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(1) Introduction and motivation:
Build a “realistic” Es GUT model that has SU(3)® (trinification) or
SU(6) x SU(2) symmetry at an intermediate breaking stage.
(2) Model building considerations
(2.1) Introducing the group Eg

(2.2) How to get trinification as an intermediate symmetry

(3) Spontaneous symmetry breaking via 650 of Eg

(4) A realistic model: 650 & 27 ¢ 351’
(4.1) Symmetry breaking patterns
(4.2) Yukawa sector
(4.3) Unification analysis
(4.4) Proton decay

(5) Conclusions

1/20 Vasja Susi¢ (LNF, INFN) Trinification from a “realistic” Eg GUT model



Finanziato inistero
dall'Unione europea dell'Universita
NextGenerationEU e della Ricerca

(1) Introduction and motivation

2/20 Vasja Susi¢ (LNF, INFN) Trinification from a “realistic” Eg GUT model



Finanziato » Ministero G o
m dall'Unione europea dell’'Universita Italiadomani
NextGenerationEU e della Ricerca B NeEienza

Introduction — Standard Model

m Standard Model (SM)
is well established at
accessible energies

three generations of matter interactions / forces
(fermions) (bosons)

~13Gev =136V 0 ~125Gev
3, +3fs, 2 0 0
! ‘ﬁe WO '/’20 ' . "\
up charm top gluon Higgs

~47MeV =~ 06 MoV ~426Gev. 0

QUARKS
=

down strange | bottom || photon

80.4GeV.

osumev |(ZiMev  |(=1rreev (=
14 10 18 &1 “
2 2 o 1 2
22
electron | muon tau W boson| 5 &
[92] oy
§ : o
2 (F1ov < 01TeV, <182Mev |(=9126Gev. 2
(@] 0 ; 0 w o
Elelud |-y v (v B K
a 25
1| electron tau Z boson | < &
—1|_neutrino neutrino neutrino (&

\anen:nnols) Enewinnos

2/20 Vasja Susi¢ (LNF, INFN) Trinification from a “realistic” Eg GUT model



Finanziato Ministero .
dall'Unione europea dell'Universita aliadomani
NextGenerationEU e della Ricerca

Introduction — Standard Model

m Standard Model (SM) m Gauge group:

accessible energies

m Field content:

three generations of matter interactions / forces
(fermions) (bosons)
| 1} il N . C C C
T fermions: 3x (QOu G d“DLDec)
23 1 0 0
o ”0 o ' 4 scalars: H
up charm top gluon Higgs
V) (e =96 MV, ~42Gev o 1 1
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Introduction — unification of gauge couplings — GUT?

m Going beyond SM: puzzles

(a) v masses and mixings

(b) dark matter (DM)

(c) baryon asymmetry in universe
(d)

(e) -

(S

GQCD ~0
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Introduction — unification of gauge couplings — GUT?

SM gauge couplings, 2-loop RGE

m Going beyond SM: puzzles " R " Jwo
(a) v masses and mixings 50 i 50
(b) dark matter (DM) 5% , |40
(c) baryon asymmetry in universe ~ ° 3 i 3%
(d) QQCD 20 E E 20

,GUTreglon
(e) 10 I I I I I S i 10

2 4 6 8 10 12 14 16 18
m Curious observation: unification 09GN
of SM gauge couplings at high

E?

— Grand Unified Theories

(above puzzles can be addressed
also in GUT framework)
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Introduction — unification of gauge couplings — GUT?

3 /20

Going beyond SM: puzzles

a) v masses and mlxmgs

(a)
(b) dark matter (DM)

(c) baryon asymmetry in universe
(d)
(e) -

(S

GQCD ~0

Curious observation: unification
of SM gauge couplings at high
E?

— Grand Unified Theories

(above puzzles can be addressed
also in GUT framework)

Vasja Susi¢ (LNF, INFN)

SM gauge couplings, 2-loop RGE

a;" (hypercharge)

:GUT reglon,

60

50

40

30

2 4 6 8 10 12 14 16 18
log1o(1/GeV)

m Unification window for M;:

> 10 GeV (proton decay)
< 2.4-10" GeV (Planck scale)

Non-trivial feature:
My compatible with window!

Trinification from a “realistic” Eg GUT model
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Introduction — GUT possibilities

m GUT: Yang-Mills theory with a unified group G:
(1) G is simple
(2) GD SU(3)C X SU(2)L X U(l)y
(3) G has complex representations (since SM is chiral)
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Introduction — GUT possibilities

m GUT: Yang-Mills theory with a unified group G:
(1) G is simple
(2) GD SU(3)C X SU(2)L X U(l)y
(3) G has complex representations (since SM is chiral)

m Classification of simple finite-dimensional Lie algebras:

root system name comment C-irreps?
An SU(n+1)  rotations in C"*1  all n

B, SO(2n+1) rotations in R2™1 /

Cy Sp(2n) rotations in H" /

D, SO(2n) rotations in R odd n
E@, E7, Eg, F4, G2 exceptional E(,
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Introduction — GUT possibilities

m GUT: Yang-Mills theory with a unified group G:
(1) G is simple
(2) GD SU(3)C X SU(2)L X U(l)y
(3) G has complex representations (since SM is chiral)

m Classification of simple finite-dimensional Lie algebras:

root system name comment C-irreps?
An SU(n+1)  rotations in C"*1  all n

B, SO(2n+1) rotations in R2™1 /

Cy Sp(2n) rotations in H" /

D, SO(2n) rotations in R odd n
E@, E7, Eg, F4, G2 exceptional E6

m Satisfying requirements:
(a) SU(n), n>5
(b) SO(4n+12), n>2
(c) Ee
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Introduction — GUT possibilities

m GUT: Yang-Mills theory with a unified group G:
(1) G is simple
(2) GD SU(3)C X SU(2)L X U(l)y
(3) G has complex representations (since SM is chiral)
m Classification of simple finite-dimensional Lie algebras:

root system name comment C-irreps?
An SU(n+1)  rotations in C"*1  all n

B, SO(2n+1) rotations in R2™1 /

Cy Sp(2n) rotations in H" /

D, SO(2n) rotations in R odd n
E@, E7, Eg, F4, G2 exceptional E6

m Satisfying requirements:
(a) SU(n), n>5
(b) SO(4n+2),n>2 Gsm C SU(5) € SO(10) C Eg
(c) Ee
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Motivation — novel intermediate symmetries from Eg

m Breaking can occur in multiple
stages (phase transitions):

G—H — Hy — -+ — Ggm
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Motivation — novel intermediate symmetries from Eg

m Breaking can occur in multiple
stages (phase transitions):

G—H — Hy — -+ — Ggm
m Intermediate stage routes:
(1) SU(5): no H
Gsm C SU(5) maximal

SU(S)

SUB)*SU)LxU(D)y
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Motivation — novel intermediate symmetries from Eg

m Breaking can occur in multiple
stages (phase transitions):

G—H — Hy — -+ — Ggm

m Intermediate stage routes: 80(10)
(1) Su(5): no H
Gsm C SU(5) maximal SU)<U(1) SU@SU@)xSU@)k
(2) SO(10): SU(5) x U(1) WU(Z)LXU(I)R
Gazo (Pati-Salam)  sUG)xSU@)*SU@Rx U, SUG)
SUG)xSUR)LXU()y
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Motivation — novel intermediate symmetries from Eg

m Breaking can occur in multiple Eo

stages (phase transitions):
SU(3)(><SU(3)L><SU(3)R SO(10)xU(1)  SU(6)xSU(2)

G—=H — Hy— - = Gsu
m Intermediate stage routes: $0(10)
(1) SU(5): no H

Gsm C SU(5) maximal SU<5>XU(1) SU@)c*SUQR)*SU@)x
(2) SO(10): SU(5) x U(1) SU(4)CXSU(2)L><U(1)R
Gyoy (Pati-Salam) SUB)XSUQR)XSUQ)xU(1)g.  SU(S)
(3) Ee: SU(3) x SU(3) x SU(3)
SO(10) x U(1) SUG)exSUR) xU(1)y

SU(6) x SU(2)
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m Breaking can occur in multiple Ee

stages (phase transitions):
SU(3)(><SU(3)L><SU(3)R SO(10)xU(1)  SU(6)xSU(2)

G—=H — Hy— - = Gsu
m Intermediate stage routes: $0(10)
(1) SU(5): no H

Gsm C SU(5) maximal SU<5>XU(1) SU@)c*SUQR)*SU@)x
(2) SO(10): SU(5) x U(1) SU(4)CXSU(2)L><U(1)R
Gyoy (Pati-Salam) SUB)XSUQR)XSUQ)xU(1)g.  SU(S)
(3) Eg: SU(3) x SU(3) x SU(3)
SO(10) x U(1) SUG)exSUR) xU(1)y

SU(6) x SU(2)

Motivation for this talk:
Build a realistic Eg GUT model that can break through trinification J
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(2) Model building considerations
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Model building — Eg group

SU(5) c  so(l0) c E,
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Model building — Eg group

SU(5) c 8010y ¢

6
rank 4 5 6
dimension 24 45 78

fund. irrep 5 10 27
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Model building — Eg group

SU(5) c 8010y ¢

6
rank 4 5 6
dimension 24 45 78
fund. irrep 5 10 27

m Intuition: Eg acts on C?7, but much smaller than SU(27)
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Model building — Eg group

SU(5) c 8010y ¢

6
rank 4 5 6
dimension 24 45 78
fund. irrep 5 10 27

m Intuition: Eg acts on C?7, but much smaller than SU(27)

m Irreducible representations of Eg (some complex):

1, 27/, 78, 3511 351'0)  6507; 17287, 24307,
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Model building — Eg group

SU(5) c 8010y ¢

6
rank 4 5 6
dimension 24 45 78
fund. irrep 5 10 27

m Intuition: Eg acts on C?7, but much smaller than SU(27)

m Irreducible representations of Eg (some complex):

1, 27/, 78, 3511 351'0)  6507; 17287, 24307,

m Invariant tensors: djj, d’¥ (completely symmetric), 51’
(Used also in irrep constraints, e.g. 351 dj = 0.)
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Model building — decomposing the fundamental of Eg

m Matter unification in a fermionic 27:;

s [2][7][e]

sus) 10 ][5 ]
n ﬁ—v

SO(10) | 16 | L@r*, d®ds,n
N T
Es | 27 J |

7/20 Vasja Susi¢ (LNF, INFN) Trinification from a “realistic” Eg GUT model



Finanziato » Ministero
dall'Unione europea II'Universita
NextGenerationEU e della Ricerca

Model building — decomposing the fundamental of Eg

m Matter unification in a fermionic 27:;

s [2][7][e]

SUS) | 10 | | 5 | .
n ﬁ—v

SO(10) | 16 Y Jerc g@ac n
n I : .
Es | 27 J |

m Fermion exotics in Eg: (heavy)

(a) right-handed neutrinos: ve,n~(1,1,0)
(b) vector-like d-quarks: d®©d®~((3,1,-3)® (3,1 +3)
(c) vector-like L-leptons: VoLl ~(1,2,-3)®(1,2,+3)
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Model building — how to get trinification from Eg?

m Trinification is a maximal subgroup of Eg.
m Which scalar representation R can break to SU(3)3?
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Model building — how to get trinification from Eg?

m Trinification is a maximal subgroup of Eg.
m Which scalar representation R can break to SU(3)3?

(1) R must have a trinification singlet (framed):

27, 78, 351, 351, [650| 1728, [2430]
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Model building — how to get trinification from Eg?

m Trinification is a maximal subgroup of Eg.
m Which scalar representation R can break to SU(3)3?

(1) R must have a trinification singlet (framed):

27, 78, 351, 351, [650| 1728, [2430]
(2) Perturbativity constraint:

— Landau pole at scale A

2—Iogp RGEIin Es Gst: 3x|27F + sqalars
40 ; B
Scalars:
— non-renormalizable 30} ﬁfhe‘;{-é ';7@351'
. ull ...
operators suppressed by 3 \
(My/N)P—* 5 2 L B R=650
' . B R=2x650
Y
— under control when 10¢ '.‘ \
My/N <1071 ]
— Only viable choice: 650

Il R=2430
0.0 0.5
Vasja Susi¢ (LNF, INFN)

\
)
!
i . 1
1.0 15

2.0 25 3.0
log1o KMy
Trinification from a “realistic” Eg GUT model



Finanziato inistero
dall'Unione europea dell'Universita
NextGenerationEU e della Ricerca

(3) Symmetry breaking via 650 of Eg
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Breaking Eg via 650 — preliminary considerations

m We study breaking via a real scalar 650 [2305.16398]:

(650)

Ee —> H (1)
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m We study breaking via a real scalar 650 [2305.16398]:

(650)

Ee —> H (1)

m Preliminary considerations: what can H be?
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Breaking Eg via 650 — preliminary considerations

m We study breaking via a real scalar 650 [2305.16398]:

(650)

Eg —— H (1)

m Preliminary considerations: what can H be?

— Michel’s conjecture:
a single irrep R can only break to maximal little groups of R

9/20 Vasja Susi¢ (LNF, INFN) Trinification from a “realistic” Eg GUT model


https://inspirehep.net/literature/2663001

Finanziato o, ini:
dall'Unione europea dell'Universita
NextGenerationEU e della Ricerca

Breaking Eg via 650 — preliminary considerations

m We study breaking via a real scalar 650 [2305.16398]:

650
Ee &Y, 1 (1)
m Preliminary considerations: what can H be?

— Michel’s conjecture:
a single irrep R can only break to maximal little groups of R

— Maximal groups of Eg: (not the same as in Michel, but helps)

1 € 650, Gy C H 14 € 650 14 ¢ 650
SU(3) x SU(3) x SU(3)  Gp x SU(3)  Sp(8)
SU(6) x SU(2) F, G
SO(10) x U(1) SU(3)
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Breaking Eg via 650 — preliminary considerations

m We study breaking via a real scalar 650 [2305.16398]:

(650)

Eg —— H (1)

m Preliminary considerations: what can H be?

— Michel’s conjecture:
a single irrep R can only break to maximal little groups of R

— Maximal groups of Eg: (not the same as in Michel, but helps)

1 € 650, Gsy C H 1 € 650 1y ¢ 650
SU(3) x SU(3) x SU(3) G, xSU(3)  Sp(8)
SU(6) x SU(2) F, G
SO(10) x U(1) SU(3)

— Considered candidates: 1st and 2nd column, 650 has H-singlet(s)
— Limitation: we don't look one level deeper for little groups of 3rd column
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Breaking Eg via 650 — scalar potential and finding solutions

m Scalar potential with 650 = X: (D = di™dym)
V(X) = =7 - Tr(X?)
+ my - Te(X3) + mo - X X X5 d'™ (2)
+ /\1 . (TI‘(Xz))2 + /\2 . TI‘(X4) + /\3 . (Xz)k,' (Xz)lj Dijk/
+ 0 XX XK e X D"y Dk’l’ij s X X (X2) 5 d" ™ .
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Breaking Eg via 650 — scalar potential and finding solutions

m Scalar potential with 650 = X: (D = di™dym)

V(X) = =7 - Tr(X?)
s Te(X3) 4 o - Xy Xy XK d'™ e )
O (Te(X?))2 4 o - Te(X*) + s - (X2)K; (X2)!; DYy
+ A\ - Xi,'/ij’ka/X//f D"y Dk,llij + s X X (X2)5, dlmnd"jk'

m Singlet ansatz: take only 1-directions in R%%°

— self-consistent ansatz

— need to solve only 01,V =0,
other directions automatic

— compute all masses with 0;0;V

— For local minimum:
masses positive or would-be Goldstones

10 / 20 Vasja Susi¢ (LNF, INFN) Trinification from a “realistic” Eg GUT model
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Breaking Eg via 650 — good solutions for intermediate groups H

m Trinification has two singlets in 650:

11 /20 Vasja Susi¢ (LNF, INFN) Trinification from a “realistic” Eg GUT model



Finanziato Ministero .
dall'Unione europea dell'Universita aliadomani
NextGenerationEU e della Ricerca

Breaking Eg via 650 — good solutions for intermediate groups H

m Trinification has two singlets in 650:
— V(s,a) = —3M?(s® 4+ a%) — i m s(s®> — 32%) + 1) (s* + 2%)?
— m and A: lin. combinations of m; and \;
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Breaking Eg via 650 — good solutions for intermediate groups H

m Trinification has two singlets in 650:
V(s,a) = —3M? (24 a%) — £m s(s® — 32%) + 1) (s* + 2%)?

%
— m and A\: lin. combinations of m; and ); V(s,a) for (V2,m,A) = (1,0.3,1)
. . : : :
— 3-fold rotational symmetry 250
— 3 degenerate minima: 1 0.70
preserve LR, CL or CR parity 0
in SU(3)¢ x SU(3). x SU(3)r © 0 -0.15
-0.20
-1
-0.30
-0.35
-2k :
-2 -1 0 1 2
S
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Breaking Eg via 650 — good solutions for intermediate groups H

m Trinification has two singlets in 650:
V(s,a) = —3M? (24 a%) — £m s(s® — 32%) + 1) (s* + 2%)?

%
— m and A: lin. combinations of m; and ), V(s,a) for (1/°,m,A) = (1,0.3,1)
. : : . :
— 3-fold rotational symmetry 250
— 3 degenerate minima: 1 0.70
preserve LR, CL or CR parity 0
in SU(3)C X SU(3)L X SU(3)R ©0 -0.15
-0.20
m Cases with one H-singlet: -1 030
-0.35
-2k :
-2 -1 0 1 2
S
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Breaking Eg via 650 — good solutions for intermediate groups H

m Trinification has two singlets in 650:
V(s,a) = —3M? (24 a%) — £m s(s® — 32%) + 1) (s* + 2%)?

%
— m and A: lin. combinations of m; and \; V(s,a) for (/°,m,2) = (1,0.3,1)
. . : : :
— 3-fold rotational symmetry 250
— 3 degenerate minima: 1 0.70
preserve LR, CL or CR parity 0
in SU(3)C X SU(3)L X SU(3)R ©0 -0.15
-0.20
m Cases with one H-singlet: -1 030
— In V(X) we can take X = x 1y k. , e
-2 -1 0 1 2
S
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Breaking Eg via 650 — good solutions for intermediate groups H

m Trinification has two singlets in 650:
V(s,a) = —3M? (24 a%) — £m s(s® — 32%) + 1) (s* + 2%)?

%
— m and A\: lin. combinations of m; and ); V(s,a) for (/2,m, 1) = (1,0.3,1)
2
— 3-fold rotational symmetry 250
— 3 degenerate minima: 0.70
preserve LR, CL or CR parity 0
in SU(3)C X SU(3)L X SU(3)R -0.15
-0.20
m Cases with one H-singlet: ~030
— In V(X) we can take X = x 1y -035

N V(X) = —%szz — %mHX?’ + %/\/_/X4
— my =Y a;m;, Ay =Y. B\ are H-dependent
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Breaking Eg via 650 — good solutions for intermediate groups H

m Trinification has two singlets in 650:
V(s,a) = —3M? (24 a%) — £m s(s® — 32%) + 1) (s* + 2%)?

%
— m and A: lin. combinations of m; and \; V(s,a) for (/°,m,2) = (1,0.3,1)
2
— 3-fold rotational symmetry 250
— 3 degenerate minima: 0.70
preserve LR, CL or CR parity 0
in SU(3)C X SU(3)L X SU(3)R -0.15
-0.20
m Cases with one H-singlet: ~030
In V(X) we can take X = x 1y -035

N
= V(x)=—=3M*x% = Imp 3 + 2y x*
— my =Y a;m;, Ay =Y. B\ are H-dependent
— Minimize V/(x) analytically (easy): we get solutions for

SU(6) x SU(2), SO(10) x U(1), Fy, G2 x SU(3). (3)
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(4) Realistic Eg model: 650 @ 27 @ 351’
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Realistic Eg model — setup

m Field content:

[2403.20278] fermions: 3 x 27¢
scalars: 650 @ 27 @ 351’
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Realistic Eg model — setup

m Field content:

[2403.20278] fermions: 3 x 27¢
scalars: 650 © 27 @ 351’

m Symmetry breaking in 2 steps:

SUGB)

SU(6)xSU(2) SUB)*xSUQR)xU(1)
(650) 4

G,xSU(3)
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Realistic Eg model — setup

m Field content:

[2403.20278] fermions: 3 x 27¢
scalars: 650 & 27 @ 351’

m Symmetry breaking in 2 steps:

SUGB)

SU(6)xSU(2) SUB)xSUR)xU(1)
(650) 4

G,xSU(3)

m Renormalizable Yukawa sector: 2 symmetric matrices

ﬁy = 27[: 27/: 27+27F 27/: 351’* (4)
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Realistic Eg model — setup

m Field content:

[2403.20278] fermions: 3 x 27¢
scalars: 650 & 27 @ 351’

m Symmetry breaking in 2 steps:

SUGB)

SU(6)xSU(2) SUB)xSUR)xU(1)
(650) 4

G,xSU(3)

m Renormalizable Yukawa sector: 2 symmetric matrices
Ly =27 2727 + 27 27F 351’ (4)
e Choice of scalars: 27 ® 27 =27, @ 351’. @ 351,
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Realistic Eg model — setup

m Field content:
[2403.20278] fermions: 3 x 27¢
scalars: 650 @ 27 ¢ 351/

m Symmetry breaking in 2 steps:

SUGB)

SU(6)xSU(2) SUB)xSUR)xU(1)
(650) 4

G,xSU(3)

m Renormalizable Yukawa sector: 2 symmetric matrices
Ly =27 2727 + 27 27F 351’ (4)

e Choice of scalars: 27 ® 27 = 27, ® 351’; @ 351,
e Realistic, analog of the SO(10) case: 1616, 10 + 16¢ 16126
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Realistic Eg model — symmetry breaking and SM embeddings

(650) (27,351")

H

m Breaking pattern to SM:  Eg > Gsm

13 /20 Vasja Susi¢ (LNF, INFN) Trinification from a “realistic” Eg GUT model



Finanziato Ministero
dall'Unione europea ell'Universita
NextGenerationEU della Ricerca

Realistic Eg model — symmetry breaking and SM embeddings

(650) (27,351')

H > GSM

m Breaking pattern to SM:  Eg

m Considerations for intermediate H-vacua:
(a) SM group can be embedded differently into intermediate symmetry
(b) Unification cannot happen yet at intermediate scale (bottom-up RGE)
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Realistic Eg model — symmetry breaking and SM embeddings

(650) (27,351')

H > GSM

m Breaking pattern to SM:  Eg

m Considerations for intermediate H-vacua:
(a) SM group can be embedded differently into intermediate symmetry
(b) Unification cannot happen yet at intermediate scale (bottom-up RGE)

m Viable H-vacua leading to Gswm:

name intermediate symmetry viable?

trinification  SU(3)¢ x SU(3). x SU(3)g v v'v (LR,CL,CR)
standard SU(6)c. x SU(2)g v

flipped SU(6)cL x SU(2)r: — unifies in SU(6)
LR-flipped  SU(6)cr x SU(2), v

standard SO(10) x U(1) — unifies in SO(10)
flipped SO(10)" x U(1) v
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Realistic Eg model — Yukawa sector

m Yukawa sector Lagrangian:

LD Yoy 216 277 27  dipe + Y351 276727 351" + hc.  (5)
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Realistic Eg model — Yukawa sector

m Yukawa sector Lagrangian:
LD Yo7 27727 275 djjp + Y351 27627351 + h.c.  (5)

m Y5, and Y35 are symmetric C3%3. Family indices suppressed.
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Realistic Eg model — Yukawa sector
m Yukawa sector Lagrangian:
LD Yo7 27727 275 djjp + Y351 27627351 + h.c.  (5)

m Yo7 and Y351/ are symmetric C3%3, Family indices suppressed.

m Explicit fermion mass matrices ‘ude’ (with EW and M;-scale VEVs)
Luge= (u)] (—Y27V7 + \/%YSSI’V8> (u), (6)

N <dc> T Yo7 Vf — \/%Y351/Vék Yor Vi + \/%Y351’ Wq* (d)
d'c —Yorvy + \/%Y?,srvs* —Yor Vo + \/%Y%l’ Wo* | \ d’

N <e> T =Yorvi — %\/§Y351/V§ +3Vasvs YoV — %\/§Y351'W1* (ec>
/
e

1 /3 1 1 /3
Yorvg + §\/§Y351'V§‘ +5Y31vg  —YorVo— §\/§Y351'W2*
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Realistic Eg model — Yukawa sector

m Yukawa sector Lagrangian:

LD Yo7 27727 275 djjp + Y351 27627351 + h.c.  (5)
m Yo7 and Y351/ are symmetric C3%3, Family indices suppressed.
m Explicit fermion mass matrices ‘ude’ (with EW and M;-scale VEVs)

Lude = (u)T (—Y27V7 + \/%YSSI’V8> (u), (6)

N <dc> T Yo7 Vf — \/%ng/vék Yor Vi + \/%Y351’ Wq* (d)
d'c —Yorvy + \/%Ygsrvs* —Yor Vo + \/%Y&Sl’ Wo* | \ d’

N (e) T =Yorvi — %\/§Y351/V§ +3Vasvs YoV — %\/§Y351'W1* (ec>
/
e

1 /3 1 1 /3
Yorvg + §\/§Y351'V5* +5Y31vg  —YorVo— §\/§Y351'W2*

m Exotics at M;, SM fermions at EW. Mixing: (d<, d’“) and (e, ¢).
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Realistic Eg model — neutrinos

m Explicit fermion mass matrices for neutrinos
L, = ™

1 ve
Vo T Vorvi- 32wt .
~Yorv =3 /3V =Yg —Yor Vo by [3Vos Wit

V’C
T 1 1 /3 1
Ve Y5 Wa* 3 Va5 Wa™ ’YE'VA*’E\/;Y%‘, Vg3 Vi vg ve
+ 1 n LV W Yoy We Vorv +4y/3 Vs +1Yasy n
/c /c
1 3 1 1 3 1
v Yo =3P s i+ 3 Vs Yo+ EYas s+ 1 Yan s 0 v

15 /20 Vasja Susi¢ (LNF, INFN) Trinification from a “realistic” Eg GUT model



Finanziato . .
m dall'Unione europea y d iversita aliadomani
NextGenerationEU S

Realistic Eg model — neutrinos

m Explicit fermion mass matrices for neutrinos

L, = %
T 1 /3 1 1 1 /3 N ve
(,,) Yorvrty/EYas =1 a0 v ~ Vo YorViedy/2Ya0, W .
4 1 1 /3 1 1 /3
v — LYo ~Yorv =3 /3V =Yg —Yor Vo by [3Vos Wit e
Ve T Y5 Wa* %Yu’wf —Y;,vj‘—%\/gY% Y ve
+1 n LV W Yoy We Vorv +4y/3 Vs +1Yasy n
/c /c
v Yo =3P s i+ 3 Vs Yo+ EYas s+ 1 Yan s 0 v

m Neutrino spectrum:
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Realistic Eg model — neutrinos

m Explicit fermion mass matrices for neutrinos

L, = ™
T 1 /3 1 1 1 /3 N ve
(,,) Yorvrty/EYas =1 a0 v T YaVi—1y/3Ya0
n
4 1 1 /3 1 1 /3
v - Va0 ~Yorv =3 /3V =Yg —Yor Vo by [3Vos Wit e
T
Ve Y5 Wa* %erWﬁ ’YE'VA*’%\/%Y%*, Y ve
+ 1 n LV W Yoy We Vorv +4y/3 Vs +1Yasy n
/c /c
v Yo =5 EY a5 G+ 5 Vs vg Y—’TVer%\/gYu\’V;*%Ym’Vf 0 v

m Neutrino spectrum:

— Heavy vector-like neutrino pair at M;: (av + ') @ v/'c
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Realistic Eg model — neutrinos

m Explicit fermion mass matrices for neutrinos
™

L, =
T 1. /3 1 1 1. /3 * ve
(,,) Yorvi+ /35 ve—1Y v —Z5 Y YorVi—3/3Ys Wi
n
! 1 1. /3 1 1. /3

v — 5 Y31/ vi0 7Y,«V7*§\/;Y<u a3 Yasve —Y2 VZ*E\/;Y% ' We* e
Ve T Y5 Wa* %erw,,* ’YE'VA*’%\/%Y%*, Y ve
+ 1 n LV W o W™ Vorv +4y/3 Vs +1Yasy n
/c /c
v Yo =5 EY a5 G+ 5 Vs vg Y—’TVer%\/gYu\’V;*%Ym’Vf 0 v

m Neutrino spectrum:
— Heavy vector-like neutrino pair at M;: (av + ') @ v/'c
— Dirac terms between {v, 7'} and {v°, n}

Majorana terms for {v<, n}
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Realistic Eg model — neutrinos

m Explicit fermion mass matrices for neutrinos

L, = @
T 1 /3 1 1 ve
,,) Yorvrty/EYas =1 a0 v T Vorvi- 32wt
n
/
% — LYo ~Y, wfﬁ\fv /vg—% Vo Y2 VQW\fY Wa* e
Ve T Y5 Wa* %erw,,* —Y2 VA”fY Y ve
+ 1 n LV W Yoy We Vorv +4y/3 Vs +1Yasy n
/c /c
v Yo =5 EY a5 G+ 5 Vs vg Y—’TVer%\/gYu\’V;*%Ym’Vf 0 v

m Neutrino spectrum:
— Heavy vector-like neutrino pair at M;: (av + 8v') @ v/
— Dirac terms between {v, 7'} and {v°, n}
Majorana terms for {v<, n}
— Seesaw type I: (=B*v+a*V') at EW?/M,
{v¢, n} at M
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Realistic Eg model — spinorial parity

m Simplification of mass matrices:
if breaking at M, preserves spinorial parity v (choice of vacuum)
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Realistic Eg model — spinorial parity

m Simplification of mass matrices:
if breaking at M, preserves spinorial parity v (choice of vacuum)
(a) vanishing spinorial VEVs (in 16 or 144 of SO(10) C Ee):

Vi=Wi4=wvs561011 =0. (8)
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Realistic Eg model — spinorial parity
m Simplification of mass matrices:
if breaking at M, preserves spinorial parity v (choice of vacuum)
(a) vanishing spinorial VEVs (in 16 or 144 of SO(10) C Ee):
Vi=Wi4=wvs561011 =0. (8)
(b) no (16£,10F) mixing in SO(10) language
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Realistic Eg model — spinorial parity
m Simplification of mass matrices:
if breaking at M, preserves spinorial parity v (choice of vacuum)
(a) vanishing spinorial VEVs (in 16 or 144 of SO(10) C Ee):
Vi=Wi4=wse1011 =0 (8)

(b) no (16£,10F) mixing in SO(10) language
(c) Can give a DM candidate: lightest ¥-odd (1,2, +1/2) scalar
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Realistic Eg model — spinorial parity
m Simplification of mass matrices:
if breaking at M, preserves spinorial parity v (choice of vacuum)
(a) vanishing spinorial VEVs (in 16 or 144 of SO(10) C Ee):
Vi=Wi4=wse1011 =0 (8)

(b) no (16£,10F) mixing in SO(10) language
(c) Can give a DM candidate: lightest ¥-odd (1,2, +1/2) scalar

m Simplified mass matrices for SM fermions: (1, 1)-blocks

m, = —Yorv7 + \/%Y35\'V87 )
myg= Yov— \/%Ym Vi, (10)
me:7Y27v1*7%Y5|r(\/%v2*7v3*), (11)
my, = —(Yorvr + 2Y350(V/3/5 v — w)) (Yasr W5™) ™1 (Yorvy + 1Y500(v/3/5 vs — wo)) T (12)
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Realistic Eg model — spinorial parity
m Simplification of mass matrices:
if breaking at M, preserves spinorial parity v (choice of vacuum)
(a) vanishing spinorial VEVs (in 16 or 144 of SO(10) C Ee):
Vi=Wi4=wse1011 =0 (8)

(b) no (16£,10F) mixing in SO(10) language
(c) Can give a DM candidate: lightest ¥-odd (1,2, +1/2) scalar

m Simplified mass matrices for SM fermions: (1, 1)-blocks

m, = —Yorv7 + \/%Y35\'V87 )
myg= Yov— \/%Ym Vi, (10)
me:7Y27v1*7%Y5|r(\/%v2*7v3*), (11)
my, = —(Yorvr + 2Y350(V/3/5 v — w)) (Yasr W5™) ™1 (Yorvy + 1Y500(v/3/5 vs — wo)) T (12)

m Works! Analogous to SO(10) fit with 10 & 126 [Ohlsson'19].
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Realistic Eg model — unification analysis

m EFT for each viable H-vacuum (RGE: p € [M;, My])
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Realistic Eg model — unification analysis

m EFT for each viable H-vacuum (RGE: p € [M;, My])

(1) assume extended survival hypothesis (ESH):

— scalars at intermediate scale only those needed for
2nd stage symmetry breaking or SM Higgs (or both)
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Realistic Eg model — unification analysis

m EFT for each viable H-vacuum (RGE: p € [M;, My])

(1) assume extended survival hypothesis (ESH):

— scalars at intermediate scale only those needed for
2nd stage symmetry breaking or SM Higgs (or both)

(2) assume spinorial parity Zg’
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Realistic Eg model — unification analysis

m EFT for each viable H-vacuum (RGE: p € [M;, My])

(1) assume extended survival hypothesis (ESH):

— scalars at intermediate scale only those needed for
2nd stage symmetry breaking or SM Higgs (or both)

(2) assume spinorial parity Zg’

m After careful considerations. . . the effective models are:

vacuum scalars with ESH + Zg’ vacuum scalars with ESH + Zg’

3¢313r x LR 2% (1,3,3) +(1,6,6) 6ci2r  (15,1) +(21,3) +(6,2) + (84,2)

3¢313r x CL 2% (1,3,3)+(1,6,6) 6cr2.  (15,1) + (105',1) 4 (6,2) + (84,2)
+2><(3 1,3)+(6,1,6)

10017 (16, +1) + (126, +2) + (10, -2)

3C3L3R x CR (1 3 3) ( 6,
+2 % (3,3,1) + (6,
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Realistic Eg model — unification results

m Unification: bottom-up via 2-loop RGE
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m Unification: bottom-up via 2-loop RGE

— intermediate symmetry determines intermediate scale
— limited threshold effects
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Realistic Eg model — unification results

m Unification: bottom-up via 2-loop RGE
— intermediate symmetry determines intermediate scale
— limited threshold effects

SU(3)cxSU(3),xSUB)R*LR SU(3)cxSU(3), xSU(3)gxCL SU(3)cxSU(3),xSU(3)g*CR
B e T D T EEEEY
ac =a;; .
A I
E A
—
R
@ 430
3
Jes
EP
R E E
u |
U T NPT P ANATINATE P
14 15 6 17 18 19 17 18 19
i 1 T
SU(B)cLxSU(2)r SU(6)cr*SU(2), SO(10)'xU(1)"
50 T W 4s0 50 e & Js0 50 T | @ 350
; ! @ ; | .
\ 45 4s>_< a 45
40 a0f_— 40 40
— G A
35 c35/ G L 35
0 Ty 30 g K a' 30
25 25 25 25
ai' 20 20 20 20
- 15 15 - 15 15
T L ST T 0 Lodidy
T A R TR % m 1z 1 1415 19 [NETIT
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Realistic Eg model — unification results

m Unification: bottom-up via 2-loop RGE
— intermediate symmetry determines intermediate scale
— limited threshold effects

SU(3)cxSU(3),xSU3)r*LR

SU(3)cxSU(3), xSU(3)rxCL SU(3)cxSU(3),xSU3)gxCR

EEEY s0f 5. T dso = B Js0
ag'=a’ 3
i Jus
EXd A
—
< R 2
s @ 430
N
Jes
EP
R E E
u |
TR PRI T DR PRI S ANATINATE P
01 12 13 14 15 16 17 18 1 7 18 19
i 1 T
SU(B)eLxSU@)R SO(10yxU(1)
50 o HEEY ) 3s0 50 ) 2 M 50
w
7“\ 45 45 45
40 40 40
< 35 ECR. 35
s 30 0 Ty al 30
25 25 25
ai' 20 20 20
. 15 15 15
TR P PRI T4 W 10 0 Lodidy
o 1 12 13 14 15 16 a7 18 19 19 71 19

m Viable cases: 3¢3,3r X LR, 3¢3/3r x CR, 6¢cRr2;
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Proton decay in the Eg model

19 / 20

Gauge mediators of proton
decay in Eg: X, X', X"

Vasja Susi¢ (LNF, INFN)

label 3¢2,1y SU(5) SO(10)

X (3,2,-5/6) 24 45
X' (3,2,+1/6) 10 45
X" (3,2,+1/6) 10 16

78
78
78

Trinification from a “realistic” Eg GUT model
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Proton decay in the Eg model

m Gauge mediators of proton label 3c2,1y SU(5) SO(10) Eg
. . / "

decay in Eg: X, X', X X  (3,2,-5/6) 24 45 78

L ) ¥, X' (3,2,+1/6) 10 45 78

m Spinorial parity Z,: X" (3.2,41/6) 10 16 78

— X" is irrelevant for p-decay
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Proton decay in the Eg model

m Gauge mediators of proton

decay in Eg: X, X', X"
m Spinorial parity Z;Z’:

label 3¢2,1y SU(5) SO(10) Es
X (3,2,-5/6) 24 45 78
X' (3,2,+1/6) 10 45 78
X" (3,2,+1/6) 10 16 78

— X" is irrelevant for p-decay

Expected p-decay lifetime: 1-, 2-, 3-0 intervals

40 p* - e’

35

log,(7+/B/year)

30

25

m 3c3.3px 2R
m 3c3,3px 25"
m 6cr2L

Super-K
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Conclusions

(1) Eg is an interesting candidate for GUT
— novel possibilities for intermediate symmetry
— requires scalar irrep 650 for these to be accessible

(2) Realistic model constructed (symmetry breaking, Yukawa sector):

fermions: 3 x 27F¢
scalars: 650 @ 27 @ 351’

(3) 3 vacua of novel symmetries

compatible with unification and proton decay:
(assuming extended survival hypothesis and spinorial parity)

(a) SU(3)c x SU(3), x SU(3)g x ZLR
(b) SU(3)c x SU(3), x SU(3)g x ZSR
(c) SU(6)cr x SU(2),
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Conclusions

(1) Eg is an interesting candidate for GUT
— novel possibilities for intermediate symmetry
— requires scalar irrep 650 for these to be accessible

(2) Realistic model constructed (symmetry breaking, Yukawa sector):

fermions: 3 x 27F¢
scalars: 650 @ 27 @ 351’

(3) 3 vacua of novel symmetries

compatible with unification and proton decay:
(assuming extended survival hypothesis and spinorial parity)

(a) SU(3)c x SU(3), x SU(3)g x Z5R
(b) SU(3)¢ x SU(3), x SU(3)r x ZSK
(c) SU(6)cr x SU(2).

Thank you for your attention!
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