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1'he flavour puzzle

1 A
tanfyy ~ 1, tanfy ~ — , 075 ~ —, Voo~ A, Vg ~ A2, Vi ~ A7

\/57 13 \/57

where vgn >~ 246 GeV and 2 A~ sinfo ~ 0.224 ?

* 'T'hree fermion families are 1dentical (replicated) objects under the
SM symmetry, yet they interact so ditferently with the Higgs

family —p-
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1'he flavour puzzle

1 A
tanfyy ~ 1, tanfy ~ — , 075 ~ —, Voo~ A, Vg ~ A2, Vi ~ A7

\/57 13 \/57

where vgn >~ 246 GeV and 2 A~ sinfo ~ 0.224 ?

* 'T'hree fermion families are 1dentical (replicated) objects under the
SM symmetry, yet they interact so ditferently with the Higgs

family —p-

| Family (gauge) structure hidden at high energies? ',
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Ir-hypercharge: an example of flavour deconstruction

e Flavour deconstruction: SM 1s embedded 1n a gauge symmetry that contains a separate factor for each

fermion family: [Salam 79’, Rajpoot 81, Li and Ma 81’, Georgi 82’ ...

Bordone et al 17°, Greljo and Stefanek 18’,
Guniversal X Gl X GQ X Gg Fuentes-Martin et al, 20’, Davighi and Isidori 23’ ...]

See more in Joe Davighi’s talk tomorrow!
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Ir-hypercharge: an example of flavour deconstruction

e Flavour deconstruction: SM 1s embedded 1n a gauge symmetry that contains a separate factor for each
fermion famlly: [Salam 79’, Rajpoot 81, Li and Ma 81’, Georgi 82’ ...
Bordone et al 17°, Greljo and Stefanek 18’,
Guniversal X Gl X GQ X Gg Fuentes-Martin et al, 20’, Davighi and Isidori 23’ ...]

. See more in Joe Davighi’s talk tomorrow!
A simple example:

YsMu=Y =Y + Yy + Y3

”e 2 C 0 C » Light families are massless 1n first approximation:
: 1 2 3
Field U(l)y@ c - - ) ) )
as 1/6 ! : ] L = yrqsH3us + ypqs Hsds + y- L3 Hzes
ug —2/3 1 < 3 +h.c.
d§ 1/3 el es es
0 1 g
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Ir-hypercharge: an example of flavour deconstruction

e Flavour deconstruction: SM 1s embedded 1n a gauge symmetry that contains a separate factor for each
fermion famlly: [Salam 79’, Rajpoot 81, Li and Ma 81’, Georgi 82’ ...
Bordone et al 17°, Greljo and Stefanek 18’,
Guniversal X Gl X GQ X Gg Fuentes-Martin et al, 20’, Davighi and Isidori 23’ ...]

. See more in Joe Davighi’s talk tomorrow!
A simple example:

[SUG). x SUC)L x Uy, x Uy, x Uy | —b Yem=Y =Yi+ ¥+

. U us U » Light tamilies are massless 1n first approximation:
Field U(l)y@ c c C
Y . . ) =ty ug
uf —2/3 L : +h.c.
d 1/3 €1 €5
b —1/2 » Lype 11 2HDM can take care of my - /m;
es 1 hierarchies via

tan B = vy, /g =~ A% ~ 20
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In-hypercharge: EF 1

s
ds | H
ds

0
Lo= (1 ¢ ¢3) 0

XN
AR

R
o OO

0
0
0

I 1 I 1
e E.go qH $ds ~ (0, 5 2) and g2HSd5 ~ (0, G _6) are torbidden by tri-hypercharge (gauge) symmetry
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In-hypercharge: EF 1

~ 0 };
,Cd — (Q1 q> QB) A2 AQ 2 Hg
~ () 1 3

Ay Ag

1 I 1
e E.g ¢H &ds ~ (0, =, 2) and g2HSd5 ~ (0, G _6) are torbidden by tri-hypercharge (gauge) symmetry

| and

* Add “23 hyperons”
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In-hypercharge: EF 1

Dr12 Dq12 Dg12
Al Al Al AQ Al AQ pre
x 1
La= (1 g2 ¢3 Pesz Pq12 ds | HS
( iy AL A As As i)
¢q12 1
A% Af Ao As
1 1 1 1
e E.g qHSdS ~ (0, X 2) and q2HSd5 ~ (0,~,—=) are forbidden by tri-hypercharge (cauge) symmetry

* Add “23 hyperons”

e Add “12 hyperons”
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In-hypercharge:
Dr12 Dq12 Dg12

Al Al Al AQ Al AQ C
x 1
La= (01 g2 g3 Pesz Pq12 | HY
( v vai ol vl el
¢q12 1
A% Af Ao As
g 1 1 4 e 1 . .
o E.g qH3d5 ~ (0, X 2) and q2H3zd3 ~ (0, —, ——) are forbidden by tri-hypercharge (cauge) symmetry

* Add “23 hyperons”

e Add “12 hyperons”

* When these four hyperons (scalars) get VEVs, SM flavour structure 1s dynamically generated (also

in up and charged lepton sectors) | o |
Neutrino masses and mixings also included =——% Please ask!
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In-hypercharge:
Dr12 Dq12 Dg12

Al Al Al AQ Al AQ C
x 1
La= (01 g2 g3 Pesz Pq12 | HY
( v vai ol vl el
¢q12 1
A% Af Ao As
g 1 1 4 e 1 . .
o E.g qH3d5 ~ (0, X 2) and q2H3zd3 ~ (0, —, ——) are forbidden by tri-hypercharge (cauge) symmetry

* Add “23 hyperons”

Heavy messengers needed for As! |

e Add “12 hyperons”

* When these four hyperons (scalars) get VEVs, SM flavour structure 1s dynamically generated (also

in up and charged lepton sectors) | o |
Neutrino masses and mixings also included =——% Please ask!
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In-hypercharge: UV-complete models

Model 1

Field U(l)y, U(l)y, Uy, SU®3).x SU2).
Hy 0 0 +1/2 (1,2)
¢CJ12 '1/6 1/6 0 (]—7 1)
O, -1/2 1/2 0 (1,1)
¢C]23 0 '1/6 1/6 (17 1)
¢€23 0 _1/2 _1/2 (17 1)
U  -1/6  -1/2 0 (3,1)
Uz -1/6 0 1/2 (3,1)
Ups 0 -1/6  -1/2 (3,1)
Dy -1/6  1/2 0 (3,1)
Dz -1/6 0 1/2 (3,1)
Doy 0 1/6 1/2 (3,1)
Eia  1/2 1/ 0 (1,1)
Fis  1/2 0 1/2 (1,1)
By 0 12 1/2 (1,1)

» Completion via SU(2)-singlet VL fermions

» Most simple scalar sector and potential

H

Ge23
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In-hypercharge: UV-complete models

Model 1 Model 2
Field U(l)yl U(l)y2 U(l)Yg SU(S)C X SU(Z)L Field U(l)yl U(l)y2 U(l)Y3 SU(S)C X SU(Q)L
HY 0 0 +1/2 (1,2) H 0 0 +1/2 (1,2)
HY 0 —1/2 0 (1,2)
-1/6 1/6 0 1,1 2
oo a0 gm  _H o 0 0 02
Pgos 0 -1/6 1/6 (1,1) Pq1> -1/6 1/6 0 (1,1)
¢€23 0 _1/2 _1/2 (17 1) ¢€12 '1/2 1/2 0 (]—7 1)
Q ¢ 2 0 _1/6 1/6 (17 1)
U -1/6 -1/2 0 3,1 23
Uﬁ -1?6 0/ -1/2 Eﬁ 13 Ptas 0 -1/2 1/2 (1,1)
Uss 0 1/6  -1/2 (3,1) U, -1/6  -1/2 0 (3,1)
= Us — -1/6 0 1/2 (3,1)
D -1/6 1/2 0 e
Dii —1?6 (/) 1/2 g B Uas 0 -1/6 - -1/2 (3,1)
Dos 0 18 e (3,1) » Minimal number ot degrees of freedom and
Eip  1/2 1/2 0 (1,1) representations
Fi3 1/2 0 1/2 (1,1)
B3 0 1/2 1/2 (1,1) » Diagonal down-quark and charged lepton

» Completion via SU(2)-singlet VL fermions

» Most simple scalar sector and potential

H

Ge23

>
q2
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In-hypercharge: UV-complete models

Model 1 Model 2
Field U(l)yl U(l)y2 U(l)Yg SU(S)C X SU(Z)L Field U(l)yl U(l)y2 U(l)Y3 SU(S)C X SU(Q)L
HY 0 0 +1/2 (1,2) H 0 0 +1/2 (1,2)
HY 0 —1/2 0 (1,2)
-1/6 1/6 0 1,1 2
oy VU S i NS N S N B 1Y
D 0 1/6 1/6 (1,1) boy  -1/6  1/6 0 (1,1)
¢€23 0 _1/2 _1/2 (17 1) ¢€12 _1/2 1/2 0 (17 1)
— & 0 -1/6 1/6 (1,1)
U -1/6 -1/2 0 3,1 23
Uﬁ -1?6 0/ -1/2 Eﬁ 13 Ptas 0 -1/2 1/2 (1,1)
Uss 0 1/6  -1/2 (3,1) U, -1/6  -1/2 0 (3,1)
_ = Us — -1/6 0 1/2 (3,1)
SO o Uss 0 -1/6  -1/2 3,1)
Dos 0 18 e (3,1) » Minimal number ot degrees of freedom and
Eip  1/2 1/2 0 (1,1) representations
F13 1/2 0 1/2 (1,1)
B3 0 1/2 1/2 (1,1) » Diagonal down-quark and charged lepton

» Completion via SU(2)-singlet VL fermions

» Most simple scalar sector and potential

H

Ge23

>
q2

Dos

Da3

d;

mass matrices

Ge23

d
HS

Model 3
Ul)y, Uy, U(l)yy SU@B)exSU(2)L
Hy 0 0 +1/2 (1,2)
HY 0 +1/2 0 (1,2)
H" 4172 0 0 (1,2)
gbqu '1/6 1/6 0 (17 1)
¢CI13 _1/6 0 1/6 (17 1)
¢Q23 0 '1/6 1/6 (17 1)
bp12 -1/2 1/2 0 (1,1)
bors  -1/2 0 1/2 (1,1)
Pr23 0 -1/2 1/2 (1,1)
Q1 1/6 0 0 (3,2)
Q> 0 1/6 0 (3,2)
Qs 0 0 1/6 (3,2)

» Same matter under each hypercharge

» Pheno safe (minimal breaking of U(2)°)

» SU(2)-doublets VL. quarks

¢q23

u,d
HS

C C
ug, ds
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Model 1 spectrum

ol Pr12 P23 . g g2 D23 ol 4 DPqi2 Pg23 Yu=Yad=uD=U) Ye=Yod=eq=4LD=E)
Mp,, Mp,, Mp,, Mp,, Mp,, Mp,,
Yo = d b1z Ggi2 Pras d Ge23 d P q23
Co1 Mp.. M. Mp.. 2 3 23 3
~ 0 ~ C33
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Model 1 spectrum

Yo =Yy(d — u,D—U)

Cclil ¢£12 §b€23 06112 ¢q12
]yli)13 ]V1i)12 ]y[i)13
Yq = Cgl Ge12 Pqi12 ng
MD12 MD13
~ () ~ 0

»Fit SM flavour structure via three naturally small parameters

(includes also up-quarks and charged leptons):

%

ms

Y.=Yyd—e,q—¢,D— F)
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Model 1 spectrum

Yo =Yy(d — u,D—U)

d Pr12  Pe23 d Pq12
11 12
Mp,, Mp,, Mp,,
Yg = g P2 Pgi2 q
Ca1 Ca9
Mp,, Mp,,
~ () ~ ()

»Fit SM flavour structure via three naturally small parameters

(includes also up-quarks and charged leptons):

ms Vb (P12)

— = , sinf, = — = ~ )\
ms Voo  Mi213

Y.=Yyd—e,q—¢,D— F)
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Model 1 spectrum

Yo =Yy(d — u,D—U)

d Pr1i2 P23 d Pq12
11 12
Mp,, Mp,, Mp,.,
Yq = d Gr12 Pq12 .
21 22
Mp,, Mp,,
~ () ~ ()

»Fit SM flavour structure via three naturally small parameters

(includes also up-quarks and charged leptons):

m V.,
ms Voo  Mi213

i (P12)  (P23) <)\ = (P23) ~ \4

ms  Mio 13 Mi2.13 Mis13

Y Y Y

Y.=Yyd—e,q—¢,D— F)
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Model 1 spectrum

d Pr1i2 P23 d Pq12
11 12
Mp,, Mp,, Mp,.,
Yq = d Gr12 Pq12 .
21 22
Mp,, Mp,,
~ () ~ ()

»Fit SM flavour structure via three naturally small parameters

(includes also up-quarks and charged leptons):

m V.,
— = sing, = 2w {912)
ms Voo  Mi213

i (P12)  (P23) <)\ = (P23) ~ \4

ms3  Miz13 Mi2.13 Mi2 13

Mario Fernandez Navarro
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Model 1 spectrum

Yo =Yy(d — u,D—U)

d Pr1i2 P23 d Pq12
11 192
Mp,, Mp,, Mp,.,
Yq = g P2 Qg2 q
Ca1 Ca9
Mp,, Mp,,
~ () ~ ()

»Fit SM flavour structure via three naturally small parameters

(includes also up-quarks and charged leptons):

mi _ (¢12) (¢23) NN (P23) _ ya4
ms3  Miz13 Mi2.13 Mi2 13

»Fixed relation between VEVs is predicted:

5

~ \° =~ 0.01 | m——p Highly non-generic

SU(S)C X SU(Q)L X U(l)yl X U(l)y2 X U(l)y3
{ O(1000 TeV)
SU(S)C X SU(2)L X U(l)Y125Y1—|—Y2 X U(l)ys

* O(10 TeV)

SU(3)e x SU2)L X U(l)y=y;+v,+vs

174 GeV

Y.=Yyd—e,q—¢,D— F)

Spectrum up to (1) variations

MU12,13,D12,13,E12,13

U12 ~~ <¢q12>7 <¢€12>7 MU23,D23,E23

va ~ (dga3), (drz)

USM <Hu,d>
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Phenomenology

SU(B)C X SU(Q)L X U(l)yl X U(l)y2 X U(l)y3
”U_1§ SU(S)C X SU(Q)L X U(]‘)Yl‘I‘YQ X U(l)yg —+ ZiQ
7£§ SU(B)C X SU(Z)L X U(l)Y1+Y2+Y3 T ZéS T ZiQ
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Phenomenology

SU3)e x SU2), x U(l)y, x U(1)y, x U(1)y, ) Z4 is lighter and protected by accidental U(2)° symmetry
28 SU(3)C X SU(Q)L X U(l)yﬁ_yz X U(l)yg + ZiQ
= SU(B)C X SU(Q)L X U(l)Y1+Y2‘|‘Y3 T ZéS T ZiQ
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Phenomenology

SUBB)e x SU2), x U1y, x U(1)y, x U(1)y, » Zbs is lighter and protected by accidental U(2)° symmetry

U1 / e 'lested by dilepton tails at hadron colliders or EWPOs

= SU@)e x SUR)L x Uyi 4y, x ULy + 20 (independent of UV-completion) - bounds of order TeV

V2 / /

= SU3)e x SUR2)L X U(L)yy+va+vs + Zo3 + Z15 oy — 92192 2 oy — 921293 0,36 (M)
Vi + g5 V912 + 93

20 T
1.5

B ATLAS + CMS dilepton ||

BB - B, mixing
1.0 =5 )
gs
_____ 9= = =0
IR U
2 4 0 3 10
[see EW global fit and FCC-ee projections in Davighi and Stefanek, 2305.113344] M Zé = [TGV]
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https://arxiv.org/abs/2305.16280

Phenomenology

SUBB)e x SU2), x U1y, x U(1)y, x U(1)y, » Zbs is lighter and protected by accidental U(2)° symmetry

U1 / e 'lested by dilepton tails at hadron colliders or EWPOs

= SU@B)e x SUR)L x U)yity, X Ul)ys + 21 (independent of UV-completion) - bounds of order TeV

V2 / /

= SU3)e x SUR2)L X U(L)yy+va+vs + Zo3 + Z15 oy — 92192 2 oy — 921293 0,36 (M)
\/91 92 \/912 + 03

» Z15 is heavier and tested via FCNCs sensitive to the different

complete models - bounds typically beyond 100 TeV 2.0
Model Observable Mediator Bound (TeV) 1.9 U
K — K (Re) Z!, My /g1 > 340 x |Re {Z Z} | R ATLAS £ CAIS dilcpron |
) 12 Coo Coo : B B, — B, mixing
. K-K(m)  Z, Mg, /g >3-10°x |Im |GG 1.0 = J
Ziy Mg,/ > 30 X [cfa/c5,| 93
ILL % 6/‘)/ / 2 & (& & *
Za3 Mz /93 > 8 X |yé2(Y6sy1s) "] N g—g—gs =iy
nw—3e AP Mz, /g1 > 30 X |¢f5/ 5]
o D — D (Re) Z1 Mz /g1 > 150 x |Re zgi zi B N
D — D (Im) Ziy Mg, /g1 > 500 x [Im | 52 & )
' ' 2 4 0 3 10
[see EW global fit and FCC-ee projections in Davighi and Stefanek, 2305.113344] M Zé = [TGV]

Mario Fernandez Navarro Flavour deconstruction and gauge unification


https://arxiv.org/abs/2305.16280

“Deconstructed” GUI?

* Gauge sector of flavour deconstructed models may contain up to 9 gauge couplings:

SUB)e x SU2), xU(l)y, xU(1)y, x U(1)y, [This talk]

[Li and Ma, PRL 81’; Muller and Nandi, hep-ph/9602390 ...
SUB)e x SU(2)p1 x SU((2)p2 x SU(2)r.3 x U(l)y  Chiang et al, 0911.1480; Allwicher et al, 2011.01946;
Davighi et al 2312.13346; Capdevila et al, 2401.00848 ...]
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“Deconstructed” GUI?

* Gauge sector of flavour deconstructed models may contain up to 9 gauge couplings:

SUB)e x SU2), xU(l)y, xU(1)y, x U(1)y, [This talk]

[Li and Ma, PRL 81’; Muller and Nandi, hep-ph/9602390 ...
SUB)e x SU(2)p1 x SU((2)p2 x SU(2)r.3 x U(l)y  Chiang et al, 0911.1480; Allwicher et al, 2011.01946;
Davighi et al 2312.13346; Capdevila et al, 2401.00848 ...]

* “Deconstructed” theories seem to preserve an approximate Z (cyclic permutation symmetry) relating the
three sites (1.e. approx. same matter content under the three sites):

L_10) (50-1) (04,—2 (1,0,00 +;00,2,00 ,,(0,0,1) —5,%,00 ~(—5,0,3) (0 6:3)
» E.g {gbém )v 213 )v 223 )} 1, , H  Hy ! {D Dis D2 J
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“Deconstructed” GUI?

* Gauge sector of flavour deconstructed models may contain up to 9 gauge couplings:

SUB)e x SU2), xU(l)y, xU(1)y, x U(1)y, [This talk]

[Li and Ma, PRL 81’; Muller and Nandi, hep-ph/9602390 ...

SUB)e x SU(2)p1 x SU((2)p2 x SU(2)r.3 x U(l)y  Chiang et al, 0911.1480; Allwicher et al, 2011.01946;
Davighi et al 2312.13346; Capdevila et al, 2401.00848 ...]

* “Deconstructed” theories seem to preserve an approximate Z (cyclic permutation symmetry) relating the
three sites (1.e. approx. same matter content under the three sites):

1

%7_%70 %707_% 0,5,—3 (2700) (07270) (0072) 6’2’0) (— ’2) (O 2)
» E.g. {gbém )v 213 )v 223 )} U, , H , H 7 {D D1 s J

» It Zs 15 exact at very high energies, then:

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

[Salam 79’°, Rajpoot 81°, Georgi 82’,
de Rujula, Georgi, Glashow 84’, SU(3), X SU(3); X SUQB)p X Z; ... ]

with Zs3 permuting the three SU(5), contains a single gauge coupling in the UV.
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“Deconstructed” GUI?

* Gauge sector of flavour deconstructed models may contain up to 9 gauge couplings:

SUB)e x SU2), xU(l)y, xU(1)y, x U(1)y, [This talk]

[Li and Ma, PRL 81’; Muller and Nandi, hep-ph/9602390 ...

SUB)e x SU(2)p1 x SU((2)p2 x SU(2)r.3 x U(l)y  Chiang et al, 0911.1480; Allwicher et al, 2011.01946;
Davighi et al 2312.13346; Capdevila et al, 2401.00848 ...]

* “Deconstructed” theories seem to preserve an approximate Z (cyclic permutation symmetry) relating the
three sites (1.e. approx. same matter content under the three sites):

1

%7_%70 %707_% 0,5,—3 (2700) (07270) (0072) 6’2’0) (— ’2) (O 2)
» E.g. {gbém )v 213 )v 223 )} U, , H , H 7 {D D1 s J

» It Zs 15 exact at very high energies, then:

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

[Salam 79’°, Rajpoot 81°, Georgi 82’,
de Rujula, Georgi, Glashow 84’, SU(3), X SU(3); X SUQB)p X Z; ... ]

with Zs3 permuting the three SU(5), contains a single gauge coupling in the UV.

v Deconstructed GU'ls may be the origin ot low energy flavour deconstructed models.
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SU(5)°: an explicit example

e Note that the model must have the same matter under each site.

Fy 5 1 1
Fy 1 5 1
Iy 1 1 5
T, 10 1 1
T, 1 10 1
T, 1 1 10
0O, 24 1 1
0, 1 24 1
05 1 1 24
H, 5 1 1
H, 1 5 1
Ho 1 1 5

+ hyperons and VL fermions of tri-hypercharge model 3

Mario Fernandez Navarro
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SU(5)°: an explicit example

e Note that the model must have the same matter under each site.

* An example: embedding tri-hypercharge at the GUT scale into SU (5)".

Fy 5 1 1 9

F 1 5 1 SU(5)

F 1 1 5 .

Ti 10 1 1 % SU(3)1_|_2_|_3 X SU(2)1_|_2_|_3 X U(l)l X U(l)g X U(l)g
T 1 10 1 v

T, 1 1 10 = SU(3)14243 X SU(2)1424+3 X U(1)142 x U(1)3
0 24 1 1 v23

Q; | o4 | /SU(3)123><SU(2)123><U(1)123.

(23 1 1 24

H, 5 1 1

H 1 5 1

Hj) 1 1 5 Can do both diagonal and vertical symmetry

breaking thanks to cyclic symmetry

+ hyperons and VL fermions of tri-hypercharge model 3

Mario Fernandez Navarro Flavour deconstruction and gauge unification



Example of gauge coupling unification

* Discontinuities due to gauge couphng 60
matching conditions:
~1 ~1 ~1 00
Qy,, +ay, = ay (v23) N 97
P =
A7
1, -1 ~1
Qy, + oy, = oy, (v12) 40
\a
.~ 30
~1 ~1 ~1 ~1 S

as,L,l T as,L,2 T &S,L,S — as,L(USM3)

Mario Fernandez Navarro
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Example of gauge coupling unification

* Discontinuities due to gauge couphng
matching conditions:

ay,, + 0y, = ay (v23) g
1 1 1 C 4r
Oéyl + OKY2 — OéY12 (”012)
A
| <
1 1 1 1 S

Oés,L,l + as,L,2 T QS,L,S — O L(USMS)

?

VL quarks Q. help bend SU(2).

e (Colour octet ©; ~ (8,1,0); from cyclic 24
at v19 scale to bend SU(3) (non-SUSY).

e (Gauge couplings approximately “run the same”
thanks to approximate Zs at low energies,
which becomes exact at high energies.

Mario Fernandez Navarro

107

10

10°

10 10' 10* 10'* 10% 10'®
p | GeV,

Flavour deconstruction and gauge unification



Example of gauge coupling unification

* Discontinuities due to gauge couphng
matching conditions:

04;112 -+ Oé}_/gl — O{;/l (2}23) N 922
—1 —1 —1 C A
Oéyl —|—OKY2 — OéY12 (”012)
|
| <
—1 —1 —1 —1 d

Oés,L,l + as,L,2 T QS,L,S — O L(USMS)

?

VL quarks Q. help bend SU(2).

e (Colour octet ©; ~ (8,1,0); from cyclic 24
at v19 scale to bend SU(3) (non-SUSY).

e (Gauge couplings approximately “run the same”
thanks to approximate Zs at low energies,
which becomes exact at high energies.

107

10

10°

1

0° 10'° 10'“ 101016 1018
9 [GGV] /) ~1 ~1

Xy r1 2010~ Qg1 3
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Oés,L,l + as,L,2 T QS,L,S — O L(USMS)

Example of gauge coupling unification

* Discontinuities due to gauge couphng 60
matching conditions:

—1 —1 —1
yis ™ Yy; = Yy CUZS) OV — i
e
47
—1 —1 —1
Qy, + oy, = oy, (v12) 40
|
|« 30
—1 —1 —1 —1 S

| 20

VL quarks Q; help bend SU(2).

Colour octet ©; ~ (8,1, 0); from cyclic 24

at v19 scale to bend SU(3) (non-SUSY). 102 104 106 108 1010 1012 1014,016 1018
Gauge couplings approximately “run the same” GUT scale Iy [GGV] 1
thanks to approximate Zg3 at low energies, Po L1 ™ Y L2 s L3
which becomes exact at high energies. *

MauT >~ 5 X 1017 GeV =3 [.ower if we consider intermediate scale (ask!)

Mario Fernandez Navarro Flavour deconstruction and gauge unification 10



Take home messages

v A simple option for flavour deconstruction is the tri-hypercharge group:
SU@B)e x SU2), xU(l)y, xU(1)y, x U(1)y,

e [ranslates SM flavour structure into three simple and correlated NP scales that carry
meaningtful pheno. The lowest scale may be close to 'leV.
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Take home messages

v A simple option for flavour deconstruction is the tri-hypercharge group:
SU@B)e x SU2), xU(l)y, xU(1)y, x U(1)y,

e [ranslates SM flavour structure into three simple and correlated NP scales that carry
meaningtful pheno. The lowest scale may be close to 'leV.

* However, lavour deconstructed theories may contain up to 9 gauge couplings.
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Take home messages

v A simple option for flavour deconstruction is the tri-hypercharge group:
SU@B)e x SU2), xU(l)y, xU(1)y, x U(1)y,

e [ranslates SM flavour structure into three simple and correlated NP scales that carry
meaningtful pheno. The lowest scale may be close to 'leV.

* However, lavour deconstructed theories may contain up to 9 gauge couplings.

 Thisis solved it they arise from GU'l' “deconstructed” tframeworks where the three sites are
related by a cyclic permutation symmetry, leading to a single gauge coupling in the UV.

* One example of this is: SU(5)1 x SU(5)a x SU(H)3 >< —

~ [Same matter
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Take home messages

v A simple option for flavour deconstruction is the tri-hypercharge group:
SU3)e x SUR2)L xU(1)y, xU(1)y, x U(1)y, @
e [ranslates SM flavour structure into three simple and correlated NP scales that carry
meaningtful pheno. The lowest scale may be close to 'leV.

* However, lavour deconstructed theories may contain up to 9 gauge couplings.

 Thisis solved it they arise from GU'l' “deconstructed” tframeworks where the three sites are
related by a cyclic permutation symmetry, leading to a single gauge coupling in the UV.

* One example of this is: SU(5)1 x SU(5)a x SU(H)3 >< —

~ [Same matter

v Flavour deconstructed theories consistent all the way from the EW scale to the GUT scale!

Mario Fernandez Navarro Flavour deconstruction and gauge unification 11



Backup: Neutrino sector

e lypically, flavour deconstruction imposes selection rules on the Weinberg operator.
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Backup: Neutrino sector

 However, this difficulty can be alleviated in UV-complete tri-hypercharge:

e lypically, flavour deconstruction imposes selection rules on the Weinberg operator.

H3 Pr23 Hg
| | : Ul)y, Ul)y, U(l)y; SU@B)exSU(2)L
i i i 23 0 0 0 (1,1)
: : : vy 0 0 0 (1,1)
> N ~ e Ny 1/2 1/ 0 1.1
o Nas Nas vy vy {5 12 / -1/ (1,1)
Y Ny 1/2 0 -1/2 (1,1)
P23 o Nas 0 1/2 -1/2 (1,1)

loHs'v; + ...+ M;;v;v; + h.c.

J
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Backup: Neutrino sector

 However, this difficulty can be alleviated in UV-complete tri-hypercharge:

e lypically, flavour deconstruction imposes selection rules on the Weinberg operator.

3 P23 Hg
: : : Ul)y, Ul)y, U(l)y, SU@3)cxSU2)L
i i i 23 0 0 0 (1,1)
I I I Vs 0 0 0 (1,1)
> | RK—— ' X ——¢
‘s Nos Nas Vs % 0, Nz 1/2 -1/2 0 (1,1)
N Nz 1/2 0 1/2 (1,1)
o Nys 0 /2 -1/2 (1,1)

~\
u ., C u ., C

+ ... + MijViCV;-: -+ h.C.

Mario Fernandez Navarro
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Backup: Neutrino sector

 However, this difficulty can be alleviated in UV-complete tri-hypercharge:

H ®r23 H3
: : :
I I I
I I I
I I I
I I I
I I I
> | HK——— | » X . | <
0o Nag Nag Z v {5
~ 1 i=1,2
Uu . ,C u . ,C CcC..C
C C
S Vg s
(1| c11  cio2
mp — / ; ; Hg, MR — Vf M11 M12
2 21 22 VS Mgl M22
53 C31 C32

e lypically, flavour deconstruction imposes selection rules on the Weinberg operator.

U(l)yl U(l)y2 U(l)y3 SU(3)C X SU(Q)L
VY 0 0 0 (1,1)
VS 0 0 0 (1,1)
Nia  1/2 1/2 0 (1,1)
Nis  1/2 0 1/2 (1,1)
Nos 0 /2 -1/2 (1,1)

Mario Fernandez Navarro
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Backup: Neutrino sector

e lypically, flavour deconstruction imposes selection rules on the Weinberg operator.

 However, this difficulty can be alleviated in UV-complete tri-hypercharge:

Hy De23 H
| | | U1y, Ul)y, U(l)y, SU3)exSU(2)L
i i i 23 0 0 0 (1,1)
> A . S N 1/2 1/2 0 1.1
/5 Nag Nos 7 V; (s 12 / B / ( ; )
19 Nis 1/2 0 -1/2 (1,1)
~ ) t=1 Nas 0 /2 -1/2 (1,1)
,C:ng[g §LVZ-C—|—CQ' 2 gVZC—F—I—MwVZCVJC—l—hC
vy Vg c c
{1 | c11 €12 U C -l -2
mp = , . H3y, Mrp=| vi| M1 Mio
2 | C21 €22 Ve | My, Mo
U3 | c31 €32
~ M—l T .
my, =X mpMp Mp Seesaw mechanism!
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Backup: Neutrino sector

e lypically, flavour deconstruction imposes selection rules on the Weinberg operator.

 However, this difficulty can be alleviated in UV-complete tri-hypercharge:

Hg P23 Hg
: : : U(l)yl U(l)y2 U(l)y3 SU(3)C X SU(Q)L
i i i 23 0 0 0 (1,1)
> | X — | X | <
62 Nog N o V?;C Vf €3 N12 1/2 —1/2 0 (1, ]_)
Y Ny 1/2 0 -1/2 (1.1)
~ ) t=1 Nas 0 /2 -1/ (1,1)
L = CBiKSHsz‘C + C2.2H§LVZ,C + ..+ MijViCV;’: + h.c.
v M ~ 10* GeV
vVl Vg e
1 2 -
o — (1 | i1 e10 HY . Mp= | o3 s v Nq need of small couplings nor vi2, v23
62 Co1 C929 b@lﬂg VEry heavy
f3 | 31 €32 vy | Moy Mo
v No need of adding extra scalars
N 1T |
m, ~ mpMzp - mp Seesaw mechanism! V My, ~ vg3 > O(10 TeV)
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Backup: Gauge coupling unification

e Discontinuities due to gauge coupling 60
matching conditions:

1 1 -1
Qy., T Qy = Qy (v23) B 97;2

_ _ 1
aY11 T aYzl — %y, (1]12)

10 10* 10° 10° 10'° 10'% 10 10'f
p |GeV)
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Backup: Gauge coupling unification

e Discontinuities due to gauge coupling
matching conditions:

1 1 1
Qy,, T Yy; = Yy (023) O — i
1 1 1 C d4m
Xy, T Uy, = Xy, (1]12)
™
|
S

VL quarks Q. help bend SU(2).

* Colour octet ©; ~ (8,1,0); from cyclic 24
at v19 scale to bend SU(3) (non-SUSY).

e (Gauge couplings approximately “run the same”
thanks to approximate Zg at low energies,
which becomes exact at high energies.

Mario Fernandez Navarro
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Backup: Gauge coupling unification

e Discontinuities due to gauge coupling
matching conditions:

Oy, T Oy = 0y (v29) J;
; — E
04;/11 + oz;—; = Oé§—112 (v12) 5
—
O‘s_,ig + @s_,ig + Oés_,}/,S — O‘;};(USMS)
VL quarks Q. help bend SU(2).
* Colour octet ©; ~ (8,1,0); from cyclic 24
i y 1,U)s 2 4 6 8 10 12 14 A n16
at v19 scale to bend SU(3) (non-SUSY). 10 10 10 10 10 10 10 / 0
* (Gauge couplings approximately “run the same” [ G ev] Ay R Q] RO,
thanks to approximate Zg at low energies, H
which becomes exact at high energies. Vans = 6 X 1010 GeV ey Maut = 1017 GeV

Mario Fernandez Navarro Flavour deconstruction from the EW scale to the GU'T scale 13



Backup: Gauge coupling unification

No intermediate SM° scale: SU(E’))3 Maeyr SU(3). x SU(2), X U(l):;’/

60 F_
50 |
40 |
— —
|ESN 20| SU (2)
20 SU(3)
10 U(l)y, U(1)y, QLS
102 10* 10° 10% 10' 10'2 10' 10'/

lu [Gev] O‘s,_,i,l + O‘s,_,}:,z + O‘s_,};,g = O‘s_,i(MGUT)

Robust prediction for GUT scale: MquT ~ 5 x 10'" GeV
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60 F.
o0 |

40 t

Backup: Gauge coupling unification

No intermediate SM° scale: SU(E’))3 Maeyr SU(3). x SU(2), X U(l):;’/

p |GeV)

1 1 _
Oés,L,l + as,L,Q + &s,

\
50 |
40 |
— T

SU (2) éj@ 30)
SU(3) 20
U(l)y, U1)y, Z{v 10+

102 10* 10° 10° 10 10'2 10" 106

1

How low can can we deconstruct SU(3). and SU(2), ?

60 F.

L3 = O‘s_,i(MGUT)

\
—
_ SU(2) _
-/\(3) -
U(1)y, (1)Y2 —
10°  10* 10° 10® 10' 10% 10™ 10%

p [GeV]

Ve = D X 107° GeV  ====p My = 1.8 X 10'° GeV

Robust prediction for GUT scale: MquT ~ 5 x 10'" GeV

proton decay'!

Mario Fernandez Navarro
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Backup: Proton decay

17
* Gauge leptoquarks of SU(5)® mediate proton decay. o - 10 f

* Proton hitetime depends on Mgyt which depends as

well on wvgys (scale at which SU(3). and SU(2). are 10"
deconstructed). % :
O.
* uons < 3 x 1015 GeV saturates current proton decay -
bounds, while vgz < 6 x 10> GeV saturates the = L oL6 I-
projected sensitivity. = " F

1015-l | | L L 1111 1 | L L 1111 | | L1
10" 10" 10" 5-10"

Hvper-Kamiokande 90% CL.*" B
7P ) Super-Kamiokande 90% CL. Ugm3 [Ge\/]
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Backup: '1eV scale pheno

B ATLAS + CMS dilepton
B B, — B, mixing

BB, - pu
W —ey
= b — svv 1o (20)

= p EW parameter

2 1 0
MZ [T@V]

/
23

Mario Fernandez Navarro

g1 = g2 = g3 = V3gy

2.0
1.5

1.0
g3

0.9

[Model 1]

3 10

B ATLAS + CMS dilepton
= p EW parameter

[Model 2]

2 4 0 3 10
MZ [TGV]

/
23
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Backup: VL charged leptons

i Pr12  Pr23 p Pr12 P23 e Pr12 P23
11 12 13 c
ME13 ME12 ME13 ME23 ME13 ME23 61 ]
- ~ C
Lo= (0 L2 3) . Qei2 D12 P23 . Qe23 . ©p23 ey | H3 +h.c.,
2 Mp,, Mp,, M 22 M M &
E12 E13 Eos3 Eos Eoq
&
0 0 53
HY boas3 H Pe23 Pe12
> I K——— | > > : K —— : HK——— : >
ls Eos Eas es ¢, F3 F13 E15 E1s "
(a) (b)
HY boas3 HY Pr12 Pr23
S S - NI i
‘s Eos FEos es 2 Ei3 I FEos E3 es
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Backup: Yukawa couplings models 2 and 3

Model 2 Model 3
/ w Pe13 u D23 Pq12 u %13\
11
M g MH%” Mg, Mq,
C
r ( ) u Q13 Ggi12 U De23 v Pq23 u(lz .
= 21 292 23 U
41 42 43 Mp» Mg, Mgy Mo, ug 3
~ 3
( Q12 Pe23 U (/5q12 ®e23 ¢q12 %23\ \31 ¢€13 ¢q13 C/:L?)LQ ¢£23 ¢q23 ng
11‘]\4(]13 MU12 - MU1 MU23 13 MU13 MU23 ui MHU MQl MH% @2 /
Lo= (11 @ qs) L Ge12 Pgi2 Pe23 P23 L Dq23 uS | HY + h.c ~
L My, My,, My, 2 My, >3 My, us / ¢£13 A Gr23 Pq12 A %13\
\ 0 0 ¢ty HMHd 20 e Mg, Mg,
C
@13 Dq12 ¢623 G q23 !
+ (CI1 q2 613) : Cyg— ; H§l

21 22 23 2

¢ MHd Mag, MHd, Mg, -

br12 oz 4 Doz g o - 5
33

— i H
Ed,e (Q1 q2 QB) diag (011 MHd MHd 22 MHd g 3 ¢e13 Gq13 ¢€23 Gq23 A
: DMy Mo, Py Mg, P
66
. drio Be2s o2 o\ / & \
Z 2 E d e C H h.c. /13
+ (61 £y L3)diag (011 Mg MHd ZZMHd €33 2 3 T hC, C11 M, 0 0 e
—+ (61 62 63) 0 ¢€23 0 6(2: Hg —+ h.C.,
€29 My e
\ 0 0 C53
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Backup: SU(5) cube model table

Field SU(5); SU(5)2 SU(5)s Field SU(5), SU(5)2 SU(5)s Field SU(5); SU(5)2 SU(5)s
F; 5 1 1 () 24 1 1 Hf:5 45 1 1
T N U T - S S
T3 0 1 1 2 _ H; 1 1 45
Tl ) 0 . He 5 5 1 1
2 u,d =
T | ) 10 H%L d 1 5 5 1
H 1 1 5 5
X1 10 1 1 oF, 5 5 1
1 1 10 P13 0 1 °
X3 - oL, 1 5 5
Nyo 5 5 1 1, 10 10 1
Nis 5 1 5 o7, 10 1 10
Nog 1 5 5 o7, 1 10 10
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Backup: SU(5) cube model table

Field SU(5)1 SU(5)2 SU(5)s Field SU(5)1 SU(5)2 SU(5)s Field SU(5): SU(5)2 SU(5)s
Fy 5 1 1 ()4 24 1 1 Hf:5 45 1 1
F 1 5 1 32 i 214 214 H4S 1 45 1
F3 1 1 o 2 H§“5 1 1 45
gl 110 110 1 Hib,d 5, 5 : !
T2 ) ) 0 He 1 5 5 1 | " " 1
3 H | 1 5.5 cychic 45 to sphit down/c legrlg]egi epton
Y1 10 1 1 oF, - = - masses as 1 conventional SU(S)
X2 1 10 1 I —
OF, 5 1 5
X3 1 1 10 oL, 1 5 5
Nyo 5 5 1 1, 10 10 1
N3 5 1 5 1, 10 1 10
Nos 1 5 5 o7, 1 10 10
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Backup: 1ri-hypercharge: spurions

0 0 0\ [d
Lo= (1 ¢ q3) [0 0 0] |ds| HS
0 0 1) \dc
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Backup: 1ri-hypercharge: spurions

0 0 0\ [d
Lo= (1 ¢ q3) [0 0 0] |ds| HS
0 0 1) \dc

1 1
e E.g operator g2H§d§ ~ (0, 5’ _6) forbidden by tri-hypercharge (gauge) symmetry.
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Backup: 1ri-hypercharge: spurions

0 0 0 e
Lo=(q1 g2 g3) [0 O ds | HY
0 0 1 dc

1 1
e E.g operator g2H§d§ ~ (0, 5’ _6) forbidden by tri-hypercharge (gauge) symmetry.

* Introduce a spurion , then we can write ®ga HSdS . Repeat for every entry
in the matrix.
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Backup: 1ri-hypercharge: spurions

(I)(_1%7Oi %2 (I)( (137 1%71%) (I)(_%707 %) dclz y
‘Cd — (C]1 d2 Q3) (I)( Si 6715) (I)(O, —?, ?) dg HS + h.c.
(I)(_gaov §) (I)(O7_§7 §) 1 dg

1 1
e E.g operator g2H§d§ ~ (0, 5’ _6) forbidden by tri-hypercharge (gauge) symmetry.

* Introduce a spurion , then we can write ®ga HSdS . Repeat for every entry
in the matrix.
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Backup: 1ri-hypercharge: spurions

(I)(_1%7Oi %2 (I)( (137 1%71%) (I)(_%707 %) dclz y
‘Cd — (C]1 d2 Q3) (I)( Si 6715) (I)(O, —?, ?) dg HS + h.c.
(I)(_gaov §) (I)(O7_§7 §) 1 dg

1 1
e E.g operator g2H§d§ ~ (0, 5’ _6) forbidden by tri-hypercharge (gauge) symmetry.

* Introduce a spurion , then we can write ®ga HSdS . Repeat for every entry
in the matrix.

* Promote spurion to the physical scalar (“hyperon™) ,

¢q23
Ao

g HSdS
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Backup: 1ri-hypercharge: spurions

(I)(—1%7Oi%2 (I)(_%v év%) (I)(_%a()?%) di y
ﬁd — (ql do Q3) (I)( Bi 6’15) 27 3 dg H3 —|—hC
q)(_gaov §) (I)(Ov 3 3) 1 diCB

1 1
e E.g operator g2H§d§ ~ (0, 5’ _6) forbidden by tri-hypercharge (gauge) symmetry.

* Introduce a spurion , then we can write ®ga HSdS . Repeat for every entry
in the matrix.

* Promote spurion to the physical scalar (“hyperon™) ,

¢q23
Ao

* We also promote the spurion in the (2,2) entry to hyperon

De23
Ao

g HSdS

g2 HSdS
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Backup: 1ri-hypercharge: spurions

(I)(—1%7Oi%2 (I)(_%v év%) (I)(_%a()?%) di y
ﬁd — (ql do Q3) (I)( Bi 6’15) 27 3 dg H3 —|—hC
q)(_gaov §) (I)(O, 3 3) 1 diCB

1 1
e E.g operator g2H§d§ ~ (0, 5’ _6) forbidden by tri-hypercharge (gauge) symmetry.

* Introduce a spurion , then we can write ®ga HSdS . Repeat for every entry
in the matrix.

* Promote spurion to the physical scalar (“hyperon™) ,

¢q23
Ao

qo HE dS |

* We also promote the spurion in the (2,2) entry to hyperon
P23 L HadC o] Flavour structure dynamically |
Ay 0F | generated via wri-hypercharge SSB
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Backup: Literature review

GUT product groups “tribal group” to motivate multiple scales vs SO(10)

M;
1979 Abdus Salam; EPS conference 1979, footnote 41— SU(5); x SU(5)2 x SU(5)3 —» SM, x SU(5);

1981 Subhash Rajpoot; PRD 24 (1981) 1890. =% numerics + study different breakings + discrete symmetries for 1 gauge coupling

1982 Howard Georgi; Nucl. Phys. B 202 (1982) 397 = SU(5)1 x SU(5)2 x SU(5)3 x SU(5)Tc + cyclic permutation (also SO(10)° )

1984 de Rajula, Georgi, Glashow; Fifth worksop on GUT — SU(3). x SU(3)1, x SU(3)r x Zs

+ (5, §j) scalars

1995 Barbieri, Dvali and Strumia, hep-ph/9407239 — SUSY SU(5)® SO(10)® |
il + discrete symmetries

N\

1998-2007 C.L. Chou, [hep-ph/9804325]; Asaka and Takanashi, [hep-ph/0409147]; Babu, Barr and Gogoladze [0709.3491]

—» d=5 proton decay!

2023 MFN, Stephen F. King, Avelino Vicente [2311.05683]; = SU(5)1 X SU(5)2 X SU(H)3 X Zs Broken via 24 to

“deconstructed” theory of
flavour (e.g. tri-hypercharge)
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