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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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A simple example:

| SUG)e x SU@)s x Uy, x Uy, x ULy, | — You =¥ =Y1 + Y2 +Y;

. 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

d§
ds | H
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1 1
) and q2H§d§ ~ (0, G _6) are forbidden by tri-hypercharge (cauge) 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 U(l)yl X U(l)y2 X U(l)y3

* 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: EF 1

Dr12 Dq12 Dq12

A Ay A A A Ay
o1z P12 o d
Lo=(01 g2 g3 ! dy | H
( ) AoAr Az A A; i)
¢q12 1
A2 A2 Ay Ay

1

I 1 1
e E.go qH $ds ~ (0, 5 2) and g2HSd5 ~ (0, G _6) are torbidden by tri-hypercharge (gauge) 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) | . |
Neutrino masses and mixings also included!
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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) | . |
Neutrino masses and mixings also included!
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Example model

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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Example model

Yo =Yy(d — u,D—U)

Cclil ¢£12 §b€23 06112 ¢q12
]yli)13 ]V1i)12 ]y[i)13
Yq = Cgl Gr12 Qg2 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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Example model

Yo =Yy(d — u,D—U)

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

»Fit SM flavour structure via three naturally small parameters

(includes also up-quarks and charged leptons):

m2 Vb (P12)

— = , sinf, = — = ~ )\
ms Voo  Mi213

Y.=Yyd—e,q—¢,D— F)
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Example model

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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Example model

Yo =Ysd—>u,D—-U) Y.,=Y4sd—e,q—¥0D—F)

Ciil ¢£12 ¢€23 06112 ¢q12 ¢€23 Cil:g ¢q12 ¢q23
MD13 MD12 MD13 MD23 MD13 MD23
Yo = . Gr12 Pq12 Dro3 d P23 A P23
. MD13 MD13 MD23 - Mng 23 MD23
~ ~ ¢33

> Fit SM flavour structure via three naturally small parameters
(includes also up-quarks and charged leptons):

_ Vb (P12) N\
ms  Mos Veo  Mi213
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Example model

ol be12 De23 . Pq12 Dron

]y1i313 jxfi)lQ ]V{1)13 ]y11723
Yq = Cgl Gr12  Pg12 Pro3 ng D23
]V1i)13 ]k€§)13 ]yfi)ZS JV11723

»Fit SM flavour structure via three naturally small parameters

(includes also up-quarks and charged leptons):

m2 _ (P23) 0 ain g, — Vub _ (P12) o\

mz  Mos Veo  Mi2 13

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

ms  Mio 13 Mi2.13 Mis13

Y Y Y

»Fixed relation between VEVs is predicted:

5

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

Yo=Yyd—uD—->U) Y.=Yyd—eq—¥{D—FE)
d ¢q12 ¢q23

C13
Mp,, Mp.,.

Spectrum up to (J(1) variations

S, E
d
0(104 TeV) MU12,13,D12,13,E12,13

SU(S)C X SU(Q)L X U(l)yl X U(l)y2 X U(1>Y3

@ * O(1000 TeV) v12 ~ (@q12), (Pe12)s MUy, Doy, Eas

SU(S)C X SU(Q)L X U(l)Y12£Y1+Y2 X U(l)YB

@ * O(10TeV) V23 ~ (@q23), <23>

SUB)e x SUR2)L X U()y=y,+vs1vs3

174 GeV = vsm ~ (HZY)

f Correlations and lots of pheno!
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V' A simple option for flavour deconstruction is the tri-hypercharge group:

* ‘Iranslates SM flavour structure 1nto three simple and correlated NP scales
that carry meaningful pheno. The lowest scale may be close to 'leV.

* Flavour deconstruction may arise from gauge unified frameworks!

* See all this and more 1n my poster!

* Also CERN BSM forum on Ist August

Take home messages

Tri-hypercharge: a simple example of flavour deconstruction

SU@B)e x SU2)L xU(1)y, x U(1)y, x U(1)y,
q1 q2 q3
ol uf u$ u§
B 5 d5 d5
& 1/3
0 ~1/2 b b gi
€ 1 el (2 es
H?

» Light families are massless in first approximation:
L = yqs HiuS + ypqs HIdS + y, €3 Hle§ + h.c.

» Four “hyperon” scalars dynamically generate flavour structure after getting VEVs:

)
)

11 11
¢£23 (0 75 5) ¢q23 ~ (07_636

11 11
onz (‘5 2 0) P12 (*a 6"

» E.g. in the down sector:

M3 Mo M3
Li=(n1 @ )| b0z dne
Mz Mg
~ 0 ~0

¢q12
M3

» Heavy cut-offs My; and M), ;3 provided by vector-like fermions or

heavy scalars in the UV.

» Explains SM flavour structure via three naturally small parameters:

m2 .
— = s sinf, =

Vup _ (d12)

ms Veo  Mi213

m3 M12,13 ]\'112,13 ]\'112,13

oy = | (¢12)

my (p12) (d23) TN (d23) Y / ‘

Spectrum up to (’)(1) variations in complete model with vector-like fermions

E A

O(10* TeV) 7 Muy;15,D13,15,F1,18

SU3)e x SU2)r x U(1)y; x U(L)y, x U(1)y,
Tis * O(1000 TeV) = vi2 ~ (¢q12), (br12), My, Das,Bas Nz 1

SU(3)e x SU2) 1, x U yra=vi+v, X ULy,
Zbs * O(10TeV) == v2s ~ (Pg23), (De23), My,

SUB)e x SUQ2)L x U(L)y=vi+va+Ys

174 GeV = vsm ~ (HY%

» Translates SM flavour structure into three physical scales of new physics that carry meaningful
phenomenology:

» Zystested by dilepton tails at the
LHC and electroweak precision
observables, few TeV is allowed.

» 71, tested via FCNCs sensitive to
the UV completion - typically
leading bounds beyond 100 TeV
from K — K and D — D mixing.

(923) ~ A\ 2 0.01

Two consecutive steps of symmetry breaking
correlated to the flavour hierarchies M A [TeV]

Grand unified origin of flavour deconstruction: tri-unification

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

Mario Fernandez Navarro

 ——

Cyclic symmetry Zs ensures single gauge coupling at the GUT scale, and imposes
the requirement of having the same matter under each SU(5)

» For tri-hypercharge, need of deconstructing SU(3), and SU(2), as well for embedding in SU(5)%. This suggests a possible SM? intermediate scale, i.e. two options:

SU(5)3

2% SU(3)14243 X SU(2)14243 x U(1)1 x U(1)2 x U(1)3
22 SU(3)14243 X SU(2)14243 X U(1)142 x U(1)3

25 SUB) 14243 X SU2)1424+3 X U(D) 14243 -

60

50
40 +

oy U@y U(1)y,

T 30| —_ V) _
20 m

ULy,

102 10* 10 10% 10 10'* 10 10'°

1t [GeV]

Unification after matching condition 12 [GGV]

SU(5)* 224 SM; x SMj x SM3 Field SU(): SU(3)2 SU(G5)s
M SU(3)14243 X SU(2)14243 x U(L)1 x U(1)2 x U(1)s i; 2 % :
22 SU3)14243 X SU(14248 X U(1)142 X U(1)s T 1 b >
22 8U(3)14243 X SUQ2)14218 X U(D) 14243 g : 1 o
Qs 24 24 1
o r - . T o 24 1 24
60 ~UWy 4 O 1 24 24
L H 5 1 1
2 H 1 5 1
H; 1 1 5
40+ D
—~—
SU(2
30t @ 60" Bl o + tri-hypercharge content at low energies
20+ UWx SU(3) ] F->di®l, T,—qouide
10} UQ)s o U1y,
U@
=P Low vgys === Proton decay!

107 100 10° 10° 10° 107 10 10°
== Unification is possible! (SUSY not needed)
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the requirement of having the same matter under each SU(5)
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Backup: 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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Backup: 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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Backup: 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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Backup: 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
> / c?, cd é -'._ B ATLAS + CMS dilepton
K — l_( (Re) Z1, Mz, /g1 > 340 x |Re [d ngdl Q)7 w5 o
. K-K (Im) 7z, My /g1 >3- 10° x |Im [d Zﬂ | 1.0 L (meow 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) 2 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]
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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.
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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 . | <
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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)
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e lypically, flavour deconstruction imposes selection rules on the Weinberg operator.

 However, this difficulty can be alleviated in UV-complete tri-hypercharge:
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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: GU'T

* 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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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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Backup: GU'T

* 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):

5:—3.0) ,(5,0,—3) (0,3,—3 (5:0,0) £7(0,3,0) 7£(0,0,3) —5:3:0) (=5,0,3) (0 513)
e T B € Y
» It Zs 15 exact at very high energies, then:

[Salam 79’°, Rajpoot 81°, Georgi 82’, SU(5)1 >< SU<5)2 >< SU(5)3 >< ZS

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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Backup: GU'T

* 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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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.
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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
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