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Introduction

Introduction

Large mass and mixing hierarchies found in Nature

mt , mh , mz , mw ∼ 102 GeV (EW scale)
mt ∼ 102mc ∼ 104.6mu

mt ∼ 101.6mb ∼ 103.2ms ∼ 104.8md

mt & 1011mν
me & 105mν
mτ ∼ 101.2mµ ∼ 103.5me

VCKM ∼




cos θc sin θc 0

− sin θc cos θc 0

0 0 1


+ Perturbations .

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 × SU(2)L × U(1)Y ⊂ G

Can G unify the strong and electroweak interactions?

Why are the gSU(3) , gSU(2) and gU(1) gauge couplings so different?

What is the G unification scale Λ0?

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
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Introduction

G = SU(5) describing an hypothetical universal force

All known matter to date embedded in 5⊕ 10 but not unified

Strong and electroweak interactions in the same footing

Quarks can be transformed into leptons via SU(5) gauge bosons
interchange→ prediction for proton decay
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Introduction

Gauge coupling unification in SU(5)

> Dashed lines: Georgi-Glashow (GG) model (α−1
i = 4π

g2
i
)

> Solid lines: Minimal supersymmetric extension with GG embedding

> Suggests Λ0 ∼ O(1016 GeV) consistently with proton decay
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Introduction

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

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
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Introduction

Gürsey, Ramond and Sikivie propose the first exceptional E6 unification model
in 1976
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Introduction

> 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⇒ possibility for Higgs-matter unification
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Introduction
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Introduction

Emergent features from Higgs-matter unification

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
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Introduction

Proton decay constrains the Unification scale Λ0 > 1016 GeV

Soft-SUSY breaking in the usual way but constrained by VLQ searches
ΛSUSY & 100 TeV

Gauge coupling unification is only achievable with large 650 and 2430 E6
representations

The model is inspired on the E8 symmetry but not really worked out

SUSY-E8 is an extraordinary candidate for the ultimate
Higgs-matter-force unification in a single field
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Defining the model

Defining the model

The E8 group as a unified force and its adjoint 248 as a unified field.

E8 → E6 × SU(3) → SU(3) × SU(2) × 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

All matter would become vector-like due to mass terms as

M (27, 3)
(
27, 3

)
⊃ M(eiec

i + νiν
c
i + uiuc

i + didc
i + · · · )

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

Example of a S1/Z2 orbifold that compactifies 5d→ 4d in the fixed points
0 and πR

Identify T : y→ y + 2πR

Periodic boundary conditions
Φ(xµ, y + 2πR) = TΦ(xµ, y)

Particle in a box analogy

> Identify points on the circle under the action θ : y→ −y

Φ(xµ,−y) = ωΦ(xµ, y) with eignevalue ω = ±1

> Z2 even and odd modes expansion
∞∑

n=−∞Φ
(n)
+ (xµ) cos

ny
R

∞∑
n=−∞Φ

(n)
− (xµ) sin

ny
R

mn = (n/R)2 m0 = 0
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Defining the model

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

> Only the 4d Φ(0)
+ (xµ) mode is massless

> Only part of the original Φ(xµ, y) sits in each of the fixed points

Φ
(n)
+ (xµ) in y = 0

Φ
(n)
− (xµ) in y = πR

> Symmetry broken in the fixed points
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Defining the model

Our model

N = 1 SYM theory with a single E8 vector superfield V(248)(x, zi) in 10d

Consider the orbifold T6/(Z3 × Z3) by identifying (analogous to Z2 above)

Z3 : (x, z1, z2, z3) ∼ (x,ω2z1,ω2z2,ω2z3), V(248) → e2iπqF
8/3 V(248)

Z3 : (x, z1, z2, z3) ∼ (x,ω3z1,ωz2,ω2z3), V(248) → e2iπqC
8 /3 V(248)

T6 torus lattice defined by the translations (periodic boundary conditions)

τ1
i : zi → zi + 2πRi, τ2

i : zi → zi + 2πeiπ/3Ri, V(x, zi) = Ur
i V(x, zi + τ

r
i )

Non-trivial gauge Ur
i transformations called Wilson lines
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Defining the model

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

4d vector: V(x, zi) = Ṽ(x, zi),

4d scalars: φi(x, zi) = φ̃(x, zi) +
∑

r

αar
i τ

r
i Ta,

Model completely defined with:
1 3 Ri (scales)
2 15 arbitrary Wilson line dimensionless parameters (VEVs)
3 1 single gauge coupling
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Defining the model

Z3 : (x, z1, z2, z3) ∼ (x,ω2z1,ω2z2,ω2z3), E8 → E6 × SU(3)F

Z3 : (x, z1, z2, z3) ∼ (x,ω3z1,ωz2,ω2z3), E8 → E6 × SU(3)C

Z3 × Z3 : E8 → SU(3)C × SU(3)L × SU(3)R × SU(3)F

V φ1 φ2 φ3
V(8,1,1,1) 1, 1 ω2, 1 ω2,ω ω2,ω2

V(1,8,1,1) 1, 1 ω2, 1 ω2,ω ω2,ω2

V(1,1,8,1) 1, 1 ω2, 1 ω2,ω ω2,ω2

V(1,1,1,8) 1, 1 ω2, 1 ω2,ω ω2,ω2

V(3̄,3,3,1) 1,ω2 ω2,ω2 ω2, 1 ω2,ω

V(3,3̄,3̄,1) 1,ω ω2,ω ω2,ω2 ω2, 1
V φ1 φ2 φ3

V(1,3̄,3,3) ω, 1 1, 1 1,ω 1,ω2

V(3,3,1,3) ω,ω 1,ω 1,ω2 1, 1
V(3̄,1,3̄,3) ω,ω2 1,ω2 1, 1 1,ω

V(1,3,3̄,3̄) ω2, 1 ω, 1 ω,ω ω,ω2

V(3̄,3̄,1,3̄) ω2,ω2 ω,ω2 ω, 1 ω,ω

V(3,1,3,3̄) ω2,ω ω,ω ω,ω2 ω, 1

Table: Decomposition of V248: adjoint fields, Higgs and leptons, quarks, mirror Higgs
and mirror fermions, mirror quarks, and exotics.
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Defining the model

Zero modes from orbifolding

Vµ : (8, 1, 1, 1) + (1, 8, 1, 1) + (1, 1, 8, 1) + (1, 1, 1, 8),

φ1 : (1, 3̄, 3, 3),

φ2 : (3̄, 1, 3̄, 3),
φ3 : (3, 3, 1, 3).

> Choose, without loss of generality, generic 〈φ1〉 while 〈φ2,3〉 = 0

> always preserves one SU(3) → identify with colour

Vµ : ∆C + ∆L + ∆R + ∆F, φ1 : L, φ2 : QR, φ3 : QL.

> Align 〈φ1〉 to preserve SU(2) ×U(1) → 9 zero and 6 non-zero parameters

Vµ : Gµ + Wµ + Bµ,

φ1 : Li + ec
i + hui + hdi +ϕi + ν

c
i , i = 1, 2, 3

φ2 : uc
i + dc

i + Dc
i ,

φ3 : Qi + Di.
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Defining the model

T2/Z3 example: 1 complex extra-dimension visualization

E8 in the bulk→ anomaly free X

SU(3)C × SU(2)L × U(1)Y at the fixed points→ anomaly free X
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Defining the model

Unique and simple SU(3)C × SU(3)L × SU(3)R × SU(3)F superpotential

W =gφ1φ2φ3 = gεijkLl
miQ

m
R jQLlk

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→ no µ-problem
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Defining the model

Wilson line effective VEVs in 〈L〉 ∼ 〈ϕi〉 , 〈νc
i 〉 yield SU(3)C × SU(2)L ×U(1)Y

W =gεijk
(

huiuc
j Qk + hdidc

j Qk

+ [ϕi + 〈ϕi〉]Dc
j Dk + [νc

i + 〈νc
i 〉]dc

j Dk

+ ec
i uc

j Dk + LiQjDc
k

)
,

First line: 2nd and 3rd generation quark masses

u and d quarks massless at tree-level

Second line: VLQ masses via 〈ϕ〉 and dc − D̄ mixing through 〈νc〉

Wilson lines induce D-term SUSY breaking

〈DA〉 =
∑

ij

〈νc
i 〉† tA 〈νc

j 〉+ 〈ϕi〉† tA 〈ϕj〉+ 〈ϕi〉† tA 〈νc
j 〉+ 〈νc

i 〉† tA 〈ϕj〉 6= 0,

〈DA〉 further induces radiative masses for leptons, u and d quarks
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Defining the model

Chiral fermions

Quark and lepton masses are of SUSY-breaking origin and of
radiative nature

mt,c ∝
(

g + g̃1
〈D 〉
Λ2

)
〈hui〉 mb,s ∝

(
g + g̃2

〈D 〉
Λ2

)
〈hdi〉 mu,d ∝ g̃3,4

〈D 〉
Λ2 〈h(u,d)i〉

me,µ,τ ∝ g̃5
〈D 〉2

Λ4 〈hdi〉 mνi ∝ g̃6
〈D 〉2

Λ4
〈hui〉2

〈νc〉

Rich flavour structure with 6 different 〈hui〉 and 〈hdi〉 VEVs

Possible explanation for observed hierarchies from first principles
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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

mg ∝ g4l2
〈D〉5/2

Λ4
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Predicting the unification scale

Predicting the unification scale

> The E8 theory contains a single, universal, gauge coupling g
8

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

1 three T6 radii

2 six Wilson lines / effective VEVs

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

Power law running for a given parameter P

β
(1)
P → β

(1)
P + [S(µ, δ) − 1] β̃(1)

P S(µ, δ) = Xδ

(
µ

µKK

)δ
for µ > µKK

Xδ = 2πδ/2

δΓ(δ/2) comes from an integral regulator [Dienes et al. Phys. Lett. B436(1998), 55-65]

δ→ number of extra dimensions

µKK → the KK modes scale
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Predicting the unification scale

Defining the scales:

{E8}10d
Λ0−→ {E6 × SU(3)C}

KK
6d

Λ1−→ {E6 × SU(3)C}
0
6d
Λ2−→

{U(1)Y × SU(2)L × SU(3)C}
KK−1
4d

Λ3−→ {U(1)Y × SU(2)L × SU(3)C}
KK−2
4d

Λ4−→
{U(1)Y × SU(2)L × SU(3)C}

0
4d
Λ5−→ {U(1)Y × SU(2)L × SU(3)C}

0
4d−NHDM

> Λ0 = 1/R1 is the GUT scale and where 10d→ 6d compactification

> Λ1 is where E8 KK modes wear out

> Λ2 = 1/R2,3, 6d→ 4d and E6 → SU(3)L × SU(3)R × SU(3)F

> Λ3 ≈ Λ2 Wilson-lines scale with SUSY and quartification breaking

> Λ4 lightest KK modes wear out

> Λ5 ∼ O(TeV) scale of new physics
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Predicting the unification scale

Fast power-law running in the region Λ0 → Λ1

β(1)
g3,6

(µ) ≈ b̃3,6

16π2

[
π2

3

(
µ

Λ1

)6

− 1

]
g3

3,6
, b̃3,6 = −5 , g3(Λ0) = g6(Λ0) = g8

Numerical scan

log10
Λ0

GeV log10
Λ1

GeV log10
Λ2

GeV log10
Λ3

GeV log10
Λ4

GeV log10
Λ5

GeV g8(Λ0) g6(Λ2) g1,2,3(mZ)

calculated calculated calculated [Λ4,Λ1.15
4 ] [4, 15] 3.0 calculated calculated SM values
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Predicting the unification scale

0.627 0.628 0.629
g6(Λ1)

0.013

0.014

0.015

0.016

0.017

g 8
(Λ

0)

6

7

8

9

lo
g 1

0
Λ

0/
G

eV

1.62 1.64 1.66 1.68
log10 Λ0/Λ4

6

7

8

9

lo
g 1

0
Λ

0/
G

eV

0.013

0.014

0.015

0.016

0.017

g 8
(Λ

0)

1 High predictive power with g6(Λ1) ≈ 0.63 and 0.01 < g8(Λ0) < 0.02

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

1000 TeV ... Λ0 ... 1000 PeV

3 What about proton decay?
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Predicting the unification scale

Leading order contribution that generates LiQkuc†
f dc†

l (δi
f δ

k
l −δ

i
lδ

k
f ) operators

1 Highly suppressed by two loops and internal KK propagators

2 Involves two different generations thus the decay is to Kaons

3 With the flipped embedding proton decay only takes place at E8 level
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Predicting the unification scale

Decay width to Kaons and leptons

Γp→K+L ∼ g18l4 〈ν̃c†sν̃c
s〉

2 m5
p

Λ8
0

,

35 40 45
log10 τp/[yrs]

6

7

8

9

lo
g 1

0
Λ

0/
G

eV

0.013

0.014

0.015

0.016

0.017

g 8
(Λ

0)

All points satisfy τp→K+L > 1.1× 1032 yrs with l = 0.08

O(1032) . τp→K+L/yrs . O(1045)

Model consistent with low-scale Grand Unification
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Predicting the unification scale
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)
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Predicting the unification scale

Gaugino masses

Gaugino masses are radiatively generated at two-loop at the Λ3 scale
and one can estimate

mg(Λ3) ≈ 65/2g4
3l2Λ3

3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00

log10(µ/GeV)

250

500

750

1000

1250

1500

1750

2000

2250

M
A

(µ
)/

[G
eV

]

Running of gaugino masses

Mg̃ Mw̃
M

b̃

(a) LowerΛ0 with l = 0.015

3 4 5 6 7 8

log10(µ/GeV)

2000

4000

6000

8000

10000

12000

14000

16000

M
A

(µ
)/

[G
eV

]

Running of gaugino masses

Mg̃ Mw̃
M

b̃

(b) LargerΛ0 with l = 0.001

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

Generating the electroweak scale
Proof of concept analysis:

Consider only the two lightest Higgs doublets Hu and Hd below Λ3 scale

Remaining scalars heavier than Λ3 (up to a factor of 30)

Consider an effective 2HDM-like theory with exotic fermions

V(Hu, Hd) = m2
1H†

d Hd + m2
2H†

u Hu + λ1(H
†
d Hd)

2 + λ2(H†
u Hu)

2 + λ3(H
†
d Hd)(H†

u Hu)

+ λ4(H
†
d H2)(H†

u Hd) +
1
2
λ5
[
(H†

u Hd)
2 + h.c.

]
+ m2

12

(
H†

u Hd + h.c.
)

L ⊃ytucQHu + ybdcQHd + yb̃1b̃H̃dHd + yb̃2b̃H̃uHu + yw̃1w̃H̃dHd + yw̃2w̃H̃uHu

+MEH̃uH̃d + MELH̃uL + h.c.

−λ1 ≈ −λ2 ≈ −λ3 ≈ λ4 ≈ λ5 ≈
1
4

g2
2 , yb̃1 ≈ yb̃2 ≈ yw̃1 ≈

√
2g1 , yw̃2 ≈

√
2g2 .

[Morais, Pasechnik, Porod, Eur.Phys.J.C 80 (2020) 12, 1162]
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Generating the electroweak scale
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= 30.9 TeV, m2 = 30.3 TeV,
m1 = 60.1 TeV, mg = 1 TeV.
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= 162 GeV, mHd
= 33.1 TeV, m2 = 33.2 TeV,

m1 = 65.0 TeV, mg = 1 TeV.
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= 161 GeV, mHd
= 361 TeV, m2 = 362 TeV,

m1 = 700 TeV, mg = 1 TeV.
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= 155 GeV, mHd
= 42.9 PeV, m2 = 41.1 PeV,

m1 = 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. How generic is this and how
often REWSB holds?

Λ3/TeV m1/GeV m2/GeV mg/GeV yt yb

100 [0.1Λ3,Λ3] [ 1
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Generating the electroweak scale

Plenty of solutions with REWSB

The model features a light Higgs boson mostly aligned with Hu1 while the
remaining are of order Λ3

The third-lightest Higgs can induce FCNCs if lighter than 150 TeV
[Branco, Ferreira, Lavoura, Rebelo, Sher, Silva, Phys. Rept.516(2012), 1-102]

FCNC condition may be met somewhere between scenarios (b) and (c)

Radiative stability of the Higgs mass may point towards Λ0 ∼ O(106 GeV)
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Concluding remarks

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 g6(Λ1) ≈ 0.63 and 0.01 < g8(Λ0) < 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 couplings

Manpower needed!!
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