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The Flavour Puzzle

Why are the SM-fermion masses so different?

Cosmological QCD electroweak
constant scale scale
1072 GeV 107° 105 107! 10°

Almost anarchic Very hierarchical masses
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The Flavour Puzzle

Flavour deconstruction refers to a framework wherein the SM gauge group G
is extended in the UV to G, one for each fermion generation

Aoy + G1 X G X G3
l (¢21)
Az + G12 X G3
l (¢32)
Agw + G
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The Flavour Puzzle

Flavour deconstruction refers to a framework wherein the SM gauge group G
is extended in the UV to G, one for each fermion generation

A21 1 Gl X G2 X G3
| (om)

Az + G12 X Gg
l (¢32)
Agw + G

The hierarchies in the charged fermion masses are reproduced as long as

<¢32>/A32 < 1 <¢21>/A21 <1

However, it fails in explaining the anarchic neutrino sector
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Theory Setup

Recently, [Greljo, Isidori, 2024] showed how to generate neutrino masses in
a given flavour-deconstructed model using an Inverse Seesaw mechanism

. y 1 ..
—L DY Hy; +5,M7v; + 5 Silt 755 + h.c.

Y, Mp, it are3x3matriceswith Mp > vY, > u v=(H)

£1€9 mnz M1
Y, ~ €1 Mp~N|{mn m 1
1 mnz2 m 1

n — Anarchic

A = <X> , Where X is a scalar which is charged under the flavour gauge sector G5

The flavour non-universal gauge group ensures the hierarchies €2 1,721 K 1
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https://arxiv.org/abs/2406.01696

Mass Spectrum

Below the EW scale we have as mass eigenstates:

* 3light active neutrinos with Majorana masses yz
T
m, ~ AuA

* 3 heavy neutral leptons (HNLs) with hierarchical and (almost)

Dirac masses 1’
o0 M
n ™~ T
Mz

The anarchy in the active neutrino mass matrix is guaranteed since
there is a (even partial) cancellation in the hierarchies as

ANy AjAy AA .
A AL A A=
1 1 1
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SM Interactions

The HNLs interact weakly with the SM

LD e W Uvp A I & W Vnp +hec + Ly

V2 Nl

We exploit the following parameterization for the mixing matrices
1 .
U—N(l 2WWT) V=NW W=u"Au}

Where A is the PMNS matrix of the SM and U/, Ug are 3x3 unitary matrices

while A = %diag(AlAg,Al, 1)
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Parameters

There are 12 parameters relevant for the phenomenology:

A - New-Physics (NP) scale

\‘ Hopefully around few TeV
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Parameters

There are 12 parameters relevant for the phenomenology:

It represents the overall scale
___—"  ofthe Yukawa matrix Y,
Yu

T Expected to be O(l)

E 1 82 — > They represent the hierarchies
in the Yukawa matrix Y,

/ \ Benchmark value

me/m,, =~ 0.005

Benchmark value
m,,/m, ~ 0.06




Parameters

There are 12 parameters relevant for the phenomenology:

Three angles that parameterize

Oé]_ ] 042, 043 _—" the 3x3 unitary matrix U

\ If the leptonic Yukawa matrices are diagonalized
on the left by matrices close to the identity, then

Q; =~ 9@ ( 6; are the PMNS mixing angles)

g _ — g _ —
LD ——F€ Uvr + —¢€ Vnry +h.c.+ L
3 W I NG W L z
/

1 :
U:N(1—§WWT> V=NW W=u"AUl
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Parameters

There are 12 parameters relevant for the phenomenology:

Three angles that parameterize

/8 /6 /8 _—" the 3x3 unitary matrix Ug
149 M2y M3

\ \ In principle, they can range in
0,27

They are related to the singlets of the Inverse
Seesaw only, so there is no way to constrain them

g _ — g _ —
LD ——F€ Uvr + —¢€ Vnry +h.c.+ L
3 W I NG W L z 5. here

/
1 A
U:N(1—§WWT> V=NW W=u"AUl
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Parameters

There are 12 parameters relevant for the phenomenology:

They effectively represent the hierarchies
" inthe Heavy mass matrix M r

Al ) AQ [Tradedfor m, N2 — Aiz%]
\

If they departure too much from 1, the model fails in
reproducing the PMNS matrix as [/ is assumed anarchic

. —1 A —1\7T
Expected to , — = 4 m'/(W )

i N\ /
be anarchic A, here

Range?



Neutrino Masses

The absolute scale of SM neutrino masses is still unknown

Normal Hierarchy (NH): Inverted Hierarchy (IH):

—9256-10"%eV?  Am2,=17.36-10"°eV?

sol —

Am?

atm
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Range of A

Normal Hierarchy:

1 <my(meV) < 10 10 < my (meV) < 50

It is very difficult to reproduce m; < 0.1 meV
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Range of A

Normal Hierarchy:

0.1 <my (meV) 1 <m;(meV) < 10 10 < mq (meV) < 50
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Range of A

Inverted Hierarchy:

- | 0.8
0.6
0.4

0.2

It is very difficult to reproduce msz < 1 meV
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Range of A

Inverted Hierarchy:

1 < mg(meV) < 10
T ‘

Ay




Direct Searches

The HNLs have hierarchical masses and interact with the charged leptons

v \ P RRRTAY \\’\_ 3%
10 2 4 '\\\ \\\ —””—" ,//’ T
\. %\ CODEXb i ,_
10-¢ | FASER2 5 / LHC prompt R LT
\ \ A - ! L7
MATHUSLA '\ \& " % /
\\:\‘ b i \:S\\\ \\\ L\‘?. \::;ﬁ\’\ Y FCC-hh
106 - ‘
o3 0—8 =} g
(OR
(-
10710 4 . )
3 o
=: «_# FCC-ee =
Low-scale Leptogenesis g 2
10712 f§ e 2 HNLs, thermal Q
—— 2 HNLs, vanishing ~
y 3 HNLs, thermal B
107 1 3 HNLs, vanishing N
N
v 1071 10° 10! 102 10° 104
V]
‘/g N ~ U / A E1 &9 €1

M, =

AL A,

A


https://arxiv.org/abs/2203.08039

Direct Searches

If the lightest HNL is lighter
than Z and W bosons, it can be
produced on-shell at colliders

Ml < MW,Z 3_—

|

A >y, 1083 /2 ey 47

f

From the current bound on

H/QN|2 < 10_5




Direct Searches

M, < Mw .z - A 2 20TeV

Otherwise, by imposing M1 > My »

|
A > 40 A1 Ao my,/m, Me /My, TeV
0.13 €1 €2

Compatible with NP at TeV scale!

Recall that

A Z few TeV NH: A1Ag > 0.08
IH: A1 As ;3 0.15
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LFV Processes

Currently, & — e~y is the most

constraining LFV process "}‘
3o W= W
Br(p — ey) = 2—|5u|2
n > > >
H Vj

J\J2 '
Z ‘/;3]“ (MQ ) \
Both light and
« h states
FAQAQ Z(Us)ek(US)uk Gﬂy (W) eavy
W




LFV Processes

Currently [ — ey is the most 101 £ M 68% of Data — Current bound
’ o
.. 95% of Data == Future bound
constraining LFV process 10-12 Excluded — Median
107k
o
30{ 2 [oh)
101k
Br(p —ey) = —|0,] 17
27T L 1070 F
m |
10—16 L
M; 2 |
b= SV,
v — k 2 :

ZZ

pAQM > (Us)er(Ug)ur G

L 1 k
| | Plot of Br(u — ev) with

\ B; inside here Ay =045 Ay =0.3
g1 = 0.06 Eg = 0.04
Yy, =1

Normal Hierarchy allows for A to be around few TeV
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Cr(u-e,Al)

Br(u — ey

LFV Processes

Correlation plots between
the main LFV processes

Br(u — eee
Cr(p — e, Al

Ay =05 Ay=0.5
E1 = 0.06 Eg9 = 0.02 Yy = 1

' 35
10-12 L
30
| 25
.10—14 -
| 20
108 F 15
. : =— Current bound 10
10-18 | : == Future bound
1 1 ! 1 1 L 5
10718 107 I 10713 10712 107"
Br (1i—ey) A (TeV)

12

10°

= Current bound

== Future bound

1 1 L

1072

1072 107"

1078

= Current bound

== Future bound

107" 10712

30

A (TeV)
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LFV Processes

Correlation plots between oo
the main LFV processes ”
107"®
8 20
Br(u — ey) Br(p —eee) 2.
= 15
Cr u - 6) Al 10—15 g N | Fad L e e e - e - - 10
Al _ 0.5 Az _ 0.5 1078 , .- Futureboun(: .
e1=0.06 e, =0.02 y, =1 ’ ’ A (TeV)
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rOCESSES

Correlation plots between '
the main LFV processes 25
20

Br(p — evy) DBr(u — eee

15
Cr(pu — e, Al g3 S I
Al — 05 AZ — 0.5 10"“3: J"‘ e ""l"' E . , - Futurebounc: .
e1=0.06 5=002 y =1 ° T aemen T AT
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LFV from Gauge and Yukawa Sectors

Flavour-deconstructed models predict LFV processes even without including neutrinos

1
LD |D,H|?+Z,Jy + §M§,Z;LZ’“’ + Ly
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LFV from Gauge and Yukawa Sectors

Flavour-deconstructed models predict LFV processes even without including neutrinos
1 2 ! 7l
L D + 4 + =-Mz2,72' 7" + Ly
! 2 A M

J7 = gnp ZE@’“@QZ’ (¥)
(0

i .
D, H > 0,H — %(T3 — s%Q)Z,H — igxpQz (H)Z, H

Z/ It is a neutral heavy gauge boson that couples
non-universally with all the fermions in the theory




LFV from Gauge and Yukawa Sectors

Flavour-deconstructed models predict LFV processes even without including neutrinos

1
LOIDLH + Z, TG + My 2,27

,CY ~ y3323H€3 + Z Z l/jaZjHEa

1=1,2 a=heavy -

+ Z Y. E,¢3zes + Z M,E.,E, + 1°* generation

a=heavy a=heavy \

Ea ——> Heavy NP fermions A32 ~ Ma




LFV from Gauge and Yukawa Sectors

Flavour-deconstructed models predict LFV processes even without including neutrinos

1
LOIDLH + Z, TG + My 2,27

— =1 2-o—heavy -

Y. E,¢3zes + Z M,E.,E, + 1°* generation

a=heavy /

N”

—lete &
It generates a mass-mixing Unmix = ( < T_ lggT)
2

matrix between light and
heavy fermions E ~ <¢32>/A32




LFV from Gauge and Yukawa Sectors

Flavour-deconstructed models predict LFV processes even without including neutrinos
1
2 /I T 2 ! 7l
LD D H* + 2, T + 5 Mz 2, 2" + Ly

E > Mg Mz; < E < Mg E < My




LFV from Gauge and Yukawa Sectors

Flavour-deconstructed models predict LFV processes even without including neutrinos

1
LD |D,H|?+Z,Jy + §M§,Z;LZ’“’ + Ly

Br(u — eee)| N (10_1 - 10) x 1 17053 \° (868“ )2 (@NP)Q A\
Br(p — eee)|, ' Yy A2A, 0.052 o) My

—e. AD|., 1\% 53\ 2 2 2 4
Cr(p — e, Al ~ (107 + 10) x (—) (025 ) (565»&2) (O‘ﬂ) ( A )
Cr(p —e, Al)|, | | Yy ATA, 0.05 o) Mz

/ \

This range is only due to 3;

Mixing between third
and light generations

Neutrino sector could dominate for A < Mz
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Explicit Model

This model-independent study can be easily matched to any given flavour-
deconstructed model of interest

As example, we refer to Model B discussed in [Greljo, Isidori, 2024]
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https://arxiv.org/abs/2406.01696

Explicit Model

This model-independent study can be easily matched to any given flavour-
deconstructed model of interest

Gauge group: SU( )c X SU( )L X U( )R X U( )B I,
e W

To break the symmetry down to the SM gauge group we need some scalar fields

Flavour-deconstructed

Ao 4 SU@)L x SUQR)E = SUQR)Y UM, x Ui, x UL)s)

| ok i | o
Az + sU@M xsu@)® -y v

l b3 l 0532
Agw + SU(2)r, U(1)p
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Explicit Model

This model-independent study can be easily matched to any given flavour-
deconstructed model of interest

Gauge group: SU( )c X SU( )L X U( )R X U( )B I,

The Lagrangian contains all the possible EFT operators allowed by the full symmetry

— o~ C32 — -~ —
Ly = y33l3Huvs - A U3 H d'o1
32
023 — ¥,
A EQH q532q532ug + 1-st generation )
6.
LR = C¢i38;xV3 Aﬂ EzXqﬁssz + 1 generation ]—’ Mg
32




Explicit Model

This model-independent study can be easily matched to any given flavour-
deconstructed model of interest

Gaugegroup:  SU(3)c x SU(2)! x U(1)r x U(1)% 1
The Lagrangian leads to the following hierarchical matrices

E1€2 E1€2M2  E1E2M17M2 mmne m 1
Y, ~ | e1mpe €1 1M1 Mp~A|{mn m 1
mnz M 1 mnz m 1




Explicit Model

This model-independent study can be easily matched to any given flavour-
deconstructed model of interest

Gauge group: SU(3)C X SU(Q)i X U(l)R X U(l)%—L

The Lagrangian leads to the following hierarchical matrices

E1€2 E1€2M2  E1E2M17M2 mmne m 1
Y, ~ | e1mpe €1 1M1 Mp~A|{mn m 1
mnz M 1 mnz m 1

require Normal Hierarchy ~

—> A 2 fewTeV

(
We have the freedom to
62:<¢L /A21 A]_<1 A2r§]‘
(
(




Conclusions

In this work we have considered the leading phenomenological implications
of neutrino anarchy in flavour deconstruction [Greljo, Isidori, 2024]

 We have computed which is the expected absolute neutrino mass
scale predicted by any given flavour-deconstructed model

* We have shown that Normal Hierarchy allows for the NP scale A to
be lower with respect to Inverted Hierarchy

* The contribution to LFV processes coming from the neutrino sector
can be dominant over the Gauge and Yukawa sectors

* In some cases, the NP scale A can be as low as few TeV and can be
probed by near future experiments, such as Mu3e and COMET
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