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1'he flavour puzzle

USM USM USM
thﬁ, chAS'Sﬁ,mquﬁﬁ,
my ~ )\2.57’871\24 g ~ )\5.071871\24 g ~ )\7.071871\24 |

0 UsM 4.9 VUSM 8.4 USM
my ~ ANV AT 22 NS
v2 it V2 T V2
1 A

7500~ 50 Vs ~ A Vap ~ A% Vi ~ A7

where vgy >~ 246 GeV and \ ~ sin o ~ 0.224

family —
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T'he flavour puzzle

UsSM USM UsSM
My ~ 9 me ~ )\3.3 o TN, 7 )\7.5 9
V2 V2 V2
V V V
my ~ A22 SM Cmg ~ AP0 SM Mg ~ A0 SM |
/2 V2 V2
V V V
m. ~ A30 SM Ly, ~ )49 25M M ~ A8 SM |
/2 V2 V2
U v 1 A 2 3

ﬁ y V13 ™ \/§ 9
where vgy >~ 246 GeV and \ ~ sin o ~ 0.224

* Why three (replicated) families?

* Why the three families interact so difterently with the Higgs?

* What is the origin of very small neutrino masses, and why

family = the PMNS mixing 1s so different from the GKM mixing?
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Flavour deconstruction

* SM is embedded 1n a gauge symmetry that contains a separate tactor tor each tamily:

Guniversal X Gl X GQ X GS
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Guniversal X Gl X GQ X GS

* Discriminates between the three families (no longer family replication).
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Flavour deconstruction

* SM is embedded 1n a gauge symmetry that contains a separate tactor tor each tamily:

Guniversal X Gl X GQ X GS

* Discriminates between the three families (no longer family replication).

* The EW Higgs doublet 1s a third family particle (1.e. singlet of G; and G5 but not of G5 ).
e Explains SM flavour structure with all fundamental (Yukawa) couplings being O(1) .
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Flavour deconstruction

* SM is embedded 1n a gauge symmetry that contains a separate tactor tor each tamily:

Guniversal X Gl X GQ X GS

* Discriminates between the three families (no longer family replication).

* The EW Higgs doublet 1s a third family particle (1.e. singlet of G; and G5 but not of G5 ).
e Explains SM flavour structure with all fundamental (Yukawa) couplings being O(1) .

Some examples:

» SU3)e x SU2)r, xU(1)y, xU(l)y, x U(1)y, [Mhistalk
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Flavour deconstruction

* SM is embedded 1n a gauge symmetry that contains a separate tactor tor each tamily:

Guniversal X Gl X GQ X GS

* Discriminates between the three families (no longer family replication).

* The EW Higgs doublet 1s a third family particle (1.e. singlet of G; and G5 but not of G5 ).
e Explains SM flavour structure with all fundamental (Yukawa) couplings being O(1) .

Some examples:

) SU(g)C X SU(Q)L X U(l)y

1

» SU(3)e x SU(2)p.1 x SU(2

X U(1l)y, x U(1)y, [mhistalk

3

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

L2 xSUQ2)L3xU(1)y Chiang et al, 0911.1480: Allwicher et al, 2011.01946;
Davighi et al 2312.13346; Capdevila et al, 2401.00848 .....]

)
> SU (3 c.1 X SU( ) 2 X SU(g)ng X SU(Q)L X U(l)y [Carone and Murayama, hep-ph/9504393]

)

(3)
> SU(4) 3 X SU( ) 19 X SU(Q)L < U(l)y LYo+ R [Bordone et al, 1712.01368; Greljo and Stefanek, 1802.04274;
C; C, 1+ Yo+ Rs3
(

Cornella et al, 1903.11517; Fuentes-Martin et al, 2006.16250 ..... ]

»SUB)e x SU2)L x U()r, x U(1)ry, x U(1)(B—L);, X U(1)y,  [Barbieri and Isidori, 2312.14004]
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Iri-hypercharge: basics
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¢ = CP-conjugated (2-component) right-handed fields
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Iri-hypercharge: basics

Field SU3). SUR2)e Ul Uy, U()vs e Gauge anomalies cancel separately for each family,
a S 2 1/6 0 0 as in the SM, but without family replication.
ug 3 1 —2/3 0 0
s 3 1 1/3 0 0 | - | |
l 1 2 ~1/2 0 0 e The EW Higgs doublet(s) 1s a third tamily particle,
. 1 1 1 0 0 .
1.e. Hg ~ (1,2 such that:
" 2 > . 16 " 3 ( ; )(0,0,1/2)
US 3 1 0 —2/3 0 c T JC [T, oC
ds 3 1 0 1/3 0 L = yq3Hzus + ypqs Hzds + y- €3 Hzes
s 1 2 0 ~1/2 0
€5 1 1 0 1 0
q3 3 2 0 0 1/6
u§ 3 1 0 0 —2/3
dc 3 1 0 0 1/3
0 1 y 0 0 —1/2
e 1 1 0 0 1
. 1 2 0 0 1/2

¢ = CP-conjugated (2-component) right-handed fields
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Iri-hypercharge: basics

Field SUB)e SUR)r Uy, Uy, Ulvs o Gauge anomalies cancel separately for each family,
N S 2 1/6 U 0 as in the SM, but without tamily replication.
u§ 3 1 —2/3 0 0
d 3 1 1/3 0 0 | | | |
ly 1 2 —1/2 0 0 e The EW Higgs doublet(s) 1s a third tamily particle,
eq 1 1 1 0 0 : w.d
1.e. Hy'" ~ (1,2 n such that:
q2 :_3 2 O ]_/6 O 3 ( Y, )(0,0,__]./Q)
U S 1 0 —2/3 0 U, C d jc d_c
ds 3 1 0 1/3 0 L = yrqsHzuz + ypqsHyds + y- L3 Hgeq
2 1 2 0 —1/2 0
€3 1 1 0 L 0 o Type II 2HDM can take care of mp /My mass
ds 3 2 0 0 1/6 . : . _ ~ —2 ~
ot 5 ) ) ) Ry hierarchies via tan 8 = v, /Jvg = A\™° ~ 20.
ds 3 1 0 0 1/3
(s 1 2 0 0 —1/2
es 1 1 0 0 1
HY 1 2 0 0 +1/2

¢ = CP-conjugated (2-component) right-handed fields
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Iri-hypercharge: basics

Field SUB)e SUR)r Uy, Uy, Ulvs o Gauge anomalies cancel separately for each family,

N S 2 1/6 U 0 as in the SM, but without tamily replication.

u§ 3 1 —2/3 0 0

d 3 1 1/3 0 0 | |

ly 1 2 —1/2 0 0 e The EW Higgs doublet(s) 1s a third tamily particle,

eq 1 1 1 0 0 : w.d

1.e. Hy" ~ (1,2 . such that:

0 :} 5 0 1/6 0 3 ( ; )(0,0,__1/2)

u$ 3 1 0 —2/3 0 o U C £7d e 0o 4 eC

ds 3 1 0 1/3 0 = Y¢q33Us + Ypq3ligdg + YrL3llgeq

ls 1 2 0 ~1/2 0

€2 1 1 0 L 0 o Type II 2HDM can take care of mp /My mass

ds 3 2 0 0 1/6 . : . _ ~ —2 ~

ot 5 ) ) ) Ry hierarchies via tan 8 = v, /Jvg = A\™° ~ 20.

ds 3 1 0 0 1/3

(s 1 2 0 0 —1/2 - - " -

p 1 ) ) ) | e Light charged fermion masses and mixing arise from

the tri-hypercharee SSB down to SM hypercharge:

HY 1 2 0 0 +1/2 7P 5 7P 5

¢ = CP-conjugated (2-component) right-handed fields YsMm=Y =Y1 + Yo+ Y3
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In-hypercharge: spurions

0 0 0\ [d
Lo= (g1 g2 q3) |0 0 O [dS]| HS
0 0 1) \d
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In-hypercharge: spurions

0 0 0\ [d
Lo= (g1 g2 q3) |0 0 O [dS]| HS
0 0 1) \d

I 1
o E.o operator goHSdS ~ (0, &) _6) forbidden by tri-hypercharge (gauge) symmetry.
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In-hypercharge: spurions

0 0 0 d
Lio=(q g2 q3) |0 0 @0 L L)) (ds| HS
0 0 ] S

I 1
o E.o operator goHSdS ~ (0, &) _6) forbidden by tri-hypercharge (gauge) symmetry.
1 1

) )

* Introduce a spurion ® ~ () ), then we can write ®q, H{dS . Repeat for every entry

1n the matrix.
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In-hypercharge: spurions

O(101) B L) BCLODY ()
L:d — (q1 d2 Q3) (I)( 3{ 6’15) (I)(O, —?, ?) (I)< y TG 6) d% H3 —|—hC
(I)(_§707§) (I)(O7_§7§) 1 dg

e L.g. operator g HSdS ~ (0,
1 1

* Introduce a spurion & ~ (0. ), then we can write ®q, H{dS . Repeat for every entry

1n the matrix.
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In-hypercharge: spurions

1 1 1 11 1 1 .
(I)(_lﬁaoi 52 q)( 6’ 13715) (I)(_anag) dl p
L:d — (q1 d2 Q3) (I)( 3{ 6’15) (I)(O,—?, ?) d% H3 —|—hC
(I)(_gvoag) (I)(Ov_§7§) 1 dg
I 1
o E.o operator goHSdS ~ (0, &) _6) forbidden by tri-hypercharge (gauge) symmetry.
* Introduce a spurion , then we can write ®q, H{dS . Repeat for every entry
in the matrix.
* Promote spurion to the physical scalar (“hyperon™) ,
¢ 23 C
Aq 42 HgdB
q23
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In-hypercharge: spurions

Li= (1 g2 gq3) | D 3 6,15) i ds | HS +h.c.
(I)(_§707§) (I)(()? 37 3) 1 dg
I 1
o E.o operator goHSdS ~ (0, &) _6) forbidden by tri-hypercharge (gauge) symmetry.

* Introduce a spurion , then we can write ®¢y H$dS . Repeat for every entry
in the matrix.

* Promote spurion to the physical scalar (“hyperon™) ,
ing G2 §i d3
q23
* We also promote the spurion in the (2,2) entry to hyperon
§b€23 H?C)Z C
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In-hypercharge: spurions

1 1 111 1 1 c
@(_15705_52 (I)(_Ev 372) q)(_gaovg) dl y
'Cd — (q1 " Q3) (I)( Bi 6 ,15) 27 3 dg H3 -+ h.c.
(I)(_§707§) (I)(()? 3 3) 1 dg
I 1 . .
o E.o operator goHSdS ~ (0, &) —6) forbidden by tri-hypercharge (gauge) symmetry.
* Introduce a spurion , then we can write ®q, H{dS . Repeat for every entry
in the matrix.
* Promote spurion to the physical scalar (“hyperon™) ,
Pq23
Aq g HSd5
q23 .
* We also promote the spurion in the (2,2) entry to hypgron
De2s qo H3dS ———{ Flavour structure dynamically ]
Ag23 | generated via tri-hypercharge SSB |
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In-hypercharge: spurions

1 l) 1 _ 1 l) q)(_l 0. 1
12 121 6 13 12 671 ? d
Ld — (ql (o Q3) (I)(—gi—g,1§) (I)(O, —?, ?> (I)(O, G 6) S H3 —|—hC
* So far we have two scalars (hyperons) ¢4 ~ (0. ;, ;) and o5 ~ (0. —1, %)

~ ()
Yo = A pos N3
~ () ¢€23 ¢q23 1
A€23 Aq23
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In-hypercharge: spurions

1 l) 11 l) (I)(_l 0 L
12 i 21 0’ 13 12 0’ 1 ? d
Li= (11 ¢ g3) (=3, —53) P P05 c | 7Y +he.
1 1 1 1
* So far we have two scalars (hyperons) ¢4 ~ (0. 5 2) and ¢ o5 ~ (0, ——. 6)
* Need to generate remaining quark mixing: ~ ~ ~
~ () ¢€23 ¢q23
Yq = Aya3 Aq23
¢€23 ¢q23
0 1
AEZB Aq23
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In-hypercharge: spurions

1 1 1 1 1
12’ 122 6’ 1§1§) (I)(_679 ? d
La=(n @ @) |®C5—F3) @0 @0 0| |d5| Hf+he
1 1 1 1
* So far we have two scalars (hyperons) ¢4 ~ (0. 5 2) and ¢ o5 ~ (0, ——. 6)
* Need to generate remaining quark mixing: ~ ~ ~
b simply i q , 5 ( 1 1 O) ~ () ¢€23 ¢q23
sImply mtroduce just ~ ;= ~
py S b0 Yq = Agos Ag23
111 1] Lo D8P3
¢q12¢€23 ~ ( 67 37 2) ¢q12¢q23 ~ (_67 . 6) AEZB Aq23
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In-hypercharge: spurions

1 1 1 1 1 1 1
q’(—1§aoi§2 (I)<_6’_1§’1§) (I)(—ga?a§) 1 )
Lg= (C_Il q2 Q3) q’(—gi—g?) (I)(Ov —%7 %) (I)(Ov 6 ) 6) 5 | Hy +h.c.
(I)(_§ 0, §) (I)(Ov_§7 §) 1 g
I 1 I 1
* So far we have two scalars (hyperons) ¢4 ~ (0. 5 2) and ¢ o5 ~ (0. e 6)
* Need to generate remaining quark mixing: ~ 0 Pq12Pr23  Pq12Pg23
| Aq12A€23 AquAqQS
» simply introduce just ¢,12 ~ ( 1 6,0) Y, = |~0 Pr23 Pq23
A€23 Aq23
I 11 I 1
¢q12¢€23 ™~ ( 67 37 2) ¢q12¢q23 ™ (_67 07 6) A O ¢€23¢q23 ]_
A€23Aq23
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In-hypercharge: spurions

1 1 1 1 1 1 1
( 1§ 152 (I)<_67_1§71§) (I)(_E??v?) ij d
Lg= (C_Il q2 Q3) (I)(_§7 G §) (I)(Ov GE 5) (I)(Ov 6 ) 6) 5 | Hy +h.c.
®(—1,0,2) D0, —=, =) 1 ¢
3% 3 ) T 393 3
1 1 1 1
e So far we have two scalars (hyperons) ¢-5 ~ (0, 5 2) and oo ~ (0. —c 5)
* Need to generate remaining quark mixing: ~ 0 Pq12Pr23  Pq12Pg23
| Aq12A€23 AquAqQS
» simply introduce just ¢,12 ~ ( 1 6,0) v ~ 0 Pr23 Pq23
’ A€23 Aq23
I 11 1 1
¢q12¢€23 ™~ ( 67 37 2) ¢q12¢q23 ™ (_67 07 6) A O iéQBiQZS ]_
$2343q23
P 1,1) spurion to h 5 Lo ! _
romote (1,1) spurion to hyperon ¢ 2" 2 f Heavy messengers needed for A! ﬂ
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Irn-hypercharge: UV-complete model

Uy, | Uy, | U(D)y; | SU(3)e X SU(2)L L =YY qHyuS + Y g HEdS + Y76, HjeS + h.c.
H 0 0 +1/2 (1,2)
HY 0 +1/2 0 (1,2) i Po3 i Pq12 Pr2z g Pq12 g3
11 12 13
HY | x1/2 | 0o 0 (1,2) Mg Ma, Myg " Mg, Ma,
¢£13 ¢q12 d d
¢Q12 _1/6 1/6 0 (1’ 1) Yo = 21 MHd MQ1 r22 MHd “23 MQg
Pazs U 1/6 1/6 (1,1) 4 P13 Pqi2 Pqe3 g4 Pe23 Pg23
b1z | -1/2 0 1/2 (1,1) 31 Mis Mg, Mg, s Mg Mo, Yo
D23 0 -1/2 1/2 (1,1)
beia Hy Y, = Yy(d
(1 1/6 0 0 (3,2) .. , v = Y(d — u)
Q)5 0 1/6 0 (3,2) N
(3 0 0 1/6 (3,2) i=1,2 | e Gu13 0 ]
u,d ' | ) Hd
¢q23 H3 |
; ; X Y. = 0 e 0
: : t Heavy messengers chosen | Hzf“’d H3
: : | to have approx. same matter f’ | 0 0 Y+
B Q| Qs | under cach hypercharge | = ¥ 0 e s
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Irn-hypercharge: UV-complete model
e

Spectrum up to O(1) variations:

L

O(10° TeV) M pu.a; M@, ,
SU(B)C X SU(Q)L X U(l)yl X U(l)y2 X U(l)y?)

0(1000 TGV) U192 <¢q12>7 MQ3, MHu,d

2

O(10TeV) V23 <¢q23>7 (Pe23), (Pr13)

174 GeV vem ~ (HEY)
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Irn-hypercharge: UV-complete model
e

Spectrum up to O(1) variations:

L

O(10° TeV) M pu.a; M@, ,
SU(B)C X SU(Q)L X U(l)yl X U(l)y2 X U(l)y?)

* 0(1000 TGV) U192 <¢q12>7 MQ3, MHu,d

2

SU(S)C X SU(Q)L X U(l)Y12EY1—|-Y2 X U(l)YS

O(10TeV) V23 <¢q23>7 (Pe23), (Pr13)

174 GeV vem ~ (HEY)
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Irn-hypercharge: UV-complete model
e

Spectrum up to O(1) variations:

L

O(10° TeV) M pu.a; M@, ,
SU(B)C X SU(Q)L X U(l)yl X U(l)y2 X U(l)y?)

* 0(1000 TGV) U192 <¢q12>7 MQ3, MHu,d

2

SU(S)C X SU(Q)L X U(l)Y12EY1—|-Y2 X U(l)YS

* O(10TeV) V23 ~ (@q23), (Pe23), (Pr13)

SU3)e x SUR)L X U(1)y=v,+Ya+Va

174 GeV vem ~ (HEY)
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Irn-hypercharge: UV-complete model
e

Spectrum up to O(1) variations: Different CKM alignments are A\~ sinf- ~ 0.224

possible (via O(1) coefficients) \
_ S C
O(10° TeV) == M .0, Mg, , L=(n ¢ PN A . u§ | vsu

Hy” AT Us
SU(B)C X SU(Q)L X U(l)yl X U(l)y2 X U(l)y?) )\6 dclj
7 C 2
* 0(1000 TGV) V1o ~ <¢q12>7 MQ37 MHu,d + (QI q2 QS) )\9 dg A USM

2 A N1 ) \d

SU3)e x SU(2)r X U(1)yi=vi+v, X ULy, A6 0 0\ [e§
+ (¢ 0y /5 o )\3 o eS | Mogm

* O(10 TeV) V23 ~ (@g23), (Pe23), (Pr13) ( ) e

SU(3)e X SU2)L X U(1)y=v,4Ys+vs
] up to O(1) coefficients!
R 174 GeV et o (FT
- (Pe23) 2 sm ~ (Hz ™)
| Mg |

(bes) N Charged leptons approx. diagonal
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Phenomenology

SU(3)C X SU(Z)L X U(l)yl X U(l)y2 X U(l)yg
Ug SU(B)C X SU(Z)L X U(l)y1_|_y2 X U(l)yg —+ ZiQ

(T

See talk by
Claudia Cornellal
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Phenomenology

SU3)e x SU2)r, xU(l)y, xU(1)y, x U(1)y, e 715 potentially mediating K — K (D — D)

v X1 d pu— ey (3e), typically:
— SU3). x SUR2)L xU(1)y, 1y, x U(1)y, + Z'5 mixing and p — ey (3e) , typically
v12 2 O(100 TeV)

(T

» Higher for large (0%)12 and (0%)12.

See talk by
Claudia Cornellal

Mario Fernandez Navarro Flavour deconstruction from the EW scale to the GU'I scale



Phenomenology

SU3)e x SUR2), xU(1)y, x U(1)y, x U(1)y, . Z12 potentially mediating K — K (D — D)
V1 3 ll
"2 ST7(3)e x SU(2)1 x U1y v x U(1)ys + 7/, mixing and p — ey (3e) , typically:

L
Vo >
28 SU(3)e X SU(2) 1 x U(1)yy4vysvs + Zhs + 21 v12 £ O(100 TeV)
2]12 20 N — ...... — : } ngher f()r large (6’%)12 and (9%)12
U(2)° 15 @ (: oo wr ) . Z§3 protec.ted by U (.2)5 symmetry, but
| tested by dilepton tails for low g3 and by
) 1.0 R i EW precision for large gs :
” gy = 228 L 036(My) g2 = —=L
A 0 S == s Yy V9% + g3 V2 + g
USM OOMENG iy,
See talk by ) 4 6 Q 10

Claudia Cornella!
M Zhq [TGV] [see EW global fit and FCC-ee projections in Davighi and Stefanek, 2305.113344]
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Phenomenology

SU3)e x SUR2), xU(1)y, x U(1)y, x U(1)y, . Z12 potentially mediating K — K (D — D)
V1 3 1
12 ST7(3). x SU(2)1 x ULy, 4y, X U(L)y. + 7. mixing and p — ey (3e) , typically:

L
Vo >
28 SU(3)e X SU(2) 1 x U(1)yy4vysvs + Zhs + 21 v12 £ O(100 TeV)
2]12 20 N — ...... — : } ngher f()r large (6’%)12 and (9%)12
U(2)° . & ) * Zz3 protected by U(2)’ symmetry; but
S tested by dilepton tails for low g3 and by
s 1.0 5 i EW precision for large gs :
23 |
‘- 91293 9192
. gy — ~ (.30 (MZ) J12 —
U(3)5 e DT T B0y \/9%2 T 9?% \/g% - g%
ven/  O-OJENEEE e “if g1 292 g3~ V3gy
= . —> | V923 z 5 TeV
See talk by 2 4 0 o 10

Claudia Cornella!
M Zhq [TGV] [see EW global fit and FCC-ee projections in Davighi and Stefanek, 2305.113344]
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Extension to neutrinos

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

Mario Fernandez Navarro Flavour deconstruction from the EW scale to the GU'I scale



Extension to neutrinos

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

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

U(l)yl U(l)y2 U(l)yg SU(S)C X SU(Q)L
Dr23 D13 21 0 (1,1)
— (il U ,C . ¢ U, ,C . , U, ,C
b= caitsHyvi + ez Now 3Vi Tt Y My, 3T y: 0 (1,1)
—+ MiijV; —+ h.c. ] = 17 ) Na3 0 1/2 ':-/2 (17 1)
Nz | 1/2 0 1/2 (1,1)
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Extension to neutrinos

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

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

1 R\ Uy, | UMy, | Uy, | SU@3). x SU(2);
VY 0 0 0 (1,1)
L = c3l3H3v; + C2z'2 3V + 017:1 3V e 0 0 0 (1,1)
—+ MiijV; —+ h.c. ] = 17 ) Na3 0 1/2 ':-/2 (17 1)
Nis | 1/2 0 1/2 (1,1)
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Extension to neutrinos

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

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

~ 1 ~ 1 Ul)y, | UQ)y, | Ul)y, | SU). x SU(2)r

. u . .C u . .C u . .C V](-: O O O (17 1)
L = c3ibsH3v; + co; LoV + ClilHS Vi Ve 0 0 0 (1,1)
—+ MiijV; —+ h.c. ] = 17 ) Na3 0 1/2 ':-/2 (17 1)
Nis | 1/2 0 | -1/2 1.1)

u r— I

mp 5: Ci CZ Hy, Mpr=1\| v{| M1 M

vs | Moy Moo

U3 | c31  C32
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Extension to neutrinos

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

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

~ 1 ~ 1 Ul)y, | UQ)y, | Ul)y, | SU). x SU(2)r

. u . .C u . .C u . .C Vf O O O (17 1)
L = c3ilsHyv; + C2z‘2H3 v + Clile Vi y 0 0 0 (1,1)
—+ MiijV; —+ h.c. ] = 17 ) Na3 0 1/2 ':-/2 (17 1)
Nis | 1/2 0 | -1/2 1.1)

u r— I

mp 5: Ci CZ Hy, Mpr=1\| v{| M1 M

vs | Moy Moo

U3 | c31  C32

m, >~ mp Mglm}; Seesaw mechanism!
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Extension to neutrinos

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

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

~\ ~\ Ul)y, | UMy, | Uy | SU3)e x SU(2)L
VY 0 0 0 (1,1)
L = c3itsH3'vy + C2z‘2 3V + 017:1 3V; e 0 0 0 (1,1)
—+ MiijV; —+ h.c. ] = 17 ) Na3 0 1/2 ':-/2 (17 1)
Nis | 1/2 0 1/2 (1,1)
Vf V§ Vf VS J M o 1015 GeV
(1| c11 €19 U
m HY Mp=| v M, M |
b b | C21  Ca9 ° & Vﬁ Mi MZ v' No need of small couplings nor vy2, ves
U3 | c31  C32 : being very heavy

v No need of adding extra scalars
V My, 5 = v23 = O(10 TeV)

m, >~ mp Mglm}; Seesaw mechanism!
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“Deconstructed” GU'1?

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

SU3)e x SU2), xU(1l)y, x U(1)y, x U(1)y, , SU3)e x SU(2)p1 x SU(2)p2 x SU(2)p3 x U(1)y
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“Deconstructed” GU'1?

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

SU(3)e x SU(2)r, xU(1)y

1

X U(l)Yg X U(l)Y3 ’ SU(S)C X SU(Q)L,l X SU(Z)L,Q X SU(Q)L,;g X U(l)y

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

(%7_%70) (%707_%) (0727 2) (270 O) (0727()) (0707%) l,0,0 ' B ) OO,
» L.g. {@12 » Y413 » Y423 s {H  Hy , H3 ! {Q16 | ; ’ ) ( 6)}

)
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“Deconstructed” GU'1?

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

SU(3)e x SU(2)r, xU(1)y

1

X U(l)Yg X U(l)Y3 ’ SU(S)C X SU(Q)L,l X SU(Z)L,Q X SU(Q)L,;g X U(l)y

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

(3,—3,00 ,(5,0,=3) ,(0,3,—35) (3,0,0) £7(0,5,0) 7,(0,0,5) 5,0,0 0,%, 0,0,
» L.g. {@12 » Y413 » Y423 s {H  Hy , H3 ! {Q16 | ; : ) ( 6)}

)

» It Zs31s exact at very high energies, then:

[de Rujula, Georgi, Glashow 84’, SU(3),. X SU(3); X SU(3)p X Z;] SU(5) 1 X SU(5) 2 X SU(5) 3 X Zg

[Salam 79’°, Rajpoot 81’, Georgi 82’ ...]

with Zs3 permuting the three SU(5), contains a single gauge coupling in the UV.
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“Deconstructed” GU'1?

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

SU(3)e x SU(2)r, xU(1)y

1

X U(l)Yg X U(l)Y3 ’ SU(S)C X SU(Q)L,l X SU(Z)L,Q X SU(Q)L,;g X U(l)y

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

(3,—3,00 ,(5,0,=3) ,(0,3,—35) (3,0,0) £7(0,5,0) 7,(0,0,5) 5,0,0 0,%, 0,0,
» L.g. {@12 » Y413 » Y423 s {H  Hy , H3 ! {Q16 | ; : ) ( 6)}

)

» It Zs31s exact at very high energies, then:

[de Rujula, Georgi, Glashow 84’, SU(3),. X SU(3); X SU(3)p X Z;] SU(5) 1 X SU(5) 2 X SU(5) 3 X Zg

[Salam 79’°, Rajpoot 81’, Georgi 82’ ...]

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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Deconstructed GU'I' example

I3 5 1 1
Fy 1 5 1
Iy 1 1 5
T, 10 1 1
T, 1 10 1
T, 1 1 10
0 24 24 24
H, 5 1 1
H, 1 5 1
Ho 1 1 5

+ hyperons and VL fermions of tri-hypercharge model
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Deconstructed GU'I' example

e 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:

F 5 1 1 V24

F; i 5 1 — SU(3) 14243 X SU(2)14243 x U(1)1 xU(1)2 x U(1)3
F3 1 1 5 UlHZ SU(3)1_|_2_|_3 X SU(2)1_|_2_|_3 X U(1)1_|_2 X U(l)g

T 10 1 1 oo

L 1 10 ) 25 SU3) 14248 X SU(2) 11018 X U(1)14243

13 1 1 10

() 24 24 24

H; D 1 1

Ho 1 5 1

H, 1 1 5

+ hyperons and VL fermions of tri-hypercharge model
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Deconstructed GU'I' example

e 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:

F 5 1 1 V24

F; 1 5 1 — SU(3) 14243 X SU(2)14243 x U(1)1 xU(1)2 x U(1)3
F3 1 1 5 U12 SU(3)1_|_2_|_3 X SU(2)1_|_2_|_3 X U(1)1_|_2 X U(l)g

T 10 1 1 o

15 1 10 1 — SU(3)1+2+3 X SU(2)1+2+3 X U(1)1+2+3-

15 1 1 10

! 24 24 24 SU(5)3 24, SM; x SMs x SM5

H 54 1 1

H; 1 5 1 5 SU(3)14243 X SU(2)14203 x U(1)1 xU(1)g x U(1)3
H3 1 1 0 =2 SU(3)142+3 X SU(2)14243 X U(1)112 x U(1)3

V23,
+ hyperons and VL fermions of tri-hypercharge model — SU(3) 14243 X SU(2)14243 X U(1)14243.
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(Gauge coupling unification

e Discontinuities due to gauge coupling 60
matching conditions:

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

10 10* 10° 10° 10'° 10'% 10 10'f
p |GeV)
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(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

60
o0
40

107

10

10°

10° 10 10'°
p |GeV)

Flavour deconstruction from the EW scale to the GU'T scale
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(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. Vs = 6 X 1010 GeV ey Maut = 1017 GeV
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(Gauge coupling unification

No intermediate SM° scale: SU(5)° Mayr SU(3). x SU(2)r, x U(1)5

v

60 F_
50 |
40 |
T —— SU(2)
= 30}
20} SU(3)
10+ UMy gy L
10> 10* 10° 10% 10" 10 10" 10'/

[GGV] a;i,l + @;i,z + Oé;i,s = &;};(MGUT)

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

Mario Fernandez Navarro
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(Gauge coupling unification

No intermediate SM° scale: SU(5)° Mayr SU(3). x SU(2)r, x U(1)5

60 F.
o0 |

40 t

p [GeV]

1 1 _
as,L,l + as,L,Z + Oés,

\
50 |
40 1
— \—li

SU(2) iss :3()
sU(3) 20
U(1l)y, U1)y, QA 10}

102 10" 10° 10* 10" 10" 10" 10'/

1

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

60 F.

L3~ O‘s_,i(MGUT)

\
—
_ SU(2) _
-/\(3) -
U(l)Yl (1)Y2 U<1)Y3
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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* Gauge leptoquarks of SU(5)° mediate proton decay.

* Proton hitetime depends on Mgyt which depends as
well on wvgys (scale at which SU(3). and SU(2). are 10"

deconstructed).

* v < 3 x 10 GeV saturates current proton decay
bounds, while vgys < 6 x 10'° GeV saturates the

projected sensitivity.

Hyper-Kamiokande 90% CL-* |

Proton decay

5- 10" F

. MGUT [GGV]

1015-l | | L1 1 1111 | | L 1 1111

10" 10

Super-Kamiokande 90% CL vans |GeV]

1017

5 .10

Mario Fernandez Navarro
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lTake home messages

* Flavour deconstruction 1s very successtul to explain the flavour structure of the SM.
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lTake home messages

* Flavour deconstruction 1s very successtul to explain the flavour structure of the SM.

* T'hese theories lead to a multi-scale picture where the lower scale may be close to EW.
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lTake home messages

* Flavour deconstruction 1s very successtul to explain the flavour structure of the SM.

* T'hese theories lead to a multi-scale picture where the lower scale may be close to EW.

v One of the most simple options is the tri-hypercharge group:

SU(3)C X SU(Q)L X U(l)yl X U(1>y2 X Uv(l)y3
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lTake home messages

* Flavour deconstruction 1s very successtul to explain the flavour structure of the SM.

* T'hese theories lead to a multi-scale picture where the lower scale may be close to EW.

v One of the most simple options is the tri-hypercharge group:
SU(3>C X SU(Q)L X U(l)yl X U(1>y2 X U(l)yg

* However, flavour deconstructed theories may contain up to 9 gauge couplings.
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lTake home messages

* Flavour deconstruction 1s very successtul to explain the flavour structure of the SM.

* T'hese theories lead to a multi-scale picture where the lower scale may be close to EW.

v One of the most simple options is the tri-hypercharge group:
SU(3>C X SU(Q)L X U(l)yl X U(1>y2 X U(l)yg
* However, flavour 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.

& 1Same matter

* One example of this is: SU(5)1 x SU(5)2 x SU(5)3 X

Mario Fernandez Navarro Flavour deconstruction from the EW scale to the GU'I scale



lTake home messages

* Flavour deconstruction 1s very successtul to explain the flavour structure of the SM.

* T'hese theories lead to a multi-scale picture where the lower scale may be close to EW.

v One of the most simple options is the tri-hypercharge group:
SU(3>C X SU(Q)L X U(l)yl X U(1>y2 X U(l)yg
* However, flavour 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)2 x SU(5)3 X

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

* Flavour deconstruction 1s very successtul to explain the flavour structure of the SM.

* T'hese theories lead to a multi-scale picture where the lower scale may be close to EW.

@
v One of the most simple options is the tri-hypercharge group: Q’
SU(3>C X SU(Q)L X U(l)yl X U(1>y2 X U(l)yg @

* However, flavour 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)2 x SU(5)3 X

v Flavour deconstructed theories consistent all the way from the EW scale to the GUT scale!
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12MH2 Mo,
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32 M e Mg,

Flavour deconstruction from the EW scale to the GU'T scale

JU; + YquZHddC

¢q12 ¢q23
13
MQz MQg

Yeijgngeg -+ h.c.

. Qe13

Backup: Yukawa couplings UV-complete model

C33



Backup: Neutrinos

. . . . . 11
o Avoid complete singlet neutrinos but introduce neutrino N,; (O,—, — —) and

4 4
s (o 1 1Y)
atm > 4’4

] —_—
Z D X(ﬁbatmf sH Ny3 + @ il 2H, Ny3) + D pr3N>3 N3
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Backup: Gauge coupling unification

* Discontinuities due to gauge coupling 60
matching conditions:
72
—1 1 _ -1 i
Qy,, Ty, = ay (v23) Y=
1, -1 _ -1
Qy, + Qy = O‘Ym(""m)
\a
e
1 =1 1 —1
Qy, =y, oy R V3ay (Vi2) S

10 10* 10° 10® 10% 10'% 10'* 10'®
p [GeV]
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Backup: Gauge coupling unification

* Discontinuities due to gauge coupling 60
matching conditions:
72
—1 1 _ -1 i
Qy,, Ty, = ay (v23) Y=
1, -1 _ -1
Qy, + Qy = O‘Ym(""m)
\a
e
1 =1 1 —1
Qy, ~ Qy, ~ Qy, ~ \/§ay (v12) S

* VL quarks Q; help bend SU(2), plus colour
octet ©; ~ (8,1,0); from cyclic 24 at vy scale

2 4 0 3 10 12 14 16
to bend SU(3) (non-SUSY). 0= 10 10° 10> 10~ 10~ 10— 10
* (Gauge couplings approximately “run the same”
thanks to approximate Zg at low energies, which H [Gev]

becomes exact at high energies.
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Backup: Gauge coupling unification

* Discontinuities due to gauge coupling 60
matching conditions:
2
1 1 1 9; 50,
Qy,, + oy, = oy (v23) Y=
Oé]_/ll + &;21 — (1;—112 (1112) 40
|
S
oyl & oy} & oy & V3o (or2) SIS
1 —1 —1 —1 20
Ozs,L,l T CVS,L,Z T CVS,L,S — as,L(USMS)
10
* VL quarks Q; help bend SU(2), plus colour
octet ©; ~ (8,1,0); from cyclic 24 at vy scale
o 2 4 6 3 10 12 14 16
to bend SU(3) (non-SUSY). 10« 10 10> 10> 10 10~ 10— 10
* (Gauge couplings approximately “run the same” 0l o] ~ ]
thanks to approximate Zsg at low energies, which H [Gev] Shol ek s ke

becomes exact at high energies.

Vaps = 0 X 10'° GeV — MGUT — 1017 GeV
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Backup: Gauge coupling unification

* Discontinuities due to gauge coupling 60
matching conditions:

o0

10 10* 10° 10® 10% 10'% 10'* 10'®

p [GeV]
Vaps = 0 X 10'° GeV — MGUT — 1017 GeV
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Backup: Gauge coupling unification

* Discontinuities due to gauge coupling 60
matching conditions:

gy, (012) ~ gy, (U12) * gy, (Ugg) ~ 0.59 50

gy, (v23) = \/§gy(v23) ~ 0.79

10 10* 10° 10® 10% 10'% 10'* 10'®

p [GeV]
Vaps = 0 X 10'° GeV — MGUT — 1017 GeV
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Backup: Gauge coupling unification

* Discontinuities due to gauge coupling 60
matching conditions:

gvi(v12) & gy, (vi2) - gy, (V23) ~ 0.59 o
9y, (v23) =~ V3gy (va3) = 0.79
9s5,19s,29s,3
\/93,1 + 952+ 953

l same for gr,,; couplings via s — L

N F (fUSl\/I3 )

gS,l = 98,2 =~ 93,3 ~ \/§QS(USM3)

10 10* 10° 10® 10% 10'% 10'* 10'®

p [GeV]
Vaps = 0 X 10'° GeV — MGUT — 1017 GeV

Mario Fernandez Navarro Flavour deconstruction from the EW scale to the GU'T scale 20



Backup: Gauge coupling unification

* Discontinuities due to gauge coupling 60
matching conditions:

gy, (012) ~ gy, (U12> * gy, (2123) ~ 0.59 50

gy, (Vag) &~ \/§gy(v23) ~ 0.79 40
9s,19s,29s.3 i
; ; ; = gs(vsm3) | .
\/gs,l + 95,2 + 98,3 d 30
l same for gr..i couplings via s — L , 20
L%
9s,1 = Gs,2 = §s,3 = \/§gs (Vsm3) " A4
10
* Unification achieved with tri-hypercharge
content (only 3 V1. quarks) plus cyclic colour
octet ©; ~ (8,1,0); from cyclic 24 at vi2 scale 102 104 106 108 1010 1012 1014 1016
(non-SUSY).
* (Gauge couplings approximately “run the same” Iy [Ge\/]
thanks to approximate Zs at low energies, which
becomes exact at high energies. Vaps = 6 X 1016 GV ey Maut = 1017 GeV
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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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https://cds.cern.ch/record/101473/files/C79.06.27_Vol.%202.pdf
https://doi.org/10.1103/PhysRevD.24.1890
https://doi.org/10.1016/0550-3213(82)90406-0
https://cds.cern.ch/record/104471/?ln=es
https://arxiv.org/abs/hep-ph/9407239
https://arxiv.org/abs/hep-ph/9804325
http://hep-ph/0409147
https://arxiv.org/abs/0709.3491
https://arxiv.org/abs/2311.05683

Backup: SU(5) cube model table

Fy 5 1 1
Fy 1 5 1
F3 1 1 5
T 10 1 1
T 10 1
Ty 1 10
X1 10 1
X2 10
X3 1 1 10
Nio 5 5 1
Ni3 5 1 5
Nos 1 5 5
Q 24 24 24
H** 55 1 1
zye 5,5 1
H 1 5,5
L, 5 5 1
1, 5 1 5
Ly 1 5 5
1, 10 10 1
X 10 1 10
o1, 1 10 10
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Backup: SU(5) cube model table

Fi 5% 1 1

F5 1 5 1

Fy 1 1 5

T 10 1 1

15 10 1

T, 1 1 10

Y1 10 1

X2 10

X3 1 10 . .

- . - , + cyclic 45 to split down/charged
12 . .

Ny 5 1 5 lepton masses as in conventional SU(S)

Nos 1 5 5

Q) 24 24 24
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