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LHC-scale left-right symmetry and unification
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We construct a comprehensive list of nonsupersymmetric standard model extensions with a low-scale
left-right (LR)-symmetric intermediate stage that may be obtained as simple low-energy effective theories
within a class of renormalizable SO(10) grand unified theories. Unlike the traditional “minimal” LR
models many of our example settings support a perfect gauge coupling unification even if the LR scale is in
the LHC domain at a price of only (a few copies of) one or two types of extra fields pulled down to the TeV-
scale ballpark. We discuss the main aspects of a potentially realistic model building conforming the basic
constraints from the quark and lepton sector flavor structure, proton decay limits, etc. We pay special
attention to the theoretical uncertainties related to the limited information about the underlying unified
framework in the bottom-up approach, in particular, to their role in the possible extraction of the
LR-breaking scale. We observe a general tendency for the models without new colored states in the TeV

domain to be on the verge of incompatibility with the proton stability constraints.
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I. INTRODUCTION

It is well known that with only the standard model (SM)
field content the gauge couplings do not unify at a single
energy scale, while the minimal supersymmetric standard
model (MSSM) leads to quantitatively precise gauge
coupling unification (GCU), if the scale of supersymmetry
is “close” to the electro-weak (EW) scale [1—7].1 However,
there are many extensions of the SM that lead to GCU
without supersymmetry (SUSY). In particular, it is much
less known that already in [10] GCU was studied in a
number of non-SUSY extensions of the SM. We also
mention one particular example with vectorlike quarks
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'Actually, within supersymmetric models it is only required
that the new fermions (Higgsinos, wino and gluino) have masses
near the EW scale, as in the so-called “split SUSY” scenario
[8,9].
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(VLQ) that was discussed recently in [11], where the Higgs
mass and stability bounds and the GCU were considered in
a SM extension with two different VLQs.

On the other hand, there are rather few publications
which discuss GCU within left-right symmetric extensions
of the SM. The main reason for this is probably the fact that
for minimal left-right (LR) symmetric extensions of the SM
the couplings do not unify unless the LR scale is rather high,
say (10° — 10'") GeV, as has been shown already in [12].

While for the SM the term “minimal” is unambiguously
defined, for LR symmetric extensions of the SM the term
“minimal-LR” model has been used for quite different
models in the literature. Usually in “minimal LR” models a
second SM Higgs doublet is added to the SM field content
at the LR scale to complete a bidoublet, @1,2.2,0,2 as required

*Throughout this paper we will use the notation ® for scalars
and U for fermions with the subscript denoting the quantum
numbers with respect to either the left-right (SU(3), x SU(2), x
SUR2)gp x U(1)g_,) or the SM group (SU(3).x SU(2),x
U()y).

© 2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.89.035002
http://dx.doi.org/10.1103/PhysRevD.89.035002
http://dx.doi.org/10.1103/PhysRevD.89.035002
http://dx.doi.org/10.1103/PhysRevD.89.035002

ARBELAEZ, ROMAO, HIRSCH, AND MALINSKY

PHYSICAL REVIEW D 89, 035002 (2014)

80 80
60} \ 60} \
TE 0! . L=R TE 10l . L=R
20t 3 20t 3
0

102 10 10° 10® 10 102 10" 10'°
E [GeV]

FIG. 1 (color online).
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Gauge coupling unification, including the 2-loop f-coefficients, for two “minimal” left-right models, to the left

“mLR,” to the right “mQLR” model. For definition of the models and discussion see text.

by the LR group. To break the LR group to the SM group
one then (usually) adds a pair of triplets ®, 5 _, + P13
[13-15]. Here the presence of the left-triplet @5, _,
allows us to maintain parity in the LR phase, i.e.
g1, = ggr, sometimes also called “manifest LR” symmetry.
This construction automatically also creates a seesaw mass
for the right-handed neutrinos from the vacuum expectation
value of the ®, ;3 _, [15]. We will call this setup the
“minimal LR” (mLR) model in the following. Alternatively,
also a pair of doublets, ®,; | + @, 1, could break the
LR group for an equally simple setup. However, in this case
one would need to rely on an inverse [16] (or linear [17,18])
seesaw for generating neutrino masses.

In [19] it has been argued that a “truly minimal LR
model” has only two doublets ®;,; _; + ®;,;_; but no
bidoublet. In this case, all fermion masses are generated
from nonrenormalizable operators (NROs). While this setup
has indeed one field less than the above “minimal-LR”
models, it needs some additional unspecified new physics to
generate the NROs and, thus, cannot be considered a
complete model. Unification in this “truly minimal” setup
is achieved for a LR scale around roughly 108 GeV (and a
grand unified theory (GUT) scale of roughly 10'3 GeV [20].

A LR model with only bidoublets cannot generate the
observed Cabibbo-Kobayashi-Maskawa (CKM) mixing
angles at tree level, see the discussion in the next section.
This can be solved by adding a second @, ; , ( plus a pair of
(B — L) neutral triplets, ®; 31 o + ®130. A supersymmet-
ric version of this setup has been discussed in [21,22], see
also [23]. We will call this model the “minimal QLR”
(mQLR) model. Figure 1 shows the running of the gauge
couplings for the minimal setup (“mLR”), including 2-loop
beta coefficients, in the left plot and for the mQLR model
in the right plot. Note, that the best fit point (b.f.p.) for
mig = 3 % 10'° GeV and mg = 2 x 10'5 GeV in the mLR
model, while the b.fp. for m;g =3 x 10'! GeV and
mg = 6 x 10" GeV in the mQLR model.”

The authors of [21,22] called this the “minimal supersym-
metric LR” model. In this original supersymmetric version the
b.f.p. for the LR scale from GCU is equal to the GUT scale.

Obviously, such a large scale for the LR-symmetry will
never be probed experimentally and this explains, perhaps,
why LR models have not been studied very much in the
literature in the context of GCU. It is, however, quite
straightforward to construct LR symmetric models, where
the LR is close to the EW scale. Just to give an indication,
the running of the inverse gauge couplings for two example
models, which we will discuss later in this paper and which
lead to correct GCU with a very low LR scale, are shown in
Fig. 2. As discussed in Sec. III, many such examples can be
constructed and moreover, many of these examples give
perfect GCU at a price of only (a few copies of) one or a
few additional types of fields.

Our work is, of course, not the first paper in the literature
to discuss GCU with a low LR scale. Especially super-
symmetric models with an extended gauge group have
attracted recently some attention. Different from the non-
SUSY case, in SUSY LR models one needs to pay special
attention not to destroy the unification already achieved
within the MSSM. This can be done in different ways. In
the supersymmetric model of [24] the LR symmetry is
broken at a large scale, but the subgroup U(1), x U(1)z_,
survives down to the EW scale. In this construction, the
scale where U(1), x U(1),_; is broken to U(1), does not
enter in the determination of the GUT scale, m. Following
[27] we will call such models “sliding scale” models, since
U(1)g x U(1)p_, can slide down from (nearly) mg to any
arbitrary value, without destroying GCU. Also supersym-
metric sliding models with a full low-scale LR group can be
constructed, as shown in [25,26]. Alternatively, one can
obtain sliding LR models, using an additional intermediate
scale, as has been shown in [27]. Many examples of such
“sliding-scale” supersymmetric LR constructions have then
been discussed in [28].

However, supersymmetry is not needed in low scale LR
models to achieve GCU, as first discussed in the relatively
unknown paper [29]. Our work is based on similar ideas as
this earlier paper [29], but differs in the following aspects
from it: (i) We do not insist on manifest LR symmetry.
While parity maintaining LR models are, of course, a
perfectly valid possibility, they only form a subclass of all
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Gauge coupling unification at 2-loop level (full lines) and 1-loop level (dashed lines), for two LR models with a

low scale of LR breaking. The figure to the left has the field content SM + @, 5,9 + 3®, ;50 + 2®, ; 5, while the model to the right is
defined as SM +2W3 ;1 /3 +2® 5, + 2P ;3 _,. For discussion see text.

LR models. (ii) The study [29] concentrated exclusively on
GCU. We also discuss constraints on model building due to
the requirement of explaining correctly the CKM in LR
symmetric models. We further take into account constraints
coming from the requirement that we should have the
necessary fields to have a successful seesaw mechanism for
neutrino masses. (iii)) We add a discussion of “sliding
models”; as discussed above a particular (but interesting)
subclass of LR models. And, (iv) we pay special attention
to uncertainties in the predictions of the LR and GUT scales
(and the resulting uncertainty in the proton decay half-
lives). As shown below, these uncertainties are entirely
dominated by the current theory error, due to the (calcu-
lable but) unknown threshold errors.

The rest of this paper is organized as follows. In the next
section we discuss our minimal requirements for the
construction of low-scale LR symmetric models. Special
emphasis is put on the discussion of how to generate a
realistic CKM matrix at tree level. In Sec. III we then
discuss a number of possible LR models. We first consider
“minimal” low-scale setups, i.e. models which fulfill all
requirements discussed in Sec. II with a field content as
small as possible. We then discuss also “sliding-scale LR
models.” By this term we understand models, which lead to
the correct unification, but in which the scale, where LR
symmetry is broken, is essentially a free parameter. These
latter models are nonminimal, but reminiscent of the
supersymmetric LR constructions discussed in [28]. In
Sec. IV we then discuss uncertainties for the prediction of
the LR scale and the proton decay half-life in the different
models, before turning to a short summary and conclusion
in Sec. V. A number of details and tables of possible models
are given in the appendices.

II. BASIC REQUIREMENTS

There are several basic conceptual and phenomenologi-
cal requirements that we shall impose on the set of all
possible LR-symmetric extensions of the standard model.
From the bottom-up perspective these are:

(i) Rich enough structure to account for the CKM mixing
even after the SM Higgs doublet is promoted to the LR
bidoublet, and a rich enough structure to support some
variant of the seesaw mechanism.

(ii) Consistency of the assumed high-scale grand unified
picture; here we shall be concerned, namely, with the
perturbativity of the models up to at least the uni-
fication scale, the quality of the gauge coupling
convergence (to be at least as good as in the minimal
supersymmetric standard model) and compatibility
with the current proton decay limits.

Technically, we shall also assume that the masses of the
extra degrees of freedom are well clustered around at most
two scales, i.e., the LR scale and the GUT scale; if this was
not the case there would be no way to navigate through the
plethora of possible scenarios. Implicitly, the LR scale will
be located in the TeV ballpark otherwise decoupling would
make the new physics escape all LHC tests.

A. Account for the SM flavor physics

The need to accommodate flavor physics is clearly the
least speculative of the requirements above and, thus, the
one we begin with.

1. Two bidoublets plus one extra scalar

With just the SM fermions at hand, there must obviously
be more than a single bidoublet coupled to the quark and
lepton bilinears in any renormalizable LR-symmetric
theory; otherwise, the Yukawa Lagrangian (in the
“classical” LR notation with Q = W3, /3, ®=P,,
and so on, cf. Table IV)

ﬁy = YQQTl.T2®QC —+ YLLTiT2(DLC + H.C., (1)
yields M, «x M, irrespective of the vacuum expectation
value (VEV) structure of ® and, hence, Vg = 1 at the

SU(2)y breaking scale. With a second bidoublet at play,
one has instead

035002-3



ARBELAEZ, ROMAO, HIRSCH, AND MALINSKY
Ly =Y,0Tin,®' Q¢ 4+ Y5 0" ir,®*Q° 4+ Y] LT ir, ®'L°
+Y?2LTiz,®°L¢ + H.c., )

which admits M, nonproportional to M, (and, therefore, a
potentially realistic CKM provided4
v 0
( “ ) )
0 2

Note that we conveniently chose the SU(2) index to label
columns (i.e., they change in the vertical direction) while
the SU(2), indices label the rows.

Needless to say, the VEV structure of such a theory is
driven by the relevant scalar potential. With just the two
bidoublets at play it can be written in a very compact form

v

1

v :
—#+-L, where (®')
vy vy

1 . .
Vs — Eﬂlzj Tr (Tz@lT’Z'zq)j), (4)

where the mass matrix y can be, without loss of generality,
taken symmetric, cf. Eq. (6) in [21]. In such a simple case,
however, it is almost obvious that the condition (3) cannot
be satisfied because of the ®!<>®? interchange symmetry
which yields v)/vl = v2/v2 implying v}/v3 = vl/v2.
Hence, either Eq. (2) or Eq. (4) require further ingredients.

Let us first try to devise (3) by adding some extra scalar
fields so that the simple scalar potential (4) loses the
®! <> ®? symmetry.

To this end, it is clear that the desired asymmetric term
must contain at least a pair of ®’s and anything that can be
coupled to such a bilinear, i.e., an SU(2); singlet or a
triplet, either elementary (with a super-renormalizable
coupling) or as a compound of two doublets. Clearly, a
singlet field (of any kind) behaves just like the explicit
singlet mass term in (4) and, as such, it does not lift the
undesired degeneracy.

Hence, only the triplet option is viable, either in the form
of an elementary scalar’ Dy 130 (to be denoted Q°, see
again Table IV) which couples to the bidoublets via an
antisymmetric coupling a

Vaay, Tr [0 2,70/7,).Q°, (5)

or a nonelementary triplet made of a pair of SU(2)g
doublets y“=V,;,_; (and ") replacing, effectively,
Q° — yT7y¢. Let us mention that the former option has
been entertained heavily in the SUSY LR context [21,22]
where the requirement of renormalizability of the

“Note that in the opposite case one can go into a basis in which
one of the two bidoublets is entirely deprived of its VEVs and,
hence, one is effectively back to the single-® case (1).

We discard the “symmetric solution” with an elementary
Q = ®, 5, because such a field cannot get any significant VEV
without ruining the SM p parameter.

PHYSICAL REVIEW D 89, 035002 (2014)

superpotential simply enforces this route; in the non-SUSY
framework, however, the doublet solution is at least as good
as the triplet one.

To conclude, we shall consider all settings with the SM
matter content, a pair of LR bidoublets and either and extra
Q¢-like SU(2)g triplet or an extra y“-like SU(2), doublet
consistent with the requirement of a realistic SM flavor.

2. Extra fermions

Relaxing the strictly SM-like-matter assumption, one
may attempt to exploit the mixing of the chiral matter with
possible vectorlike fermions emerging in various exten-
sions of the SM. Among these, one may, for instance,
arrange the mixing of the SM left-handed quark doublet
Q = VY3, 11/ with the Q' part of an extra Q-type vectorlike
pair

0'®Q" = \1/3,2,+l/6®\11/§,2.71/6’ 6)

or a mixing of the SM u = W5, _, 3 and/ord® = W3, |3
(in the notation in which all matter fields are left-handed)
with the extra u¢ and/or d°-like fields

/¢ rex — [yl /
weuwT =Wy, @V 0

d/c@dlc* — q// @\I// (7)
= F3,1.41/3 3.1.-1/3"
For the sake of simplicity, we shall consider all these
possibilities at once and then focus on several special cases
with either some of these fields missing or with extra
correlations implied by the restoration of the LR symmetry
at some scale.

The relevant piece of the Yukawa-type + mass
Lagrangian in such a case reads (omitting all the gauge
indices as well as the omnipresent transposition and C~!
Lorentz factors in all terms):

[Lmatter
Y+mass

= Y,Qu‘H, + Y,0d°H, + Y, Q'u°H,
+Y,Q'dHy+ Y Qu H, + Y¢QdHy,
+YQUH, + Y Q' d°Hy + My Q0"
o Myeqeed “d'™ + My u'™ + Moo QQ'
+ My gerd°d'* + M e e t'** + Hc. (8)

where Y, and Y, are the standard 3 x 3 Yukawa matrices of
the SM; the dimensionalities of the other matrix couplings
(primed Y’s) and/or direct mass terms (M’s) should be
obvious once the number of each type of the extra matter
multiplets is specified.

In the QCD®QED phase, this structure gives rise to the
following pair of the up- and down-type quark mass
matrices (the last columns and rows indicate whether the
relevant field comes from an SU(2), doublet or a singlet
and, hence, justify the qualitative structure of the mass
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matrix; note also that we display only one of the off-
diagonal blocks of the full Dirac matrices written in the
Weyl basis and we do not pay much attention to O(1)
numerical factors such as Clebsches and/or normalization):

M, w Wt e SU(2)
u Y, v, Moo Yv, 2
u Yiv, Myg- Y0, 2
u'e M. YT, ML, . 1
SU(2) 1 2 1
9)
M, e de de SU(2)
d Yovg Moy Yivg 2
d Yivy Mgyg- Y/, 2
de* My Y)Tvg ML 1
SU(2) 1 2 1

Given this, there are several basic generic observations one

can make:

(i) The spectrum of both these matrices always contains
three “light” eigenvalues, i.e., those that are propor-
tional to the SU(2), breaking VEV. This, of course,
provides a trivial consistency check of their structure.

(i1) Removing the second row + column in both M, ,
(that corresponds to integrating out Q'@Q'*) and/or
the third row + column in M, (and, thus, integrating
out u'“@u'*) and/or the third row + column in M,
(and thus integrating out d'°@d'“*) the game is
reduced to all the different cases discussed in many
previous studies in the SM context.

(iii) There are several entries in M, and M, that are
intercorrelated already at the SM level; yet stronger
correlations can be expected if the effective lagrangian
(8) descends from a LR-symmetric scenario. For
example, grouping u'°@u’“* and d'°@®d* into
SU(2)g doublets Q' “@Q’“* the degeneracy among
M, and M, would be exact up to (model-dependent)
SU(2)g-breaking terms; in such a case the (dis-)
similarity of the up and down quark spectra and
mixing matrices depends on the details of the specific
SU(2)g-breaking mechanism which, obviously, will
be able to smear such degeneracies (and, thus, open
room for a potentially realistic spectra and the CKM
matrix) only if the relevant VEV is comparable to (or
larger than) the singlet mass terms therein. Note that
here we implicitly assume that there is no other
mechanism such as the one described in the previous
section operating to our desire.

Hence, if one wants to make use of the extra vectorlike

fermions in order to account for a realistic SM quark

masses and mixing in the LR setting, such extra matter
fields should be included at (or below) the LR scale,
otherwise they will effectively decouple. This is the second

PHYSICAL REVIEW D 89, 035002 (2014)

route to the realistic SM flavor that we shall entertain in
what follows.

To conclude, without going into more details, we shall
consider all scenarios including some of the combinations
of the extra matter fields discussed above with masses at the
LR scale eligible for the subsequent renormalization group
(RG) analysis. In this respect, it is also worth stressing that
there are many specific realizations of the structures above
at the LR level that differ namely by the origin of the
desired vectorlike fermions therein and, thus, by the
specific structure of the effective mass matrices above.
An interested reader is deferred to Sec. III where several
examples are discussed in more detail.

3. Seesaw and neutrino masses

We also require there are fields in the model that may
support some variant of the seesaw mechanism, either
ordinary or inverse/linear, and, thus, provide Majorana
masses for neutrinos. Technically, the requirements are
identical to those given in the previous SUSY study [28]
so we shall just recapitulate them here: (i) in models where
the LR symmetry is broken by ®, ;5 _, one automatically
has a right-handed neutrino mass and, thus, type-I seesaw; if
®, 5, is also present, type-II contribution to the seesaw
formula is likely. (ii) as for the models with the LR breaking
driven by ®, ; , _; one may implement either an inverse [16]
and/or linear [17,18], seesaw if W ; ; ( is present, or a variant
of type-III seesaw if W, 5, and/or W, 3, is available.

B. Consistency of the high-scale grand unification

1. Perturbativity

Since the analysis in the next sections relies heavily on
perturbative techniques we should make sure these are
under control in all cases of our interest. In particular, one
should assume that for all couplings perturbativity is not
violated at m; and below mg the same holds for all the
effective parameters of the low-energy theory. To this end
we shall, as usual, adopt a very simplified approach
assuming that none of the gauge couplings explodes
throughout the whole “desert” and, at the same time, the
unified coupling does not diverge right above the uni-
fication scale. On top of that, a perturbative description
does not make much (of a quantitative) sense either even if
the couplings are formally perturbative up to mg (and the
spectrum is compact) when some of them diverge very
close above mg: in fact, the results would be extremely
sensitive to the matching scale selection because their rapid
just-above-mg growth is equivalent to large thresholds for
not-so-well chosen matching scale.

2. Grand unification

Technically, m is best defined as the mass scale of the
heavy vector bosons governing the perturbative baryon
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number violating (BNV) processes. At first approximation,
this may be determined as the energy at which the running
gauge couplings in the MS scheme converge to a point;
from consistency, this is then assumed to be the scale where
the heavy part of the scalar and vector spectrum is
integrated in.

Needless to say, if accuracy is at stakes, this picture is
vastly oversimplified. The main issue of such an approach
is the lack of detailed information about the high-energy
theory spectrum which, in reality, may be spread over
several orders of magnitude.6 The “threshold effects” thus
generated can then significantly alter the naive picture by as
much as a typical two-loop f-function contribution.

This makes it particularly difficult to get a good grip
on the GUT scale from a mere renormalization group
equations (RGE) running—with the thresholds at play the
running gauge couplings in the “usual” schemes such as
MS do not intersect at a point and the only way mg may
be accurately determined is, indeed, a thorough inspec-
tion of the heavy spectrum, see, e.g., [31]. In this respect,
perhaps the best that may be done in the bottom-up
approach (in which, by definition, the shape of the heavy
spectrum is ignored) is to define m; by means of a y?
optimisation based on an educated guess of the relevant
theory error, cf. Sec. IV.

Another issue which often hinders the determination of
mg 1s the proximity of the unification and Planck scales
which usually makes it impossible to neglect entirely the
Planck-suppressed effective operators, especially those
that, in the broken phase, make the gauge kinetic terms
depart from their canonical form. In the canonical basis,
these then yield yet another source of out-of-control shifts
in the GUT-scale matching conditions, i.e. smear the single-
point gauge unification picture yet further, see for instance
[32] and references therein. A simple back-of-the-envelope
calculation reveals that in most cases such effects are again
comparable to those of the two-loop contributions in the
gauge beta functions. Furthermore, the real cutoff A
associated to the quantum gravity effects may be further
reduced below the Planck scale if the number of propa-
gating degrees of freedom above is very large, cf. [33].

Since none of these issues may be addressed without a
thorough analysis of the coupled system of the two-loop
renormalization group equations augmented with a detailed
information about the high-scale spectrum (and, possibly,
even quantum gravity), in what follows we shall consider a
unification pattern to be fine if the effective MS running
gauge couplings do converge to a small region character-
ized by a certain “radius” in the “t — a~! plot” (with 27t =
log(u/M,) and u denoting the MS regularization scale).

®Note that this, in fact, is rather typical for “simple” models
which tend to suffer from the emergence of pseudo-Goldstone
bosons associated to spontaneously broken accidental global
symmetries, especially when there are several vastly different
scales at play, cf. [30].

PHYSICAL REVIEW D 89, 035002 (2014)

Note that, in practice, we shall perform a y-analysis of the
gauge coupling RG evolution pattern with three essentially
free parameters at play, namely, m;r (denoting the LR-
scale where the part of the spectrum that restores the
SU(2)g gauge symmetry is integrated in), mg (the scale of
the assumed intersection of the relevant effective gauge
couplings of the intermediate-scale LR model) and a (the
unified “fine structure” coupling); with these three degrees
of freedom, however, an ideal fit of all three SM effective
gauge couplings, i.e., a;, a; and ay, is (almost) always
achievable. Hence, we shall push the y*-analysis further in
attempt to assess the role of the theoretical uncertainties in
the possible future determination of these three parameters
that may be obtained in several different ways, cf. Sec. IV.

3. Proton lifetime

There are in general many ingredients entering the
proton lifetime predictions in the grand unification context
with very different impact on their quality and accuracy.
Barring the transition from the hadronic matrix elements
to the hard quark-level correlators (assumed to be reason-
ably well under control by the methods of the lattice QCD
and/or chiral Lagrangian techniques), these are namely the
masses of the mediators underpinning the effective BNV
operators. At the d =6 level, these are namely the
notorious GUT-scale X and Y (and/or X’ and Y’) gauge
bosons, and also the three types of potentially dangerous
scalars @3 _y/3, $3_4/3 and P33 _;/3 (descending from
the fields nr. 9, 10, 14 and 19 in Table IV) with direct
Yukawa couplings to matter. In both cases, the flavor
structure of the relevant BNV currents is the central issue
that can hardly be ignored in any dedicated proton lifetime
analysis. From this point of view, the gauge-driven p-decay
is usually regarded to as being under a better control
because it depends only on the (unified) gauge coupling
and a set of unitary matrices encoding transitions from the
defining to the mass bases in the quark and lepton sectors
[whose matrix elements, barring cancellations, are typically
O(1)] while the scalar BNV vertices are governed by the
Yukawa couplings and, thus, are often (unduly) expected to
be suppressed for the processes involving the first gen-
eration quarks and leptons. In either case, a detailed study
of the flavor structure of the BNV currents is far beyond the
scope of the current study; the best one can do then is to
assume conservatively the gauge channels’ dominance and
suppose that the elements of the underlying unitary
matrices are of order 1.

However, in theories with accidentally light (TeV-scale)
states one should not finish at the d = 6 level but rather
consider also d > 6 BNV transitions that may be induced
by such “unusual” scalars. To this end, let us just note that
the emergence of d = 7 baryon number violating operators
has been recently discussed in some detail in [34] (see also
[35,36]) and a specific set of scalars (in particular, ®53 5 ; /¢,
®3,57/6 and P3,/,3) underpinning such transitions in
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SO(10) GUTs has been identified. Nevertheless, in the
relevant graphs these fields are often accompanied by the
“usual” d = 6 scalars above and, thus, for acceptable d = 6
transitions the d =7 BNV operators tend to be also
suppressed so we shall not elaborate on them any further.
Since neither of these issues may be handled without a
very detailed analysis of a specific scenario, for the sake of
the simple classification of potentially viable settings
intended for the next section we shall stick to the leading
order (i.e., d = 6) purely gauge transitions and implement
the current SK constraint of z,,_ 0+ 2 10%* years [37]. This
will be imposed through the simple phenomenological
formula
r, zaémg/m‘é, (10)
which, technically, provides a further input to the y?
analysis in Sec. IV. We shall also ignore all the effects
related to pulling the effective d = 6 operators from mg
down to the electroweak scale, see, e.g., [38—40].

III. LOW SCALE LEFT-RIGHT MODELS

We will first discuss the simplest variants of models, i.e.
those with one new energy scale, which we will denote by
my . Later on we will also discuss the possibility to have a
“sliding” LR scale “on top” of a SM-group stage with
extended particle content. These latter models are slightly
more complicated in their construction than the minimal
ones, but interesting since they are reminiscent of the
supersymmetric sliding models discussed in [27,28].

Although all our models are inspired by SO(10) uni-
fication, we do not concern ourself with the first step of
symmetry breaking, i.e. SO(10) —» SU(3), x SU(2), %
SU(2)g x U(1)p_,. The interested reader is referred to,
for example, [26] or [24]. In the LR stage, we consider a
total of 24 different representations, as listed in Table (IV).
These fields give all representations found in SO(10)
multiplets up to 126 and we consider multiplets up to
126 simply because the right triplet, ®,;3;_,, which
presents one of the two simplest possibilities to break
the LR group correctly, is ®; ;3 _, € 126 in the SO(10)
stage. Larger multiplets could be easily included, but lead
of course to more elaborate models. The transformation
properties of all our allowed multiplets under the LR group
are given in Table IV of the appendix.

In this section, we will keep the discussion mostly at the
1-loop level for simplicity. Two-loop f-coefficients can be
easily included, but do not lead to any fundamental changes
in the models constructed. Recall that at 1-loop order two
copies of a complex scalar give the same shift in the
p-coefficients A(b;) as one copy of a Weyl fermion. The
coefficients for scalars and fermions differ at two-loop
order, of course, but these differences are too small to be of
any relevance in our model constructions considering
current uncertainties, see Sec. IV.

PHYSICAL REVIEW D 89, 035002 (2014)

A. “Minimal”’ models

The master equation for the running of the inverse gauge
couplings at the 1-loop level can be written as

b;
@ (1) = o (19) + 5 (= 1o), (an
/3
where t; =log(m;), as wusual. The corresponding
p-coefficients are
(OM, B5M, bSM) = (—7,-19/6,41/10),
(5%, 5%, R, = (~7.-3,-3,4)
+ (ABKR, ABLR, ABER, ABIR, ).
(12)

The (B-L) charges in Eq. (12) are written in canonical
normalization. Here, AbMR stand for the contributions
from additional fields, not accounted for in the SM,
while the coefficients for the groups SU(2), x SU(2)g
include the contribution from one bidoublet field, ®; ;.
We decided to include this field in the bR directly,
since the SM Higgs h=®,,/, € P15, in all our
constructions.

Next, ax!(mig) and az!; (mr) are related to the SM
hypercharge via:

3 2
o (mig) = S ag' (mig) + <@gl (mig).

5 (13)
Equation (13) can be used to eliminate one of the four
running couplings from the system of equations, since
the orthogonal combination —Zag' (myR) +32az’, (mg)
is a free parameter. Defining oS, with a f coefficient
2R + 2b5R, then allows finding the GUT scale using
only three running couplings.

Finding a model which unifies correctly, then simply
amounts to calculating a set of consistency conditions on
the A(bIR), which can be derived from Eq. (11), by
equating a‘}ff = a, and @, = a3. Two examples, for which
a correct unification is found with a low value of my i are
shown in Fig. 3. Note that, the model to the left has a rather
low unification scale (while the one to the right has a rather
high one). The half-life for proton decay in the best fit point
at 1-loop level (at 2-loop level) for the model on the left is
estimated to be Ty, = 10 y (T}, = 10°! y), below the
lower limit from Super-K [37,41]. This will be important in
the discussion on the error bar for proton decay in Sec. IV
and is a particular feature of all model constructions
without additional colored fields, see below.

As discussed in the previous section, we then require a
number of additional conditions for a model to be both
realistic and phenomenologically interesting: (i) All models
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FIG. 3 (color online).
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Model: 2Wy ;1 _2+2®1211+2P115,2

Lot5L AW =(3,55.2)
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Two example models for which correct unification is found for a low value of the scale m; . The model to the

left has a rather low unification scale, see text. Note that these are the same two models already shown in Fig. 2 in the introduction.

must have the agents to break the LR symmetry to the SM
group; (ii) all models must contain (at least) one of the
minimal ingredients to generate a realistic CKM and
generate neutrino masses and angles; (iii) models must
have perturbative gauge couplings all the way to mg;
(iv) mg should be large enough to prevent too rapid proton
decay, numerically we have used (somewhat arbitrarily)
mg > 10" GeV as the cutoff in our search; and, lastly
(v) the predicted myr should be low enough such that at
least some of the new fields have masses accessible at the
LHC. As the cutoff in the search we used, again somewhat
arbitrarily, m;g = 10 TeV.’

Before discussing the different model classes, we first
ask the question how involved our constructions are.
Different criteria can be defined for comparing the com-
plexity of different models, perhaps the two simplest ones
are: (i) ny: the number of additional different kinds of fields
introduced and (ii) n.: the total number of new fields
introduced. Consider first the classical, “minimal” high-
scale LR models, mentioned already in the introduction. As
shown in Table I the mLR [13-15] introduces only 2 kind
of fields, each with only one copy for a total of 2 new fields,
while the mQLR already needs 5 different fields. However,
a realistic model should not only try to minimize the
number of new fields, it should also fulfill basic phenom-
enological constraints discussed previously. On this
account, we would not consider the mLR a valid model,
since it has a trivial CKM at tree level, while the mQLR is
excluded (or at least at the boundary of being excluded®) by
the constraints from the proton decay half-life. The model
mmQLR (more-minimal QLR), on the other hand, can pass
the phenomenological tests, with only (n;,n.) = (3,3).
However, this model does not have g; = g (“exact
parity”) at the scale where the LR symmetry is broken

"For both, mg and myy the values quoted are only the limits
used in the search for models. Whether a particular model
survives the constraints from proton decay searches depends
not only on the values of mg and ag but also on their
uncertainties, see Sec. IV.

¥See the discussion in Sec. IV.

and exact parity symmetry was required in most construc-
tions of LR models, that we have found in the literature.
The question whether exact parity (“manifest”) LR sym-
metry is a more important requirement for a “good” model
than having the smallest possible number of new fields
clearly is more a matter of taste than of scientific measure.
We decided not to insist on exact parity and instead
construct models with the fewest number of total fields
possible.

The models we construct then can be separated into two
different classes: (i) models in which a realistic CKM is
generated by the extension of the scalar sector and
(i1) models in which a realistic CKM is generated by the
extension of the fermion sector.

1. Model class (i): “Scalar” CKM models

Consider first models of class (i). The breaking the LR
group can be either achieved via a right triplet, ®; ;3 _,
(case [i.1]), or by a (right) doublet, ®, ; , _; (case [i.2]), as
discussed in the previous section. Several examples of
simple models for both classes are given in Table I.

Consider the triplet case first. The minimal field content
for the triplet case consists in ng,,, Pi220+
ng, ., P1130 +1a,,, , P13 and the simplest model
we have found is given by ng,,, =1, ng, , =1 and
ng,,, , =3 for a total of n. =5 copies, followed by
ng,,,, =1, ng ,,, =3 and ng , , =2 for a total of
n., = 6. Both models have rather short proton decay
half-lives, with the n. =6 model doing slightly better
than the n. = 5 model. For this reason we used the n, = 6
model in Figs. (2) and (3) and in Sec. IV for our discussion.
Once additional new fields are allowed with nonzero
coefficients, a plethora of models in this class can be
found. Example models for each of the 24 fields are given
in Table V in the appendix. Here, let us only briefly mention
two more eXampleS: 2(1)1’2’2‘0 —+ @1.1’3’0 —+ (b&l.l,() +2(D1’1,3.,2
and 3®y 50+ P1130 +3Pe1.14/3 +2P151. 2+ Pris
The former shows (see discussion of Fig. 4 below) that at
the price of introducing one colored field, the proton decay
half-life constraint can be completely evaded, while the
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TABLEI A comparison of some of the simplest possible LR models. Configuration gives the actual (extra) fields used in the model on
top of the SM fields. n; stands for #(fields) and counts how many different fields are used in the construction, while 7. is #(copies) and
counts the total number of different copies of fields. “Parity?” gives whether a given model predicts g; = gz and “CKM?” whether it has
a nontrivial CKM matrix at tree level, see the discussion in the previous section. my g gives the approximate best fit point (including 2-
loop coefficients) for the scale of LR breaking, while T, [y] gives the estimated half-life for proton decay. The error bar quoted for Ty
is an estimation derived from the discussion in Sec. IV. The first table gives “minimal” LR models for comparison: These models all
have my i far above the EW scale. The second table gives models with low predicted m g and CKM generated by scalar triplets (model
class [a.1]), while the 3rd gives model examples with CKM generated by right-doublets (model class [a.2]). For discussion see main text.
The model containing the field ®5; 3 _,/3 does not give a proton decay half-life, since the scalar field @5 ; 3 _»/3 can induce proton decay
via an unknown Yukawa coupling.

PHYSICAL REVIEW D 89, 035002 (2014)

Name Configuration ny n. parity? ~ CKM? mir [GeV] T Lyl
mLR Pris—ot Pz 2 v X 3-10'° 1033+25
mQLR Pio20+ Priso+ Pisiot Prizo+ Pz 5 v v 3-10" 1030-8+25
mmQLR D550+ Py 150+ +Py 50 3 X v 3-10° 10343%25
Configuration ng n, parity? CKM? my g [GeV] Ty [yl
D200+ Piiz0+3P1130 3 5 X v 1-10? 1030-6£25
D100+ 3P 130 +2P1130 3 6 X v 2.10° 1031:3+2.5
291550+ Priso + Pyrr0+ 2P 4 6 X v 5-10% 1041:3£25
391500+ Piiz0+3Ps 1043 +2Pi310+ P30 5 10 v v 4102 1036325
Configuration ng n, parity? CKM? my g [GeV] Ty [yl
D500+ 169@; 15 2 17 x v 1-10% 1031:6%25
D200+ Prin—1+3P130 3 5 X v 2-10° 1031:3£25
D220+ Prin1 +Prizo+ Psi3-23 4 4 X N4 2-10° 27?
291550+ Prio1 + Porr-a3 +2P1132 4 6 X v 1-10? 1039-6£2.5
D220 +2Py 101 +2Pi210 + Psao+ 109112 5 16 v v 3.10° 1041£25

latter demonstrates that it is possible to obtain exact parity
symmetry even with different number of copies of fields in
the left and right sector of the model—at a price of a few
additional copies of fields.

Consider now model class [a2]: ng,, Pi220t+
ng, ., Pr12-1+ - Inthis case, in principle the simplest
model possible consists of only two fields, since ®;  , _; can
play the double role of breaking the LR symmetry and
generating the nontrivial CKM, as explained in the previous
section. However, as Table I shows, our condition of having
alow my i < 10 TeV enforces a large number of copies for
this possibility: ng ,, =1, but ng , =16, not a very
minimal possibility. Table I also shows that with three
different fields, much smaller multiplicities lead to consis-
tent solutions. With 3 different fields a solution with n, = 5
exists, for 4 different fields n. =4 is possible in one
example. However, again, the example with n. = 5 has a
rather short 7'/, while the n. =4 contains a copy of
@ | 3 /3. This field induces proton decay via a dimension-
6 operator, see discussion in the previous section and thus
does not lead to a realistic model, unless eitherthe A(L) = 1
or the A(B) =1 Yukawa coupling is eliminated by the
imposition of some symmetry. The next simplest model then
contains (ny =4, n. = 5). This case, however, has a b.f.p.
for the myr above our usual cutoff. Once we allow for

(ny =4, n. = 6) or larger, again many possibilities exist,
one example is given in Table I. As for the case [i.1], models
with exact parity are possible, but require a larger number of
copies of fields.

Before closing this discussion on model class (i), we
briefly comment on the comparatively low values for the
proton lifetime for all cases in which no colored field is
added to the configuration. In the SM (with one Higgs
and at 1-loop order) a, equals a; at a scale of roughly
mg,, = 10" GeV. Adding a second Higgs, as necessary
to complete the bidoublet in our LR models,” lowers this
GUT scale to roughly mg,, = 2-10'® GeV. Any addition
of a field charged under SU(2), increases b,, leading to a
further reduction in mg,,, unless some colored field is
added at the same time. Thus, all models with a second
@550 [or other fields charged under SU(2),] but no
additional colored particles will have a GUT scale below
10'® GeV. This is indeed quite an important constraint, as
is shown in Fig. 4. Recall, for a @, the A(b5R) =4,
while for ®;,,o the A(b5R) =1 Thus, “colorless”
models can have at most one additional ®, ,,, otherwise
they are ruled out by proton decay constraints. We note,

’As in the MSSM, where a second Higgs doublet must be
present.
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FIG. 4 (color online). One-loop estimated proton lifetime for
“colorless models” as a function of myr. The figure shows T
[y] estimated from mg defined as the point where a, = a3 with
from top to bottom: A(b%R) =0, %, % and % and A(b%R) =0
(“colorless models”), see text. The horizontal line is the exper-
imental limit from Super-K [37,41].

that the figure is based on a 1-loop calculation and
that this conclusion is only strengthened, once 2-loop S
coefficients are included, compared to the lifetimes quoted
in Table I.

_ / /
L= m‘l’m.l.4/3\113,1,1,4/3‘1%,1,1,_4/3 +my

3,0,1,-2/3

PHYSICAL REVIEW D 89, 035002 (2014)
2. Model class (ii): “Fermionic” CKM models

We now turn to a discussion of models with additional
fermions, see Table II. As discussed in Sec. II, a nontrivial
CKM can be generated in LR models with extensions in the
fermion sector essentially by three kind of fields, corre-
sponding to vectorlike copies of the SM fields u¢, d° and Q.
In the list of 24 different fields shown in Table IV in the
appendix, there are in fact several which contain states
which can play the role of the VLQs after the breaking of
the LR symmetry.

Consider, for example, the case of u'® = \I'%

!
"l:he \113’1’_2/_3

Wsi0—a73 Viio-13 or W33,

/ -
U315 € Vi3

0 = ‘1’3,2,1/6 €EWssi13  W3204/3
U355 9/3. In the SM regime, therefore, different terms
from the LR regime can lead to the same effects. We will
consider only the three simplest possibilities here,
‘1’3.1,1.4/3’ ‘1/3.1,1,72/3 and \11’3,2.1’1/3, where we have marked

1,-2/3°

could be generated from V3, ,;3€

Similarly, d'° =

V31013 or W335 while

W331-2/3 and

the fields with a prime again to note that they have to be
introduced in vectorlike pairs. Other cases can be con-
structed in a similar manner. For these three fields the
corresponding Lagrangian terms in the LR-regime are:

!/ !
\II3,1.1,—2/3\I]§,1,1,2/3

! I/ v T/
+ m‘l’xz.l.l/}@3,2,1,1/3‘113,2,1,_1/3 + Y‘1’3_1,1,4/3@3,1,1,_4/3(1)1,2,1.,1 \I’3,2,1,1/3

! _ v T4 T
+ Y‘I’3A|.1,4/3\113,1,1,4/3(1)1.,1,2,*1\I’3,1.2,—1/3 + Y‘1’3A1.1,72/3m§,1,1,2/3q)1,2,1,*1\113,2-1,1/3

+ Y‘Pu.],fz/a‘1'3,1,1,—2/3&)1,1.2,1‘1’3,1,2—1/3 + Y\Ps,z.l.l/s\I//3,2.1,1/3<I)1,2,2,0‘115,1,2,—1/3’ (14)

where W35 3 =0 and ¥5,,_;,;3 = Q° correspond to
the SM left and right-handed quarks in the LR regime.
Note, that ®, ,,( contains the SM-like VEV v,, while for
W3 14/3 and W3 | /3 the corresponding mass terms are
generated from the VEVs of @, and ®,;,_;. Recall
that, as discussed in Sec. II, not all terms are necessary and
in principle two terms (one mass term and one Yukawa
term) are sufficient in all cases to generate the desired
structure.

In Table II we give some simple example models for
these cases: \11’3’1.]’7_2/3, \11’3’1’1_4/3 and \Ijg,z.l,l/S‘ Here, we
wrote 2W for W + ¥ simply to get a more compact table.
Since we count these as two different kinds of fields and at
least one @3 _, or ®;;,_; is needed to break the LR
symmetry, the minimal n, seems to be three in these
constructions. However, once we impose m; g < ~10 TeV,
no solution with n, = 3 survives, although there are many
solutions with ny =4 and 5. Perhaps the simplest case
possible is the model in the first line, which fulfills all our

conditions for the price of just two extra ®, ;,; and one
extra @3 _,. In general, models which break the LR
symmetry via ®;;, _; need more copies of fields to get a
consistent model with low m; g, n. > 11. Also, it is possible
to conserve parity exactly, as the table shows. However, the
model with the smallest . that we found still has n, = 13.
We have not found any model with less than n. = 7 for the
cases ‘113’1.1’4/3 — u¢ and L

In case of models with VLQs, the constraints from
proton decay are relatively easy to fulfill, see Table II. This
is simply due to the fact that VLQs add a nonzero A(bLR),
by which m; can be raised to essentially any number
desired.

B. “Sliding” LR models

We now turn to the discussion of “sliding-LR” models.
These are defined as models where the unification is
independent of the intermediate scale m; . In (minimal)
supersymmetric extensions of the SM “sliding-LLR” models
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TABLE II.

PHYSICAL REVIEW D 89, 035002 (2014)

A comparison of models with CKM generated by an extension in the fermion sector, “fermionic CKM” or “VLQ-CKM”.

In ny we always count the two W3 ; ;; as two separate fields, because both ¥ and U are needed to generate the CKM.

Configuration ng n. parity? CKM? mpg [GeV] Ty lyl
2V 103+ 2P0 +29 15 4 6 X v 3-10° 10103
2V 103+ 2P 101+ Pi2n0 +4P1 130 5 11 X v 1-10* 107923
2V 1193+ 2P 101 + 2P0 + 4P 130 5 12 X v 9-10° 107923
2U3 1123+ Pio11 + Prio—1 +9P11a2 5 13 v 4 1102 10%34+23
20310473 +3Pi210 + Prasot+ Parias 5 7 X 4 6-10° 107042
231 14/3 t3Pi000 5P 101 + P314s3 5 11 X v 1-10* 107042
2U3510/3 + Pg 100 +4P113 4 7 X v 110 10%323
2Us3510/3 + Per12/3 +4P1132 4 7 X v 1102 1079342
2Us3510/3 + W313,-2/3 6P 132 4 9 X v 4-10° 1070323

are the only possibility to have a low myg [24,27,28].
However, as we show in this subsection, supersymmetry is
not a necessary ingredient to construct sliding models.

We will discuss in the following just two examples of
sliding LR models. The first one, based on the idea of
“split” supersymmetry [8,9], shows the relation of our
nonsupersymmetric sliding models, with the supersymmet-
ric ones discussed in [28]. The second one is based on a SM
extension with vectorlike quarks, first mentioned in [10]
and recently discussed in much more detail in [11]. This
second example serves to show, how non-SUSY sliding
models can be just as easily constructed as supersymmet-
ric ones.

The sliding conditions can be understood as a set of
conditions on the allowed S coefficients of the gauge
couplings in the LR regime [28], assuring that at 1-loop
order A(e;) at the GUT scale are independent of the
additional particle content in the LR regime. In order to
achieve successful unification, therefore, it is necessary to
first add to the standard model an additional field content at
some scale myp. Although not necessary from a theoretical
point of view, we require that myp is at a “low” scale, i.e.
myp < 10 TeV, to ensure that the models predict some
interesting collider phenomenology. We will call this
additional ~ field content  “configuration-X”  and
“SM + X”. A list of simple X-configurations, which when
added to the SM at myp in the range myp (few) TeV lead to
unification as precise or better than the one obtained in the
MSSM, is given in Table VI in the appendix. In this table
(at least) one example for each one of our 24 fields is
presented.

As the first example, we will discuss the “split SUSY-
like” case, which corresponds to X =5®P,;,+
2950+ 2Pg 9. As is well known, in split SUSY the
sparticle spectrum is “split” in two regimes: all scalars
(squarks, sleptons and all Higgs fields except h°) have
masses at a rather high scale, typically 10!° GeV, while the
fermions, gluino (Wg ), wino (¥, 3), bino (¥ ;) and
the Higgsinos (H, =W, _y/, and H; = V¥, , ;) must
have TeV-ish masses. This way GCU is maintained with a
A(q;) at the GUT scale as small as is the case in the MSSM

(but at a different value of a;). However, while in split
SUSY ®,,,/, is added at the high scale, for our LR
constructions we will need this second Higgs at a low scale
and, therefore, we call this scenario “split SUSY-like.” Note
that, while split SUSY uses fermions at the low scale, GCU
can be maintained also with a purely bosonic X, since only
the 2-loop coefficients change (slightly), which can be
compensated by a slight shift in myp. We note in passing
that this particular X has, of course, all the interesting
phenomenology of split SUSY, like a candidate for the dark
matter, or a quasistable gluino at the LHC [8].

The quantum numbers of this particular particle content
in the LR regime are then: ®,,,/, € @550, P39 €
@1‘3,1.0 and @&1,0 S @&1»1_0, with the Ab}R coefficients
corresponding to this particular X given by:

(ABER, ADER ADERR ABER ) = (2,2,2/3,0).  (15)
Imposing now the requirement that mg is independent of
the intermediate scale m; g, results in the set of conditions:

ADLR = ABLR = Ab, (16)

AR, +%Ab‘,§R —11= %(Ab). (17)

Obviously, many different sets of Ab’s can fulfill these
conditions and also realize particle configurations that
provide a realistic CKM. To provide just the simplest
example, consider scalar CKM models, class [i.1]. These
require at least one copy of ®;;3, and ®,;;_, each,
as discussed in the previous subsection. The simplest
sliding solution for this class is given by ® ;39 +
40,13, with Ab's =(0,0,10/3,6) (and a mg =
2x10' GeV). In the LR regime we thus have
SM(+Higgs completed to one bidoublet) particle content
plus  Wis50+ Wis10+ Ysi10+ Priso +4Pris o
Figure 5 shows the independence of the GCU from the
value of my . Note again, that GCU is lost, once myp is
raised above a certain value, the b.f.p. for myp, including
2-loop coefficients, being myp = 1.1 TeV.
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Evolution of the gauge couplings for the sliding-LR model example discussed in the text based on split SUSY.

The plot to the left shows m;g = 10 TeV, while the plot to the right has m; g = 10! GeV.

As in the case of the nonsliding solutions, of course it is
also possible to construct sliding-LR models of class [i.2],
the simplest 2-field solution is 2®;;,_; + 20,
with Ab! = (0,0,1/3,21/2).

As mentioned above, unification in non-SUSY exten-
sions of the SM have been studied already in [10]. A
particular interesting example is the one studied in [11],
which adds two kinds of VLQs to the SM particle content,
namely Q' = W3, ;5 and & = W5, ; 3. This model could,
potentially, explain the much discussed enhancement in
h — yy [42,43]."°

As our second sliding-LR example, we thus choose
X = 2\II3,2,1/6 + 2‘1’3’1‘1/3 + @1!2‘1/2, which in the LR
regime corresponds to X =2Ws3, /3 +2W3 5,3, with
the ®;,,/, used to complete the ®;,,. The AHIR
coefficients of this configuration are:

(ABLR ABLR ABLR ABLR ) =(2,2,0,1).  (I8)

The sliding conditions in this case are the same as above
and the simplest solution following these conditions and
allowing to break the LR symmetry correctly is:
2@1’1.1’2 + 4@1’1’3’_2, with Abi = (0, 0, 8/3,7) The run-
ning of the inverse gauge couplings for this example is
shown in Fig. 6.

IV. UNCERTAINTIES IN NEW PHYSICS SCALE
AND PROTON HALF-LIFE

One of the aspects of model building for new physics
models, rarely discussed in the literature, are uncertainties.
While ideally, of course, predictions such as the existence
of new particles at the TeV scale should be testable over the
whole range of the allowed parameter space, in reality most
model builders content themselves with showing that for

""The latest CMS data now gives much smaller 2 — yy, see the
Web page of CMS public results at: twiki.cern.ch/twiki/bin/view/
CMSPublic/PhysicsResultsHIG.

some particular choice of parameters consistent solutions
for their favorite model exist.

In this section we discuss uncertainties for the predic-
tions of our LR models. In these models, once we have
fixed the particle content of a particular version, there are
essentially three free parameters: mygr, mg and og.
However, since there are also three gauge couplings, with
values fixed by experiment, for any given model m; g, mg
and ag are fixed up to some error by the requirement of
gauge coupling unification. This results essentially in two
predictions: First, the mass scale, where the gauge bosons
of the extended gauge sector and (possibly) other particles
of the model should show up. This scale coincides, of
course, with the range of my y, as derived from the fit. And,
second, derived from mg; and ag, we obtain a range for the
predicted half-life of proton decay.

The analysis of this section uses a y> minimization,
which fits the three measured SM gauge couplings as
functions of the three unknowns. We start by discussing the
error budget. The total error budget can be divided into a
well-defined experimental error plus a theory error. For the
experimental input we use [44]:

801
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FIG. 6 (color online). Evolution of the inverse gauge couplings
in the second example of sliding-LR models: 2W3,, 3+
2\1’3.111.2/3 + 2@1_1’1_2 +4(I)1.1,3_,2. This example is non-SUSY
and with a CKM explained by VLQs (class [ii]).
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TABLE III. Example shifts (“errors”) in A(a,‘l) for the particular models: SM + @55 + 3P 130+ 2P;13.2 (top) and SM +
2W3 1,273 + 2P 511 + 2P 3 (bottom), see also Fig. 2, determined using the four different methods defined in the text. Ala ") is

the mean deviation.

Def.: Ala7") NG Aaz!) Ala™")
) 0.76 0.76 0.76 0.76
(ii) 0.57 0.41 1.18 0.72
(iii) 1.31 0.34 0.40 0.68
@iv) 1.21 0.41 0.40 0.67
Def.: Alar!) Aay!) Aaz!) Ala™h)
) 0.86 0.86 0.86 0.86
(ii) 0.46 0.46 1.18 0.70
(iii) 1.30 0.39 0.30 0.66
@iv) 1.11 0.44 0.22 0.59
a;! =58.99 +0.020 A(a;')™ which depend on the group i, but does not
take into account the overall shift on a;' caused by the
-1 _ G
@ =29.57+0012 change from 1-loop to 2-loop coefficients.
a;! = 8.45 £ 0.050. (19) (iii) Perform a y2. search at l-loop and at 2-loop.

The experimental errors quoted are at the 1-o confidence
level (CL). Note especially the small value of A(az!),
according to [44], compared to the older value of A(a3!) =
0.14 [45].

Much more difficult to estimate is the theory error. In
our discussion presented in Sec. III we have used 1-loop
p-coefficients for simplicity. Two-loop f-coefficients for
general nonsupersymmetric theories have been derived
long ago [46,47], see also [48], and can be easily included
in a numerical analysis. However, a consistent 2-loop
calculation requires the inclusion of the 1-loop thresholds
from both light states at the LR-scale and heavy states at the
GUT scale. While we do fix in our constructions the
particle content in the LR-symmetric phase, we have not
specified the Higgs content for the breaking of SO(10) to
the LR group in detail. Thus, the calculation of the GUT
scale thresholds is not possible for us, even in principle.
The ignorance of the thresholds should therefore be
included as (the dominant part of) the theoretical error,
once two-loop p-coefficients are used in the calculation.

The 1-loop thresholds are formally of the order of a 2-
loop effect and, thus, it seems a reasonable guess to
estimate their size by a comparison of the results using
1-loop and 2-loop f coefficients in the RGE running. This,
however, can be done using different assumptions. We have
tried the following four different definitions for the
theory error:

(i) Perform a y2. search at l-loop and at 2-loop.
Consider the difference A(ag!)h = |(ag')!171oP) —
(aig!)(2710P)| as the theoretical error, common to all ;.

(ii) Perform a y2. search at 1-loop and at 2-loop.
Calculate A(a; )™ = |(a; )P — (a;1)271P)| using

L109P 4 the starting point, but keeping the m; g and

e
ag' from the 2-loop calculation. This generates

Calculate A(a; )™ = |(a; ") — (a;')271P)| ysing
mg % and (ag')'7°P as the starting point, but
keeping the m;r from the 2-loop calculation. This
takes into account both the shift of m¢ and o' from
1-loop to 2-loop calculation.

(iv) Perform a y2. search at 1-loop. For the b.f.p. of mg,
ag! and mpp found, calculate the values of
(ai—l)(Z—loop). Use A(ai—l)th:‘(ai—l)exp_<ai—l)(2—100p)
as the error. One should expect this definition to give,
in principle, the most pessimistic error estimate. See,
however, the discussion below.

Example shifts (“errors”) in A(a;!) determined by the
four different methods defined above and for two particular
models, discussed in previous sections, are given in
Table III. The first and most important observation is that
the theory errors estimated in this way are always much
larger than the experimental errors on the gauge couplings.
We would like to stress, however, that in absolute terms
A(ag")™ = 0.5 corresponds only to a 1+2% shift in the
value of ag!, depending on the model. It is found that all
four methods lead to very similar A(a~"), but which of the
couplings is assigned the smallest error depends on the
method and on the model.

Perhaps more surprising is that method (iv) in the
examples shown in the table does not automatically lead
to the largest A(a;!') nor to the largest average error,
A(a™"), in these examples.'" We can attribute this some-
what unexpected result to the correlated shifts induced by
the simultaneous change in m;i and mg in method (iv),
which can even conspire in some models to give an
unrealistically small deviation in one particular coupling,

"For the MSSM method (iv) indeed leads to the largest
A(a;!), see below.
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FIG. 7 (color online). Contour plot of the y? distribution in the plane (1 g, T ;) for the model: SM + @ 559 + 3P ;30 + 2Py ;3 o,
using the four different approaches to estimate the theoretical error, defined in the text: Top row: (i) left and (ii) right, bottom row (iii) left
and (iv) right. The cyan (blue, red) region corresponds to the allowed region at 68% (95% and 3—¢) CL. In all four cases the model is
ruled out by proton decay constraints at one sigma, but allowed at 2—¢ CL. For further discussion see text.

see the value of A(a3') in the second model shown in
Table III, for example.

In Fig. 7 we then show the y? distributions using the four
different set of values of A(a;!) for the model used in the
left panel of Table III. Here, the y2. (denoted by the cross)
and the corresponding 1, 2- and 3-¢ CL contours are shown
in the plane (mg.T)/,), where T, is the proton decay
half-life estimated via Eq. (10). While at first glance, the
different methods seem to produce somewhat different
results, a closer inspection reveals that the two main
conclusions derived from this analysis are in fact indepen-
dent of the method. First, in all four methods the model is
excluded by the lower limit for the proton decay half-life
from Super-K [37,41] data at the one sigma level, but
becomes (barely) allowed at 2—¢ CL. And, second, while
the model has a preferred value for the m; g scale within the
reach of the LHC, the upper limit on m;g—even at only

1-6 CL—is very large, between [5 x 107,2 x 10°] GeV
depending on the method. The model could therefore be
excluded by (i) a slight improvement in the theoretical error
bar or (ii) from an improved limit on the proton decay, but
not by direct accelerator searches. This latter conclusion is,
of course, not completely unexpected, since the value of
mpr enters in the analysis only logarithmically as the
difference between mg and myg.

As Fig. 7 shows, in three of the four methods the error in the
determination of the 7'y /, is around 2 + 2.5 orders of magni-
tude at one sigma, while in method (ii}—due to the correlation
with m; g—we find approximately 7'y , = 10°'+28-33 y This
is mainly due to a change in the GUT scale, when going from
the 1-loop to the 2-loop f-coefficients. Note, that the value of
mg enters in the fourth power in the calculation of 7'y /; thus,
an error of a factor of 100 corresponds only to a shift of a factor
of A(mg) =3 in the GUT scale.
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In Fig. 8 we show the 47 distributions, for the model on
the right panel of Table III, using two of the four methods
for determining A(a; ') of Table III The plots for methods
(i) and (iii)) lead to results similar to (i) and (iv),
respectively, and are therefore not shown. Again, myy is
only very weakly constrained in this analysis, but for this
model, the b.f.p. of the GUT scale is much larger, around
mg = 10" GeV, so proton decay provides hardly any
constraints on this model. Note the strong correlation
between myi and m in the plot on the left, which leads
to a much larger “error” bar in the predicted range of the
proton decay half-life for this model, roughly 5 orders of
magnitude at one sigma CL.

We have repeated this exercise for a number of different
LR models,"” see the appendix and discussion in the
previous section and have always found numbers of similar
magnitude. We have checked, however, that these “large”
shifts in A(a;!) are not a particular feature of our LR
models. For this check we have calculated A(ag!)™ also for
a number of models with only the SM group up to the GUT
scale (see appendix). There, instead of m;r we used the
energy where the new particles appear, call it myp, as a free
parameter. Very similar values and variations for A(q; )"

12Among them the two “minimal” LR models discussed in the
introduction.

035002-15



ARBELAEZ, ROMAO, HIRSCH, AND MALINSKY

PHYSICAL REVIEW D 89, 035002 (2014)

TABLE IV. Naming conventions and transformation properties of fields in the left-right symmetric regime (not considering

conjugates). The charges under the U(1),_, group shown here were multiplied by a factor \/§ The hypercharge is defined by:

Y=TE+ (B;L). B and G correspond to the bino and gluino, respectively. Symbols in the lines called “Scalar” and “Fermion” quote

names used for these fields in the literature.

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Scalar X x° Q Qe (] ~
Fermion B L L¢ T xe G 5, 5, 0 0°
SU®3)c 1 1 1 1 1 1 8 1 3 3 6 6 3 3
SU(2), 1 2 1 3 1 2 1 1 1 1 1 1 2 1
SU(2)x 1 1 2 1 3 2 1 1 1 1 1 1 1 2
Uy, 0 41 -1 0 0 0 0 +2 -2 44 +2 -4 41 4l
1 10 10
0(10) 45
54 16 16 45 45 120 120 126 45 120 54 16 16
Origin 54
45 126 120
15 16 17 18 19 20 21 22 23 24
Scalar A A€
Fermion
SU®3)c 8 1 1 3 3 3 6 6 1 3
SU(2), 2 3 1 2 3 1 3 1 3 2
SU22), 2 1 3 2 1 3 1 3 3 2
U(l)p_, 0 -2 -2 +% -3 -3 +3 +3 0 -1
SO(10) 120 120 120 45
120 126 126 126 126 54
Origin 126 126 126 54
are found in this study too. It may be interesting to note that ~ smaller theory error. The exact value of this “minimal”

the smallest A(ag')™ we found corresponds o a model
which is essentlally like spht supersymmetry with a

A(agh)™ of only A(ag!)™ =0.25. [In methods (ii)—(iv)
the A(ag!)™ vary for thlS model between 0.05 and 0.78
with a mean of 0.55.] On the other hand, for the MSSM we
find a A(ag!)™ = 0.82 and values of A(a;!)™ even up to

Ao = 2 depending on which of our four methods is
used. Thus, the uncertainties discussed in this section
should apply to practically all new physics models, which
attempt to achieve GCU.

Reducing the theory error on o; ! will be possible only if
thresholds are calculated at both new physics scales myg
and mg. Since this task is beyond the scope of the present
work, in Fig. 9 we show plots as a function of the unknown
theory error A(a~!). The model considered is excluded by
the proton decay constraint at 2—¢ CL up to an error of
roughly A(a™!')=0.6, indicating that even a minor
improvement in the theory error can have important
consequences for all models with a relatively low GUT
scale, say mg ~ (1 —3) x 10" GeV. On the other hand, in
order to be able to fix the LR-scale to a value low enough
such that accelerator tests are possible, requires a much

PThis is the first example of SM + X configurations discussed
in Sec. IIT B.

error required depends on the model, but as can be seen
from Fig. 9 theory errors of the order of A(a;!) < 0.1 will
be necessary.

V. CONCLUSIONS

In this work we attempted to construct a comprehensive
list of non-SUSY models with LR-symmetric intermediate
stage close to the TeV scale that may be obtained as simple
low-energy effective theories within a class of renormaliz-
able non-SUSY SO(10) grand unifications assuming some
of the components of scalar representations with dimen-
sions up to 126 to be accidentally light. In order to make
our way through the myriads of options we assumed that all
such light fields (besides those pushed down by the need to
arrange for the low LR breaking scale) necessary to
maintain the SO(10)-like gauge coupling unification are
clustered around the same (TeV) scale.

Remarkably enough, the vast number of settings that
pass all the phenomenological constraints (in particular, the
compatibility with the quark and lepton masses and
mixings, the current proton lifetime limits, perturbativity
and gauge coupling unification) can be grouped into a
relatively small number of types characterized, in our
classification, by the extra fields underpinning the
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TABLE V. Simple LR configurations which can explain [i.1] scalar CKM. One of the bidoublets @, , , o is already considered in the
basic field content (SM + bi—doublet). mg and T /2 have been calculated at 1-loop. The first two configurations correspond to the
minimal solutions, each one with the basic [i.1] scalar CKM field content.

Extra field Configuration Ab's mg Ty
Q1220+ 3P1130+2P1152 (0.3.4.3) 2% 10P 1033423
Q1220+ Priso+3Pris2 (0.1.3.9) 2x 108 103325
(SERE! 291500+ 2P1130 T4P3 1025 + Pioaa 2P0 G.2.2.9) 8 x 10 1099%23
Q121 P1220+2P11530+2P112-1 +2P1 152 (0.3, 2.9 2x 10" 1033423
Q1310 P1220+ Priso+ Praio+ 3Pz (1,1,3.9) 3x10'° 1037423
Dg 110 201550+ P30+ Psii0+2P1132 (1.2.8.3) 4 x 10" 1042523
L IRRD) D220+ 2P 130+ 2P 112 +2P113 (0.1.3.4) 2x 10 1033+23
Q311273 2®1000+ Priz0 T3P 1123 +2P1152 2.2.8.3) 1x 10" 1039423
D314/ 3P 500+ Pii30+4Ps 1043 +2P1 130 3.1.3.9) 2x10P 1033%23
D 112/ 281550+ P30+ Por12/3 + 2P 132 ¢.2,8,9 1 x 10" 103923
P1.1.-4/3 291220+ 3P1130 T Ponn—a3 T Prizo ¢.2,0.4) 1x 10" 103923
D3511/3 D250+ Prizo+ 2831023+ Paniiz +3P113 0 3.2.3.9) 8 x 10P 107323
312173 Pi220+ Prasot+ Pi125 T 21152 ¢.1,4.3) 3x10' 1037423
Dgr00 491550+ 3P 130 + P20 +3P1132 (4,4,8.5 3x 10 103725
D310 D050+ Prizo+2Ps 100 +2P1312 + 2P 13 (2.3.1.6) 4 x 10" 1042525
300473 P1220+ Prisot+ Ps110+2P30045 + Prisa G.7.4.4.4) 3x10' 1037423
351273 P1220+ Priso+2Ps100+ P351-25 +4P1 152 G.7,4.9 1x 10" 1077423
Q31323 291000 +2P1150+ Pais-25 + iz 3.2,8.2) 8 x 10" 10923
Do3.1.2/3 P1220+ 31130+ 2Ps100 + Pesi2/s 5P G¢.2.4.9) 1 x 10" 1039%25
Ds.132/3 291550+ Pr130+3Pi310+ Peiszz + 2P 6.2.2.4) 8 x 10" 1035%23
D330 201550+ 3P 130+ 3Pg 110+ Pr1330 +2P1132 (3%,6, 3) 4 x 10" 1042423
D355 23 D200+ 191130 +3P31013+ Psno23+ P30 (%,%,%,%) 4 x 10" 104252

emergence of the SM flavor structure. Needless to say, the
popular low-scale LR alternatives to the MSSM such as,
e.g., split-SUSY, simple extensions of the mLR and/or
mQLR models, are all among these.

In the second part of the study we elaborate in detail on
the theoretical uncertainties affecting the possible determi-
nation of (not only) the LR scale from the low-energy
observables focusing namely on the impact of different
definitions of the y? reflecting the generic incapability of
the simplistic bottom-up approach to account for most of
the details of the full top-down analysis. To this end, we
perform a numerical analysis of a small set of sample
scenarios to demonstrate how difficult it is in general to
extrapolate the low-energy information over the “desert” to
draw any strong conclusion about the viability of the
underlying unified theory without a detailed account for,
e.g., the GUT-scale thresholds and other such high-scale
effects. Nevertheless, within the bottom-up approach
employed in this study the character of our results is
inevitably just indicative and further improvements are
necessary before drawing any far-fetched conclusions. To
this end, the simple classification of the basic potentially
realistic schemes given in Sec. III may be further improved
in several directions, among which perhaps the most
straightforward are, e.g., the viability of arranging the

considered spectra in specific SO(10) GUTs, their pertur-
bativity beyond the unification scale, etc.
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APPENDIX A: LIST OF FIELDS

Table IV gives transformation properties under the
group SU(3), x SU(2);, x SU(2)g x U(1)g_, for all rep-
resentations of SO(10) up to dimension 126. For the sake of
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Simple X configurations which lead “SM + X unification at mg: [10'°,10'®] GeV. The first two configurations

correspond to the examples described in Sec. III B. Note that fields @3 _;/3, P31 _4/3, and P33 _; 3 are potentially dangerous ford = 6

proton decay, see Sec. Il

Extra field

AD'

Configuration s mg
D151 Doy +4P3516 +4P3 113 1.8.2) 3 x 10'°
5Pio1/2 + 250+ 2P0 (3.2.2) 3 x 10
D35 176 393, 176 (L.3.1) 2 x 1015
4935 176 +2P3 1 13 (5.2.3) 8 x 1015
D3 12/3 403 153 + 2P 510 + 53216 .29 2 x 105
403153+ Pioi/n +5P130 +3Pg 10 Z.1.4 4 % 10"
Dy 13 403, 13+ Proipn +4P301s6 1.18.2) 3 x 10!°
4D3 113 +4P1212 + 3150 +2%510 (3.5.9 1 x 107
Dy 3011+ 3012 + 350 +2Ps 10 (15-3.2) 2% 10"
Q1 +2P130 +2Pg2102 2.4.4) 1 x 10"
P50 30150+ 2510 (0,2,2) 1 x 107
Pg10 20510+ 3Py 39 0,2,2) 1 x 10"
D6 1173 2861173 + 3P 39 (.2.3) 8 x 101
D123 2P¢ 1 o3+ Po3.1/3 + P32-502 .29 1 x 107
Dy 12 D10 +3P321/6 +Pinipn (1,3,3) 1 x 107
Q5 3@i5 1 +3P150+4Pg 10 2.4.4) 1x 10"
(I)l.le 2‘1)1,1_72 + 2@3_351/3 + 3(1)8,1.0 (2,4,4) 1x 1017
32776 Q3576 + 2P 30 +3Pga1 + 215 (,2.2 1 x 10"
35173 D33 13+ P31 +2Pg 0 %.5.9) 3 x 101©
D31,-4/3 5P3 1 a3 +2Pe313 + 251 (32.8.4) 3 x10'°
Dg31/3 De31/3 + Po14/3 + Pso1y2 (?»13*6,?) 1 % 107
P6.1.4/3 Do 1473+ Po3.1/3+ P12 (0,18 15) 1 x 10"
P32.-5/6 D3 56 +4PL130 + 3510 2.2, 4 %10

convenience only, we also give names of certain represen-
tations, which have been used in the literature before.

APPENDIX B: LR UNIFICATION: SIMPLE
CONFIGURATIONS

The breaking of the LR symmetry to the SM: LR - SM
requires the presence of one of the fields: ®; ;5 _, or
®,1,_1. All configurations contain then at least one of
these fields and also one bi-doublet @, ,,, (to complete
“SM + bi—doublet” basic field content). Table V shows the
simplest LR configurations for [a.1] scalar CKM (where
the necessary fields are: ®;30, Pi220, Pi13-2 OF
®, 1 ,_1) for each one of the fields presented in Table IV.

APPENDIX C: SM-X EXTENDED UNIFICATION:
SIMPLE CONFIGURATIONS

It is possible to achieve one-step unification of the SM
coupling constants withing non-SUSY models. This is
performed adding to the SM a new particle content at scale
myp- This particle content can be as simple as the
configurations shown in Table VI, which added to the
SM lead “SM + X models that unify equal or even better
than the MSSM. Therefore, for each one of the fields in
Table IV (in the SM version) one of the simplest X
configurations is obtained as follows: a;'(mg)—
a;'(mg) < 0.9 (unification equal or better that the
MSSM) and 10° < mg; < 10'® GeV in order to obtain
proton life times allowed by the actual bounds.
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