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Abstract

We investigate predictions of a minimal realistic non-supersymmetricSU(5) grand unified theory
To accomplish unification and generate neutrino mass we introduce one extra Higgs represen
a 15 of SU(5)—to the particle content of the minimal Georgi–Glashow scenario. Generic pred
of this setup is a set of rather light scalar leptoquarks. In the case of the most natural imp
tation of the type II see-saw mechanism their mass is in the phenomenologically interesting
(O(102–103) GeV). As such, our scenario has a potential to be tested at the next generation
lider experiments, particularly at the Large Hadron Collider (LHC) at CERN. The presence of15
generates additional contributions to proton decay which, for light scalar leptoquarks, can b
important than the usual gauged = 6 ones. We exhaustively study both and show that the scena
not excluded by current experimental bounds on nucleon lifetimes.
 2005 Elsevier B.V. All rights reserved.

1. Introduction

The most predictive grand unified theory (GUT) based on anSU(5) gauge symmetry
is a minimal non-supersymmetric model of Georgi and Glashow[1] (GG). However, the
failure to accommodate experimentally observed fermion masses and mixing and to
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electroweak and strong forces decisively rule it out. Nevertheless, the main features
underlying theory, e.g., partial matter unification and one-step symmetry breaking,
appealing that there has been a number of proposals to enlarge its structure by addi
representations to have the theory in agreement with experimental data. Since the
of possible extensions is large it is important to answer the following question. W
the minimal number of extra particles that renders anSU(5) gauge theory realistic? Suc
an extension of the GG model with the smallest possible number of extra particle
furnish full SU(5) representation(s) has all prerequisites to be the most predictive
Thus, if there is a definite answer to the first question it is important to ask the s
one: what are the possible experimental signatures and associated uncertainties o
minimal setup? If uncertainties of the minimal extension are significant the same is
more true of a more complicated structure unless additional assumptions are impos
address both questions in great detail and present truly minimal, i.e., minimal in ter
number of fields, realistic non-supersymmetricSU(5) scenario.

As we demonstrate later, unification, in the minimal scenario, points towards exis
of light scalar leptoquarks which could generate very rich phenomenological signa
These are looked for in the direct search experiments as well as in the experiments
for rare processes. Their presence generates novel proton decay contributions wh
be very important. Moreover, since in our scheme their coupling to matter is throug
Majorana neutrino Yukawas, their observation might even allow measurements of
provide constraints on neutrino Yukawa coupling entries. This makes our scenar
tremely attractive. At the same time, rather low scale of vector leptoquarks that is inh
in non-supersymmetric theories exposes our scenario to the tests via nucleon lifetim
surements. We investigate all relevant experimental signatures of the scenario, inc
its status with respect to the present bounds on nucleon lifetime.

In the next section we define our framework. In Section3 we discuss how it is pos
sible to get gauge couplings unification in agreement with low energy data. The
Section4 we discuss possible experimental signatures of the minimal scenario. We
clude in Section5. Appendix A contains relevant details and notation of the minim
non-supersymmetric realisticSU(5) we refer to throughout the manuscript. The origin
theoretical bounds on the familiar gauged = 6 proton decay operators is critically an
lyzed in Appendix B. Appendix Ccontains details on the two-loop running of the gau
couplings that is presented for completeness of our work.

2. A minimal realistic non-supersymmetric SU(5) scenario

In order to motivate the minimalSU(5) grand unifying theory (GUT), where we d
fine such a theory to be the one with the smallest possible particle content that r
it realistic, we first revisit the GG model[1] and discuss its shortcomings. Only then
we present the minimal realistic scenario and investigate its experimental signatur
related uncertainties.

The GG model fails from the phenomenological point of view for a number of reas
(1) It does not incorporate massive neutrinos;
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(2) It yields charged fermion mass ratios in gross violation of experimentally obs
values;

(3) It cannot account for the gauge coupling unification. (For one of the first ruling
(non-)unification see for example Ref.[2].)

The first flaw is easy to fix; one either introduces three right-handed neutrinos—si
of the Standard Model (SM)—to use a type I see-saw mechanism[3] to generate thei
mass or adds a Higgs field—a15 of SU(5)—to generate neutrino mass through the
called type II see-saw[4,5]. One might also use the combination of the two. The fou
option to use the Planck mass suppressed higher-dimensional operators[6,7] does not look
promising since it generates too small scale for neutrino mass to explain the atmos
and solar neutrino data. Nevertheless, it might still play an important role[8]. We focus our
attention on the second option, i.e., addition of15, in view of the fact that the right-hande
neutrinos, being singlets of the SM, do not contribute to the running. Hence, their
scale cannot be sufficiently well determined or constrained unless additional assum
are introduced.

The second flaw can be fixed by either introducing the higher-dimensional opera
the Yukawa sector[9] or resorting to a more complicated Higgs sector à la Georgi and
skog[10]. The former approach introduces a lot more parameters into the model (s
example[11]) but unlike in the neutrino case these operators might have just a right str
to modify “bad” mass predictions for the charged fermions. In order to keep as minim
possible the number of particles we opt for the scenario with the non-renormalizable

The third flaw requires presence of additional non-trivial split representations be
those of the GGSU(5) model. It can thus be fixed in conjunction with the first and sec
one. For example, introduction of an extra45 of Higgs to fix mass ratios of charged ferm
ons à la Georgi and Jarlskog[10] allows one to achieve unification and, at the same ti
raise the scale relevant for proton decay. (For the studies on the influence of an extr45 on
the running and other predictions see for example[12,13].) We will see that the addition o
one extra15 of Higgs plays a crucial role in achieving the unification in our case.

So, what we have in mind as the minimal realisticSU(5) model is the GG mode
supplemented by the15 of Higgs to generate neutrino mass and which incorporates
renormalizable effects to fix the Yukawa sector of charged fermions. We analyze
sively non-supersymmetric scenario for the following three reasons: first, this guar
the minimality of the number of fields; second, there are no problems with thed = 4 and
d = 5 proton decay operators; third, since the grand unifying scale is lower than in s
symmetric scenario the setup could possibly be verified or excluded in the next gen
of proton decay experiments.

3. Unification of gauge couplings

The main prediction, besides the proton decay, of any GUT is the unification o
strong and electroweak forces. We thus show that it is possible to achieve gauge co

unification in a consistent way in our scenario.
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At the one-loop level the running of gauge couplings is given by

(1)α−1
i

∣∣
MZ

= α−1
GUT + 1

2π
bi ln

MGUT

MZ

,

wherei = 1,2,3 for U(1), SU(2), andSU(3), respectively.bi are the appropriate one-loo
coefficients[14] and αGUT = g2

GUT/(4π) represents the gauge coupling at the unify
scaleMGUT. The SM coefficients for the case ofn light Higgs doublet fields are

(2)b1 = 40

10
+ n

10
, b2 = −20

6
+ n

6
, b3 = −7.

Even though the SM coefficients do not generate unification in both then = 1 andn = 2
case for any value ofαGUT andMGUT that is not an issue since the SM does not pre
the gauge coupling unification in the first place. On the other hand, a GUT, which
predict one, automatically introduces a number of additional particles with respect
SM case that, if light enough, can change the outcome of the SM running. This cha
easily incorporated if one replacesbi in Eq. (1) with the effective one-loop coefficientsBi

defined by

(3)Bi = bi +
∑
I

biI rI , rI = lnMGUT/MI

lnMGUT/MZ

,

wherebiI are the one-loop coefficients of any additional particleI of massMI (MZ �
MI � MGUT). Basically, given a particle content of the GUT and Eqs.(1) and (3)we can
investigate if the unification is possible.

Following Giveon et al.[13], Eqs.(1) can be further rewritten in a more suitable form
terms of differences in the effective coefficientsBij (= Bi − Bj ) and low energy observ
ables. They find two relations that hold atMZ :

(4a)
B23

B12
= 5

8

sin2 θw − αem/αs

3/8− sin2 θw

,

(4b)ln
MGUT

MZ

= 16π

5αem

3/8− sin2 θw

B12
.

Adopting the following experimental values atMZ in the MS scheme[15]: sin2 θw =
0.23120± 0.00015,α−1

em = 127.906± 0.019 andαs = 0.1187± 0.002, we obtain

(5a)
B23

B12
= 0.719± 0.005,

(5b)ln
MGUT

MZ

= 184.9± 0.2

B12
.

Last two equations allow us to constrain the mass spectrum of additional particle
leads to an exact unification atMGUT. (In what follows we consistently use central valu
presented in Eqs.(5) unless specified otherwise. The inclusion of the two-loop effects
threshold corrections is addressed in detail inAppendix C.)

The fact that the SM with one (two) Higgs doublet(s) cannot yield unification is

more transparent in light of Eq.(5a). Namely, the resulting SM ratio is simply too small
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Table 1
Contributions to theBij coefficients. The mass of the SM Higgs doublet is taken to be atMZ

Higgsless SM ΨD ΨT V Σ8 Σ3 Φa Φb Φc

B23
11
3

1
6 − 1

6rΨT
− 7

2rV − 1
2rΣ8

1
3rΣ3

2
3rΦa

1
6rΦb

− 5
6rΦc

B12
22
3 − 1

15
1
15rΨT

−7rV 0 − 1
3rΣ3 − 1

15rΦa − 7
15rΦb

8
15rΦc

(B23/B12 = 0.53 for n = 1) to satisfy equality in Eq.(5a). What is needed is one or mo
particles that are relatively light and with suitablebi coefficients that can increase the va
of theB23/B12 ratio. The most efficient enhancement is realized by a field that incre
B23 and decreasesB12 simultaneously. For example, light Higgs doublet is such a fi
(see theΨD (⊂ 5H ) coefficients inTable 1) and it takes at least eight of them, at the o
loop level, to bringB23/B12 in accord with experiments. Other fields that could gene
the same type of improvement in our scenario are lightΣ3 (⊂ 24H ), Φa (⊂ 15H ) andΦb

(⊂ 15H ). Bij coefficients of all the particles in our scenario are presented inTable 1and
the relevant notation is set inAppendix A.

The improvement can also be due to the field that lowersB12 only or lowersB12 at
sufficiently faster rate thanB23. Looking atTable 1we see that the superheavy gau
fields V comprisingX andY gauge bosons and their conjugate partners can accom
the latter. (Note that the gauge contribution improves unification at the one-loop leve
if n �= 0 and the improvement grows with the increase ofn [13,16]. This is because th
B23/B12 ratio of the higgsless SM coefficients is the same as for the corresponding
of V coefficients.) But, their contribution to running has to be subdominant; otherwis
runs into conflict with the experimental data on nucleon lifetimes.

All in all, the fields capable of improving unification in our minimalSU(5) grand uni-
fied scenario areΨD , Σ3, Φa , Φb andV . Again, we refer reader toAppendix A for our
notation. We treat their masses as free parameters and investigate the possibility for
tent scenario with the exact one-loop unification. Since all other fields in the Higgs s
i.e.,ΨT , Σ8 andΦc, simply worsen unification we simply assume they live at or above
grandunifying scale.

In order to present consistent analysis we now discuss the constraints coming
proton decay onBij coefficients. These enter via Eq.(5b) and assumption thatMV =
MGUT. As we show these constraints are rather weak if the gauged = 6 contributions are
dominant as is usually assumed in non-supersymmetric GUTs[17]. For example, if we
use the latest bounds on nucleon decay lifetimes we obtain, in the context of anSU(5)

non-supersymmetric GUT, in the case of maximal (minimal) suppression in the Yu
sector[19] MV > 2.5 × 1013 GeV (MV > 1.5 × 1015 GeV). (The minimal suppressio
case corresponds to the GG scenario withYU = YT

U andYD = YT
E , whereYU , YD andYE

are the Yukawa matrices of charged fermions. Non-renormalizable contributions v
both of those relations. The same is also true for the running in the Yukawa secto
the GUT scale where those relations hold to the scale relevant for the Yukawa cou
entering nucleon decay. On the other hand, maximal suppression corresponds to a c
particular relation between unitary matrices responsible for bi-unitary transformatio
the Yukawa sector[19] that define physical basis for quarks and leptons.) In both case

useα−1

GUT = 35 and the best limit on partial lifetime which is established forp → π0e+



58 I. Dorsner, P. Fileviez Pérez / Nuclear Physics B 723 (2005) 53–76

ssed
vidual

er-

power
i un-
itude

o

o, all

or;
any
gain,
nt must
ons.)
cy in
as heavy

aryon
e
all
. This
red
be

t

e that

h yield
p

ss SM
ts are
decay channel (τ > 5.0 × 1033 years). This gives conservative bound for the suppre
case since it is always possible to rotate away proton decay contributions for indi
channels[19].

The uncertainty in extracting the limits onMV from experimental data is easy to und
stand. Namely, even though the nucleon lifetime is proportional toM4

V , which would make
extraction rather accurate and precise, the lifetime is also proportional to the fourth
of a term which is basically a sum of entries of unitary matrices which are a prior
known unless the Yukawa sector of the GUT theory is specified and which, in magn
(see Eqs.(B.2)), can basically vary fromVub to 1 [18,19]. (For full discussion see als
Appendix B.) If we now adopt theMGUT ≡ MV assumption and use Eq.(5b) the above
limits translate intoB12 < 7.0 (B12 < 6.1) for the suppressed (unsuppressed) case. S
SU(5) GUTs withB12 > 7.0 are excluded by the usual gauged = 6 contributions to proton
decay. The theories with 6.1< B12 < 7.0 require “special” structure of the Yukawa sect
the closer theB12 to the upper limit is the more “special” structure is needed. Finally,
SU(5) GUT with B12 < 6.1 has not yet been probed by proton decay experiments. (A
this is all based on the one-loop analysis. Any more accurate and precise stateme
be based on the two-loop treatment with a proper inclusion of the threshold correcti

In order to avoid problems with proton decay without requiring too much conspira
the Yukawa sector we pursue the solutions where the superheavy gauge bosons are
as possible. So, how heavy can they be given the particle content of theSU(5) scenario with
an extra15 of Higgs? In order to answer that we first naively set masses ofΣ3, Φa andΦb

toMZ . This in turn yields the lowest possible value ofB12 to be 6.4 (6.33) forn = 1 (n = 2)
which translates via Eq.(5b)into MGUT = 3.2×1014 GeV (MGUT = 4.4×1014 GeV). (We
includen = 2 case in our considerations since it might be relevant in addressing b
asymmetry of the Universe.) In this naive estimateMV is either equal to or slightly abov
MGUT. From the previous discussion on theMV limits we see that there is a need for sm
suppression in Yukawa sector in order to satisfy experimental limits on proton decay
suppression, as we show later, amounts to a 1/5 of the unsuppressed case. When compa
to the available suppression (∼ 1/Vub) it comes out to be around 2%, which can easily
accomplished.

Note, however, that in order to have exact unification crucial thing is to satisfy Eq.(5a).
Thus, it is better to ask for which mass spectrum that satisfies Eq.(5a)we obtain the highes
possible value forMV or equivalently the smallest possible value forB12. As it turns out
the answer to this question is unique within our scenario. To show that we first assum
the relevant degrees of freedom that improve the running, i.e.,Σ3, Φa andΦb, contribute
in pairs, e.g., a degenerate pair(Σ3,Φa) is light andΦb is at MGUT, and treat only the
n = 2 case. With those constraints we generate three possible combinations whic
results summarized inTable 2. (We address both then = 1 andn = 2 case at the two-loo
level inAppendix C.)

• The (Σ3,Φa) case withn = 2 exactly mimics then = 8 case in terms of quantum
numbers. (Recall that it takes at least eight light Higgs doublets on top of the higssle
content to unify the couplings. Associated corrections to the higssless SM coefficien
�B23 = 6

6r + 2
6 and�B12 = − 6

15r − 2
15, wherer , as defined in Eq.(3), is very close to
one and we take two of the doublets to be atMZ .) The unification scale is rather low and
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Table 2
�B23 and�B12 corrections due to the degenerate pairs of fields and the associated scales for then = 2 case

(Σ3,Φa) (Σ3,Φb) (Φa,Φb)

�B23
6
6r + 2

6
3
6r + 2

6
5
6r + 2

6

�B12 − 6
15r − 2

15 − 12
15r − 2

15 − 8
15r − 2

15

MGUT 5× 1013 GeV – 9× 1013 GeV
Mr 1 TeV – 200 GeV

very close to the experimentally set limit for maximally suppressed case. LightnessΦa

goes against the idea behind the type II see-saw if one assumes that the parametec3 (see
Eqs.(A.5) and (A.11)) is at the GUT scale, but at this point the scenario isnot ruled out
experimentally.

• The(Φa,Φb) case has a slightly higher unification scale than the(Σ3,Φa) case. This
time bothΦa andΦb have mass in phenomenologically interesting region. Lightness oΦa

again requires large suppression in the Yukawa sector for neutrinos to generate corre
scale via type II see-saw. However, such a suppression would be beneficial in supp
novel contributions to proton decay due to the mixing betweenΦb andΨT .

• The (Σ3,Φb) case is the most promising. Even though it fails to unify at the o
loop level its correction toB12 is the largest of all three cases. As such, it represent
best possible candidate to maximizeMV . Moreover, theΦa contribution to the running to
produce unification for lightΣ3 andΦb is small which implies that its mass could be in t
range that is optimal for the type II see-saw for the most “natural” value ofc3 coefficient.
Again, the(Σ3,Φb) case not only maximizesMV but also placesMΦa at the right scale to
explain neutrino masses.

The three special cases discussed above all demonstrate that largeMV scale prefersΦb

light regardless of the relevant scale of other particles since it isΦb coefficients that de
creaseB12 the most. These conclusions persist in more detailed one- and two-loop st

Is there a way to tell between the three limiting cases we just discussed? The(Σ3,Φa)

case can be tested and excluded by slight improvement in the nucleon lifetime data
low energy signatures depend on how lightΦa is. One could also test and distinguish b
tween the(Σ3,Φb) and(Φa,Φb) cases since both favor lightΦb leptoquarks that can b
detected by LHC. If and when these are detected the two cases could be distinguis
the scalar leptoquark contributions to the rare processes. In the(Φa,Φb) case the suppres
sion in the neutrino Yukawa sector would selectively erase some of these contribution
in the (Σ3,Φb) case all these contributions would be sizable. Expected improveme
the table-top experiments would then be sufficient to tell the two.

Since we haveMGUT and masses ofV , Σ3, Φa andΦb as free parameters and only tw
equations—Eqs.(5a) and (5b)—we present four special cases based on certain simplif
assumptions inFigs. 1–3and discuss each case in turn. All examples we present gen
consistent unification in agreement with low energy data. (Note that the change
parameters also affects the value ofα−1

GUT. We do not present that change explicitly, whic

for the range of values we use, vary from 36 to 40. In our plots we also allowMV to be at
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Fig. 1. Plot of lines of constant value ofMV (solid lines) andMΦa (dashed lines) in theMGUT–(MΣ3 = MΦb
)

plane. The area to the left of a steep solid line denotes the region whereMV does not contribute to the runnin
i.e., MV � MGUT. To generate the plot we consider exact one-loop unification and use central values
gauge couplings as given in the text. This is a scenario with one light Higgs doublet (n = 1).

most factor of three or four lower than the GUT scale. Once we switch to two-loop an
with threshold corrections accounted for we appropriately setMV = MGUT.)

In Fig. 1we present then = 1 case when the pair(Σ3,Φb) is taken to be degenerate wi
the mass close to electroweak scale (∼ O(102) GeV). The parameterc3 has to be betwee
103 and 107 GeV to explain the neutrino mass through the type II see-saw if the Yuk
coupling for neutrinos is of order one. On the other hand, the gauge boson mass vari
slightly for a given range ofMΦb

andMΣ3 around 2.5 × 1014 GeV. Clearly, unification
itself allows MΦb

and MΣ3 to be much heavier then 1 TeV on account of decreas
MΦa but in that caseMV would be getting lighter. This, on the other hand would requ
additional conspiracy in the Yukawa sector in order to sufficiently suppress proton
to avoid the experimental limit.

The two light Higgs doublet case is presented inFig. 2. This case is well motivate
on the baryogenesis grounds. Namely, the interaction of the15 of Higgs explicitly breaks
B − L symmetry (seeAppendix A). This opens a door for possible explanation of
baryon asymmetry in the Universe within our framework. However, since the succ
generation of baryon asymmetry requires at least two higgses in the fundamental
sentation we study a consistent unification picture for that case. (See references
baryogenesis mechanisms in the context ofSU(5) model with two higgses in the fun

damental representation[20–23].) Then = 2 case has higher scale of superheavy gauge
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Fig. 2. Plot of lines of constant value ofMV (solid lines) andMΦa (dashed lines) in theMGUT–(MΣ3 = MΦb
)

plane. The area to the left of a steep solid line denotes the region whereMV does not contribute to the runnin
i.e.,MV � MGUT. This is then = 2 scenario.

Fig. 3. Plot of lines of constant value ofMV (solid lines) andMΦa = MΣ3 in GeV units (dashed lines) in th

MGUT–(MΦb

) plane. The scenario with one (two) Higgs doublet(s) corresponds to long (short) dashed lines.



62 I. Dorsner, P. Fileviez Pérez / Nuclear Physics B 723 (2005) 53–76

and
ass

ries
ain
light

is
ntal
gs
loop
f
ge in
rate
en
rect

t

a

igher-

mation
e

bilities
d

eve

s
e-level
exam-
wn

very
me-
bosons compared to then = 1 case (this does not hold at the two-loop level though)
the mass of the fieldΦa is in the region relevant for the type II see-saw. Hence, if the m
of scalar leptoquarks is in phenomenologically interesting region (∼ O(102) GeV) we can
explain neutrino masses naturally. Again, as in then = 1 case, the gauge boson mass va
very slightly, this time around 3× 1014 GeV. Given the last two examples we can ag
conclude that the exact unification in this minimal realistic scenario points towards
scalar leptoquarks.

In order to understand better these results we show two more examples inFig. 3. This
time we setΣ3 = Φa for simplicity and present bothn = 1 andn = 2 cases. This scenario
disfavored by the fact thatMV tends to be “small” but cannot be excluded on experime
grounds. It is evident from the plot thatMV does not depend on a number of light Hig
doublets andMGUT. The reason for that is very simple and is valid only at the one-
level. Namely, the ratioB23/B12 is the same forΨD coefficients (= −5/2) as for the sum o
correspondingΣ3 andΦa coefficients provided these are degenerate. Thus, any chan
the number of light doublets in Eq.(5a)is simply compensated by the change in degene
mass ofΣ3 andΦa fields for a fixed value ofΦb mass. This trend can be clearly se
in Fig. 3. The mass ofΦa is generally rather low to generate neutrino mass of cor
magnitude unless Yukawa couplings of neutrinos are extremely small.

In all our examples,Σ3 is allowed to be much lighter thanΣ8. But, this seems in conflic
with the tree-level analysis of theΣ potential that is invariant underΣ → −Σ transforma-
tion which yields a well-known relationMΣ3 = 4MΣ8 [17]. This apparent mismatch has
simple remedy.

In order to generate sufficiently large corrections to charged fermion masses via h
dimensional operators in the Yukawa sector we need terms linear inΣ/MPl. If that is the
case it is no longer possible to require that the Lagrangian is invariant under transfor
Σ → −Σ . It is then necessary to include a cubic term into theΣ potential besides th
usual quadratic and quartic ones. But, the potential with the cubic term (TrΣ3) violates
the validity of MΣ3 = 4MΣ8 relation[24–26] and allows a possibility whereΣ3 is light
while Σ8 is superheavy. We analyze this situation inAppendix A in some detail. Note
that we do not require nor insist on the lightness ofΣ3 though. InAppendix Cwe present
the two-loop analysis of the scenario whereΦa is relatively light (∼ 107 GeV) andΣ3 is
at the GUT scale. Our intention is solely to demonstrate that there are more possi
available unless additional assumptions, such asΣ → −Σ transformation, are impose
on theSU(5) theory. Note, however, that the maximization ofMV always requiresΦb to
be very light (∼ 102 GeV). In Fig. 4 we show an example where it is possible to achi
unification at the two-loop level (see details inAppendix C) for n = 1, MΦb

= 250 GeV,
MΦa = 1.54 TeV and the fieldΣ3 is at the GUT scale.

What about the possible mass spectrum ofΦa , Φb andΦc? The relevant potential i
in Appendix A. Clearly, there are more parameters than mass eigenvalues. The tre
analysis revels that it is possible to obtain any possible arrangement including, for
ple, Φb � Φa < Φc. This sort of split is quite similar to the split behind the well-kno
doublet–triplet problem.

Our framework yields rather low mass for vector leptoquarks that varies within
narrow range around 3× 1014 GeV for a most plausible scenarios. This makes the fra

work testable through nucleon decay measurements. (More precisely, large portion of the
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Fig. 4. Unification of the gauge couplings at the two-loop level for central values of low-energy observable[15].
The SM case withn = 1 is presented by dashed lines. Solid lines correspond to then = 1 scenario withΦb and
Φa below the GUT scale. Vertical lines mark the relevant scales:MZ , MΦb

= 250 GeV,MΦa = 1.54 TeV and

MGUT = 0.96× 1014 GeV.

parameter space of the setup has already been excluded by existing measuremen
cleon lifetime.) It is easy to understand this generic and robust prediction. We hav
thatMGUT can be at most 3.2 × 1014 GeV (4.4 × 1014 GeV) if we exclude theV contri-
bution from the running for then = 1 (n = 2) case. If we now start loweringMV below
MGUT we lowerB12 as well. This, on the other hand, starts to increaseMGUT but still
keepsMV at almost the same value. Basically, the “decoupling” ofMV andMGUT takes
place, where the mass ofX andY gauge bosons remains in vicinity of the value before
“decoupling” whileMGUT rapidly approaches the Planck scale. Another way to say
is that theBij coefficients of superheavy gauge fields are very large compared to all
relevant coefficients (seeTable 1). Thus, any small change inMV corresponds to a larg
change in other running parameters.

Let us finally investigate possible experimental signatures coming from our cons
minimal realisticSU(5) model.

4. Experimental signatures

Our framework has potential to be tested through the detection—direct or indirec
light leptoquarks and/or observation of proton decay. Let us investigate each of thes
in turn.

4.1. Light leptoquarks

To get consistent unification in agreement with low energy data, neutrino mas
proton decay in our minimal framework we generate very light leptoquarksΦb. The lighter
theΦb is the heavier theV becomes. Thus, in the most optimistic scenarioMΦb

is close
to the present experimental limit∼ O(102) GeV. In what follows we specify all relevan

properties ofΦb and existing constraints on its couplings and mass.
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The 5̄T
a ChabΦ5̄b coupling yields the following interactions:

(6)dC T ChΦbl = dC T Ch
(
φ1

be − φ2
bν

)
,

where the leptoquarksφ1
b andφ2

b have electric charges 2/3 and−1/3, respectively, and
symmetric matrixh coincides with the Yukawa coupling matrix of Majorana neutrin
(≡ Yν ) if we neglect the Planck suppressed operators. (See the last line in Eq.(A.4).) The
above leptoquark interactions in the physical basis read as

(7)dC T C
(
DT

CE∗)K∗(V M
PMNS

)∗
Y

diag
ν

(
V M

PMNS

)†
K∗φ1

be,

(8)dC T C
(
DT

CE∗)K∗(V M
PMNS

)∗
Y

diag
ν φ2

bν,

whereDC andE are the matrices which act ondC quarks ande, respectively, to bring
them into physical basis. (SeeAppendix Bfor exact convention.)K is a matrix containing
three CP violating phases, andV M

PMNS is the leptonic mixing in the Majorana case. (In t
GG SU(5) whereYE = YT

D one hasDC = E. However, that is not the case in a realis
model for fermion masses.)

There are many studies about the contributions of scalar and vector leptoqua
different processes[27,28]. For a model independent constraints on leptoquarks f
rare processes see for example[28,29]. The most stringent bound on the scalar l
toquark coupling to matter comes from the limits onµ–e conversion on nuclei[30].
The bound we present should be multiplied by(MΦb

/100 GeV)2. In our case it read
(DT

ChE)11(E
†h†D∗

C)21 < 10−6. The bounds for all other elements of(DT
ChE)ij ×

(E†h†D∗
C)kl and(DT

ChN)ij (N
∗h†D∗

C)kl are weaker.
The currents bounds on leptoquarks production are set by Tevatron, LEP and

[31]. Tevatron experiments have set limits on scalars leptoquarks with couplingseq

of MLQ > 242 GeV. The LEP and HERA experiments have set limits which are m
dependent. The search for these novel particles will be continued soon at the CERN
Preliminary studies by the LHC experiments ATLAS[32] and CMS[33] indicate that clea
signals can be established for masses up to aboutMLQ ≈ 1.3 TeV. For several studies abo
production of scalar leptoquarks at the LHC, see Ref.[34]. Thus, it could be possible to te
our scenario at the next generation of colliders, particularly in the Large Hadron Co
(LHC) at CERN, through the production of light leptoquarks. Therefore even withou
proton decay experiments we could have tests of this non-supersymmetric GUT sce

4.2. Proton decay

Proton decay is the most generic prediction coming from matter unification; ther
it is the most promising test for any grand unified theory. (For new experimental bo
see[15,35].) In our minimal and consistent scenario the relevant scale for gauge bos
around 3× 1014 GeV regardless of how high the GUT scale goes in order to get cons
unification in agreement with low energy data. Careful study within the two-loop co
with the inclusion of threshold effects revels that the highest possible value ofMV in the
n = 2 (n = 1) case is 3.19× 1014 GeV (3.28× 1014 GeV) for central values of couplin
constants[15] while the 1σ departure allows for the maximum value of 3.35× 1014 GeV

in then = 2 case, for example.
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Fig. 5. Contributions to the decay of the proton induced by the15 of Higgs.

There are several contributions to the decay of the proton in our minimal sce
We have the usual Higgs and gauged = 6 operators but there are also new contributi
due to the mixing betweenΨT andΦb, with Φb being extremely light in our case. The
contributions are very important. Using the relevant triplet interactions:

(9)qaCAabqbΨT + qaCCablbΨ
∗
T + uC

a CDabdC
b Ψ ∗

T + uC
a CBabeC

b ΨT

(for the expressions ofA, B, C, andD matrices see for example[11]) and the interaction
term 5̄T

a ChabΦ5̄b, it is easy to write down the contributions for theB − L non-conserving
decaysp → (K+,π+, ρ+)νi , andn → (π0, ρ0, η0,w0,K0)νi . We present the relevan
diagram inFig. 5 [36].

Notice that in this scenario we have the usualB − L conserving decays, i.e., the deca
into a meson and antileptons, and theB − L non-conserving decays mentioned abo
SinceΦb has to be light, theB − L violating decays are very important. The rate for
decays into neutrinos is given by

Γ
(
p → K+ν

) =
3∑

i=1

Γ
(
p → K+νi

) = (m2
p − m2

K)2

32πm3
P f 2

π

A2
L

c2
3〈H 0〉2

M4
ΨT

M4
Φb

× ∣∣β̃C
(
νi, s, d

C
) + α̃C

(
νi, s

C, dC
)∣∣2 4m2

pD2

9m2
B

(10)+ ∣∣β̃C
(
νi, d, sC

) + α̃C
(
νi, d

C, sC
)∣∣2[1+ mp(D + 3F)

3mB

]2

,

where C(νi, dα, dC
β ) = (UT (A + AT )D)1α and C(νi, d

C
α , dC

β ) = (D
†
CD†U∗

C)α1. (See
Appendix Bfor notation.)

As you can appreciate from the above expressions, the predictions coming from
contributions are quite model dependent. Usingmp = 938.3 MeV, D = 0.81, F = 0.44,
mB = 1150 MeV,fπ = 139 MeV,AL = 1.43, andα̃ = β̃ = α = 0.003 GeV3 we get

(
1.95× 10−64 GeV−6)M4

ΨT
M4

Φb

c2
3

(11)

>
[
0.19

∣∣C(
νi, s, d

C
) + C

(
νi, s

C, dC
)∣∣2 + 2.49

∣∣C(
νi, d, sC

) + C
(
νi, d

C, sC
)∣∣2].

Let us see an example, using the valuesMΨT
= c3 = 1014 GeV andMΦb

= 103 GeV, the
left-hand side of the above equation is equal to 1.95× 10−24; therefore, the sum of theC

coefficients has to be basically 10−12. In the case that coefficientc3 is smaller (∼ 106 GeV),
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a possibility that is not excluded, the sum ofC coefficients would be around 10−4, which
is their “natural” value. Moreover, the scenario would then preferΦa at the same scal
(∼ 106 GeV) if Yν is taken to be proportional toYe. Also we can suppress the releva
contributions in different ways. For example, we could chooseAij = −Aji andDij = 0
except fori = j = 3, or set to zero these coefficients in specific models for fermion ma

In any case, if the gauged = 6 contributions are the dominant ones for proton de
we can get the following bounds for the proton lifetime (seeAppendix B) allowing the full
freedom in the Yukawa sector:

(12)1× 1031 < τp < 2× 1038 years.

Here we useα−1
GUT = 39 andMGUT = 3.2 × 1014 GeV. (SeeFig. 6 for example.) Having

in mind the experimental limit of 5.0× 1033 years[15] we see that a significant portion
available parameter space has already been excluded. We hope that in the next ge
of proton decay experiments this scenario would be constrained even further.

How does this scenario compare to other possible extensions of the GG mode
mention only few listing them by increasing order in particle number.

• The most obvious extension is to add one more fundamental representation
Higgs sector to then = 2 scenario we analyze the most at the one-loop level. This add
would not raise but actually lowerMV since the scalar leptoquarks which influenceB12
the most would get slightly heavier than in then = 2 case. In certain way, this actual
makes then = 1 scenario with the15 of Higgs very unique. It is the minimal extensio
of the GG model with the highest available scale forMV . We focus our attention on th
n = 2 case on the grounds of baryogenesis. In the same manner, then = 3 scenario would
be well motivated by the possibility of addressing the issue of the SM model CP vio
[37] (see also[38] and references therein).

• Very interesting possibility would be then = 1 case with two10s of Higgs. Such
a scenario could have a very high GUT scale and still very promising phenomenol
consequences due to light leptoquarks. For example, successful two-loop unificatio
light Φbs (there are two now) at 250 GeV requiresMΣ3 = 2.1 × 1011 GeV and the GUT
scale at 1.0× 1015 GeV for central values ofαis atMZ . This model would also require a
least right-handed neutrinos and non-renormalizable operators to be completely rea

• Another possibility would be then = 1 case with one10 and one15 of Higgs. Such
a scenario would have a same maximal value for the GUT scale as the two10 case above
To be completely realistic it would require non-renormalizable operators.

• The next scenario is the one proposed by Murayama and Yanagida[16] (MY). They
shown that addition of two10s of Higgs to the GG model and withn = 2 it is possible to
achieve unification for extremely light scalar leptoquarks in the10s. This allows MY to
forward a “desert” hypothesis, within which the particles are either light (∼ O(102) GeV)
or heavy (∼ O(1014) GeV). (Note that the scalar leptoquarks with exactly the same q
tum numbers asΦb (⊂ 15) reside in the10 as well. To see that one can use5⊗5 = 10⊕15.
Note that the couplings ofΦb in the10 (15) to the5s are antisymmetric (symmetric).) The
model is ruled out by direct searches for scalar leptoquarks due to the extreme lig
of Φb ’s. However, if one allows for splitting betweenΣ3 andΣ8 one can raise unifica

tion scale sufficiently to avoid proton decay bounds and resurrect their model although one
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would have to abandon the “desert” hypothesis MY forwarded. The additional con
tion to the higgsless SM coefficient in this case is basically�B12 = −14

15rΦb
− 5

15rΣ3 − 2
15

which is much more than any of the cases considered inTable 2. For example, forMΦb
=

300 GeV we find, at the one-loop level,MΣ3 = 1010 GeV andMGUT = 9 × 1014 GeV.
Note that the presence of the10 of Higgs yields the same type of coupling as we spe
in Eq. (6) except thath, in this case, would be antisymmetric. This, however, would
a priori prevent proton decay. If there are two or more higgses in the fundamental
sentation in the model there exist the proton decay process schematically represe
Fig. 4unless additional symmetry is introduced. Finally, this model would also requ
least right-handed neutrinos and non-renormalizable operators to be completely rea

• The Georgi–Jarlskog model[10] with an extra45 of Higgs to fix fermion masses rep
resents natural extension of the GG model. However, even though unification takes
[12,13] and the extension has good motivation the predictivity of the model is lost u
additional assumptions are introduced. More minimal extension than that would b
example, an extra24 of Higgs to the scenario we consider.

5. Summary

We have investigated the possibility to get a consistent unification picture in agre
with low energy data, neutrino mass and proton decay in the context of the minimal re
non-supersymmetricSU(5) scenario. This scenario is the Georgi–Glashow model exte
by an extra15 of Higgs. As generic predictions from the running of the gauge coupl
we have that a set of scalar leptoquarks is light, with their mass, in the most opti
case, being aroundO(102–103) GeV. This makes possible the tests of this scenario a
next generation of collider experiments, particularly in the Large Hadron Collider (L
at CERN. In the “least” optimistic scenario the mass of the scalar leptoquarks wou
around 105 GeV. The proton decay issue has been studied in detail, showing tha
possible to satisfy all experimental bounds with very small, at 2% level, suppress
Yukawa sector. Rather low scale of vector leptoquarks (∼ 3 × 1014 GeV) already allows
for significant exclusion of available parameter space of our scenario. Further reduc
expected in near future with new limits on proton decay lifetime. We have particularly
ied the case with two higgses in the fundamental representation since in this case
be possible to explain the baryon asymmetry of the Universe. We have also compar
scenario with other, well motivated, extensions of the GG model. There are uncert
related to predictions of the proposed scenario but, in view of the fact that it truly r
sents the minimal realistic extension of the GG model, the same is even more true
other extensions.
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Appendix A. Particle content and relevant interactions

In this appendix we define a minimal realistic non-supersymmetricSU(5) model. By
minimal we refer to the minimal number of physical fields such a model requires. In th
model the matter is unified in two representations:5̄a = (dC, l)a , and10a = (uC, q, eC)a ,
wherea = 1,2,3 is a generation index. The Higgs sector comprises5H = Ψ = (ΨD,ΨT )

and24H = Σ = (Σ8,Σ3,Σ(3,2),Σ(3̄,2),Σ24). However, this model does not achieve u
fication and fails to correctly accommodate fermion masses; therefore, it is ruled out.
introduction we discuss how it is possible to solve all phenomenological problems
GG model introducing a minimal set of fields. Namely, it is sufficient to introduce an
representation:15H = Φ = (Φa,Φb,Φc). The SM decomposition of the Higgs sector
given by

(A.1)24H = Σ = (8,1,0) + (1,3,0) + (3,2,−5/6) + (3,2,5/6) + (1,1,0),

(A.2)15H = Φ = (1,3,1) + (3,2,1/6) + (6,1,−2/3),

(A.3)5H = Ψ = (1,2,1/2) + (3,1,−1/3).

The relevant Yukawa potential, up to order 1/MPl, is

VYukawa= εijklm

(
10ij

a fab10kl
b Ψ m + 10ij

a f1ab10kl
b

Σm
n

MPl
Ψ n + 10ij

a f2ab10kn
b Ψ l Σ

m
n

MPl

)

+ Ψ ∗
i 10ij

a gab5̄bj + Ψ ∗
i

Σi
j

MPl
10jk

a g1ab5̄bk + Ψ ∗
i 10ij

a g2ab

Σk
j

MPl
5̄bk

(A.4)+ Φij 5̄aihab5̄bj + (5̄aiΨ
i)h1ab(5̄bjΨ

j )

MPl
,

wherei, j, k, l,m representSU(5) indices. Impact of the non-renormalizable operators
the fermion masses is discussed in[9]. Notice that we could replaceMPl by a scaleΛ,
whereMGUT < Λ < MPl, if we do not assume a desert between the GUT scale an
Planck scale. (See for example Ref.[39].)

The Higgs scalar potential, manifestly invariant underSU(5), is (see for example[40,
41])

VHiggs= −µ2
Σ

2
Σi

jΣ
j
i + aΣ

4

(
Σi

jΣ
j
i

)2 + bΣ

2
Σi

jΣ
j
kΣ

k
lΣ

l
i + cΣ

3
Σi

jΣ
j
kΣ

k
i

− µ2
Ψ

2
Ψ ∗

i Ψ i + aΨ

4

(
Ψ ∗

i Ψ i
)2 − µ2

Φ

2
Φ∗

ijΦ
ij + aΦ

4

(
Φ∗

ijΦ
ij
)2

+ bΦ

2
Φ∗

ijΦ
jkΦ∗

klΦ
li + c1Ψ

∗
i Σi

jΨ
j + c2Φ

∗
ijΣ

j
kΦ

ki + c3Ψ
∗
i ΦijΨ ∗

j

+ c∗
3Ψ

iΦ∗
ijΨ

j + b1Φ
∗
ijΦ

ijΣk
lΣ

l
k + b2Ψ

∗
i Ψ iΣj

kΣ
k
j
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+ b3Ψ
∗
i Ψ iΦ∗

jkΦ
jkb4Ψ

∗
i Σi

jΣ
j
kΨ

k + b5Ψ
∗
i ΦijΦ∗

jkΨ
k

(A.5)+ b6Φ
ijΦ∗

jkΣ
k
lΣ

l
i + b7Φ

∗
ijΣ

j
kΦ

klΣi
l .

We assume no additional global symmetries. It is easy to generalize this potential
scribe the case of two or more higgses in the fundamental representation. (We
include non-renormalizable terms in the Higgs potential since the split betweenΣ3 and
Σ8 masses that we frequently use in running can already be achieved at the renorm
level.)

The condition that the symmetry breaking to the SM is a local minimum of the H
potential forΣ (the first line in Eq.(A.5)) is [26]

(A.6)β >




15
32(γ − 4

15), γ > 2
15,

− 1
16, γ = 2

15,

− 1
120γ , 0 < γ < 2

15,

where dimensionless variables are defined as

β = µ2
ΣbΣ

c2
Σ

, γ =
(

aΣ

bΣ

+ 7

15

)
.

The vacuum expectation value ofΣ is 〈Σ〉 = λ/
√

30diag(2,2,2,−3,−3), where[26]

(A.7)λ = cΣ

bΣ

(
β

γ

)1/2[(
1+ 1

120βγ

)1/2

+ 1

(120βγ )1/2

]
= cΣ

bΣ

(
β

γ

)1/2

h(βγ ).

Finally, the mass ofX andY gauge bosons is given by

(A.8)MV =
√

5

12
gGUTλ

and

M2
Σ8

=
[

1

3
+ 5√

30

(
γ

β

)1/2 1

h(βγ )

]
bλ2,

M2
Σ3

=
[

4

3
− 5√

30

(
γ

β

)1/2 1

h(βγ )

]
bλ2,

M2
Σ24

=
[
1− 1

1+ (1+ 120βγ )1/2

]
2bγ λ2.

Here we note the following. In the limit thatcΣ → 0 we obtain the well know results

M2
Σ3

= 4M2
Σ8

[17]. However, in the limit whereλ → cΣ

bΣ

√
30
8 we obtain

M2
Σ8

→ 5/3bΣλ2
(

� bΣ

π

M2
V

αGUT

)
,

M2
Σ3

→ 0,

2
[

2
]

2
MΣ24
→ γ −

5
2bλ .
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Clearly, it is technically possible to achieve a large split betweenMΣ3 andMΣ24 although
this is highly unnatural.

The relevant interactions for the see-saw mechanism are the following:

(A.9)Vsee-saw= −M2
φa

TrΦ†
aΦa − Yνl

T CΦal + c3Ψ
T
D Φ†

aΨD + h.c.,

where

(A.10)Φa =
(

δ0 − δ+√
2

− δ+√
2

δ++

)
, l =

(
ν

e

)
, Ψ T

D = (
H 0,H+)

.

In this case the neutrino mass is given by

(A.11)Mν ≈ Yνc3
〈H 0〉2

M2
φa

.

This is the so-called type II see-saw[4,5]. Notice that from this equation in order to satis
the neutrino mass experimental constraintM2

φa
/c3 has to be around 1013−14 GeV.

Appendix B. Proton lifetime bounds

The dominant contribution towards nucleon decay in non-supersymmetric GUT u
comes from the gauged = 6 proton decay operators. Even though these operators
certain model dependence we have recently shown that unlike in the case ofd = 5 operators
we can still establish very firm absolute bounds on their strength that are equally va
all unifying gauge groups[19]. We investigate the impact these bounds have on the
supersymmetric grand unified model building in what follows.

The upper bound for the total nucleon lifetime[19] in grandunifying theories, in th
Majorana neutrino case, reads

(B.1)τp �
(
1.1× 1041 years

) M4
V

α2
GUT

,

whereMV —the mass of the superheavy gauge bosons—is given in units of 1016 GeV. We
stress that there exist no upper bound for partial lifetimes since we can always set
the decay rate for a given channel.

In order to fully understand the implications of the experimental results we now sp
the theoretical lower bounds on the nucleon decay in GUTs. These are applicable
case of non-supersymmetric models if the gauged = 6 contributions are the dominant
well as in the case of supersymmetric models where thed = 4 andd = 5 operators are
either forbidden or highly suppressed.

The relevant coefficients for the proton decay amplitudes in the physical basis of m
fields are[42]

(B.2a)c
(
eC
α , dβ

) = k2
1

[
V 11

1 V
αβ

2 + (V1VUD)1β
(
V2V

†
UD

)α1]
,( ) ( ) ( )
(B.2b)c eα, dC
β = k2

1V 11
1 V

βα

3 + k2
2 V4V

†
UD

β1
V1VUDV

†
4 V3

1α
,
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(
νl, dα, dC

β

) = k2
1(V1VUD)1α(V3VEN)βl + k2

2V
βα

4

(
V1VUDV

†
4 V3VEN

)1l
,

(B.2c)α = 1 orβ = 1,

c
(
νC
l , dα, dC

β

) = k2
2

[(
V4V

†
UD

)β1(
U

†
ENV2

)lα + V
βα

4

(
U

†
ENV2V

†
UD

)l1]
,

(B.2d)α = 1 orβ = 1,

whereα,β = 1,2. The physical origin of the relevant terms is as follows. The terms
portional tok1 (= gGUTM−1

V ) are associated with the mediation of the superheavy g
fields V = (X,Y ) = (3,2,5/6), where theX andY fields have electric charges 4/3 and
1/3, respectively. This is the case of theories based on theSU(5) gauge group. On the othe
hand, an exchange ofV ′ = (X′, Y ′) = (3,2,−1/6) bosons yields the terms proportional
k2 (= gGUTM

−1
V ′ ). In SO(10) theories all these superheavy fields are present.

The relevant mixing matrices areV1 = U
†
CU , V2 = E

†
CD, V3 = D

†
CE, V4 = D

†
CD,

VUD = U†D, VEN = E†N , UEN = EC†
NC , andVUD = U†D = K1VCKMK2, whereK1

andK2 are diagonal matrices containing three and two phases, respectively. The le
mixing VEN = K3V

D
PMNSK4 in case of Dirac neutrino, orVEN = K3V

M
PMNS in the Majo-

rana case.V D
PMNS andV M

PMNS are the leptonic mixing matrices at low energy in the Di
and Majorana case, respectively. Our convention for the diagonalization of the up,
and charged lepton Yukawa matrices is specified byUT

C YUU = Y
diag
U , DT

CYDD = Y
diag
D ,

andET
CYEE = Y

diag
E .

To establish the lower bound on the nucleon lifetime we first specify the maximum
for all the coefficients listed above forSO(10) theory only. TheSU(5) case is well known
and can be reproduced by settingk2 = 0 in the expressions below. The upper bounds a

(B.3)c
(
eC
α , dβ

)
SO(10) � 2k2

1,

(B.4)c
(
eα, dC

β

)
SO(10) � k2

1 + k2
2,

(B.5)
3∑

l=1

c
(
νl, dα, dC

β

)∗
SO(10)c

(
νl, dγ , dC

δ

)
SO(10) � k4

1δβδ + k4
2 + 2k2

1k
2
2,

(B.6)
3∑

l=1

c
(
νC
l , dα, dC

β

)∗
SO(10)c

(
νC
l , dγ , dC

δ

)
SO(10) � k4

2

[
3+ δαδ

]
,

which translates into the following bounds on the amplitudes in the case the neutrin
Majorana particles:

(B.7)Γ
(
p → π+ν̄

)
� mp

8πf 2
π

A2
L|α|2(1+ D + F)2[k2

1 + k2
2

]2
,

Γ
(
p → K+ν̄

)
�

(m2
p − m2

K)2

8πf 2
πm3

p

A2
L|α|2

{[
2mpD

3mB

]2

+
[
1+ mp

3mB

(D + 3F)

]2

× (
k2

1 + k2
2

)2 + 4mpD

3mB

[
1+ mp

3mB

(D + 3F)

][
2k2

1k2
2 + k4

2

]}
,

(B.8)
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Table 3
Lower bounds for partial proton lifetime in years for the Majorana neutrino case
in units ofM4

V
/α2

GUT, where the mass of gauge bosons is taken to be 1016 GeV

Channel τ
SU(5)
p τ

SO(10)
p

p → π+ν̄ 7.3×1033 1.8×1033

p → K+ν̄ 17.4×1033 4.8×1033

p → π0e+
β 3.0×1033 1.8×1033

p → K0e+
β 8.5×1033 5.3×1033

(B.9)Γ
(
p → π0e+

β

)
� mp

16πf 2
π

A2
L|α|2(1+ D + F)2[5k4

1 + 2k2
1k2

2 + k4
2

]
,

(B.10)

Γ
(
p → K0e+

β

)
�

(m2
p − m2

K)2

8πf 2
πm3

p

A2
L|α|2

[
1+ mp

mB

(D − F)

]2[
5k2

1 + 2k2
1k2

2 + k4
2

]
.

Using these expressions it is easy to extract lower bounds on lifetimes. InTable 3we
list all lower bounds for the proton lifetime inSU(5) andSO(10) models. Again, we us
mp = 938.3 MeV, D = 0.81, F = 0.44, mB = 1150 MeV,fπ = 139 MeV,AL = 1.43,
and the most conservative valueα = 0.003 GeV3. In the case ofSO(10) models we se
k1 = k2 for simplicity. Note that lower bounds are well defined for the partial lifetim
while upper bound is meaningful for the total lifetime only.

Finally, we can establish the theoretical bounds for the lifetime of the proton in
given GUT. In what follows we use

(B.11)
(
1034 years

) M4
V

α2
GUT

< τp <
(
1041 years

) M4
V

α2
GUT

.

These bounds are useful since we can say something more specific about the allowe
of MV or αGUT or both. For example, if we takeαGUT we can put lower limit on the valu
of MV using experimental data on nucleon lifetime. Also, given the value ofMV andαGUT
we can set the limits on the proton lifetime range within the given scenario.

Appendix C. The two-loop running

We present the details on the two-loop running. In order to maximizeMV one needs
extremely lightΦb. In any given mass splitting scheme we thus set the mass ofΦb at
250 GeV which is just above the present experimental limit of 242 GeV. Then,Σ3 or Φa

or both are allowed to vary betweenMΦb
andMGUT in order to yield unification and a

other fields except for the SM ones are taken to be at the GUT scale. The identifi
MV ≡ MGUT is justified through the inclusion of boundary conditions at the GUT s
[43]

(C.1)α−1∣∣ = α−1 − λi
, {λ1, λ2, λ3} = {5,3,2},
i GUT GUT 12π
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and the relevant two-loop equations for the running of the gauge couplings take the
known form

(C.2)µ
dαi(µ)

dµ
= bi

2π
α2

i (µ) + 1

8π2

3∑
j=1

bijα
2
i (µ)αj (µ).

bi andbij coefficients for the SM case for arbitraryn are well-documented (see[44] for
general formula). In addition to those we have:
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(C.4)b
Φa

ij =



108
25

72
5 0

24
5

56
3 0

0 0 0


 ,

which should be added to the SM ones at the appropriate particle mass scale. The tw
Yukawa coupling contribution to the running of the gauge couplings (with the corresp
ing one-loop running of Yukawas) isnot included in order to make meaningful comparis
betweenn = 1 andn = 2 cases. (For then = 2 case one vacuum expectation value
the light Higgs doublets is arbitrary and needs to be specified in order to extract fe
Yukawas for the running, i.e., tanβ ambiguity. There is no such ambiguity present in
n = 1 case since the only low-energy vacuum expectation value is accurately dete
by electroweak precision measurements.)

The outcome of the exact numerical unification is presented inFigs. 6–8.
The GUT scale as well as appropriate intermediate scales are indicated on the

For example, in then = 2 scenario with lightΣ3 in Fig. 6 the GUT scale is close t
the one-loop results (seeFig. 1 in particular) and comes out to be 3.19× 1014 GeV for
central values of coupling constants[15]. The 1σ departure allows for the maximum valu
of 3.35 × 1014 GeV in that case. Note that then = 1 case with lightΣ3 presented in
Fig. 7 yields somewhat higher GUT scale. The reason behind this trend is simple: tΦb

contribution toB12 is seven times that of the Higgs doublet but, at the same time,
contribute the same toB23. Thus,Φb is more efficient in simultaneously improving th
running and raising the GUT scale than any extra Higgs doublets.

One might object that lightness ofΣ3, which requires miraculous fine-tuning, mak
the scenario with an extra15 rather unattractive. Again, we do not insist onΣ3 being at
intermediate scale. Note that the unification with almost the same GUT scale as
intermediateΣ3 case is achieved at the two-loop level in the scenario whereΦa is at in-
termediate andΣ3 is at the GUT scale. SeeFigs. 4 and 8for then = 1 andn = 2 cases

respectively. As discussed in the text, intermediate scale forΦa would require either small
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Fig. 6. Unification of the gauge couplings at the two-loop level for central values of low-energy observable[15].
The SM case withn = 2 is presented by dashed lines. Solid lines correspond to then = 2 scenario withΦb and
Σ3 below the GUT scale. Vertical lines mark the relevant scales:MZ , MΦb

= 250 GeV,MΣ3 = 4.95×104 GeV

andMGUT = 3.19× 1014 GeV.

Fig. 7. Unification of the gauge couplings at the two-loop level for central values of low-energy observable[15].
The SM case withn = 1 is presented by dashed lines. Solid lines correspond to then = 1 scenario withΦb ,
Σ3 andΦa below the GUT scale. Vertical lines mark the relevant scales:MZ , MΦb

= MΣ3 = 250 GeV and

MGUT = 3.28× 1014 GeV.

Yukawas for Majorana neutrinos or smallc3. In the latter case, the novel contributions
wards proton decay would be automatically suppressed. The former case could be
if and when the leptoquarks are detected since some of the rare processes involvi
trinos would be significantly suppressed compared with the charged lepton ones. W
that in the scenario with intermediateΦa the GUT scale grows with the number of lig
Higgs doublets in contrast to the case whenΣ3 is at the intermediate scale. Again, the re
son is that theB12 coefficient ofΦa is the same as the appropriate coefficient of the Hi
doublet but its contribution toB23 is four times bigger. Thus, the very efficiency ofΦa in

improving unification makes its impact onMGUT rather small.
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Fig. 8. Unification of the gauge couplings at the two-loop level for central values of low-energy observable[15].
The SM case withn = 2 is presented by dashed lines. Solid lines correspond to then = 2 scenario withΦb and
Φa below the GUT scale. Vertical lines mark the relevant scales:MZ , MΦb

= 250 GeV,MΦa = 4.41×106 GeV

andMGUT = 1.17× 1014 GeV.
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[6] S. Weinberg, Phys. Rev. Lett. 43 (1979) 1566.
[7] R. Barbieri, J.R. Ellis, M.K. Gaillard, Phys. Lett. B 90 (1980) 249.
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