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Motivations and issues

Trinification models (Glashow, Georgi and De Rujula 1984)

@ LR gauge interactions and well motivated by Eg

@ SU(3)L x SU(3)r x SU(3)¢ with Z3 — gauge unification
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Motivations and issues

Trinification models (Glashow, Georgi and De Rujula 1984)

@ LR gauge interactions and well motivated by Eg
@ SU(3)L x SU(3)r x SU(3)¢ with Z3 — gauge unification

@ All matter can be elegantly arranged in bi-fundamental representations for each
generation . . ,
27=(331)2(133)®(313) =L®0; 20,

@ The model can accomodate any quark and lepton masses and mixing angles
(Sayre et al. 2006)

@ Naturally light neutrinos via, e.g. radiative seesaw (Cauet et al. 2011)
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Motivations and issues

Trinification models (Glashow, Georgi and De Rujula 1984)

@ LR gauge interactions and well motivated by Eg
@ SU(3)L x SU(3)r x SU(3)¢ with Z3 — gauge unification

@ All matter can be elegantly arranged in bi-fundamental representations for each
generation

27=(33,1)©(1,33)©(3,1,3) =L 0,

@ The model can accomodate any quark and lepton masses and mixing angles
(Sayre et al. 2006)

@ Naturally light neutrinos via, e.g. radiative seesaw (Cauet et al. 2011)
@ Well motivated as low energy versions of Eg x Eg heterotic string theory (Gross et

al. 1985), E; orbifold (Braam et al. 2010) or N = 8 supergravity (Cremmer et al.
1979).
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Issues of standard trinification

@ GUT scale fermion masses through L - L’ - L” type operators

e Higher dimensional operators needed (Cauet et al. 2011)
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Issues of standard trinification

@ GUT scale fermion masses through L - L’ - L” type operators

e Higher dimensional operators needed (Cauet et al. 2011)

@ Considerable amount of particles and many couplings involved
e Realistic calculations cumbersome

@ Unmotivated Hierarchy between the trinification and the EW breaking scales
(common to most GUTS)
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Issues of standard trinification

@ GUT scale fermion masses through L - L’ - L” type operators

e Higher dimensional operators needed (Cauet et al. 2011)

@ Considerable amount of particles and many couplings involved
e Realistic calculations cumbersome

@ Unmotivated Hierarchy between the trinification and the EW breaking scales
(common to most GUTS)

Trinification-based models were left as the least developed GUT scenarios J
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Motivations and issues

Our proposal

Novel solution including

@ A global SU(3); family symmetry inspired by Eg

@ Unification of the Higgs and lepton sectors via a common chiral supermultiplet
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Motivations and issues

Our proposal

Novel solution including

@ A global SU(3); family symmetry inspired by Eg

@ Unification of the Higgs and lepton sectors via a common chiral supermultiplet

Low energy completion

@ non-SUSY multi-scalar and multi-fermion models
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The Model
The Model — chiral supermultiplet representations

SU(3)r X E¢ is a maximal subgroup of Eg

@ Branching rules for the fundamental representation of Eg (Slansky)
248=(8,1) @ (1,78) & (3,27) @ (3,27)

@ Branching rules for the adjoint representation of Es down to trinification
78=811a(1,81)® (1,18 a(3,33)«(3,3,3)
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The Model
The Model — chiral supermultiplet representations

SU(3)r X E¢ is a maximal subgroup of Eg

@ Branching rules for the fundamental representation of Eg (Slansky)
248=(8,1) @ (1,78) & (3,27) @ (3,27)

@ Branching rules for the adjoint representation of Es down to trinification
78=(81,1)a(1,81)®(1,1,8) & (3,3,3) & (3,3,3)

Matter content of our Eg-inspired model in red
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The Model

[SU(3)L X SU(S)R X SU(3)C] X 73 XSU(3)F ,

@ Z; is a cyclic permutation symmetry that enables gauge coupling unification
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The Model

[SU(3)L X SU(3)R X SU(3)C] X 73 XSU(3)F ,

@ Z; is a cyclic permutation symmetry that enables gauge coupling unification

| Chiral Supermultiplet Fields |

Superfield SU(3)c SU(3)L SU(3)r SU(3)r
Lepton Ly, 1 3 3 3
Right-Quark QW) « 3, 1 3 3
Left-Quark (0" 3 3 1 3
Colour-adjoint AL 8 1 1 1
Left-adjoint Af 1 8" 1 1
Right-adjoint A% 1 1 8 1
Flavour-adjoint Ag 1 1 1 8

| Gauge Supermultiplet Fields |

Superfield SU(3)c SU(3) SU(3)x SU(3)k
Gluon GE, N 8 1 1 1

Left-Gluon G, N 1 8 1 1

Right-Gluon GRY, A% 1 1 8 1
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The Model

Fundamental tri-triplets:

Hyy Hp v “}e “1% M?e wp dj
i/ i - 5 3 i\X
(L)r=| Hi Hn e | (Q)x=| & d& dp | (Q)i=| i &
Vg eRr CI) Dlle Dlze D; uz dz
Z5 cyclic permutations:
L3,
Z
0L = Ok,
R 3L

We refer to the model as Supersymmetric Higgs-Unified Trinification

JECM, APM, AO, RP, MOPS, JW (L.U.&A.U.)
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The Model

Fundamental tri-triplets:

Hy Hp v up up o up w, dp Dp

i/ i T 5 2 i\X
(L)y=| Hy Hn e (k) = d & & Q) = w a4 Di
VR €R ¢ Dlle D12€ D13e ui di Di

Z5 cyclic permutations:

Qo ©

=~ =N~
& lE e
htxgtg

We refer to the model as Supersymmetric Higgs-Unified Trinification

SHUT
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The Model

Superpotential

W= > (MsducD3ALAG + nrsdupAAL) + (Mdae AFALAG + 118 AGAY)

A=L.RR,C

e (00) 1 (Q)) (1Y), with dye = 2Tr [T, T,) T

@ j,jand k — flavour indices

@ x, [ and r — colour, left-chirality and right-chirality respectively

@ a, b and ¢ — adjoint indices.

@ Universal Yukawa coupling for chiral quarks at unification scale, A\,
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The Model

Superpotential

W= > (MsducD3ALAG + nrsdupAAL) + (Mdae AFALAG + 118 AGAY)

A=L.RR,C

e (00) 1 (Q)) (1Y), with dye = 2Tr [T, T,) T

@ j,jand k — flavour indices

@ x, [ and r — colour, left-chirality and right-chirality respectively

@ a, b and ¢ — adjoint indices.

@ Universal Yukawa coupling for chiral quarks at unification scale, A\,

@ In a minimal E¢-inspired model with flavour SU(3)r the superpotential would be
just the last term
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The Model

Superpotential

W= > (MsducD3ALAG + nrsdupAAL) + (Mdae AFALAG + 118 AGAY)

A=L.RR,C

e (00) 1 (Q)) (1Y), with dye = 2Tr [T, T,) T

@ j,jand k — flavour indices
@ x, [ and r — colour, left-chirality and right-chirality respectively
@ a, b and ¢ — adjoint indices.
@ Universal Yukawa coupling for chiral quarks at unification scale, A\,
@ In a minimal E¢-inspired model with flavour SU(3)r the superpotential would be
just the last term
o Why then E3?

e Minimal SUSY trinification with SU(3)r and Higgs-lepton unification does not
have a stable vacuum — SU(3)¢ and SU(2),, fully broken at GUT scale
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The Model

Superpotential

W= > (MsducD3ALAG + nrsdupAAL) + (Mdae AFALAG + 118 AGAY)

A=L.RR,C

e (00) 1 (Q)) (1Y), with dye = 2Tr [T, T,) T

@ j,jand k — flavour indices
@ x, [ and r — colour, left-chirality and right-chirality respectively
@ a, b and ¢ — adjoint indices.
@ Universal Yukawa coupling for chiral quarks at unification scale, A\,
@ In a minimal E¢-inspired model with flavour SU(3)r the superpotential would be
just the last term
o Why then E3?
e Minimal SUSY trinification with SU(3)r and Higgs-lepton unification does not
have a stable vacuum — SU(3)¢ and SU(2),, fully broken at GUT scale

@ SHUT is the minimal working model!
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Symmetry breaking

Symmetry breaking

Scalar potential

V=Vs+Vp+ Ve (F—terms from the superpotential)
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Symmetry breaking

Scalar potential
V=Vs+Vp+ Ve (F—terms from the superpotential)
(1) D-terms

Vo =38 {Z (Afundt) (A fuchy)

¢

=i (A fany) (L) 0 (1) ()" = (@) 0 (10", (230"}
1 F\"1 Fi\l2 Fx\"2 Fi\la
g T (100, ()" (E)" o (5)" 1 ()"

(00" 0 (80" (1)1 (83)"
—2 (Z‘r*)rl h (Zi)l2 r (Q,L)X2 I3 (sz)h Xz]
+(Z5 permutations)

@ 8. =8r=8c=gu
@ D-term interactions between adjoint and fundamental scalars
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Symmetry breaking

(2) Soft SUSY-breaking terms

Var' = m [(Zi)l r (Zt;ﬁ)r 1} + dap [57852&2 + m%szizazi’g + c.c}
+ due [AnBIALA; + ConBiBLAG + ]
~ e\ T ~inb
+Ag {A(/ (T.),? (Ly) o (L) + L‘.C.}

1

o e (0)'1(0) (), + e + 25 permutations

VAR = 80y D3RG AL 4 miAe A + c.c| + A |BgRLES + c.c ]

soft

+Ap [Ajﬁ (T,,)/.[ (Zf)r, (1:/)/ .+ (,‘.('} + Z; permutations
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Symmetry breaking

Vacuum choice:
@ Assign vevs to A¢, A% (gauge breaking) and A% (flavour breaking):
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Symmetry breaking

Vacuum choice:
@ Assign vevs to A¢, A% (gauge breaking) and A% (flavour breaking):

@ The only fully diagonal SU(3) generator is T8

0
0 ,
-2

1

8 _ 1
TR=55| 0
0

S|= O

@ (A} ;) =vand (A}) = vr we break SHUT symmetry to a rank-6 LR effective model:

[

U(3)c x SU(3)L x SU(3)r] X Z3 X —
U(3)c

X [SU(2)L x SU(2)r x U(1)L x U(1)r] X Z5 X X
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Symmetry breaking

Vacuum choice:
@ Assign vevs to A¢, A% (gauge breaking) and A% (flavour breaking):

@ The only fully diagonal SU(3) generator is T8

1 0 0
s=-L[0 1|0
A — 2v2 ’
0o 0| —2
] (Azﬁ vand (A%) = vr we break SHUT symmetry to a rank-6 LR effective model:
[ U(3)c x SU(3)L x SU(3)r] X Z3 X —
U(3)c x [SU(2)L x SU(2)r X U(1)L x U(1)r] X Z5 X X
Minimization:

@ Positive mass spectrum for the full scalar sector—STABLE MINIMUM

@ 8 gauge goldstones in the adjoint sector
Ab 2 3 2.2 L Ha ~va
‘D” <AL,R>‘ = 480" D M GERGY%,
a=4

© 4 flavour goldstones (absorbed by flavour gauge bosons or decouple according to Burgess
[hep-ph/9812468])
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Symmetry breaking

Higgs-slepton and squark masses

# of real d.o.f’s (mass)2 Scalar components
8 2 doublets my — L= (Agv+24p0p) )5 v 8
2 1 singlet mi, — %[(4Acv+2Ava) s
8 1bi-doublet  nd, + V- (24gv—24pv)  Hy) HY HY L H)
4 2 singlets my, — %(4A(;v7A1:vF) ¢
16 4 doublets My — de (Agv—apve) VP et v gt
16 2 bi-doublet L (24gv + A a2 gty g2 g2
i-doublets  m3; + 7( GV + Arvr) nooHy T Hp T Hy,y
~(3) ~(3) ~(3) 5(3)
24 m27 T(A(;v—ZAFvF) IiL ’df' g dg
12 m27 %[ (2Agv + 2AFvE) D£3) 'D(R3]
48 mdy+ L (Agv+Apve) 2,305 70
24 m27 Lf (2Agv + Apvr) b£l,2] ’bl(el,Z)
= 5 5 (1,213) (1,213)
u,ia u% u% ui di Di
| dy d}i d}S | w2 &2 | D2 :
Dy D} D} up di | D}
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Symmetry breaking

Effective non-SUSY multi-Higgs models

A plethora of effective L-R hon-SUSY models

Light eigenstates model label
Sl Model 1 A
G Model 1 B
¢B, p12) Model 1 A+B
1.213) ,EE;BJ L h123) H12B) 'ﬁgkzm '3211%2\3) Model 1 C , Model 1 C 7,
H® Model 2 A
HY, Evy, & D iR, 21{?,% Model 2 B , Model 2 B Z;
HO2 BN 02 poa gl @ty Model 3 , Model 3 7,
H1Y Model 4
H12 HG) Model 5

@ 7, denotes softly broken Z; symmetry in the scalar sector

e if preserved need to be radiatively broken by ¢'? or ¢®) VEVs

JECM, APM, AO, RP, MOPS, JW (L.U.&A.U.)

From Eg-inspired trinification to a L-R symmetric theory

September 7, 2016




Symmetry breaking

Fermion masses

Scalar-fermion terms

Lfemion — plemion 4 pfermion | pfemion (F — terms from the superpotential)

@ No F-term interactions mixing adjoint and fundamental sectors
D-terms

Lf%rmion — \/igu [('L;k)r[l (Ta)lllz (Li)lz rig + (Zl*)rl ; (Ta)rzrl (Li)lrzx?e
—i (,/,(-A,*ij;'_f\j{] + (Z5 permutations) .

Soft SUSY-breaking terms

) 1 ~ o~ ~
L fermion —EMoéah?\ZA’Z—M{,ZSU/,)\ZA/L’ + h.c. + (Z5 permutations) ,

@ The model naturally contains Dirac gaugino mass terms
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Symmetry breaking

# of Weyl spinors (mass)? Fermionic components

81 0 G (1:23) f(1213) ,eﬂ,’\? 3) ’VE;B)

1 U2 C2BupA 4 612) AL =Sy

3 é v%?\z + 2v6vEA g + 6u% AIF'2'3 =T

4 L (VFAZ —4EvrAr iy + 24u1) ALSOT = e,

8 low scale gluinos? ] (Xsc —\/YE+ Zs) Cog AL — Sgg AL = §°

8 L (x84 /v +28) o AL + co, AL = g

2 ﬁ (XLR VY ) ‘917‘21% - SelAi,R =38Lr

2 X (XL’RJ”/Y +7Lz) S0, A8 x + Co, A g = Sitg

6 ~ (XzR Y3 ) ce37\,"'§'3 — vesA]L'ff =Tigr

6 ~ (XzR + ,/Y +2; ) So A R+ cos AR = Tiy

8 i (Xz,R VYR + ZL R) PIALR + P2A] Rk + P3AL R + PaA]k = Tk
8 & (X + ¥+ Z0) B+ DAL+ DA + AR = Tt

@ x% yR and ZR are functions of the theory parameters

@ Massless SM fermions— due to SU(3)g
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Symmetry breaking

Log(uzs\/GeV) par ange

v 10° - 107
- 17.96 07— 107
3 1458 | | 78
2 : M 0o - 107
§ 11.20 M, 0o - 107
% 7.82 gu 0 - 12
h 4.44 A1s —6 - 6

1.06
@ v, M M in GeV
0 2 4 6 8 10 12 14 v, Mg, Mo, pzg in Ge
Log(im .+ mg) @ v~ g

@ Gauge adjoint fermions can also be naturally very light

@ Mass hierarchy up to 15 orders of magnitude
@ Similar for remaining gauge adjoint fermions

@ Red region: My, M}, > v, urg @ Yellow region: My, M| < v, pss
2 2 1 g2 2 2 AMoM?
mg“Hm*M*OMon, m§~4M07£7780,

m L~ AMG A+ 2ME -+ Mg s aMoMf2

mi. ~ ugg + 2ME +
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Final remarks
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@ SHUT model: Es-inspired SUSY T-GUT model containing family SU(3)g

> Solved the multi-TeV lepton mass problem

> Elegantly unified Higgs with leptons, gauge and Yukawa couplings
@ Low scale Yukawa structure radiatively generated (work ongoing)

> Little amount of parameters
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@ SHUT model: Es-inspired SUSY T-GUT model containing family SU(3)g

> Solved the multi-TeV lepton mass problem

> Elegantly unified Higgs with leptons, gauge and Yukawa couplings
@ Low scale Yukawa structure radiatively generated (work ongoing)

> Little amount of parameters

> Accidental U(1)z Baryon symmetry — proton stable at all orders

U(l)w U(1)p

L,L +1 0

O, Q:L -1/2 +1/3

0% Or —1/2 —1/3
GLrcALRC 0 0
ALrcr, ALrCF 0 0
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@ SHUT model: Es-inspired SUSY T-GUT model containing family SU(3)g

> Solved the multi-TeV lepton mass problem

> Elegantly unified Higgs with leptons, gauge and Yukawa couplings
@ Low scale Yukawa structure radiatively generated (work ongoing)

> Little amount of parameters

> Accidental U(1)z Baryon symmetry — proton stable at all orders

U(l)w U()s

L,L +1 0

O, Q:L -1/2 +1/3

0% Or —1/2 —1/3
GLrcALRC 0 0
ALrcr, ALrCF 0 0

@ Several EFT multi-Higgs models to be studied
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