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Family affair

-Isidor Isaac Rabi after the discovery of the muon,
a copy of the electron 100 times heavier, in 1936
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Family affair

-Isidor Isaac Rabi after the discovery of the muon,
a copy of the electron 100 times heavier, in 1936

Personally I see no theoretical reason for a prejudice  against an

fTheﬂfeaitprobiemww1th'Higgs(~ and{thls”;

elementary spin-zero object. "
is one of those unresolved problems which i mentioned earlier and one which

Abdus Salam,

calls for greater depth in our theories ~jfstthellarge'number_ofparameters5.21-
out of 26 in the standard 6-quark, (K-M) Su(2) x u(1) x SUC(B\ model - attributable

to the Higgs sector h), What is needed is an extension of the gauge (or a
almoat certainly thereis & more basic layer of structure underneath.ﬁ

similar) principle to embrace the Higgs sector...]

EPS HEP conference at CERN 1979

Flavour deconstruction: from the EW scale to the GU'I scale

Mario Fernandez Navarro


https://cds.cern.ch/record/101473/files/C79.06.27_Vol.%202.pdf

Family attair

-Isidor Isaac Rabi after the discovery of the muon,
a copy of the electron 100 times heavier, in 1936

Personally I see no theoretical reason for a prejudice  against an

elementary spin-zero object. fThe”feai-probiemwwitthiggs€;'and{thls';

is one of those unresolved problems whiéh i-ﬁéntioned éérlier‘éﬂd one\whlchk

calls for greater depth in our theories ~jiswthellarge{number;ofparameter344521n 

out of 26 in the standard 6-quark, (K-M) oU(2) v. X SU(B\mo - attributable EPS HEP conference at CERN 1979

to the Higgs sector h), What is needed is an extension of the gauge (or a

similar) principle to embrace the Higgs sector.”

In the Standard Model the masses of quarks and leptons take values Steven Weinb erg
proportional to the coupling constants in the interaction of these fermions ’
with scalar fields, constants that in the context of this model are entirely 12001.06582]

| arbitrary. But the peculiar hierarchical pattern of lepton and quark masses |
| seems to call for a larger theory, in which in some leading approximation
| the only quarks and leptons with non-zero mass are those of the third gen-
|_eration, the tau, top, and bottom, with the other lepton and quark masses |

One of the longer-lasting puzzles in |
particle physics! |
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Flavour in the SM (and beyond)

» blavour (generations, tamilies) reters to copies of the gauge representation.

» The (chiral) fermions of the SM come in three 1dentical
(replicated) tfamilies under the gauge symmetry.

» Gauge anomalies cancel tamily by family.

Mario Fernandez Navarro

Field SU(3). SU(2), U(l)y
qir 3 2 1/6
U1 R 5 1 2/3
din 3 1 ~1/3
i 1 2 —1/2
€1R 1 1 —1
q2r. 3 2 1/6
U2 R 3 1 2/3
dop 3 1 ~1/3
lar, 1 2 —1/2
€Eo2R 1 1 —1
3L 3 2 1/6
U3 R 3 1 2/3
dsp 3 1 ~1/3
lsr, 1 2 —1/2
€E3R 1 1 —1
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Flavour in the SM (and beyond)

» blavour (generations, tamilies) reters to copies of the gauge representation.

» T'he (chiral) fermions of the SM come 1n three 1dentical Field SU(3). SU(2), U(l)y
(replicated) families under the gauge symmetry.
qir 3 2 1/6
» Gauge anomalies cancel family by tamily. ULR 3 1 2/3
diRr 3 1 —1/3
» Why three families (generations, flavours) ot chiral fermions? bir 1 2 —1/2
(and not 1 or N). “1R 1 1 —1
q2r 3 2 1/6
U2 R 3 1 2/3
dar 3 1 —1/3
lor 1 2 —1/2
€Eo2R 1 1 —1
q3L. 3 2 1/6
U3 R 3 1 2/3
dsr 3 1 ~1/3
ls1 1 2 —1/2
€E3R 1 1 —1
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Flavour in the SM (and beyond)

» blavour (generations, tamilies) reters to copies of the gauge representation.

» The (chiral) fermions of the SM come 1n three 1dentical Field SU(3). SU((2). U(ly
(replicated) families under the gauge symmetry.
qiL 3 2 1/6
» Gauge anomalies cancel family by tamily. ULR 3 1 2/3
dir 3 1 —1/3
» Why three tamilies (generations, tlavours) of chiral fermions? bir 1 2 —1/2
(and not 1 or N). €1R 1 1 —1
qar 3 2 1/6
* At least three quark tamilies needed to have CP-violating ZQR g 1 21/ 33
phase(s) in the GKM matrix, QCD asymptotic freedom ZQR . , _1/ i
requires less than nine (quark) families. 2L —1/
EoR 1 1 —1
‘ ‘ : q3L 3 2 1/6
* Indeed all experimental data supports the existence of only . ) 2
three (chiral) families (see e.g. invisible decay width of Z boson) UsF: /
dsr 3 1 ~1/3
lar 1 2 —1/2
€3R 1 1 —1
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Flavour in the SM (and beyond)

» blavour (generations, tamilies) reters to copies of the gauge representation.

» The (chiral) fermions of the SM come in three 1dentical
(replicated) tfamilies under the gauge symmetry.

» Gauge anomalies cancel tamily by family.

» Why three tamilies (generations, tlavours) of chiral fermions?

(and not 1 or N).

e At least three quark families needed to have CP-violating
phase(s) in the CKM matrix, QCD asymptotic freedom

requires less than nine (quark) families.

* Indeed all experimental data supports the existence of only
three (chiral) families (see e.g. invisible decay width ot Z boson)

All these are a posterior arguments
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Field SU(3). SU(2), U(l)y
qiL 3 2 1/6
U1 R 5 1 2/3
din 3 1 ~1/3
(i 1 2 —1/2
€1R 1 1 —1
q2r. 3 2 1/6
U2 R 3 1 2/3
dop 3 1 ~1/3
lor, 1 2 —1/2
€Eo2R 1 1 —1
3L 3 2 1/6
U3 R 3 1 2/3
dsp 3 1 ~1/3
lsr, 1 2 —1/2
€E3R 1 1 —1
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Flavour in the SM (and beyond)

e (Chiral fermions can couple to the Higgs doublet that breaks electroweak symmetry!

Field SU(3). SU((2); U(l)y

»CYukawa — y%qiLHujR + yijGiLdeR + yf'ziLHejR -+ h.c.

J Q1L 3 2 1/6
U1 R 3 1 2/3
dip 3 1 ~1/3
i 1 2 ~1/2
C1R 1 1 —1
q2L 3 2 1/6
U2 R 3 1 2/3
dop 3 1 ~1/3
lor 1 2 ~1/2
€Eo2R 1 1 —1
q3L 3 2 1/6
U3R 3 1 2/3
dsp 3 1 ~1/3
lsr 1 2 —1/2
€E3R 1 1 —1
H 1 2 1/2

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



Flavour in the SM (and beyond)

e (Chiral fermions can couple to the Higgs doublet that breaks electroweak symmetry!

Field SU(3). SU((2); U(l)y

»CYukawa — y%qiLHujR + yijGiLdeR + ysziLHejR -+ h.c.

q1L 3 2 1/6

U1 R 3 1 2/3
di g 3 1 ~1/3
. . 0 1 2 —1/2

e (Chiral fermion masses appear as a consequence of spontaneous e1m 1 1 1
symmetry breaking . 2 > 1/6
(H) = 1 ( 0 ) Usp 3 1 2/3
V2 \ vsm +h dor 3 1 —1/3
lor, 1 2 —1/2

€Eo2R 1 1 —1

1 _ — _ 3 2 1/6

Lyukawa = E(USM + h) [y%uiLujR T yzdjdz'Lde T yfjeiLejR] + h.c. g?;; 3 . 2§3
d3p 3 1 ~1/3
lar 1 2 —1/2

wd.e . . €E3R 1 1 —1

o y“¢are generic 3 X 3 complex matrices 7 1 > 1/2
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Flavour in the SM (and beyond)

1
»CYukawa — E(USM

u,d,e

*

h) [y%ﬂiLujR

yodind;g

e —_—
yijeiLejR]

h.c.

are generic 3 X 3 complex matrices. In order to obtain mass eigenstates and (real and positive)

eigenvalues, Yukawa matrices must be brought to diagonal form wvia bi-unitary transtormations:

Vi, "V = diag(yu, Ye, yt)

Mario Fernandez Navarro

Vi, dejR = diag(ya, Ys, Un)

VeL yeveTR — diag(y€7 y,u? yT)
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Flavour in the SM (and beyond)

1

»CYukawa — E(USM

u,d,e

*

h) [y%ﬂiLujR

yodind;g

e —_—
yijeiLejR]

h.c.

are generic 3 X 3 complex matrices. In order to obtain mass eigenstates and (real and positive)

eigenvalues, Yukawa matrices must be brought to diagonal form wvia bi-unitary transtormations:

Vi, "V = diag(yu, Ye, yt)

Me = 1 UsM
o 87
V2

——— Unitary matrices

—
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Vi, dejR = diag(ya, Ys, Un)

VeL yeveTR — diag(y€7 y,u? yT)

Fermion masses are proportional to physical Yukawa couplings

V,, . encode the mixing among fermions with the same gauge transformations

Yr.,
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Flavour in the SM (and beyond)

1 _
Lyukawa = E(USM h) [yiuipuir + yisdind;r + ¥ €irejr] + hoc.

¢ V7 ¢ are generic 3 X 3 complex matrices. In order to obtain mass eigenstates and (real and positive)
elgenvalues, Yukawa matrices must be brought to diagonal form wvia bi-unitary transtormations:

Vi, "V = diag(yu, Ye, yt) Va, deJR = diag(yq, s, Y») Ve, V. = diag(ye, Yu, yr)

Me = 1 UsM
a 87
V2

—— Unitary matrices V,, encode the mixing among fermions with the same gauge transtormations

— Fermion masses are proportional to physical Yukawa couplings

YLR
Physical (weak interactions) Unphysical (in the SM)
' | But may become
physical in BSM
VC KM ~ VdL VML’ VdL’ VeL f‘, scenarlos
VPMNS VJ( % VuRa VdR> VeR ,

VL eL
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Flavour in the SM (and beyond)

 Neutrino oscillations === (at least 2) neutrinos are massive and there exists mixing in the lepton sector

. . Cij ~C =~ ~
 Inthe SM(EFT) wgp dim-5 Weinberg operator % ( b, . H ) ( (1 iH ) === neutrinos are Majorana
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Flavour in the SM (and beyond)

 Neutrino oscillations === (at least 2) neutrinos are massive and there exists mixing in the lepton sector

S

. . Ci; —-C =
e Inthe SM(EFT) === dim-5 Weinberg operator —-Z ( / 7.1 ) ( lr ; H ) = neutrinos are Majorana

A

* Simple origin via type I seesaw === add at least two gauge singlet (rigcht-handed) neutrinos Ng1,2 ~ (1,1,0)

| Nr1 Np2
e | D[ v v
ba | Y21 Yo
b3 | Y31 Y39

* Assume m, <K My :

My, =~ mDM]glmD

~

H

Nr1 Ngo

—C
Mp = Ngl My, Mo
Npy | Mg Moo

b = Veuns = V]V,

o m, =0 and normal ordering, then m, = \/ Am321 ~ 0.05eV, 1t yi & O(1) then My ~ O(10" GeV)

Mario Fernandez Navarro
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Flavour in the SM (and beyond)

USM
Ma = Yo \/5

» Small y, - natural a la t Hooft

» But the three families are
1dentical objects, all y, enter
the theory in the same way -

Why hierarchies?
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Flavour model building program

I. Understand why (how?) Nature has chosen three identical termion families.

2. Understand the origin ot flavour hierarchies, the origin of neutrino masses and the
different mixing among quarks and leptons, 1in terms of a dynamical mechanism.

3. Ideally, all (flavour) parameters should be calculable from fundamental principles (1.e.
theory with no free parameters) -jor at least Calculable m terms of @(1) parameters

4. Ideally, testable!
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Conventions

* 4-component (Dirac) spinor expressed 1in terms of 2-component (Weyl) spinor:

()= (i ) Forme=t = (0 7))

see e.g. |Dreiner, Haber, Martin, 0812.1594], also Adam Falkowski GGl lectures

* In some BSM theories, LH fermions f unity in the same multiplet with conjugate RH fermions f° (both are LH):

5; ~ £; D dS
SU(5) =——pp SO(10) ==—=Pp 16, ~ q; DL; Du; ©d; De; Ov;

10, ~ q; P u; b e;

Field SU(3). SU?2). U(l)y Field SU@3). SU2)L UQl)y

qLi 3 2 1/6 qi 3 2 1/6

URi 3 1 2/3 us 3 1 —2/3

dRi 3 1 —-1/3 d§ 3 1 1/3

lri 1 2 —1/2 l; 1 2 —~1/2

€ R 1 1 —1 eg 1 1 1
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Outline

2. Flavour deconstruction: generics

3.

4.
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Flavour deconstruction

A GAUGE APPRECIATION OF DEVELOPMENTS IN PARTICLE PHYSICS -~ 1979

tiCTP;Triéste, Italy, and
Imperial College, London, England.

EPS HEP conference at CERN 1979

41) Consider one more example of the introduction of intermediate energy

An oasis 1n the SU(5) desert vs
scales - and the plateau-breaking pecaks - which may have their location SO(IO) intermediate scales

almost anywhere, so far as the internal logic of the symmetry-breaking

“Iribal groups”

mass scales Ml. The final breaking stage corresponds to the emergepnce

I+1I+1I11

of the diagonal sum [SU(2) x U(1) x SUC(3)] ( % u(1) x su_ (3))

C
“Flavour deconstruction”
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Flavour deconstruction

* Perhaps first concrete realisation 1s: |Li and Ma, 1981 |

Gauge Model of Generation Nonuniversality

Xiao-yuan Li‘®’ and Ernest Ma

Depavtment of Physics and Astvonomy, Untvevsity of Hawaii at Manoa, Honolulu, Hawaii 96822
(Received 13 October 1981)

An electroweak gauge model is discussed, where generations are associated with
separate gauge groups with different couplings. The observed u-e universality is the re-

We adopt the group U(1)® [SU(2)]", and assign
the 7th generation of fermions to U(1)® SU(2),,
where 7=1, ..., n, as in the standard model for
that subgroup. The gauge couplings are g, for

v

SU(Q)Ll X SU(Q)LQ X SU(Q)Lg X U(l)y
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Flavour deconstruction

* Perhaps first concrete realisation 1s: |Li and Ma, 1981 | We adopt the group U(1)® [SU(2)]", and assign

Gauge Model of Generation Nonuniversality

(a)

Xiao-yuan Li'*“’ and Ernest Ma

(Received 13 October 1981)

the 7th generation of fermions to U(1)® SU(2),,
where 7=1, ..., n, as in the standard model for
that subgroup. The gauge couplings are g, for

Depavtment of Physics and Astvonomy, Untvevsity of Hawaii at Manoa, Honolulu, Hawaii 96822 l

An electroweak gauge model is discussed, where generations are associated with

separate gauge groups with different couplings. The observed u-e universality is the re- SU(2)L1 X SU(Q)LQ X SU(Q)LS X U(l)y

e More recent realisations:

|Bordone, Cornella, Fuentes-Martin, Isidori, 2017]

|Craig, Green and Katz, 2011]

(De)Constructing a Natural and Flavorful
Supersymmetric Standard Model

Nathaniel Craig,!'? Daniel Green,! and Andrey Katz?

A three-site gauge model for flavor hierarchies and flavor anomalies

Marzia Bordone,!'[*| Claudia Cornella,':[f| Javier Fuentes-Martin,"[¥| and Gino Isidori®:}}
! Physik-Institut, Universitit Zuiich, CH-8057 Zirich, Switzerland

We present a three-site Pati-Salam gauge model able to explain the Standard Model flavor hi-
erarchies while, at the same time, accommodating the recent experimental hints of lepton-flavor
non-universality in B decays. The model is consistent with low- and high-energy bounds, and pre-
dicts a rich spectrum of new states at the TeV scale that could be probed in the near future by the
high-pr experiments at the LHC.
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Flavour deconstruction

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

structure hidden at high energies?

gauge :

; Family

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

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

Guniversal X G1 X Ga X G Bordone et al 17’, Greljo and Stefanek 18’,
Fuentes-Martin et al, 20°, Davighi and Isidori 23’ ...]
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Flavour deconstruction

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

structure hidden at high energies?

gauge :

® |Family

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

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

Guniversal X Gl X G2 X G3 Bordone et al 17°, Greljo and Stefanek 18’,
Fuentes-Martin et al, 20’, Davighi and Isidori 23’ ...]

» Discriminates between the three tamilies (no longer tamily replication).
» The EW Higgs doublet 1s a third tamily particle (1.e. singlet ot G, and G, but not of G;).

» Explains SM flavour structure with all fundamental (Yukawa) couplings being O(1).
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Flavour deconstruction

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

structure hidden at high energies?

gauge :

® |Family

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

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

Guniversal X Gl X G2 X G3 Bordone et al 17°, Greljo and Stefanek 18’,
Fuentes-Martin et al, 20’, Davighi and Isidori 23’ ...]

» Discriminates between the three tamilies (no longer tamily replication).
» The EW Higgs doublet 1s a third tamily particle (1.e. singlet ot G, and G, but not of G;).

» Explains SM flavour structure with all fundamental (Yukawa) couplings being O(1).

3%  ¢¢

* Several different names 1n the literature:“tribal groups”, “gauge non-universal theories of Hlavour
(extensions of the SM)”, “multi-scale theories of flavour”, “flavour deconstruction™...
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Outline

2.

3. Flavour deconstruction: from the electroweak scale

4.
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A simple example:

[MFN, King, 23'; MFN, King, Vicente, 24']

S1mple example 1r1- hypercharge

YoM=Y =Y +Ys+ Y5

» “A separate (gauge) hypercharge for each

fermion family” - no ad-hoc choices.

Mario Fernandez Navarro
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S1mple example 1r1- hypercharge

A simple example:

YoM=Y =Y +Ys+ Y5

FN, Kin " MFN, King, Vicente, 24 y
[MIN, g, 23'; N, g, Vicente, 24'] 2 2 2 C » “A separate (gauge) hypercharge for each
1 2 3 fermion family” - no ad-hoc choices.
: C c c
Field SUB3). SUR)r Uy, Uy, Uy 1 2 3 » Gauge anomalies cancel family by family
Q1 3 2 1/6 0 0 2 2 (s - but now without family replication.
us 3 1 —2/3 0 0
ds 3 1 1/3 0 0 e; €5 es
2 1 2 —1/2 0 0
e¢ 1 1 1 0 0 Hs
us 3 1 0 —2/3 0
ds 3 1 0 1/3 0
l 1 2 0 —1/2 0
es 1 1 0 1 0
0 3 2 0 0 1/6
ug 3 1 0 0 ~2/3
ds 3 1 0 0 1/3
0 1 2 0 0 ~1/2
es 1 1 0 0 1
H 1 2 0 0 1/2
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S1mple example 1r1- hypercharge

A simple example:

YoM=Y =Y +Ys+ Y5

[MEN, King, 23% MEN, King, Vicente, 24 2 C 2 C 2 C » “A separate (gauge) hypercharge for each
] 2 3 fermion family” - no ad-hoc choices.
. C C C
Field SUB). SUR)r Ulvi Ul Uy 1 2 3 » Gauge anomalies cancel family by family
Q1 3 2 1/6 0 0 2 2 (s - but now without family replication.
us 3 1 —2/3 0 0 | o
d 3 1 1/3 0 0 6(13 6(2: eg > EW, Higgs doublet only carries th1rql
01 1 2 —1/2 0 0 family hypercharge - only third family
es 1 1 1 0 0 H4 Yukawas at renormalisable level.
us 3 1 0 —2/3 0
d; 3 1 0 1/3 0 » Light families are massless 1n first approximation:
0 1 2 0 —1/2 0
es 1 1 0 1 0
s 3 2 0 0 1/6 L = yq3Hsus + ypqzHzds + y,-l3Hzes +h.c.
us 3 1 0 0 —2/3
ds 3 1 0 0 1/3
0 1 2 0 0 ~1/2
es 1 1 0 0 1
H 1 2 0 0 1/2
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S1mple example 1r1- hypercharge

A simple example:

YoM=Y =Y +Ys+ Y5

. . . . ,
[MEN, King, 23% MEN, King, Vicente, 24] 2 C 2 C 2 » “A separate (gauge) hypercharge for each
1 2 3 fermion family” - no ad-hoc choices.
. C C C

Field SUB). SU@)r Uy Uy, Ul 1 2 3 » Gauge anomalies cancel family by family

q1 3 2 1/6 0 0 A o 2 - but now without family replication.

u§ 3 1 —2/3 0 0 . . .

d 3 1 1/3 0 0 6(13 6(2: eg > EW, Higgs doublet only carries th1rql

/1 1 2 ~1/2 0 0 i family hypercharge - only third family

es 1 1 1 0 0 Yukawas at renormalisable level.

q2 3 2 0 1/6 0

us 3 1 0 —2/3 0

dS 3 1 0 1/3 0

0 1 2 0 —1/2 0

es 1 1 0 1 0

g3 3 2 0 0 1/6

us 3 1 0 0 —2/3

ds 3 1 0 0 1/3

14 1 2 0 0 —1/2

62 1 1 0 0 1/ » Lype 11 2HDM can take care of my, - /my

; hierarchies via:
Hg’ 1 2 0 0 +1/2

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

o O O
o O O

Lg = (Cll g2 CIS) (

S5y A @(1) Coupling
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In-hypercharge: spurions

Lg = (Cll 42 CIB)

o O O
o O O

37— (O(1) coupling
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
Kz qo H 5 d
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In-hypercharge: spurions

(I)(_léjo]i%]? (I)(_%v év%) q)(_%a()v%) flj y
'Cd — (q1 " Q3) (I)( Bi 6715) 27 3 dg H3 —|—hC
(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™) ,
gbKZS G211 §i d3
* We also promote the spurion in the (2,2) entry to hyperon
£ C
¢A223 0o Hg d2
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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™) ,

<¢C]23> qu?c)ng !

|

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

(Pe23)
A

I3

cron
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In-hypercharge: spurions

1 ) 1 11 0 1
12 i 1 6 1312 1 ? C
’Cd — (q1 "0, C_I3) (I)(—gi—671§) (I)(O,—?, %) (I)(O,—g, 6> 2 Hd—|—h.C.
(I)(_§707§) (I)(Ov_§7§) 1 g
1 1 1 1
e So far we have two scalars (hyperons) @3 ~ (0, 5 2) and .03 ~ (0, % 6)

~ () ~ () ~ ()

~ () ¢€23 ¢q23
Yd — A2 A2
~ () ¢€23 ¢q23 1
Ay Ao
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In-hypercharge: spurions

1 1
2:0,3) G
Ed — (ql q2 Q3) (I)(_%i_%’ %) (I)( ) ) %) g H§1—|—hC

~ ( ~ ( ~ (
~ () ¢€23 ¢q23
Yo = A2
~ () ¢€23 ¢q23 1
Ao Ao
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In-hypercharge: spurions

) 111 1 1
12’ 121 6 1312 0 1 ? C d
Ed — (ql g2 Q3) (I)(_gi_g?) (I)(Oa _?7 ?) (I)( T 6 E) 2 H3 + h.c.
1 1 1 1
272) and 023 ~ (0, 6’6)

1 1 : :
e Introduce @12 ~ ( 5 2,O) and  ¢g10 ~ ( 1 6,()) to generate spurions in first row:

~ () ~ () ~ ()

~ () ¢€23 ¢q23
Yo = AQ A2
~ () ¢€23 ¢q23 1
Ao Ao
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In-hypercharge: spurions

1 1 1 1 1
12’ 121 0 13 1§ 6 ? ? C d
Ed — (ql g2 Q3) (I)(_gi_g?) (I)(Oa _?7 ?) (I)( T 6 E) 2 H3 + h.c.
1 1 1 1
272) and 023 ~ (0, 6’6)

1 1 : :
e Introduce @12 ~ ( 5 2,O) and  ¢g10 ~ ( 1 6,()) to generate spurions in first row:

P12 V1o Pq12 Cros Pq12 ©g23 Borodros ~ 1 0 1
Al Al Al A2 Al A2 012W 023 977 9
Yd — ¢£12 ¢q12 ¢€23 ¢€23 ¢q23 1 1 1
A12 A i Ao Ao Ao Gq12P023 ~ 5 T35
¢q12 ¢q23 ¢€23 ¢q23 1
A2 A2 Ay A,

1 1
¢q12¢q23 ™ (_67 07 6)
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In-hypercharge: spurions

1 1 1 1 1
1 11
2777 2 67 372 6
La=(a @ o) [@C4-55 o000 w00 L) (ds ) Hi+he
1 1 1 1
e So far we have two scalars (hyperons) @3 ~ (0, 5 2) and ©,05 ~ (0, x 6)

1 1 1 : :
e Introduce @12 ~ ( 5 2,O) and  ¢g10 ~ ( 1 6,()) to generate spurions in first row:

P12 V1o Pq12 Cros Pq12 ©g23 Borodros ~ 1 0 1
Al Al Al A2 Al A2 012W 023 977 9
Yd — ¢£12 ¢q12 ¢€23 ¢€23 ¢q23 1 1 1
A12 A i Ao Ao Ao Gq12P023 ~ 5 T35
¢q12 ¢q23 ¢€23 ¢q23 1
A2 A2 Ay A,

1 1
¢q12¢q23 ™ (_67 07 6)

| Heavy messengers needed for As! |
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Model 1

Field U(l)y, U(l)y, U(l)y, SU(3). x SU(2),

Hu,d 0 0 __1/2 (1 2) Cd ¢€12 ¢€23 Cd ¢q12 ¢€23 Cd ¢q12 ¢q23
3 o ? 11 M M 12M M 13M M

¢q12 —1/6 1/6 0 (17 1) D1§ D12 D13 IDDY D13 IDDY

do,,  -1/2 1/2 0 (1,1) Yo = o Ge12 Pg12 Pe23 o Ge23 g Pg23

¢QQ3 O _‘/6 1/6 (17 1) 21 MD12 MD13 MD23 22 MD23 23 MD23

b, 0 1/2 0 -1)2 (1,1) ~ 0 ~ 4

U1o -1/6 -1/2 0 (3,1)

Uis —1/6 0 —1/2 (§7 1)

Vs 0 -1/6 -1/ (3,1 Y, = Yy(d — u,D — U) Y, = Yy(d = e,q — £,D — E)

Dqo —1/6 1/2 0 (g, 1)

D13 —1/6 0 1/2 (g, 1)

Dys 0 -1/6  1/2 (3,1)

Eyn  1/2  1/2 0 (1,1) e

INE 1/2 0 1/2 (1,1) P23

Eos 0 1/2 1/2 (1,1)

» Completion via SU(2)-singlet VL. fermions

»Simple scalar sector and potential

Mario Fernandez Navarro

> HK—— >
qo Dos D3 c
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Model 1 spectrum

6611,1 ¢€12 ¢€23 12 ¢q12 ¢€23 Ccllg ¢q12 ¢q23
MD13 MD12 MD13 MD23 MD13 MD23
Yo = . b1z Bgiz Dra3 o P23 d G423
2 MD12 MD13 MD23 - MD23 * MD23
~ ~ c§i3
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Model 1 spectrum

Cclil ¢€12 ¢£23 06112 ¢q12 ¢€23 66113 ¢q12 ¢q23
]V11913 ]VIi)lz ]y[i)13 ]yfi)zs ]V11713 ]yfi)QS
Yq = el Ge12 Pqi2 Dro3 el D23 ol D23
]V11712 ]V11713 jyfi)Qg JV1I)23 ]v{i)QS
~ ~ 53
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Model 1 spectrum

C?l ¢€12 ¢€23 0?2 ¢q12 ¢€23 Ccllg ¢q12 ¢q23
]v{1713 ]VI1912 ]v{1713 jy{i)zg ]v{1)13 ]V{I)QS
Yq = d Gr12 Pg12 i3 . P23 d ¢ q23
- MD13 MD13 MD23 - MD23 * MD23
~ ( ~ ch
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Model 1 spectrum

Cclll ¢€12 ¢€23 66112 gbq12 ¢€23 Cclig ¢q12 ¢q23
]V[i)13 ]Vfi)12 ]v{i)13 ]V11723 ]v{1713 ]VYi)QS
Yo = . Gr12 Pq12 Dros d Pr23 o Pq23
“ MD13 MD13 MD23 22 Mng 23 MD23
~ ~ 53
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Model 1 spectrum

Cclll ¢€12 ¢€23 66112 gbq12 ¢€23 Cclig ¢q12 ¢q23
]V[i)13 ]Vfi)12 ]v{i)13 ]V11723 ]v{1713 ]VYi)QS
Yo = . Gr12 Pq12 Dros d Pr23 o Pq23
“ MD13 MD13 MD23 22 Mng 23 MD23
~ ~ 53

»Fixed relation between VEVs is predicted:
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»Fixed relation between VEVs is predicted:

Model 1 spectrum

Spectrum up to (D(1) variations

)

0(104 T@V) MU12,13,D12,13,E’12’13
SU(3). x SU(2)r, x U(1)y, x U(1)y, x U(1)y,

O(1000 TeV) v12 ~ (Pg12);

O(10 TeV) v23 ~ (Pg23), <£23>

174 GeV USM ~ <H§’d>

¢€12>7 MU23,D23,E23
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Model 1 spectrum

»Fixed relation between VEVs is predicted: Spectrum up to (D(1) variations

)

0(104 T@V) MU12,13,D12,13,E’12’13
SU(S) X SU L X U Yl X U( )Y2 X U(l)Y3

@ * O<1OOO TGV) v12 ~ <¢q12>7 (Pr12), MUt,5,D45,Eas

>< SU L X U Y]_QEY]_‘I_YZ X U(l)YS

O(10 TeV) v23 ~ (Pg23), <£23>

174 GeV USM ~ <H§’d>

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



Model 1 spectrum

»Fixed relation between VEVs is predicted: Spectrum up to (D(1) variations

)

0(104 T@V) MU12,13,D12,13,E’12’13
SU(S) X SU L X U Yl X U( )Y2 X U(l)Y3

@ * O<1OOO TGV) v12 ~ <¢q12>7 (Pr12), MUt,5,D45,Eas

>< SU L X U Y]_QEY]_‘I_YZ X U(l)YS

@ ! O(10TeV) - a5 ~ (bg23). (025)

SU3)e x SU2)z x U(D)y=y;+v+vs

174 GeV USM ~ <H§’d>

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



Model 1 spectrum

»Fixed relation between VEVs is predicted: Spectrum up to (D(1) variations

)

0(104 T@V) MU12,13,D12,13,E’12’13
SU(S)C X SU(Q)L X U(l)Yl X U(l)y2 X U(l)Yg

@ * O<1OOO TGV) v12 ~ <¢q12>7 (Pr12), MUt,5,D45,Eas

SU@B)e x SUR)L x U(D)yio=vi+v, X U1y,

@ ‘ O(10 TeV)

SU3)e x SU2)z x U(D)y=y;+v+vs

be23)

174 GeV USM ~ <H§’d>

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



Field U(l)y, Uy, U(l)y, SU@3).x SU2);
Hg’d 0 0 ::1/2 (1, 2)
HY 0 —1/2 0 (1,2)
H¢ —1/2 0 0 (1, 2)
¢CI12 '1/6 1/6 0 (17 1)
¢€12 _1/2 1/2 0 (17 1)
¢qQ3 0 _:~/6 1/6 (17 1)
¢€23 0 _:~/2 1/2 (]—7 1)
U -1/6  -1/2 0 (3,1)
Uiz -1/6 0 1/2 (3,1)
Uss 0 1/6 -1/2 (3,1)

» Minimal number of degrees of freedom and
representations

» Diagonal down-quark and charged lepton mass

matrices

»CGKM orniginates from up-sector only (down-aligned)

Mario Fernandez Navarro
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Model 2

Field U(l)y;, U(l)y, U(l)y, SU@B)exSU2)L . dri2 Deas cu. Gq12  Pr23 . u DPg12 D23
H%%d 0 0 +1/2 (1,2) My,, My, Muy,, My, My,, My,
Z%l _%2 _2/2 8 8’;; Yy = cu. b1 Dq12 dra3 u D23 cu. Gq23

1 7 MU12 MU13 MU23 MU23 MU23
¢Quz '1/6 1/6 0 (171) O O Cu

<ﬁﬁ2 _1/2 1/2 0 (171) 33
¢qQ3 0 _“/6 1/6 (17 1) d
¢€23 0 _/2 1/2 (17 1) Clie ]q\bfhlii ]@ej{z O O Hgd

_ 1 2

U12 —1/6 —:_/2 0 (§, ]_) Yd o = O 662i,2€ ?\2@23 O .
Uis -1/6 0 -1/2 (§, 1) ’ H )

Uss 0 1/6 -1/2 (3,1) 0 0 C33

» Minimal number of degrees of freedom and
representations

» Diagonal down-quark and charged lepton mass
matrices

VCKM ~ VJL

» CKM originates from up-sector only (down-aligned) Vo ~1T
-

QZ7€2

Flavour deconstruction: from the EW scale to the GU'I scale
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Model 2 spectrum

>Fixed relation between VEVs is predicted as Spectrum up to (O(1) variations

iIn Model 1:
I3

0(104 TeV) MU12,137 MHf
SU(g)C X SU(Q)L X U(l)yl X U(l)y2 X U(l)y3

@ * O(1000 TeV) v12 ~ (Pg12)s (Pe12)s Muy,, Mﬂg

SU(B)C X SU(Q)L X U(l)YmEYH—Yz X U(l)YS U(2)5

@ i O(10 TeV) V23 ~ <¢q23>,¢£23>

SUB)e x SURL x Ul)y=visvarys | U(3)°

174 GeV USM ™~ <H§L’d>
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Pheno: Z,,

SU(3)C X SU(Q)L X U(l)yl X U(l)y2 X U(l)yg
= SUB)e x SU2)L x UL)vi+v, x U(L)ys + 215

Uig SU(S)C X SU(Q)L X U(l)YH-YQ—I-YB T ZéS + ZiQ

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



1}415 SU(S)C X SU(Q)L X U(l)yl

Uig SU(S)C X SU(Q)L X U(l)YH-YQ—I-YB T ZéS T ZiQ

Pheno: Z,,

SU(3)C X SU(Q)L X U(l)yl X U(l)y2 X U(l)yg

Yo X U(l)YS T ZiQ

» Matching conditions connect gauge couplings with

SM hypercharge coupling:
= 19 qy = 921293 _ ~ 0.36 (My)
Vi + 93 V912 + 93

| horizontal flavour symmetries), |
cannot be decoupled unless gauge

. bosons are very heavy :

Mario Fernandez Navarro
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Pheno: Z,,

SU(S)C X SU(Q)L X U(l)yl X U(l)y2 X U(l)yg

» Matching conditions connect gauge couplings with

- / SM hypercharge coupling:
— SU(S)C X SU(Q)L X U(l)yl Y, X U(l)yg + 212
v 9192 91293
= SUB)e x SUR)L X U(Dyvitvatys + Zaz + 212 gra = — 50— Y = T 0.36 (Mz)
Vg3 + g5 Y12 T 93
/ | ) Couplings cannot be small (unlike |
p Lor Zys: Sin fos = 912 | horizontal flavour symmetries), |
\/ géy + g2 . cannot be decoupled unless gauge |
| bosons are very heavy '
p Coupled to all SM fermions
—(J12 Sin (923 0 0
Ly =Y} 1. r " 0 — 19 8in Oog 0 fr. rZbs » Matching conditions: large g, then smaller g/,
23 B 0 0 g5 COS B ’ K and viceversa

) Protected by accidental U(2)° symmetry (GIM
on 12 families)
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Pheno: Z,,

SU(S)C X SU(Q)L X U(l)yl X U(l)y2 X U(l)yg

» Matching conditions connect gauge couplings with

- / SM hypercharge coupling:
4& SU(S)C X SU(Q)L X U(l)yl Y, X U(l)yg -+ 212
v2 9192 _ 91293
= SUB)e x SUR)L X U(Dyvitvatys + Zaz + 212 gra = — 50— Y = T 0.36 (Mz)
NS 912 T 93
| ) Couplings cannot be small (unlike |
p for Z éS : Sin fos = 912 | horizontal flavour symmetries), |
\/ géy + g2 ¢ cannot be decoupled unless gauge |
| bosons are very heavy '
p Coupled to all SM fermions
3 —(J12 S1n (923 0 0 . o
Ly =Y, frrY" 0 — 19 8in Oog 0 fr. rZbs p Matching conditions: large g5 then smaller g,
29 ’ ’ ’ K and viceversa
0 0 g3 COS (923
) Protected by accidental U(2)° symmetry (GIM
on 12 families)
2
cost M? M3 1 . .
sinfy_y; = g32 232 (MOZ ) = p = Ve W2 0 = > > 1, = Unavoidable mixing
\/gy + 97 Zh., 7 COS“ Uy 1 — g2 cos? fas (2;\)48184 ) with SM Z boson
Z53
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Pheno: Z,,

2.0
1.5

I'TeV masses |
allowed! |

a1 ] [MFN, King, 2305.07690]

B ATLAS 4+ CMS dilepton

B B, — B, mixing

P » EF1 framework
B b — suu 20
T b= sup 30 » Assuming minimal breaking of U(2),

o ® o EW parameter Hlavour observables non-competitive

1.0

g3
» Model-independent:

H B I I I I =’ I I I B I I I I B I I I I I I B I I N = .

¢ [XW precision

0.0 ® High-p, dilepton searches

~
l.'
~,
~,
.,.
]
b .

Potential for FC.C program (ee+hh)

2 4 0 3 10

see also Davight and Stetanek [2305.16280)]

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


https://arxiv.org/abs/2305.16280
https://arxiv.org/abs/2305.07690

B ATLAS + CMS dilepton

i'TeV masses |
fallowed! |

B B, — B, mixing = = [eemmehdeoo il i aaaaat

BB — uu
ey

0.5

= b — svv 1o (20)

{Model 1}

= p EW parameter

2 4 0 3 10 2 4 0 3 10
My [TeV] [MFN, King, Vicente, 2404.12449] My [TeV]

p In Model 2, quark mixing originates from up-sector only = Top FCGNGs only but poorly bounded (not shown)

» Non-minimal breaking of U(2)> =

Potential for flavour precision program (including GLEFV)

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


https://arxiv.org/abs/2404.12442

Pheno: Z;, and VL fermions

SU3)e x SUR2) xU(1)y, xU(l)y, x U(1)y, » Expect heavier 71, e.g.
1}415 SU(S)C X SU(Q)L X U(l)yl Y5 X U(l)yg —+ ZiQ
Uig SU(S)C X SU(Q)L X U(l)YH-YQ—I-YB T ZéS T ZiQ

Mz ~ O(10TeV) My ~ O(10° TeV)

Since model predicts: (¢23)/{@12) ~ A° ~ 0.01

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



Pheno: Z;, and VL fermions

SU3)e x SUR2) xU(1)y, xU(l)y, x U(1)y, » Expect heavier 71, e.g.
1}415 SU(S)C X SU(Q)L X U(l)yl Y5 X U(l)yg —+ ZiQ
Uig SU(S)C X SU(Q)L X U(l)YH-YQ—I-YB T ZéS T ZiQ

Mz ~ O(10TeV) My ~ O(10° TeV)

Since model predicts: (¢23)/{@12) ~ A° ~ 0.01

: g1
S111 (912 — 5 >
\/91 T g5
) —g18in b2 0 0 p Coupled non-universally to first and
£Zi2 — vaL’R]’BL’]:{}/'u 0 go COS 912 0 fL,RZiQ,u second families
0 0 0

¥ Despite expected to be very heavy,
12 can be tested via FCNGCs!

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



Pheno: Z;, and VL fermions

SU3)e x SUR2) xU(1)y, xU(l)y, x U(1)y, » Expect heavier 71, e.g.
1}415 SU(S)C X SU(Q)L X U(l)yl Y5 X U(l)yg —+ ZiQ
Uig SU(S)C X SU(Q)L X U(l)YH-YQ—I-YB T ZéS T ZiQ

Mz ~ O(10TeV) My ~ O(10° TeV)

Since model predicts: (¢23)/{@12) ~ A° ~ 0.01

: g1
S111 (912 — 5 >
\/91 T 95
) —g18in b2 0 0 p Coupled non-universally to first and
£Zi2 — YfL,RfL R’)/'u 0 go COS 912 0 fL,RZiQ,u second families
0 0 0

¥ Despite expected to be very heavy,

12 can be tested via FCNCGCs!
» VL fermions can also mediate significant FCNCis:

Ussr Dospr
ur, > . > . > Ccr, dr, > . > . > SL
I I : :
- | | ] : : Hd
. Hu | | Hu H
D D 3 : : 3 3: : 3 B - B
| | | |
| | [ [
CrL, < < < ur, SL < < < dr,
Ussr Dosg
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Pheno: Z;, and VL fermions

Model Observable Mediator Bound (TeV)

K — K (Re) Z1; Mz, /91 > 340 x |Re {% %} ’
. K-K (Im) 212 Mz, /91> 3-10° x |Im [_ _} ‘
, / . e
e e
nw— 3e AR M212/g1 > 30 X |cfa/c55]
, D — D (Re) 219 Mz;,/91 > 150 < |Re % %
DD (Im) n Mz, /g1 > 500 x |Im | 2 1

p FCNGCs via Zj, are sensitive to fermion mixing predicted by each model =~ can discriminate among models

» FCNCs involving Ist and 2nd family quarks most competitive, e.g. K — K and D — D mixing, also CLFV

gy Potential for flavour precision program (including GLEFV)

) Very sensitive to RH quark mixing and complex phases sd — (3¢ dg) (g% o)

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



Pheno: Z;, and VL fermions

Model Observable Mediator Bound (TeV)
— d d
K — K (Re) 7z, My, /g1 > 340 x [Re [T T}
. K—K (Im) 7z, My, /g1 >3- 10° x |Im {T %} |
Z M > 30 X |c¢§5/c5
1L — ey 2}2 M212/91 - ‘612/622L )
23 z:./93 > 8 X |y (Y65Y1s)"
p—3e 219 M212/91 > 30 X |cfa/ 5,
,  D-D (Re) AR My, /g1 > 150 x [Re [ &2
D — D (Im) AR My /g1 > 500 x |Im ——

Order Observable Bound (TeV)
D — 1:) (Be) Muy,, > 2.5 X |Re [y5(Y65915) "] |
D —D (Im) My,, >4 x |Im |y5s(vs5yis) "]
Tree-level K—K (Re) Mp,, >0.1x|Re :y5l6(ygl5yf5)*: |
(Z-mediated) K—K (Im) Mp,, >0.3x|Im :yg6(yg5yf5)*: |
nw— e MEg,, > 3 X |ys56(Y5y1s5)"]
D — l:? (%e) Muy,; > 15 % |Re [y36(yg5y15) "] |
1-loop D—D (Im) My,, > 130 x |Im |y5s(¥65v15) ]
(box with Hé“’d) K — f:( ({e) Mp,, > 14 X |Re [936@%[5%5)*} _
K—-K (Im) Mp,, > 170 x |Im [y%(yé%y%)*_ |

p FCNCs via Zj, are sensitive to fermion mixing predicted by each model -y

- can discriminate among models

» FCNCs involving Ist and 2nd family quarks most competitive, e.g. K — K and D — D mixing, also CLFV

gy Potential for flavour precision program (including GLEFV)

p Very sensitive to RH quark mixing and complex phases

sd
5=

(3¢ dy) (5hd?)

p FCNGCs also sensitive to VL fermion masses directly! Instead of ratios of the form (¢)/M...
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Neutrino sector 1n flavour deconstruction

* Proceeding as in seesaw type I, add (at least 2) RH neutrino singlets:

€ 22 21 2
¢/ €2 €2 _ c
L = CgiégHéuV? C24 2H§LV§: MijVFZV(-: mp = 1 [—[3“ Mg = 1 My Mo
7’ : o 2 c c | My, M
Vg 12 22
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Neutrino sector 1n flavour deconstruction

* Proceeding as in seesaw type I, add (at least 2) RH neutrino singlets:

¢ vy vy vy V5
1| €€ € _ c
L = c3ilsHyvS + co\ ——Wo HYv + oo + Mijvfvs mp=| ! Hy Mr=| vi| M Mo
J 82 € € C ¥ NV
v 12 22
111 ’
3

* Problematic to explain large (anarchic?) neutrino mixing, 'Iwo ways forward:

[. € ~O() ——

- Go beyond EF ] ——%

- Work 1n complete model — [MFN, King, 23" MFN, King, Vicente, 24

and more...
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Neutrino sector 1n flavour deconstruction

* Proceeding as in seesaw type I, add (at least 2) RH neutrino singlets:

¢ vy vy vy V5
1 €2 €2 _ c
L = c3lsH3 V] + cof loH3v; + ... + Mijuivs mp = 21 gy Mr= | vi | Min Mo
2| € ¢ vy | Mo Moo
11 1 °
3

* Problematic to explain large (anarchic?) neutrino mixing, 'Iwo ways forward:

. € ~ O() ——

> Go beyond EFT ——

- Work 1n complete model — [MFN, King, 23" MFN, King, Vicente, 24

and more...

2. Introduce hierarchies in M, to cancel those 1n m;,.  [Greljo and Isidori, 2406.01696]
o SUQB)*xSUQR), xU1)xU)z_;

) 4 .3 2
¢ <e <1 €€ e SUQB)XSUR) x U)ex U _,

mp=| <€ € <1 Mrp=| € € ¢ e SUB) X SUQR) x U1 x U(1)3
<2 <e 1 e e 1 - ) o

. * Need to impose conditions over various €’s, but
can be achieved in complete models

[see also Greljo and Stetanek 1802.04274, €r — € — €, = ¢
Ao eyl w A RA PG P L — %R — % = e All scales very high or consider inverse seesaw
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Neutrino sector 1n tri-hypercharge

* Generate € ~ O(1) in complete model: e.g. add messenger neutrinos, similar in spirit to VL fermions of charged sectors:

Hg P23 Hy

| | | U1y, Ul)y, U(l)y, SU3)exSU(2)L

7 0 0 0 (1,1)

: : : V§ 0 0 0 (17 1)

> | X — | . X . | <

62 N23 N23 Vi Vi €3 N12 ]_/2 —1/2 O (]_7 ]_)

1 =1.92 N18 1/2 0 —1/2 (1,1)

(f':ﬁ 1 7 N23 0 1/2 —1/2 (1, ]_)

L = c3;lsH3'v; + co; loHy'vy + ... + Myv;v; + hec.
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Neutrino sector 1n tri-hypercharge

* Generate € ~ O(1) in complete model: e.g. add messenger neutrinos, similar in spirit to VL fermions of charged sectors:

H G 23 H
| | | Ul)y, U(l)y, U(l)y, SU(3)cxSU(2)L
7 0 0 0 (1,1)
: : : V§ 0 0 0 (17 1)
> | HK——— | X | <
s Nos Nas vy Z3 {a N2 1/2 -1/2 0 (1,1)
221 ) N18 1/2 0 —1/2 (1,1)
~\ | Noas3 0 1/2 -1/2 (1,1)
L = c3;lsH3'v; + co; loHy'vy + ... + Myv;v; + hec.
vy Vs c c
(1| c11 cCi12 U C ! 72
mp = s, Mprp= | vi| M1 M
lo | co1  Co2 c
vs | Moy Moo
U3 | ca1 €39
~mpMp my ism!
my, =X mpMp Mp Seesaw mechanism!
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Neutrino sector 1n tri-hypercharge

* Generate € ~ O(1) in complete model: e.g. add messenger neutrinos, similar in spirit to VL fermions of charged sectors:

Hg P23 Hy
I I : Uy, U(l)y, U(l)y, SU(@3)cxSU(2)L
7 0 0 0 (1,1)
: : : V§ 0 0 0 (17 1)
> | X — | X | <
62 N23 N23 Vf V,f €3 N12 ]_/2 —1/2 O (]_,]_)
i 19 Nis 1/2 0 -1/2 (1,1)
(f':ﬁ 1 7 N23 0 1/2 —1/2 (1, ]_)
,C:ng[g §LVZ-C—|—CQ' QHgi—F—l—MZJVZCVJC—FhC
v M~ 10" GeV
vy Vg e
o — (1| c11 cCi12 v = | o Ml M2 v' No need of small couplings nor via, Va3
b | C21 €22 > V% M; MZ being very heavy
f3 | 31 €32 .
v No need of adding extra scalars
m, ~mpMzsim*t Seesaw mechanism! -
v — VDR D My, = ve3 2= O(10TeV), potential pheno
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Outline

4. Flavour deconstruction: to the GU'l scale
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Going up

e Simple models/Bottom-up:

SUB)e x SUR2)L xU(1l)y, x U(1)y, x U(1)y, This talK]

[Li and Ma, PRL 81’; Muller and Nandi, hep-ph/9602390; Davighi et al 2312.13346;
SUB)e x SUR2)11 x SUR)12 X SUR)rs x ULy = e o 401.00848 ...
SU@3)e1 X SU(B)c2 X SU(B)ez x SU2)L xU(1)y [Carone and Murayama, hep-ph/9504393] <¢>

SU3)e x SU2)L x U(1)r, x U(1)r, x U(1)(=1),, X U(1)y;  [Barbieri and Isidori, 2312.14004] oy &7 A

Successtul models but no apparent reason for deconstruction to be low scale:
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Going up

e Simple models/Bottom-up:
SUB)e x SUR2) xU(1)y, x U(1)y, x U(1)y, This talk]

[Li and Ma, PRL 81’; Muller and Nandi, hep-ph/9602390; Davighi et al 2312.13346;

SUB)e x SUR)p1 x SUR)L2 x SUR)Ls x ULy o o 5401.00848 ... ]

)
SU(3)C,1 > SU(?))C,Q < SU(S)C,g % SU(Q)L X U(l)y [Carone and Murayama, hep-ph/9504393] <¢>

SU3)e x SUR2)L xU(1)r, x U(1)r, x U(1)(B—1),, X U(1)y,  [Barbieri and Isidori, 2312.14004]

* Successtul models but no apparent reason for deconstruction to be low scale:

4521!

) B-anomalies: combine colour and partial B-1./R deconstruction =g

SU(4)c,3 X SU3)e,12 X SU(2)r, X U(1)y,4+vo+Rs = PS; x PSy x PS5

[Bordone et al, 1/12.01368;
Greljo and Stefanek, 1802.04274;

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

e Simple models/Bottom-up:

SUB)e x SUR2) xU(1)y, x U(1)y, x U(1)y, This talk]

SU(3). x SU(2 %< SU(2 < SU(2 < Ul(1 [Li and Ma, PRL 81’; Muller and Nandi, hep-ph/9602390; Davighi et al 2312.13346;
(3) (2)z.1 (2)r.2 (2)1,3x Uy Capdevila et al, 2401.00848 ....]

)
SU(3)C,1 > SU(?))C,Q < SU(S)C,g % SU(Q)L X U(l)y [Carone and Murayama, hep-ph/9504393] <¢>

SU3)e x SUR2)L xU(1)r, x U(1)r, x U(1)(B—1),, X U(1)y,  [Barbieri and Isidori, 2312.14004]

* Successtul models but no apparent reason for deconstruction to be low scale:

' [Bordone et al, 1/12.01368;
4521! Greljo and Stefanek, 1802.04274;

Cornella et al, 1903.11517;
SU4)e3 x SU3)c12 X SU2)L X U(1)y,+v,+Rs —# PS; x PS, x PSa Fuentes-Martin et al, 2006.16250 ...]

) B-anomalies: combine colour and partial B-1./R deconstruction =g

» Naturalness: Identity parameter space of 23-layers where corrections to Higgs mass are minimal:

[Allwicher et al 2011.01946, Davighi and Stefanek 2305.16280, Davighi et al 2312.13346]

g [Craig et al 1103.3708, Fuentes-Martin and Stangl 2004.11376, Fuentes-Martin et al, 2203.01952,
Davighi et al 2407.10950]

» Naturalness: SUSY/Composite Higg
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Going up

e Simple models/Bottom-up:

SUB)e x SUR2) xU(1)y, x U(1)y, x U(1)y, This talk]

SU(3). x SU(2 %< SU(2 < SU(2 < Ul(1 [Li and Ma, PRL 81’; Muller and Nandi, hep-ph/9602390; Davighi et al 2312.13346;
(3) (2)z.1 (2)r.2 (2)1,3x Uy Capdevila et al, 2401.00848 ....]

)
SU(3)C,1 > SU(S)C,Q < SU(S)C,g % SU(Q)L X U(l)y [Carone and Murayama, hep-ph/9504393] <¢>

SU3)e x SUR2)L xU(1)r, x U(1)r, x U(1)(B—1),, X U(1)y,  [Barbieri and Isidori, 2312.14004]

* Successtul models but no apparent reason for deconstruction to be low scale:

' [Bordone et al, 1/12.01368;
4521! Greljo and Stefanek, 1802.04274;

Cornella et al, 1903.11517;
SU4)e3 x SU3)c12 X SU2)L X U(1)y,+v,+Rs —# PS; x PS, x PSa Fuentes-Martin et al, 2006.16250 ...]

) B-anomalies: combine colour and partial B-1./R deconstruction =g

» Naturalness: Identity parameter space of 23-layers where corrections to Higgs mass are minimal:

[Allwicher et al 2011.01946, Davighi and Stefanek 2305.16280, Davighi et al 2312.13346]

[Craig et al 1103.3708, Fuentes-Martin and Stangl 2004.11376, Fuentes-Martin et al, 2203.01952,
Davighi et al 2407.10950]

e Llectroweak-flavour unification: Sp(6) — SU(2)r1 x SU(2)r2 x SU(2)r3 — SU(2) 1
[Davighi and Tooby-Smith 2206.04482, Davighi et al 2212.06163]

» Naturalness: SUSY/Composite Higgs

i Reunification at |

high ener_gies! N

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


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.47.1788
https://arxiv.org/abs/hep-ph/9602390
https://arxiv.org/abs/2312.13346
https://arxiv.org/abs/2401.00848
https://arxiv.org/abs/hep-ph/9504393
https://arxiv.org/abs/2312.14004
https://arxiv.org/abs/1712.01368
https://arxiv.org/abs/1802.04274
https://arxiv.org/abs/1903.11517
https://arxiv.org/abs/2006.16250
https://arxiv.org/abs/1103.3708
https://arxiv.org/abs/2004.11376
https://arxiv.org/abs/2203.01952
https://arxiv.org/abs/2407.10950
https://arxiv.org/abs/2011.01946
https://arxiv.org/abs/2305.16280
https://arxiv.org/abs/2312.13346
https://arxiv.org/abs/2206.04482
https://arxiv.org/abs/2212.06163

“Deconstructed” GU'1? Iri-unification

* 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” GU'1? Iri-unification

* 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
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“Deconstructed” GU'1? Iri-unification

* 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(0,5,0) 77(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.

v 'Iri-unification may be the origin ot low energy flavour deconstructed models.
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SU(5)°: an explicit example

* Note that the model must have the same matter under each SU(5) (to preserve Z5).

Iy 5 1 1

I 1 5 1

F3 1 1 5 SU(5) — SM; x SMy X SMg

T, 10 1 1 ; ;
T, 1 10 1 SU(5)” — SU3)e x SU(2)L x U(1)y
Ts 1 1 10 .

0 o o o SU(5)° — SU(3). x SU(2); x U(1)y

H, 5 1 1 SU((5)° — SU(3)2 x SU(2)r, x U(1)3,
H, 1 5 1

H; 1 1 5

Fi%d,f@fi Tiéqi@uf@eﬁf
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SU(5)°: an explicit example

* Note that the model must have the same matter under each SU(5) (to preserve Z5).
* (General embedding of bottom-up deconstruction: broken via large adjoint or bi-adjoints

Field SU(5); SU(5)2 SU(5)3 Field SU(5);1 SU(5)2 SU(5)3

_ ()4 24 1 1
Iy 5 1 1 Q5 1 24 1 |
FQ 1 5 1 ()3 1 1 24
Fs 1 1 5 SU(5) — SM71 x SMs X SMg
T 10 1 1 . .
T 1 10 1 SU(5)” = SU(3). x SU(2)L x U(1)y
Ty 1 1 0 ;
0 y » 21 SU(5)° — SU(3). x SU(2): x U(1)5
H, 5 1 1 SU(5)° — SU(3)? x SU(2)r, x U(1)y
H, 1 5 1
H3 1 1 5 Field SU(5); SU(5)2 SU(5)3
Q15 24 24 1
. C . . . c c (213 24 1 24
F; — d; @Y T; — qi ®u; e, Qo ) oA o4
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SU(5)°: an explicit example

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

Field SU(5)1 SU(5)2 SU(5)s SU(5)° Minimal breaking chain
?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
2

F3 1 1 5 g SU(3)1_|_2_|_3 X SU(2)1_|_2_|_3 X U(1)1_|_2 X U(l)g

T 10 1 1 Vas

T 1 10 1 — SU3)14243 X SU(2) 14243 X U(1) 14243 -

T; 1 1 10

{12 24 24 1

{213 24 1 24

(o3 1 24 24

H, 5 1 1

Ho 1 5 1

H 1 1 5
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SU(5)°: an explicit example

e lor tri-hypercharge, need of deconstructing SU(2) and SU(3) as well for embedding in § U(5)’

This suggests a possible SM? intermediate scale, i.e. two options:

Field SU(5)1 SU(5)2 SU(5)s SU(5)° Minimal breaking chain
?1 i % 1 v24 SU(3)1_|_2_|_3 X SU(2)1_|_2_|_3 X U(l)l X U(l)g X U(l)g
2
F3 1 1 5 012 SU(3)1_|_2_|_3 X SU(2)1_|_2_|_3 X U(1)1_|_2 X U(l)g
17 10 1 1 v
T, 1 10 1 —= SU(3) 14243 X SU(2) 14243 x U(1)14243.
T, 1 1 10
(219 24 24 1
gii 214 214 gj SU (5)3 24y SM; X SMoy x SM; Intermediate scale
H, 5 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
H 1 0 1 =% SU(3)14243 X SU(2)14243 X U(1)142 x U(1)3
H, 1 1 5

=2 SU(3) 14243 X SU(2)14243 X U(1)14243 -
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In-hypercharge layer

-
=
oy

J
=
o

Z
=
-

o
=

Qo
g

X

o
=
=
h

el ) 1/ 1.2) o ]Q\ble d ;;112 ]@wg d ;@112 323
Hy 0 +1/2 0 (1,2) H¢ Q2 Mg Q2 MQs
H» £1/2 0 0 (1,2) 4 P13 Qg1 4 Pe23 4 Pg23
Yo = 21 €92 23
bgs  -1/6 1/6 0 (1,1) Mpa Mg, M g Moqg,
zz;z _10/ ° _10/6 1?2 8 B i P03 Qg2 ©q23 g P23 Pg23 "
b2 -1/2 1) 0 (1,1) & M ra Mg, Mg, 5 Ma M,
D¢13 -1/2 0 1/2 (1,1)
¢€23 0 '1/2 1/2 (]—7 1)
Q1 1/6 0 0 (3,2) Y, =Y
Q2 0 1/6 0 (3,2) “ a(d = u) Ci1 be1s 0 0
O4 0 0 1/6 (3,2) My
. Y. = 0 e Pr23 .

»SU(2);-doublets VL. quarks and heavy Higgs C22 M7

. 2
generate flavour structure AND help with 0 0 y

SUQ2); RGE for gauge coupling unification

» Same matter under each hypercharge! =4 Zs -4 Less minimal, more symmetric
» Minimal breaking of U(2)° at 23-scales ——-j

- Satfe for pheno
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Example of gauge coupling unification

* Discontinuities due to gauge coupling 60
matching conditions:
—1 —1 —1
yis ™ Yy; = Yy CUZS) O = i
—1 1 1 C dr
Oéyl + OKY2 — OéY12 (”012)
i
|
S

102 10* 10° 10° 10'© 10'% 10 10'f
p |GeV)
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Example of gauge coupling unification

* Discontinuities due to gauge couphng
matching conditions:

Ay, +ay, = oy (v2s) g
1 1 1 C 4r
Oéyl —|—OKY2 — OéY12 (”012)
A
|
1 1 1 1 S

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
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p |GeV)
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Example of gauge coupling unification

* Discontinuities due to gauge couphng
matching conditions:

—1 —1 —1
yis ™ Yy; = Yy CUZS) O = i
1 11 C 4r
Oéyl + OKY2 — OéY12 (”012) :
A
—1 —1 —1 —1 d

VL quarks Q; help bend SU(2).

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

10 10* 10° 10° 10" 10" 10' /10
Gauge couplings approximately “run the same”
thanks to approximate Zs at low energies, (L [G e\/’] Qg 1~ O 1,07~ Qg1 3

which becomes exact at high energies.

Vaps = 0 X 10'° GeV — MGUT — 1017 GeV
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Gauge coupling unification: Example 2

No intermediate SM° scale: 060

SU(5) MSYT SU(3), x SU(2)L x U(1)3 50

40

20

10

GU'T scale in minimal example:

Maut ~ 5 x 1017 GeV
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(Gauge coupling unification: Example 3

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

SU(5)3 A@T SM1 X SM2 X SM3
EMESU(3), x SU(2) x U(1)%

vens = D x 10Y° GeV

— Moot ~ 1.8 x 101° GeV

proton decay!

10 10* 10° 10® 10' 10% 10 10'©
p [GeV]
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Proton decay

17
* Gauge leptoquarks of SU(5)® mediate proton decay. 0= 10}

* 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.

. MGUT [GGV]

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

Hyper-Kamiokande 90% CL.*" |
! O Super-Kamiokande 90% CL Usm? [GGV]
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Take home messages

» Why three families? This now becomes a question about gauge symmetry. &

SU3)e x SUR2)r, xU(l)y, x U(1)y, x U(1)y,
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Take home messages

» Why three families? 'T'’his now becomes a question about gauge symmetry. &

SU3)e x SUR2)r, xU(l)y, x U(1)y, x U(1)y,

» Flavour hierarchies understood via dynamical mechanism? 3rd family masses allowed at renormalisable level,
the others (and quark mixing) arise from higher dimensional operators when breaking an extended gauge

symmetry. & Achieving PMNS mixing can be tricky &
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Take home messages

» Why three families? 'T'’his now becomes a question about gauge symmetry. &

SU3)e x SUR2)r, xU(l)y, x U(1)y, x U(1)y,

» Flavour hierarchies understood via dynamical mechanism? 3rd family masses allowed at renormalisable level,
the others (and quark mixing) arise from higher dimensional operators when breaking an extended gauge

symmetry. & Achieving PMNS mixing can be tricky &

» SM flavour parameters calculable (at least in terms of @(1) parameters)?

Yes but models contain many of them (and NP scales). & May arise from GU'T" frameworks. &
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Take home messages

» Why three families? 'T'’his now becomes a question about gauge symmetry. &

SU3)e x SUR2)r, xU(l)y, x U(1)y, x U(1)y,

» Flavour hierarchies understood via dynamical mechanism? 3rd family masses allowed at renormalisable level,
the others (and quark mixing) arise from higher dimensional operators when breaking an extended gauge

symmetry. & Achieving PMNS mixing can be tricky &

» SM flavour parameters calculable (at least in terms of @(1) parameters)?

Yes but models contain many of them (and NP scales). & May arise from GU'T" frameworks. &

» lestable? Translates SM flavour structure into simple (perhaps correlated) NP scales that carry meaningtul
pheno. The lowest scale may be close to 'leV. &

= Collider (LHC, FGC) physics, EWPOs, flavour physics and perhaps more. Couplings are large, but
no clear reason for the scales to be low (perhaps hierarchy problem, anomalies?)
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Take home messages

» Why three families? 'T'’his now becomes a question about gauge symmetry. &

SU3)e x SUR2)r, xU(l)y, x U(1)y, x U(1)y,

» Flavour hierarchies understood via dynamical mechanism? 3rd family masses allowed at renormalisable level,
the others (and quark mixing) arise from higher dimensional operators when breaking an extended gauge

symmetry. & Achieving PMNS mixing can be tricky &

» SM flavour parameters calculable (at least in terms of @(1) parameters)?

Yes but models contain many of them (and NP scales). & May arise from GU'T" frameworks. &

» lestable? Translates SM flavour structure into simple (perhaps correlated) NP scales that carry meaningtul
pheno. The lowest scale may be close to 'leV. &

= Collider (LHC, FGC) physics, EWPOs, flavour physics and perhaps more. Couplings are large, but
no clear reason for the scales to be low (perhaps hierarchy problem, anomalies?)
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Backup: GKM alignment

VuL tuJR — diag(yuv Ye, yt) VdL dedeR — diag(yd, Ys yb) VeL yeveTR — diag(yea Yus yT)

* Notice that all mixing matrices may become physical in extensions ot the SM, including EF1s and
SMEF T scenarios, consider the example:

LDOC, (ﬂLgVMULS)(ﬂLSVMULQ%)

urs = (V) Yzt + (V) Jastize + (V) )3atirs
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Backup: GKM alignment

VuL tuJR — diag(yuv Ye, yt) VdL dedeR — diag(yd, Ys yb) VeL yeveTR — diag(yea Yus yT)

* Notice that all mixing matrices may become physical in extensions ot the SM, including EF1s and
SMEF T scenarios, consider the example:

LD Cu(ﬂLS”Y,uULS)(ﬂLSV'uULB) ——  (O11-d1agonal operators =l FCNCs!

urs = (V) Yzt + (V) Jastize + (V) )3atirs /

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



Backup: GKM alignment

Vi, " Vi) = diag(yu, Ye, )

VdL dedTR — diag(yd, Ys, yb) VeL yeveTR — diag(ye, Yu, yT)

* Notice that all mixing matrices may become physical in extensions ot the SM, including EF1s and
SMEF T scenarios, consider the example:

LD Cu(ﬂLS”Y,uULS)(ﬂLSV'uULB) ——  (O11-d1agonal operators =l FCNCs!

urs = (V) Yzt + (V) Jastize + (V) )3atirs /

e Itis common to make assumptions about the mixing matrices for pheno studies: Voxkv = VJ Va,

VCKM VdL, -alli g |

VCKM ~ V]L

ur o

VJ ; » Up-aligned (CKM originates from down sector)

Vd o~ » Down-aligned (CKM originates from up sector) ',

e All mixing matrices may be predicted in theories of flavour.

Mario Fernandez Navarro
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Backup: U (2)°

* Due to having three replicated tamilies, the SM enjoys an accidental flavour symmetry:

U(3)° =U(3)g x U3)y x U(3)g x U(3)p x U(3)e

 Minimally broken by SM Yukawa couplings. Since third family 1s the heaviest, the leading breaking
comes from third family Yukawas:

U(3)5 — U(2)5 — U(Q)q X U(Q)u X U(Q)d X U(2)€ X U(Q)e [BBaarLt?ieerlirieettae;l1916’,,.GgaSheeta/OS,’
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Backup: U (2)°

* Due to having three replicated tamilies, the SM enjoys an accidental flavour symmetry:

U(3)° =U(3)g x U3)y x U(3)g x U(3)p x U(3)e

 Minimally broken by SM Yukawa couplings. Since third family 1s the heaviest, the leading breaking
comes from third family Yukawas:

U(3)5 — U(2)5 — U(Q)q X U(Q)u X U(Q)d X U(2)€ X U(Q)e [BBaarLt?ieerlirieettae;l1916’,,.GgaSheeta/OS,’

* Iirst and second family Yukawa couplings provide small breaking eftects - in the spurion formalism:

Lvrukaws = ( AY, xqu )ﬁLﬁuR—F( AYq deq )QLHdR—I—( AYe zVy )ZLHGR—I—h.C.
0 Yt 0 Ub 0 Yr

AY, ~2,x2,, AYg~2,%x25, AY.~2,xX2q4, V,~2,, Vy~2 Minimal (SM-like) breaking of U(2)
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Backup: U (2)°

* Due to having three replicated tamilies, the SM enjoys an accidental flavour symmetry:

U(3)° =U(3)g x U3)y x U(3)g x U(3)p x U(3)e

 Minimally broken by SM Yukawa couplings. Since third family 1s the heaviest, the leading breaking
comes from third family Yukawas:

U(3)5 — U(2)5 — U(Q)q X U(Q)u X U(Q)d X U(2)€ X U(Q)e [BBaarLt?ieerlirieettae;l1916’,,.GgaSheeta/OS,’

* Iirst and second family Yukawa couplings provide small breaking eftects - in the spurion formalism:

Lvrukaws = ( AY, xqu )ﬁLﬁuR—F( AYq deq )QLHdR—I—( AYe zVy )ZLHeR—I—h.C.
0 Yt 0 Ub 0 Yr

AY, ~2,x2,, AYg~2,%x25, AY.~2,xX2q4, V,~2,, Vy~2 Minimal (SM-like) breaking of U(2)

I Different spurions in your BSM theory? === GIM-like protection from 1-2 FCNCs is lost, e.g. Ay ~ 24, Ad ~ 24 ,
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Backup: breaking § U(5)*

e SU(5)° can be broken to deconstructed S U(2)2 and SU(3)? via bi-fundamentals:

5, x5, =[(3,1,-1/3)® (1,2,1/2)]; x [(3,1,1/3) ® (1,2,—1/2)],

e SU(5)° can be broken to tri-hypercharge U(1)° via bi-adjoints:

241 X 242 D, (8, 1,0)1 X (8, 1,0)2 — (8, 1,0)1_|_2 X (8, 1,0)1_|_2 — (]_, 1,0)1_|_2 D ...

241 X 242 D, (1,3,0)1 X (1,3,0)2 — (1,3,0)1_|_2 X (1,3,0)1+2 — (]_, 1,0)1_|_2 D ...
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Backup: pseudo-Goldstone bosons

1 1
2:0,3) G
Ed — (Q1 q2 Q3) (I)(_%i_%’ %) (I)( ) ) %) g H§1—|—hC

1 1 : :
e Introduce @12 ~ ( 5 2,O) and  ¢g10 ~ ( 1 6,()) to generate spurions in first row:

Ge12 Pro3 Gq12 P23 Pg12 ©y23 q
fo e A s VD A29g100012

y, = | ?a2 Par2 e Pe23 Dq23
3
+ X230 03Pr23

1 h.c.

MoA Ay A As
¢212 ¢q23 ¢€23 ¢q23

1
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Backup: Stmple deconstructions

» Comparison of mimimal complete models with the same (¢P23)

number of scalars and VL fermions d.o.t.s 23— Mos

Model 1 in [MFN, King, Vicente, 2404.12442]
; €12€23/12 €12€23 €12€23
2
SU(3)C X SU(Q)L X U(l)y Yd ~ €19€23 €93 €93
0 0 1

€12€23 €12€23 €19€23
Yq ~ €23 €93 €93

SU(3). x SU(2); x U(1)y 1 1 1

[Davighi, Gosnay, Miller, Renner, 2312.13346]

€12€23 €23 €23
Model A in [Barbieri and Isidori, 2312.14004] Yg~ €12€23 €23 €23

0 0 1
SU3)e x SU2)r, x U(1)gr, x U(1)r, X U(1)(B—L),, X U(1)y4

» Three small parameters &

» Successful flavour structure

» Correlation between 12 and 23 VEVs

» lwo small parameters

» loo heavy 1st family since €, = sinf, = 1

» No correlation between 12 and 23 VEVs

» lwo small parameters

» Need O(1) coethicients for Cabibbo angle
and V ,/V . which 1s acceptable

» No correlation between 12 and 23 VEVs

» Larger gauge symmetry
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https://arxiv.org/abs/2404.12442
https://arxiv.org/abs/2312.14004
https://arxiv.org/abs/2312.13346

Backup: tull theory

df d5 ds Dyo Dy Das
q1 0 0 0 0 yis S 0
q> 0 0 0 0 0 Y56 H§
£y =1 g3 0 0 yd H 0 0 0
D12 yff1 D112 922%12 0 Mlgm yfﬁsﬁbezs 0
213 0 0 0 Ysade2s M D13 Y86 Pq12
D23 0 ?ng P23 yéig Pg23 0 Yo5Pq12  Mp,,
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Backup: Model 3 spectrum

Spectrum up to O(1) variations:

I
O(10° TeV)

SU(S)C X SU(Z)L X U(l)yl X U(l)y2 X U(l)y3

O(1000 TeV)

O(10 TeV)

174 GeV
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MHu,d, MQLQ

1

U12 ~ <¢q12>7 MQ37 MH;’”d

U23 ~~ <¢C]23>7 <¢€23>7 <¢€13>

vem ~ (Hy' ")

No fixed
connection
among VEVs is

predicted



Backup: Model 3 spectrum

Spectrum up to O(1) variations:

)

O(10° TeV)
SU(S)C X SU(Z)L X U(l)yl X U(l)y2 X U(l)y3
{ (1000 TeV)

SU(S)C X SU(Q)L X U(l)YmEYH—Yz X U(l)YS

O(10 TeV)

174 GeV
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Backup: Model 3 spectrum

Spectrum up to O(1) variations:

)

O(10° TeV)
SU(S)C X SU(Z)L X U(l)yl X U(l)y2 X U(l)y3
{ (1000 TeV)

SU(S)C X SU(Q)L X U(l)YmEYH—Yz X U(l)YS

{ O(10 TeV)
SUB)e x SUR2)L X U(1)y=y,+vs4vs3

174 GeV
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MHu,d, MQLQ

1

U12 ~ <¢q12>7 MQ37 MH;’”d

U23 ~~ <¢C]23>7 <¢€23>7 <¢€13>

vem ~ (Hy' ")

No fixed
connection
among VEVs is

predicted



Backup: SU(5) cube model table

P 5 1 1
Fs 1 5 1
F3 1 1 5
11 10 1 1
15 1 10 1
Ty 1 1 10
Yi 10 1 1
e 1 1 10
N12 5 g 1
N13 53 1 g
Ngg 1 5) g

H° 45 1 1
H3® 1 45 1
HE® 1 1 45

Q4 24 1 1

Qs 1 24 1

Qs 1 1 24
H" 55 1 1
H 1 5,5 1
HY 1 1 5, 5
1, 5 5 1
o1y 5 1 5
Ly 1 5 5
1, 10 10 1
1, 10 1 10
1. 1 10 10
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Backup: SU(5) cube model table

H® 45 1 1
H3® 1 45 1
HZS 1 1 45

P 5 1 1
Fs 1 5 1
F3 1 1 5
11 10 1 1
15 1 10 1
Ty 1 1 10
Yi 10 1 1
e 1 1 10
N12 5 g 1
N13 53 1 g
Ngg 1 5) g

Q4 24 1 1

Qs 1 24 1

Qs 1 1 24
H" 55 1 1
H 1 5,5 1
HY 1 1 5, 5
1, 5 5 1
o1y 5 1 5
Ly 1 5 5
1, 10 10 1
1, 10 1 10
1. 1 10 10

cyclic 45 to split down/charged lepton
masses as 1n conventional SU(5)
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