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Introduction

Large mass and mixing hierarchies found in Nature
® m,, my,,m., m,~10*> GeV (EW scale)
o m, ~ 10°m, ~ 10*m,
@ my, ~ 10"%my, ~ 1032m, ~ 10*8my
o m;, > 10" m,,
o m, > 10°m,

@ my ~ 101'2mu ~103m,

cosO. sinB., O
Vekm ~ | —sin, cosO. 0 | + Perturbations .
0 0 1

@ Why are there small mixing angles in the quark sector and not in the
lepton sector?
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Introduction

What is the origin of the strong and electroweak interactions? |

SU(3)c x SU(2). x U(1)y C G

(]

Can G unify the strong and electroweak interactions?

(*]

Why are the g, and g, ,, gauge couplings so different?

)2 8su)

(]

What is the G unification scale Ay?

(*]

Can the G breaking mechanism explain the EW scale?

(]

Can G unify matter?

(]

Can G unify families / offer an explanation for the flavour structure?

(]

What is the gauge group G and which predictions does it bring along?
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Introduction

Historical perspective

The idea of Grand Unification proposed by H. Georgi and S. Glashow in 1974

VOLUME 32, NUMBER 8

PHYSICAL REVIEW LETTERS

25 FEBRUARY 1974

Unity of All Elementary-Particle Forces

Howard Georgi* and S. L. Glashow
Lyman Labovatory of Physics, Havvard University, Cambridge, Massachusetts 02138
(Received 10 January 1974)

Strong, electromagnetic, and weak forces are conjectured to arise from a single funda-
mental interaction based on the gauge group SU(5).

We present a series of hypotheses and spec-
ulations leading inescapably to the conclusion
that SU(5) is the gauge group of the world—that
all elementary particle forces (strong, weak,
and electromagnetic) are different manifestations
of the same fundamental interaction involving a
single coupling strength, the fine-structure con-
stant. Our hypotheses may be wrong and our
speculations idle, but the uniqueness and sim-
plicity of our scheme are reasons enough that it
be taken seriously.

Our starting point is the assumption that weak
and electromagnetic forces ave mediated by the
vector bosons of a gauge-invarviant theovy with
spontaneous symmetry bveaking. A model de-

cawihine tha intanantinne af lantane neine tha

APM (Aveiro U.)

Low-scale gauge unification of families and forces

of the GIM mechanism with the notion of colored
quarks® keeps the successes of the quark model
and gives an important borus: Lepton and hadron
anomalies cancel so that the theory of weak and
electromagnetic interactions is renormalizable.®
The next step is to include strong interactions.
We assume that strong intevactions ave mediated
by an octet of neutval vector gauge gluons as-
sociated with local color SU(3) symmetry, and
that there are no fundamental strongly interact-
ing scalar-meson fields.® This insures that
parity and hypercharge are conserved to order
@,” and does not lead to any new anomalies, so
that the theory remains renormalizable. The
strongest binding forces are in color singlet

ctatac whinh maw avnlain wher ahaanead haduana
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Introduction

@ G = SU(5) describing an hypothetical universal force

U5 WAUSIVIIIS LIKE (1, 1) \Q 7, 1) TG, 4 U W ULigin ad DULY) UiTanIlg |
thirty left-handed fermions transform like two For the mixing angle, the theory predicts
10’s and two 5*'s, the F content is just right to sin®, =2,
describe physics. In order to display these rep- Finally we come to a discussion of superweak
resentations, we replace the two T’S of left- interactions and SU(3)-colored superheavy vec-
handed fields by two 5*'s of their right-handed tor bosons. In addition to mediating such bizarre
charge conjugates. The representations contain- interactions as K°~ u*e”, they make the proton
ing electrons are then a 5 and a 10: unstable. For instance, there is a superheavy
-0 5 - _: __p ®) -n colored vector boson which causes the virtual
(,/C 4 U; p- 03 ) 2] e 0)= ' g, transitions p, +p,~ W— i, +¢*. Exchange of this
¢ %2 1 bs b Pl 2 ¢ vector boson contributes directly to the decay
9\ T3 T R O =" p—n°+e’. Since the proton is rather stable,'
L: e 11(6) po(6) ps(6) 0‘ 79| -€%  ‘this vector boson must be very massive,'® The
s ne e s @ e SH Higgs mesons can also mediate proton decay,
where p(0)=p cosf —fz’sinﬁ, The 5 and 10 con- and must also be very massive
taining muons are obtained from these by the re- From simple beginnings we have constructed
placements e’ ~ 1%, v=1v', n=x, p— p’, and the unique simple theory. It makes just one
CIAN LHIAN — k) amnn bk Aden oncily tactahla nradintian cin20 =3 T alen nna

@ All known matter to date embedded in 5 & 10
@ Strong and electroweak interactions in the same footing

@ Quarks can be transformed into leptons via SU(5) gauge bosons
interchange —
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Introduction

Gauge coupling unification in SU(5) J

60,

LOgJO[M%]
Dashed lines: Georgi-Glashow (GG) model («; ' = 4g—7;)
Solid lines: Minimal supersymmetric extension with GG embedding
Suggests Ay ~ 9(10'6 GeV)
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Introduction

Matter unification in SO(10) by Fritzsch and Minkowski in 1975 J

ANNALS OF PHYSICS 93, 193-266 (1975)

Unified Interactions of Leptons and Hadrons*
HARALD FRITZSCH AND PETER MINKOWSKI

California Institute of Technology, Pasadena, California 91125
Received March 19, 1975

It is suggested that a unifying description of leptons and hadrons can be obtained
within a nonabelian gauge theory where the gauge group is a symmetry group of a set
of massless elementary fermions (leptons, quarks). We investigate the consequences of
such an for the strong, ic, and weak interactions. We study both
gauge theories with and without fermion number conservation, e.g., theories based on
the groups SU, x SU, (n = 8, 12, 16) and SO, (n = 10, 14).

1. INTRODUCTION
In this paper, we show how several hypotheses proposed during the last few

years about nonabelian gauge theories for the weak and electromagnetic inter-
actions [1], permanently confined colored quarks [2, 3] and color octet vector

APM (Aveiro U. Low-scale gauge unification of families and forces April 7, 2021 9/44
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Introduction

o Besides forces, each matter generation is also unified in a single 16
@ Possible interpretation: leptons as a fourth colour

@ Offers right-handed neutrinos — seesaw mechanism

w.-Faa e

! v,
G phis s 8w/t
EW singlets EV dvblets
The SO,, theory described above has the following features.

(2) Since SOy, has the subgroup SU,* X SU, X SU,, the parity transfor-
mation is an automorphism of the gauge group and the Lagrangian is parity
invariant. Parity must be broken spontaneously.

(b) The SU; model of [11] is a subtheory of the SO,, model, since SO,y
contains SU; . The (16) representation breaks up under SU; as (1) + () + (10).

(16), =

The breakup of the SO,, group can proceed in two different ways, given by the

diagram
Sug x SU sU
SU X SUpx Uy

APM (Aveiro U.) Low-scale gauge unification of families and forces April 7, 2021 10/ 44



Introduction

Gursey, Ramond and Sikivie propose the first exceptional E¢ unification model
in 1976

Volume 60B, number 2 PHYSICS LETTERS 5 January 1976

A UNIVERSAL GAUGE THEORY MODEL BASED ON E¢*
F. GURSEY and P. RAMOND™
Department of Physics, Yale University, New Haven, CT. 06520, USA
and
P. SIKIVIE
Department of Physics and Astronomy, University of Maryland, College Park, MD. 20742, USA

Received 29 October 1975

A universal gauge theory based on Eg is suggested as a model for the unification of strong, electromagnetic and
of six quarks (3 light, 3 charmed) and nine leptons (including heavy

weak i

ions. Left and right
charged and neutral leptons) are fitted into two 27-dimensional representations of E. Two differcnt assignments are
proposed. The Weinberg angle and the R ratio are derived and the stability of the proton is discussed.

Following the interpretation [1, 2] of the quark 3 ¢ = 3
= + )+ g

color group SU(3) as a subgroup of the automor- @N=G.3,19+(3,1,39+(1,3,39

phism group G, of the octonion algebra and the iden- 8)=(8.1.1¢)+(1.8,1¢)+(1,1,8

tification of the exceptional observables of Jordan, (78)=(8,1,19) +(1,8,1) + (11,89

von Neumann and Wigner [3] (JNW) with the opera- (

tors acting on charge space of elementary particles, we

are led to consider the Exceptional Lie Groups as The 2

1

+(3,3,3°) +(3,3,3°).
7

epresentation, which is complex, can be re-
Low-scale gauge unification of families and forces April 7, 2021 11/44
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Introduction

representation ot b contains two £/ ana two singiet
representations of Eg, so that an E; gauge theory

would unite all basic fermions into one irreducible rep-

interaction, then we should make the subsututons
E; < Eg and N < Ng in eq.(7).
Second Assignment

resentation of the gauge group. The E, model will be [—tR(zx) g (@) ER(O‘) w\

discussed separately. We give the following two assign- Qen=|_ B
ments of fermions in the Eg model: e (@) (0 Nr(@ ‘
First Assignment ) \ Ej(@ N @ LL(O‘)/
- o— | =) 35,
= @) o @) )
o - S @ |+ G @ - G, T @, K@)+ | M@ |
(BN @ @/ \AR(a)/ a
=63 GLY +01.3,3) [Lh@ —r(@ Mg@)
L —r Mg Py QD= L (@) i@ —NR@
@7 =| - ¥p Ry |+(9L,7\L(e) R+ |y |- | M@ -NL@ Li(@
My Ny Ly / \7‘1{ !J)R(a)
With 9 (6) = Ny cos 6 + Ay sin 8, Ap(6) = Ap coso + (P (@), T (@, R @ * ]WR(Q) l
— 9y, sin 6 where 6 is the Cabibbo angle. We thus \KR(a)
Lawa aiv anlarad anasbe (onlar ie danated hv an arrow

Contains the 16 of SO(10) plus new lepton doublets, sterile neutrinos and
singlet quarks

Both lepton doublets and singlet quarks are vector-like

The lepton doublets have the same quantum numbers as Higgs doublets
Supersymmetry =

APM (Aveiro U.) Low-scale gauge unification of families and forces
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Reviving trinification models through an E g-extended supersymmetric GUT

José E. Camargo-Molina,' Anténio P. Morai

? Astrid Ordell,' Roman Pasechnik,"

Marco O. P. Sampaio,” and Jonas Wessén'
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‘Departamento de Fi
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(Received 9 November 2016; published 25 April 2017)

We present a supersymmetric rsuii wi lirued on winification [SU(3)]* and family SU(3)p

f gauge tinification and of the family

symmetry from Es separates the model from o!h:r rinification-based GUTS, as it protects, in particular, the
Standard

Model fermions from gai

ining mass until

the electroweak symmetry is broken. Furthermore, it

allows us to break the trinification symmetry via vacuum expectation values in SU(3)-adjoint scalars down

10 a lefi-right symmetric theory.

Simultancously, it ensures the unification of the gauge and Yukawa

couplings as well as proon stabily. Athough the low-energy egime e.g. mass hierachies n the calar

0 revive the once very pcpular winifica
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Abstract  Given the tremendous phenomenological suc-
cess of the Standard Model (M) framework, it becomes
increasingly importan o undersand to whatexten s pe-

17 December 2020

achieved, a consensual explanation for the observed features
of the particle spectra and interactions observed in nature
i still lacking. Along these lines, while over the past forty

cific structure dynamically
ples. In this study, we present a novel a\nomnlyr(mu super-
symmetric (SUSY) Grand Unification model based upon
‘gauge trinification [SU(3)]* symmetry and a local SU(2) x
Uy family symmeuy, with particle spectra and_gauge
inspired by a possible reduction pat
subsequer sym-
metry breaking step. In this framework, higher-dimensional
operzors of Eg induce the threshold corrections in the gauge
Yukawa interactions leading. in particular. to only two
dininet ok couplings in the fundamental sector of the
resulting [SU(3)]* x SU(2)r x U(1)g Lagrangian. Among
the appealing features emergent in this framework are the
Al & uique minimal three Higgs
well as tree-

extensively probed and confirmed in various experiments,
their origin at a more fundamental level is still unknown.
Besides, the existing SM framework is not capable of explain-
ing some of the observed phenomena such as the specific

s

cannot explain the observed matter-antimatter asymmetry in
the Universe.
pically, these problems are addressed separately in dif-
ferent contexts. In order to describe the origin of the SM
suge interactions one typically refers to Grand Unified The-
ies (GUTS) where larger continuous symmetries contain
he $M gauge group, e.g. SU(S), SOU0), or Ee [3-13]. A

efective low-cnerzy sccnaios arc



Introduction

Emergent features from Higgs-matter unification
o Three generations of up- and down-type Higgs doublets

@ Only first and second generation quark masses are generated at
tree-level

@ Masses of leptons and first generation quarks are radiatively induced

@ Cabibbo mixing generated at tree-level while small CKM elements are of
radiative nature

@ Model predicts three generations of VLL doublets and up to two
generations of VLQ singlets at TeV scale

Phenomenology of vector-like leptons with Deep
Learning at the Large Hadron Collider




Introduction

@ Proton decay constrains the Unification scale Ay > 10' GeV

o Soft-SUSY breaking in the usual way but constrained by VLQ searches
/\SUSY Z 100 TeV

@ Gauge coupling unification is only achievable with large 650 and 2430 E;
representations

@ The model is inspired on the E; symmetry but not really worked out

&

Avalabl onn at i scioncadtoctcom
ScienceDirect

ELSEVIER
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Defining the model

Outline
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Defining the model

The Es group as a unified force and its adjoint 248 as a unified field. )

Eg — E¢ x SU(3) — SU(3) x SU(2) x U(1)

248 — (78,1) & (1,8) & (27,3) @ (27,3)
No Witten and gauge anomalies
Standard matter must be embedded in (27, 3)
The anti-chiral representation (27, 3) is an unavoidable problem in 4d
o All matter would become vector-like due to mass terms as

M (27,3) (27,3) D M(eie, + Vi Vi + wuif + did; + -+ +)

APM (Aveiro U.) Low-scale gauge unification of families and forces April 7, 2021 17/ 44



Defining the model

The Es group as a unified force and its adjoint 248 as a unified field. |

Eg — E¢ x SU(3) — SU(3) x SU(2) x U(1)

248 — (78,1) @ (1,8) & (27,3) & (27,3)
No Witten and gauge anomalies
Standard matter must be embedded in (27, 3)
The anti-chiral representation (27, 3) is an unavoidable problem in 4d
o All matter would become vector-like due to mass terms as

M (27,3) (27,3) D M(eie, + Vi Vi + wuif + did; + -+ +)

One needs a a theory in higher space-time dimensions where the
compactification procedure projects-out unwanted matter J

APM (Aveiro U.) Low-scale gauge unification of families and forces April 7, 2021 17 /44



Defining the model

Example of a S'/Z, orbifold that compactifies 5d — 4d in the fixed points

0 and R
0
I,’
g R o Identify T:y — y + 2nR
1 —
\ @ Periodic boundary conditions
S< - D(x",y+27R) = TD(xH, y)
N @ Particle in a box analogy
/A S
o 2]

Identify points on the circle under the action 6 :y — —y
D(xM, —y) = wd(xM, y) with eignevalue w ==l

Z, even and odd modes expansion

Z (D x“ cosrg Z o x“ sm— m, = (n/R)?* my=0

n——oo n——0oo

APM (Aveiro U. Low-scale gauge unification of families and forces April 7, 2021 18/44
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Defining the model

Mode expansion yields an infinite tower of particles — Kaluza-Klein (KK)
modes

Only the 4d (D(f)(x“) mode is massless
Only part of the original @ (x*,y) sits in each of the fixed points
° (D[f)(x“) iny=0

° CD(,")(x“) iny =mnR

APM (Aveiro U.) Low-scale gauge unification of families and forces April 7, 2021 19/44



Our model

N =1 SYM theory with a single Ez vector superfield V4, (x, z;) in 10d J

o Consider the orbifold T¢/(Z3 x Z3) by identifying (analogous to Z, above)

. 2 2 2 2irtgk /3
Zs: (% 21,2,23) ~ (X, w0z, w0z, w3z3),  Viaag) — €2 7B/3 Vg8

Zy: (62, 2.3) ~ (6 Wz, o, wP), Viag) — €763 Vg
@ T, torus lattice defined by the translations (periodic boundary conditions)
T iz =z +21R;, T iz oz +2me™ PR, V(x ) = UV (x, 74T

@ Non-trivial gauge U! transformations called Wilson lines

APM (Aveiro U.) Low-scale gauge unification of families and forces April 7, 2021 20/44



Defining the model

@ Wilson lines further break the symmetry as they generate effective VEVs
in extra-dim gauge vectors (scalars)

V(x, i),
blxz)+ ) o TT,,

4d vector: V(x, z)

4d scalars:  ¢;(x, z;)

Model completely defined with:
@ 3R, (scales)
@ 15 arbitrary Wilson line dimensionless parameters (VEVs)
Q 1 single gauge coupling

APM (Aveiro U.) Low-scale gauge unification of families and forces April 7, 2021 21/44



Defining the model

Z;: (X, Zl,Zz,Z3) ~ ()C, (.U2Z1, (U2Z2, (UZZ3), Eg — E¢ % SU(3)F
Zs: (x,21,22,23) ~ (x, w371, Wz, w?z3),  Eg — Eg x SU(3)c
Z3 X Z3: Eg — SU(3)C X SU(3)1 X SU(3)R X SU(3)F

v $; by [N
Vei11) | L1 w?, 1 w?, w w?, w?
Vgt | L1 w?, 1 wlw  w? w?
Vi1 | L1 w?, 1 w?, w w?, w?
Viii1s | L1 w? 1 w?w  w?w?
Viassey | Lw? ol w? wil w? w
Viazsn | Lo wiw  wlw? w?l

14 P, [P &3
Viizaz | w1 11 1, w 1, w?
V313 | W, w Lw Law?2 1,1
Vaqss | @ @w?  Lw? 11 1w
A% w?, 1 w, 1 w,w  w,w?
Viasis | @0hw? we? @l ww
V3133 w?, w w, w w,w?  w,l

Decomposition of V,44: adjoint fields, Higgs and leptons, quarks,
, mirror quarks, and exotics.

APM (Aveiro U.) Low-scale gauge unification of families and forces April 7, 2021 22/44



Defining the model

Zero modes from orbifolding

V.:(8,1,1,1)+(1,81,1)+(1,1,81)+(1,1,1,8),
¢1:(1,3,3,3),
$2:(3,1,3,3),
b3:(3,3,1,3).

Choose, without loss of generality, generic (¢,) while (¢,3) =0

identify with colour
Vi Ac+ AL+ A +Ap, dr:L, ¢2:Qr d3:Q;.
Align (&) to preserve SU(2) x U(1) — 9 zero and 6 non-zero parameters

Vi:Gu+ W+ By,

by L+ e + hyi + hg + @+ V5, i=1,2,3
&r cuj + di + Dy,

¢3: Qi+ D;.

APM (Aveiro U.) Low-scale gauge unification of families and forces April 7, 2021 23/44



Defining the model

T,/Z; example: 1 complex extra-dimension visualization

"2 »/

@ Egin the bulk — anomaly free v/
@ SU(3)c x SU(2)L x U(1)y at the fixed points — anomaly free v




Defining the model

Unique and simple SU(3)c x SU(3)L x SU(3)r x SU(3)r superpotential

w :g¢1¢2¢3 = geijkL/miQ}:IjQL/k
@ g is the universal gauge-Yukawa coupling (up to CGC)

@ L3 absent due to anti-symmetry — no tree-level lepton masses

@ Absence of bilinear terms —

APM (Aveiro U.) Low-scale gauge unification of families and forces April 7, 2021 25/44



Defining the model

Wilson line effective VEVs in (L) ~ (¢;), (v¢) yield SU(3)c x SU(2). x U(1)y

W =g (1 Qs + had; O
+ [0 + (@)DDy + [v§ + (v{)]d{ Dy
+ eCul Dy + L,»Q,«Di) ,

@ First line: 2nd and 3rd generation quark masses
@ u and d quarks massless at tree-level
@ Second line: VLQ masses via {¢) and d° — D mixing through (v¢)

Wilson lines induce D-term SUSY breaking

(Day =D (v 1a (v + (00T ta (o)) + (00T ta () + (V) Tt () # 0,

5

APM (Aveiro U.) Low-scale gauge unification of families and forces April 7, 2021 26/44



Chiral fermions

19 L LS L
o A
5:Qp i 5:Qp S:L .- S:L
¥ Y ¥ RR
P Qyp A AL RS E P Qp YL 1 AsBnr : YL
E<D> CALRF 3<D> : AL,RJ* KD\' AV

@ Quark and lepton masses are of SUSY-breaking origin and of
radiative nature
mc X (g +8 g, 2 )> <hui> mp,s X (g +g2 (/\2>) <h(/i> my,q X §3,4% <h(u,zl)i>

~ (D )? i
Me v X &5 % <hdi> m,; X g(, </\4> <</-vr>>

@ Rich flavour structure with 6 different (%,;) and (h,;) VEVs

@ Possible explanation for observed hierarchies from first principles

APM (Aveiro U.) Low-scale gauge unification of families and forces April 7, 2021 27/ 44



Defining the model

@ Broken gauginos and scalar masses are of tree-level origin generated
close to the compactification scale 1/R

@ (D) preserves the SM and cannot directly give masses to SM-partner
gauginos

@ Realized at two-loop order

S L.Qp,
IR
S L.Qy,
SiLQpp <o o B
s ) (D)t AL g
'
U LQ N LQ . [ LQu Ve LQYy
\:g,W,B N A ARy S X:g,W,B \:g,W,B XilAppe i X:g, W, B
P ’ | |
O): Bz ! T 5LQ,, : 1
(D): Appr (D) : Aprr

o2 (D)
/\4

mg X g

APM (Aveiro U. Low-scale gauge unification of families and forces April 7, 2021 28/44
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Predicting the unification scale

Outline

APM (Aveiro U.) Low-scale gauge unification of families and forces April 7, 2021 29/44



Predicting the unification scale

The E; theory contains a single, universal, gauge coupling g,

The SM must emerge form the geometrical properties of the 10d
space-time

Q three T radii
Q six Wilson lines / effective VEVs

Several KK modes that contribute to the RG-running of the theory

Power law running for a given parameter 7

5
By — By + IS0 8) —1IBY  S(1,8) =Xs (u” ) for 1>y
KK
X5 = 5%_7{72;22) comes from an integral regulator [Dienes et al. Phys. Lett. B436(1998), 55-65]

5 — number of extra dimensions

uxk — the KK modes scale

APM (Aveiro U.) Low-scale gauge unification of families and forces April 7, 2021 30/44



Predicting the unification scale

Defining the scales:

{Eshoa 2% {Eg x SU(3)cHE 25 (Eg x SUB3)c))y 22
{U(1)y x SU(2)L x SUB)cKET 25 (U(1)y x SU(2)L x SU3)c K2 24
{U(1)y x SU(Z)L X SU(S)C}4d —5> {U(I)Y x SU(2)1, x SU(S)C}4d_NHDM

Ao = 1/R; is the GUT scale and where 10d — 6d compactification
A1 is where Eg KK modes wear out

Ay =1/Ry3,6d — 4d and Eg — SU(3), x SU(3)g x SU(3)F

Az = A, Wilson-lines scale with SUSY and quartification breaking
A4 lightest KK modes wear out

As ~ O(TeV) scale of new physics
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Predicting the unification scale

Fast power-law running in the region Ay — A

b e n\° -
1 ~ 3 B
B0~ s 5 () —1]e, Bu=-s.

Numerical scan

logo (%/ logo % logo G/:*v log;o (%/ logo % log;o (%/ 8s(/o) g6(/A2) ‘ g123(mz)
calculated  calculated calculated  [A4, ALY [4,15] 3.0 calculated  calculated | SM values
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Predicting the unification scale

0.017 9 0.017
0.01
) > 0.016
— @] —_
= 0.015 = 0.015 =
< < <
SN =1 SN
0.014 7 0.014
0.013 0.013
6 S
0.627 0.628 0.629 162 164 1.66 168
g6(A1) logg Ao/Ay

@ High predictive power with g¢(A;) ~ 0.63 and 0.01 < gg(Ag) < 0.02
@ Full low scale unification of families, forces, Higgs and matter :

1000 TeV < Ay < 1000 PeV




Predicting the unification scale

0.017 9 0.017
0.0161:

K . = 0.016
— O —_
= 0.015 = 0.015 =
= < =
SN = S

0.014 7 0.014

0.013 0.013

0.627 0.628 0.629 162 164 166 168
g6(\1) logyg Ao/ Ay

@ High predictive power with g¢(A;) ~ 0.63 and 0.01 < gg(Ag) < 0.02

@ Full low scale unification of families, forces, Higgs and matter :

1000 TeV < Ay < 1000 PeV

© What about proton decay?




Predicting the unification scale

Leading order contribution that generates LiQku;TdfT (5}6’; — 655’;) operators

Qp

Xi Q.

@ Highly suppressed by two loops and internal KK propagators
@ Involves two different generations thus the decay is to Kaons
Q With the flipped embedding proton decay only takes place at E; level
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Predicting the unification scale

Decay width to Kaons and leptons

2 m
1874 /= ~c )4
Tk ~ 881 (F°149¢) —B
0
. - m0.017
N / 0.016
-
€8 .
S8 0.015 2
= =
S S
& 7 o 0014
/ 0.013
6

a5

40 45
log; 7/ [ys]

@ All points satisfy t,_,x+z > 1.1 x 10*? yrs with / = 0.08

0(10%) < Tpsir2/yrs S O(10%)

@ Model consistent with low-scale Grand Unification

APM (Aveiro U.) Low-scale gauge unification of families and forces April 7, 2021 35/44



tion scale
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Predicting the unification scale

Gaugino masses

Gaugino masses are radiatively generated at two-loop at the A; scale
and one can estimate

5/2 472
~
mg(A3) = 67/°g31° A3
2950 Running of gaugino masses Running of gaugino masses
— " o, 16000
2000
14000
1750
. 12000
> 1500 =
& £ 10000
% 1250 =2
=
3 = 8000
= 1000 =
=l ~
= _ = 6000
750
500 4000
250 - . 2000
300 325 350 375 400 425 450 475 5.00 3 1 5 6 7 8
log,o(11/GeV) logyo(11/GeV)
Lower Ag with [ = 0.015 Larger Ay with I = 0.001

KK modes relevant for keeping the lower unification scenario viable
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Generating the electroweak scale

Outline
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Generating the electroweak scale

Proof of concept analysis:

@ Consider only the two lightest Higgs doublets H, and H, below A; scale
@ Remaining scalars heavier than A; (up to a factor of 30)
o Consider an effective 2HDM-like theory with exotic fermions

V(H,, Hy) = m3H Hy + m3HIH, + A\ (H Hy)? + N (H H,)? + N (H Hy) (HI H,)

. 1 .
+ N(H H,) (HIHy) + oM [(H/H,)? +hc] +mdy (H Hy+hc)

L Dytuch—[u + ybchHt/ + yl'}ll;[’:ldHc/ + yEzl;i:luHu +yW1VVI:lIdH</ + yv"VZWI’:[uHu
+MEH,,F[L/ + MELFI,,L + h.c.

1
_}\lz—?\zz—?\3%7\4%7\5z2g%, Vi1 R Vi R Yin = V281, yin = V2.

[Morais, Pasechnik, Porod, Eur.Phys.J.C 80 (2020) 12, 1162]
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nerating the electroweak scale

Running of Higgs mass parameters

Running of Higgs mass parameters
— 10* — 10*
> >
°F E w0
10 10?
2.0 2.5 1.0 1.5 5.0 20 25 3.

30 5 o 35 1o 15 50
logyg(1/GeV) log,o(11/GeV)

v 7/71;1” = 186 GeV, my, = 30.9 TeV, my = 30.3 TeV,

- ~ v _ _
Vo, = 162 GeV, my, = 33.1TeV,my = 33.2TeV,
my = 60.1 TeV, mg = 1 TeV.

my = 65.0TeV, mg = 1TeV.

Running of Higgs mass parameters Running of Higgs mass parameters

10%
J
107 = 0r
o
10¢ g 108
10° 105
2.0 2.5 3.0 3.5 1.0 1.5 5.0 5.5 6.0 2 3 1 5 6 T 8
logyo(11/GeV) logo(11/GeV)
2 161 GeV. 361 TeV 362 TeV 2 155 GeV 42.9 PeV. 41.1 PeV.
Mg, 61 GeVympy, = 361 TeV, my = 3 eV, myy 55GeV, my , = 42.9 PeV, my = 41.1 PeV,

u
my =700 TeV, mg = 1TeV. my = 80.0 PeV, mg = 173 TeV.
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Generating the electroweak scale

Elecroweak symmetry can be radiatively generated with the correct size

The 4 scenarios shown feature m1/m2 ~ 2.

A3/TeV  my/GeV my/GeV mg/GeV

Vi Vb
100 [0.1A3, Aj] [iml,ml} [300,3000] [0.6,0.85] [0.3,0.6]
=
<]
O,
|
iQ
10t — » » »
200 400 600 800 1000
p [GeV]
APM (Aveiro U.)
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Generating the electroweak scale

(]

Plenty of solutions with REWSB

(]

The model features a light Higgs boson mostly aligned with H,; while the
remaining are of order A;

(7]

The third-lightest Higgs can induce FCNCs if lighter than 150 TeV

[Branco, Ferreira, Lavoura, Rebelo, Sher, Silva, Phys. Rept.516(2012), 1-102]

Radiative stability of the Higgs mass may point towards Ay ~ O(10% GeV)

(]
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Concluding remarks

Outline
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Concluding remarks

@ We have built the first model featuring a complete low-scale
unification of the SM with stable proton

@ Our model proposes a common, first principles, description of the family
replication and gauge interactions found in nature

@ Highly predictive power with g¢(A) =~ 0.63 and 0.01 < gg(Ay) < 0.02
@ Full calculation of the particle spectrum will fix the freedom of the model

Either rules it out or results in concrete and well defined new physics
predictions with precise determination of scales, masses and couplingsJ
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@ We have built the first model featuring a complete low-scale
unification of the SM with stable proton

@ Our model proposes a common, first principles, description of the family
replication and gauge interactions found in nature

@ Highly predictive power with g¢(A) =~ 0.63 and 0.01 < gg(Ay) < 0.02
@ Full calculation of the particle spectrum will fix the freedom of the model

Either rules it out or results in concrete and well defined new physics
predictions with precise determination of scales, masses and couplingsJ

Manpower needed!!
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