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Abstract

We investigate predictions of a minimal realistic non-supersymm8tt®) grand unified theory.
To accomplish unification and generate neutrino mass we introduce one extra Higgs representation—
a 15 of SU(5)—to the particle content of the minimal Georgi—Glashow scenario. Generic prediction
of this setup is a set of rather light scalar leptoquarks. In the case of the most natural implemen-
tation of the type Il see-saw mechanism their mass is in the phenomenologically interesting region
(0(107—103) GeV). As such, our scenario has a potential to be tested at the next generation of col-
lider experiments, particularly at the Large Hadron Collider (LHC) at CERN. The presenceldf the
generates additional contributions to proton decay which, for light scalar leptoquarks, can be more
important than the usual gaude= 6 ones. We exhaustively study both and show that the scenario is
not excluded by current experimental bounds on nucleon lifetimes.
0 2005 Elsevier B.V. All rights reserved.

1. Introduction

The most predictive grand unified theory (GUT) based or8d6) gauge symmetry
is a minimal non-supersymmetric model of Georgi and GlasfigWGG). However, the
failure to accommodate experimentally observed fermion masses and mixing and to unify
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electroweak and strong forces decisively rule it out. Nevertheless, the main features of the
underlying theory, e.g., partial matter unification and one-step symmetry breaking, are so
appealing that there has been a number of proposals to enlarge its structure by adding more
representations to have the theory in agreement with experimental data. Since the number
of possible extensions is large it is important to answer the following question. What is
the minimal number of extra particles that rendersSai5) gauge theory realistic? Such

an extension of the GG model with the smallest possible number of extra particles that
furnish full U(5) representation(s) has all prerequisites to be the most predictive one.
Thus, if there is a definite answer to the first question it is important to ask the second
one: what are the possible experimental signatures and associated uncertainties of such a
minimal setup? If uncertainties of the minimal extension are significant the same is even
more true of a more complicated structure unless additional assumptions are imposed. We
address both questions in great detail and present truly minimal, i.e., minimal in terms of
number of fields, realistic non-supersymmesi¢(5) scenario.

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

In the next section we define our framework. In Sectiowe discuss how it is pos-
sible to get gauge couplings unification in agreement with low energy data. Then, in
Section4 we discuss possible experimental signatures of the minimal scenario. We con-
clude in Sections. Appendix A contains relevant details and notation of the minimal
non-supersymmetric realisti8J (5) we refer to throughout the manuscript. The origin of
theoretical bounds on the familiar gauge= 6 proton decay operators is critically ana-
lyzed in Appendix B Appendix Ccontains details on the two-loop running of the gauge
couplings that is presented for completeness of our work.

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

In order to motivate the minimaU (5) grand unifying theory (GUT), where we de-
fine such a theory to be the one with the smallest possible particle content that renders
it realistic, we first revisit the GG modé¢l] and discuss its shortcomings. Only then do
we present the minimal realistic scenario and investigate its experimental signatures and
related uncertainties.

The GG model fails from the phenomenological point of view for a number of reasons:

(1) It does not incorporate massive neutrinos;



I. Dorsner, P. Fileviez Pérez / Nuclear Physics B 723 (2005) 53-76 55

(2) It yields charged fermion mass ratios in gross violation of experimentally observed
values;

(3) It cannot account for the gauge coupling unification. (For one of the first rulings on
(non-)unification see for example RE?].)

The first flaw is easy to fix; one either introduces three right-handed neutrinos—singlets
of the Standard Model (SM)—to use a type | see-saw mechaf8$ro generate their
mass or adds a Higgs field—% of SU(5)—to generate neutrino mass through the so-
called type Il see-say4,5]. One might also use the combination of the two. The fourth
option to use the Planck mass suppressed higher-dimensional opfatpdees not look
promising since it generates too small scale for neutrino mass to explain the atmospheric
and solar neutrino data. Nevertheless, it might still play an importanf8hl&Ve focus our
attention on the second option, i.e., additiorL6f in view of the fact that the right-handed
neutrinos, being singlets of the SM, do not contribute to the running. Hence, their mass
scale cannot be sufficiently well determined or constrained unless additional assumptions
are introduced.

The second flaw can be fixed by either introducing the higher-dimensional operators in
the Yukawa sectd®] or resorting to a more complicated Higgs sector a la Georgi and Jarl-
skog[10]. The former approach introduces a lot more parameters into the model (see for
examplg11]) but unlike in the neutrino case these operators might have just a right strength
to modify “bad” mass predictions for the charged fermions. In order to keep as minimal as
possible the number of particles we opt for the scenario with the non-renormalizable terms.

The third flaw requires presence of additional non-trivial split representations besides
those of the GE&U (5) model. It can thus be fixed in conjunction with the first and second
one. For example, introduction of an exiaof Higgs to fix mass ratios of charged fermi-
ons a la Georgi and Jarlskg$0] allows one to achieve unification and, at the same time,
raise the scale relevant for proton decay. (For the studies on the influence of adbextra
the running and other predictions see for exanip®13]) We will see that the addition of
one extral5 of Higgs plays a crucial role in achieving the unification in our case.

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

3. Unification of gauge couplings

The main prediction, besides the proton decay, of any GUT is the unification of the
strong and electroweak forces. We thus show that it is possible to achieve gauge coupling
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 M
@ l‘Mz = agur + Zbi In AjLZJT 1)

wherei =1, 2, 3 for U (1), J(2), andSU (3), respectivelyb; are the appropriate one-loop
coefficients[14] and aguT = géUT/(4n) represents the gauge coupling at the unifying
scaleMguTt. The SM coefficients for the case efight Higgs doublet fields are

40 n b 20 n
"0 T8 'E
Even though the SM coefficients do not generate unification in both thd andn = 2
case for any value afgyt and Mgyt that is not an issue since the SM does not predict
the gauge coupling unification in the first place. On the other hand, a GUT, which does
predict one, automatically introduces a number of additional particles with respect to the
SM case that, if light enough, can change the outcome of the SM running. This change is
easily incorporated if one replacgsin Eq. (1) with the effective one-loop coefficient?
defined by

b1 bz =—7. (2)

_InMgut/M;

B; =b; +Zbi171» ry = InMaut/ My’

1
whereb;; are the one-loop coefficients of any additional partitlef massM; (M <
M; < Mgyr). Basically, given a particle content of the GUT and Ed3.and (3)we can
investigate if the unification is possible.

Following Giveon et al[13], Egs.(1) can be further rewritten in a more suitable form in
terms of differences in the effective coefficielts (= B; — B;) and low energy observ-
ables. They find two relations that hold Mt :

3)

Basz 5sir? O — dtem/ds

Biz 8 3/8—sirP6,

n Mgut _ 16w 3/8— sin29w '
Mz Satem Bi2

(42)

(4b)

Adopting the following experimental values &, in the MS scheme[15]: sir?6,, =
0.23120+ 0.00015,a51 = 127.906+ 0.019 andx, = 0.1187+ 0.002, we obtain

B

223 _ 0,719+ 0.005 (5a)

B12

In Mgut _ 1849+ 0.2' (5b)
My Bi12

Last two equations allow us to constrain the mass spectrum of additional particles that
leads to an exact unification acyt. (In what follows we consistently use central values
presented in Eq$5) unless specified otherwise. The inclusion of the two-loop effects and
threshold corrections is addressed in deta\ppendix C)

The fact that the SM with one (two) Higgs doublet(s) cannot yield unification is now
more transparent in light of E¢5a) Namely, the resulting SM ratio is simply too small
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Table 1
C?)?]g’ibutions to theB;; coefficients. The mass of the SM Higgs doublet is taken to Béat

Higgsless SM  vp vr Vv X3 X3 P, Dy, D,
B1o %2 —%5 %Sr‘pr —Try 0 —%rxs —%51’45“ —115r¢b 1—%}’@(_

(B23/B12 = 0.53 forn = 1) to satisfy equality in Eq(5a). What is needed is one or more
particles that are relatively light and with suitablecoefficients that can increase the value
of the B3/ B12 ratio. The most efficient enhancement is realized by a field that increases
B23 and decreaseB;» simultaneously. For example, light Higgs doublet is such a field
(see thelp (C 5g) coefficients inTable J) and it takes at least eight of them, at the one-
loop level, to bringB23/ B12 in accord with experiments. Other fields that could generate
the same type of improvement in our scenario are light(C 24y), @, (C 155) and®,,
(C 15p). B;; coefficients of all the particles in our scenario are presentdélnte 1and
the relevant notation is set f&ppendix A

The improvement can also be due to the field that lowgrsonly or lowersBj» at
sufficiently faster rate thamB,3. Looking at Table 1we see that the superheavy gauge
fields V comprisingX andY gauge bosons and their conjugate partners can accomplish
the latter. (Note that the gauge contribution improves unification at the one-loop level only
if n £ 0 and the improvement grows with the increase:dfi3,16] This is because the
B3/ B1> ratio of the higgsless SM coefficients is the same as for the corresponding ratio
of V coefficients.) But, their contribution to running has to be subdominant; otherwise one
runs into conflict with the experimental data on nucleon lifetimes.

All'in all, the fields capable of improving unification in our minim@aW (5) grand uni-
fied scenario ar&p, X3, ¢,, ¥, andV. Again, we refer reader tdppendix Afor our
notation. We treat their masses as free parameters and investigate the possibility for consis-
tent scenario with the exact one-loop unification. Since all other fields in the Higgs sector,
i.e.,¥r, Ygand®., simply worsen unification we simply assume they live at or above the
grandunifying scale.

In order to present consistent analysis we now discuss the constraints coming from
proton decay onB;; coefficients. These enter via E(hb) and assumption that/y =
MguT. As we show these constraints are rather weak if the gdug® contributions are
dominant as is usually assumed in non-supersymmetric GU7s For example, if we
use the latest bounds on nucleon decay lifetimes we obtain, in the contextSuf (&h
non-supersymmetric GUT, in the case of maximal (minimal) suppression in the Yukawa
sector[19] My > 2.5 x 10'3 GeV (My > 1.5 x 10 GeV). (The minimal suppression
case corresponds to the GG scenario With= Yg andYp = YET, whereYy, Yp andYg
are the Yukawa matrices of charged fermions. Non-renormalizable contributions violate
both of those relations. The same is also true for the running in the Yukawa sector from
the GUT scale where those relations hold to the scale relevant for the Yukawa couplings
entering nucleon decay. On the other hand, maximal suppression corresponds to a case with
particular relation between unitary matrices responsible for bi-unitary transformations in
the Yukawa sectdfl9] that define physical basis for quarks and leptons.) In both cases we
useagyr = 35 and the best limit on partial lifetime which is established for> 70%*
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decay channel(> 5.0 x 10% years). This gives conservative bound for the suppressed
case since it is always possible to rotate away proton decay contributions for individual
channelg19].

The uncertainty in extracting the limits ddy from experimental data is easy to under-
stand. Namely, even though the nucleon lifetime is proportionMﬁowhich would make
extraction rather accurate and precise, the lifetime is also proportional to the fourth power
of a term which is basically a sum of entries of unitary matrices which are a priori un-
known unless the Yukawa sector of the GUT theory is specified and which, in magnitude
(see Egs(B.2)), can basically vary fronV,;, to 1 [18,19] (For full discussion see also
Appendix B) If we now adopt theMgyT = My assumption and use E(pb) the above
limits translate intaB12 < 7.0 (B12 < 6.1) for the suppressed (unsuppressed) case. So, all
VU (5) GUTs with B12 > 7.0 are excluded by the usual gaufje- 6 contributions to proton
decay. The theories with®< By < 7.0 require “special” structure of the Yukawa sector;
the closer the31, to the upper limit is the more “special” structure is needed. Finally, any
U (5) GUT with B2 < 6.1 has not yet been probed by proton decay experiments. (Again,
this is all based on the one-loop analysis. Any more accurate and precise statement must
be based on the two-loop treatment with a proper inclusion of the threshold corrections.)

In order to avoid problems with proton decay without requiring too much conspiracy in
the Yukawa sector we pursue the solutions where the superheavy gauge bosons are as heavy
as possible. So, how heavy can they be given the particle content@f (B¢ scenario with
an extralb of Higgs? In order to answer that we first naively set massesspt, ando,,
to Mz. Thisin turnyields the lowest possible valueRf to be 64 (6.33) forn =1 (n = 2)
which translates via E¢5b)into Mgyt = 3.2 x 101 GeV (Mgut = 4.4 x 1014 GeV). (We
includen = 2 case in our considerations since it might be relevant in addressing baryon
asymmetry of the Universe.) In this naive estimafe is either equal to or slightly above
MguTt. From the previous discussion on th&, limits we see that there is a need for small
suppression in Yukawa sector in order to satisfy experimental limits on proton decay. This
suppression, as we show later, amounts tg5adf the unsuppressed case. When compared
to the available suppressiory L/ V,;,) it comes out to be around 2%, which can easily be
accomplished.

Note, however, that in order to have exact unification crucial thing is to satisf(bay.

Thus, itis better to ask for which mass spectrum that satisfieRjwe obtain the highest
possible value foy or equivalently the smallest possible value Bin. As it turns out

the answer to this question is unique within our scenario. To show that we first assume that
the relevant degrees of freedom that improve the running 3£.9, and®,, contribute

in pairs, e.g., a degenerate paXs, &,) is light and®;, is at MgyT, and treat only the

n = 2 case. With those constraints we generate three possible combinations which yield
results summarized ifable 2 (We address both the= 1 andn = 2 case at the two-loop

level in Appendix C)

e The (X3, @,) case withn = 2 exactly mimics the: = 8 case in terms of quantum
numbers. (Recall that it takes at least eight light Higgs doublets on top of the higssless SM
content to unify the couplings. Associated corrections to the higssless SM coefficients are
ABpys=&r + 2 andABio = — &1 — &, wherer, as defined in Eq(3), is very close to
one and we take two of the doublets to be\gt.) The unification scale is rather low and



I. Dorsner, P. Fileviez Pérez / Nuclear Physics B 723 (2005) 53-76 59

Table 2
A By3 and A By, corrections due to the degenerate pairs of fields and the associated scales fer2toase

(X3, Pa) (X3, Pp) (Pa, Pp)
ABy3 ngr% %r+(—25 %rJr%

6 2 12 2 8 2

AB1p 18" ~ 15 —15' 15 18" ~ 15
Mgyt 5x 1013 Gev - 9x 1013 GeVv
M, 1TeV - 200 GeV

very close to the experimentally set limit for maximally suppressed case. Lightnéss of
goes against the idea behind the type Il see-saw if one assumes that the paraifseter
Egs.(A.5) and (A.11) is at the GUT scale, but at this point the scenarindsruled out
experimentally.

e The(d,, ®,) case has a slightly higher unification scale than(thg, @) case. This
time both®, and®, have mass in phenomenologically interesting region. Lightnegs of
again requires large suppression in the Yukawa sector for neutrinos to generate correct mass
scale via type Il see-saw. However, such a suppression would be beneficial in suppressing
novel contributions to proton decay due to the mixing betwégand ¥y .

e The (X3, @) case is the most promising. Even though it fails to unify at the one-
loop level its correction t@B1» is the largest of all three cases. As such, it represents the
best possible candidate to maximi¥g . Moreover, thed, contribution to the running to
produce unification for light's and®,, is small which implies that its mass could be in the
range that is optimal for the type Il see-saw for the most “natural” valug cbefficient.

Again, the(X3, ¢,) case not only maximize¥y but also placed/¢, at the right scale to
explain neutrino masses.

The three special cases discussed above all demonstrate thaWlargeale prefers,,
light regardless of the relevant scale of other particles sinced,isoefficients that de-
creaseB1o the most. These conclusions persist in more detailed one- and two-loop studies.

Is there a way to tell between the three limiting cases we just discussedZ3ihe@,)
case can be tested and excluded by slight improvement in the nucleon lifetime data; other
low energy signatures depend on how light is. One could also test and distinguish be-
tween the(X3, ®,) and(®,, @;) cases since both favor lighf, leptoquarks that can be
detected by LHC. If and when these are detected the two cases could be distinguished by
the scalar leptoquark contributions to the rare processes. (@theb;) case the suppres-
sion in the neutrino Yukawa sector would selectively erase some of these contribution while
in the (X3, @) case all these contributions would be sizable. Expected improvements in
the table-top experiments would then be sufficient to tell the two.

Since we havé/gyT and masses df, X3, @, and®;, as free parameters and only two
equations—Eqg5a) and (5b)}-we present four special cases based on certain simplifying
assumptions ifrigs. 1-3and discuss each case in turn. All examples we present generate
consistent unification in agreement with low energy data. (Note that the change in the
parameters also affects the valuexgﬁT. We do not present that change explicitly, which,
for the range of values we use, vary from 36 to 40. In our plots we also alpwto be at
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Fig. 1. Plot of lines of constant value 8y (solid lines) and/¢, (dashed lines) in the/gur—(M 53 = Mg,)

plane. The area to the left of a steep solid line denotes the region Whergoes not contribute to the running,

i.e., My > Mgyt. To generate the plot we consider exact one-loop unification and use central values for the
gauge couplings as given in the text. This is a scenario with one light Higgs doubiet )

most factor of three or four lower than the GUT scale. Once we switch to two-loop analysis
with threshold corrections accounted for we appropriatelpwsget= Mgyr.)

In Fig. 1we present the = 1 case when the pait’s, @;) is taken to be degenerate with
the mass close to electroweak scale@ (10°) GeV). The parameten; has to be between
10% and 10 GeV to explain the neutrino mass through the type Il see-saw if the Yukawa
coupling for neutrinos is of order one. On the other hand, the gauge boson mass varies only
slightly for a given range oM¢, and M s, around 25 x 10 GeV. Clearly, unification
itself allows Mg, and Ms, to be much heavier then 1 TeV on account of decrease of
Mg, but in that caséy would be getting lighter. This, on the other hand would require
additional conspiracy in the Yukawa sector in order to sufficiently suppress proton decay
to avoid the experimental limit.

The two light Higgs doublet case is presented-ig. 2 This case is well motivated
on the baryogenesis grounds. Namely, the interaction of%ref Higgs explicitly breaks
B — L symmetry (seéAppendix A). This opens a door for possible explanation of the
baryon asymmetry in the Universe within our framework. However, since the successful
generation of baryon asymmetry requires at least two higgses in the fundamental repre-
sentation we study a consistent unification picture for that case. (See references for the
baryogenesis mechanisms in the contexSof(5) model with two higgses in the fun-
damental representatigd0—23]) Then = 2 case has higher scale of superheavy gauge
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Fig. 2. Plot of lines of constant value 8fy (solid lines) andV¢,, (dashed lines) in the/gut~(M 5, = Mgp,)
plane. The area to the left of a steep solid line denotes the region Wheréoes not contribute to the running,

i.e., My > Mguyt. This is then = 2 scenario.
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Fig. 3. Plot of lines of constant value #fy (solid lines) andMgp, = Mz, in GeV units (dashed lines) in the
Mgut—(Mg,) plane. The scenario with one (two) Higgs doublet(s) corresponds to long (short) dashed lines.
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bosons compared to the= 1 case (this does not hold at the two-loop level though) and
the mass of the field@,, is in the region relevant for the type Il see-saw. Hence, if the mass
of scalar leptoquarks is in phenomenologically interesting regio®(10%) GeV) we can
explain neutrino masses naturally. Again, as inithe 1 case, the gauge boson mass varies
very slightly, this time around % 10 GeV. Given the last two examples we can again
conclude that the exact unification in this minimal realistic scenario points towards light
scalar leptoquarks.

In order to understand better these results we show two more examplies B This
time we set3 = @, for simplicity and present both= 1 andn = 2 cases. This scenario is
disfavored by the fact tha/y tends to be “small” but cannot be excluded on experimental
grounds. It is evident from the plot thafy does not depend on a number of light Higgs
doublets andvigyt. The reason for that is very simple and is valid only at the one-loop
level. Namely, the rati®»3/ B12 is the same fow, coefficients & —5/2) as for the sum of
corresponding~s and @, coefficients provided these are degenerate. Thus, any change in
the number of light doublets in E¢pa)is simply compensated by the change in degenerate
mass of¥'3 and @, fields for a fixed value ofp, mass. This trend can be clearly seen
in Fig. 3 The mass ofp, is generally rather low to generate neutrino mass of correct
magnitude unless Yukawa couplings of neutrinos are extremely small.

In all our examplesy’z is allowed to be much lighter thabg. But, this seems in conflict
with the tree-level analysis of thE potential that is invariant under — — X' transforma-
tion which yields a well-known relatioM , = 4M 5, [17]. This apparent mismatch has a
simple remedy.

In order to generate sufficiently large corrections to charged fermion masses via higher-
dimensional operators in the Yukawa sector we need terms linegy Mp,. If that is the
case itis no longer possible to require that the Lagrangian is invariant under transformation
Y — —X. Itis then necessary to include a cubic term into Migotential besides the
usual quadratic and quartic ones. But, the potential with the cubic termjTviolates
the validity of M x, = 4M 5, relation[24—26] and allows a possibility wherg’; is light
while Xg is superheavy. We analyze this situationAppendix A in some detail. Note
that we do not require nor insist on the lightnessiafthough. InAppendix Cwe present
the two-loop analysis of the scenario wharg is relatively light ¢~ 10’ GeV) andXs is
at the GUT scale. Our intention is solely to demonstrate that there are more possibilities
available unless additional assumptions, suct¥as> — X transformation, are imposed
on theSU (5) theory. Note, however, that the maximizationMf, always requires®;, to
be very light ¢ 10? GeV). InFig. 4 we show an example where it is possible to achieve
unification at the two-loop level (see detailsAppendix Q for n =1, Mg, = 250 GeV,
Mg, = 1.54 TeV and the field¥s is at the GUT scale.

What about the possible mass spectrumbgf @, and ®.? The relevant potential is
in Appendix A Clearly, there are more parameters than mass eigenvalues. The tree-level
analysis revels that it is possible to obtain any possible arrangement including, for exam-
ple, &, < @, < ®.. This sort of split is quite similar to the split behind the well-known
doublet—triplet problem.

Our framework yields rather low mass for vector leptoquarks that varies within very
narrow range around 8 10 GeV for a most plausible scenarios. This makes the frame-
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 obseft&hles
The SM case witlh = 1 is presented by dashed lines. Solid lines correspond te thé scenario with®;, and
@, below the GUT scale. Vertical lines mark the relevant scaleg; Mg, = 250 GeV,M¢, = 1.54 TeV and

Mgyt = 0.96 x 1014 GeV.

parameter space of the setup has already been excluded by existing measurements on nu-
cleon lifetime.) It is easy to understand this generic and robust prediction. We have seen
that Mgyt can be at most.2 x 10** GeV (44 x 104 GeV) if we exclude the/ contri-
bution from the running for tha = 1 (» = 2) case. If we now start loweringfy below
Mgut we lower B12 as well. This, on the other hand, starts to incre&g,t but still
keepsMy at almost the same value. Basically, the “decouplingMaf and Mgyt takes
place, where the mass &fandY gauge bosons remains in vicinity of the value before the
“decoupling” while Mgyt rapidly approaches the Planck scale. Another way to say this
is that theB;; coefficients of superheavy gauge fields are very large compared to all other
relevant coefficients (sekable J). Thus, any small change iy corresponds to a large
change in other running parameters.

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

4. Experimental signatures

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

4.1. Light leptoquarks

To get consistent unification in agreement with low energy data, neutrino mass and
proton decay in our minimal framework we generate very light leptoquagkd he lighter
the @, is the heavier thé/ becomes. Thus, in the most optimistic scenadg, is close
to the present experimental limit O (10%) GeV. In what follows we specify all relevant
properties ofb, and existing constraints on its couplings and mass.
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The5! Ch,, 5, coupling yields the following interactions:
d°TChadpl =d°T Ch(pfe — p2v), (6)

where the Ieptoquarl@l} and ¢>§ have electric charges/2 and—1/3, respectively, and
symmetric matrixkz coincides with the Yukawa coupling matrix of Majorana neutrinos
(=7Y,) if we neglect the Planck suppressed operators. (See the last line (A.Bly) The
above leptoquark interactions in the physical basis read as

dCTC(DZ:E*)K*(VIIJVIMNS)*Y‘?iag(VIIDWMNS)TK*(ﬁge’ (7)
dTC(DEE) K (Viiuns) Y0 i, ®)

where D¢ and E are the matrices which act aff quarks anck, respectively, to bring
them into physical basis. (Sé@pendix Bfor exact convention.X is a matrix containing
three CP violating phases, aih@lMNS is the leptonic mixing in the Majorana case. (In the
GG U(5) whereYg = Yg one hasD¢ = E. However, that is not the case in a realistic
model for fermion masses.)

There are many studies about the contributions of scalar and vector leptoquarks in
different processef27,28] For a model independent constraints on leptoquarks from
rare processes see for examfid8,29] The most stringent bound on the scalar lep-
toquark coupling to matter comes from the limits pre conversion on nuclej30].

The bound we present should be multiplied @@/ ,/100 GeVJ2. In our case it reads
(DLhE)12(EThTDE)21 < 1075, The bounds for all other elements ¢DZAE);; x
(ETh'DE)y and(DERN);;(N*hT D)y are weaker.

The currents bounds on leptoquarks production are set by Tevatron, LEP and HERA
[31]. Tevatron experiments have set limits on scalars leptoquarks with couplings to
of Mo > 242 GeV. The LEP and HERA experiments have set limits which are model
dependent. The search for these novel particles will be continued soon at the CERN LHC.
Preliminary studies by the LHC experiments ATLA&] and CMY[33] indicate that clear
signals can be established for masses up to alfgyt~ 1.3 TeV. For several studies about
production of scalar leptoquarks at the LHC, see R3f]. Thus, it could be possible to test
our scenario at the next generation of colliders, particularly in the Large Hadron Collider
(LHC) at CERN, through the production of light leptoquarks. Therefore even without the
proton decay experiments we could have tests of this non-supersymmetric GUT scenario.

4.2. Proton decay

Proton decay is the most generic prediction coming from matter unification; therefore,
it is the most promising test for any grand unified theory. (For new experimental bounds
see[15,35]) In our minimal and consistent scenario the relevant scale for gauge bosons is
around 3x 10 GeV regardless of how high the GUT scale goes in order to get consistent
unification in agreement with low energy data. Careful study within the two-loop context
with the inclusion of threshold effects revels that the highest possible valig, df the
n=2(n=1)caseis 39 x 10" GeV (328 x 10 GeV) for central values of coupling
constantg15] while the I departure allows for the maximum value 088 x 104 GeV
in then = 2 case, for example.
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u (u°) d (d°)

dc @, \Y%

Fig. 5. Contributions to the decay of the proton induced bylfhef Higgs.

There are several contributions to the decay of the proton in our minimal scenario.
We have the usual Higgs and gaufje- 6 operators but there are also new contributions
due to the mixing betweew; and ®,, with &, being extremely light in our case. These
contributions are very important. Using the relevant triplet interactions:

4aCA ¥ + quCCPlL W5 +ul CDdf Wi +ul CB el wr ©)

(for the expressions of, B, C, and D matrices see for examp|&1]) and the interaction
term SZChabCDBb, it is easy to write down the contributions for tiBe— L non-conserving
decaysp — (Kt, 7, pHv;, andn — (0, p°, 0 w?, K%v;. We present the relevant
diagram inFig. 5 [36]

Notice that in this scenario we have the usBat L conserving decays, i.e., the decays
into a meson and antileptons, and tBe- L non-conserving decays mentioned above.
Since®,, has to be light, the8 — L violating decays are very important. The rate for the
decays into neutrinos is given by

3
I'(p—K*v) =Zf(p—> Kty) =
i=1

(m5 —m%)% , 3(HO)?
32umy f2 7 My, Mg,
24mf,D2
Qm%
mp(D + 3F)
3mp

X |/§C(v,-,s,dc) +5{C(v,-,sc,dc)|

2
+1BC(vi.d, s ) +&C(vi,dc,sc)|2|:1+ } , (10)
where C(vidy,df) = (UT(A + AT)D)1y and C(vi.dS.df) = (DEDTUEar. (See
Appendix Bfor notation.)
As you can appreciate from the above expressions, the predictions coming from these
contributions are quite model dependent. Using= 9383 MeV, D =0.81, F = 0.44,
mp = 1150 MeV, f, = 139 MeV, A; = 1.43, and = 8 = o = 0.003 Ge\? we get
M3 M3
(1.95x 107%* Gev6) L2
€3
> [0.29/C (v, s, d€) + C (vi, €, d€) |* + 2.49|C (vi, d, s€) + C (vi, d€, s€) 7]
(11)
Let us see an example, using the valds, = c3 = 10" GeV andMe, = 10° GeV, the
left-hand side of the above equation is equal @51 1024 therefore, the sum of th€
coefficients has to be basically 1. In the case that coefficiens is smaller ¢ 10° GeV),
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a possibility that is not excluded, the sum@fcoefficients would be around 16, which

is their “natural” value. Moreover, the scenario would then prefgrat the same scale

(~ 10f GeV) if Y, is taken to be proportional t&,. Also we can suppress the relevant

contributions in different ways. For example, we could chog%e: —Aj aninj =0

except fori = j = 3, or set to zero these coefficients in specific models for fermion masses.
In any case, if the gaugé = 6 contributions are the dominant ones for proton decay,

we can get the following bounds for the proton lifetime (8e@endix B allowing the full

freedom in the Yukawa sector:

1x10% <1, <2x 108 years (12)

Here we usexgj; = 39 andMgut = 3.2 x 10* GeV. (SeeFig. 6 for example.) Having
in mind the experimental limit of B x 10°3 years[15] we see that a significant portion of
available parameter space has already been excluded. We hope that in the next generation
of proton decay experiments this scenario would be constrained even further.

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

e The most obvious extension is to add one more fundamental representation in the
Higgs sector to the = 2 scenario we analyze the most at the one-loop level. This addition
would not raise but actually lowe¥ly since the scalar leptoquarks which influerige
the most would get slightly heavier than in the= 2 case. In certain way, this actually
makes then = 1 scenario with thé5 of Higgs very unique. It is the minimal extension
of the GG model with the highest available scale #6y. We focus our attention on the
n = 2 case on the grounds of baryogenesis. In the same manner=tBescenario would
be well motivated by the possibility of addressing the issue of the SM model CP violation
[37] (see alsd38] and references therein).

e \ery interesting possibility would be the= 1 case with twolOs of Higgs. Such
a scenario could have a very high GUT scale and still very promising phenomenological
consequences due to light leptoquarks. For example, successful two-loop unification with
light @,s (there are two now) at 250 GeV requirds;, = 2.1 x 10'! GeV and the GUT
scale at 10 x 10'® GeV for central values af;s atM . This model would also require at
least right-handed neutrinos and non-renormalizable operators to be completely realistic.

e Another possibility would be the = 1 case with ond0 and onel5 of Higgs. Such
a scenario would have a same maximal value for the GUT scale as tH®twase above.

To be completely realistic it would require non-renormalizable operators.

e The next scenario is the one proposed by Murayama and Yand@ipéMY). They
shown that addition of twd0Os of Higgs to the GG model and with= 2 it is possible to
achieve unification for extremely light scalar leptoquarks in18s. This allows MY to
forward a “desert” hypothesis, within which the particles are either ligho(10%) GeV)
or heavy ¢ 0(10') GeV). (Note that the scalar leptoquarks with exactly the same quan-
tum numbers a®;, (C 15) reside in thelO as well. To see that one can Us® 5= 104 15.

Note that the couplings @b, in the 10 (15) to thebs are antisymmetric (symmetric).) Their
model is ruled out by direct searches for scalar leptoquarks due to the extreme lightness
of @,'s. However, if one allows for splitting betweels and X 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 contribu-

tion to the higgsless SM coefficient in this case is basicalBi, = —12re, — wxrs; — &

which is much more than any of the cases consider&@lne 2 For example, folM ¢, =

300 GeV we find, at the one-loop levelf s, = 10'° GeV andMgyr = 9 x 10 GeV.

Note that the presence of ti@ of Higgs yields the same type of coupling as we specify

in Eq. (6) except that:, in this case, would be antisymmetric. This, however, would not

a priori prevent proton decay. If there are two or more higgses in the fundamental repre-

sentation in the model there exist the proton decay process schematically represented in

Fig. 4unless additional symmetry is introduced. Finally, this model would also require at

least right-handed neutrinos and non-renormalizable operators to be completely realistic.
e The Georgi—Jarlskog modglO] with an extrad5 of Higgs to fix fermion masses rep-

resents natural extension of the GG model. However, even though unification takes place

[12,13]and the extension has good motivation the predictivity of the model is lost unless

additional assumptions are introduced. More minimal extension than that would be, for

example, an extra4 of Higgs to the scenario we consider.

5. Summary

We have investigated the possibility to get a consistent unification picture in agreement
with low energy data, neutrino mass and proton decay in the context of the minimal realistic
non-supersymmetri8U (5) scenario. This scenario is the Georgi—Glashow model extended
by an extral5 of Higgs. As generic predictions from the running of the gauge couplings
we have that a set of scalar leptoquarks is light, with their mass, in the most optimistic
case, being aroun@ (10°—10°) GeV. This makes possible the tests of this scenario at the
next generation of collider experiments, particularly in the Large Hadron Collider (LHC)
at CERN. In the “least” optimistic scenario the mass of the scalar leptoquarks would be
around 16 GeV. The proton decay issue has been studied in detail, showing that it is
possible to satisfy all experimental bounds with very small, at 2% level, suppression in
Yukawa sector. Rather low scale of vector leptoquark8(x 104 GeV) already allows
for significant exclusion of available parameter space of our scenario. Further reduction is
expected in near future with new limits on proton decay lifetime. We have particularly stud-
ied the case with two higgses in the fundamental representation since in this case it could
be possible to explain the baryon asymmetry of the Universe. We have also compared this
scenario with other, well motivated, extensions of the GG model. There are uncertainties
related to predictions of the proposed scenario but, in view of the fact that it truly repre-
sents the minimal realistic extension of the GG model, the same is even more true of all
other extensions.
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Appendix A. Particle content and relevant interactions

In this appendix we define a minimal realistic non-supersymm&tics) model. By
minimal we refer to the minimal number of physical fields such a model requires. In the GG
model the matter is unified in two representatidhs= (d€, )., and10, = €, ¢, ¢€)a,
wherea = 1, 2, 3 is a generation index. The Higgs sector comprigges= ¥ = (¥p, ¥7)
and24y = ¥ = (Xg, X3, X(3.2). % 3,2, X24). However, this model does not achieve uni-
fication and fails to correctly accommodate fermion masses; therefore, it is ruled out. In the
introduction we discuss how it is possible to solve all phenomenological problems of the
GG model introducing a minimal set of fields. Namely, it is sufficient to introduce an extra
representationiby = @ = (@,, @, @.). The SM decomposition of the Higgs sector is
given by

24y =¥ =(8,1,0) + (1,3,0) + (3,2, —5/6) + (3, 2,5/6) + (1, 1,0), (A1)
155 = ® = (1,3,1) + (3,2,1/6) + (6,1, —2/3), (A.2)
5y=w=(121/2) + (3,1, -1/3). (A.3)

The relevant Yukawa potential, up to ordetMp, is

VWukawa= €ijkim (105] Fap 100 4 10] f1p 108 2w 110} f, 208" @' 22 )
Mp) Mp)
ok g AT
10, Bpk + ¥*10 goup —L5,
Mo 81abowk + ¥ 10, g2ab M, bk
(5ai ¥ ) h1ap(Sp; W)
Mp '

wherei, j, k, 1, m represenBU(5) indices. Impact of the non-renormalizable operators on
the fermion masses is discussed3h. Notice that we could replacd/p| by a scaleA,
where Mgyt < A < Mpy, if we do not assume a desert between the GUT scale and the
Planck scale. (See for example R&P].)

The Higgs scalar potential, manifestly invariant un8e5), is (see for exampl&o,
41])

+ ‘I’i*loii/gabsbj + ¥

(A.4)

+ (Dijéaihabsbj +

2
n , . ax . .2 by _.: , Cy _: ,
Vhiggs = _722’,25 + T(zljzfi) + 72'4,21,(2"12’[ + ?zljszz"i

2 2
Ky i | aw N2 Mo ij |, 4o V2
— 711,1_*11,1 + T("Ui*lpl) _ 7@;}@!/ + T(Q'*jq)lj)
b . . o ) . .
+ 7@;‘}@"@;“,@" WX W ot 210N + caw ol ur

+ Y DLW + b)Y B S+ by 2T 2
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+ bW W D D bW X B W+ bsw ol % W

+be®V 0% Z5 Bl 4 by 2T DM B (A.5)
We assume no additional global symmetries. It is easy to generalize this potential to de-
scribe the case of two or more higgses in the fundamental representation. (We do not
include non-renormalizable terms in the Higgs potential since the split betwegemd
Yg masses that we frequently use in running can already be achieved at the renormalizable
level.)

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

Boy-1%). v> &
B>1{ 16 = (A-6)
—ﬁ, O<y< 1%,
where dimensionless variables are defined as

2
_ Mybs _(e= 1
A a)

The vacuum expectation value 8fis (¥) = 1/+/30diag2, 2, 2, —3, —3), where[26]

_CE IB 1/2 1 1/2 1 _CZ IB 1/2
)L_E(;) [<1+ 120ﬂy> + (12Q6y)1/2] —E(;) h(By). (A7)

Finally, the mass ok andY gauge bosons is given by

5
My =,/ — A A.
v =y T586uT (A.8)

M2 = [1+ > (V>l/2 1 -bkz
|37 30\p) mBn ]
4 5 Y2 1 7
(3 als) e
3 J30\B h(By) |
1 -
M2 =|1-
Z24 [ 1+ (14 1208y)1/2 |
Here we note the following. In the limit thats — 0 we obtain the well know results:
M3, = 4M3, [17]. However, in the limit where. — Z—i@ we obtain

and

2by 32

by M3
M2, — 5/3b2x2<< - aG;),

M%s — 0,

2
M%,, — |:y —~ g}szz.
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Clearly, it is technically possible to achieve a large split betwgn and M x,, although
this is highly unnatural.
The relevant interactions for the see-saw mechanism are the following:

Vsee-sawe —M3 Tr 1@, — Y17 C®ul + caW [ W) +hec., (A.9)
where
50 -2
V2 v T 0 g+
¢a=<_£ 5++)’ 1=<e>, v, =(H", HY). (A.10)
V2
In this case the neutrino mass is given by
HO 2
M, ~ Ym%. (A.11)
My,

This is the so-called type Il see-s§y5]. Notice that from this equation in order to satisfy
the neutrino mass experimental constraif} /c3 has to be around #8-14 GeV.

Appendix B. Proton lifetime bounds

The dominant contribution towards nucleon decay in non-supersymmetric GUT usually
comes from the gaugé = 6 proton decay operators. Even though these operators carry
certain model dependence we have recently shown that unlike in the ease®bperators
we can still establish very firm absolute bounds on their strength that are equally valid for
all unifying gauge groupglL9]. We investigate the impact these bounds have on the non-
supersymmetric grand unified model building in what follows.

The upper bound for the total nucleon lifetif9] in grandunifying theories, in the
Majorana neutrino case, reads

M4
7, < (L1x 10" yearg "~ (B.1)
Yeut
whereMy—the mass of the superheavy gauge bosons—is given in units®&HY. We
stress that there exist no upper bound for partial lifetimes since we can always set to zero
the decay rate for a given channel.

In order to fully understand the implications of the experimental results we now specify
the theoretical lower bounds on the nucleon decay in GUTs. These are applicable in the
case of non-supersymmetric models if the gadge 6 contributions are the dominant as
well as in the case of supersymmetric models wheredteed4 andd = 5 operators are
either forbidden or highly suppressed.

The relevant coefficients for the proton decay amplitudes in the physical basis of matter
fields arg42]

c(es . dp) Zkﬂvlllvzaﬁ + (V1VUD)1ﬂ(V2VJD)al], (B.2a)
c(ear dS) = BVIVE 1 13(Vav ) (Vv v V)™, (B.2b)
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u
c (v, do, dS) = K2(ViVup)™ (VaVEn)P! + K2V (ViVupV, VaVen)©,

a=1lorg=1, (B.2c)
C("lcv oy d,?) = k%[(VAfVIjD)ﬁl(U;YEN V2)la +Vy Q(UEN V2VJD)11]’
o= l Orﬂ = 1, (BZd)

wherea, 8 = 1, 2. The physical origin of the relevant terms is as follows. The terms pro-
portional tok; (= gcutM;, 1) are associated with the mediation of the superheavy gauge
fieldsV = (X, Y) = (3,2, 5/6), where theX andY fields have electric chargeg3and
1/3, respectively. This is the case of theories based o8U#{8) gauge group. On the other
hand, an exchange &f = (X', Y') = (3, 2, —1/6) bosons yields the terms proportional to
ko (= gGUTM;,l). In SO(10) theories all these superheavy fields are present.

The relevant mixing matrices arg, = UgU, Vo = E;ED, Va = D;EE, Va = DZD,
Vup = UTD, Ven = ETN, Ugn = ECTNC, andVyp = U'D = K1Vexkm K2, wherekKq
and K, are diagonal matrices containing three and two phases, respectively. The leptonic
mixing Vgy = K3VPMNSK4 in case of Dirac neutrino, dfgy = K3VPMNS in the Majo-
rana caseV Puns and VPMNS are the leptonic mixing matrices at low energy in the Dirac
and Majorana case, respectively. Our convention for the diagonalization of the up, down
and charged lepton Yukawa matrices is specified/gyry U = Yd""‘g| DLypD = yoes
andELYE = y399,

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

c(eS. dg) oo < 24, (B.3)
c(ear d§) g0 <K +K5, (B.4)
3
Zc V1, s d§) 510/ ¢ (V1 dy ) g10) < KT8 + K3 + 26543, (B.5)
3
c(vf +da df ) soa0 ¢ (v -y df ) s < K3[3+ 8], (B.6)
=1

which translates into the following bounds on the amplitudes in the case the neutrinos are
Majorana patrticles:

r(p—ntd) < 8 f 212|?(L+ D+ F) [kl+k2] , (B.7)
(m? — m%)? 2m,D7? m 2
+= p K 2 )4 Mp
Mo~ K0S s el Sy | + 1o g0 an)]
4m , D

x (k2 +k3)° +

[1+ —”(D +3F)][ k2k§+k§]},
(B.8)

3m
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Table 3
Lower bounds for partial proton lifetime in years for the Majorana neutrino case
in units of M3, /a2, 7, where the mass of gauge bosons is taken to BE GeV

Channel rlfu(s) 150(10)

p—nty 7.3x 1033 1.8x 1033

p—> Kt 17.4 x 1033 48x10%3

p— noe; 3.0x 1033 1.8x 1033

p— Koeg 8.5x 1033 53x10%3

m
r(p—nf) < 16;}2A%|oe|2(1 + D + F)?[5k{ + 2k2k3 + k3], (B.9)
T
(m2 _ m2 )2 m 2
0+ P K) 42, 12 P 2 2,2 | 14
r(p—kK eﬁ) < WALM [1+ m—B(D - F)} [5kT + 2k5k5 + k5 .
7p

(B.10)

Using these expressions it is easy to extract lower bounds on lifetimé@ble 3we
list all lower bounds for the proton lifetime i8UJ(5) and SO(10) models. Again, we use
m, =9383 MeV, D =0.81, F = 0.44, mp = 1150 MeV, f; = 139 MeV, A; = 1.43,
and the most conservative valae= 0.003 Ge\?. In the case 080(10) models we set
k1 = ko for simplicity. Note that lower bounds are well defined for the partial lifetimes
while upper bound is meaningful for the total lifetime only.
Finally, we can establish the theoretical bounds for the lifetime of the proton in any
given GUT. In what follows we use

M M
(10* yeary " V. <1, < (10" yeary az—v. (B.11)
GuT GuT

These bounds are useful since we can say something more specific about the allowed values
of My or agyt or both. For example, if we takegyT we can put lower limit on the value

of My using experimental data on nucleon lifetime. Also, given the valugwfindaguT

we can set the limits on the proton lifetime range within the given scenario.

Appendix C. Thetwo-loop running

We present the details on the two-loop running. In order to maximdzeone needs
extremely light®,. In any given mass splitting scheme we thus set the mas, ait
250 GeV which is just above the present experimental limit of 242 GeV. Thewy &,
or both are allowed to vary betweéis, and Mgyt in order to yield unification and all
other fields except for the SM ones are taken to be at the GUT scale. The identification
My = Mgyt is justified through the inclusion of boundary conditions at the GUT scale
[43]

-1 )Li

“i_l|GUT =GUT T 15, {A1, A2, 23} = 15,3, 2}, (C.1)
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and the relevant two-loop equations for the running of the gauge couplings take the well-
known form

da; b 13
i (1) = —a,-z(u) + 8.2 Zbi,/aiz(u)aj (). (C2)
i=1

du T

b; andb;; coefficients for the SM case for arbitranyare well-documented (sg¢44] for
general formula). In addition to those we have:

0 2 8
br=\3|. =13 p=|2Z]. (C3)
0 L 0
0 0 0 ™ B
bi=|0 2 of. =4 ¥ 8],
1 22
LSOEOO s 3 3
25 5
bfj“: Z % of, (C.4)
0 0 0

which should be added to the SM ones at the appropriate particle mass scale. The two-loop
Yukawa coupling contribution to the running of the gauge couplings (with the correspond-
ing one-loop running of Yukawas) iot included in order to make meaningful comparison
betweenn = 1 andn = 2 cases. (For the = 2 case one vacuum expectation value of

the light Higgs doublets is arbitrary and needs to be specified in order to extract fermion
Yukawas for the running, i.e., tghambiguity. There is no such ambiguity present in the

n =1 case since the only low-energy vacuum expectation value is accurately determined
by electroweak precision measurements.)

The outcome of the exact numerical unification is presentédgs. 6—8

The GUT scale as well as appropriate intermediate scales are indicated on the plots.
For example, in the: = 2 scenario with light¥3 in Fig. 6 the GUT scale is close to
the one-loop results (sé&g. 1in particular) and comes out to bel8 x 10 GeV for
central values of coupling constaft$]. The o departure allows for the maximum value
of 3.35 x 10 GeV in that case. Note that the= 1 case with lightZ3 presented in
Fig. 7yields somewhat higher GUT scale. The reason behind this trend is simpk;, the
contribution toB12 is seven times that of the Higgs doublet but, at the same time, they
contribute the same tB23. Thus, ®;, is more efficient in simultaneously improving the
running and raising the GUT scale than any extra Higgs doublets.

One might object that lightness af3, which requires miraculous fine-tuning, makes
the scenario with an extr#b rather unattractive. Again, we do not insist @i being at
intermediate scale. Note that the unification with almost the same GUT scale as in the
intermediateX'3 case is achieved at the two-loop level in the scenario wikgres at in-
termediate ands is at the GUT scale. Sd€igs. 4 and or then = 1 andn = 2 cases,
respectively. As discussed in the text, intermediate scaléforould 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 obsef¢&hles
The SM case witht = 2 is presented by dashed lines. Solid lines correspond te th@ scenario withd;, and
X3 below the GUT scale. Vertical lines mark the relevant scalgs; Mg, = 250 GeV,M 5, = 4.95x 10% GeV

and Mgyt = 3.19 x 1014 GeV.
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Fig. 7. Unification of the gauge couplings at the two-loop level for central values of low-energy obseftahles
The SM case witlh = 1 is presented by dashed lines. Solid lines correspond tae the scenario with®y,,
Y3 and @, below the GUT scale. Vertical lines mark the relevant scalég;, Mg, = My, = 250 GeV and

MguT = 3.28 x 1014 GeV.

Yukawas for Majorana neutrinos or smadl. In the latter case, the novel contributions to-
wards proton decay would be automatically suppressed. The former case could be probed
if and when the leptoquarks are detected since some of the rare processes involving neu-
trinos would be significantly suppressed compared with the charged lepton ones. We note
that in the scenario with intermediage, the GUT scale grows with the number of light
Higgs doublets in contrast to the case whghis at the intermediate scale. Again, the rea-

son is that theB1, coefficient of®,, is the same as the appropriate coefficient of the Higgs
doublet but its contribution t®23 is four times bigger. Thus, the very efficiency&f, in
improving unification makes its impact ddgyT rather small.
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Fig. 8. Unification of the gauge couplings at the two-loop level for central values of low-energy obseft&hles
The SM case witlh = 2 is presented by dashed lines. Solid lines correspond te th@ scenario withd;, and
@, below the GUT scale. Vertical lines mark the relevant scalgs; Mg, = 250 GeV,M¢, = 4.41x 100 GeV

and Mgyt =1.17 x 10 GeV.
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