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Abstract

We review the minimal Grand Unification Theory (GUT) based on the SU(5) gauge group. We construct all
the necessary and useful tools to study its phenomenology. The same tools will be used with next to minimal
extensions that cure unification and provide small neutrino masses through seesaw mechanisms. We make explicit
statement that GUT models based on SU(5) are not ruled out and are very predictive.
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1 Introduction

The Standard Model of Particle Physics (SM)[1, 2, 3] is
many times considered the great scientific discovery af-
ter Quantum Mechanics and Relativity as a consistent,
predictive and renormalizable implementation of gauge
theories in a quantum field theory (QFT) framework.

Nevertheless the SM is not without flaws and still
faces challenges as it turns 50 years old. Some of the
limitations of the SM are the massless nature of neu-
trinos which contradicts experimental evidence, no a
priori Yukawa or family structure, scale dependence of
the gauge couplings seems to converge them at some
higher energy scales, no incorporation of gravity, no
clear physics to constrain the Higgs potential param-
eters, and other naturality problems such as the scalars
masses dependence on the scale, the hierarchical mass
spectrum throughout the families, and the vacuum den-
sity energy contribution.

Physics Beyond the Standard Model (BSM) is nec-
essary to solve these problems. A BSM class of the the-
ories is the Grand Unification Theories (GUTSs) where
we give more structure to the gauge part of the theory,
mainly by embedding the SM gauge group

Gsm = SU(3), x SU(2), x U(1)y (1)

into a larger group. If the larger group is a simple group
or a product of identical simple groups the couplings are
unified when such group is the effective gauge symme-
try. The gauge group is eventually broken by a Higgs-
like mechanism and Ggy will be the surviving subgroup

of the larger group.

A GUT then consists of a theory with a larger gauge
group that embeds the SM gauge group and a scalar sec-
tor that breaks the group into the SM. In this work we
will work with the simpler model which is the one based
on SU(5)[4], it has the same rank (rank=4) as Ggm and
so the last is a maximal subgroup of the former. Other
rank=4 groups could have been chosen but this enables
us to create a minimal model, i.e. a model with the
same matter content as the SM.

2 Minimal SU(5) Framework

The minimal model is built as a gauge theory based on
the SU(5) group. As the SM gauge group is a maximal
subgroup of SU(5) we can chose a basis in which the
SU(3) and SU(2) quantum numbers are not overlapped.

The gauge bosons are associated with the genera-
tors through the adjoint representation, 24 = (8,1,0)®
(1,3,0)9(3,2,5/3)®(3,2,-5/3)®(1,1,0), and so be-
sides the SM gauge fields one has new leptoquark vector
bosons which we will denote as X, and X for its con-
jugate.

For matter fields we start by noting that the fun-
damental representation is 5= (3,1,-2/3) & (1,2,1)
where the quantum numbers are ordered as SU(3),
SU(2) and hypercharge, and the last was chosen as to
respect the SM equivalent representation.

The SU(5) generator that will be identified with the
hypercharge is the diagonal one that does not come



from either SU(3) or SU(2) Cartan subalgebras which
is \?* = 3/V/15 diag(2/3,2/3,2/3,—1,—1). One con-
cludes that we can not use the fundamental represen-
tation, 5, since the hypercharge readings are off by a
sign, we will then use the antifundamental representa-
tion 5 = (3,1,2/3) @ (1,2,—1) and one identifies the
fields

gF = (d%dg’ §>€_a _V)T = (dz¢7€iij)T ) (2>

the overall normalization factor of the hypercharge-like
generator is residual and it is hidden in the hypercharge
coupling constant. This is easily understood: when the
larger group is broken we split the subgroups within it
and so the coupling will eventually evolve down the en-
ergy scale to the SM as different couplings. For example
in our case SU(5) breaks into three groups that will be
identified with the SM subgroups and so the couplings
will be then identified as

ay =01 = g = Q3

— oy = klOzy = ko, = k3as (3)

and the overall factors can be systematically computed
as k; = Tr {T?} /Tr {T?}, where T; stands for the SM
subgroups’ generators and T are the unified group gen-
erators. SU(5) belongs to what is called the canonical
class where k; o< (5/3,1,1).

The remaining matter fields are in the antisymmet-
ric 10 = (3,1,-4/3) @ (3,2,1/3) ® (1,1,2) and the

fields are
_ ((e3)Fug, q
10F = ( 4T (e2)e° ) (4)

The scalar part of the theory must have at least two
different representations, one that breaks into the SM
and other that breaks the SM. A representation that
contains the SM Higgs is the fundamental 5 while we
will use the adjoint to break SU(5). We identify the
fields in the adjoint scalar as 24y = Yo @ X7 S Xx ®
Yixe @ Xg. The most general potential for the adjoint
is

s 2 a 212
V(24n) = — 5 Tr {245} + 7 Tr {245} +
b
o T2} s {24} ()

so one can diagonalize the adjoint scalar with a global
SU(5) symmetry to study the breaking patterns using
a diagonal form. The SM is retrieved when the scalar
field acquires a vev (24g) = vA?%. After the sponta-
neous symmetric breaking, the SM’s gauge bosons re-
main massless, while the leptoquark vector bosons get
the mass

5
M)2( = 69?“2 ) (6)

and so we will usually refer of these vector boson masses
and GUT scale mass as equivalent quantities.

The Y x and its conjugated fields are would-be Gold-
stone bosons that are eaten up as longitudinal degrees
of freedom of the leptoquark vector bosons. The other
fields of the adjoint scalar get the masses

m2(Zo) = %’UQb , mA(2r) = %va , m*(Xg) = 2u? ,
(7)
and so only the singlet part is unconstrained regarding
the other fields of the same representation.
The Yukawa part of the theory is obtained with the
coupling through Yukawas between the scalar in the
fundamental representation, 55, and the matter fields

— 1
Ly = 5FY510F5*H + §6510FY1010F5H + h.c., (8)

if one develops these products into the SM fields
and compare them to SM Yukawas (Yi,qea¢*u, Yyqdd,
Y. L¢e) one finds that they are constrained in the SU(5)
framework having the relations

Y.=Y}], Y, =Y. (9)

The first prediction is the more striking since it
states that at GUT scale the diagonal entries of the
down-quarks and charge leptons are the same and so if
one runs the masses (or more precisely the Yukawas)
from the SM to GUT scale one should have equal val-
ues. This fails badly, even for the third family where
one gets best results for this prediction.

Also from the Yukawa sector one can deduce new
baryon and lepton number violating feynman rules (but
(B — L) conserving) mediated by the colour triplet that
is embedded within 5. By integrating out the colour
triplet one gets an effective proton decay operator

Li—g ~ %Yw}% qqqe , (10)
may
and so for naturally small Yukawas and heavy colour
triplet, mp, we might have a narrow decay width and
so a large proton lifetime.

The proton decay is not restricted to the Yukawa
sector: the new gauge fields will induce proton decay
operators through new Feynman rules of the form Xql.
By integrating out the fields one will get the effective
operator for proton decay

1
LX o~ —a e, 11
d=6 "~ 7 5444 (11)
where a5 is the unified coupling, m, the proton mass
and My the new vector bosons mass. We will discuss
proton decay further below in this section. Also we note
that there is an overall antisymmetric colour structure



(it is the only way to create an invariant with three
fundamental representations) and so (10) will be fur-
ther diminished through symmetry cancellations on the
Yukawa matrices.

We can compare the decay widths with experimen-
tal bounds from super-Kamiokande. For that we need
to compute the values for a5 and Mx and we will get
them by studying the unification.

If the theory is to be a consistent GUT one must
unify the SM group into the SU(5) by evaluating the
couplings up the GUT scale and determine the energy
at which they meet. For that we use the Renormaliza-
tion Group Equations (RGE) for the couplings which
read

07 () = o () — Do (12 12)
i 2 i 1 A ,U/% )

where po > p1 and

by = é S s(Rt(R) [[dimi(R),  (13)

R i

where R is a field in some representation, ¢;(R) is the
Dynkin of the representation in which the field is!, the
last term accounts for a dimensions that the field is in
concerning the other gauge groups?, and finally s(R) is
given by

1 for R scalar,
2 for R chiral fermion, (14)
—11 for R gauge boson.

s(R) =

One finds out that they do not meet at any scale,
although each of the curves meet the others eventually
but not all at the same point. The error is not scan-
dalously wrong but is sufficient to say that a minimal
setup does not unify the SM into an SU(5) based GUT.
Other way of saying this is that the SU(5) GUT does
not return the SM. To do so we start by considering
that the unification happens and run down (12) to the
SM. One can solve the set of equations for the unified
coupling and the GUT scale, one gets a5 ~ 1/40 and
Mx ~ 7 x 10" GeV. After that we consider the depen-
dence of the Weak angle by the couplings and therefore
the scale

2 _ Qy ()

sin” Oy () ROETAOR (15)
and we run down to the SM. One gets sin? Oy (p) ~
0.208 while the experimental value lays at sin? Oy (1) ~
0.231. Note that it errs by about 10% which is not
awfully bad, in fact is quite interesting the result is so
close since we are doing a minimal setup. Also we note

that one can compute the weak angle at the unification
scale, since the couplings equal apart from the group
coefficients k; one concludes

1 3

=— = 1
1+ki/ky 8 (16)

Sin2 9W (AGUT)

We now use (11) and our estimate o ~ 1/40, to

compute what is the mass of the new vector bosons such

that the prediction lays inside the experimental bounds

of super-Kamiokande. The decay width of said effective
operator is estimated by

Tya ~ amd/MY | (a7

and by evaluating it such that 7,4 > 103* years one gets
Myx > 4 x 10*® GeV which is in agreement with our
first estimate on the GUT scale.

This means that the minimal setup predicts similar
values for the GUT scale through two different ways: by
computing the GUT scale from RGE and from the pro-
ton decay experimental bounds. This is yet another co-
incidence that one must note to motivate further study
of this theory.

Also note that we studied the unification issue with
a mix of low energy input and group theoretical coeffi-
cients. One can in fact systematize the study of unifica-
tion through the B-Test[5]. By algebraic manipulation
of (12) one can deduce

.2 kas «
_ sin® Oy — 72 - (18)
@—<1+@>sin29 7
k1 k1 w

where B'L'j = B,L' - Bj with

ln(AGUT/M[)
g Z I 1
Bi=b i birt T In(Agur/Mz) 19)

We see in (18) that the LHS depends only on group
theoretical results and the particle content of the model,
while the RHS depends only on group theoretical coef-
ficients and low energy observables. By computing the
RHS within the framewokr of SU(5) one concludes that
a theory which unifies into the SU(5) must accomplish
a B-Test of about B ~ (.72 while the SM B-Test value
is BSM ~ 0.53 and so it fails to unify. One can eas-
ily deduce that new fields which increases the fraction
Bss/Bio will help unification, specially if they are light
since the r! factor weights how much they contribute
for the running of the couplings. Note that we need to
add new particles to unify the SM into an SU(5) based
GUT and so we will need to depart from minimality.
Fortunately we will add new fields in a quasi-minimal
way and we will gain new predictions and features which
enrich the theory.

_ B
Bio

B

INote that for an abelian group this equals the squared eigenvalue of the field in respect to that group’s generator.
2Ultimately it counts the multiplicity of the field due to other gauge symmetries.



One should also account the inevitable new fields
that appear in the minimal model due the fact 24y
is a large representation which embeds many degrees of
freedom. The contributions for the B-Test can be found
in Table 1, and although one has two fields contributing
for unification, X, and ¥, one must keep in mind that
X, must be as high as the GUT scale to consolidate
proton decay bounds, and unfortunately X7 can not be
responsible for unification alone without making it too
light as it would already had been at colliders reach.

We now have all the tools to study SU(5) based GUT
models. We still have to solve two problems: Yukawa
relations between the down-quarks and charged-leptons,
and unification. We will use the B-Test to control the
unification issue, the Yukawa part will be solved explic-
itly by changing the Yukawa sector of the theory. While
we do this we will need to constrain new particles masses
through proton decay bounds.

3 Extensions and Seesaw Mech-
anism

We divide the extended models in two classes: the
non-renormalizable models[6] and the renormalizable
counterparts[7]. We do this since the wrong Yukawa re-
lations prediction is the most problematic consequence
of the minimal model based on SU(5). Proton decay
is a problem due to unobservable proton decay events,
but we point out that there is some parametric freedom
to keep it with agreement with experimental bounds.

We start by the non-renormalizable extension, which
assumes an higher energy scale theory which contributes
with non-renormalizable terms to the different Yukawas,
for the minimal setup we get the new contributions

_ ) R P
ALy =5V V105 (A5H) +5pY <A10F> 5%+

)
+ —e510pY, 105 (5H)

A

= 0ol

>
+ §6510FY1(02) <A10F> 54 + he., (20)

and so after the SU(5) breaking the Yukawa sector ef-
fectively changes and the SM equivalent Yukawas will

be

3v 2 v
Yy —Y5 - \/;AYS(U + TE)XY;Z) , (22)
1 3 v T
YU‘:_§(Y10+Y10)+ﬁX(Y1(01)+Y1(01) )—
1 v T
- —=~ VY -7, (23)

and now we have enough parameters to fit experimen-
tal data and to avoid the wrong predictions. Of course
that by not adding new fields we did not solve the uni-
fication issue, so we now need to decide which fields we
add. For that note that another problem remains in the
minimal SU(5): the neutrino has no mass. So we could
use this as a good motivation for new fields. Recall that
a neutrino mass at the SM level is determined through
an effective Weinberg operator where a field respecting
the SM symmetries was integrated out. As we want the
new fields to contribute to the running we want them to
be lighter than the GUT scale and so they must respect
the SM symmetries hence they will also be responsible
for Weinberg effective operators. We have only three
option, each defines a seesaw mechanism:

1) Type-I Seesaw: Add a fermion singlet.
2) Type-II Seesaw: Add a scalar SU(2) triplet.
3) Type-III Seesaw: Add a fermion SU(2) triplet.

Note that the mechanisms are not mutually exclu-
sive. The Type-I seesaw will not be of interest by itself
since a singlet does not alter the couplings running.

By looking into the representations we note that the
24 has singlet and an SU(2) triplet. So consider the ad-
joint fermionic[8]

1 [(Wy Uxe 1
— —Wg A 24
\@ (\I/X ‘I/T) + \/5 SA24 (24)

24p =

which will have the following self couplings and cou-
plings with the scalar adjoint
Laq =mp Tr{24%} + \p Tr{247.244} +
1
+5 (a1 Tr {247} Tr {247, } + ao(Tr {24524 })*+
+asTr {247,243 } + asTr {24p24524524y}) |
(25)

and so the masses of the split fields after the SU(5)



Table 1: B-Test contributions from minimal SU(5)

Xy
_ 11
Bas 57X,
—22 1
B2 =*rx, 5T

Yo X
2
717’20 §TZT
2
0 _ETZT

symmetry breaking are

mEk =m —Lv)\ +v—2 2a1 + 2a +la —i—la
S—F\/BFA_I 21531547
(26)
3 v [ 3 3
mgsz_\/va)\F—i_K _2a1+5a3+5a4} 5
(27)
2 v [ 4 4
F
mo mF"‘\/ﬁU F+A _a1+15a3+15a4} )
(28)
1 v? 13 2
F
= — ———0vA — |2 —ag — —
my = mpg 2\/EU F+A{a1+30a3 5a4}
(29)

The new fermionic representation also couples to the
fundamental Higgs, i.e. to the SM Higgs, through the
Yukawa sector, we have the new contributions

. 1 . .
Lyaoa =y5B5p24r5y + Xs} (vi24p24y + Y524 245

+ y Tr{24p244}) 55 + h.c., (30)

and one can collect the terms that couple the fermionic
triplet and scalar fields to the leptonic doublet, one gets

Ly, =L (ys¥s +y7Vr) H+ he. (31)

where the y7. ¢ are linear combinations of the y;, a =
0,..,3.
Now, by considering their masses to be

F F
Lo _%TOTO _ %\ysxys + he.,  (32)

mr/s

one can integrate them out and get a neutrino mass of
the form

2 i, i,
ij vt Yy | Ys¥s
i _Z 4T ) 33
M 2 ( mg + mg ) (33)

So a light mass for neutrinos appears naturally. Note
that the new Yukawas are vectors, so we can rotate them
into a specific direction in the family space and so we
can at most give mass to two different neutrinos.

The B-Test contributions from the new fields are
presented in Table 2 and one can conclude we expect
light fermion triplet so the theory unifies the gauge cou-
plings. Actually as we have other fields contributing
negatively to unification we will eventually have a TeV
scale masses for the fermionic triplet and for the scalar
triplet from the 24 . In this case the octet’s mass must
be between 10° and 10® GeV so it does not spoil unifi-
cation.

As the triplet is required to be light it is of inter-
est to point out collider signatures. It is immediate to
conclude that the fermionic triplet decays into Z and
W mostly, although it can decay through Yukawa cou-
plings into a H. All these modes have also a lepton in
the final state

T°/T% — (WEIF, Zv, )/ Wy, ZIE, W) | (34)

but it can also decay through the SM Higgs. Also we
note that the decay width is proportional to the new
Yukawa couplings

L(Ur) ~ yr*(mf)? (35)

so one has a field observable at the LHC which might
give us direct measurements of the Yukawas responsible
for neutrino masses.

Instead of the 24 one could add a scalar represen-
tation with an embedded SU(2) triplet that would cou-
ple with the leptonic triplet in the Yukawa sector. We
can use the 15 = (6,1,—4/3) ® (3,2,1/3) & (1,3,2)[9]
symmetric representation whose fields we will identify
as

155 = (:2? QX’) : (36)

where the triplet part we use the traditional notation
used when studying the Type-II seesaww A = A - 7.
The contributions to the scalar potential are extensive



Table 2: B-Test contributions from 24 g

U x Ur
2 4
—3TUy 37w
2 4
ET\IIX —grqu

Yo
ng 727”\1;0
Bio 0
but not hard to deduce, they read
2 2 2
av = —Fem {1515, | + Z2mr {1815 ) +

b2
+2 {153,154150155 } + 2 Tr {15}, 24,1154 | +
5551555 + 3By 1555+
+0Te {150,155 | T {243} +

03505 Tr {155,151 | + b55],15,15};54+

+06Tr {5115}, 245241 | + b7 Tr {15}, 245115424, } .

(37)

The new Yukawa contributions, which we will need
to perform the seesaw mechanism, we have the new con-
tributions to the Yukawa sector

_ _ 1 — _
ALy =55Y151555, + X(5F5H)Y1<5”(5F5H) + he. .

(38)
Finally the seesaw part of the Lagrangian is

Locesaw = —MATr {ATA}+Y15LAL+c;HATH+ h.c.,

(39)
and so after performing the seesaw mechanism calcula-
tions we get the neutrino mass matrix

~Y15C3U2
v — 5 Yw -
MR

(40)

We expect a naturally light mass for neutrinos. Also
we now have a matrix structure instead of a vector
structure and so all the neutrinos can be massive.

The remaining fields from the 155 will play a role
in unification, their contributions to the B-Test are pre-
sented in Table 3 and one now has two fields favourable
for unification. But alas the ¢, mediates proton decay
through B and L violating Feynman rules of the form
d°Yi5¢4L. On the other hand remember that scalar
mediated proton decay through Yukawa sector is not
as bad as it is in the vector bosons mediated case due
to naturally small Yukawas assumption and the anti-
symmetric colour structure that suppresses parts of the
Yukawa matrices.

We turn our attention to the renormalizable version
of these theories. The rationale is simple: since we do
not have any more freedom to change the Yukawa cou-
plings as we did in the non-renormalizable fashion, we
must add a new scalar representation to give new con-
tributions to the masses through SM-like Yukawas, The
new scalar representation is expected to contribute as
the SM Higgs at the SM scale, i.e. we will consider
SU(5) representation with a SM Higgs-like representa-
tion embedded within it.

The 45 = (8,2,1/2) ® (6,1,—-1/3) & (3,3,-1/3) @
(3,2,-7/6)®(3,1,-1/3)®(3,1,4/3)®(1,2,1/2) rep-
resentation has a part that breaks like the SM Higgs.
We will identify its fields as 45y = @1 § P & 3 P
P4 D D5 Pg ® Hy and it couples in the Yukawa sector
through

—_ 1
ALy = 10FY455F(I)25 + E5§10FY4/510F(I)45 + h.c..
(41)
The structure of the 45 makes it difficult to visual-

ize how it acquires a vev but the Electromagnetic and
Colour invariant vev is such that[10]

(Pa5)1°) = (Pas)3’) = ((Pas5)3”) = va5

3
D ((®a5)?) = —((®a5)3”) 5 (Pa5)3”)

=1

0, (42)

and we note that since we obtain this representation
through 10 ® 5 = 5 @ 45 so it is antisymmetric in the
upper indexes. So computing the mass matrices for the
down quarks and charged leptons one cures the theory
from the bad prediction

M, = Ysvw + 2Y45v45

Md = YE)TUW — 6}/;121145 .

The new fields will contribute to the couplings run-
ning through the B-Test contributions presented in Ta-
ble 4 where we have omitted the SM-like Higgs for two
reasons: 1) it is well known that a light Higgs favours
unification and 2) it will be at SM scale and so it con-
tributes as just like another fixed Higgs at the SM.



Table 3: B-Test contributions from 15

¢6 ¢q A
5 1 2
Bas —§T¢s  §T¢4 3TA
8 7 1
Bz 15795 —15T6, —15TA
P, (O Dy L (0N
2 5 3 1 1 1
Bas —grcbl A D T®s 677"‘@4 —gles —657"<I>6
B12 _ﬁ{rq:‘l Tsrég —51"@3 T5T<I>4 T5T¢5 ﬁr¢6

Table 4: B-Test contributions from 45y

We also note we will have new proton decay contri-
butions from new feynman rules, namely by integrating
out from the rules

qYas®P3q , qYas 3L , (45)

and so ®3 will be constrained by proton decay bounds
although it is a good field to consider light due the B-
Test.

We see we have many new fields that contribute to
the unification effort, also many that do not. But a
study of these fields’ mass will eventually show that uni-
fication can be achieved with only these fields by letting
the bad ones be heavy while the good ones are light. So
it seems we solved the unification and the wrong Yukawa
prediction with only one new representation. But as we
introduce a renormalizable approach for completeness
sake we should also consider extensions that complete
it even more, namely through seesaw mechanisms that
give neutrinos small masses.

Then we consider the previous cases of adding 24
or 155. All the calculations are similar and so this last
part of the section will be brief. Consider for example
the case of the 247 [11], now the new Yukawa contribu-
tions read only renormalizable terms

ALy = h'5,24745, + hec. (46)

and the neutrino masses will be a result of a combi-
nation from contributions from either the original SM
Higgs and the new that comes from the 455. After in-
tegrating out the singlet and triplet fermion fields we
get the new neutrino mass matrix

ata? 'Y
F F
my myg

MY = (47)

where now the structure is given not only by
Yukawa couplings but mass contributions from differ-

ent Yukawas and the two vev

i
a' = %ysz —3h'vys , b = \/71;5 <y5\1}/1%/ + hz’l)45> .
(48)

We expect unification constraints to be less strict
since we have more fields affecting the running of the
couplings. On the other hand the renormalizable masses
are more constrained with each other, since the non-
renormalizable terms extends the freedom to fit the
masses that respect proton decay bounds and unifica-
tion constraints. Note that the fields favourable to unifi-
cation whose masses are not constrained by each other
are Y7, W and ®3. This means that we lost some
comfort zone in splitting the masses but we have more
independent masses to fit unification demands. In fact
there are viable values that leave the fields outside LHC
reach but the unification constraints are usually easier
to satisfy with LHC searchable fields.

Finally we turn to the model with a new scalar field
in a 15[12] representation. As we saw this model in-
duces a natural Type-II seesaw trough an SU(2) triplet
embedded in the 15. The renormalizable version of the
model with an extra 15y differs little from the non-
renormalizable version. The main problematic aspect
is that we need to consolidate two distinct Yukawa me-
diated proton decay channels due the ®3 and ¢, inter-
actions in the Yukawa sector.

As one can deduce easily no other new prediction
will emerge than the ones we already discussed. The
main phenomenological consequence of working with
155 in a renormalizable model is that we get many
unrelated fields contributing for the running, namely
we have many favourable contributions from X7, &3, A
and ¢4. The mass spectrum of the listed fields is easily
found as sparse since unification is easily accommodated
with so many degrees of freedom.

Before we head to the conclusions section we want



to refer the supersymmetric versions (SUSY GUT) of
these theories. In the minimal setup we find that the
scalar channel for proton decay is the most dangerous
contribution. This is so because in SUSY we must ac-
count for the supersymmetric partners and so we can
derive a d = 5 proton decay operator of the form

1 =
Lag—s5 o« —Y10Y5qqql , (49)
mr

of course since this operator acts at the hadronic scale
we must dress it so that the spartners are not final states
of the process. This will lead to a full d = 6 operator,
but what makes it so dangerous is that it is only sup-
pressed by an inverse power of the triplet scalar mass
instead of two inverse powers as in the non-SUSY case.
This will make the mass of this field more stressed than
in the non-SUSY case and one must play carefully with
the parametric freedom regarding the symmetry can-
cellations due the antisymmetric nature of the colour
structure of the process and the Yukawa couplings. It
has been possible to maintain this theory alive [13] but
proton decay bounds are narrowing the viability of the
minimal theory. Nonetheless unification is achieved out-
of-the-box and it is well known that SUSY solves hierar-
chy problems regarding the scale dependence of scalars
masses.

As SUSY unifies relatively easily the gauge couplings
it was regarded as a natural extension of SU(5) GUTs,
but we already showed that unification can be achieved
with other interesting extensions. Also note that SUSY
does not solve wrong Yukawa predictions, and since pro-
ton decay bounds are threatening the viability of such
theories nowadays one does not consider necessarily the
inclusion of SUSY. Note however that SUSY is an in-
teresting theory by itself and that SUSY and GUTs are
not mutually exclusive and, all and all the realization
of both theories would bring new and exciting physics.
Also we want to point out that it is possible the sup-
press proton decay in SUSY GUT, for example it was
shown that in a non-renormalizable SUSY GUT based
on SU(5) [14] the non-renormalizable terms can in fact
help loosen the constraints from proton decay. For a
full review and systematic studies on proton decay see
[15].

4 Discussion

The conclusion of this work is simple: SU(5) based
GUT models are consistent, realistic and predictive.
One can choose from either renormalizable and non-
renormalizable approaches, but the inclusion of next-to-
minimal fields will bring not only natural seesaw mech-
anisms but predictions on light particles that can be
seen in the current generation of collider experiments.

Proton decay is found to be manageable although ex-
perimental evidence would ease the stress that these
theories suffer since it would be a very distinctive signa-
ture for B and L violating processes, which these models
naturally are.

While we hope next generation proton decay exper-
iments detect it, we are still confident that GUT is by
itself an interesting and consistent set of theories. We
support this statement by looking at the coincidences
and the positive predictions, for example within a GUT
framework is natural to quantize electric charge, the
GUT scale and the experimental bounds are naturally
compatible, the gauge sector gets structure compared to
the SM, the Yukawas and family structure is revisited
through tree level relations, and so on.
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