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STANDARD MODEL

It's a theory of interactions between matter and forces strong week electromagne

But it doesn't includegravity

It's a fundamental theory

What's MATTER It's quarks leptons Higgs

We tested the theory and we can have a snapshot of the energy

Energy
t.hn

edit

gift
Electroweaksymmetry is broken Newa 100GeV

Ifm è I Binding energy of ACD Naco few 100Mer

1Fermi 15ᵗʰ
guy

10º
ygo

The standard model is a EE.it tT i sta Mintionsky space with local

gauge symmetry SOLDISUL Ultly

SU 3 color Symmetry of the STRONGFORCE of QCD
Number of generators Remember S gluons because N 1 321 2

SU 2 Left Symmetry of the WEAK ISOSPIN of EWK
me e mia ama ma a me

Jen

2H components of particles form a dublet under SUCZIL SECTOR
RH componets are singlet theydon't interact via WeakFare
Number of generators 3 WW Z

U 1 y Describes the EM symmetry group
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GAUGE SYMMETRY Eample 1 QED

QED theory of è 8

The lagrangian density is
definition

L x ̅ i MY IFaut Far GAO duan Fa
et we spin 112 XCX 418º The field is in the Minkowski space

ave spin 1 AM Aula

The egertonofmotion

et e

LI
m 4 0 Dirac Equation Theyhave the sane units

C A 1

where ip ÈTÀPgPz

daF o MaxwellEquation

but those particles interact to each other The interactions are dictated by SYMMETR

Interaction between electron and photon from U 1 RED Symmetry

So we impose the symmetry by imposing that after the transformation we get a
phase factor

V11 MCM e x

EAbelian
unitary group

of transformation

The second term of Lguee under the transformation is INVARIANT we impose the transform

Imx x ̅ è mei Fmx

he first term is NOT

id 4 is NOTINVARIANT

We want now to create an invariant term that cancelout the terms that the dprod
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So we use the COVARIANTDERIVATIVE

Da datietta with Day è Day
2nd so the Day transform as Then Fi Day is Now invariant

Also the photon field transforms it's a Gauge Transformation

V11 A An 1 dadini
4

NOTE it's the SYMMETRY that imposed the interaction No potential or someting to describe

the interaction

In the end
FLaed x ̅ ID MIN 1 Fauf is U.EE invariant

I

Let's take a closer lookat the first term

T.DE I
n.ear i

The predictive partis thatwith this theory we can measure things to predict
m electron mess

Le II 113 2 parameters

CONSEQUENCE Why the photon is massless

We can write down a potential photon mass term m AMA

FIAUGE INVARIANT D MA 0

This was for RED and for V12 an ABELIAN GROUP

Let's try for NOTABEUAN
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Non Abelian Symmetries

We know from AM that we cannot measure the spin at every direction at th
same time with infinite precision

This is described by Sua group spin

We know
51,23 212,3 WI di Pauli Matricies

2

the algebre is Si Si i EijkSe for Socal IlEijk Levi Civita
Tensor

SULN can be described by STRUCTURE CONSTANTS

ta tb ifabeto
Fractor constants

2nd Ne 2 fabe Eabc

each ta one gauge boson

5012 3 Ne3 ta Ta GellMann matrices
SU 3 8 3 3 matrices
V11 1

GAUGE SYMMETRY Eample 2 QCD

Now we require a theory that is invariant under SUL local transformations

SUL a e Kitay
movegenerators each generatorgives you a different directions Each direction it's like a

axes in wichyou rotate

The structure of the exponent require Kai to be a vector

ftp.t a vector in the colorspace
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So the Lagrangian L Free e'd MI 4
TOTGAUCE INVARIANT

As done before we should now introduce a COVARIANT DERIVATIVE

Da datigs Gala w Gary gia fi
senertous

Estuong
coupling

8gluons

ionstants

IDY is gauge invariant gluon field strenght tensor

GLUON GLUON strenght TENSOR

Gnu dato data tigIGa Go Giula
contracting it

Thames from the Non abelianity of sua

a noi 0.5 IIII mn

So the lagrangian Done single

Las Flip MY 1,6 6

CONSEQUENCES

gluon is massless due to suis invariance interactions FCIDIX x ̅ mi
È
8581ª

GIU6 gives rise to self interactions

G strature Bast
Gsf G momenta

G structure Spot
somma 851 E

Parameters quarkmasses
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Spontaneus Symmetry Breaking
SM SU 3 SUKI Uyl1 È QCDXQED 50,13 Uff

This gives rise to Mw Ma 211fermion masses

We know that Ye left and right handed fermions

Let's write a Dirac Mass Term MY Emy MI they mix
left and right handed field and they brake sua gauge invariance

This violatesSYMMETRY We need SSB

Have comes the Higgs Boson l spino particle with NO COLOR but it
couples with Socal UCly

Isa Fi 4 IÉÉ II I

Interactions scala
messtern of
fermion

potential

Let's investigate the potential

4 meta 114 412 A so si

Derivative

fa m E 21 letale o
IN

iItIII
iF

e

ee
172 GeV
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Now we expand the theory around the minimum

em Inca
Higgs 0 246 GeV

4 is complex doublet ad E so it has DOF

But you loose 3DOF because of SSB luemains only has EI II
le

FERMION MASSES

Let's see how fermions get masses from Yukawa coupling

Fayy FEY hai

I
x ̅

my

So for top quark Me 172 GeV

me YI Ye agere
Since there are many correlations o has not been directly measured experimentally
To know how fermions couple we have toknow how theyare charged
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SM matter and their couplings to gauge bosons

How to memorize the SM fermions QUALE E

Q 2H quarks
U RH quarks up type
D RH quarks down type
L LH leptons
E RH leptons

QUARKS I LEPTONS

In
1º 2º 3º 1º 2º 3º generations

Notation

under su 3
rapresentationfighe representation
under sucase y Hypercharge

Example Q 3,27116 Qec Ts Y

Doubleta

i a 5 112 110
113 112 116

Singlets

V13 1 213 D 3,11 113
E 1,21 112

211,2 112 E 1,11 1

UNIVERSALITY OF GAUGE INTERACTIONS identical for all 3 generations gauge interaction are
generation blind in SM

Parameters budget 3 gauge couplings
2 Higgs vectors
3 lepton masses 18 parameters
6 quarks masses

IIIII Matrix
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How to more on

We already mentioned that there are issues with

1 FLAVOR

2 HIGGS Potential
Portals to

How do we explore other models

a Top down proposals D StrongTheory proposal and check low energy phenomenology

b Bottom upproposals Data driven

c Effective field Theory EFT ad Parametrize the unknown

SMEFT SM effective field Theory
It'sextended version of the Sil so the Lagrangian

LSMEFT Lsm

f
Ne New Physics ITEL p

extra term

ETRATERMS

Ci Wilson coefficients dimensionless

couplingstrenght

Operato product of SM fields and derivatives
constants with su symmetries

For venormelizeability we cannot have terms like

Oep QUA 82 fermions field

with EFT these terms are allowed and sie is valid only at lower
energies
This is a model independent why to search for new physics
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From Renormalization to Renormalization Group
We know about Lagrangians and their Feynmann Rules FR

QCD nome come moda mani

QED MEÈ
We can use those FR to compute scattering decay matrix cross sections

We thinkof this type of computations as APPROXIMATIONS PERTURBATION

THEORY

IN THE couplings

8h nei
TAMPLE path production at LEP Three level diagram

a
è a

è L 2,8 T
at

This diagram is an approximation at first order To increase precision
we should go beyond 3 level diagrams D COOP DIAGRAMS

i e MY
un YAY

SOMETHIG NEW HAPPENS when we consider the loop diagrams in the calculations
Following the rules we will have

infine di
LEI

Vo constrains on k so mathematically happens that INTEGRAL III
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Physically we have a problem these divergent diagrams seem naively to lead
to divergences

TOW TO SOLVE

DEA

The couplings that we write in the Lagrangian are not necessarely FINITE
are not physical observeables so we can take the DIVERGENCY and absorb them in a
RENORMALIZED couplings

he underlying reason is that the Lagrangian prevameters are NOTphysical

In order to make predictions one mustexpress everything in terms ofothermeasurements

F done all divergences will cancel

EXAMPLE 64

2 1 diede 1,44

Compute le ce

LO Leading Order il it

NLO Next to Leading Order in YI 70

Rules in IIII E ftp
5 2 1

a il is a lorenz scalar so it can only depend on a Loventz scalar the
only one that I have is s p Petpap Getta
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illis dimensionless so for large loop momento P

in α YI so which DIVERGES

Now we want to apply the concept said before REGULATE the diverences

parametrzing them

We expect that typically ifdoing
calcelations

NLO
energysale

Ms α log which is the CORRECT RESULTS For A 00

A E

With A we REGULATED the divercence

ad A trick to compute il is to compute first its derivative and then integrate

After explicit computation

Mcs A 10g 042

Renormalization Express 1 in terms of the Renormalization coupling thatis fixed
by experiment

FXING

gas IÉÉTÉ.ie AR Renormalization conditionExperiment

LÉE ed fromexp it's a number

20 AR Miso A
p
NOTs it'simportant

No If Mia
AtefIGeef

OCA for No
this diverge
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To cure it D Express 1 in termsof A

1 1 s

substituting
a 11g D This is Snow

_EEEEterms

The divergencies of Feynmann diagrams are absorbed in venormalized couplings
which are Fixed by experimental observeables
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Renormalization Group

Why is renormalization Not enough

Large logarithms violate the naive scaling and lead to the loss of predictivity

Concretely Rate cross with dimension 1 E
obsciterbles

E
pL

I 7 1FI ify
messandraciane

Naive expectation is that

Essm È 1 g o

This however is Not what happens

The log divergenciess that we discussed VIOLATE this scaling

SAME EXAMPLE C with massive e

Il OK crossing

ZENORMALIZE A In ma
P is noteasy heernemass a

Ar dx log 1
sapete crossing

Now take E m solving

LARGE
LOGARITHM WHEN S m

M Art log crossing 6

CONCLUSION
highmenergy

We cannot understand the UV behaviour of this theory via this fixed order renormali
approch

SOLVE RENORMALIZATION GROUP
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he idea is to goback and say that was not a good idea to think
all as a Fixed orderexpansion

We should thinkof the dependence as something that depends on the energy
but adding a new parameter µ

CHANGE
PARADIGMACEgrMr ALE841 mia al

Tnd a way to define glu such that for Edm it DOESNOT depend on m
ut on some new artificial sirleµ
We can fix guai with a new condition faraway from m avoiding large logs

Let's suppose that we did find away to express gal
NEW SCALING

Eguai mail.nl E 111,841 M 1 E
ad If we care about some energy E set µ E

ACEglu mfal.nl E 711gCE MIE 1

Because per definition goal doesn't depend on m this rate doesnot contain

large logs for Essm D IF we do perturbation theory in terms of g E

ACE.gymini.at BEI
CONCEPT OF RENORMALIZATIONGROUP

The renormalizationgroup absorbsthe anomalous logarithmic scaling in the renoumalized couplings
at the price that they depend on a new artificial scale µ

Finn E
Me Ma are largely

separated
because of that we

cannot compute glma in terms of a fixed ovolev expansion in glmel However we
can expand gia in terms of glu as long as µ AM THEY ARE VERYCLOSE
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This allows us to have a corrispondent differential equation such that we can
always increment

Collon Symanak Equation

Differetial Tiggy 381 How does g changes
Equation Il if we change µ

Solution

lo 1
if we know glad at scaleme where m is not important we can compte gula
The beta function is actually compiteable from the Feynman diagrams we compu
before

ppreamlba

At E m
Orare 84 872 13 log In
I can do the same with µ

Comparing this with the glu expansion for m'fa β g
in terms of B

We can fix the BG RGE by the poles that we absorb in
new couplings

Renormalizitatio

Groupegutio
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Asyntotic Scaling Behaviour

Discussing the differential equations and possibility

A Trivial ÌÌ Fixed point FP LIED means inthe Infrared we get g zero

β g o for small g
in thiscaselcanmakeanexpnsi.at

expansion β g gap
it'sexpansion in g

BIT µF
So

è
dg

814 increases withMÉÉE diverges at some Finite value LandauPole

p µ e E

For µ 00 glu 0 D Trivial Free IR FP

Trivial FP means that FREE theory with By 0 in 2 0

B Trivial UV FP Asyntotic Freedom QCD Nobel Price

for small g β gaBot
Negative with BoLOβ

ASYEII.EE7 ASYNTOTIC FREEDOM
µ increasing BG 0

8 When g
becomes greater than 1 we loose perturbativity

Coupling decreases with µ trivial UV FP asy Free

Coupling grows in the IR

QCD Asima 0.118 ACM 0 U DA

Ischia 00 NDO Manara
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We need the normalization group. 



If we try to make predictions far, far away from where we have data. 

If we want to know, if we have some data, some objective, some measurement, some energy state, and we now want 
to make a decision super far away from it, and we try to do this with fixed renormalisation following the regression 
theory, large logrithms will appear, ruining by the pertubativity and the validity. 



We have to rethink: need to define a new coupling that depend on artificial scale does not depend on mass on the 
higher scale.



Once I have fixed this definition and I've made sure that my renormalized copy, does not depend on this IR scale, 
okay, I can incrementally compute it at very high scales, very different scales, absorbed all these large numbers in this 
running,these are the running copy constants, and then I can make a prediction in terms of the fixed following 
regression theory, but in terms of the high scale copy, no large numbers, no N-square theory.



Okay? And because of all this story, this coupling is G, that are running, coupling, they do have some sort of physical 
interpretation because we can use them as proxies to understand the fate of these theories at the different energy 
scales, in particular at very high P scales


















C NIONITRIVIAL FPS

g 0 such that β g o

Place at which for some non nellg the Big is zero

UV STABLE βG MI it's called ur stable cause does

Igp
not matter of which is a
it goes back to the g part

ATTRACTOR

Independent of the starting point in the vicinity of g glu Ìg
STABLE FP Bj UP

97º Forµ increasing g is repelled from FPIt is abtrated For M D 0 IFSTABLE
ut

Summary
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Running of Wilson Coefficients

In general most couplings do run

their value changeswith energy Xs strong coupling constant

Ex 2s Lsd
Blas

0.2 1 t
DO seen previous lecture

hai Tu

ti couplings in the SM do run

Wilson Coeff Effective Field theory example SMEFT

Oi higherdimensional operators Vertices
Isner La

a
Fields

A lenght scale
The ci are dimensionless couplings

strenght of operators Oi

Example
Oe Italàr Q UV model

4 Fermion operator

L Q
F NÉ

a

Mà 0 296Ger

Computing the Feynman diagram
Ci

trai.ieErua i 0eq Ei oe

at low
energfes

2 ma 1º
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E's possible to write the equation of evolution of Wilsoncoefficients

TU IG Xc X anomalus dimension start at loop level

See this in perturbative theory Asaf 8 8 0cg

Expanding Ci

Ci Cicug C 18 ci n1

0cg9tlowestlevelQCD
g gs

e j.itErrientpdc
din III È 78 dinn

on running of his at 1 loop

oggi sei in su b III IsÉtone
asdine E È

L

Integrate c
queidi Sami

dine E
RELATION BETWEEN

TÈ III c'vendano cinema

asy example to see that coefficients RUN

Vext comprtation In general operators mix and the anomalous dimension is a matrix

AD Heve was a number
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Operator Mixing
Operators with the same quantum numbers mix Operators Oi mix onto those
with the same or lower mass dimension lol

General version of what seen before

LEI stè è C1C2 vector of Wilson coeff

TRANI.EE E II Icous
a

III Matrix from dim 5 to a

Noentries above the diagonal OPERATORS MIX ONTO ONES OF EQUAL ORLOWER DIMENSION

Jizgonahze the matrix of anomalous dimensions

Matrixthatdiagonanzes

v18V XD diagonalmatrix
I

LE1171 è

NEWWILSON

bymultiplying on the left III DE Easly solveable

g yep
mh

Solution at lowestorder in QCD

cical cina II
2

We want to transform this result back in the original basis

Transforming back v'è E ED è VÈ
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rlicitely Calma f VigCina I Vijcical III

f Vigili IIII Calma Cina

Example Weak Effective Theory WET ma

se b se 02 StataClaEp be
413 colorindicies

02 we can write another operatorYork Im
a aG

01 StataCipCip bla
1351 E

At the scale 11 Calma 0 Calma 1 induced by W exchange

OFF tease
Vis colorblind

Vow we want to discover the same operators atMa 1,2 magna

01 and 02 mix under QCD at 1 loop

2
13 31 from books

Find matrix that diagonalizes 8

ANSWER V E f V1

so 8D V18 V 4 eigenvalues of 8

E re
X El 1 4
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CI is proportional to CatCa
Ca is proportional to C ca ca

1 since GGp

igenvales 8 4 8 8

Calma Cemal _È

CD Ct is reduced because

Itp 1

1 while the experiment is negative

1 Now we know Ct and C how evolve
but we are interested on C1 and C2

I
µ

at b physics scale

Mbofmw C1 Mb 0.3 Ca Mb 1.1
Ma 11

a Ctfe Ce GIL
We are sensitive with experiments to this types of effect SMEFT is the
most dominant EFT we can encounter

Vew physics can change W coefficients that'swhy one needs to search for
ew decays
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Effective hamiltonian Theory for weak decays

b s

vini

amplitude
Feynman Rule

non wat no fetalKelis 1,23

Uci where 1 projector Lefthanded fermions

È
VCAM C UNITARY VEN VEN I

Ven has parameters 3angles and 1 CP violation phase

1 sine 0.2 Cabibbo angle describe rotation 1 2 generation mixing

122 percent describe rotation 2 3 generation mixing

1 permille describe rotation 1 3 generation mixing

IAICg.iq with correction Ha0111
Vexy 11 AI nfatter we go away theLEI IAA 1 smaller becoms

AMPLITUDE

IEIV.sk cermbdITICsiruca

921 0cm cc mi no Neglet 22in the propagator

a

In VaVa citab etica a E
7
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beSo
02ª Citab 8 4 Fermion operator Drawing of opert

a
MATCHING THE SM to the EFFECTIVE THEORY

W his been removed from theory Low energy effectivetheary weekeffective theory

Read off the Wilson coefficient a

Leff IGF
VabVI 202 G IIII comparing

Ca 1 Matching by comparing w

sta Ma

WE METCH where we cando thiscalculation at Mw

Scale for b physics phenomenology Mems 4GW D HAVE TO EVOLVE THE
Wilson coefficients

Take into amount the RUNNING MIXING of operators

We could write also

01 144by 5438Cap aggrappfficies
la ma 1

Calm ma 0

Contribution to 01 are induced by QCD corrections to 02

IL a Ima Ima no Anomalous dimensionmatrix

8 a seelastlecture

And including QCD corrections Leff If
VabVest 202 Cee

leading logarithmicorder in 2s

1 expanding parenthesiscnn.com Y t icafe eamalooEn
amazon.a.n.mn

nw

ccmupe yf ba TTem 01 5 1 1
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α 1 BUTLs log can he lage X ND Ls is an unstable expansion

X naive fixed order expansion uncontrolled poor control

RG improved perturbation theory large logarithms are resummed

Flavour Changing Neutral Curvents

lite P 519 tene
charged current

In SM only through loops eg b s

W

Lety
The flavourchanges
but not the electric charge

msn.EETTHI.lt I TiKITTIE
510 tiny

VEN is UNITARY The GIM mechanisms

Visti o Vietti Lele

1 If MeMa Mo then Alb Dst 0 Gin

2 If Vera I then Alb sa o

Writing the terms using the W parametrization
a

Alessi SEI 1 HENIE
renren.name anraas i
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For compassion

writing thesamethingdown

Accusi.cm 11 11 CHISMI 1 Fi
ere all thequarks are light so these processes are extremely suppressed 2nd
enfect to search for new physics

What we are actually seeing how is described by 10 parameters GIEY L

b da would be egual to Alb 058 but substituting sad so we
would expect order 4

YIMMAL FLAVOUR VIOLATION

Il Flavours change structure in the SM regarding quits is described in
evms of 10 parameters 6 quarks masses 3mixing angles and 1 phase

hese originate from the Yukawa matrix after electroweak symmetry breaking

Te one from 5M is the minimal amount of CP violation we need
o explain what we observe

O EXPANSIONS of the SM should also terre it In the SM

Lfkawa x ̅ YuH'U a YdHD

YoYo are the SOLO SOURCE of Flavour notation in SM

A Model is MFV if there are no further sources of flavour violation

Yu Yd are also the sole sources of flavour statue too

TH4 29






























































































































We don't know why the masses are like that And otherstuff

MFV Minimal Flavour Violation benchmark for SM extensions

No move flavour violation arises only in Yukawa

L'ha x ̅HEU IHYDD hic

In the bypotetical limit the SM has ONEmore symmetry FLAVOUR SYMMET

SEIE SU3 a SUITESU 3 da

Ql weakDOUBLETS ND LH quarks

YE weak singlets
a RH uptype quarks

weak singlets ad RH down type quarks

Recap

Q G f Un URCRIER Da da sr.br

each setof quarks transform as a triplet under CORRESPONDING 5013
Example Qc VrDR

QL DVa.ae where Va 5013
Un VuUR unitay 33 mabices

Da VoDR Theylivein generation space

TI EL.EEta IE4I ra is ie Eed
of single doublets 95939

Quark Fields transformations under Gg

1
5013 SUB Such

3,11 V11 3,1 1 1,3

Ifield Is are under Gg
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Nowwe want to switchONYukawa so we write L in an invariant way under Gg

How
Promote Yukawa couplings to spurion fields

Y 3,5 1 Yo 3,1 3

Ermally invariant terms can be written as

Lyon

QHYDDrtQHYI.IEinvariant under Gg Check if it's invariantunder single su13 groups

SU 3 Trivial because singlets have L is invariant
SU 3 u 3 3 1 it's singlet when combined under Gq
SU 3 a 3 3 1 it's singlet again

Under the assumption

YdD analogously

L is MFV if there are no further sources of flavour symmetry breaking then theYu Yd

Strong constraint many viable models very predictive

EXAMPLE 1 B B mixing

yd
b d FCNC current

a b Its È IEE.Earn
QiXijQj DbiXasbi

in 5M happens at loop level suppressed

In this theory Yukawa controls the flavourmixing

YifgstffInsa
determined in MFV a Q must be invariantunder Go and becompish

a 1 bY.Y.tt a Yat higherorderof IfNoFens's NoFens's NoFens's
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EXAMPLE 2 b D 58

Iffy
operator Q tuud.tw w tuo I 8mn

odim6 F EM field strenghttensor

TO GET THE CONTRIBUTION WE NEED TO MIX RighHandend 2nd LeftHandend quarks

In the operator appears Dj forRugrats
We pay the price of a mass term and we do chivality Flip of s

STRUCTURE IN FLAVOURSPACE
b offesa ms

Fermion structure for dipole operator
ISM

iZif
connects LHand RH quarks

GO TO MASS EIGENSTATE Basis it'sdiagonal

diag mymy.mg
we arestudying

I III Eames

Van w digperizie

The Higgs willget its VEV o
weknow

that at thehee

z

III iii con

leading contribution in MFV modales to b so
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The operator will be

old YoYutE TuoIdrleF

ase A i 2 3 be SI v MI
5 YY Taub F

ase B i 3 K 2 be Srt vMIb YY Taos F
È

Geyffyin
suppressed

SM

What does YoYutlas mean
We can test experimentally

YoYo V using vera
this hierarchy

In components
alveady diagonal

Yuytle Vlielhlee V

dominated
bytop

YEVIVK terms with

lesser11 Iii E t
we can non compare YÈ I YI

This statement could be enteekmet for Us
we can have us but the Flavour sector behaves like inthe su It's a parametizzti
of Flavour doesn't explain flavour
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Froggat Nelson Symmetries

Model of Flavour extra Uefasymmetry

We start again from Yukawas Q.it YuijUj

QitlYdijDj2ssignQV D generation dependent charges under Un 1

Higgs unchanged under Uff

This is what we want to break in order to create flavour
We need an extra ingredient to get this invariant under ULI

D Add scalar field Flavour S with charge 1 under ULDEN UNCHARGED under

SH gaugeinteract

Field CHARGES 9141

5
E
92 2

V2

plusII
the following terms are Uff invariant

HI Ash Sua Qitis u

Now we break Ultlen spontaneously How S field gets a non trivial v E V
CSS O

Let's think about how could thiswork as a real model

The Fully UV theory needs also move heavy fermions

I Is 1,5 F and F are heavy
s has a mass M

È maledetta 4 mass M Us

TH5 34



At low energy H S

si
ai 4

When S gets a VEV we can replace et low energy the S Field with

only relevant for plenomenology

This model can be fitted to data and we can Find the values for the Yukawa
couplings We replace S in the lagrangiani with Lff E

Where E is of the order of vulgentzin's parameters

Yad F
91

So Un model predicts the hierarchy in the Yukawa up to factors of ovolev 1

So the required ingredients at low energies are gite E with Ea0.2
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1 Fn Thisis a postulationl generation dependent changes gi to the quarks 1scalafield
that spontaneously breaks the symmetry

If we write the Yukawa lagrangian as an effective theory

Yulini
1 91 1

Forlowenergy phenomena we only focus on E Cff E v0.2 of theorder of the Wolfessein pavame
Arsinoe

We can only predict HIERARCHIES in terms of E notvalues because we are not building the full
model So FN symmetry predicts the hierarchy in terms of E

This is verysuccesful

From last lecture we change

Q 4,201 9 U Xig 9Qi 9 Uil our experiment we can construct now

Yumatrix

E

prediction from ULIIFN symmetry

EXAMPLE Lower dimension 2 Families and 2 3 generations

4 1 l
we have to diagonalize these matrices by using perturbation theory 2s customary in QM
This perturbative diagonalization gives eigenvectors and eigenvalues in powers of E

The eigenvalues are

There can be flavour structure in general butwith this symmetry we can use the
following example to calculate the BSM flavourstructure
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A SUPER SYMMETRY Minimal Supersymmetry Standard Model MSSM

QUDLE SM scalar partners À JD I È

we have 3 generations of quarks Q1 02 Q

But we are interested in mass term for our new scalars

Lusso di miliidi t.im TassIatrTLmiians
3 3 and complex

We want to use the Froggott Nelsen technique to infer the structure of this BSM
matrix

Predict mi using ULLIEN symmetry

mi

il
ma

we want to construct terms that are allowed so everyting is set by E

B SHEET

Operations with fermions cavy indices

Qituaj l 5 ce
containing the quarks QiQi the higgs le and a
covariant derivative

its Wilson coefficients Cig 3 3 hermitian matrix of W Coefficients

Assuming UCHEN it's possible to structure at the W coefficuts

Assuming ULIFN

Cig n E
s the same structure as in MSSHbecause

the L term is linea in Q and Q
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How toget structure with no hierarchy things neutrinos

CKM quarkmasses hierarchical explain using FN symmetries

Neutrino sector PMNS 3 3 matrix unitary 3angles ICP violating phase 2mg
if they are Divacparticles the same machine of quark sector we have Phu

PDG 012 0.59
eaao.gg

laser than 1 2gen mixing angle of quark Ec

13 0.2 order of Ec

3 neutrino mass eigenstates memama

NORMAL HIERARCHY NH Ma Ma cha
when we measure are the oscillations so connected to the mass differences

MI 2 5.15 ell mia 7.5.16 eV

Inverted Hierarchy IH ma che ma

NH 3 IN

3

This is all what we know of neutrinos

How to get the PANS from symmetries when is not hyerachical

Before to start situation about PMNS A 013 012 1
B 013 012023 1

both means are able but involve different flavour model building

A today discrete symm
B anomaly

wee'Il follow the case
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PHNS U tribrimaximal MAXIMAL MIXING AMONG ALL THREE FLAVOUR STATE

storical very predictive
Ansatz predicting have
Not the fill picture
need convection to obtain a uble013

Non hierarchical structures follow from non abelian disore finite number of
elements

Examples

Gn group of permutations of in objects

n 3 era dem mea 6 elements can be wrapped into eachother
era ane nce

As tetraheder 12 elements

4 surface
high symmetry under rotation by 120ºand reflation 180

REPRESENTATION singlets 1 dimensional l l l
triplets 3 dimensional 3 symmetric

3 antisymmetric

multiplication roles to constant mass

GIGI Triplets a 121,22 231 b baba ba
le Lab Zabetarbstasba transforms 25 a singlet

1 l l
e e l

understanding these structures how they do transform we can construct invariace
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A IIIII Purions responsible for the breaking
of the Flavour symm

Le Yeer util Ynyr Lei 4 Year lei d hic

where is the scale of As breaking Clt VT 0,0

Le should transform as a L Under At

In order for the first term to transform as L the product of triplets Et L
must transform as a one

We can do the same reasoning for all the other terms using the multiplication

obtain

Ut L KteLe Etat Etats Vile Ut Le

Let Vi La

La Va La

Finally

Ye DIAGONAL

So in thismodel PHTS rotation from neetrino sectors

Recall the neetrino masses come from the see sow mechanism

ho tra LYI Abed the

If we work this out we would got themetix U the wibimaximal PMNsmatix
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The procedure would be to compite IL 3 2nd then CessLL where Les Usus.us 297 0

As intermediate step is

Ho Mi 41 5 2 221

Diagonolizing

Uthul 4M dig atb 2 b a

where Vituhmant Its clan toreality although it needs corrections
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