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The flavor puzzle

t/10

ik Why are there 3 fermion families?

i? Why are fermion masses so
hierarchical?

* Why do quarks mix so little... and
leptons so much?

Talk by Gabriela Lichtenstein
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Deconstructing flavor

General idea:
SM embedded in a larger gauge symmetry with a separate factor for each family

[ G = Guniversal X Gl X GZ X G3 ]

The SM Higgs is a 3 family particle: singlet of (1 and (&5, but not of G3

I:> Only the 3 family masses at renormalizable level
> Explain the SM flavor structure with (1) Yukawa couplings

Examples:
* Tri-hypercharge: SU(3). x SU(2)p x U(l)%’/ [ Fernandez Navarro, King, AV ]
. SU(3)C X SU(Q)% X U(l)y [ Li, Ma, Muller, Nandi, Chiang, Deshpande, He, Jiang... ]

« (Pati-Salam)® [ Bordone, Cornella, Fuentes-Martin, Isidori, Pages, Stefanek... ]

e Grand unified models [ Rajpoot, Barbieri, Dvali, Strumia, Babu, Barr, Gogoladze... ] + others
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Tri-unification

{ SU(5)1 X SU(5)2 X SU(5)3 X Z3 ]

* Zg cyclic symmetry

* Enforces a common gauge coupling (at unification scale)

* |Invariance under cyclic permutations: (A,B,C) + (B,C,A) + (C,A,B)

Y Symmetry breaking:  ST(5)% — SM; x SMy x SM
— Guniversal X G1 X G2 X G3
— Guniversal X G142 X G3
— SMi49.13
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Minimal field content

In addition:

bi-representations, messenger fields, ... Field SU(5); SU(5)2 SU(5)s
F 5 1 1
Fy 1 5 1
Fs 1 1 5
T 10 1 1
15 1 10 1
T, 1 1 10
04 24 1 1
92 1 24 1
Q3 1 1 24
H, 5% 1 1
Ho 1 o 1
H, 1 1 5

Note: These are only 4 irreps of the full symmetry group
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Minimal field content

In addition:

bi-representations, messenger fields,

SM fermions
5 :(3, 1)% ®(1,2)_
10 =(3,2)1 & (3, 1)_

1
6

wIN N[

@ (1,

Fy 5 1 1

Fy 1 5 1

. Fs 1 1 5
T, 10 1 1

T 1 10 1

1) Ts 1 1 10
0 24 1 1

Qs 1 24 1
Q5 1 1 24

H, 5 1 1

H, 1 5 1

Hs 1 1 5

Note: These are only 4 irreps of the full symmetry group
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Minimal field content

In addition: -

bi-representations, messenger fields, ... Field SU(5); SU(5)2 SU(5)s

" 5 1 1

Fy 1 5 1

. Fs 1 1 5

SM f >

S ermions T, 10 ) 1

5 :(3,1)% @(1,2)_% 15 1 10 1

10 =(3,2): @ (3,1)_2 ® (1,1), 13 1 1 10

Q4 24 1 1

Scalars in the adjoint —» o 1 24 1

Breaking of SU(5)° and SM? Q3 1 1 24

H, 5 1 1

Hy 1 5 1

Hs 1 1 5]

Note: These are only 4 irreps of the full symmetry group
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Minimal field content

In addition:

bi-representations, messenger fields, ... Field SU(5)1 SU(5)2 SU(5)3
Fy 5 1 1
Fy 1 5 1
) ?M fermions > % 110 1 i
5=(3,1)1 ®(1,2)_1 T, 1 10 1
10 =(3,2): @ (3,1)_2 ® (1,1), 13 1 1 10
4 24 1 1
Scalars in the adjoint —» o 1 24 1
Breaking of SU(5)° and SM? Q3 1 1 24
Hy 5% 1 1
Higgs doublets > Ho 1 5 1
Hj; 1 1 5%

Only H3 in most non-universal theories
7.3 breaking to get a light Hs

Note: These are only 4 irreps of the full symmetry group
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A complete model

Guniversal — SU(S)C X SU(2)L

Gi1 XG2 XGs3=UQ)y;, XxUQ)y, X U(1)y, y
\_

Tri-hypercharge

* Symmetry breaking:

SU(5)% Z2¥% SM; x SMy x SM3
M SU(3) 14248 X SU(2) 14043 x U(1)1 x U(1)2 x U(1)3
—12 SU(3)142+43 X SU(2)14243 x U(1)142 x U(1)3
285 SU(3) 14243 X SU(2) 14943 X U(1) 14943
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A complete model

* Higgs fields: Field SU(5); SU(5)2 SU(5)3

Y 5 1 1
Up Higgses ——» HY 1 5 1
HY 1 1 5
H? 5 1 1
‘Down’ Higgses ——» K5 1 5 1
HS 1 1 5
H 45 1 1
d-quarks and charged leptons ——— [45 1 45 1
splitting via Georgi-Jarlskog factor H45 1 1 45
Three pairs of doublets below MayuT MHg@ < MH;"d < MH’f’d
u,d u,d u,d U
; ) ) (¥
Hy" Hy'™ Hi :> tanﬁz—?zlz%
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A complete model

i\( Bi-representations:

oL, 5 5 1
X 5 1 5
oL, 1 5 5
o1, 10 10 1
o1, 10 1 10
o1, 1 10 10

“Hyperons”
Pg12 ~ (1,1)(—1/6,1/6,0) Pg23 ~ (1,1)0,—1/6,1/6) Pr23 ~ (1,1)(0,1/2,—1/2)

Pq13 ~ (1,1)(~1/6,0,1/6) Pe13 ~ (1,1)(1/2,0,—1/2)

* Spontaneous breaking of individual hypercharges Embedding
* Generate the SM flavor structure Eor instance:

%12 ~ (1, 1)(—1/6,1/6,0) - (I’1T2 ~ (Ea 10, 1)

Dublin 2024 Avelino Vicente - Tri-unification



A complete model

* Messenger fields:

Y1 10 1 1
Ya 1 10 1
Y3 1 1 10

(Vector-like fermions)

* Provide UV-complete theory by mediating the effective operators behind the
SM flavor structure

* The heavy Higgses also act as messengers

Embedding
For instance:

@1~ (3,2)1/6,0,0 C x1 ~ (10,1,1)
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GUTs checklist

* Low-energy theory
 Gauge coupling unification
* Proton decay

™
A
A
A
™~
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Low-energy theory

174 GeV O(5 TeV) O(50 TeV) O(10'°GeV) O(10Y"GeV) E
| 5 I 5 I | | a
USM U(3) V23 U(2) V12 Vg\3 UGUT
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Low-energy theory

174 GeV O(5 TeV) O(50 TeV) O(10'°GeV) O(10Y"GeV) E
USM U(3)5 V23 U(2)5 V12 I (USIVE UGUT
M ppu.a ~ O(10* TeV)

u,d
Heavy @i, Hy’s Mu.a ~ O(100 TeV)
Mg, ~ O(100 TeV)
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Low-energy theory

174 GeV O(5 TeV) O(50 TeV) O(10'°GeV) O(10Y"GeV) E
UsMm U(3)5 U923 U(2)5 V12 I (USSVE UGUT
M ppu.a ~ O(10* TeV)

u,d
Heavy @i, Hy’s Mu.a ~ O(100 TeV)
Mg, ~ O(100 TeV)

[ Fernandez Navarro, King, 2023 ]

Tri-hypercharge at low (intermediate) energies [ Fernandez Navarro, King, AV, 2024 ]

[ SU(3). x SU(2), x U(1)y, x U(1)y, x U(1)y, ]
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Low-energy theory

Generation of SM flavor structure buiz ;f’d
(with O(1) Yukawa couplings) AN o
u’d \v/
¢qi3 Hg :
: : Hu7d | v
| | ¢£23 3 |
| I \\ // X
| | \\ // :
> I —_— ! > \\ // | U d
@ Qs Qs s H;
|
|
|
I u.d | I .
’ c c .C
: H2 q;, El Uy, dz =
¢q12 [
; X
| |
: H
| |
. .
91 Q- Q2 Ug, Gy
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Low-energy theory

Generation of SM flavor structure A~ 0.224
: . Wolfenstein
(with O(1) Yukawa couplings) Darameter

(Pq23)  y2 (Pq13)  y3 (De23) 3 (Pq12) (Pe23) 6

~Y -

My, Mg, MH;,d Mg, MH?,d
LD Dt A6\t )3 Moo o0

My= AT X 2N oguy Ma= A X X2 Nogy Me=|0 X 0] Nogu
AN 1 AN 1 0 0 1

* Correct mass hierarchies
* Small quark mixing
e Lepton mixing from neutrinos (in backup)
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Gauge coupling unification

Discontinuities due to matching
conditions 60

"~y |
For instance In vWv wqyy,
) ) ) 50t 6| ==
Qy,, T Oy = Qy W
401 U(1) 5t
at ?}23 — 5 TeV — ~ Yi2
| o
Unification achieved with ‘light’ 3
(~ 100 TeV) color octets
@’i ~ (87 17 O)’L

(from cyclic 24)

1 1 1 1 1 1 1 1 A
Approximate Z3 at low energies 5 1 6 3 10 19 14 16
(exact at the unification scale) 10 10 10 10 10 10 10 10~

Js1 & s & Js3 ~ V3gs at Vs 1 |GeV] |

& 1016 |
Unification fully compatible with flavor vgpz = 6-107° GeV
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Gauge coupling unification

60 F :
B veys =5 - 10 GeV || T vy = 4 - 1017 GeV
50
40}
— — —

léjs 30 -/m\ - SU(2)
20 F SU(3) - SU(3)
10F UMW, U(1)y, 2 - Ux U(l)y, —

102 10* 10 10® 10' 10™ 10™ 10%10%2 10* 10° 10® 10 10'%2 10™ 10'6

p |GeV] p |GeV]
How low can we deconstruct SU(3). x SU(2).? No intermediate SM? scale
Very low unification scale: proton decay! Very high unification scale
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Proton decay

Proton decay mediated by gauge

leptoquarks in SU(5)? 5-10MF
#LQs = 3 x #LQs in standard SU (5) -
- 1017 E
However, 2" and 3" family LQs - :
couple to 1%t family fermions only % [
via mixing @) I
4 = g A
Tp BT, = 2mX 3 16
P agyuTmy § 107 ¢
E MGUT < (RIVE:
Excludes SM?® intermediate scale - v
below -
~3-10" GeV i
1
15 16 17 17
Futur_ek . Excluded by 10 10 10 o 10
Hyper-Kamiokande Super-Kamiokande
@ 90% CL @ 90% CL Usm3 [GGV]
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Proton decay

vgms = Mgut

Proton decay mediated by gauge 104 ¢
leptoquarks in SU(5)?
10%0}
#LQs = 3 x #LQs in standard SU (5)
E‘ 1039 i
However, 2" and 3" family LQs 3
couple to 1%t family fermions only >y 10%8 ¢
via mixing =
\ = 1037 i
m +
Ty A TOPP = X L 36
A g urmy 0 10°° |
~ - HK @90% CL
Excludes SM? intermediate scale g 107"
below ) 103 |
~ 3-10'° GeV Excluded by
0% SK @90% CL
101 1010 101" 5.10"
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Proton decay

vgms = Mgut

Proton decay mediated by gauge 104
leptoquarks in SU(5)?
10%0}
#L.Qs = 3 x #LQs in standard SU(5)
E‘ 1039 i
However, 2" and 3" family LQs 3
couple to 1%t family fermions only >y 10%8 ¢
via mixing e
) = 1037 i
m +
Tr Tapp = X L 36
A g urmy 1 10°° |
~ - HK @90% CL
Excludes SM? intermediate scale g 107"
below ) 103 |
~ 3-10" GeV Excluded by
0% | SK @90% CL
Model probed in proton decay searches 10% 10 10" 5.10%
Although large regions of the parameter space beyond Vg3 [GeV]

any foreseen experiment
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Take-home messages

Flavor deconstruction is a successful way to generate the
flavor structure of the SM

Tri-unification is a flavor deconstructed grand unified theory
based on the symmetry

SU(5)1 X SU(5)2 X SU(5)3 X 7.3

7,/‘3 Explains mass hierarchies and mixings
i\\? Unifies the gauge couplings at high energies
ﬂ? Can be probed by proton decay experiments
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Backup slides



Fi 5 1 1
F5 1 5 1
Fy 1 1 5
T 10 1 1
15 1 10 1
T, 1 1 10
Y1 10 1 1
Y2 1 10 1
Y3 1 1 10
= 1 1 1
=19 5 5 1
=13 5 1 5
Zo3 1 5 5
Eatm 1 10 ﬁ
Zsol 10 1 ﬁ
chchc 10 E 1
04 24 1 1
Qs 1 24 1
(3 1 1 24

HY 5 1 1
HY 1 5 1
HY 1 1 5
H? 5 1 1
HS 1 5 1
H3 1 1 5
HF 45 1 1
HP® 1 45 1
H® 1 1 45
L, 5 5 1
X 5 1 5
Ly 1 5 5
1, 10 10 1
P15 10 1 10
ol 1 10 10
oL 1 45 45
o2 45 1 45
oL 45 45 1
QrET 10 5 10
QL 5 10 10
PITE 10 10 5




Neutrino masses

=0 1 1 1
New messenger fields » 12 0 ; 1
=13 53 1 o
Eo3 1 5 5
>atm 1 10 10
Right-handed neutrinos > Yool 10 1 10
Zcyclic 10 E 1
o2 1 45 45
oL 45 1 45
New bi-representations > (1)41125 45 45 1
(new hyperons) oTET 10 5 10
R 5 10 10
More economical implementation in e 10 10 5

[ Fernandez Navarro, King, AV, 2024 ]
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Neutrino masses

Dublin 2024

Hy Gu32; Pusl
| | Only 2 RH neutrinos
! | are light (TeV
A A / ight (TeV)
- y .
f3 50 fO Na,tma Nsol
1 1 A 02
m, ~mpMy'mp~|[ 1 1 1 023%
A1 1 3

Type-I seesaw mechanism

Correct lepton mixing + a massless neutrino
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Phenomenology

[ Fernandez Navarro, King, AV, 2024 ]

All new particles are too
heavy to be probed directly

FCNCs from heavy Z’ bosons

VL fermions may induce large
(but acceptable) contributions to q
meson mixing via boxes 3

General (model-independent)

bounds: B ATLAS + CMS dilepton
. B ; EW parameter
Model 2

* Dilepton tails at the LHC

8 10

* Modification of EW precision observables

My [TeV]

/
23
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