” and the “flipped SU(5) contributions” are
suppressed (minimized) 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:

V) =(D.D*=0,0=1 or p=1, (ConditionI), (ULE)'*=0. (Condition II).

Therefore, in the presence of all gauge d = 6 contributions, in the Majorana 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 II, we can set to zero Eq. (21) by choosing

vil=Wlu)'' =0 (Condition III) (565)



298 P. Nath, P. Fileviez Pérez / Physics Reports 441 (2007) 191-317

(This condition cannot be implemented in the case of symmetric up-quark Yukawa couplings.) On the other hand, Eq.
(20) can be set to zero only if we impose

(vzvl"'ﬂ,))“l = (ELU)' =0 (Condition 1V). (566)

Thus with conditions I-IV there are only decays into antineutrinos and, in the Majorana neutrino case, the only non-zero
coefficients are:

c(vp, dy, df) =k (ViVyp) ™ (VsVen)". (567)

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 III and IV only.) Let us see the decay channels
with antineutrinos. From Eq. (567) we see that it is not possible to set to zero all decays since the factor (V) VUD)I“
can be set to zero for only one value of o in order to satisfy the unitarity constraint. Therefore we have to compare the
following two cases:

1. Case (a) (V1 Vyp)!'! = 0 (Condition V).
In this case:

Ty(p — ntv) =0. (568)

Using chiral Langragian technique yields

m 2 S2
Tu(p — K1) = C(p, K)[1+—p(D+3F)} ——, (569)
3mp Sta T C1513
where
2 2\2
Cla, b) = %Aimﬂkf. (570)
8nm;) f7

2. Case (b) (Vi Vyp)'? = 0 (Condition VI).
All the decay channels into antineutrinos are non-zero in this case. The associated decay rates are:

s2
Ty(p — 7% =C(p.m[l + D + FP 15—, (571)
€12 T 512513
2 2 52
[y(p — KT9) = C(p, K)[ " D} B (572)
3mp | oy + s

We note that these results are independent of all phases including those of Vcxm and V; and any mixing angles beyond
the CKM 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 VCI?V[ x — 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 012, 023, 013,
and a phase d3 (For example, in that parametrization Vé?(M = e_1513s13.), where ¢;; = cos 0;; and s;; = sin 0;;. Hence,
all one needs to know are angles 01, and 0;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 channels into a meson and antineutrinos. After
Conditions I and I, it is possible to impose (V; VUD)“‘ = 0 (Condition VII) instead of V]ll = 0. (Again, these two
equalities are exclusive in the case VC113<M # 0.) Therefore, in the Majorana neutrino case, there are no decays into
antineutrinos (see Eq. (22)). In this case the property that the gauge contributions vanish as |VC113<M| — 0 is obvious

since |V1“| = IVé]%ML We have to further investigate all possible values of Vzﬁ *and Vf * . Now, it is possible to choose
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Vzﬂ *=0and Vf * =0, except for the case o = f = 2 (Condition VIII). In that case there are only decays into a strange
mesons and muons. Let us call this Case (c). To understand 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]:

(m% —m%)* [1 4 (m,/mp)(D — F)]2
(m2 —m2)* [1+ D+ F)?

I'e(p— Kuh)
I'y(p — nty)

=2(c}, + ststy) =0.33. (573)

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]

My /10'° GeV)*
X1039( x/ . eV)

1,<6.0703 (0.003 GeV? /a)* years, (574)

%Gur

where the gauge boson mass is given in units of 10'® GeV. It explicitly indicates the dependence of the results on the
nucleon decay matrix element. These bounds are applicable to any GUT regardless whether the scenario is supersym-
metric or not. If the theory is based on SU(5) the above bounds are obtained by imposing Conditions VII and VIIL. If
the theory contains both SU(5) and flipped SU(5) contributions, in addition to these, one needs to impose Conditions I
and I1[221]. Thus following two observations are in order: (i) All three cases (Cases (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 [27]) it certainly yields the most conservative bound on M.

Appendix I. Relating 4D parameters to parameters of M-theory

The compactifications of an 11 dimensional theory to four dimensions allows one to relate 4 dimensional parameters
such as Newtons’ constant Gy, the grand unification scale M¢ and the unified coupling constant « to parameters of
the higher dimensional theory. In the analysis here we give an abbreviated version of the work of Refs. [349,343]. We
begin with the gravity action in 11 dimensions which is

@)™ /R . 4eVER. ©75)
X

Reduction of this action to four dimensions gives

Vx(ri) ! fR , d*x/gR, (576)

where Vx is the volume of the compact space X. The 4D action of general relativity is

(16nGN)’1f d*x/gR. (577)

R4

This leads to a determinations of G y in terms of the parameters of eleven dimensions and the volume of compactification
Gy =7, (8nVy) L. (578)

Next, we look at the Yang—Mills action on R* x Q. For the case of Type IIA D6 branes, we can write the Yang—Mills
action in the form

(4Q2m) g, (o) 3?1 f d"x /g Tr(Fu F™). (579)

Here g is the string coupling and the trace is taken in the fundamental representation of U (n). We can write Eq. (579)
in the form

(82m)* gy (¢)¥H) ! / d’x /g Y Ff F). (580)
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where we have expanded F,, = =Y F aFiy 4 0, and used Tr(Q, Qp) = %5,41,. Comparing with the Yang—Mills action in 7D

which is (4g2)~! [d7x /g x 3, Fjj, F*" one finds

2/3
g2 =23 (581)

A further reduction of Eq. (580) to 4 dimensions on R* x Q, and comparison of the action with the 4D Yang—Mills
gives

aGVo = (4m)' P, (582)

VQ_ 3 has approximately the meaning of M. To make this connection more precise one can consider the gauge coupling
evolution in the above theory. Now if gy 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 l/gl.2 = k,-/gjzw where (k1, k2, 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 Oy is essentially unaffected by the tower of Kaluza—Klein states.].

167% 16m2 L23
=[5 + 10T, ) ki + bilog ( — 5 | (583)
g (W gM /“L2VQ
where
Lo =exp(Te, — To) (584)

and where 7T, To are the so called analytic torsions that are computable and the combination L ¢ is the so called
Ray-Singer torsion [373,374], and u is the renormalization group scale. One may compare this evolution with what
one expects in a GUT theory. Here one has

1672 167r M 2
- = ki + b; log . (585)
8 () gG ,LL
A comparison of the M-theory and the GUT theory results give
_ _ 5
g =gy + a3 (586)
and
Mg =Lyv,'". (587)

Here Eq. (586) gives the connection between the couplings of the M-theory and the grand unified theory while Eq.
(587) makes more precise the definition of the GUT scale for M-theory compactifications. Eliminating V¢ in terms of
Mg and L gives a determination of kg

21302

K1l = _6G 0 (588)

@m'2m)?
Using the definition of the 11 dimensional Planck scale M1y [307]:
2K11 =(m)? M11 , (589)
one gets a relation between Mg and My,
Mg = Qm) " ad L M. (590)
From Egs. (581), (588) and (590) one finds

2 2/3 123

oMy = 8n’x Mgz. (591)
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Interesting is the fact that M is scaled down by a factor ocg 3 from the eleven dimensional Planck scale. One can estimate

the size of M1 from above. Thus using Mg =2 x 10'° GeV, a; =0.04 and Lo =38, one finds M3 =1.8 x 10'7 GeV.
Next, we consider Type ITA superstring. The action of the gauge fields on a Dg brane is given by [307]

(4ghe) " / d"x/g7Tr Fy; FY, (592
where gpe is the gauge coupling constant and F;; are the Yang—Mills field strengths. Here Tr is the trace in the

fundamental representation of U (N). Next assume that the D6-brane worldvolume has the product R* x Q, where Q
is a compact three-manifold of volume V. With this assumption the action in four dimensions is

Vo(8ghe) ! / d*x Y FSFUe (593)
a

where as before we have expanded F;; = Za F iai Q. and used Tr(Q,Qp) = %501,. Comparing it to the conventional
action of GUT gauge fields (4gé)*1 f d*xy a Fi”j{ F'/% where gg is the GUT coupling constant one finds the relation

2g2
8 =20 (594)
0
Next, we use the following relation on the D6 brane gauge coupling constant [307]
3/2
ghe = 2m)*geo” (595)
and get
g2 Vp =202n) g (596)

Now it is argued [353] that the relation of Eq. (587) is valid also for Type IIA theory. Using Eq. (587) in Eq. (596) gives

2/3,2/3
oL
of=—9 2 (597)

= 2/3
47'52gs/ Mé

Appendix J. Gauge coupling unification in string models

As noted already aside from proton stability, gauge coupling unification is an important constraint on unified models
of particle interactions. For unification 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 [472]

gizki = gsztring’ (598)

where k; are the Kac-Moody levels of the subgroups, and o is the Regge slope. Models of this type will in general
possess fractionally charged neutral states unless the SM gauge group arises from an unbroken SU(5) at the string
scale, or unless k > 1 [473]. 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

1677 1677 M2,
3 =k; 3 + b;In — |t 4i, (599)
8i (Mz) gstring MZ

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 ~ 2 x 10'©GeV with ag ~ 1/24 [474]. The scale Mg is about two
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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
[475-477].

2. Non-standard hypercharge normalizations within string models with higher level gauge symmetries [478].

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
dimensions while gravity propagates in higher dimensions which allows a,, to evolve much faster allowing for
unification at the conventional scale of M.

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 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 ¢ (Mx) = 03 (Myx) = %ocy. 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 7°/Z, x Z, with T 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 IIA, the D brane intersection angles are replaced by fluxes on the internal world volumes so that F)" =m]' /n}},
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

o F
2 Re(T) [l Re(T,) (600)

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 observation is that one may choose intersecting brane configurations for which the
following relation holds:

1 21 1

—=-—+—. (601)

oy 3oz o

If we work in the above class of models then the additional condition
o2 (Mx) = a3(Mx) (602)

would automatically lead to the desired relation on(Myx) = o3(Mx) = %xy. It is interesting then to investigate the
conditions under which the constraint of Eq. (602) arises. A closer scrutiny reveals [367] that there are three dis-
tinct classes of constraints which we label as A, B, and C that allow for the satisfaction of Eq. (600). The class
A constraints arise when none of the fluxes F, é vanish. In this case the Re(7;) are all uniquely determined and the
satisfaction of the relation oz = o3 can only be accidental. That is to say for most models satisfying Eq. (600) the
satisfaction of the relation Eq. (602) and hence the unification of gauge coupling condition oy (Mx) = o3(Mx) = %ocy
can only be accidental. The class B constraints arise when one of the fluxes Fé vanishes (for each a) but one still
has a determination of the ratios Re(T}): Re(T>): 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 unifica-
tion will have to be accidental. Finally, in case C one of the fluxes F(ﬁ vanishes (for each a) and this time one
has a determination of only one ratio. Thus, for example, one may determine Re(7T;): Re(Ty) while Re(T;) (i #
Jj # k) is unconstrained. In this case one has the possibility of unifying gauge coupling constants by utilizing the
free parameter Re(7;).There are no known examples of models of class A. An example of class B model is that of
Ref. [479] where the ratio Re(T1): Re(T2): Re(T3) is determined and the gauge coupling unification does not occur
while an example of class C model is that of Ref. [366,480] where Re(T;) : Re(T3) is determined, Re(T7) is left
unconstrained and one may achieve gauge coupling unification by constraining Re(77).
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