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PERIODIC TABLE

Observed order in chemical elements led to discovery

of atomic model and quantum mechanics


































































PERIODIC TABLE OF FERMIONS

Similarly the observed

properties of fermions

could encode information

about deeper organization

principle


































































OPEN QUESTION The Flavor Puzzle

Why do we observe such a bizarre pattern

of fermion masses and mixing angles


































































Why do fermions come in 3 generations

What is the origin of neutrino masses

What is the origin of CP violation


































































Anthropic Principle

Masses of light fermions important for nuclear
physics

May play a role but unlikely to solve the problem
entirely

Connection with other open questions

EW hierarchy problem
Matter Antimatter asymmetry

strong CP problem


































































Flavor in the SM

Fermion masses arise through interaction

with the Higgs boson

L ec
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Large Number of Parameters in the SM

QUARK SECTOR

d's bacct

9 3 33 3

Ta Ta
9 complex 9 complex
parameters parameters


































































We can diagonalize the mass matrices

Mu Un M Uuc MD Ua M Uac

L did
2

v h E End We Vorm
is

Vern Uat Va complex
3 3 matrix

OBSERVABLES

6 masses

3 mixing augles I phase


































































TOWARD A THEORY OF FLAVOR

1 Has to be predictive parameters observables

2 Has to explain the observed hierarchies

How light can the NP scale be

Are there mechanisms testable at colliders


































































Generally theories of flavor have to leave at high scales

FCNC A 10 GeV

Ex ΔF 2

K E Heff Qi t.EE
QiQs

sTondal stpsnda

Q s d a s dp

Q s dp s da

Qu sidallstpd.it

Qs s dp stpdst

Q EQ


































































Ex 50 Warped RS Models

Imm.ES E
Gak

Can 95 maths

Mg 20 TeV


































































It would be great to have theories of Flavor where
the NP scale has to be close to the TeV scale

LESS AMBITIOUS BUT A GOOD STARTING POINT

Are there simple theory of Flavor where NP can be close
to the TeV scale

GOALS

Generate hierarchies without small parameters

Flavor constraints on NP at or below TeV scale
NP possible to detect at current or new future colliders


































































MAIN IDEA

Theories where the light NP are VL fermions with the
same charges of SM field

Flavor hierarchies are generated through chains of VL fermion

EXAMPLE

L o METE EMETE EM EE LECHT E 0.1

EI Es EI Ez
LH cannonanno anoe E LeCH

MY

E for simplicity NOT NEEDED


































































SIMILAR TO FROGGATT NIELSEN

ET Es Es Ez

L I ec

in id

Lo H f Lee

T
TeV scale

Here the lightest NP are scalars

Lauren Nir Seiberg

with EN 10 3

We won't see the flavor mechanism until we

see the heavy fermions


































































KEY POINT SOFT MASS TERMS

LEPTON SECTOR charged leptons diagonal mass matrix

L 0 ME.SE EMETE EM EE ALE Ht E 0.1

y E Hornottoknoes

you E LH not oÉmo aÉm e

Ye E LH
an fit Sotero es
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g


































































03 3
d3xn H

e e e Es En
EM EI

serine mm
EM Éñ

We can rotate e E E E to diagonalize M

L MÉE I LECHT yLé Ht

6

y E3 d


































































In the SM this is not possible

Allow to have only 0 s or 0 E entries

3
Y Det Y ys.yz.gs E

eighevalues

But we know Det Yu 10
7 Et

Det Ya 10
10 10

Det Ye 10
11 11


































































If E can be at the TeV scale

JiLÉgH ILH.mg
yFidIyotinoecE

eH
T ne Ñ e M

Mi Mi F F Eau Gev

A NO DEGENERACY M E e H

M E em É É

States further down the chain may be difficult to probe

at v10 cm

E F


































































b DEGENERATE FERMIONS

I ne i All fermions maximally coupled

Mass splitting 0 EM

IMPORTANT SM Yukawa couplings are still the same
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QUARK SECTOR

Quark masses 161

CKM angles 3 There are a large number of theories

CKM phase 11

Let require 9 real parameters and 1 phase

6 3 only 3 patterns

4 5 20 patterns


































































6 3

91di I

92
di i

93as us


































































6 3

91di s

di our

di 93 045

du has 3 parameters


































































6 3

91
ds us

di our

di 93 045

du has 3 parameters

each vertex touched once to have rank 3

loop to have a phase


































































91 di6 3 Only 3 possibilities
permutations of rows columns

9s dids
q

93
8

ds
92

d i

93
92

91 81
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di
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6 3 Only 3 possibilities
permutations of rows column

91 di
11 Determinant combinations of segments

touching each vertex

once and only once

ds
92

det 1a 1 193
d


































































Opening the chain

91
no

da

I

in

Ya The determinant is read out in the
same way

0 0


































































EXAMPLE IN NO 1

Lepton sector

as EG
4ten are

a e

e htlo f.IE notIEtnotIEtnotIF m.EE hmoe

e ht o EIF.int IEtmotItInoe

e htlo at Ehnoes


































































Up quark sector I E 0 1

as 8
a 2gun

Az

91h10 1 hidden o us
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Down quark sector d

eno.IO

5 25

Yd Es eleO e

0 0 E


































































New Physics Scale

How does the theory look like in the mass basis

SM Heavy fermions coupled to h Z W A

How light can this NP be

TeV scale

Direct Searches

Indirect Constraints deviation from SM


































































New Physics Scale

9 Ht o P.si oiin EPim od

9 Ht mood
Diis Dais

After rotating d D L ME D IQ 5 Ht yQdcH

l l

It as
typi

Qi

Qi De Qi

Zp


































































New Physics Scale
At the EW scale

L did h
LI Ua Uac

I Emd Zm 92 Ts Qsi Sis 8 To
v U Ua

w̅ End We Varm
is Eg v U Ua

Zoe Ford and AreJ as in the SM


































































EW Precision

Flavor diagonal shift α Ñ E

2

Sgz v2 M 2 g
TeV LHC

One order of
magnitude betterat FCC

Flavor off diagonal shift further suppressed

Similar situation in pe ey pe e e Be which impose

10
6
for M TeV

Therefore we need links between chains for from L Q sites


































































FCNC

Two leading effects

9 D 9

h in air 7

1 Mm

1
9 h

9 L D r 9 91

Integrating out U D H we get Ci qt.org 9589

Ci Xitx bit 1pm
9iv
8cw MEM4


































































After CAM rotation assuming Va Varm

C dil VisViÉ Isma g9ÉvmzM

Re Cs 10 Tev M E TeV

Z box

Note CP violation from CAM


































































But imagine 5 and 5 and is generated directly

through couplings with D

64

128 2m
110 Tevy

M 10 Tev

Still close to TeV


































































NEUTRINO MASSES

Flavor symmetry GF U 1
3

Majorana
mass term

Laf LECHT MEE XENCH MNN MUTE

Lar viol MEET µ Ee pe N N
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mu yet 0.1 ev I Dig 1


































































Conclusion

Flavor hierarchies through fermion chains

Simple theories where flavor mechanism appears at TeV scale

We may see a bunch of VLF coupled 0 E to Hq Hl

I didn't have time to mention U 21 UCI unification I 1 loop etc

Work in progress

studying the space of theories

studying the structure of argdet M Nelson Barr improvement
on Flavor

Studying detection prospects


