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Abstract. It is noted that a set of facts points to the relevance in four dimensions of conven-
tional supersymmetric unification based on minimally a string-unifiedG(224) symmetry, or max-
imally SO(10). These include: (i) the observed family structure, (ii) quantization of electric charge,
(iii) meeting of the three gauge couplings, (iv) neutrino oscillations (in particular the value of
∆m2(νµ � ντ), suggested by SuperK), (v) the intricate pattern of the masses and mixings of the
fermions, including the smallness ofVcb and the largeness ofθosc

νµ ντ
, and (vi) the need for B–L as

a generator to implement baryogenesis (via leptogenesis). A concrete proposal is presented within
a predictiveSO(10)=G(224) framework that successfully describes the masses and mixings of all
fermions, including the neutrinos – with eight predictions, all in agreement with observation. Within
this framework, a systematic study of proton decay is carried out, which (a) pays special attention to
its dependence on the fermion masses, (b) limits the threshold corrections so as to preserve natural
coupling unification, and (c) uses recently improved values of the matrix element and renormaliza-
tion effects. Allowing for both minimal supersymmetric standard model (MSSM) and its proposed
variant, the so-called extended supersymmetric standard model (ESSM), as effective low-energy the-
ories, the study shows that a conservative upper limit on the proton lifetime is about (1/3–2)�1034

years, withνK+ being the dominant decay mode, and quite possiblyµ+K0 ande+π0 being promi-
nent. This in turn strongly suggests that an improvement in the current sensitivity by a factor of five
to ten ought to reveal proton decay. For comparison, some alternatives to the conventional approach
to unification pursued here are mentioned at the end.
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1. Introduction

The standard model of particle physics, based on the gauge symmetrySU(2) L�U(1)Y�
SU(3)c [1,2] is in excellent agreement with observations, at least up to energies of order
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at WHEPP-7 Conference, Allahabad, India (January, 2002). This is an updated version of the paper
presented at the Erice School (September, 2000), hep-ph/0106082.
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100 GeV. Its success in turn constitutes a triumph of quantum field theory, especially of the
notions of gauge invariance, spontaneous symmetry breaking, and renormalizability. The
next step in the unification-ladder is associated with the concept of ‘grand unification’,
which proposes a unity of quarks and leptons, and simultaneously of their three basic
forces: weak, electromagnetic and strong [3–5]. This concept was introduced on purely
aesthetic grounds, in factbeforeany of the empirical successes of the standard model
was in place. It was realized in 1972 that the standard model judged on aesthetic merits
has some major shortcomings [3,4]. For example, it puts members of a family into five
scattered multiplets, assigning rather peculiar hypercharge quantum numbers to each of
them, without however providing a compelling reason for doing so. It also does not provide
a fundamental reason for the quantization of electric charge, and it does not explain why the
electron and proton possess exactly equal but opposite charges. Nor does it explain the co-
existence of quarks and leptons, and that of the three gauge forces – weak, electromagnetic
and strong – with their differing strengths.

The idea of grand unification was postulated precisely to remove these shortcomings. It
introduces the notion that quarks and leptons are members of one family, linked together
by a symmetry groupG, and that the weak, electromagnetic and strong interactions are
aspects of one force, generated by gauging this symmetryG. The groupG of course in-
evitably contains the standard model symmetryG(213) = SU(2) L�U(1)Y�SU(3)c as a
subgroup. Within this picture, the observed differences between quarks and leptons and
those between the three gauge forces are assumed to be low-energy phenomena that arise
through a spontaneous breaking of the unification symmetryG to the standard model sym-
metryG(213), at a very high energy scaleM � 1 TeV. As apredictionof the hypothesis,
such differences must then disappear and the true unity of quarks and leptons and of the
three gauge forces should manifest at energies exceeding the scaleM.

The second and perhaps the most dramatic prediction of grand unification is proton de-
cay. This important process, which would provide the window to view physics at truly
short distances (< 10�30 cm), is yet to be seen. Nevertheless, as I will stress in this pa-
per, there has appeared over the years an impressive set of facts, favoring the hypothesis
of grand unification which in turn suggest that the discovery of proton decay should be
imminent. These include:

(a) The observed family structure: The five scattered multiplets of the standard model,
belonging to a family, neatly become parts of a whole (a single multiplet), with their weak
hypercharges predicted by grand unification, precisely as observed. It is hard to believe
that this is just an accident. Realization of this feature calls for an extension of the standard
model symmetryG(213) = SU(2)L �U(1)Y �SU(3)c minimally to the symmetry group
G(224) = SU(2)L�SU(2)R�SU(4)c [3], which can be extended further into the simple
groupSO(10) [6], but not SU(5) [4]. The G(224) symmetry in turn introduces some
additional attractive features (seex2), including especially the right-handed (RH) neutrinos
(νR’s) accompanying the left-handed ones (νL’s), and B–L as a local symmetry. As we will
see, both of these features now seem to be needed, on empirical grounds, to understand
neutrino masses and to implement baryogenesis.

(b) Quantization of electric charge and the fact that Qelectron=�Qproton: Grand unifica-
tion provides compelling reasons for both of these facts.

(c) Meeting of the gauge couplings: Such a meeting is found to occur at a scaleM X �

2�1016 GeV, when the three gauge couplings are extrapolated from their values measured
at LEP to higher energies, in the context of supersymmetry [7]. This dramatic phenomenon
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provides a strong support in favor of the ideas of both grand unification and supersymmetry
[8]. Both of these features in turn may well emerge from a string theory [9] or M-theory
[10] (see discussion inx3).

(d) ∆m2(νµ � ντ ) � (1/20 eV)2: The recent discovery of atmospheric neutrino-
oscillation at SuperKamiokande [11] suggests a value∆m2(νµ ντ) � (1=20 eV)2. It has
been argued (see e.g. ref. [12]) that precisely such a magnitude of∆m2(νµ ντ) can be un-
derstood very simply by utilizing theSU(4)-color relationm(ν τ )Dirac�mtop and the SUSY
unification scaleMX, noted above (seex4).

(e) Some intriguing features of fermion masses and mixings: These include: (i) the
‘observed’ near equality of the masses of the b-quark and theτ-lepton at the unifica-
tion scale (i.e.m0

b � m0
τ ) and (ii) the observed largeness of theν µ –ντ oscillation angle

(sin22θ osc
νµ ντ

� 0:92) [11], together with the smallness of the corresponding quark mixing
parameterVcb(� 0:04) [13]. As shown in recent work by Babuet al [14], it turns out that
these features and more can be understood remarkably well (see discussion inx5) within
an economical and predictiveSO(10) framework based on a minimal Higgs system. The
success of this framework is in large part due simply to the group structure ofSO(10). For
most purposes, that ofG(224) suffices.

(f) Baryogenesis: To implement baryogenesis [15] successfully, in the presence of elec-
troweak sphaleron effects [16], which wipe out any baryon excess generated at high tem-
peratures in the (B–L)-conserving mode, it has become apparent that one would need
B–L as a generator of the underlying symmetry in four dimensions, whose spontaneous
violation at high temperatures would yield, for example, lepton asymmetry (leptogene-
sis). The latter in turn is converted to baryon-excess at lower temperatures by electroweak
sphalerons. This mechanism, it turns out, yields even quantitatively the right magnitude for
baryon excess [17]. The need for B–L, which is a generator ofSU(4) color, again points
to the need forG(224) or SO(10) as an effective symmetry near the unification scaleM X.

The success of each of these six features (a)–(f) seems to be non-trivial. Together they
make a strong case for boththe conventional ideas on supersymmetric grand unification
and simultaneously for theG(224)=SO(10) route to such unification, as being relevant to
nature at short distances� (1016 GeV)�1, in four dimensions [17a]. However, despite these
successes, as long as proton decay remains undiscovered, the hallmark of grand unification
– that isquark–lepton transformability– would remain unrevealed.

The relevant questions in this regard then are: What is the predicted range for the lifetime
of the proton – in particular an upper limit – within the empirically favored route to unifi-
cation mentioned above? What are the expected dominant decay modes within this route?
Are these predictions compatible with current lower limits on proton lifetime mentioned
above, and if so, can they still be tested at the existing or possible near-future detectors for
proton decay?

Fortunately, we are in a much better position to answer these questions now, compared
to a few years ago, because meanwhile we have learnt more about the nature of grand
unification, and also there have been improved evaluations of the relevant matrix elements
and short- and long-distance renormalization effects. As noted above (see alsoxx2 and 4),
the neutrino masses and the meeting of the gauge couplings together seem to select out
the supersymmetricG(224)=SO(10) route to higher unification. The main purpose of this
paper here will therefore be to address the questions raised above, in the context of this
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route. For the sake of comparison, however, I will state the corresponding results for the
case of supersymmetricSU(5) as well.

My discussion will be based on a recent study of proton decay by Babuet al [14], an
update presented in the Erice talk [18], and a subsequent update of the same as presented
here. Relative to other analyses, this study has four distinctive features:

(i) It systematically takes into account the link that exists between proton decay and the
masses and mixings of all fermions, including the neutrinos.

(ii) In particular, in addition to the contributions from the so-called ‘standard’d = 5
operators [19] (seex6), it includes those from anewset ofd= 5 operators, related to
the Majorana masses of the RH neutrinos [20]. These latter are found to be generally
as important as the standard ones.

(iii) As discussed in the Appendix, the work also restricts GUT-scale threshold correc-
tions, so as to preserve naturally coupling unification, in accordance with the ob-
served values of the three gauge couplings.

(iv) Finally, the present update incorporates recently improved values of the matrix ele-
ments, and the short- and long-distance renormalization effects, which significantly
enhance proton decay rate.

Each of these features turn out to becrucial for gaining a reliable insight into the nature
of proton decay. Our study shows that the inverse decay rate for theνK + mode, which
is dominant, is less than about 1:2�1031 years for the case of MSSM embedded in min-
imal supersymmetry (SUSY)SU(5), and that it is less than about 1033 years for the case
of MSSM embedded inSO(10). These upper bounds are obtained by making generous
allowance for uncertainties in the matrix element and the SUSY spectrum. Typically, the
lifetime should of course be less than these bounds.

Proton decay is studied also for the case of the extended supersymmetric standard model
(ESSM), that has been proposed a few years ago [21] on several grounds, based on the is-
sues of (a) an understanding of the inter-family mass hierarchy, (b) removing the mismatch
between MSSM and string-unification scales, and (c) dilaton-stabilization (seex6 and Ap-
pendix). This case adds an extra pair of vector-like families at the TeV-scale, transforming
as16+16 of SO(10), to the MSSM spectrum. While the case of ESSM is fully compat-
ible with both neutrino-counting at LEP and precision electroweak tests, it can of course
be tested directly at the large hadron collider (LHC) through a search for the vector-like
fermions. Our study shows that, with the inclusion of only the ‘standard’d = 5 operators
(defined inx6), ESSM, embedded inSO(10), can quite plausibly lead to proton lifetimes in
the range of 1033–1034 years, for nearly central values of the parameters pertaining to the
SUSY spectrum and the matrix element. Allowing for a wide variation of the parameters,
owing to the contributions from both the standard and the neutrino mass-relatedd = 5 op-
erators (discussed inx6), proton lifetime still gets bounded above by about 2�1034 years,
for the case of ESSM, embedded inSO(10) or a string-unifiedG(224).

For either MSSM or ESSM, embedded inG(224) or SO(10), due to contributions from
the new operators, theµ+K0 mode is found to be prominent, with a branching ratio typ-
ically in the range of 10–50%. By contrast, minimal SUSYSU(5), for which the new
operators are absent, would lead to branching ratios� 10�3 for this mode. It is stressed
that thee+π0 mode induced by gauge boson-exchange, in either SUSYSU(5) or SUSY
SO(10), could have an inverse decay rate as short as about (1–2)�1034 years.

Thus our study of proton decay, correlated with fermion masses, strongly suggests that
discovery of proton decay should be imminent. Allowing for the possibility that the proton
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lifetime may well be closer to the upper bound stated above, a next-generation detector
providing a net gain in sensitivity in proton decay-searches by a factor of 5–10, compared
to SuperK, would certainly be needed not just to produce proton-decay events, but also to
clearly distinguish them from the background. It would of course also be essential to study
the branching ratios of certain sub-dominant but crucial decay modes, such as theµ +K0

ande+π0. The importance of such improved sensitivity, in the light of the successes of
supersymmetric grand unification, is emphasized at the end.

2. Advantages of the symmetryGG(224) as a step to higher unification

As mentioned in the Introduction, the hypothesis of grand unification was introduced to
remove some of the conceptual shortcomings of the standard model (SM). To illustrate the
advantages of an early suggestion in this regard, consider the five standard model multiplets
belonging to the electron family as shown:�

ur uy ub
dr dy db

�1=3

L
; (ur uy ub)

4=3
R

; (dr dy db)
�2=3
R

;

�
νe
e�

�
�1

L
; (e�)�2

R : (1)

Here the superscripts denote the respective weak hyperchargesYW (whereQem = I3L +
YW=2) and the subscripts L and R denote the chiralities of the respective fields. If one asks:
how can one put these five multiplets into just one multiplet, the answer turns out to be
simple and unique. As mentioned in the Introduction, the minimal extension of the SM
symmetryG(213) needed, to achieve this goal, is given by the gauge symmetry [3]:

G(224) = SU(2)L�SU(2)R�SU(4)c : (2)

Subject to left–right discrete symmetry (L$R), which is natural toG(224), all members of
the electron family become parts of a single left–right self-conjugate multiplet, consisting
of

Fe
L;R =

�
ur uy ub νe
dr dy db e�

�
L;R

: (3)

The multipletsFe
L andFe

R are left–right conjugates of each other and transform respectively
as (2,1,4) and (1,2,4) ofG(224); likewise for the muon and the tau families. Note that the
symmetriesSU(2)L andSU(2)R are just like the familiar isospin symmetry, except that
they operate on quarks as well as leptons, and distinguish between left and right chiralities.
The left weak-isospinSU(2)L treats each column ofF e

L as a doublet; likewiseSU(2)R for
Fe

R. The symmetrySU(4) color treats each row ofF e
L andFe

R as a quartet;thus lepton
number is treated as the fourth color. Note also that postulating eitherSU(4) color or
SU(2)R forces one to introduce a right-handed neutrino (ν R) for each family as a singlet of
the SM symmetry.This requires that there should be sixteen two-component fermions in
each family, as opposed to fifteen for theSM. The symmetryG(224) introduces an elegant
charge formula:

Qem = I3L + I3R +
B�L

2
(4)
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expressed in terms of familiar quantum numbersI 3L, I3R and B–L, which applies to all
forms of matter (including quarks and leptons of all six flavors, gauge and Higgs bosons).
Note that the weak hypercharge given byYW=2 = I3R + (B� L)=2 is now completely
determined for all members of the family. The values ofYW thus obtained precisely match
the assignments shown in eq. (1). Quite clearly, the chargesI 3L, I3R and B–L, being
generators respectively ofSU(2)L, SU(2)R andSU(4)c, are quantized; so also then is the
electric chargeQem.

In brief, the symmetryG(224) brings some attractive features to particle physics. These
include:

(i) Unification of all 16 members of a family within one left–right self-conjugate mul-
tiplet.

(ii) Quantization of electric charge, with a reason for the fact thatQelectron=�Qproton.
(iii) Quark-lepton unification (throughSU(4) color).
(iv) Conservation of parity at a fundamental level [3,22].
(v) Right-handed neutrinos (νR’s) as a compelling feature.

(vi) B–L as a local symmetry.

As mentioned in the Introduction, the two distinguishing features ofG(224) – i.e. the
existence of the RH neutrinos and B–L as a local symmetry – now seem to be needed
on empirical grounds. Furthermore,SU(4) color provides simple relations between the
masses and mixings of quarks and leptons, whileSU(2)L �SU(2)R relates the mass ma-
trices in the up and down sectors. As we will see inxx4 and 5, these relations are in good
agreement with observations.

Believing in a complete unification, one is led to view theG(224) symmetry as part of
a bigger symmetry, which itself may have its origin in an underlying theory, such as string
theory. In this context, one may ask: Could the effective symmetry below the string scale
in four dimensions (seex3) be as small as just the SM symmetryG(213), even though the
latter may have its origin in a bigger symmetry, which lives only in higher dimensions? I
will argue in x4 that the data on neutrino masses and the need for baryogenesis provide
an answer to the contrary, suggesting that it is theeffective symmetry in four dimensions,
below the string scale, which must minimally contain either G(224) or a close relative
G(214) = SU(2)L� I3R�SU(4)c.

One may also ask: Does the effective four-dimensional symmetry have to be any bigger
thanG(224) near the string scale? In preparation for an answer to this question, let us recall
that the smallest simple group that contains the SM symmetryG(213) is SU(5) [4]. It has
the virtue of demonstrating how the main ideas of grand unification, including unification
of the gauge couplings, can be realized. However,SU(5) does not containG(224) as a
subgroup. As such, it does not possess some of the advantages listed above. In particular,
it does not contain the RH neutrinos as a compelling feature, and B–L as a local symmetry.
Furthermore, it splits members of a family (not includingν R) into two multiplets:5+10.

By contrast, the symmetrySO(10) has the merit, relative toSU(5), that it contains
G(224) as a subgroup, and thereby retains all the advantages ofG(224) listed above. (As
a historical note, it is worth mentioning that these advantages had been motivated on aes-
thetic grounds through the symmetryG(224) [3], andall the ideas of higher unification
were in place [3–5], before it was noted thatG(224) [isomorphic toSO(4)�SO(6)] em-
beds nicely intoSO(10) [6]). Now, SO(10) even preserves the16-plet family-structure of
G(224)without the need for any extension. By contrast, if one extendsG(224) to the still

296 Pramana – J. Phys.,Vol. 60, No. 2, February 2003



Probing grand unification

higher symmetryE6 [23], the advantages (i)–(vi) are retained, but in this case, one must
extend the family-structure from a 16 to a 27-plet, by postulating additional fermions. In
this sense, there seems to be some advantage in having the effective symmetry below the
string scale to be minimallyG(224) [or G(214)] and maximally no more thanSO(10). I
will compare the relative advantage of having either a string-derivedG(224) or a string-
SO(10), in the next section. First, I shall discuss the implications of the data on coupling
unification.

3. The need for supersymmetry: MSSM vs. string unifications

It has been known for some time that the precision measurements of the standard model
coupling constants (in particular sin2 θW) at LEP put severe constraints on the idea of
grand unification. Owing to these constraints, the non-supersymmetric minimalSU(5),
and for similar reasons, the one-step breaking minimal non-supersymmetricSO(10)-model
as well, are now excluded [24]. But the situation changes radically if one assumes that
the standard model is replaced by the minimal supersymmetric standard model (MSSM),
above a threshold of about 1 TeV. In this case, the three gauge couplings are found to
meet [7], to a very good approximation, barring a few percent discrepancy which can be
attributed to threshold corrections (see Appendix). Their scale of meeting is given by

MX � 2�1016 GeV (MSSM or SUSYSU(5)): (5)

This dramatic meeting of the three gauge couplings, or equivalently the agreement of
the MSSM-based prediction of sin2 θW(mZ)th = 0:2315� 0:003 [25] with the observed
value of sin2 θW(mZ) = 0:23124�0:00017 [13], provides a strong support for the ideas of
both grand unification and supersymmetry, as being relevant to physics at short distances
. (1016GeV)�1.

In addition to being needed for achieving coupling unification there is of course an in-
dependent motivation for low-energy supersymmetry – i.e. for the existence of SUSY
partners of the standard model particles with masses of order 1 TeV. This is because it
protects the Higgs boson mass from getting large quantum corrections, which would (oth-
erwise) arise from grand unification and Planck scale physics. It thereby provides at least
a technical resolution of the so-called gauge-hierarchy problem.In this sense low-energy
supersymmetry seems to be needed for the consistency of the hypothesis of grand unifica-
tion. Supersymmetry is of course also needed for the consistency of string theory. Last but
not least, as a symmetry linking bosons and fermions, it is simply a beautiful idea. And it
is fortunate that low-energy supersymmetry can be tested at the LHC, and possibly at the
Tevatron, and the proposed NLC.

The most straightforward interpretation of the observed meeting of the three gauge cou-
plings and of the scaleMX, is that a supersymmetric grand unification symmetry (often
called GUT symmetry), likeSU(5) or SO(10), breaks spontaneously atMX into the stan-
dard model symmetryG(213), and that supersymmetry breaking induces soft masses of
order one TeV.

Even if supersymmetric grand unification may well be a good effective theory below
a certain scaleM & MX , it ought to have its origin within an underlying theory like the
string/M-theory. Such a theory is needed to unify all the forces of nature including gravity,
and to provide a good quantum theory of gravity. It is also needed to provide a rationale
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for the existence of flavor symmetries (not available within grand unification), which dis-
tinguish between the three families and can resolve certain naturalness problems including
those associated with inter-family mass hierarchy. In the context of string or M-theory, an
alternative interpretation of the observed meeting of the gauge couplings is however pos-
sible. This is because, even if the effective symmetry in four dimensions emerging from
a higher dimensional string theory is non-simple, likeG(224) or evenG(213), string the-
ory can still ensure familiar unification of the gauge couplings at the string scale. In this
case, however, one needs to account for the small mismatch between the MSSM unification
scaleMX (given above), and the string unification scale, given byMst � gst� 5:2� 1017

GeV � 3:6� 1017 GeV (here we have putαst = αGUT(MSSM) � 0:04) [26]. Possible
resolutions of this mismatch have been proposed. These include: (i) utilizing the idea of
string-duality [27] which allows a lowering ofMst compared to the value shown above,
or alternatively (ii) the idea of the so-called ‘extended supersymmetric standard model’
(ESSM) that assumes the existence of two vector-like families, transforming as(16+16)
of SO(10), with masses of order 1 TeV [21], in addition to the three chiral families. The
latter leads to a semi-perturbative unification by raisingαGUT to about 0.25–0.3. Simul-
taneously, it raisesMX, in two loop, to about(1=2–2)� 1017 GeV. (Other mechanisms
resolving the mismatch are reviewed in ref. [28].) In practice, a combination of the two
mechanisms mentioned above may well be relevant [28a].

While the mismatch can thus quite plausibly be removed for a non-GUT string-derived
symmetry likeG(224) or G(213), a GUT symmetry likeSU(5) or SO(10) would have an
advantage in this regard because it would keep the gauge couplings together betweenM st
andMX (even ifMX �Mst=20), and thus not even encounter the problem of a mismatch
between the two scales. A supersymmetric four-dimensional GUT-solution (likeSU(5)
or SO(10)), however, has a possible disadvantage as well, because it needs certain color
triplets to become superheavy by the so-called doublet–triplet splitting mechanism (seex6
and Appendix), in order to avoid the problem of rapid proton decay. However, no such
mechanism has emerged yet, in string theory, for the GUT-like solutions [29,29a].

Non-GUT string solutions, based on symmetries likeG(224) or G(2113) for example,
have a distinct advantage in this regard, in that the dangerous color triplets, which would
induce rapid proton decay, are often naturally projected out for such solutions [30,31].
Furthermore, the non-GUT solutions invariably possess new ‘flavor’ gauge symmetries,
which distinguish between families. These symmetries are immensely helpful in explain-
ing qualitatively the observed fermion mass-hierarchy (see e.g. ref. [31]) and resolving
the so-called naturalness problems of supersymmetry such as those pertaining to the issues
of squark-degeneracy [32], CP violation [33] and quantum gravity-induced rapid proton
decay [34].

Weighing the advantages and possible disadvantages of both, it seems hard at present
to makea priori a clear choice between a GUT vs. a non-GUT string solution. As ex-
pressed elsewhere [35], it therefore seems prudent to keep both options open and pursue
their phenomenological consequences. Given the advantages ofG(224) or SO(10) in the
light of the neutrino masses (seexx2 and 4), I will thus proceed by assuming that either
a suitable four-dimensionalG(224) solution (with the scaleMX being close toMst (see
[28a])), or a realistic four-dimensionalSO(10) solution (with the desired mechanism for
doublet–triplet splitting) emerges effectively from an underlying string theory, at the ‘con-
ventional’ string-scaleMst � 1017–1018 GeV, and that theG(224)=SO(10) symmetry in
turn breaks spontaneously at the conventional GUT-scale ofMX � 2� 1016 GeV (or at
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MX � 5� 1016 GeV for the case of ESSM, as discussed in [28a]) to the standard model
symmetryG(213). The extra dimensions of string/M-theory are assumed to be tiny with
sizes�M�1

X � 10�30 cm, so as not to disturb the successes of GUT. In short, I assume that
essentiallythe conventional (good old) picture of grand unification, proposed and devel-
oped sometime ago[3–7], holds as a good effective theory above the unification scale MX
and up to some high scale M.Mst, with the added presumption that it may have its origin
from the string/M-theory.Such a picture seems to be directly motivated on observational
grounds such as those based on (a) coupling unification (discussed already), (b) neutrino
masses including the (mass)2 difference of theνµ –ντ system and the near maximalνµ –ντ
oscillation angle (see discussions in the next sections), and (c) the fact that spontaneous
violation of B–L local symmetry at high temperatures, seems to be needed to implement
baryogenesis via leptogenesis [35a].

We will see that with the broad assumption mentioned, an economical and predictive
framework emerges, which successfully accounts for a host of observed phenomena per-
taining to the masses and the mixings of all fermions, including neutrinos. It also makes
some crucial testable predictions for proton decay. I next discuss the implications of the
mass ofντ , or rather of∆m2(νµ ντ ), as revealed by the SuperK data.

4. ∆∆mm2(ννµ νντ ): Evidence in favor of theGG(224) route

One can obtain an estimate for the mass ofν τ
L in the context ofG(224) or SO(10) by using

the following three steps (see e.g. ref. [12]):

(i) Assume that B�L and I3R, contained in a string-derivedG(224) or SO(10), break
near the unification scale:

MX � 2�1016 GeV; (6)

through VEVs of Higgs multiplets of the type suggested by string solutions – i.e.
h(1;2;4)Hi for G(224) or h16Hi for SO(10), as opposed to126H which seems to be unob-
tainable at least in weakly interacting string theory [39]. In the process, the RH neutrinos
(ν i

R), which are singlets of the standard model, can and generically will acquire superheavy
Majorana masses of the typeMi j

R
ν iT

R C�1 ν j
R
, by utilizing the VEV ofh16Hi and effective

couplings of the form:

LM (SO(10)) = fi j 16i �16j 16H �16H=M+h:c: (7)

A similar expression holds forG(224). Herei; j = 1;2;3, correspond respectively toe; µ
andτ families. Such gauge-invariant non-renormalizable couplings might be expected to
be induced by Planck-scale physics, involving quantum gravity or stringy effects and/or
tree-level exchange of superheavy states, such as those in the string tower. Withf i j (at
least the largest among them) being of order unity, we would thus expectM to lie between
MPlanck� 2�1018 GeV andMstring� 4�1017 GeV. Ignoring off-diagonal mixings for the
present (for simplicity), one thus obtains [39a]:

M3R �
f33h16Hi

2

M
� f33(2�1014GeV)ρ2

�
MPlanck

M

�
: (8)
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This is the Majorana mass of the RH tau neutrino. Guided by the value ofMX, we have
substitutedh16Hi= (2�1016 GeV)ρ , where we expectρ � 1=2 to 2 (say).

(ii) Now usingSU(4) color and the Higgs multiplet(2;2;1)H of G(224) or equivalently
10H of SO(10), one obtains the relationmτ (MX) = mb(MX), which is known to be success-
ful. Thus, there is a good reason to believe that the third family gets its masses primarily
from the10H or equivalently(2;2;1)H (seex5). In turn, this implies

m(ντ
Dirac) � mtop(MX) � (100–120)GeV : (9)

Note that this relationship between the Dirac mass of the tau neutrino and the top-mass is
special toSU(4) color. It does not emerge inSU(5).

(iii) Given the superheavy Majorana masses of the RH neutrinos as well as the Dirac
masses as above, the see-saw mechanism [40] yields naturally light masses for the LH
neutrinos. Forν τ

L (ignoring flavor-mixing), one thus obtains, using eqs (8) and (9),

m(ντ
L) �

m(ντ
Dirac)

2

M3R
� [(1=20) eV(1–1:44)= f33ρ2] (M=MPlanck) : (10)

In the next section, we discuss the masses and mixings of all three neutrinos. As we
will see, given the hierarchical masses of quarks and charged leptons and the see-saw
mechanism, we naturally obtainm(ν µ

L
) � (1=10)m(ντ

L). We are thus led to predict that

∆m2(νµντ )th � jm
2(ντ

L)�m2(νµ
L
)jth � m2(ντ

L )th = square of the RHS of eq. (10). Now
SuperK result strongly suggests that it is observingν µ

L
–ντ

L (rather thanν µ
L

–νX) oscilla-

tion, with a ∆m2(νµντ )obs� 3�10�3 eV2. It seemstruly remarkablethat the expected
magnitude of∆m2(νµ ντ), given to a very good approximation by the square of the RHS
of eq. (10), is just about what is observed at SuperK, iff 33ρ2(MPlanck=M) � 1.3 to 1/2.
Such a range forf33ρ2(MPlanck=M) seems most plausible and natural (see discussion in
ref. [12]). Note that the estimate (10) crucially depends upon the supersymmetric unifica-
tion scale, which provides a value forM3R, as well as onSU(4) color that yieldsm(ν τ

Dirac).
The agreement between the expected and the SuperK results thus clearly favors supersym-
metric unification, and in the string theory context, it suggests that the effective symmetry
below the string scale should contain SU(4) color. Thus, minimally this effective symme-
try should be eitherG(214) or G(224), and maximally as big asSO(10), if not E 6.

By contrast, ifSU(5) is regarded as either a fundamental symmetry or as the effective
symmetry below the string scale, there would be no compelling reason based on symmetry
alone, to introduce aνR, because it is a singlet ofSU(5). Second, even if one did introduce
ν i

R by hand, their Dirac masses, arising from the couplinghi 5ih5Hiν
i
R, would be unrelated

to the up-flavor masses and thus rather arbitrary [contrast with eq. (9)]. So also would
be the Majorana masses of theν i

R’s, which areSU(5) invariant, and thus can be even of
order string scale. This would give extremely small values ofm(ν τ

L) andm(ν µ
L
) and thus

of ∆m2(νµντ ), which would be in gross conflict with observation.
Before passing to the next section, it is worth noting that the mass ofν τ or of ∆m2(νµ ντ )

suggested by SuperK, as well as the observed value of sin2 θW (seex3), provide valuable
insight into the nature of GUT symmetry breaking. They both favor the case of asingle-
step breaking(SSB) of SO(10) or a string-unifiedG(224) symmetry at a high scale of
orderMX , into the standard model symmetryG(213), as opposed to that of a multi-step
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breaking (MSB). The latter would correspond, for example, toSO(10) [or G(224)] break-
ing at a scaleM1 into G(213), which in turn breaks at a scaleM2 �M1 into G(213). One
reason why the case of single-step breaking is favored over that of MSB is that the latter
can accommodate but not really predict sin2 θW, whereas the former predicts the same suc-
cessfully. Furthermore, since the Majorana mass ofν τ

R arises only after B–L andI3R break,
it would be given, for the case of MSB, byM3R� f33(M

2
2=M), whereM � Mst (say). If

M2�MX � 2�1016 GeV, andM > MX, one would obtain too low a value (� 1014 GeV)
for M3R [compare with eq. (8)], and thereby too large a value form(ν τ

L ), compared to that
suggested by SuperK. By contrast, the case of single-step breaking (SSB) yields the right
magnitude form(ντ) [see eq. (10)].

Thus the success of the results on m(ντ ) and thereby on∆m2(νµ ντ) discussed already
not only favors the symmetry SO(10) or G(224) being effective in 4D at a high scale, but
also clearly suggests thatB–L and I3R break near the conventionalGUT scale MX � 2�
1016 GeV, rather than at an intermediate scale� MX. In other words, the observed values
of both sin2 θW and∆m2(νµ ντ) favor onlythe simplest pattern of symmetry breaking, for
which SO(10) or a string-derivedG(224) symmetry breaks in one step to the standard
model symmetry, rather than in multiple steps. It is of course only this simple pattern of
symmetry breaking that would be rather restrictive as regards its predictions for proton
decay (to be discussed inx6). I next discuss the problem of understanding the masses and
mixings of all fermions.

5. Understanding aspects of fermion masses and neutrino oscillations inSSOO(10)

Understanding the masses and mixings of all quarksin conjunction withthose of the
charged leptonsandneutrinos is a goal worth achieving by itself. It also turns out to be
essential for the study of proton decay. I therefore present first a partial attempt in this
direction, based on a quark-lepton unifiedG(224)=SO(10) framework, which seems most
promising [14]. A few guidelines would prove to be helpful in this regard. The first of
these is motivated by the desire for economy [see (11)], and the rest (see below) by the
data. In essence, we will be following (partly) abottom-up approachby appealing to the
data to provide certain clues as regards the pattern of the Yukawa couplings, and simul-
taneously atop-down approachby appealing to grand unification, based on the symmetry
G(224)=SO(10), to restrict the couplings by the constraints of group theory. The latter
helps to inter-relate the masses and mixings of quarks with those of the charged leptons
and the neutrinos. As we will see, it is theseinter-relationships, which permit predictivity,
and are found to be remarkably successful. The guidelines which we adopt are as follows:

(1) Hierarchy through off-diagonal mixings: Recall earlier attempts [41] that attribute
hierarchical masses of the first two families to mass matrices of the form

M =

�
0 ε
ε 1

�
m(0)

s ; (11)

for the (d;s) quarks, and likewise for the(u;c) quarks. Hereε � 1=10. The hierarchical
patterns in eq. (11) can be ensured by imposing a suitable flavor symmetry which distin-
guishes between the two families (that in turn may have its origin in string theory (see e.g.
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ref. [31]). Such a pattern has the virtues that (a) it yields a hierarchy that is much larger
than the input parameterε : (md=ms) � ε2 � ε and (b) it leads to an expression for the
Cabibbo angle:

θc �

����rmd

ms
� eiφ

r
mu

mc

���� ; (12)

which is rather successful. Using
p

md=ms� 0:22 and
p

mu=mc � 0:06, we see that eq.
(12) works to within about 25% for any value of the phaseφ . Note that the square root
formula (like

p
md=ms) for the relevant mixing angle arises because of the symmetric form

of M in eq. (11), which in turn is ensured if the contributing Higgs is a 10 ofSO(10). A
generalization of the pattern in eq. (11) would suggest that the first two families (i.e. the
e and theµ) receive masses primarily through their mixing with the third family(τ), with
(1;3) and (1;2) elements being smaller than the(2;3); while (2;3) is smaller than the
(3;3). We will follow this guideline, except for the modification noted below.

(2) The need for an antisymmetric component: Although the symmetric hierarchical
matrix in eq. (11) works well for the first two families, a matrix of the same form fails
altogether to reproduceVcb, for which it yields

Vcb�

����rms

mb
� eiχ

r
mc

mt

���� : (13)

Given that
p

ms=mb� 0:17 and
p

mc=mt � 0:06, we see that eq. (13) would yieldVcb vary-
ing between 0.11 and 0.23, depending upon the phaseχ . This is too big, compared to the
observed value ofVcb� 0:04�0:003, by at least a factor of 3. We interpret this failure as a
clueto the presence of an antisymmetric component inM, together with symmetrical ones

(so thatmi j 6= mji ), which would modify the relevant mixing angle to
q

mi=mj

q
mi j =mji ,

wheremi andmj denote the respective eigenvalues.

(3) The need for a contribution proportional toB–L: The success of the relationsm0
b �

m0
τ andm0

t �m(ντ )
0
Dirac (seex4), suggests that the members of the third family get their

masses primarily from the VEV of aSU(4)-color singlet Higgs field that is independent
of B–L. This is in fact ensured if the Higgs is a 10 ofSO(10). However, the empirical
observations ofm0

s �m0
µ=3 andm0

d � 3m0
e [42] call for a contribution proportional to B–L

as well. Further, one can in fact argue that understanding naturally the suppression ofVcb
(in the quark sector) together with an enhancement ofθ osc

νµ ντ
(in the lepton sector) calls for

a contribution that is not only proportional to B–L, but also antisymmetric in the family
space (this latter feature is suggested already in item (2)). We show here how both of these
requirements can be met inSO(10), even for a minimal Higgs system.

(4) Up-down asymmetry: Finally, the up- and the down-sector mass matrices must not
be proportional to each other, as otherwise the CKM angles would all vanish. Note that the
cubic couplings of a single 10H with the fermions in the 16’s will not serve the purpose in
this regard.

Following ref. [14], I now present a simple and predictive mass matrix, based onSO(10),
that satisfiesall four requirements (1), (2), (3) and (4). The interesting point is that one can
obtain such a mass matrix for the fermions by utilizing only the minimal Higgs system,
that is needed anyway to break the gauge symmetrySO(10). It consists of the set
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Hminimal = f45H; 16H; 16H; 10Hg : (14)

Of these, the VEV ofh45Hi � MX breaksSO(10) into G(2213), and those ofh16Hi =

h16Hi �MX breakG(2213) to G(213), at the unification scaleMX. Now G(213) breaks at
the electroweak scale by the VEV ofh10Hi to U(1)em� SU(3)c.

One might have introduced large-dimensional tensorial multiplets ofSO(10) like 126H
and120H, both of which possess cubic level Yukawa couplings with the fermions. In par-
ticular, the coupling16i16j(120H) would give the desired family-antisymmetric as well as
(B–L)-dependent contribution. We do not however introduce these multiplets in part be-
cause there is a general argument suggesting that they do not arise at least in weakly inter-
acting heterotic string solutions [39], and in part also because mass splittings within such
large-dimensional multiplets could give excessive threshold corrections toα 3(mz) (typi-
cally exceeding 20%), rendering observed coupling unification fortuitous. By contrast, the
multiplets in the minimal set (shown above) can arise in string solutions. Furthermore, the
threshold corrections for the minimal set are found to be naturally small, and even to have
the right sign, to go with the observed coupling unification [14] (see Appendix).

The question is: Can the minimal set of Higgs multiplets [see eq. (14)] meet all the
requirements listed here? Now10H (even several10’s) cannot meet the requirements of
antisymmetry and (B–L)-dependence. Furthermore, a single10H cannot generate CKM
mixings. This impasse disappears, however, as soon as one allows for not only cubic,
but also effective non-renormalizable quartic couplings of the minimal set of Higgs fields
with the fermions. These latter couplings could of course well arise through exchanges
of superheavy states (e.g. those in the string tower) involving renormalizable couplings,
and/or through quantum gravity.

Allowing for such cubic and quartic couplings and adopting the guideline (1) of hierar-
chical Yukawa couplings, as well as that of economy, we are led to suggest the following
effective Lagrangian for generating Dirac masses and mixings of the three families [14]
(for a related but different pattern, involving a non-minimal Higgs system, see ref. [43]).

LYuk = h3316316310H +

�
h23162 16310H + a2316216310H 45H

M

+
g23162163 16H 16H

M

�
+

�
a1216116210H 45H

M

+
g12161162 16H 16H

M

�
: (15)

Here,M could plausibly be of order string scale. Note that a mass matrix having essen-
tially the form of eq. (11) results if the first termh33h10Hi is dominant. This ensures
m0

b �m0
τ andm0

t �m0(νDirac). Following the assumption of progressive hierarchy (equiv-
alently appropriate flavor symmetries [43a]), we presume thath23� h33=10, whileh22 and
h11, which are not shown, are assumed to be progressively much smaller thanh23. Since
h45Hi � h16Hi � MX , while M � Mst � 10MX, the termsa23h45Hi=M andg23h16Hi=M
can quite plausibly be of orderh33=10, if a23� g23� h33. By the assumption of hierarchy,
we presume thata12� a23 andg12� g23.

It is interesting to observe the symmetry properties of thea23 andg23 terms. Although
10H�45H = 10+120+320, given thath45Hi is along B–L, which is used to implement
doublet–triplet splitting (see Appendix), only120 in the decomposition contributes to the
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mass matrices. This contribution is, however, antisymmetric in the family-index and, at
the same time, proportional to B–L.Thus the a23 term fulfills the requirements of both
antisymmetry and(B–L) dependence, simultaneously[43b]. With onlyhi j andai j terms,
however, the up and down quark mass matrices will be proportional to each other, which
would yieldVCKM = 1. This is remedied by thegi j coupling, because, the16H can have

a VEV not only along its SM singlet component (transforming asν̃R) which is of GUT-
scale, but also along its electroweak doublet component – call it16d – of the electroweak
scale. The latter can arise by the mixing of16d with the corresponding doublet (call it10d)
in the10H. The MSSM doubletHd, which is light, is then a mixture of10d and16d, while
the orthogonal combination is superheavy (see Appendix). Sinceh16di contributes only to
the down-flavor mass matrices, but not to the up-flavor, theg23 andg12 couplings generate
non-trivial CKM-mixings. We thus see that the minimal Higgs system [as shown in eq.
(14)] satisfiesa priori all the qualitative requirements(1)–(4), including the condition of
VCKM 6= 1. I now discuss that this system works well even quantitatively.

With the six effective Yukawa couplings shown in eq. (15), the Dirac mass matrices of
quarks and leptons of the three families at the unification scale take the form:

U =

0@ 0 ε 0 0
�ε 0 0 ε + σ

0 �ε + σ 1

1AmU ;

D =

0@ 0 ε 0 + η 0 0
�ε 0 + η 0 0 ε + η

0 �ε + η 1

1AmD;

N =

0@ 0 �3ε 0 0
3ε 0 0 �3ε + σ
0 3ε + σ 1

1AmU ;

L =

0@ 0 �3ε 0 + η 0 0
3ε 0 + η 0 0 �3ε + η

0 3ε + η 1

1AmD: (16)

Here the matrices are multiplied by left-handed fermion fields from the left and by anti-
fermion fields from the right.(U;D) stand for the mass matrices of up and down quarks,
while (N;L) are the Dirac mass matrices of the neutrinos and the charged leptons. The
entries 1;ε , andσ arise respectively from theh33;a23 andh23 terms in eq. (15), whileη
entering intoD andL receives contributions from bothg23 andh23; thusη 6= σ . Similarly
η 0 andε 0 arise fromg12 anda12 terms respectively. Note the quark–lepton correlations
betweenU andN as well asD andL arise because ofSU(4)c, while the up-down cor-
relations betweenU andD as well asN andL arise because ofSU(2)L�SU(2)R. Thus,
these correlations emerge just because of the symmetry property ofG(224). The relative
factor of�3 between quarks and leptons involving theε entry reflects the fact thath45Hi is
proportional to (B–L), while the antisymmetry in this entry arises from the group structure
of SO(10), as explained already [43b]. As we will see, thisε-entry helps to account for (a)
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the differences betweenms andmµ , (b) that betweenmd andme, and most important, (c)
the suppression ofVcb together withthe enhancement of theνµ–ντ oscillation angle.

The mass matrices in eq. (16) contain seven parameters [43c]:ε , σ , η , mD = h33h10di,
mU = h33h10Ui, η 0 andε 0. These may be determined by using, for example, the following
input values:mphys

t = 174 GeV,mc(mc) = 1:37 GeV,ms(1 GeV) = 110–116 MeV [44],
mu(1 GeV)� 6 MeV and the observed masses ofe, µ andτ , which lead to (see ref. [14],
for details):

σ ' 0:110; η ' 0:151; ε ' �0:095; jη 0j � 4:4�10�3 andε 0 � 2�10�4

mU ' mt(MU ) ' (100–120)GeV; mD ' mb(MU ) ' 1:5GeV: (17)

Here, I will assume, only for the sake of simplicity, as in ref. [14], that the parameters
are real [44a]. Note that in accordance with our general expectations discussed, each of
the parametersσ , η andε are found to be of order 1/10, as opposed to being [44b]O(1)
or O(10�2), compared to the leading (3,3)-element in eq. (16). Having determined these
parameters, we are led to a total of five predictions involving only the quarks (those for the
leptons are listed separately):

m0
b � m0

τ(1� 8ε2) ; thus mb(mb) ' (4:6–4:9)GeV (18)

jVcbj ' jσ � η j �

�����
r

ms

mb

����η + ε
η � ε

����1=2

�

r
mc

mt

����σ + ε
σ � ε

����1=2
����� ' 0:045 (19)

md (1 GeV) ' 8 MeV (20)

θC '

����qmd=ms� eiφ
r

mu

mc

���� (21)

����Vub

Vcb

���� ' rmu

mc
' 0:07: (22)

In making these predictions, we have extrapolated the GUT-scale values down to low en-
ergies usingα3(mZ) = 0:118, a SUSY threshold of 500 GeV and tanβ = 5. The results
depend weakly on these choices, assuming tanβ � 2–30. Further, the Dirac masses and
mixings of the neutrinos and the mixings of the charged leptons also get determined. We
obtain:

mD
ντ
(MU ) � 100–120 GeV; mD

νµ
(MU ) ' 8 GeV; (23)

θ `
µτ � �3ε + η �

r
mµ

mτ

�����3ε + η
3ε + η

����1=2

' 0:437 (24)

mD
νe
'

"
9ε 02

(9ε2 � σ2)

#
mU ' 0:4 MeV (25)

Pramana – J. Phys.,Vol. 60, No. 2, February 2003 305



Jogesh C Pati

θ `
eµ '

����η 0 � 3ε 0

η 0 + 3ε 0

����1=2rme

mµ
' 0:85

r
me

mµ
' 0:06 (26)

θ `
eτ '

1
0:85

r
me

mτ

�
mµ

mτ

�
' 0:0012: (27)

In evaluatingθ `
eµ , we have assumedε 0 andη 0 to be relatively positive.

Given the bizarre pattern of quark and lepton masses and mixings, it seems remarkable
that the simple and economical pattern of fermion mass matrices, motivated in part by the
assumption of flavor symmetries [43a] which distinguish between the three families and
in large part by the group theory ofG(224)=SO(10), gives an overall fit to all of them
[eqs (18) through (22)] which is good to within 10%. This includes the two successful
predictions onmb andVcb [eqs (18) and (19)]. Note that in supersymmetric unified theories,
the ‘observed’ value ofmb(mb) and renormalization-group studies suggest that, for a wide
range of the parameter tanβ , m0

b should in fact be about 10–20%lower thanm0
τ [45]. This

is neatly explained by the relation:m0
b � m0

τ (1� 8ε2) [eq. (18)], where exact equality
holds in the limitε ! 0 (due toSU(4) color), while the decrease ofm0

b compared tom0
τ

by 8ε2� 10% is precisely because the off-diagonalε-entry is proportional to B–L [see eq.
(16)].

Specially intriguing is the result onVcb� 0:045 which compares well with the observed
value of' 0:04. The suppression ofVcb, compared to the value of 0:17� 0:06 obtained
from eq. (13), is now possible because the mass matrices [eq. (16)] contain an antisymmet-
ric component∝ ε . That corrects the square-root formulaθ sb=

p
ms=mb [appropriate for

symmetric matrices, see eq. (11)] by the asymmetry factorj(η + ε)=(η � ε)j1=2 [see eq.
(19)], and similarly for the angleθct. This factor suppressesVcb if η andε have opposite
signs. The interesting point is that,the same feature necessarily enhances the correspond-
ing mixing angleθ `

µτ in the leptonic sector, since the asymmetry factor in this case is given

by [(�3ε +η)=(3ε +η)]1=2 [see eq. (24)]. This enhancement ofθ `
µτ helps to account

for the nearly maximal oscillation angle observed at SuperK (as discussed below). This in-
triguing correlation between the mixing angles in the quark versus leptonic sectors –that is
suppression of one implying enhancement of the other– has become possible only because
of theε-contribution, which is simultaneously antisymmetric and is proportional to B–L.
That in turn becomes possible because of the group property ofSO(10) or a string-derived
G(224) [43b].

Taking stock, we see an impressive set of facts in favor of having B–L as a gauge
symmetry and in fact for the fullSU(4)-color-symmetry. These include: (i) the sup-
pression ofVcb, together with the enhancement ofθ `

µτ , mentioned above; (ii) the suc-
cessful relationm0

b � m0
τ(1� 8ε2); (iii) the usefulness again of theSU(4)-color-relation

m(ντ
Dirac)

0 � m0
t in accounting form(ν τ

L) (seex4); (iv) the agreement of the relation
jm0

s=m0
µ j = j(ε2�η2)=(9ε2�η2)j with the data, in that the ratio is naturallyless than

1, if η � ε (The presence of 9ε 2 in the denominator is because the off-diagonal entry is
proportional to B–L.); and finally (v), the need for (B–L) – as a local symmetry, to imple-
ment baryogenesis via leptogenesis, as noted inx1.

Turning to neutrino masses, while all the entries in the Dirac mass matrixN are now
fixed, to obtain the parameters for the light neutrinos, one needs to specify those of the
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Majorana mass matrix of the RH neutrinos (ν e;µ;τ
R

). Guided by economy and the assump-
tion of hierarchy, we consider the following pattern [14]:

MR
ν =

0@ x 0 z
0 0 y
z y 1

1AMR : (28)

As discussed inx4, the magnitude ofMR � (5–10)�1014 GeV can quite plausibly be
justified in the context of supersymmetric unification [39a] [e.g. by usingM � M st �
4�1017 GeV in eq. (8)]. To the same extent, the magnitude ofm(ν τ )� (1=10–1=30) eV,
which is consistent with the SuperK value, can also be anticipated by allowing forν µ �ντ
mixing (see ref. [14]). Thus there are effectively three new parameters:x, y, andz. Since
there are six observables for the three light neutrinos, one can expect three predictions.
These may be taken to beθ osc

νµ ντ
, mντ [see eq. (10)], and for exampleθ osc

νeνµ
.

Assuming successively hierarchical entries as for the Dirac mass matrices, we presume
that jyj � 1=10, jzj � jyj=10 andjxj � z2. Now given thatm(ντ ) � 1=20 eV [as esti-
mated in eq. (10)], the MSW solution for the solar neutrino puzzle [46] suggests that
m(νµ )=m(ντ) � 1=8–1=20. With hierarchical neutrino masses, the higher value of the
mass ratio (like 1/8) holds only for the large angle MSW solution (see below). With the
mass ratio being in the range of 1/8–1/20, one obtains:jyj � (1=17 to 1=21), with y having
the same sign asε [see eq. (17)]. This solution fory obtains only by assuming thaty has a
hierarchical valueO(1=10) rather thanO(1). Combining now with the mixing in theµ–τ
sector determined above [see eq. (24)], one can then determine theν µ –ντ oscillation angle.
The two predictions of the model for the neutrino system are then

m(ντ) �

�
1
10

–
1
30

�
eV (29)

θ osc
νµ ντ

' θ `
µτ �θ ν

µτ '

 
0:437+

s
mν2

mν3

!
: (30)

Thus,

sin22θ osc
νµ ντ

= (0:99;0:975;0:92;0:87) (31)

for

mν2

mν3

= (1
8;

1
10;

1
15;

1
20): (32)

Both of these predictions are extremely successful [46a].
Note the interesting point that the MSW solution, and the requirement thatjyj should

have a natural hierarchical value (as mentioned already), lead toy having the same sign as
ε . Now, that (it turns out) implies that the two contributions in eq. (30) mustaddrather than
subtract, leading to analmost maximal oscillation angle[14]. The other factor contribut-
ing to the enhancement ofθ osc

νµ ντ
is, of course, also the asymmetry ratio which increases

jθ `
µτ j from 0.25 to 0.437 [see eq. (24)]. We see that one can derive rather plausibly a large
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νµ–ντ oscillation angle sin2 2θ osc
νµ ντ

� 0:92, together with an understanding of hierarchical
masses and mixings of the quarks and the charged leptons, while maintaining a large hier-
archy in the see-saw derived neutrino masses (mν2

=mν3
= 1=8–1=15), all within a unified

framework including both quarks and leptons. In the example exhibited here, the mixing
angles for the mass eigenstates of neither the neutrinos nor the charged leptons are really
large, in thatθ `

µτ ' 0:437' 23Æ andθ ν
µτ ' (0:22–0:35)� (13–20:5)Æ, yet the oscillation

angle obtained by combining the two is near-maximal.This contrasts with most works in
the literature in which a large oscillation angle is obtained either entirely from the neutrino
sector (with nearly degenerate neutrinos) or almost entirely from the charged lepton sector.

5.1Small vs. large angle MSW solutions

In considerations ofνe–νµ andνe–ντ oscillation angles, tinyintrinsic non-diagonal Ma-
jorana masses� 10�3 eV of the LH neutrinos leading toν e

Lνµ
L

andνe
Lντ

L mixings, which
can far exceed those induced by the standard see-saw mechanism, can be rather important,
especially forνe–νµ mixing. As explained below, such intrinsic masses can arise quite nat-
urally through higher-dimensional operators and can lead to the large angle MSW solution
of the solar neutrino puzzle.

Let us first ignore the intrinsic Majorana masses of the LH neutrinos and include only
those that arise through the standard see-saw mechanism, involving the superheavy Ma-
jorana masses of the RH neutrinos, with a pattern given, for example, by eq. (28). Note
that, whileMR � (5–15)� 1014 GeV andy� �1=20 are better determined, the param-
etersx andz cannot be obtained reliably at present because very little is known about
observables involvingνe. Taking, for concreteness,mνe � (10�5–10�4) (1 to few) eV
andθ osc

eτ � θ `
eτ �θ ν

eτ � 10�3�0:03 as inputs, we obtain:z� (1–5)�10�3 andx� (1 to
few)(10�6–10�5), in accordance with the guidelines ofjzj � jyj=10 andjxj � z2. This in
turn yieldsθ osc

eµ � θ `
eµ�θ ν

eµ � 0:06�0:015. Note that the mass ofmνµ � 3�10�3 eV, that
follows from a natural hierarchical value fory��(1=20), andθ eµ as above, go well with
the small angle MSW explanation of the solar neutrino puzzle. In short the framework
presented so far, that neglects intrinsic Majorana masses of the LH neutrinos altogether,
generically tends to yield the small angle MSW solution.

As alluded to above, we now observe that small intrinsic non-see-saw masses of the
LH neutrinos� 10�3 eV, which could mixνeL and νµL, can, however, arise quite
naturally through higher-dimensional operators in the superpotential of the form [46b]:
W � κ1216116216H16H10H10H=M3

GUT. One can verify that such a term would lead to
an intrinsic Majorana mixing mass term of the formm(0)

12
νe

Lνµ
L

, with a strength given by

m(0)
12
� κ12(h16Hi=MGUT)

2(175 GeV)2=MGUT � (1:5–6)� 10�3 eV, where we have put

h16Hi � (1–2)MGUT andMGUT � 2�1016 GeV. Such an intrinsic Majorana mixing mass
� 10�3 eV, though small, is still much larger than what one would get for the correspond-
ing term from the standard see-saw mechanism. Now, as discussed already, the diagonal
(νµ

L
νµ

L
) mass term, arising from the standard see-saw mechanism can naturally be of the

order (3–8)�10�3 eV (for jyj � 1=20 to 1/15, say). In addition, the intrinsic contribution
of the type mentioned above may in general also contribute to the diagonal(ν µ

L
νµ

L
) mass

(depending upon flavor symmetries) which can be (few)�10�3 eV. Thus, taking the net
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values ofm22� (6–7)�10�3 eV (say),m(0)
12
� (3–4)�10�3 eV, andm(0)

11
<
� (1–2)�10�3

eV, which are all very plausible, we obtainmνµ � (6–7)�10�3 eV, mνe � 1�10�3 eV, so

that∆m2
12� (3:6–5)�10�5 eV2, and sin22θ osc

12 � 0:6–0:7. This goes well with the large
angle MSW solution of the solar neutrino puzzle, which is now favored over the small
angle solution by the SuperK data [47].

In summary, the intrinsic non-see-saw contribution to the Majorana masses of the LH
neutrinos quite plausibly has the right magnitude forν e–νµ mixing, so as to lead to the
rather large oscillation angle as mentioned above, in accordance with the data. In contrast
to the case of theνµ–ντ oscillation angle, however, given the smallness of the entries
involving the first two families, the relatively large angle solution forν e–ν µ oscillation
may not be regarded as a firm prediction of theSO(10)=G(224) framework presented here.
It is nevertheless a very reasonable possibility.

It is worth noting that although the superheavy Majorana masses of the RH neutrinos
cannot be observed directly, they can be of cosmological significance. The pattern given
above and the arguments given inx3 and in this section suggests thatM(ν τ

R) � (5–15)�
1014 GeV, M(ν µ

R
) � (1–4)� 1012 GeV (for jyj � 1=20); andM(ν e

R) � (1=2–10)� 109

GeV (forx� (1=2–10)10�6 > z2). A mass ofνe
R � 109 GeV is of the right magnitude for

producingν e
R following reheating and inducing lepton asymmetry inν e

R decay intoH0+
ν i

L, that is subsequently converted into baryon asymmetry by the electroweak sphalerons
[16,17].

In summary, we have proposed an economical and predictive pattern for the Dirac mass
matrices, within theSO(10)=G(224) framework, which is remarkably successful in de-
scribing the observed masses and mixings ofall the quarks and charged leptons. It leads
to five predictions for just the quark system, all of which agree with observation to within
10%. The same pattern, supplemented with a similar structure for the Majorana mass ma-
trix, accounts for both the nearly-maximalν µ –ντ oscillation angle and a (mass)2-difference
∆m2(νµντ ) � (1/20 eV)2, suggested by the SuperK data. Given this degree of success, it
makes good sense to study proton decay concretely within thisSO(10)=G(224) frame-
work. The results of this study [14,18] are presented in the next section, together with an
update.

Before turning to proton decay, it is worth noting that much of our discussion of fermion
masses and mixings, including those of the neutrinos, is essentially unaltered if we go to
the limit ε 0! 0 of eq. (28). This limit clearly involves:

mu = 0; θC '

r
md

ms
; mνe = 0; θ ν

eµ = θ ν
eτ = 0

jVubj '

r
η � ε
η + ε

r
md

mb

�
ms

mb

�
' (2:1)(0:039)(0:023) ' 0:0019: (33)

All other predictions remain unaltered. Now, among the observed quantities in the list
above,θC '

p
md=ms is a good result. Considering thatmu=mt � 10�5, mu = 0 is also

a pretty good result. There are of course plausible small corrections which could arise
through Planck scale physics and these could induce a small value formu through the (1,1)-
entry δ � 10�5. For considerations of proton decay, it is worth distinguishing between
these twoextremevariants which we will refer to as cases I and II respectively.

Case I : ε 0 � 2� 10�4; δ = 0
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Case II: δ � 10�5; ε 0 = 0: (34)

It is worth noting that the observed value ofjVubj � 0:003 favors a non-zero value ofε 0
(� (1–2)�10�4). Thus, in reality,ε 0 may not be zero, but it may lie in between the two
extreme values listed above. In this case, the predicted proton lifetime for the standard
d = 5 operators would be intermediate between those for the two cases, presented inx6.

6. Expectations for proton decay in supersymmetric unified theories

6.1Preliminaries

Turning to the main purpose of this paper, I present now the reason why the unification
framework based on SUSYSO(10) or G(224), together with the understanding of fermion
masses and mixings discussed above, strongly suggest that proton decay should be immi-
nent.

Recall that supersymmetric unified theories (GUTs) introduce two new features to pro-
ton decay: (i) First, by raisingMX to a higher value of about 2� 1016 GeV (contrast
with the non-supersymmetric case of nearly 3� 1014 GeV), they strongly suppress the
gauge-boson-mediatedd = 6 proton decay operators, for whiche+π0 would have been the
dominant mode (for this case, one typically obtains:Γ�1(p! e+π0)jd=6� 1035�1 years).
(ii) Second, they generated = 5 proton decay operators [19] of the formQ iQjQkQl=M
in the superpotential, through the exchange of color triplet Higginos, which are the GUT
partners of the standard Higgs(ino) doublets, such as those in the5+5 of SU(5) or the 10
of SO(10). Assuming that a suitable doublet–triplet splitting mechanism provides heavy
GUT-scale masses to these color triplets and at the same time light masses to the doublets
(see e.g, the Appendix), these ‘standard’d = 5 operators, suppressed by just one power
of the heavy mass and the small Yukawa couplings, are found to provide the dominant
mechanism for proton decay in supersymmetric GUT [48–52].

Now, owing to (a) Bose symmetry of the superfields inQQQL=M, (b) color antisymme-
try, and especially (c) the hierarchical Yukawa couplings of the Higgs doublets, it turns out
that these standardd = 5 operators lead to dominantνK+ and comparableνπ+ modes,
but in all cases to highly suppressede+π0, e+K0 and evenµ+K0 modes. For instance, for
minimal SUSYSU(5), one obtains (with tanβ � 20, say):

[Γ(µ+K0)=Γ(νK+) ]SU(5)
std

� [mu=(mc sin2 θc)]
2R� 10�3 ; (35)

whereR� 0:1 is the ratio of the relevantjmatrix elementj2�(phase space), for the two
modes.

It was recently pointed out that in SUSY unified theories based onSO(10) or G(224),
which assign heavy Majorana masses to the RH neutrinos, there exists a new set of color
triplets and thereby very likely anew sourceof d = 5 proton decay operators [20]. For in-
stance, in the context of the minimal set of Higgs multiplets [52a]f45H;16H;16H and10Hg
(seex5), these newd= 5 operators arise by combining three effective couplings introduced
before, i.e., (a) the couplingsf i j 16i16j16H16H=M [see eq. (7)] that are required to as-
sign Majorana masses to the RH neutrinos, (b) the couplingsgi j 16i16j16H16H=M, which
are needed to generate non-trivial CKM mixings [see eq. (15)], and (c) the mass term
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M1616H16H. For the fi j couplings, there are two possibleSO(10) contractions (leading to

a 45 or a 1) for the pair16i16H, both of which contribute to the Majorana masses of the RH
neutrinos, but only the non-singlet contraction (leading to45), would contribute tod = 5
proton decay operator. In the presence of non-perturbative quantum gravity, one would in
general expect the two contractions to have comparable strength. Furthermore, the cou-
plings of 450s lying in the string tower or possibly below the string scale, and likewise
of singlets, to the16i �16H-pair, would respectively generate the two contractions. It thus
seems most likely that both contractions would be present, having comparable strength.
Allowing for a difference between the relevant projection factors forν R masses vs. proton
decay, and also for the fact that both contractions contribute to the former, but only the non-
singlet one (i.e. 45) to the latter, we would set the relevantf i j coupling for proton decay to
be( fi j )p� ( fi j )ν �K, where( fi j )ν defined inx4 directly yieldsνR masses [see eq. (8)]; and
K is a relative factor, which generically is expected to be of order unity [52b]. As a plausi-
ble range, we will takeK � 1=5 to 2 (say). In the presence of the non-singlet contraction,
the color-triplet Higginos in16H and16H of massM16 can be exchanged between ˜qiqj and
q̃kql -pairs (correspondingly, forG(224), the color triplets would arise from(1;2;4) H and
(1;2;4)H). This exchange generates a new set ofd = 5 operators in the superpotential of
the form

Wnew ∝ ( fi j )ν gklK (16i 16j)(16k 16l )h16Hih16Hi=M2 � (1=M16); (36)

which induce proton decay. Note that these operators depend, through the couplingsf i j
andgkl, both on the Majorana and on the Dirac masses of the respective fermions.This is
why withinSUSYSO(10) or G(224), if the generic case of K6= 0 holds, proton decay gets
intimately linked to the masses and mixings of all fermions, including neutrinos.

6.2Framework for calculating proton decay rate

To establish notations, consider the case of minimal SUSYSU(5) and, as an example,
the process ˜cd̃ ! s̄ν̄µ , which inducesp! ν µK+. Let the strength of the corresponding
d= 5 operator, multiplied by the product of the CKM mixing elements entering into wino-
exchange vertices (which in this case is sinθCcosθC) be denoted bybA. Thus (putting
cosθC = 1), one obtains:

bA
c̃d̃
(SU(5)) = (hu

22hd
12=MHC

) sinθc

' (mcms sin2 θC=v2
u)(tanβ=MHC

)

' (1:9�10�8)(tanβ=MHC
)

� (2�10�24GeV�1)(tanβ=2)(2�1016GeV=MHC
); (37)

where tanβ � vu=vd, and we have putvu = 174 GeV and the fermion masses extrapolated
to the unification scale, i.e.,mc ' 300 MeV andms ' 40 MeV. The amplitude for the
associated four-fermion processdus! ν µ is given by

A5(dus! ν µ) = bA
c̃d̃
� (2 f ) (38)
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where f is the loop-factor associated with wino-dressing. Assumingmw̃ �mq̃ �m
l̃
, one

gets: f ' (mw̃=m2
q̃)(α2=4π). Using the amplitude for(du)(sν`), as in eq. (38), (̀= µ or

τ), and the recently obtained matrix element and renormalization effects (see below), one
then obtains [14,18,50–52]:

Γ�1(p ! ντK+)� (0:15�1031) years� (0:32=AL)
2

�

�
0:93
AS

�2 �0:014 GeV3

βH

�2
"

(1=6)
(m

W̃
=mq̃)

#2

�

�
mq̃

1:2 TeV

�2
"

2�10�24GeV�1bA(ν)
#2

: (39)

Here βH denotes the hadronic matrix element defined byβ HuL(
~k) � εαβγ

h0j(dα
L uβ

L
)uγ

L
jp;~ki. While the rangeβH = (0:003–0:03) GeV3 has been used in the past

[51], given that one lattice calculation yieldsβH = (5:6�0:5)� 10�3 GeV3 [53], and a
recent improved calculation yieldsβH � 0:014 GeV3 [54] (whose systematic errors that
may arise from scaling violations and quenching are hard to estimate [54]), we will take as
a conservative, but plausible, range forβH to be given by(0:014 GeV3)(1=2–2). (Compare
this with the range forβH = (0:006 GeV3)(1=2–2) as used in ref. [14].)AS denotes the
short-distance renormalization effect for thed = 5 operator which arises owing to extrap-
olation between the GUT and the SUSY-breaking scales [49,51,55]. The average value of
AS = 0:67, given in ref. [51] formt = 100 GeV, has been used in most early estimates. For
mt = 175 GeV, one would, however, haveAS� 0:93 to 1.2 [55]. Conservatively, I would
useAS = 0:93. This would enhance the rate by a factor of two compared with previous
estimates.AL denotes the long-distance renormalization effect of thed = 6 operator due to
QCD interaction that arises due to extrapolation between the SUSY breaking scale and 1
GeV [49]. Using the two-loop expression forAL [56], together with the two-loop value for
α3, Babu and I foundAL � 0:32, in contrast toAL � 0:22, used in previous works [56a].
In what follows, I would useAL � 0:32. This by itself would also increase the rate by a
factor of (0.32/0.22)2�2, compared to the previous estimates [14,18,49–52]. Including the
enhancements in bothAS andAL, we thus see that the net increase in the proton decay rate
solely due to new evaluation of renormalization effects is nearly a factor of four, compared
to the previous estimates (including that in ref. [14]).

Note that the familiar factors that appear in the expression for proton lifetime – i.e.,
MHC

, (1+ ytc) representing the interference between thet̃ andc̃ contributions, and tanβ
(see e.g. ref. [51] and discussion in the Appendix of ref. [14]), are all effectively contained
in bA(ν). In ref. [14], guided by the demand of naturalness (i.e. absence of excessive
fine tuning) in obtaining the Higgs boson mass, squark masses were assumed to lie in the
range of 1 TeV(1=

p
2�

p
2), so thatmq̃

<
� 1:4 TeV. Recent work, based on the notion of

focus point supersymmetry however suggests that squarks may be considerably heavier
without conflicting with the demands of naturalness [58]. In the interest of obtaining a
conservative upper limit on proton lifetime, we will therefore allow squark masses to be as
heavy as about 2.4 TeV and as light as perhaps 600 GeV [57a].

Allowing for plausible and rather generous uncertainties in the matrix element and the
spectrum we take:
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βH = (0:014 GeV3)(1=2–2)

mw̃

mq̃
= 1=6(1=2–2) and mq̃ � m˜̀ � 1:2 TeV(1=2–2) : (40)

Using eqs (39) and (40), we get

Γ�1(p ! ντK+)� (0:15�1031 years) [2�10�24GeV�1=bA(ν`) ]
2

�f64–1=64g : (41)

Note that the curly bracket would acquire its upper-end value of 64, which would serve
towards maximizing proton lifetime, only provided all the uncertainties in eq. (41) are
stretched to the extreme so thatβH = 0:007 GeV3, m

W̃
=mq̃� 1=12 andmq̃� 2:4 TeV. This

relation, as well as eq. (39) are general, depending only onbA(ν`) and on the range of
parameters given in eq. (40). They can thus be used for bothSU(5) andSO(10).

The experimental lower limit on the inverse rate for theν̄K+ modes is given by ref. [64],"
∑̀ Γ(p ! ν`K

+)

#�1

expt

� 1:9�1033 years: (42)

Allowing for all the uncertainties to stretch in the same direction (in this case, the curly
bracket= 64), and assuming that just one neutrino flavor [e.g.ν µ for SU(5)] dominates,
the observed limit [eq. (42)] provides an upper bound on the amplitude [64a]:

bA(ν `) � 0:46�10�24 GeV�1 (43)

which holds for bothSU(5) andSO(10). Recent theoretical analyses based on LEP-limit
on Higgs mass(& 114 GeV), together with certain assumptions about MSSM parameters
(as in CMSSM) and/or constraint from muon g-2 anomaly [59] suggest that tanβ & 3 to
5 [65]. In the interest of getting a conservative upper limit on proton lifetime, we will
therefore use, as a conservative lower limit, tanβ � 3. We will however exhibit relevant
results often as a function of tanβ and exhibit proton lifetimes corresponding to higher
values of tanβ as well. For minimalSU(5), using eqs (37) and (43) and, conservatively
tanβ � 3, one obtains a lower limit onMHC

given by

MHC
� 13�1016 GeV (SUSYSU(5)) : (44)

At the same time, gauge coupling unification in SUSYSU(5) strongly suggestsMHC
�

(1=2–1)�1016 GeV. (See ref. [66] where an even more stringent upper bound onM HC
is

suggested.) Thus we already see a conflict, in the case of minimal SUSYSU(5), between
the experimental limit on proton lifetime on the one hand, and coupling unification and
constraint on tanβ on the other hand. To see this conflict another way, if we keepM HC

�

1016 GeV (for the sake of coupling unification) we obtain from eq. (37):bA(SU(5)) �
5:7�10�24 GeV�1(tanβ=3). Using eq. (41), this in turn implies that
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Γ�1(p ! νK+) � 1:2�1031 years� (3= tanβ )2 (SUSYSU(5)) : (45)

For tanβ � 3, a lifetime of 1:2� 1031 years is thus a most conservative upper limit. In
practice, it is unlikely that all the uncertainties, including these inMHC

and tanβ , would
stretch in the same direction to nearly extreme values so as to prolong proton lifetime.
Given the experimental lower limit [eq. (42)], we see that minimal SUSYSU(5) is already
excluded by a large margin by proton decay-searches. This is in full accordance with the
conclusion reached by other authors (see especially ref. [66]). We have of course noted in
x4 that SUSYSU(5) does not go well with neutrino oscillations observed at SuperK.

Now, to discuss proton decay in the context of supersymmetricSO(10), it is necessary
to discuss first the mechanism for doublet–triplet splitting. Details of this discussion may
be found in ref. [14]. A synopsis is presented in the Appendix.

6.3Proton decay in supersymmetric SO(10)

The calculation of the amplitudesbAstd andbAnew for the standard and the new operators for
theSO(10) model, are given in detail in ref. [14]. Here, I will present only the results. It is
found that the four amplitudesbAstd(ντK+), bAstd(νµK+), bAnew(ντK+) andbAnew(ν µK+) are
in fact very comparable to each other, within about a factor of two to five, either way. Since
there is no reason to expect a near cancellation between the standard and the new operators,
especially for bothν τK+ andν µK+ modes, we expect the net amplitude (standard+ new)
to be in the range exhibited by either one. Following ref. [14], I therefore present the
contributions from the standard and the new operators separately.

One important consequence of the doublet–triplet splitting mechanism forSO(10) out-
lined briefly in the Appendix and in more detail in ref. [14] is that the standardd = 5 pro-
ton decay operators become inversely proportional toMeff � [λ h45Hi]

2= M100 �M2
X=M100 ,

rather than toMHC
. Here,M100 represents the mass of100H, that enters into the D–T splitting

mechanism through effective couplingλ10H45H100H in the superpotential [see Appendix,
eq. (A.1)]. As noted in ref. [14],M100 can be naturally suppressed (due to flavor sym-
metries) compared toMX, and thusMeff correspondingly larger thanMX by even one to
three orders of magnitude. It should be stressed thatMeff does not represent the physical
masses of the color triplets or of the other particles in the theory. It is simply a parameter
of orderM2

X=M100 . Thus values of Meff, close to or even exceeding the Planck scale, do
not in any way imply large corrections from quantum gravity. Now accompanying the sup-
pression due toMeff, the standard proton decay amplitudes forSO(10) possess an intrinsic
enhancement as well, compared to those forSU(5), owing primarily due to differences
in their Yukawa couplings for the up sector (see Appendix C of ref. [14]). As a result of
this enhancement, combined with the suppression due to higher values ofM eff, a typical
standardd = 5 amplitude forSO(10) is given by (see Appendix C of ref. [14])

bA(ν̄µ K+)SO(10)
std

�

�
h2

33

Meff

�
(2�10�5);

which should be compared withbA(ν̄µ K+)SU(5)
std

� (1:9�10�8)(tanβ=MHC
) [see eq. (37)].

Note, takingh2
33 � 1=4, the ratio of a typicalSO(10) overSU(5) amplitude is given by

(MHC
=Meff)(88)(3= tanβ ). Thus the enhancement by a factor of about 88 (for tanβ = 3),
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of theSO(10) compared to theSU(5) amplitude, is compensated in part by the suppression
that arises fromMeff being larger thanMHC

.

In addition, note that in contrast to the case ofSU(5), theSO(10) amplitude does not
dependexplicitlyon tanβ . The reason is this: If the fermions acquire masses only through
the 10H in SO(10), as is well known, the up and down quark Yukawa couplings will be
equal. By itself, it would lead to a large value of tanβ = mt=mb � 60 and thereby to a
large enhancement in proton decay amplitude. Furthermore, it would also lead to the bad
relations:mc=ms = mt=mb andVCKM = 1. However, in the presence of additional Higgs
multiplets, in particular with the mixing of(16H)d with 10H (see Appendix andx5), (a)
tanβ can get lowered to values like 3–20, (b) fermion masses get contributions from both
h16Hid andh10Hi, which correct all the bad relations stated above, and simultaneously (c)
the explicit dependence ofbA on tanβ disappears. It reappears, however, through restriction
on threshold corrections, discussed hereafter.

AlthoughMeff can far exceedMX , it still gets bounded from above by demanding that
coupling unification, as observed [66a], should emerge as a natural prediction of the theory
as opposed to being fortuitous. That in turn requires that there should be no large (un-
predicted) cancellation between GUT-scale threshold corrections to the gauge couplings
that arise from splittings within different multiplets as well as from Planck scale physics.
Following this point of view, we have argued (see Appendix) that the net ‘other’ thresh-
old corrections toα3(mZ) arising from the Higgs (in our case45H, 16H and16H) and the
gauge multiplets should be negative, but conservatively and quite plausibly no more than
about 10%, at the electroweak scale. This in turn restricts how big can be the threshold
corrections toα3(mZ) that arise from (D–T) splitting (which is positive). Since the lat-
ter is proportional to ln(Meff cosγ=MX) (see Appendix), we thus obtain an upper limit on
Meff cosγ . For the simplest model of D–T splitting presented in ref. [14] and in the Ap-
pendix [eq. (A.1)], one obtains cosγ � (tanβ )=(mt=mb). An upper limit onMeff cosγ thus
provides an upper limit onMeff which is inversely proportional to tanβ . In short, our de-
mand of natural coupling unification, together with the simplest model of D–T splitting,
introduces an implicit dependence on tanβ into the lower limit of theSO(10) amplitude,
i.e., bA(SO(10)) ∝ 1=Meff � [(a quantity)∝ tanβ ]. These considerations are reflected in the
results given hereafter.

Assuming tanβ � 3 and accurate coupling unification (as described above), one obtains
for the case of MSSM, a conservative upper limit onMeff � 2:7�1018 GeV(3= tanβ ) (see
Appendix and ref. [14]). Using this upper limit, we obtain a lower limit for the standard
proton decay amplitude given by

bA(ντK+)std

�

�
(7:8�10�24 GeV�1)(1=6– 1/4) case I
(3:3�10�24 GeV�1)(1=6– 1/2) case II

��
SO(10)/MSSM, with

tanβ � 3

�
:

(46)

Substituting into eq. (41) and adding the contribution from the second competing mode
νµK+, with a typical branching ratioR� 0:3, we obtain
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Γ�1(νK+)std

�

�
(0:18�1031 years)(1:6–0:7)
(0:4 �1031 years)(4–0:44)

�
f64–1=64g

�
SO(10)/MSSM, with

tanβ � 3

�
:

(47)

The upper and lower entries in eqs (46) and (47) correspond to the cases I and II of the
fermion mass matrix with theextreme valuesof ε 0, i.e., ε 0 = 2�10�4 andε 0 = 0 respec-
tively [see eq. (34)]. The uncertainty shown inside the square brackets correspond to that
in the relative phases of the different contributions. The uncertainty off64 to 1/64g arises
from that inβH, (m

W̃
=mq̃) andmq̃ [see eq. (40)]. Thus we find that for MSSM embedded

in SO(10), for the two extreme values ofε 0 (cases I and II) as mentioned above, the inverse
partial proton decay rate should satisfy

Γ�1(p ! νK+)std�

"
0:20�1031+2:0

�1:7 years

0:32�1031+2:4
�1:86 years

#

�

�
0:2�1033 years
1�1033 years

� �
SO(10)/MSSM, with

tanβ � 3

�
:

(48)

The central value of the upper limit in eq. (48) corresponds to taking the upper limit on
Meff � 2:7�1018 GeV, which is obtained by restricting threshold corrections as described
above (and in the Appendix) and by setting (conservatively) tanβ � 3. The uncertainties
of matrix element, spectrum and choice of phases are reflected in the exponents. The
uncertainty in the most sensitive entry of the fermion mass matrix, i.e.,ε 0, is incorporated
(as regards obtaining an upper limit on the lifetime) by going from case I (withε 0 = 2�
10�4) to case II (ε 0 = 0). Note that this increases the lifetime by almost a factor of six. Any
non-vanishing intermediate value ofε 0 would only shorten the lifetime compared to case II.
In this sense, the larger of the two upper limits quoted above is rather conservative. We see
that the predicted upper limit for case I of MSSM (with the extreme value ofε 0 = 2�10�4)
is lower than the empirical lower limit [eq. (43)] by a factor of ten, while that for case II,
i.e. ε 0 = 0 (with all the uncertainties stretched as mentioned above) is about two times
lower than the empirical lower limit.

Thus the case of MSSM embedded inSO(10) is already tightly constrained, to the point
of being disfavored, by the limit on proton lifetime. The constraint is of course augmented
especially byour requirement of natural coupling unificationwhich prohibits accidental
large cancellation between different threshold corrections [66b] (see Appendix); and it
will be even more severe, especially within the simplest mechanism of D–T splitting (as
discussed in the Appendix), if tanβ turns out to be larger than 5 (say). On the positive side,
improvement in the current limit by a factor of even 2 to 3 ought to reveal proton decay,
otherwise the case of MSSM embedded inSO(10), would be clearly excluded.

6.4The case of ESSM

Before discussing the contribution of the newd = 5 operators to proton decay, an inter-
esting possibility, mentioned in the Introduction (and in [57a]), that would be especially
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relevant in the context of proton decay, if tanβ is large, is worth noting. This is the case of
the extended supersymmetric standard model (ESSM), which introduces an extra pair of
vector-like families [16+16 of SO(10)], at the TeV scale [21,62]. Adding such complete
SO(10) multiplets would of course preserve coupling unification. From the point of view
of adding extra families, ESSM seems to be the minimal and also the maximal extension of
the MSSM, that is allowed in that it is compatible with (a) LEP neutrino counting, (b) pre-
cision electroweak tests, as well as (c) a semi-perturbative as opposed to non-perturbative
gauge coupling unification [21,62,67a].The existence of two extra vector-like families of
quarks and leptons can of course be tested at theLHC.

Theoretical motivations for the case of ESSM arise on several grounds: (a) it pro-
vides a better chance for stabilizing the dilaton by having a semi-perturbative value for
αunif � 0.35–0.3 [21], in contrast to a very weak value of 0.04 for MSSM; (b) owing to
increased two-loop effects [21,68], it raises the unification scaleMX to (1/2–2)�1017 GeV
and thereby considerably reduces the problem of a mismatch [28] between the MSSM
and the string unification scales (seex3); (c) it lowers the GUT prediction forα 3(mZ) to
(0.112–0.118) (in the absence of unification-scale threshold corrections), which is in better
agreement with the data than the corresponding value of (0.125–0.13) for MSSM; and (d)
it provides a simple reason for inter-family mass hierarchy [21,62]. In this sense, ESSM,
though less economical than MSSM, offers some distinct advantages.

In the present context, because of (b) and (c), ESSM naturally enhances the GUT-
prediction for proton lifetime, in full accord with the data [64]. As explained in the
Appendix, the net result of these two effects – i.e., a raising ofMX and a lowering of
α3(mZ)

Æ

ESSM – is that for ESSM embedded inSO(10), tanβ can span a wide range from 3
to even 30, and simultaneously the value or the upper limit onM eff can range from(60 to
6)�1018 GeV, in full accord with our criterion for accurate coupling unification discussed
above.

As a result, in contrast to MSSM, ESSM allows for larger values of tanβ (like 10 or 20),
without needing large threshold corrections, and simultaneously without conflicting with
the limit on proton lifetime.

To be specific, consider first the case of a moderately large tanβ = 10 (say), for which
one obtainsMeff � 1:8�1019 GeV, with the ‘other’ threshold correction�δ 0

3 being about
5% (see Appendix for definition). In this case, one obtains

Γ�1(νK+)std

�

�
(1:6�0:7)
(10�1)

�
f64�1=64g(7�1031 years)

�
SO(10)/ESSM, with

tanβ = 10

�
:

(49)

As before, the upper and lower entries correspond to cases I (ε 0 = 2�10�4) and II (ε 0 = 0)
of the fermion mass matrix [see eq. (34)]. The uncertainty in the upper and lower entries
in the square bracket of eq. (49) corresponds to that in the relative phases of the different
contributions for the cases I and II respectively, while the factorf64–1/64g corresponds to
uncertainties in the SUSY spectrum and the matrix element [see eq. (40)].

We see that by allowing for an uncertainty of a factor of (30–100) jointly from the two
brackets proton lifetime arising from the standard operators would be expected to lie in
the range of (2.1–7)�1033 years, for the case of ESSM embedded inSO(10), even for a
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Table 1. Proton lifetime, based on contributions from only the standard operators for
the case of ESSM embedded inSO(10), with parameters being in the ‘median’ range.

tanβ = 3 tanβ = 3 tanβ = 5 tanβ = 5
[S] = 3 [S] = 6 [S] = 5:4 [S] = 6
fCg= 1=2 to 4 fCg = 1=2 to 1 fCg= 1 to 6 fCg= 1 to 4

Γ�1(ν̄K+)std
ESSM� Γ�1(ν̄K+)std

ESSM� Γ�1(ν̄K+)std
ESSM� Γ�1(ν̄K+)std

ESSM�
(1:2–10)�1033 yrs (2:5–5)�1033 yrs (1:6–10)�1033 yrs (1:8–7:3)�1033 yrs

moderately large tanβ = 10. Such a range is compatible with present limits, but accessible
to searches in the near future.

The other most important feature of ESSM is that, by allowing for larger values of
Meff, especially for smaller values of tanβ � 3 to 5 (say),the contribution of the standard
operators by itself can be perfectly consistent with present limit on proton lifetime even for
almost central or ‘median’ values of the parameters pertaining to theSUSYspectrum, the
relevant matrix element,ε 0 and the phase-dependent factor.

For instance, for ESSM, one obtainsMeff � (4:5�1019 GeV)(4= tanβ ), with the ‘other’
threshold correction�δ 0

3 being about 5% [see Appendix and eq. (A.6)]. Now,combining
cases I (ε 0 = 2�10�4) and II (ε 0 = 0), we see that the square bracket in eq. (49) which we
will denote by [S], varies from 0.7 to 10, depending upon the relative phases of the different
contributions and the values ofε 0. Thus as a ‘median’ value, we will take[S]med� 2 to 6.
The curly bracketf64–1/64g, to be denoted byfCg, represents the uncertainty in the SUSY
spectrum and the matrix element [see eq. (40)]. Again as a ‘nearly central’ or ‘median’
value, we will takefCgmed� 1=6 to 6. SettingMeff as above we obtain

Γ�1(ν̄K+)‘median’
std

� [S]medfCgmed(0:45�1033 years)(4= tanβ )2(SO(10)/ESSM): (50)

Choosing a few sample values of the effective parameters [S] andfCg, with low values of
tanβ = 3 to 5, the corresponding values ofΓ�1(ν̄K+), following from eq. (50), are listed
in table 1.

Note that ignoring contributions from the newd = 5 operators for a moment [68a], the
entries in table 1 representa very plausible range of valuesfor the proton lifetime, for the
case of ESSM embedded inSO(10), with tanβ � 3 to 5 (say),rather than upper limits for
the same. This is because they are obtained for ‘nearly central’ or ‘median’ values of the
parameters represented by the values of [S] and fCg, as discussed above. For instance,
consider the casesfCg = 1 andfCg = 1=2 respectively, which (as may be inferred from
the table) can quite plausibly yield proton lifetimes in the range of (2–5)�1033 years. Now
fCg= 1 corresponds, e.g., toβH = 0:014 GeV3 (the central value of ref. [54]),mq̃ = 1:2
TeV andm

W̃
=mq̃ = 1=6 [see eq. (40)], while that offCg = 1=2 would correspond, for

example, toβH = 0:014 GeV3, with mq̃ � 710 GeV andm
W̃
=mq̃ � 1=6. In short, for

the case ofESSM,with low values oftanβ � 3 to 5 (say), squark masses can be well
below1 TeV, without conflicting with present limit on proton lifetime. This feature is not
permissible within MSSM embedded inSO(10).
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Thus, confining for a moment to the standard operators only, if ESSM represents low-
energy physics, and if tanβ is rather small (3–5, say), we do not have to stretch the uncer-
tainties in the SUSY spectrum and the matrix elements to their extreme values (in contrast
to the case of MSSM) in order to understand why proton decay has not been seen as yet,
and still can be optimistic that it ought to be discovered in the near future, with a lifetime
� 1034 years. The results for a wider variation of the parameters are listed in table 2, where
contributions of the newd = 5 operators are also shown.

It should also be remarked that if in the unlikely event, all the parameters (i.e.β H,
(m

W̃
=mq̃), mq̃ and the phase-dependent factor) happen to be closer to their extreme values

so as to extend proton lifetime, and if tanβ is small (�3–5, say) and at the same time the
value ofMeff is close to its allowed upper limit (see Appendix), the standardd= 5 operators
by themselves would tend to yield proton lifetimes exceeding even (0.8–2.5)�1034 years
for the case of ESSM, (see eq. (49) and table 2). In this case (with the parameters having
nearly extreme values), however, as I will discuss shortly, the contribution of the new
d = 5 operators related to neutrino masses [see eq. (36)], are likely to dominate and quite
naturally yield lifetimes bounded above in the range of (1–10)�1033 years (seex6.5 and
table 2). Thus in the presence of the new operators, the range of(1033–1034) years for
proton lifetime is not only very plausible but it also provides a reasonable upper limit, for
the case ofESSMembedded in SO(10).

6.5Contribution from the new d= 5 operators

As mentioned inx6.1, for supersymmetricG(224)=SO(10), there very likely exists a new
set ofd = 5 operators, related to neutrino masses, which can induce proton decay [see eq.
(42)]. The decay amplitude for these operators for the leading mode (which in this case
is ν̄µK+) becomes proportional to the quantityP� f( f 33)ν h16Hi=Mgh33K=(M16tanγ),
where( f33)ν andh33 are the effective couplings defined in eqs (7) and (15) respectively,
andM16 and tanγ are defined in the Appendix. The factorK, defined by( f 33)p� ( f33)νK,
is expected to be of order unity (seex6.1 for the origin ofK). As a plausible range, we
would takeK � 1=5 to 2. UsingM16tanγ = λ 0h16Hi (see Appendix), andh33� 1=2 (given
by top mass), one gets:P� [( f33)ν=M](1=2λ 0)K. HereM denotes the string or the Planck
scale (seex4 of [28a]). ThusM � (1=2–1)�1018 GeV andλ 0 is a quartic coupling defined
in the Appendix. Validity of perturbative calculation suggests thatλ 0 should not much
exceed unity, while other considerations suggest thatλ 0 should not be much less than unity
either (see ref. [14],x6E). Thus, a plausible range forλ 0 is given byλ 0 � (1=2�

p
2).

(Note it is only the upper limit onλ 0 that is relevant to obtaining an upper limit on proton
lifetime.) Finally, from consideration ofντ mass, we have( f33)ν � 1 (seex4). We thus
obtain:P� (5�10�19 GeV�1)(1=

p
2–4)K. Incorporating a further uncertainty by a factor

of (1/2–2) that arises due to choice of the relative phases of the different contributions (see
ref. [14]), the effective amplitude for the new operator is given by

bA(ν̄µ K+)new� (1:5�10�24 GeV�1)(1=2
p

2 – 8)K: (51)

Note that this new contribution is independent ofMeff. Thus it is the same forESSMas
it is for MSSM, and it is independent oftanβ . Furthermore, it turns out that the new
contribution is also insensitive toε 0. Thus it is nearly the same for cases I and II of the
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fermion mass matrix. Comparing eq. (51) with eq. (46) we see that the new and the
standard operators are typically quite comparable to one another. Since there is no reason
to expect near cancellation between them (especially for bothν̄µ K+ and ν̄τK+ modes),
we expect the net amplitude (standard+new) to be in the range exhibited by either one. It
is thus useful to obtain the inverse decay rate assuming as if the new operator dominates.
Substituting eq. (51) into eq. (41) and allowing for the presence of theν̄τ K+ mode with
an estimated branching ratio of nearly 0.4 (see ref. [14]), one obtains

Γ�1(νK+)new � (0:25�1031years) [8�1=64]f64�1=64g(K�2� 25–1=4) :

(52)

The square bracket represents the uncertainty reflected in eq. (51), while the curly bracket
corresponds to that in the SUSY spectrum and matrix element [eq. (40)]. Allowing for
the net uncertainty factor at the upper end, arising jointly from thethree bracketsin eq.
(52) to be 1000 to 4000 (say), which can be realized for plausible range of values of the
parameters (see below), the new operators related to neutrino masses, by themselves, lead
to a proton decay lifetime given by

Γ�1(νK+)upper
new

� (2:5–10)�1033 years (SO(10) or stringG(224))(Indep. of tanβ ) : (53)

The superscript ‘upper’ corresponds to estimated lifetimes near the upper end. For in-
stance, taking the curly bracket in eq. (52) to be�8 to 16 (say) [corresponding for example,
to βH = 0:010 GeV3, (m

W̃
=mq̃)� 1=12 andmq̃� (1–1.4)(1.2 TeV)], instead of its extreme

value of 64, and setting the square bracket in eq. (52) to be�6, andK �2 � 20, which are
quite plausible, we obtain:Γ�1(ν̄K+)new�(2.5–5)�1033 years; independently of tanβ ,
for both MSSM and ESSM. Proton lifetime for other choices of parameters, which lead to
similar conclusion, are listed in table 2.

It should be stressed that the standardd = 5 operators [mediated by the color-triplets
in the 10H of SO(10)] may naturally be absent for a string-derivedG(224) model (see e.g.
refs [30] and [31]), but the newd = 5 operators, related to the Majorana masses of the RH
neutrinos and the CKM mixings, should very likely be present for such a model, as much as
for SO(10). These would induce proton decay [68b].Thus our expectations for the proton
decay lifetime[as shown in eq.(53)] and the prominence of theµ +K0 mode (see below)
hold for a string-derived G(224)model, just as they do for SO(10). For a string-G(224)
model, however,the new d= 5 operators would be essentially the sole source of proton
decay[68a].

Nearly the same situation emerges for the case of ESSM embedded inG(224) orSO(10),
with low tanβ (� 3–10, say), especially if the parameters (includingβ H, m

W̃
=mq̃, mq̃, the

phase-dependent factor as well asMeff) happen to be somewhat closer to their extreme
values so as to extend proton lifetime. In this case, (that is for ESSM) as noted in the
previous sub-section, the contribution of the standardd= 5 operators would be suppressed;
and proton decay would proceed primarily via the new operators with a lifetime quite
plausibly in the range of 1033–1034 years, as exhibited already.
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6.6The charged lepton decay modes (p! µ +K0 and p! e+π0)

I now note a distinguishing feature of theSO(10) or theG(224) model presented here.
Allowing for uncertainties in the way the standard and the new operators can combine
with each other for the three leading modes, i.e.,ν τK+, νµK+ andµ+K0, we obtain (see
ref. [14] for details):

B(µ+K0)std+new � [1% to 50%] κ (SO(10) or stringG(224)) (54)

whereκ denotes the ratio of the squares of relevant matrix elements for theµ +K0 andνK+

modes. In the absence of a reliable lattice calculation for theν̄K+ mode, one should remain
open to the possibility ofκ �1/2–1 (say). We find that for a large range of parameters, the
branching ratioB(µ+K0) can lie in the range of 20 to 40% (ifκ � 1). This prominence of
the µ+K0 mode for theSO(10)=G(224) model is primarily due to contributions from the
newd = 5 operators. This contrasts sharply with the minimalSU(5) model, in which the
µ+K0 mode is expected to have a branching ratio of only about 10�3. In short, prominence
of the µ+K0 mode, if seen, would clearly show the relevance of the new operators, and
thereby reveal the proposed link between neutrino masses and proton decay [20].

The d = 5 operators as described here (standard and new) would lead to highly sup-
pressede+π0 mode, for MSSM or ESSM embedded inSO(10). The gauge boson-
mediatedd= 6 operators, however, still give (using the recently determined matrix element
αH = 0:015�0:001 GeV3 [54]) proton decaying intoe+π0 with an inverse rate:

Γ�1(p! e+π0)SO(10)=SU(5)
MSSM

� 1035�1 years: (55)

This can well be as short as about 1034 years. For the case of ESSM embedded intoSO(10)
[or for an analogous case embedded intoSU(5)], there are two new features. Considering
that in this case, bothαunif and the unification scaleMX (thereby the massMV of the(X;Y)
gauge bosons) are raised by nearly a factor of (6 to 7) and (2.5 to 5) respectively, compared
to those for MSSM (see discussions inx6.4), and that the inverse decay rate is proportional
to (M4

V=α2
unif), we expect

Γ�1(p! e+π0)SO(10)=SU(5)
ESSM

� (1–17)Γ�1(p! e+π0)SO(10)=SU(5)
MSSM

: (56)

The net upshot is that the gauge boson-mediatedd = 6 operators can quite plausibly lead
to observablee+π0 decay mode with an inverse decay rate in the range of 1034–1035 years.
For ESSM embedded inSO(10), there can be the interesting situation that bothν̄K+ (aris-
ing from d = 5) ande+π0 (arising fromd = 6) may have comparable rates, with proton
having a lifetime�(1/2–2)�1034 years. It should be stressed that thee+π0 mode is the
common denominatorof all GUT models (SU(5), SO(10), etc.) which unify quarks and
leptons and the three gauge forces. Its rate as mentioned already is determined essentially
by the SUSY unification scale, without the uncertainty of the SUSY spectrum. I should
also mention that thee+π0 mode is predicted to be the dominant mode in the flipped
SU(5)�U(1) model [69]. For these reasons, intensifying the search for thee+π0 mode
to the level of sensitivity of about 1035 years in the next generation proton decay detector
should be well worth the effort.

Before summarizing the results of this section, I note inx6.7 a few distinctive features
of the conventional approach adopted here compared to those of some other alternatives.
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6.7Conventional vs. other approaches

In this paper, as elaborated inx3, I have pursued systematically the consequences for
fermion masses, neutrino oscillationsandproton decay of the assumption that essentially
the conventional picture of SUSY grand unification [3–7] holds, providing a good effec-
tive theory in 4D between the conventional GUT scaleMX � 2� 1016 GeV (for ESSM,
MX � (1=2–2)� 1017 GeV) and the conventional string scaleMst � (few to 10)� 1017

GeV. Believing in an underlying string/M-theory, and yet knowing that a preferred ground
state of this theory is not yet in hand, the attitude, based on a bottom-up approach, has
been to subject the assumed effective theory of grand unification to as many low-energy
tests as possible, and to assess its soundness on empirical grounds. With this in mind,
I have assumed that either a realistic 4DSO(10) solution (with the desired mechanism
of doublet–triplet splitting operating in 4D), or a suitable string-derivedG(224) solution
(with MX � (1=2)Mst, see [28a]) emerges effectively from an underlying string theory at
the conventional string scale as mentioned above, and that theG(224)=SO(10) symmetry
breaks intoG(213) at the conventional GUT scaleMX. The extra dimensions of string/M-
theory are assumed to be tiny lying between the GUT-scale size�M�1

X and the string-size
M�1

st , so as not to disturb the successes of GUT (see below). As mentioned before, this con-
ventional picture of grand unification described above seems to be directly motivated on
observational grounds such as those based on (a) coupling unification or equivalently the
agreement between the observed and the predicted values of sin2 θW (seex3), (b) neutrino
masses including∆m2(νµ–ντ) and (c) the fact that spontaneous violation of B–L local
symmetry seems to be needed to implement baryogenesis via leptogenesis [16,17]. The
relevance of the group theory ofG(224)=SO(10) symmetry for the 4D theory is further
suggested by the success of the predictions of the masses and the mixings of all fermions
including neutrinos; these includem0

b � m0
τ , m(ντ

Dirac) � mt(MX), and the smallness of
Vcb� 0:04 correlated with the largeness of sin2 2θ osc

νµ ντ
� 1 (seex5).

In contrast to this conventional approach based on a presumed string-unifiedG(224)
or anSO(10) symmetry, there are several alternative approaches (scenarios) which have
been proposed in the literature in recent years. Of importance is the fact that in many
of these alternatives an attempt is made to strongly suppress proton decay, in some cases
exclusively thed = 5 operators (though not necessarily thed = 6), invariably utilizing a
higher-dimensional mechanism. Each of these alternatives is interesting in its own right.
However, it seems to me that the collection of successes mentioned is not (yet) realized
within these alternatives. For comparison, I mention briefly only a few, leaving out many
interesting variants.

One class of alternatives is based on the idea of large extra dimensions [36,38], or a
low string scale of order 1 TeV [37]. Though most intriguing, it does not seem to pro-
vide simple explanations for (a) coupling unification, (b) neutrino masses (or their (mass)2

differences) of the observed magnitudes [69a], (c) a large (or maximal)ν µ–ντ oscillation
angle, and (d) baryogenesis via leptogenesis that seems to require violation of B–L at high
temperatures. Within this scenario, quantum-gravity induced proton decay would ordinar-
ily be extra rapid. This is prevented, for example, by assuming that quarks and leptons live
in different positions in the extra dimension. It appears to me that this idea (introduced just
to prevent proton decay) however, sacrifices the simple reason for the co-existence quarks
and leptons that is provided by a gauge unification of matter within a family as inG(224)
or SO(10).
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There is an alternative class of attempts, carried out again in the context of higher-
dimensional theories, which, in contrast to the case mentioned above, assume that the
extra dimensions (d > 4) are all small, lying between (or around) the conventional GUT
and string scales. The approach of this class of attempts is rather close in spirit to that of the
conventional approach of grand unification pursued here (seex3). As may be seen from the
discussions below, they could essentially coincide with the string-unifiedG(224) picture
presented here if the effective symmetry in 4D, below the string (or compactification) scale,
contains at least theG(224) symmetry.

Motivated by the original attempts carried out in the context of string theory [71] most
of the recent attempts in the class mentioned already are made in the spirit of a bottom-
up approach [71a] to physics near the GUT and the string scales. They assume, follow-
ing the spirit of the results of ref. [71], and of analogous results obtained for the free
fermionic formulation of string theory [72] (for applications based on this formulation,
see e.g., refs [30,31,73,74]), that grand unification occurs, through symmetries likeE 6,
SO(10) or SU(5), only in some higher dimension (d > 4), and that the breaking of the
unification gauge symmetry to some lower symmetry containing the standard model gauge
group as well as doublet–triplet splitting occurs in the process of compactification. More
specifically the latter two phenomena take place through either (a) Wilson lines [71], (b)
orbifolds [75] (for an incomplete list of recent attempts based on orbifold compactification,
see e.g., refs [76–80,82–85]), (c) essentially equivalently by a set of boundary conditions
together with the associated GSO projections for the free fermionic formulation (see e.g.,
[30,31,73,74]), or (d) discrete symmetries operating in higher dimensions [86].

Most of these attempts end up not only in achieving (a) doublet–triplet splitting by pro-
jecting out the relevant color triplets from the zero mode-spectrum in 4D and (b) gauge
symmetry breaking, as mentioned above, but also (c) suppressing strongly or eliminating
thed = 5 proton decay operators. It should be mentioned, however, that in some of these
attempts (see e.g., [77]), the mass of theX gauge boson is suggested to be lower than the
conventional GUT scale of 2�1016 GeV by about a factor of 3 to 8; correspondingly they
raise the prospect for observing thed = 6 gauge boson mediatede+π0 mode, which is
allowed in [77].

One crucial distinction between the various cases is provided by the nature of the effec-
tive gauge symmetry that is realized in 4D, below the string (or compactification) scale.
References [76–78,80–82] assume a supersymmetricSU(5) gauge symmetry in 5D, which
is broken down to the standard model gauge symmetry in 4D through compactification.
References [83] and [84], on the other hand, assume a supersymmetricSO(10) gauge
symmetry in 6D and show (interestingly enough) that there are two 5D subspaces con-
taining G(224) and SU(5)�U(1) subgroups respectively, whose intersection leads to
SU(3)�SU(2)�U(1)Y �U(1)X in 4D, which contains B–L. (An alternative construc-
tion usingSO(10) in 5D leads just to the standard model gauge group in 4D [85].) While
it is desirable to have B–L in 4D, consistent breaking ofU(1)X (or B–L) and generating
desired masses of the right-handed neutrinos, not to mention the masses and the mixings
of the other fermions, is not yet realized in these constructions.

For comparison, it seems to me that at the very least B–L should emerge as a generator
in 4D to implement baryogenesis via leptogenesis, and also to protect RH neutrinos from
acquiring a string-scale mass. This feature is not available in models which start with
SU(5) in 5D. Furthermore, the fullSU(4) color symmetry, which of course contains B–L,
plays a crucial role in yielding not onlym0

b � m0
τ but also (a)m(ντ

Dirac) � mt(MX) that is
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needed to account form(ντ ) or rather∆m2(νµ –ντ ), in accord with observation (seex4),
and (b) the smallness ofVcb together with the near maximality of sin2 2θ osc

νµ ντ
(seex5). The

symmetrySU(2)L �SU(2)R is also most useful in that it relates the masses and mixings
of the up and the down sectors. Without such relations, we will not have the predictivity of
the framework presented inx5.

In short, as mentioned before, certain intriguing features of the masses and mixings of
all fermions including neutrinos, of the type mentioned above, as well as the need for
leptogenesis, seem to strongly suggest that the effective symmetry below the string scale
in 4D should contain minimally the symmetryG(224) [or a close relativeG(214)] and
maximallySO(10). TheG(224)=SO(10) framework developed here has turned out to be
the most predictive, in large part by virtue of its group structure and the assumption of
minimality of the Higgs system. Given that it is also most successful so far, as regards
its predictions, derivation of such a picture from an underlying theory, especially at least
that based on an effectiveG(224) symmetry [86a] in 4D leading to the pattern of Yukawa
couplings presented here remains a challenge [86b]. Pending such a derivation, however,
given the empirical support it has received so far, it makes sense to test the supersymmetric
G(224)=SO(10) framework, and thereby theconventional picture of grand unificationon
which it rests, thoroughly. There are two notable missing pieces of this picture. One
is supersymmetry which will be probed at the LHC and a future NLC. The other, that
constitutes the hallmark of grand unification, is proton decay. The results of this section on
proton decay are summarized inx6.8.

6.8Section summary

Given the importance of proton decay, a systematic study of this process has been carried
out within the supersymmetricSO(10)=G(224) framework [95a], with special attention
paid to its dependence on fermion masses and threshold effects. A representative set of
results corresponding to different choices of parameters is presented in tables 1 and 2.
Allowing for the ESSM variant, the study strongly suggests that an upper limit on proton
lifetime is given by

τproton� (1=3–2)�1034 years; (57)

with νK+ being the dominant decay mode, and quite possiblyµ +K0 and e+π0 being
prominent. Although there are uncertainties in the matrix element, in the SUSY spectrum,
in the phase-dependent factor, tanβ and in certain sensitive elements of the fermion mass
matrix, notablyε 0 (see eq. (48) for predictions in cases I vs. II), this upper limit is obtained,
for the case of MSSM embedded inSO(10), by allowing for a generous range in these
parameters and stretching all of them in the same direction so as to extend proton lifetime.
In this sense, while the predicted lifetime spans a wide range, the upper limit quoted above,
in fact more like 1033 years, is most conservative, for the case of MSSM (see eq. (48) and
table 1). It is thus tightly constrained already by the empirical lower limit onΓ�1(νK+)
of 1:9�1033 years to the point of being disfavored. For the case of ESSM embedded in
SO(10), the standardd = 5 operators are suppressed compared to the case of MSSM. As
a result, by themselves they can naturally lead to lifetimes in the range of (1–10)�1033

years, for nearly central values of the parameters pertaining to the SUSY spectrum and the

324 Pramana – J. Phys.,Vol. 60, No. 2, February 2003



Probing grand unification

matrix element (see eq. (50) and table 1). Including the contribution of the newd = 5
operators, and allowing for a wide variation of the parameters mentioned above, one finds
that the range of(1033� 2� 1034) years for proton lifetime is not only very plausible
but it also provides a rather conservative upper limit, for the case of ESSM embedded in
eitherSO(10) or G(224) (seex6.5 and table 2). Thus our study provides a clear reason to
expect that the discovery of proton decay should be imminent for the case of ESSM, and
even more so for that of MSSM. The implication of this prediction for a next-generation
detector is emphasized inx7.

7. Concluding remarks

The preceding sections show that, but for two missing pieces – supersymmetry and proton
decay – the evidence in support of grand unification is now strong. It includes: (i) the
observed family-structure, (ii) quantization of electric charge, (iii) the meeting of the gauge
couplings, (iv) neutrino oscillations as observed at SuperK, (v) the intricate pattern of the
masses and mixings of all fermions, including the neutrinos, and (vi) the need for B–L
as a generator, to implement baryogenesis. Taken together, these not only favor grand
unification but in fact select out a particular route to such unification, based on the ideas of
supersymmetry,SU(4) color and left–right symmetry. Thus they point to the relevance of
an effective string-unifiedG(224) or SO(10) symmetry in four dimensions, as discussed in
xx3 and 4.

Based on a systematic study of proton decay within the supersymmetricSO(10)=G(224)
framework, that (a) allows for the possibilities of both MSSM and ESSM, and (b) incorpo-
rates the improved values of the matrix element and renormalization effects, I have argued
that a conservative upper limit on the proton lifetime is about (1/3–2)�1034 years.

So, unless the fitting of all the pieces listed above is a mere coincidence, it is hard to
believe that that is the case, discovery of proton decay should be around the corner. In
particular, as mentioned in the Introduction, one expects that candidate events should very
likely be observed in the near future already at SuperK, if its operation is restored. How-
ever, allowing for the possibility that proton lifetime may well be near the upper limit stated
above, a next-generation detector providing a net gain in sensitivity by a factor five to ten,
compared to SuperK, would be needed to produce real events and distinguish them unam-
biguously from the background. Such an improved detector would of course be essential to
study the branching ratios of certain crucial though (possibly) sub-dominant decay modes
such as theµ+K0 ande+π0 as mentioned inx6.6.

The reason for pleading for such improved searches is that proton decay would provide
us with a wealth of knowledge about physics at truly short distances (< 10�30 cm), which
cannot be gained by any other means. Specifically, the observation of proton decay, at a rate
suggested above, withνK+ mode being dominant, would not only reveal the underlying
unity of quarks and leptons but also the relevance of supersymmetry. It would also confirm
a unification of the fundamental forces at a scale of order 2� 1016 GeV. Furthermore,
prominence of theµ+K0 mode, if seen, would have even deeper significance, in that in
addition to supporting the three features mentioned, it would also reveal the link between
neutrino masses and proton decay, as discussed inx6. In this sense, the role of proton decay
in probing into physics at the most fundamental level is unique. In view of how valuable
such a probe would be and the fact that the predicted upper limit on the proton lifetime is
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at most a factor of three to ten higher than the empirical lower limit, the argument in favor
of building an improved detector seems compelling.

To conclude, the discovery of proton decay would undoubtedly constitute a landmark
in the history of physics. It would provide the last, missing piece of gauge unification
and would shed light on how such a unification may be extended to include gravity in the
context of a deeper theory.

Acknowledgments

I would like to thank Kaladi S Babu and Frank Wilczek for a most enjoyable collaboration
on topics covered in this paper. Discussions with Kaladi S Babu in updating the results
of the previous study have been most helpful [97a]. Correspondence with Michael Dine
and Edward Witten on issues pertaining to the questions of unification and proton decay
have been beneficial. I am grateful to K Turznyski for communicating the details of his
results on renormalization effects. The research presented here is supported in part by DOE
grant no. DE-FG02-96ER-41015 and by the Department of Energy under contract number
DE-AC03-76SF00515.

Appendix: A natural doublet–triplet splitting mechanism in SSOO(10)

In supersymmetricSO(10), a natural doublet–triplet splitting can be achieved by coupling
the adjoint Higgs45H to a 10H and a100H, with 45H acquiring a unification-scale VEV
in the B–L direction [96,97]:h45Hi = (a;a;a;0;0)� τ2 with a� MU . As discussed in
x5, to generate CKM mixing for fermions we require(16H)d to acquire a VEV of the
electroweak scale. To ensure accurate gauge coupling unification, the effective low energy
theory should not contain split multiplets beyond those of MSSM. Thus the MSSM Higgs
doublets must be linear combinations of theSU(2)L doublets in10H and16H. A simple set
of superpotential terms that ensures this and incorporates doublet–triplet splitting is [14]:

WH = λ 10H 45H 100H + M10100H
2
+ λ 016H 16H 10H + M1616H16H : (A.1)

A complete superpotential for45H, 16H, 16H, 10H, 100H and possibly other fields, which
ensure that (a)45H, 16H and16H acquire unification scale VEVs withh45Hi being along the
(B–L) direction; (b) that exactly two Higgs doublets(Hu;Hd) remain light, withHd being a
linear combination of(10H)d and(16H)d; and (c) there are no unwanted pseudoGoldstone
bosons, can be constructed. Withh45Hi in the B–L direction, it does not contribute to the
Higgs doublet mass matrix, so one pair of Higgs doublet remains light, while all triplets
acquire unification scale masses. The light MSSM Higgs doublets are [14]

Hu = 10u; Hd = cosγ 10d + sinγ 16d ; (A.2)

with tanγ � λ 0h16Hi=M16. Consequently,h10id = (cosγ)vd, h16di = (sinγ)vd, with
hHdi = vd andh16di andh10di denoting the electroweak VEVs of those multiplets. Note

thatHu is purely in10H and that


10d

�2
+


16d

�2
= v2

d. This mechanism of doublet–triplet
(DT) splitting is the simplest for the minimal Higgs systems. It has the advantage that it
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meets the requirements of both DT splitting and CKM-mixing. In turn, it has three special
consequences:

(i) It modifies the familiar SO(10) relation tanβ � vu=vd = mt=mb� 60 to [97a]:

tanβ
cosγ

�
mt

mb
� 60: (A.3)

As a result, even low to moderate values of tanβ � 3–10 (say) are perfectly allowed in
SO(10) (corresponding to cosγ � 1=20 to 1=6).

(ii) The most important consequence of the DT splitting mechanism outlined above is
this: In contrast toSU(5), for which the strengths of the standardd = 5 operators are
proportional to(MHC

)�1 (whereMHC
� few �1016 GeV [see eq. (44)], for theSO(10)

model, they become proportional toM�1
eff , whereMeff = (λa)2=M100 �M2

X=M100 . As noted
in ref. [14],M100 can be naturally smaller (due to flavor symmetries) thanMX and thusMeff
correspondingly larger thanMX by even one to three orders of magnitude. Now the proton
decay amplitudes forSO(10) in fact possess an intrinsic enhancement compared to those
for SU(5), owing primarily due to differences in their Yukawa couplings for the up sector
(see Appendix C in ref. [14]). As a result, these larger values ofMeff � (1018–1019) GeV
are in fact needed for theSO(10) model to be compatible with the observed limit on the
proton lifetime. At the same time, being bounded above by considerations of threshold
effects (see below), they allow optimism as regards future observation of proton decay.

(iii) Meff gets bounded above by considerations of coupling unification and GUT-scale
threshold effects as follows. Let us recall that in the absence of unification-scale thresh-
old and Planck-scale effects, the MSSM value ofα3(mZ) in theMS scheme, obtained by
assuming gauge coupling unification, is given byα3(mZ)

Æ

MSSM = 0:125�0:13 [7]. This is
about 5 to 8%higherthan the observed value:α3(mZ) = 0:118�0:003 [13]. Now, assum-
ing coupling unification, the net (observed) value ofα 3, for the case of MSSM embedded
in SU(5) or SO(10), is given by

α3(mZ)net= α3(mZ)
Æ

MSSM+∆α3(mZ)
MSSM
DT +∆03 (A.4)

where ∆α3(mZ)DT and ∆03 represent GUT-scale threshold corrections respectively due
to doublet–triplet splitting and the splittings in the other multiplets (like the gauge
and the Higgs multiplets), all of which are evaluated atmZ. Now, owing to mix-
ing between10d and 16d [see eq. (A.2)], one finds that∆α3(mZ)DT is given by
[α3(mZ)

2=2π ](9=7) ln(Meff cosγ=MX) [14].
As mentioned above, constraint from proton lifetime sets a lower limit onM eff given by

Meff > (1–6)�1018 GeV. Thus, even for small tanβ � 2 (i.e. cosγ � tan(β=60)� 1=30),
∆α3(mZ)DT is positive; and it increases logarithmically withMeff. Sinceα3(mZ)

Æ

MSSM is
higher thanα3(mZ)obs, and as we saw,∆α3(mZ)DT is positive, it follows that the corrections
due toother multiplets denoted byδ 0

3 = ∆03=α3(mZ) should be appropriately negative so
thatα3(mZ)net would agree with the observed value.

In order that coupling unification may be regarded as a natural prediction of SUSY uni-
fication, as opposed to being a mere coincidence, it is important that the magnitude of the
net other threshold corrections, denoted byδ 0

3, be negative but not any more than about 8
to 10% in magnitude (i.e.�δ 0

3 � (8–10)%). It was shown in ref. [14] that the contribu-
tions from the gauge and the minimal set of Higgs multiplets (i.e.45H;16H;16H and10H)
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leads to threshold correction, denoted byδ 0

3, which has in fact a negative sign and quite
naturally a magnitude of 4 to 8%, as needed to account for the observed coupling unifica-
tion. The correction toα3(mZ) due to Planck scale physics through the effective operator
FµνFµν45H=M does not alter the estimate ofδ 0

3 because it vanishes due to antisymmetry
in theSO(10) contraction.

Imposing thatδ 0

3 (evaluated atmZ) be negative and not any more than about 10–11% in
magnitude in turn provides a restriction on how big the correction due to doublet–triplet
splitting – i.e.,∆α3(mZ)DT̄ – can be. That in turn sets an upper limit onMeff cosγ , and
thereby onMeff for a given tanβ . For instance, for MSSM, with tanβ = (2;3;8), one
obtains (see ref. [14]):Meff � (4;2:66;1)�1018 GeV. Thus, conservatively, taking tanβ �
3, one obtains

Meff . 2:7�1018 GeV (MSSM) (tanβ � 3) : (A.5)

Limit on Meff for the case of ESSM

Next consider the restriction onMeff that would arise for the case of the extended super-
symmetric standard model (ESSM), which introduces an extra pair of vector-like families
(16+ 1̄6) of SO(10)) at the TeV scale [21] (see also [57a]). In this case,α unif is raised
to 0.25 to 0.3, compared to 0.04 in MSSM. Owing to increased two-loop effects the scale
of unificationMX is raised to (1/20–2)�1017 GeV, whileα3(mZ)

Æ

ESSM is lowered to about
0.112–0.118 [21,68].

With raisedMX, the productMeff cosγ �Meff(tanβ )=60 can be higher by almost a fac-
tor of five compared to that for MSSM, without altering∆α 3(mZ)DT. Furthermore, since
α3(mZ)

Æ

MSSM is typically lower than the observed value ofα3(mZ) (contrast this with the
case of ESSM), for ESSM,Meff can be higher than that for MSSM by as much as a factor
of 2 to 3, without requiring an enhancement ofδ 0

3. The net result is that for ESSM embed-
ded inSO(10), tanβ can span a wide range from 3 to even 30 (say) and simultaneously the
upper limit onMeff can vary over the range (60 to 6)�1018 GeV, satisfying

Meff . (6�1018 GeV)(30= tanβ ) (ESSM); (A.6)

with the unification-scale threshold corrections from ‘other’ sources denoted byδ 0

3 =
∆03=α3(mZ) being negative, but no more than about 5% in magnitude. As noted above,
such values ofδ 0

3 emerge quite naturally for the minimal Higgs system. Thus, one im-
portant consequence of ESSM is that by allowing for larger values ofM eff (compared to
MSSM), without entailing larger values ofδ 0

3, it can be perfectly compatible with the limit
on proton lifetime for almostcentral valuesof the parameters pertaining to the SUSY spec-
trum and the relevant matrix elements [see eq. (40)]. Further, larger values of tanβ (10–30,
say) can be compatible with proton lifetime only for the case of ESSM, but not for MSSM.
These features are discussed in the text, and also exhibited in table 2.
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Table 2. Values of proton lifetime(Γ�1(p! ν̄K+)) for a wide range of parameters.

Parameters MSSM! SO(10) ESSM! SO(10)
(spectrum/matrix Std.d = 5 Std.d = 5

(
MSSM

or
ESSM

)
! G(224)/SO(10)

element) Intermed.ε 0 and phase† Intermed.ε 0 and phase† Newd = 5††

tanβ = 3 tanβ = 10 tanβ = 5 tanβ = 10 Independent of tanβ

Nearly ‘central’ 0:2�1032 1.6�1030 0.25�1034 0.7�1033 0:50�1033

fCg= 2 yrs yrs yrs� yrs yrs††

Intermediate 0.7�1032 0.6�1031 1�1034 2.8�1033 2�1033

fCg= 8 yrs yrs yrs� yrs yrs††

Nearly extreme 0.3�1033 2.6�1031 4�1034 1.1�1034 8�1033

fCg= 32 yrs yrs yrs� yrs yrs††

�In this case, lifetime is given by the last column.
� Since we are interested in exhibiting expected proton lifetime near the upper end, we are not showing entries

in table 2 corresponding to values of the parameters for the SUSY spectrum and the matrix element [see eq. (40),
for which the curly bracketfCg appearing in eqs (47), (49), (52)] would be less than one (see however table 1). In
this context, we have chosen here ‘nearly central’, ‘intermediate’ and ‘nearly extreme’ values of the parameters
such that the said curly bracket is given by 2, 8 and 32 respectively, instead of its extreme upper-end value of
64. For instance, the curly bracket would be 2 ifβH = (0:0117) GeV3, mq̃ � 1:2 TeV andm

W̃
=mq̃ � (1=7:2),

while it would be 8 ifβH = 0:010 GeV3, mq̃ � 1:44 TeV andm
W̃
=mq̃ � 1=10; and it would be 32 if, for example,

βH = 0:007 GeV3, mq̃ �
p

2(1:2 TeV) andm
W̃
=mq̃ � 1=12.

† All the entries for the standardd = 5 operators correspond to taking an intermediate value ofε0 � (1–
1:4)� 10�4 [as opposed to the extreme values of 2� 10�4 and zero for cases I and II, see eq. (34)] and an
intermediate phase-dependent factor such that the uncertainty factor in the square bracket appearing in eqs (47)
and (49) is given by 5, instead of its extreme values of 2�4= 8 and 2:5�4= 10, respectively.

†† For the new operators, the factor [8–1/64] appearing in eq. (52) is taken to be 6, andK�2, defined inx6.1,
is taken to be 25, which are quite plausible, in so far as we wish to obtain reasonable values for proton lifetime at
the upper end.
� The standardd = 5 operators for both MSSM and ESSM are evaluated by taking the upper limit onMeff

(defined in the text) that is allowed by the requirement of natural coupling unification. This requirement restricts
threshold corrections and thereby sets an upper limit onMeff, for a given tanβ (seex6 and Appendix).
� For all cases, the standard and the newd = 5 operators must be combined to obtain the net amplitude. For

the three cases of ESSM marked with an asterisk, and other similar cases which arise for low tanβ � 3 to 6 (say),
the standardd = 5 operators by themselves would lead to proton lifetimes typically exceeding(0:25–4)�1034

years. For these cases, however, the contribution from the newd = 5 operators would dominate, which quite
naturally lead to lifetimes in the range of(1033–1034

) years (see last column of table 2).
� As shown above, the case of MSSM embedded inSO(10) is tightly constrained to the point of being disfa-

vored by present empirical lower limit on proton lifetime [eq. (42)] [see discussion following eq. (48)].
� Including contributions from the standard and the new operators, the case of ESSM, embedded in either

G(224) or SO(10), is, however, fully consistent with present limits on proton lifetime for a wide range of param-
eters; at the same time it provides optimism that proton decay will be discovered in the near future, with a lifetime
� 1034 years.
� The lower limits on proton lifetime are not exhibited. In the presence of the new operators, these can typically

be as low as about 1029 years (even for the case of ESSM embedded inSO(10)). Such limits and even higher are
of course long excluded by experiments.
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