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It is often argued that in the class of non-supersymm@&iX10) grand unified theories there
is barely any room for reconciling the lower bound on the fasiof the GUT scale emerging
from the proton decay searches and the lower limit on thelatesneutrino mass scale derived
from the neutrino oscillation experiments with the gaugeptimg unification constraints. The
recent two-loop reassessment of the gauge running protdefirst complete picture of the
situation, complementing the existing studies in sevespkats. The improved analysis reveals
a new room in the parametric space that could support a cfassmsupersymmetri€Q(10)
models potentially compatible with all current physicatadancluding constraints on the relevant
Yukawa sector emerging from the quark and lepton masses &dadgs This, in turn, brings
back the question of viability of some of the simplest nopesgsymmetric GUT scenarios.
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Intermediate scales in non-SUSY SO(10) GUTs

1. Introduction

The grand unified theories (GUTSs) provide one of the bestvatdl physics cases beyond
the Standard Model (SM) paradigm. Recently, the infornmahiarvested from the neutrino oscil-
lation experiments [1] opened up another window to the fumelstal GUT structures presumably
underlying the flavour pattern of the SM, in particular thesswv sector governing the generation
of the lepton masses and mixing. This triggered a consitketadost to the field by admitting a
thorough reassessment of viability of the simplest GUT aden from a new perspective giving
rise to a set of interesting recent results. A detailed wstdading of the constraints emerging from
the requirement of a high-energy gauge-coupling convesyeepresents a vital ingredient of any
such efforts.

2. Viability of thesmplest GUTs

Concerning the viability of various GUT models currently thhe market there are several
basic constraints to be taken into account. The present loawend on the proton half-life,(p —
et ) > 1.6 x 10% years [2] yields a lower bound on the position of the unifmatcaleMgyT >
10'54GeV. Second, the need to accommodate the “atmospheric’-sgassed difference in the
neutrino sector via a variant of the seesaw mechanism ishi&B — L breaking scale shoutdall
into the range 1¥GeV < Mg_, < 10GeV. From this point of view one can briefly summarize
the status of the simplest models based orii€5) andSQ(10) gauge groups as follows:
SU(5) models: It is well known that the minimal non-supersymmet8t(5) suffers from a multi-
sigma defect in the gauge-coupling convergence. Althobghdroblem can be alleviated in the
SUSY context, the correlation between the flavour strustgaverning thel =5 proton decay and
those controlling the quark and lepton masses and mixingristight in the minimal SUSYSU(5)
model, which can be reconciled with the current data onlhation-renormalizable level, c.f. [3].
SO(10) models: The SO(10) models accommodate naturally the seesaw idea and provide mu
more room for intermediate scales. Nevertheless, it has Beewn recently [4, 5] that in the
minimal SUSY SQ(10) model [6] there is an inherent tension between the need fetasively
large atmospheric mass-squared difference in the neusestor (implying an upper bound on
Mg_| quite belowMgyT) and the requirements of the gauge coupling convergenadef(png
Mg_| close toMgyT). This issue is absent in the non-SUSY case because thereplaeation
between the GUT scale and (a set of) intermediate scaletidaii a successful gauge unification.

3. Intermediate scalesin non-supersymmetric SQ(10) GUTs

The constraints on the positions of intermediate scalekembn-SUSYSQ(10) GUTs im-
posed by the requirement of a successful gauge unificativa been studied thoroughly in the
past (see e.g. [7] for an initial assessment or [8] for an tgotaview of the LEP data, and refer-
ences therein). Nevertheless, with the new informatiorherflavour structure of the lepton sector

1The absolute neutrino mass scale constraint is naturaihesdat weaker than the one emerging from the proton
decay. Moreover, the upper bound big_| is more rigid than the lower one because one can always laokaia-
cellations in the seesaw formula if the “naive” estimatelaf heutrino mass scaha, ~ vz/MB,L turns out too large;
however, this is not the case for the opposite.
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there are good prospects of putting the assessments ofabiéityiof the simplesSQ(10) models
on even a firmer ground. In general, in order to take the fullathge of the extra inputs one
has to understand in detail the Higgs sector underpinniadlévour patterns of the model under
consideration. Though simple in principle, this is ofterather complicated task in practice, but
it is doubly rewarding as it provides another very importegfredient of an ultimate fully self-
contained analysis of a particular setting — the shape of¢htar sector thresholds populating the
“desert” between the electroweak and the unification scaleis a posteriorijustifies the two-loop
approach used in some of the existing studies, despiteck®fan explicit Higgs sector treatment.
From this perspective, the reappraisal [9] provides thediep towards such a complete viabil-
ity analysis of the simplest non-SUSYJ(10) models. Apart from fixing several shortcomings of
the previous assessmeniisextends the existing studies in several aspects. Fariost it provides
the first fully consistent treatment of the so-callé#i(1) mixing effects” emerging in scenarios in
which gauge group governing the dynamics below the GUT hwlescontains more than a single
U (1) factor, with profound implications on the predictabilitjtbe relevant intermediate breaking
scale, c.f. Figure 1. Moreover, it does account for a needitmla set of extra Higgs multiplets
below the GUT scale if the Yukawa couplings are to be domahbterenormalizable couplings of
the matter bilinears to 100 126y in the Higgs sectdrlike in the minimal SUSYSQ(10) model.
Remarkably enough, the new results affect considerablgttites of some of the particularly
attractive breaking chains, especially those featuringllsmpresentations governing t8€10) —
SM descent (thus often regarded to as minimal). In particwa found considerable changes in
the positions of the intermediate scales in the pair of chain
a) SO(10) &2 SU(3)c@SU(2)L @SU(2)r@U (1)s_1 - SU(3)c@SU(2)L @U (1)r@U (1)s_L =2 SM,
b) SO(10) & SU(4)c ® SU(2)L ® U (1)r =2 SU(3)c ® SU(2)L ®U (1)r@ U (1)g_L 2’ SM,
as depicted in Figure 1. In both cases, the two-loop effeetd to rise the (often too low) upper
limit on the B — L scale by almost an order of magnitude while lowering sligtiite GUT-scale. In
case a) one obtaing, ~ 16.2 andn; < 10.8 while in case by ~ 14.8 andn; < 11.0 whereny =
log;0(MguT/GeV) andn; = log;o(Mg_L/GeV). Concerning bounds am both configurations are
compatible with the current experimental constraints evithout a need to invoke a severe fine-
tuning in the seesaw formulae. The valuengfin the latter case is not an issue either because the
GUT-scale threshold effects can easily shift it by far mbgntthe desired half order of magnitude.
This, in turn, can be used as an extra physical requiremeheifull-fledged analysis.

4. Conclusions

Flavour considerations provide strong constraints ontituetsire of the grand unified models.
It is well known that the simplest supersymmet8t)(5) and SO(10) models suffer from severe
shortcomings when it comes to a complete assessment ingladso the bounds emerging form

2|n particular, we have corrected some of the numerical isistencies affecting substantially the results of the
previous works even at the one-loop level (lifting a positaf the B— L scale by as much as almost six orders of
magnitude in one specific case, c.f. the right panel in Figjre

3This mechanism is known to work only if the electroweak Higlgsiblets contain sizeable contributions from
both these underlying multiplets; for this to be the casé lmoimponents must be present at the scaleSthgl)c of
Pati-Salam symmetry breaks downSb(3). ® U (1)g—L above which the relevant doublets can not mix.
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Figure 1: The configurations of various intermediate scales cormeding to a pair of potentially inter-
esting breaking chainSQ(10) 22 SU(3) ® SU(2)L @ SU(2)r@U (1)L = SU3)c® SU(2)L ® U (L)r®
U(l)g_L 1% SM on the left andsQq(10) R SU(4)c @ SU(2)L @ U(1)r 2 SU(3)c® SU(2)L @ U (Lr®
U(l)s_L 125SM on the right);ny andn; are defined in the text anah = log,o(M2/GeV) encodes the
scale of the second breaking step. The solid lines depictulhévo-loop results while the dashed (and
dotted) lines correspond to the one-loop results with (aitbowt) theU (1)-mixing effects taken into ac-
count. One can observe the generic tendency of the two-lifegtgto rise the maximumB — L scale while
lowering the GUT scale. Remarkably, the the solid blue Imthe diagram on the right is lifted byn, ~ 6
(corresponding to a facter 10° in maximum allowedVig_| ) in comparison with the previous assessments.

the longevity of proton and/or from the need to reconcile aheolute light neutrino mass scale
with the seesaw paradigm. On the non-SUSY side, the viglificertain chains within the class
of simple SO(10) models is still an open question deserving attention. Theplest strategy to
address this issue requires a detailed two-loop undeis@rd the gauge coupling unification
conundrum convoluted with a good apprehension of the Higgs The analysis [9] is a further
step towards this goal accounting for several inconsigsnalaguing the preceding assessments.
The new results bring some of the previously disfavourealing chains back to life, with some
of the improvements accounting for large changes in thetiposi of the relevant intermediate
scales. Remarkably, this affects namely the simplest shalying on a minimal set of Higgs
fields triggering the GUT symmetry breakdown, reopeningctioeial question of their viability.
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