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1 Introduction

Grand unification has long provided a strong source of motivation when considering physics
beyond the Standard Model. Despite its elegant simplicity, it is well-known that the orig-
inal SU(5) model of Georgi and Glashow [1] is no longer viable. It suffers from several
issues including: (i) doublet-triplet splitting; (ii) Yukawa relations in disagreement with
experiment; (iii) massless neutrinos; and perhaps most strikingly, (iv) fails to achieve uni-
fication. However, with the exception of the first problem, there are straightforward, non-
supersymimetric extensions of the original model which can solve each of these issues. The
fermion mass relations can be addressed using higher-dimension operators [2] or a Higgs
in the 45 representation [3], while the addition of singlet right-handed neutrinos allows for
neutrino masses via the Type-I seesaw [4]. Then there exist several models which introduce
additional split multiplets in order to achieve gauge coupling unification consistent with
the current experimental measurements [8-12].

In this paper, we revisit the model originally proposed in ref. [8], where it was demon-
strated that the introduction of two (3,2,1/6) scalar leptoquarks and a second Higgs
doublet at the electroweak scale can be used to achieve coupling unification. An up-to-
date analysis of this model is particularly interesting in light of several recently observed
anomalies in the decays of B-mesons. In particular, the lepton flavour universality violating
ratio Rx measured at the LHCb experiment, which shows a 2.60 deviation with respect
to the SM prediction. It was shown in ref. [13] that the anomaly can be explained! by the
addition of a scalar leptoquark transforming under the SM gauge group as (3,2,1/6). If
the observed discrepancy is confirmed with more data, this measurement could therefore
provide the first hints in favour of unification along the lines of that proposed in [8].

!There have also been other proposed leptoquark explanations of the Rx anomaly [14].



However, the original model now faces several difficulties, including a low unification
scale (~ 5 x 104 GeV) potentially in tension with the bounds from Super Kamiokande,
as well as additional contributions to proton decay mediated by the light leptoquarks.
Furthermore, the original assumption of leptoquarks with masses close to my has since
been excluded by direct searches.

In this work we show that the model of ref. [8] in fact still remains viable when
confronted with the latest experimental constraints. Firstly, we point out that extending
the model to introduce splitting in the 24 Higgs can preserve unification, while also allowing
one to significantly raise the scale of unification. Furthermore, we discuss how dangerous
contributions to proton decay, mediated by the light leptoquarks, can be forbidden by
a U(1)pq symmetry. We explore in detail the parameter space of the model and find
that at least one of the leptoquarks is required to have a mass below < 16 TeV. Flavour
constraints on such light leptoquarks are then discussed in section 4, in particular the
intriguing possibility that the observed anomaly in Ry, should it persist, could provide
the first evidence for the existence of such states. Finally, the lightest leptoquark could be
within the reach of direct searches at the LHC. In section 5 we combine the latest limits
from LHC searches and find that a leptoquark as light as ~ 400 GeV is still allowed by the
current data.

2 Model

We consider a simple extension of the Georgi-Glashow model that was first proposed in
ref. [8]. The scalar sector is extended to include an additional 5 Higgs Hz, as well as two
new scalars, @g%)) and @g%), transforming in the 10 representation. Experimental bounds
on the proton lifetime provide a lower limit (mr > 102 GeV) on the masses of the colour-
triplet Higgs in the 5 and 5, leading to the well-known doublet-triplet splitting problem.
These triplet Higgs are therefore assumed to acquire GUT scale masses. This motivates the
assumption that such splitting could in fact be a generic feature of the scalar sector, which
then opens new avenues to achieve unification. While this generically requires additional
fine-tuning, naturalness is already assumed not to be a valid guiding principle within the
context of non-supersymmetric GUTs.

The decouplets, ®1g, can be decomposed under the SM gauge group as
10 =(3,2,1/6) ® (3,1,—-2/3) & (1,1,1). (2.1)

Splitting of the 10 is assumed such that the A = (3,2,1/6) can remain light, while the
rest of the multiplet acquires GUT scale masses. This is the key assumption that leads to
unification in this model.

Departing from the original model, we will also consider the case where there is a
splitting of the Y94 Higgs by lowering the mass of the (8,1,0) and (1,3,0). Naively, one
would expect this additional splitting to disrupt unification. However, if the octet and
triplet are approximately degenerate in mass, then their combined effect on the RGEs is
such that unification can be preserved. As we shall demonstrate in the following section,
splitting of the 24-plet then provides a straightforward way to raise the unification scale.
Such behaviour was first pointed out in the context of supersymmetric, string-motivated



models in ref. [24]. In addition to the minimal case, we will consider the possibility that
the 24-plet is described by a complex scalar field. The additional octet and triplet degrees
of freedom then allow further raising of the unification scale. However, in the case where
Y94 is the field which obtains an SU(5) breaking vev, it should be noted that the octet and
triplet cannot be arbitrarily light. If their masses lie significantly below (3a4), one finds
that I'(¥3 — hh)/ms, > 1. In the remainder of this paper we take the triplet/octet mass,
mass, to be a free parameter. It should be understood that in the case mss/(324) < 1,
these states are assumed to arise from an additional 24 multiplet, not associated with the
breaking of SU(5).?
The Yukawa Lagrangian of the model is given by3

Ly = yq U<, Hx \I'5+yu\P10H5\If10+ZY TE(Y Wz + hec., (2.2)
a=1
where (Uz + W) corresponds to a single generation of SM fermions and there is an im-
plicit sum over generations. When considering the low energy phenomenology, we will be
particularly interested in the couplings of the light leptoquark states A, (with a = 1,2),

2
Ly > Z YA eap dmiASLS + huc.
(2.3)
- ZY [ 8y~ A3 +he

where «, 5 are SU(2) indices, Y(“) are two generic 3 x 3 complex matrices, and A, are mass
eigenstates satisfying ma, < ma,. In the second line we decompose the weak doublets
in terms of the fields A,S‘l/ % and AE?/ 3), where the superscripts denote the corresponding
electric charge. Notice that the matrices Y(® should be anti-symmetric in flavour indices
if drj and Lp; belong to the same SU(5) multiplet 5. However, this is not always the case
as suggested by the violation of the GUT relations mg = m, and mg, = m,, [25].

Finally, the presence of the additional 5 Higgs can be motivated by imposing a U(1)pq
symmetry, which is assumed to be spontaneously broken at intermediate scales. In addition
to providing the usual DFSZ axion solution to the strong CP problem [26, 28], this PQ
symmetry plays an essential role in suppressing proton decay, as we shall show in the next
section.

3 Unification and proton decay

The two-loop renormalisation group equations (RGEs) for the gauge couplings take the
form [30]

dgz bz gl
du - 167r2 167r2 ZB@J 95 | > (3.1)

*In this case, for example, a potential of the form m*®3, + Tr ([S24, ®24]?), with (S24) = V diag(2,2,2,
—3,—3), can give GUT scale masses to the rest of the ®24 while the octet/triplet are tuned to be light
with ms3s = m.

3 Additional terms are forbidden by the U(1)pq symmetry to be discussed in section 3.
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Figure 1. Running coupling constants with mg = ma, = ma, = 3TeV and mss = 10TeV. See
text for details.

where the relevant coefficients b;, B;;, are given in appendix A. There are also two-loop con-
tributions proportional to gf’ Tr(yTy). However, even in the case of the top quark Yukawa,
these do not have a significant impact due to their smaller numerical coefficients. We there-
fore neglect them in order to avoid introducing dependence on tan 3. We use the following
values for the SM parameters, defined at = my in the MS scheme [31]:

az(myz) = 0.1181 £ 0.0011,
agt(myz) = 127.950 & 0.017, (3.2)

em

sin? Oy (mz) = 0.23129 + 0.00005 .

We begin by considering the case where all scalars, including the 24-plet, can be
described by complex fields, such that there are two triplet and two octet degrees of freedom.
Taking the mass of the second Higgs doublet to be my = 3TeV, along with the light
leptoquark masses ma, = ma, = 3TeV, and the triplet-octet mass msgs = 10 TeV then
leads to unification at a scale Aqur = 1.2 x 10'6 GeV, as shown in figure 1.

To fully explore the viable parameter space of the model, we performed a random scan
over the masses in the ranges

ma,, ma, € [400,107] GeV, my € [480,107] GeV, mgs € [10°,10'%] GeV, (3.3)

using logarithmic priors. The lower bound on the mass of the second Higgs doublet is moti-
vated by constraints on the charged Higgs mass from B — X7 [32], while the leptoquarks
are constrained by direct searches, to be discussed in section 5. The model parameters for
which unification is achieved (within 20 uncertainties on the gauge couplings) are shown
in figure 2. From the left panel, it is evident that unification leads to an upper limit on
the mass of the lightest leptoquark, A;. This is attained for degenerate leptoquark masses,
ma, = Ma,, and when mpg takes its minimum value. This case is shown by the red shaded
band in figure 2. We therefore find that unification requires at least one leptoquark to have
a mass below < 16 TeV. Furthermore, it is clear from the right panel of figure 2 that the
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Figure 2. Regions of parameter space in which unification is obtained. The (green, blue) points
correspond to a unification scale AguT > (5 x 101°,10%6) GeV, respectively, while the grey points
satisfy AquT < 5x10% GeV. The dark (light) red shaded band shows the region where the couplings
unify at 1o (20) in the case of degenerate leptoquark masses, ma, = ma,, and myg = 480 GeV.

second leptoquark, Ay, cannot be arbitrarily heavy. The upper limit on ma, is determined
by the minimal allowed values for ma, and my, which are constrained by experiment.
Finally, note that the scale of gauge coupling unification Agyr, denoted by the colour of
the points, is strongly correlated with msg and only mildly sensitive to the other mass
thresholds.

Let us now comment on the minimal case, where the 24-plet is instead described by
a real scalar containing a single triplet and single octet degree of freedom. Repeating the
above analysis, we find results qualitatively similar to those shown in figure 2. However,
in this case the upper bound on the lightest leptoquark mass becomes stronger, giving
ma, S 5TeV. Perhaps more interestingly, the unification scale is now restricted to lie
below 4 x 105 GeV. While still consistent with existing bounds on the proton lifetime,
this lower unification scale could potentially lead to observable proton decay at future
experiments, such as Hyper Kamiokande [33].

Even in cases where the unification scale is beyond 10'6 GeV, this model has a poten-
tially disastrous problem due to rapid proton decay in conflict with experimental bounds.
This is because in addition to the usual dimension-6 operators obtained by integrating out
the X and Y SU(5) gauge bosons, the light leptoquarks can also mediate proton decay.
This occurs via the following terms in the scalar potential®

LD N Hz®10®19P10 + X' HE $19P10P10 + hec., (3.4)
O Neape AAPACH + hec.,

“The terms in eq. (3.4) also violate B — L, and hence there can be an additional constraint on A in
order to prevent the washout of B or L asymmetries generated before the EWPT. This leads to the bound
A< T/Mp) for T 2 ma and hence A< ma /Mp1 ~ 10710,



where a,b,c are colour indices. Proton decay then proceeds via the 5-body decay p —
ntrte vr [34]. Although this decay corresponds to a dimension-9 operator, it is still
problematic as the suppression scale is only ma ~TeV. In fact, a naive estimate for the
lifetime of this decay, relative to p — 7%, gives

3 6 12
TX,Y 1 6 4 19 2 Yu 1TeV ( mx,y )4
: =4x10"7)\ :
TA > (16%2) p Xy . 1/(4m) ma 1016 GeV/ ’
(3.5)
where we have assumed loop-suppressed values for Y11, motivated by the constraints from

2
YD —
ma

v
6

various low energy experiments, to be discussed in section 4. Although there is currently
no dedicated search for this proton decay mode, such a short lifetime is nevertheless clearly
in violation of the decay mode independent limit 7, > 4 x 10?3 years [35].

This proton decay channel was not originally identified, but was subsequently believed
to be a strong reason to disfavour this model [36]. However, we wish to point out that
the terms in eq. (3.4) can be forbidden by imposing a U(1)pq symmetry. Such a symme-
try has additional motivation in the context of the strong CP problem and was originally
considered as motivation for introducing the additional 5 Higgs. Assigning the U(1)pq
charges Q(Hs) = Q(Hz) = Q(@g%) ) = —2 clearly forbids the dangerous terms. The as-
signment @ = 1 for the left-handed quarks and leptons (Vg + Wyg)z, then ensures the
Yukawa terms in eq. (2.2) are allowed by the symmetry. After PQ symmetry breaking,
the terms in eq. (3.4) will be generated by higher dimension operators, suppressed by
A%Q/Mf%l ~ 10718-10712, Substituting this value for \ into eq. (3.5), it is clear that the
proton remains sufficiently long-lived to satisfy the existing bounds. It would however be
interesting to perform a dedicated search sensitive to decays p — 77 e vv, as this could
be expected to improve the current limit by several orders of magnitude.

Of course, proton decay can still proceed via the usual dimension-6 operators and
experimental bounds on the proton lifetime can then be used to place a lower bound on
the unification scale. Focusing on the decay channel p — 7e™, the partial width is given by

4
F(p—n'et) = 2“242<9GUT‘> (lete®.d) (x| (ud) Lurlp) |+ |efe.d?) (x| (ud) rus )| ).
m \/§MX,Y

(3.6)
where ggur is the unified coupling evaluated at the mass of the X and Y gauge bosons,
mx,y. The coefficients c(e®, d) and c(e, d°) depend on the fermion mixing matrices and are
defined in ref. [37]. Finally, the factor A accounts for running of the four-fermion operators
from mxy down to ~GeV and is given by

A:Amm<%mw»?<%wm»%<awm%>&7 .

az(ma) asz(msg) az(mxy

where Agcp ~ 1.2 includes the effect of running from mz to @ ~ 2.3 GeV, and the light
leptoquarks are assumed to be degenerate in mass. For the hadronic matrix elements we use
the lattice determined values from ref. [38], which gives (7°|(ud) gur|p) = (7°|(ud) Lur|p) =
0.103(41).
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Figure 3. Unification scale as a function of the octet/triplet mass. The grey (blue) points cor-
respond to a real (complex) octet and triplet. The dashed line shows the bound from Super
Kamiokande (7, > 1.29 x 103* years at 90% CL.) [40], assuming c(e®,d) = 2 and c(e,d®) = 1. In
evaluating eq. (3.6) we have used the same masses as figure 1, however both the value of ggur and
the factor A defined in eq. (3.7) are approximately constant across the parameter space.

In figure 3 we again plot the results of the parameter scan, showing the scale of unifi-
cation Agur, for different octet/triplet masses. The grey (blue) points correspond to the
case of a real (complex) octet and triplet. Notice once again that the unification scale is
only mildly dependent on the masses of the leptoquarks and second Higgs doublet. Fur-
thermore, for octet masses close to the LHC lower bound of 1.5 TeV [39], the unification
scale can be pushed all the way up to ~ 2 x 10! GeV. The dashed line shows the lower
bound on the unification scale derived from the Super Kamiokande limit on the proton
lifetime, 7(p — 7%™) > 1.29 x 103 years [40]. For simplicity, we have neglected pos-
sible threshold corrections from fermions and scalars with masses near my y, such that

_1/21mX7y ~ (.95 mxy.

Agur =e

Figure 3 suggests that, in the two cases considered, triplet/octet masses below either ~
104 GeV or ~ 10'° GeV are required in order to satisfy the bounds from Super Kamiokande.
However, it should be noted that the precise bound on mx y also depends upon the details
of the model at the GUT scale. This dependence is contained in the coefficients c¢(e®, d) and
c(e,d), which take the values c(e,d) = 2 and c(e,d®) = 1 in the Georgi-Glashow model.
These particular values also yield the maximum partial width in eq. (3.6) that is consistent
with unitarity of the fermion mixing matrices. However, at the very least we know that the
relation Yp = YET must be broken, which leads to some freedom in the mixing matrices.
This issue was investigated in detail in [41], where it was shown that it’s possible to forbid
the decay p — 7%, along with all decays into a meson and anti-neutrinos. The leading
decay mode is then into second generation fermions, p — K%u™*, and is suppressed by
the CKM angle sin? 6;3. The bound on this decay channel from Super Kamiokande is
1.6 x 1033 years, which leads to the most conservative bound on the mass of heavy gauge
bosons mxy 2 7.4 1013 GeV.



4 Ry anomaly and flavour constraints

The exclusive b — s transitions have been the subject of many theoretical and experimental
studies over the last two decades due to their potential to probe physics beyond the SM.
Recently, the LHCDb collaboration measured the ratio

B(BT — K*upu)

+ + ’
B(Bt — Ktee) PelL6] Gev?

Ry =

(4.1)

with the dilepton invariant mass ¢? integrated in the [1,6] GeV? bin, and obtained [42]
REP = 0.745700% (stat) + 0.036(syst). (4.2)

The result is 2.60 smaller than the SM prediction R a2 1 [43]. This observable is almost
free of theoretical uncertainties, since hadronic uncertainties cancel out to a large extent in
the ratio. Indeed, the dominant theoretical uncertainty in Ry comes from QED corrections,
which were estimated to be smaller than O(1%) in ref. [44]. Therefore, if corroborated by
more data, this result would be unambiguous evidence of new physics and an important
hint to unveil the flavour structure beyond the SM.

The most general dimension-six effective Hamiltonian describing the transition b — s/,
with ¢ = e, u, 7, is given by [45]

6
Hegr = —“fgv;bv;;{ SO + 3 [CmOim + (€)Y (Or(w)Y |

i=1 i=7,8
(4.3)
> WO ) + (G ) (O ()| } +hee.,
i=9,10,5,P
where the operators relevant to our study are
oy _ & I v _ € o
(09)" = = (5WwPrb) ("), (O10)' = o~ (57, Prb) ((4"750) (4.4)

The light leptoquark states in our model contribute to the following Wilson coefficients,

2 2 Y(a)Y(a)*
(C8) = ~(C)' =~ >

_ 5 ,
2‘/75b‘/;§zaem 1 ma,

(4.5)

(a)
J
calls for nonzero couplings only to muons, since the couplings to first generation fermions

where Y, are the Yukawa couplings defined in eq. (2.3). The simplest explanation of Rx
are tightly constrained by (i) atomic parity violation experiments [46], (ii) the kaon physics
observables and (iii) the experimental limit on B(Bs — pe) [31]. For this reason we set
the couplings to the first generation to be zero, and impose the condition Yb(:), Y;(,f) #0

for at least one of the leptoquarks. Notice that the inequality Ys(ﬁ) # 0 seems to be in
disagreement with eq. (2.2), which implies that the Yukawa matrices are anti-symmetric
if Lz; and dg; belong to the same 5 multiplet. However, violation of the fermion mass



relations already suggests this last assumption is not satisfied [25], and therefore we assume
that the matrices Y(® have a generic structure, as discussed in section 2.

To constrain the relevant Wilson coefficient (C4*)" = — (C1#"), we use the available
experimental data for the b — suu exclusive processes. Following the strategy introduced
in ref. [13], we perform a combined fit of Rx with B(Bs — p* ™ )%P = (2.81’8:(73) x 1079 [47]
and B(B — Kpt 11 high 2 = (8.5+0.3+0.4) x 10~® [48], since the hadronic uncertainties
contributing to these observables are controlled by means of numerical simulations of QCD
on the lattice [49]. We obtain the 20 interval

(CH™Y € (—0.46,—0.30), (4.6)

where we have used the form factors computed in ref. [50].> This can be translated into
the bound

Y(Q)Yg(a)*
0.0312TeV=2 < 3~ 0 <0.0392TeV 2. (4.7)
=12 A,

For sake of illustration, let us assume that only the lightest leptoquark contributes signif-
icantly to Ry, and impose the conservative bound |Yz| < 1 to ensure that the Yukawa
couplings remain perturbative all the way up to the GUT scale. Then, from eq. (4.7), one
can then derive the upper bound ma, < 30TeV on the lightest LQ mass. It is interesting
to note that the unification of gauge couplings gives a stronger upper bound on the lightest
LQ mass, as can be seen from figure 2. Therefore, if confirmed, such a violation of lepton
flavour universality in meson decays can be readily obtained within our model.

Finally, regarding other low-energy signatures of the scenario discussed in this letter,
a very distinctive prediction that deviates from the SM is Ry~ = 1.11(9) [13], which will
be tested in the near future at LHCb.% In addition, depending on the LQ couplings to s,
other signatures can arise in flavour observables. For instance, lepton flavour violation in
B meson decays, such as B(Bs — pr) and B(B — K™ pur), can be as large as O(107%),
while the modes B(Bs — 77) and B(B — Kvr) can be significantly enhanced with respect
to the SM predictions [53]. Hence, scenarios containing the state (3,2,1/6) provide a very
rich spectrum of predictions to be tested at current (LHCb) and future (Belle-II) B-physics
experiments.

5 LHC constraints

The LHC collaborations have already performed a number of searches for pair-produced
scalar leptoquarks using the data collected at /s = 13 TeV. Both ATLAS [54] and CMS [55,
56] have released improved constraints on first and second generation leptoquarks, result-
ing in lower bounds on the mass of the leptoquark ma = 1130 (1165) GeV, assuming a

100% branching ratio A — eq (uq). In the case of third generation leptoquarks, the CMS

"These values are consistent with the ones obtained by employing the form factors computed in ref. [51].

5The prediction Rx+ > 1 is a general feature of models with C§j = —C4y # 0. On the other hand,
scenarios in which the Rx anomaly is explained through the effective coefficients Cy or C9 = —C'1¢ predict
Ry~ <1 [52].



collaboration have also recently released improved bounds on leptoquarks decaying into
br [57, 58], obtaining a lower bound on the leptoquark mass of 900 GeV. Note that, with
the exception of ref. [58], these searches currently only make use of the 2015 dataset and
we can therefore expect these bounds to improve in the near future, using the significantly
greater integrated luminosity collected in 2016.

As mentioned in the previous section, leptoquark couplings to the first generation
fermions are already highly constrained by low energy experiments and hence we assume
them to be negligible.” Imposing the additional requirement that our model provides an
explanation for the observed Ry anomaly also necessitates Y*# Y =£ ( for at least one
of the leptoquarks. To avoid making further assumptions on the Yukawa structure of
the model, we also allow possible couplings to the third generation leptons via Y7, Y7,
It’s evident from eq. (2.3) that the A(1/3) state will always decay into final states involving
neutrinos, where there are dedicated searches in the case of the bv final state [59]. However,
we will instead focus our attention on the A(2/3)  since its couplings to charged leptons
yield the strongest bounds.

The A®/3) has three potentially relevant decay channels, A — pg, A — 7b and
A — 75, where ¢ = (s,b). As discussed above, there exist dedicated searches in the first
two cases. The 7s final state, on the other hand, is significantly more challenging. Never-
theless, existing searches can still be used to constrain this case. For masses in the range
600-1000 GeV, there are bounds on resonances producing jets and hadronically decaying
taus [60]. Below this mass range, the first and second generation leptoquark searches can be
used to obtain bounds on decays to 7s in the case of leptonically decaying taus. However,
the bounds are relatively weak due to the suppression by B(1 — e v, ;)% ~ 0.03.

The constraints from LHC searches for the A(%/3) leptoquark are combined in figure 4.
We show the lower bound on the leptoquark mass as a function of B(A — pgq) and B(A —
7b), assuming B(A — uq) + B(A — 7b) + B(A — 7s) = 1. Provided the branching ratio
to pug > 60%, the leptoquark is constrained to have a mass above 1TeV. However, if the
leptoquark instead decays mostly via the other two decay modes, then these bounds can
be drastically reduced. In that case the leptoquark could be as light as ~ 400 GeV and
still have evaded existing searches.

Finally, in the case where the octet and triplet have masses ~TeV, they could also
potentially be accessible at the LHC. The strongest bounds are from searches for pair
production of the colour octet with decays into two jets, which leads to a lower limit on
the mass of 1.5 TeV [39]. This model also allows for possible decays of the octet and triplet
into pairs of leptoquarks, while the triplet can also decay to two Higgs. These channels
may lead to other interesting collider signatures.

6 Conclusion

A simple way to achieve SU(5) gauge coupling unification involves extending the Georgi-
Glashow model to include a second 5 Higgs and two additional scalars in the 10 represen-

"Since LHC limits on first and second generation leptoquarks are comparable, the effect of non-zero
couplings to the first generation can be approximated by additional contributions to the second generation
couplings when interpreting the results in figure 4.

~10 -
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Figure 4. Lower bound on the A(/3) leptoquark mass using the combined results from LHC
searches. We have assumed B(A — pg) + B(A — 7b) + B(A — 7s) = 1. The white dashed lines
separate the three regions where each of the final states yields the most stringent bound on the
leptoquark mass.

tation [8]. In this paper, we have explored the parameter space of this model in detail and
find that it remains consistent with the most recent experimental constraints. Unification
proceeds via splitting of the 10-plets, leading to two light (3,2,1/6) scalar leptoquarks.
We find that the lightest of these is required to have a mass in the range ~ 0.4-16 TeV.
This unification scenario is therefore of particular interest as the leptoquarks may be within
reach of current and/or future experiments.

Furthermore, we have addressed two shortcomings of the original model. Firstly, we
demonstrated that allowing for splitting in the 24-plet preserves unification, while providing
a straightforward way to significantly raise the unification scale and hence evade the latest
bounds on the proton lifetime. In the case of complex triplet and octet scalars with
masses close to the current experimental lower bound of 1.5TeV, the unification scale
can be as high as ~ 2 x 10' GeV. However, proton decay can also be mediated by the
light leptoquarks, with a low suppression scale (~TeV) for the corresponding dimension-9
operator. We showed that a U(1)pq symmetry can be used to forbid the dangerous terms
in the Lagrangian, which would otherwise exclude this model.

The light leptoquarks required for unification may also be directly accessible at the
LHC. We have combined the results from the most recent LHC searches to derive con-
straints on the leptoquark parameter space. In the case where the A%/3 state decays
dominantly to ug, the lower limit on its mass now exceeds 1.1 TeV. However, in the case
of decays involving tau leptons, a leptoquark as light as 400 GeV is still allowed in certain
regions of parameter space. A significant improvement of these results can be expected
using the increased integrated luminosity collected by the LHC experiments in 2016.

Finally, there is additional motivation to revisit this model in light of recent experi-
mental anomalies in the decays of B-mesons. In particular, the LHCb measurement of the
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theoretically clean ratio Ry, which shows a 2.60 deviation from the SM prediction. It was
previously shown [13] that a (3, 2,1/6) scalar leptoquark could provide a viable explanation
for the anomaly. Here, we have shown that the requirements from unification are perfectly
consistent with the leptoquark explanation for Ry . Furthermore, such leptoquarks also
predict signals in other flavour observables, most notably an enhancement in the soon to be
measured ratio Ri+ and the possibility of lepton flavour violation in the modes By — ut
and B — K®pur. If the result is confirmed with additional data, Rx along with other
flavour observables could therefore provide the first tentative hints towards a unification
scenario similar to that considered here.
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A [B-function coefficients

In this appendix we collect the [-function coefficients appearing in eq. (3.1). They are
given above each mass threshold by

41

1 1
10 10 30 0
bi=| -2 +Ou-—mu)| § | +20(—ma)| 5 | +20(u—mss) [ 3] . (A1)
= : : %
and
199 27 44 9 9 1 3 8
50 10 5 50 10 150 10 15
Bij=|3% 2 12 [+60(u-—mn) |3 B0 +20u—ma)| & £ 8
11 9 1 22
o 5 —26 0 00 T 3 F (A2)
00 0
+20(p—m3s) |02 0 |,
00 21

where my is the mass of the second Higgs doublet, ma is the mass of the two light
leptoquarks and mag is the mass of the states (8,1,0) and (1,3,0), as defined previously.
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We have assumed two mass degenerate leptoquarks in egs. (A.1) and (A.2). The extension

of these expressions to the non-degenerate case is straightforward.
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