



























































































































7 Considerthe optical theorem and explain usingexamples from phenomenology of
fundamental interactions SMBSMEFT when one expects unitarity to be violated or not at
some scale

We are gonna prove the optical theorem

14 x 1 da 1 in quantummechanics

probability density PDF

this integral is 1 at time o and at every time t

Y E 14 t 4,0 4,0 UNITARITY conservation of probability

IX E e 14,07 H H

When H is hermitian there is no decay in the system energy is conserved

14E è

I
eughi s e Sts 1 EVOLUTION IS UNITARY

lente in QFT is the same Defining the scattering matrix S

fisii 21178 Pg Pi Mli g
i and fave initial and final states
states where there is no interaction

e EEE
L Il is the physical object

it doesn't change and is
Not a physical object what we measure
we can alwaysmake a
transformation

I is a generator for I but not a physical object D is more like
how we describe

the physical oby






























































































































Let's try now with a non hermitian operator

S I t i4 nonTRIVIAL 2nd

sini Sts 1 NON HERMITAN

Hence

1 idt Atid 1 o i a at ata
istellingme something aboutthe Im partof t
scattering amplitude and the square of it

We never know S
eztiguerbtinyg.IE ng

expand it a in the counting and
each expansion ha

8,98

with the prenous III we are connecting loops with the tree level
computations

It's important and not trivial cause connects tree level with higher order

Let's how use the relation in a computation of a scattering amplitude

LH flila.at li iLilalf7 iCflali
IiL2H198 IP MYpi Ming

RH flatali
Remember Ne 1 Ne 1 1 and I Σ folta XXXI

Resolution of identity

agiatali Σ di flatixxxlali
12171º8 Pe Pa 2T 8 Pi Pa Poltx Ali Dx M f DX






























































































































we nowequal the 2 members

8 Pp B 8 Pi Pal is like 2 deltas for Pf Pi and one of themis gone
cause on both sides while the other is left

1 1MciPg U f Di i Pdtx 21T 8 PE Pi MinxNÈ x

this
w.fi soiegningni agfauitarY we are linking something linear

We are RELATING this 2

µ µ

FL
IL

Let's consider the 2 02 scattering

F
527 stttu 2mi o related by 4 momentum

2 INDEPENDENT
VARIABLES

E 1 cose cm
1

we adoptas 2 vanables s and the cosce in the CMframe






























































































































Remember
Ps 7 1

12211 w fida PscziPAlzi zeek
Legendre Polinomial Cortonormal usedto

gzgaygawunementemahtie.ae
asumorer

rewrite M

and we can always decompose M MCS.tl 16T 12jt1 2j1zPjlaosel

We write I as orthoroumal decomposition in polynomials thatallows to factonze the sit dependence

Whatever amplitude can be rewritten as a sum of partial wavestimes the Lagiandre polinomiale

2 1st
3

dense P lioselMescose

Vow we apply this relation to the scattering B to the partial wires

Let's start with RH of the formula

Imi with Ex we shouldsum over all Final states

SE JOE JOE
dominante

TrWeassume
this diagram is dominant just for the seekof organization

EEI.IE IhlMesitil Dimensionalanays c'è

3 3 4 2 vanable of integration

end Ps II fEe.CH 812Pa
da dose

For n particles

we only have the direction of one of them free everything else is fixed

WHY WE HAVE ONLY ONE INTEGRATING VARIABLE



























































































































































































































































2 const ou In it cannot go as 5s s s otherwise with increasing energy

it will pass 1 at some point with Vs s s we are workingin UV S D 0

In the IR it goes to Zero so no problems

O e
MC2021 1 a 2 07 scattering hes no dimension

GF

e 0 adimension IFE II 801
3 1 2 3 1 2 4

So T 114,3 but so M GE S OPEN 1

Hence this amplitude grows with energy M GE 5 20

IGF SI 41 Ts

The theory isvalidHillhave






























































































































8 Illustrate through QFT examples matching at tree level andor at one loop

The classic example of EFT theory of low energy week interations is Fermi Theory

È iii smetteatheist
match onto EFT by transitioning to a theory

Since the week interactions are perturbative the matching can be done Illya in

perturbationtheona

Ì on interacts with quarks and leptons via the weak current

IL Vij t X Ped I 8 Pel µ UP TYPE

L eigenstates

d DownTYPE

The TREE LEVEL amplituale for semileptonic b e decay is

b C

A fi IIIIve e

where E is the W coupling constant Fou low momentum transfer perMW
we can expand the W propagator

1
Pa Mi TE ME

giving different orders in the EFT expansion parameter PMW

Taking only the first termwe'll have

A Feliz Volete b Emede f






























































































































Now the EFTThe.org

L IeVb E8Rb TRPLde H
this is the lowest order Lagrangian for semileptonic b e decay in the EFT and is
represented by the vertex

b
p

de D Δ e

with

2 III where N 246 GeV is the scale of electroweak symmetry

breaking

MATCHING È gjgy
8cancels

Mills 9

we have
My
GE V 8 Peb è872del

How do you measure Go Moon decay Fa IIII
This is the low energy limit of the the SM

The EFT has dynamical W bosons and the effect of W exchange in the 5M has
een included via dimension 6 4 Fermion operators

This is called integrating out a heavy particle the W boson






























































































































MATCHING AT TREELEVEL

The starting point is the UV theory which consists of

L Fidt 110nA 1M LEI Lp L ru with messaEFermion

Eye 1 Coupling constant between and d
cnet.seetto

My ECM
energyofexperiment

8 0 e ha 8 È

We want to construct an effective theory LEFT L 4

D INTEGRATING OUT

Since the scelau has a large mass MSE where E is the energy scale of intuest
we can integrate it out and obtain an effective 4 fermion interaction

What we willdo

Il Let's compite ff ff in the FullTheory and EFT

Il Match them

propagator reduces to
a point

So
Left x ̅ i 14 Gg TN 541 C we need to find it

convenience

Integratingout






























































































































So in the full theory we'll have

sign comes from exchanging of
2 Fermions COTTI

In the EFT
1

0
E

2 E

In the full theory

ill Asal it tiattella 3 4

In the effective theory

im µs i copy
with µs temettero

we metih them and we obtain Co II

What about the next term

lps.pe I
1 DERNATE Expansion

Theoperator Forthisweneed
describes this another operatorwhichis dim9
termConlyforthis
wasthematching






























































































































LEFT IL D G 4711441

GIIIII
We can check that this

operatorfentanampitude
term Ms f e Ps PaPol

We always have 4 fermions we add derivatives which pop out the terms in the
propagation above

8 1

Where the derivatives are doesn't matter there are only 2 possible
combinations dim8 operators and only this is used






























































































































EULER HEISENBERG MODEL

We illustrate the power counting formula with thisexample

Considering 88scattering at energies much lower than the electron mass

At this low energies the only dynamical degrees of Freedom in the EFT are

photons

so the 48 interaction due toIn the EFT there are M

IIIIIimension operators involving photon fidoelectron loops is given by a

The lowest dimension interactions that preserve change conjugation are given
by dimension 8 operators so the EFT L has the expansion

t.EEE KEIE EIt
This is the Euler Heisenberg Lagrangian The UVexpansion is QED

Comparing this with

Left i

we used Me as A since we know that the higher dimensions operators are generate

by the electron loop graph in QED

µHINDIA
Stati fuor UV impose

Me o 2nd MATCH

LOW ENERGY
LIMIT

Maximum
energyyou can have E 2ms in orderthis they to be valid






























































































































FORMAL DEFINITION applied to Euler Heisenberg model

Consider a physical system whose dynamics is described by the Lagrangian Lou H
LIGH HEAVY

THEFULL DYNAMICS is contained in Luv In the case amplitudes are only involving

25 external states and the ENERGY M the H can only be virtual

For example 88 88 scattering with energies 0.511 MeV

To understand what's going on we don't need electrons as external states

The same for µ 0 end for the W

We can think of integrating out H

Integratingout heavy particles is particularly transparent using path integral formulation of
QFT because then it's literally integrating over heavy fields

Generating Functional in the UV theory of light Fields e and heavy fieldsH

Zuu Jp 5H IDDJIDH exp i d LurloH Job JAH

All npoint correlation functions s and H's can be obtained by diferenting
Zur with respect to the cervents J

Z 5
2 dea 0511

401Jdal pixalo with S d L

In the EFT we only need the corvelators of s here

ZEFT 50 Zu 50,0

We would like to have

Genarting Functional in the EFT of light Fields 4

ZEFT Jp DP exp i d LEFT 50






























































































































Now how to find LEFT 0 given Lou HI

LEFT Luv 0

must be Non trivial in order to account for the effects of A excanges between

the s

In general LEFT will be complicated non local object

LEFT d
p non come

with La M N M M

Alle

At leading order tree level the field configurations contributing to the path
integral are the ones that extremize the action

Zuu Jp 0 DA explipoix Luv Hald 500

no 0 8
1 11 414

that is Ha 4 solves the classical equations of motion in the UV Lagugian

Build EFT 1 Equationofmotion
2 Salve for H NCD

3 Substitute in the Lagrangian

Henie
LEFT Lu Hald

MATCHING insists in imposing the condition

ZEFTIJ Zur 50,0






























































































































II Discuss through examples the role of renormalization logs and RGEs in QFT and EFT

What is a Renormalizeable Theory You can compute scatteringamplitudes

at any order in Perturbation THEORY

at all the time at differentorder
I get infinities that are reabsorbed
in the definitions of the constants

REABSORBE THE DIVERGENCES IN THE
AVAILEABLE PARAMETERS

EYED you don'tneed to modify the Lagrangian

To define a model in QFT you have to add all terms that are respecting the symmetries
otherwise the perturbative approach will generate them

Question Does an EFT by construction satisfy the definition of the RENORMALIZEABILITY

NO but is misleading

It's different in the end we will understand that we justhave to REDEFINE the
RENORMALEAZABILITY and we will understand that It's as RENORMALIZEABLE AS
the ou theory

DEFINITIONS

11 Particle Irveduceable diagram IPI

Example

If I cut the loop goes away IPI

Jk The loop is still there NON IPI

2 Superficial DEGREE OF DIVERGENCE D
neo

folk K D i the integral of this da
divergeswhen 42 i nez






























































































































Example QED is venormalizeable

Hastodowiththenormalization of
You take all the 2 points

Mi Za 4

non 73 AM

all the 3points

y y
Zero RD Fury's Theorem

Zz re

There are also RENORMALIZATION CONDITIONS

fu Me 02 0 is to

Σ mp o no in

Imp o

IImersurementEDisset

Let's compute
cause propagatorof fermions is

If
propagatorio 4 in

since off II dr defaloga
Should be divergent

BECAUSE IT'S
ADIMENTIONAL






























































































































Is this really divergent

This is adimentional nn the only thing in the log on be just g

lega gang 1

and I see that If I contract any amplitude contracted with the EXTERN

momentum of the photon

Plauso piethathén ie
PROBLEM

Has to be zero otherwise

the term violates gauge inver

TERM FORBIDDEN BY GAUGE INVARIANCE

We can also have other loops

we
ftp.otgpg f FINITE

FOM POINT ON in QED there are no move divergences because i
erbsoub them in M and e

This can be generalized b

Debs 4 F b s g

This can be most easilyderived via dimensional analysis S

Remembering that the amplitude is FourTrasf of the GreenFunction






























































































































RTILEIM 1 fate atipity
2 dimension of derivative

e momentum

II olly sig
dimension of derivative

coi EIA.EE ios

Let's comprte the dimension of the generic scattering amplitude knowing

43 312 A 03 1

MI s IF bis 4 75 5 1

ad Superficial degree of D goeswith the dimension of my amplitude

Let's now look at a theory with higher dimensional operators

L 12 mld 910 gad d

Dimension couplings g g De 1 12 3 gi Di

Let's consider a diagram with Mi insertions

This has This one i 1
ne 2 has ne 4

www.canwnte.ie m

ai E g ien
that

considering A LOOP






























































































































Generic degree of divergente at a loop with dimensionless couplings

PK Y ga
D Enidi

IN THE END nisi D In ET Ihaveto counttheDfibisini 4 b

sprègggegg
dimension of intentions

In QED e is dimentionless
and I don't count

INEFT couplings change dimension
of theamplitude

Not surprisingly

If interactions here Dico then there will be an infinite number of values hi
and F and b with Debsmi o

Interaction

Δ O

Diso
EIFFEL

increases D no move divergt less renormalizeable

Δ O RELEVANT decreases D less divergt MORE renormalizeable

NOTE THAT a theory mightbe renormalizeable due to behaviour of propagators SSB

NON RENORMALIZEABLE THEORIES are still Renoundizerble le they are orderby order in the dimension

Let's do a real example

2 120 m 10 Ig dg 2 Da

Scattering 4Fields
worstone

TI TI SEI YEE in

FeynmRule it igp Ie






























































































































now i
I I 1 12logA ARIA 1º RENORMALIZZABI

e gap militi galbepilognthec
III c Intimi

capi intenti Eee bed case I'll have counterterms from

that are proportional to 91

1º grArba È

2º _grArbe

The other AROR 8128gP

ND Up to have the model is RENORMALIZEABLE

However if I old 2 higher dim operators we see that things brake

yet CN GIÀ csfhlIHE.in
enorawmm

It seems that I could only renormalize GNP as the tree level
behaviour

Weneed to enlarge the set of operators
New

2 1 m 1rad grZg l XIIII 2 e 1 8






























































































































Now it gives

II EIHEI
giCIN g C A g Cslog

Now all infinities cancel

This is whypeoplesay that EFT ARENOT RENORMAUZEABLE if you add any expom
in the loop the theory needs to be Expanded

gauge

This 7K has to be seen as loop correction of renormalizeable interation

Renormalization Group

The phrase renormalizationgroup refers to the invariance of observable under changes in the way
things are calculated

Those are two versions of the renormalization group used in QFT

VIRENDRA ContinuumRenormalizguop

Vilsonian

In a finite theory with UV cutoff A physics at energies E A is independent of
the precise value of A Changing A changes the couplings in the theory so
that observerbles remain the same

ontinuum

Observables are independent of the renormalization conditions in particular ofthe
scales po at which we choose to define our renormalized quantities This invariance holds
after the theory is renerundized and cutoff is removed 1 0 d 4 In dim regulations
with MI scheme the scales po are replaced by µ and the continuum renormalization
group comes fromµ independence




































































































Te 2 appuoches are similar however in both cases the Fact that Theory is
independent of something means that one con setup differential equations such as

It ftp.X or

ftp.ow
some

observable

Solving those leads to a trajectory in the space of theories

RGE means flow along these trajectories We look at

COUPLING CONSTANTS

OPERATORS

GREEN'S FUNCTION

Preview of RGE

We know l'effia CI RUNNING COUPLING

1 In
this equation can bewritten2s leggi127T È

Independent of µ denative

β function

TIE EE
RENORMALIZATION

Groveguation



Running Couplings

Example Running of Cerry scale dependent electric charge

ACUUM POLARIZATION DIAGRAMS

calculation of loop the counterterm

non mm i pag pap eiIII
COUNTERTER

17182 dx 1 è log
m III In dimensionalregularization

d 4 E

So the dressed photon propagator is i 6 min I
I e

IEEE 9 Pp

y embedding this off shell amplitude into a scattering diagram we extracted an
Fective Coulomb potential whose Fatta Transform was

Vip ei

Defining thegage coupling er so that Tipo write the renorm

Game 8
since ITL802 is infinite

An the potential it another p scale is

P p e e ICP ei e HIP T Po

Hence

TIPI E et mn II IEI ecei

Which is FINITE and E and µ independent but depends on Po



CZSE pom

Vip_ej.ttFIIE enatrowilsoive

Whenthis logarithmis this large appears at all orders

Onecan imagine that since ehlert 103 then at higher orders log will vanish but there exist a
scale when PassPo where logPIP 10 and so Era100 a ORDER 1

We can include to the propagator all the possible terms

ig

And they translate into corrections to the potential IPI loop contributions

in EEEE E It t.IE
We than define the effective coupling through the potential e p34 p V19 so

Ceff f CE LEADING LOGARITMIC SUMMATION

1 II lerici e

Once all the IPI loop contributions are included the next terms we are missing should be
subleading in some expansion

TERMS INCLUDED INTHE EFFECTIVECHARGE ARE OFTHE FORM E EriIn no

2 LOOP IPI CONTRIBUTIONS TO BESUBLEADING THEY SHOULD BE THEFORM ER eriIn

To check we would need to perform the full Olef calalation
Ro gives shortcut
to systematic RESUMMATI

to understandthat there are not LL from a IPI 2loop calettion beyond LEADINGLOGARITHM



If there were no large logs we would be fine with Fixedorder perturbation theory

If there are large logs NEED RG

The RGE Renormalization Group Equation than comes from requiring that the potential is
independent of Po

Po P 0

7192 ha EXPLICIT Po dependence

IMPLICIT Po dependence through the scale where er is defined

Infect Recon er was defined so that PoVIPo ei exactly and the effective
charge is defined by CerfPa E P P we can make thepo dependence of P2 explicit
by replacing er bylefflpe

So
TIPI EI 1

hen at 1 loop the PGE is

P c ed e EE E

to solve this in perturbation theory we note that devedB mustscale as l'are and so
he third term inside the bracket is subleading

Thus 1 loop RGE is

EE
Solving this differential equation with boundary condition Cefalo er gives

Same effectivecharge wegot
life P2 Ci

summing up IPI dingus
e



UNIVERSALITYOF LARGE LOGS

LargeLogarithms arise when one scale is muchbigger or much smaller than everyrelevant scale

In the vacuumpolarization calculation we considered the limitwhere theoff shellness P of the photon
was much largerthan the electronmass m

In the limit where one scale is much larger than all the otherscales we can set
211 the other physical scalesto zero to first approximation

If we do this in the vacuum polarization diagram we find that the full ran
polarization function at order eh is

TIPI In cast 8 IDRI I

The equivalent result using a regulatorwith a dimensional UV cetoff is

IT In ama 8 PV

f theonlyscale is p the logarithm of p mustbe compensated by a logarithm of some other
nphysical scale in this case the cutoff M ovm in dimensional regularization

f we renormalize at SAME SCALE defining

8 19 TE È 01 cose PV

83 TE È 0 const DR

lowever one can chose in dimensional regebrection

8 III E TE 1001 const

that is equivalent of chasingm Po in A and subtrating ME term

µ RENORMALIZATION SCALE



Although we choose µ to be a physical sorte observable should be independent

ofµ At Fixedorder in perturbation theory veryfing a independence can be a strong theorem
cross check

Since µ is the venoundization point theeffective coupling becomes leffler and
the RGE becomes

Fiji
e

RENORMALIZATION GROUP FROM COUNTERTERNS

We have seem howlagelogs of theform InPe Pi can be resummed though a differential

equation which establishes thatphysicalquantities are independent of the scale where the renormalized
coupling is defined

Let's recall where the factors µ come from Recall the BARE Lagrangian for QED

L 14Faut Tolid e8Th mi 4º

The quantities appearing here are infinite or if we are in D 4 e dimensions they are fin
but scale 2s the inverse powers of E

Thedimensions can be readoff from the Lagrangian

Ai dg 4º 121 mi 1 e 421

In particular we would like the charge er we expand in to be a numberand the
Fields to have canonical normalization

We therefore resocle by

An EzAi 1e ma 12mm er 11 è



Which leads to

L _1,23Faut izz 4 mazzunty 1 erZezateTHY

with er and the Zx dimensionless even in d 4 e dimensions

Recallalso the the 1 loop ITScounterterms

LE L III IEI
where each of these countenterms is defined by Zx 1 8

Notice that since there is µ dependence in the Reworn L but not in the BAREL
we musthave

p que a Interze m'erz.IE E fuer

at leading order in er Ze 1 and so

µ er er

at nextorder we have

a 7 11 EE EEIe E
So

peer Mayer er
e

In this they is easy Ze Lee Ze Ze Ze È ALPILEY



β Mo sometimes with α II
Follows

β E B E Pet β 5 0

LAat leading order

FEFE
MINED

QED blows up at Nord Landau Pole

When α Me 511KeV we find Maes 1028ºeV

In writing solutions for RGE we have swapped a number 11137 for a
dimensional scale Need

This is known as Dimensional transmutation
We introduced the effective charge we specified a scale and the value of α measured at that
scale But how we see that only a sole is needed

This uncovers a very profound MISCONCEPTION of nature electrodynamics is fundamentally not defined
by the electriccharge butby a dimensio

scale Maed Butthis has sense only refere
to anothersode me
So meNeed define QED completely

While we have the conterterms handy let us work out the AGE for the electronmass
The baremass me mustbe independent of µ so

o aqami aqelzumn znmIE.ie E In
We conventionally define

6m
the ALI 8m ANOMALOUS DIMENSION



Since Em only depends on µ through er we have

siete È
At 1 loop 2m 1 III and to leading non vanishing order moya BERI E

8m Ion 8m E er Ome SEI FINITE



111 Consider SHEET and present with details at least 2 aspects that youdeem the most
important ones example basis concept RGrunningglobal Fits

It'snot a filltheory Add higherdim UV full theory
SM symmetries are satisfied operators I don't know which
at low energy startto shape is the right one

towards the new
complete theory

I study deviations from the SM at low energy I probe at high 1
F iget closer small 1 higher energy I understand which one is it

Severd thing to consider

1 There are several possible higher dimentional operatous that I can chose

dim5 only 1

bla PLL o mass neutrino Mayorana
VIOLATES Lepton Number

We know neutrino have masses

dim6 several 2499 operators Howdo we choose



The SM success story

coping
Ole

How do I measure the coupling of Higgs to particles

USE PATRIAL WIDTH
E

Not for the top At LHC they use
gommini H

E N
There is a MISSING PARTICLE LI
Why we know the mass but not the coupling

To have the coupling I need to measure self higgs coupling

DOUBLE HIGGS PRODUCTION

my e

mmm H

We ian say that LHC after the Higgs didn't discover new particles and also there are
no significant deviation from the expected values

New resonances or effects havenot been observed

NEW SEARCH FOR BSH physics have pushed new physics to higher energy scales motivating the use
of indirect approaches like SMEFT



New physics is heavy need for
precisionMeasuvementsgyeffleavynewphysi.CI

How do we search for new physics

is based on adding new higher dimensions operators

EFT is generic and model independent

EFT serves as an interface between UV physics and low energy phenomena

Do you remember the number of dimG operatous There are 2499 BUT

L is not a physical object

There are link betweenoperators

It's possible to reduce to a min
number of operators

You chose a basis

So how that we have 10 For example we write

L Isnt cede CeLa

how do I measure Ca Ca Build observeables

If we have 10 operators how many observable do I need

This is philosophy of SMEFT

How many measurements do 1



SMEFI Di MUSTRESPECTTHE SM SYMMETRIES

Left Σ Someone imposed some are accidental

gauge symmetry

dims sento giattezze
o

in the SMEFT
1 Lsn 425

Majorana Neutrinos

There is only one such apertathat can be added

L LED PEL ha EEIT

When the higgs acquires a ven the termgive rise to a Majorana neutrino mass Mo CI

Computing all amplitudes

Thisgrowswith the energy UNITARITY VIOLATIONS

A un completion of dim 5 operator there are few is the see sa model

L Te Un ENRICO H.c

with a DireMass term and a Majorana one

We have a heavyneutrino

and a light one

At this point theamplitude VI ohh DOESN'T Grow anymore because thanfIIIIII



Actually the amplitude itgrows with energy until Ma then it goes down

1 ma

When does this amplitude notate unitanty 1
ME ELFI v10 GeV

14 22am filino weget an upper limit on

Now we go backto dim6

The first possible dim6 operator is called GAUGE BOSON SELFCOUPUNG

we put togneter 3 Field streughts WiiwiswE

DAVduAu

The index is forthe NONABELIAN STRUCTURE

Algebra Wjw if W Sucs

2 ai i a suca Lee Algebra

Another operator is G 00

Kyou add this operator l fiest TEIEENTnon
II.ee

Another important operator is

Yukawa operator

lettere
2 MI

Measuring Meand IF theyhaveto satisfy thisrelation SMprediction

Howdo I seethe effects of this operator



So

g
and 00 11047

EElothtEluthleertI
SMlike

What is me It's not the Ice use we have also the otherone

E 1041 YFElothjleerth.cl

MIE È 1,83 YEEV This is the mass in the EFT

9 G21,302 Le
This is the coupling to theHiggs

We can take Ci fromabove and substitute in

In DING MF and 4ᵗʰ are not related see above

Therelation
le MI is

broken doesn'thold anymore and yeMe are free parameters which

depend on Ci

Looking to the four Fermion operator Di89 Jude

Flavour increases the operator

Onlyplacein theSM where we have a flavour dependence is in the charge currents theygenffyour
WYCKMdi

Typical questions for exam is to check a random operator ofthere if is dim6
2nd INVARIANT under SMgaugegroups



The way of SMEFT

One can satisfy all the previous requirements by bulding an EFT on top of the SM that
aspects the gage symmetries

LEFT L È Ci 0 40

With the only assumption that all newstates are heavier than energy probed by the experimen

FI

The theory is renormalizeable order by order in 111 perturbative computations can be
consistently performed at any order and the theory is predictive i e well defined patterns of
deviations are allowed that can be further limited by adding assumptions from UV

Operators con lead to lager effects at high energy for different reasons

A simple approach

The master equation of an EFT approach has three Key elements

UNKNOWN

Dobsi Obs Obs an META
TE Most preciseSA FIveciseEFT
Preciseexperimental L predictions

mamma

aye
Gepy

What we are doing is NOT TESTING THESM but testing another theory that deviate
from the 5M

D The graph shows that the calculation is For EACH OBSERVEABLE and
what I'll have is a linear system

In the system know eventhing and I solve for Ci



Why this is so powerful

Imagine Ce is non zero un but the uncertainty is very lage
I cannot say anything

What do I do In p Eitbini tiempite 2mil ti

therobserables010E 02 mumt cult

0 0 0 fimcGtEIMc.uit
0 0 0 a5 IIMI.joGmcut

Power Relate measurements done in different experiments 2nd putting them
togheter in one frame

Which theory has CI with atilal alieni and Ca
So you search for the corresponding ur theory

SM Locking

D

18 1

Predicting power of the SM ONCE YOUKNOW THE MASSES OF THE PARTICLES YOU KNOW

EVERYTHING

If you know Fermion mass You know Yukawa
If youknow W Z masses You know gig

v youknowfrommolecy

If youknow h mass You know T

You looked the interactions 3points 4 points once you know the 2point

EFT is unloking the SM Yokawa mass



To motivate the build of the FCC the EFTS are used

Assumptions are made the CAM structure is maintained at dim 6 2nd we don'timpose
more symmetries

Then we need to identify observables to measure at colliders

LE somme e

sale We can measure the differential

E

Like
With measurements we are getting an histogram
up era gia is an observable case me its gun

11 measured value and uncertainty
Pat

Now we considerthe insertion of a new operator CHROMOMAGNETIC OPERATOR

x ̅ IT o Er Gui
it looks like Yukawa à Ital but there is a dipoleoperator t and Gloom Field strenght

The operator is dimo 112
tre 312
Guv 2

when the higgs gets its ver

developing also Giu OMAI DAI ig fa ALAlan
ama

So ill end up with a term like

312312 1 2

ottAA pt
olim5

NOT IN THE SM

ma



So how I have a QCD diagram to add at the previous

Il 3mt in III mia

SM coming from

tartrduAU

Squaring the NEW term only F we go beyond the accuracy of an EFT expensio

Our accuracy is still in that is a dime term If adding the higher term we

get something non consistent We use it only For check

So what I do is the 05Th Ob that we discussed

leadingorder

N Next leadand

Chromodym OPERATOR

enters many observerble

If an entrance is activated means that the corresponding di is NON ZERO

What is the zim of this What is the minimal requirement of this table to satisfy

I have to constrain 2 Coefficient per each column so at least has to
happened

If one column is empty I have nothing to fix theoperator with
med to have at LEAST one entry pereach column the more entries the better iti



Now let's do thisgame with 3 operators Otp YE 0 0 EE è
000 Yi 00 GuGah
Oto Yags IT E èGu

and I take 4 observeable

gg EtH
92 H

88 Htg
gg HH

then I do a global fit

What I find is

Yukawa

Here I have gg DH so 1 measurement and 2 Óbserveables

FLAT DIRECTION Iconstrain the Sun but not the DIFFERENCE

Now I add observables Higgs production with an extra jet

gg H j

Now somenthig is happening

the 2 diagrams behave differently
at high Pt

The wavelenght is small

So it's small enough for the jet to
see the 100

Resolve flat directio

And I continue adding info doing a global fit




