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1 All QFTs are EFTS

what is an EFT

what is a QFT

what is the standard Medel SM

Relativity am QFT framework

Gauge symmetry G

Field content in irreps of Lorentz G

SSB pattern

Renormalitzability

why otherwise we can't calculate
REALLY

Put all this into a Lagrangian
read off vertices Feynman rules

calculate S matrix elements amplitudes

L E g Oi

t operators of dimension 4

respecting the symmetries






































































































































IÉMI Cip m YLeep Fm FM E meurine y ft
d 4

d 3
d 4

mute ig
41 4 ight

y Ty edu map

In this theory p is stable

p g
7 l

7
DOES NOT EXIST

This is because lepton flavor is an

ACCIDENTAL SYMMETRY of QED






































































































































Let's add a new non venermalizable operator to
the Lagrangian

SL Viper e rape ve 47

The operator is d 6 and therefore the coupling
or Wilson coefficient must have dimension

of m Thus a new mass scale A appears

When calculating an observable related to a

process with energy
E we will find

Observable A
4

B Cs I G CI Dco É t
N A

and if E can A might be an excellent

approximation Explains success of SM

In addition order by order in Ela

rewormalitzabilityis not an issue

M Um M

ve
n f s

ve

needs counterterm of d 8 op

negligible at O CEN






































































































































Our d 6 operator n breaks the accidental

symmetry of QED and mediates p decay

y p

pi C Je
d
é

At tree level Exercise Fp YÉ e

Experimentally Tplf 2.2 15 s

Trap 3.10
19
Gell 3

Comparing 2 and 3 with Cnl

1 172 Gey Mr Renew

We discover the EW scale and measure it

EW physics is new physics for QED






































































































































The cut off scale A usually related to the

mass of a heavy particle beyond the EFT

In this example the EW SM is a UV completion

of QED T
one ofmany

ur

Alpert TIE
I WuryaPL Up WePPLNue

s c I

Equivalent to SL with

This calculation of a Wilson coefficient of an EFT

in terms of the parameters of a rev completion
is called a MATCHING CALCULATION






































































































































É
LsmEFT Lsm C a Cida

where
Cid n clad 9

The rewormalizable SM has Cid 0 Thus in
order to probe this idea we need to measure

non Zero values for some Cid

In a some we already have evidence of Cis

Qeent Ite Ite
a ng

In ut cu t

Innit
which is a majorana mass for the neutrino

Mu n c E
The smallness of Mu implies A 1014GeV

with assumptions






































































































































Note that Deena breaks lepton number
which is an ACIDIMETRY of Lepa

Thus it seems that in order to test Lost it

is a good idea to look at lepton number

violatingobservables there are obvious null tests

of the SM

Another example are BARYON NUMBER VALAING

observables such as proton decay This can

be mediated by e g the previous dime 6 op

dune Expo d's Cup ut c e

m s n

p u s a c in
t

d f et

Currently Tp 210 yrs A 21015 Gev

Note that the scale A related to neutrino mass

need not be the same as the scale A related

to p decay






































































































































2 EFT Below the EW SCALE

E.g hep ph 9512380 j 1704.05672 1709.04486

Write the most general Lagrangian built
out of fields lighter than Mw and

compatiblewith such x main gauge invariance

LET LEFT Lac LAID t Ci Oi

it jiwithouttopquark Wilson Operators build
coefficients from light fields

and invariant under
SUCHex UdenSome WET LEFT operators

dim 5 Oe's Ec omer Fpu of
Of 5 ombreFpu DE S
Od's di on Taba Giv Ea

din G
I

r c E

Okan 32 fr'M Joyce y s y

0 1 2232 Fry Mr Jaya Sa b r
o
c s

p
s
p






































































































































Some important comments

QCD QED is the Low E EFT of the SM EFT

The cut off is A New N N EW is NP

The full FLAVOUR Group is ACCIDENTAL 87M

The p decay and p decay phylosophy applies to
all flamer transitions

LOW LYING HADRONS are STABLE at DE 4

K n sd Ktn su Donnie Dtr de
Bon Jd Btn Ju Bj 5s Ab ndb

Exercise Look at the PDG Particle date group

particle listings and check that

Tmesons Tbaryons 10 s 1012GeV

T Resonances I 10 23 s n 10 Gev






































































































































This fact has two consequences

1 Definition of Hadrons

H Ho Hint e.g Ho B MB B
T
QCD QED TD 4

2 Weak decays on probes of BSM us EW

Decay rates are linear in Ciw Cism

Example b clu decay

Consider the transition S clu mediated by
the term in the eff Lagrangian

Lef Cn Type b Ermelo

there are actually 5 independent d 6 operators

of the b clu type For this example one is enough






































































































































This quark level transition in realized in

decay observable such as

B Dls B D l5 Bs Ds li As Reti

B Xc to

The theory prediction for all there observables

will depend on the Wilson coefficient Cy

What is Ca in the SM and in BSM models

To answer this question we need to do a

matching calerletion

We consider the partonic amplitude A belt

and require the EFT amplitude to be equal
to the expanded full theory amplitude
We have up to higher perturbative orders

inteet
b

a

I i Cy ftp.rubl uerMPcdv

Heft C NIV Pires MI MPLA






































































































































In the SM the process b clu is

mediatedby W exchange

b
C 9 Pb p s Mb Me MY

item night é t

r Je

Veb miners ter.ro É ij
higher perturbative orders

i IfpVeb rterprub termPero t

Asm at Veb nippers nterten

the Lo Sai matching condition is thus

Cim 93M
Flavor suppression X

Let's consider now a new rector leptoquork Me

Lia gb type b t ga JeUyPL e th c

I Mmi Miller






































































































































The Lo contribution to the b clu amplitude
from U exchange is given by

ian
a 3 t

Gbgo ME to yay terpenes Nitro t

ight cesarean t

Ncd PLUS WertPeru Fierz

Am 9b9e
µ

toJPLMb Neymar

thus the Lo contribution to the matchingconditionfrom Me exchange is

Cin gig
Combining everything

C Ey 949ft Cim 1 2 15 II t






































































































































What does this mean

Imagine we measure some S clu observable

and extract an experimental value for Ca
with a relative reneertainty t and

consistentwith the SM prediction

cite Cim a r

then we conclude that

2935 Yi c o e.g 687 c L

and therefore

Mu JEET Mw

Setting ga ga g

Veb n d n 0.04

on 10

we find that Mu 2 20 Mw n 2 TeV

5
We probe the TeV scale






































































































































3 EFT for b Clu E.g 1704.06639

Write all local operators built out of
M d s C b e M T Ve Um Ve Fpu Gamo DM

which are

Lorentz invariant
Local Suede x Ucr em invariant
Canonical dimension d E 6

Not related by Eons or Dirac Identities

The result is

LEFT Lace toed t É Ci Oi

with

On I Perm b Ernie 04 CER VMb trave

02 I Prb Eve Os EPL b Tve

03 f Prom b Tomove

See App F for specific details






































































































































As in any QFT this Lagrangian must be
renomalized In particular the couplings
the WC's Ci must be define according to
some renormalization conditions and are

scale dependent

Ci CiCpl
This scale dependence is given by the

beta functions or anomalous dimensions

Ggg Uji Cjc CRGE

with

g Is 8 28 258 t

The ABMs yen je are obtained by reurmalizing
the b clv amplitudes at nth loops E g

M IT
m

i ye TY am
d
e

b






































































































































leading to see 1704.06639

glo
8
813

o
g

yet I 4 9
a

The matrix y is explicitly derived in App G

The functions City are obtained solving the RGE

with an initial condition Ci M

matrix
Cig M.jtp.my.ge

Evolution

taking into account that Is Is r and 2 24
are given by the OCD and QED p functions

see e g A Buras hep ph 9806471






































































































































SUMMARY OF A TYPICAL ANALYSIS

1 Measure a number of b clu observables

e.g BR B Dev BR B p er Aos

2 Calculate these observables within the EFT

E g

it B Dev Ci Cps Dev Oig B

I
calculated pumb

BR B Dev F Cigs

3 Compare theory and experiment to perform
a fit to the 5 coefficients

Cacus G Cyst

4 Use the RGE to obtain Ci Mw

and compare to

C Mw 921ft CismMw Cit Mw CsmCMw






































































































































A BRIEF REMINDER SM FLAVOR SYMMETRY

The Standard Model SM is defined by

RENORMALIZABLE OFT with

GAUGE SYMMETRY SUB XSuez x UG

FIELD CONTENT REPS Q Ur Dr L ER x H

SSB Hta v42 to

with the following reps

Q Ur Dr L ER H

8413 3 3 3 1 I 1

SUCH 2 I 1 2 I 2

Uli y 46 43 B K Y 12

Note Remembering hypercharger

YH 112

Yur Qtr
For te do Q RB and HER






































































































































The procedure is the following

1 Write a Lorentz invariant Gauge invariant

Lagrangian with all available fields with

a possible terms up ti canonical dime 4
and give new to the higgs field

Lsm L 4

2 Remormalize this lagrangian and fix all

venomalized couplings Lagrangian parameters
from a set of experimental measurements

accordingto some renormalization scheme

3 Use the theory
Calculate observables predictions
Test experimental measurement

Learn about the fundamental principles

the level of success of this program up to
now is the LEGACY of THE 20th CENTURY






































































































































Step 1 giver

Lsm Lo t Ls Le t Ly

with

LG I E Gw Fri Fam

Ls Dm A DAH

LF I Si Filip 4 2 Fifi 14
j t always possible

where Hi Li EE ai mi D L E i e M
i 2112,3 generation

the blue part of the SM Lagrangian has
a UC3 5

symmetry under which

Hi My Nj My e Mls

This Ucs symmetry is called the

FLAV RSYMMERY






































































































































Note MG Ma x Suez

t separate Global phase transformations
for L ER Q Ur Dr

the MCs Flann symmetry is broken partially
by Ly

Ly ya d H Dri yuii i.I Ui

Ye ii H Ei h
I it

Using the MCs symmetry of La Ls LE one

can always write Exercise

yes diag ye you Ye

yid diag ya ye ye

y'd's Vam diag yd ys ys

Ckm matrix

Vern is a unitary 3 3 matrix Vad VasVas

parametrized by 3 angles a phase
M Ved VesVes

ed VesVes

























































































































A convenient parametrization of the CRM Matrix
is the Wolfenstein Parametrization

in terms of 4 real Wolfenstein Parameters

X A e 2

where X I 0.22 is the Cabibbo parameter acting
as an expansion parameter

We'll extract the values of d A fin from experiment
in the exercise session

Once the Higgs acquires a new

Hix Mix Inca

then Ly contains quadratic terms in fermion
fields

Imy Z
H E D u

N Ti Ti t h e






































































































































with

My E Yy I

i e Me ME diag Me My Me

Mu Mu diag Mu nie Mt

MD Vern diag Md Ms Mb E Valen Md

Rotating now the di fields separately from
the Mci fields the matrix Vern can be

removedfrom MD but then Vern appears in

the W couplings

di

g

ni

if Vij VaR
W M

Note The relation between the masen

and the yukawa couplings is modified
in the presence of BSM physics as we

will see in Chapter 3












LY respects the subgroup Exercise

UG ssm UG B x MG e x UG Mx UCI e x UC y

where

Ucr Q ei a

Mr eid Mr
Dr eid Dr

Mae er eider
er eider

UG me analogous to McDe

Mcr y

comments

h tht matin Ganged

1 the unbroken UG m symmetry is an

AIDENTALSIMMETRY of the SM

2 If y't ca e then the flavor symmetry
is an APPROXIMATE SYMMETRY E.g U 2 5



B THESTANDARD MODELASANEFI

There is one axiom of the SM which was

introducedonly for the purpose of calculation the

axiom of RENORMALITZABILITY

Imagine adding to the SM the dim 6 operator

YE einer per're
such that

I Lsm eighth
dim Ym

and calculate the amplitude for Epi épi

iAlépi ép z i

IF Xxx t

I Needs counterterm

of order Ym4

Needs counterterm of dim 8 operator

e.g C Enya 2psec pig app



x
O t

I 3s u n pi yppehelp ricpilymprucpa t finite

This divergence can be cancelled by a counterterm of
the dim 8 operator

00 3 Europe 2 er fine Fye
eighth 2 er Ifc grey

The solution is to adopt a Power counting

oh he d Yat

for As E A 1 Eyal 44 t

We work t fixed order in Ela 41

To Olen the contribution Tff is

of higher order and can be dropped Then it is

consistent to add only din G operators

This EFT an zed



Thus removing the venormalitzability axiom

L L
4 LCD 4

Im I cut of scale
Power counting parameter

At energies ERA

Observable Observable Sm CsEla Ce Ept

The fact that Each for all energies E probed
so far explains why the SM works so well

The current consensus is that

SM EFT SMEFT

The SMEFT contains e.g 1008.4884

1 dime 5 operator Weinberg's op J y Flavor
59 4 dim 6 operators

I
12 dim 5 ops
2499 546 dim 6 ops

B conserving B violating



Example

1 Dim 5 operators

Qee Ite Ite and Qeettit

x Flavor

Quit Tei tC Ite
i j 31,213

But Quit Qeii

6 indep ops 6 h c If

2 Dim G B violating op

dune Expo d's Cup ut c e hic

x Flavor

Quiet Expo datCup Curt Cee
i j k l 3112133

81 indy ops t 81 h c 162



The SMEFT Lagrangian is

Ismet Lsm C a Cida

where
cld n clad 9

The rewormalizable SM has Cid 0 Thus in
order to probe this idea we need to measure

non Zero values for some Cid

In a some we already have evidence of Cis

Qeent Ite Ite
a ng

In ut cu t

Ioi
which is a majorana mass for the neutrino

Mu n c f
The smallness of Mu implies A 1014GeV

with assumptions



Note that Deena breaks lepton number
which is an ACIDIMETRY of Lepa

Thus it seems that in order to test Lost it

is a good idea to look at lepton number

violatingobservables there are obvious null tests

of the SM

Another example are BARYON NUMBER VALAING

observables such as proton decay This can

be mediated by e g the previous dime 6 op

dune Expo d's Cup ut c e

m s n

p u s a c in
t

d f et

Currently Tp 210 yrs A 21015 Gev

Note that the scale A related to neutrino mass

need not be the same as the scale A related

to p decay



The cut off scale A is some scale related

to some new physics at high energy

BSM I L LaIÉaetLew La

EW EW Hit Ian
est jiCo Mn

I LWET L LEFT
QCD I do

79N

E g

Tsm Pj Hsm
p p's I Ismusm É m

Isms
Tsm to Msm

im it mtg t a
7 I

Left mtg Isma t

L I ciemQ.IT
I T Depends on IR scales
Depends on lev scaler



The Wilson coefficients Ci n Yad 4 are

just some couplings that can be calculated if
we know the MV theory

Note the SMEFT has to be renormalized at the

given order in the Ya expansion This means

the Wilson coefficients Cicp and the

operatorsOily depend on the renormalization

scale M the dependence of City or Oily
with p is described by the BETA Functions

or ANOMALOUS DIMENSIONS of the SMEFT

operatorsin the form of an RGE e.g

adj Cicp pi E

and leads also to operator mixing

See 1308.2627 1310.4838 1312.2014



DIMENSION 6 OPS IN THE SMEFT

4 H From 1704.04504 Original 1008.4884

É



e
z
es

Es

f

A



É
É
I



C.FLAVORINTHESMEFI

Let's start by looking at fermion masses and

the Clear matrix within the setting of the SMEFT

the relevant terms in the Lagrangian that will

lead to fermion mass terms after SSB include

of course the Yukawas but now there are

additional contributions At dim 6 we have

Quit Ath Fini I If wine
Qian Hta Eid H If didi
Qeii Hta ties H If éier

Ease Check this and convince yourself that no

other d 6 SMEFT ops contribute to Lmp

Thus in the SMEFT at 1 6 we have

Lmp 2 My Titi t he
D EID U



with now

My If Ty I Cph x

and thus the relationship among fermion masses
and Yukawa is modified

One can still me the flavor symmetry to write

Me ME diag Me My Me

Mu Mu diag Mn Me Mt

MD Vern diag Md Ms Mb E Valen Md

but now the Yukawa couplings do not follow this

pattern anymore

The matrix Vern is still called the Clem matrix

although it is affected by d 6 operators It is still

a 3 4 and still parametrized
by 4 real parameters including one phone
We can still me the Wolfenstein parametrization

But contrary to the SM the structure of charged
currents is not uniquely determined by the



Clem matrix but it is also affected by the

presenceof dim 6 operators e.g

di y
i

i Vij v fig i Vp

Wr

Ie Prove this and check if there are further
contributions from other dim G ops in the SMEFT

In eqs x and H the quantity w refers
to the Higgs men in the presence of dim 6 ops

N 1 34 Ssm

where CH is the coefficient of OH Ath

In the presence of dim 6 ops there are many
new contributions that led to AF transitions

e g j i
9 t s

y
y 9 L

L Citi ij City ij
Z p I anomalouz Z couplings



All this has many implications One of them
is that the global SM determination of
the CRM parameters will not work if some

SMEFT dim 6 coefficients are 0

Two typical situations may be the following

We'll see an example in the Exercise session

The general cone is discussed in 1812.08163



in.am

In experiments with Ek New no we can perform
the same type of EFT expansion as before but

with EW scale particles integrated out

BSM É A

LEFT
aoIIaetewgf.hn

EW EW Z H t

Cr Mn

TYEE Lace Lae LIII

IyarQCD I Need WET E WEAK EFFECTIVETHEORY

LEFT E LOW ENERGY EFT

b

p pi W
E g

g I e
irreb I m terrene

i 111 mtg tuft at a
7 J2

Le 4 Typec Jere t



where GF I iffy is FERMI's CONSTANT

Thus

LET LEFT Lac LQED t Li Oi

it
withouttopquark

Wilson
coefficients

Operators build
from light fields
and invariant under
SUCHex Uden

Some WET LEFT operators

dim 5 Oe's écomer Fpu of
Odf 5 om br Fpu DE S
Od's diomtabr Giv Ea

din G
O a 3332 fr'M Joyce

0 1 2232 fry Mr Jaya Sa

I
r c e b

r c s

e
7

ve p p



The number of independent operators is even

larger than the care of SMEFT e.g 1709.04486

6 dim 5 ops dipoles
x Flavor

73 16 dim G ops

75 dim 5 ops
6115 1032 dim 6 ops

B conserving TB violating

We can also calculate the Wilson coefficients if we

know the Uv theory In this case the Wcs are

non zero in the pure SM care E g

Lv edu 3332 I Vet 2Vis Clog 33iz

2Vis Citi s 245 Citi

Ie Prove this and show that there are no further
contributions from other dim G ops in the SMEFT



Some important comments

QCD QED is the Low E EFT of the SM EFT

The cut off is A New N N EW is NP

The full FLAVOUR Group is ACCIDENTAL 87M

Example Muon decay

The men in stable in QCD QED Its decay

amplitude arises from dim 6 ops in the LEFT

e g
SL

2 Jpg Pep Cera Pave

Up

pi C Je

é

At tree level Exercise Tp YÉ
a

4

Experimentally Tplf 2.2 15 s

Trap 3.10
19
Gell a



Comparing a and Ca with cnn

1 172 Gey Mr Renew

We discover the EW scale and measure it

Note the tree level SM matching calculation giver

42 942mi Yr 4GHz

Tp is used to determine N or Gt

N 246 21965 6 Get
SM

GE 1 1663787 5 Gev 2

But this determination is modified if there
is BSM physics

N 246.2196516 1 Jv

with

Sr N lately citesJee Cee peep I Culeppe
See e g 1812.08163



The p decay and p decay phylosophy applies to
all flamer transitions

LOW LYING HADRONS are STABLE at DE 4

Kon sd ktn.su Donnie Dtr de
Bon Jd Btn Ju Bj 5s Ab ndb

Exercise Look at the PDG Particle date group

particle listings and check that

Tmesons Tbaryons 10 s 1012GeV

T Resonances I 10 23 s n 10 Gev 1

This fact has two consequences

1 Definition of Hadrons

H Ho Hint e.g Ho B MB B
T
QCD QED TD 4

2 Weak decays on probes of BSM us EW

Chapter 5



E.WEAKDECAYSASPROBESOFBSMUSEN
e have seen that studying transitions
in hadron that are stable under QCD

we are directly probing flavor transitions

which can happen through either EW physics
or 135M physics And therefore weak decays

of hadrons are excellent tests of EW physics
and probes of New Physics

We will go through 3 simple examples

using the formalism that we have described

in previous sections

MA EXAMPLE 1 b Clu

Consider the transition S clu mediated by
the term in the eff Lagrangian

Lef Cn Type b Ermelo

there are actually 5 independent d 6 operators

of the b clu type For this example one is enough



This quark level transition in realized in

decay observable such as

B Dls B D l5 Bs Ds li As Reti

B Xc to

The theory prediction for all there observables

will depend on the Wilson coefficient Cy

What is Ca in the SM and in BSM models

To answer this question we need to do a

matching calerletion

We consider the partonic amplitude A belt

and require the EFT amplitude to be equal
to the expanded full theory amplitude
We have up to higher perturbative orders

inteet
b

a

I i Cy ftp.rubl uerMPcdv

Heft C NIV Pires MI MPLA



In the SM the process b clu is

mediatedby W exchange

b
C 9 Pb p s Mb Me MY

item night é t

r Je

Veb miners ter.ro É ij
higher perturbative orders

i IfpVeb rterprub termPero t

Asm at Veb nippers nterten

the Lo Sai matching condition is thus

Cim 93M
Flavor suppression X

Let's consider now a new rector leptoquork Me

Lia gb type b t ga JeUyPL e th c

I Mmi Miller



The Lo contribution to the b clu amplitude
from U exchange is given by

ian
a 3 t

Gbgo ME to yay terpenes Nitro t

ight cesarean t

Ncd PLUS WertPeru Fierz

Am 9b9e
µ

toJPLMb Neymar

thus the Lo contribution to the matchingconditionfrom Me exchange is

Cin gig
Combining everything

C Ey 949ft Cim 1 2 15 II t



What does this mean

Imagine we measure some S clu observable

and extract an experimental value for Ca
with a relative reneertainty t and

consistentwith the SM prediction

cite Cim a r

then we conclude that

2935 Yi c o e.g 687 c L

and therefore

Mu JEET Mw

Setting ga ga g

Veb n d n 0.04

on 10

we find that Mu 2 20 Mw n 2 TeV

5
We probe the TeV scale



MA EXAMPLE 2 by sett FC Ncs

We consider now the Ferc transition bassett
which is mediated in the EFT by operators
of the form barring dipole ops

Ci Jr s e recite

for different Dive structures I

The matching coefficients Ci in the SM

arise only at one loop c f Ch G

Cism n

b off s

e tie II wit
Ff x Ej x VisVis

Loop
Chem

Notes
1 It happens that VastVab d VestVeb VtsVtb d

2 In the literature you will find sortab Erase

Left 48 VtsVtb 4 CgOg Go On

The Jap
t 4

4
4



Let us consider two possible tree level models

Lz gbs 524Pa b ge tze the MEZIM

LI gs It Prb gs I e Prs the MI Ito

We have

CE
b l s s

e Iife s a s e

CE
b l s s

e s f e

n 951
ME

Thus assuming as before that Ci is meanned

compatible with the SM with a relative

accuracyof t lot and assuming

gs gb gsb ge g

we find that

1
Tens of Tev

Mz I 2 gtf Mw 20 Tev

For numeries note that Ge ffp 1.17 155GW



We will consider specific bounds on Cio and

to Mz and Md from the measurement of the

Bs Mpi branching ratio in the Exercise session

Comment there are currently some tensions
between experimental determination and

SM prediction for Cg Go from b spy
observables These tension are sometimes called
the Neutral current B anomalies

We can try to explain the anomalies by
introducing either a Z er a la f

this provides a measurement of the

combinationsrespectively

9

41 951 to
ME

which need to be different from zero in

orderto address the anomalies

However there new particles contribute also

to other processes that do not deviate

from the SM



An example is given by AMs which is

related to the bs st amplitude

Note that this constraint is much more

important for than for 4 because

b y s s

zi

b

g
i s

is I
5 c 5 s c g c 5

This is one reason for which La models are

so popular when addressing the B anomalies

Ma EXAMPLE 3 Neutral meson mixing
e.g 0707.0636



SUMMARY SO FAR

M SM EFT one less axiom

No problem power counting

A dew explains success of SM
Best tests Accidental symmetries

p decay V masses

L L

Egg
did

Measure to learn aboutUV

M Flavor Accidental symmetry at EG New

Look at weak decay mixing of
stable hadrons e.g K Des Ben 13

leptons e g e equally interesting

FCNC suppression of EW physics allows
to reach A New

Beyond the reach of
direct production



EEFTI.IT

Write all local operators built out of
M d s C b e M T Ve Up Ve Fpu Gamo DM

which are

Lorentz invariant
Local Suede x Ucr em invariant
Canonical dimension d E 6

Not related by Eons or Dirac Identities

We have seen that up to d 4

LEFT I Fpu Ft I Gf Gaim

Z T C D my 4

if detinue Diagonal
order by order

All operators in this Lagrangian satisfy

DB DC AS O

and therefore cannot mediate Fc transitions



At d 5 we can only build dipole operators

T TM Nj Fp and Ii TMTag Gf
I Dirac structure or or troys

These operators only mediate FCNCs

We conclude that

FCCCs are mediated by d 6 operators
in the WET LEFT

Let's find all such operators of the type AB DC 1

i i

EE
Mufbe o d 3

Q A
DB DC O

In Jm Ever lil e pie



We are thus led to operators with field content

Eb du Eb sire I b Evel

Due to Flavour conservation of the de 4 Lagrangian

up to dimension 6 we can consider the three

types of operators separately The technical

statement is that they do not mix under

renormalization

Simply it b clv will not receive

contributions up to Yaz from

any ops other that ebtv to any
order in the coupling expansion

b y s
y
l

c cu r u

44

The same is true fer e.g Ibéve us Ibfur

Thus we need to construct a basis of operators
with the field content

Is Eve l fixed



Lorentz invariance requires these operators to
be a product of two currents

It b tf've or I rvel.tt's

with Tir arbitrary Dirac matrices provided
all Lorentz indices are contracted E.g

txt 101 1085 Im08M 8 08985

Info Frm Jpg Vs 089885

in principle containing strings of arbitrary
number of J's and Js's

In 4 dimensional spacetime T T are 4 4 matrices

in Dirac space

Tap dip 1 14

and have 16 independent components One can

always write

Tap adapt as slap tap Map
r

Asp TVs ap t Apu on ap



where ON I rr.ro is an antisymmetric

tensor and thus ape contains 6 independent
components In total

a as ape apes apu 16 degrees of freedom
for Tap

Dirac algebra can be carried out by means of a

few 4 dimensional relation

um r 2 gpu

in 8 0

Tr Vn Tr rt 0 Tr rep 4 gp

Tr refuge yay 4iepved

Exercise

a Using these relations show that the coefficients
in eg r are given by

a Itr r as Tr rrs an Tr rrp

arm I Tr Crypts apu I Tr Topo



b Express Jarre and grupera in terms

of 1185,8g Vero Oru

A last trick to reduce the number of independent
operators is provided by Fierz Identities Consider

the operator

Our E EY ve t job

Making Dive indices explicit we write

Our E a f ap ve E A ra b

Ig martyr
solo

anti commute
b field 3times

Tr Mom M ri

We can now decompose M M using eg.fr

M be I tr bi U I Tr bens Is

Itr berm rt Tr berry rigs f Tr big or



I lob A I Ersb is I Er b yr

4Leversb sirs I ftp.b row

and similarly for M

Exercise

Show that

Tr Mr m yr Eb Evel Ers b travel

Esrb true ernrsb.tv rsve

Thus

Our E Ir ve t yr b Eb Eve t ers b trove

Epb Eyrie Ergs b trave

In general er ve E r's E ai crib tri've

for any T r This is called a FIERZ IDENTITY

and allows to write in 40 any operator of the form
Eve tb in terms of operators of the form EbEve



Exercise Here PLI 1 Pr II
a Write Ifppeve tympub in Fierzed form

b Write Eyptive tymprb in Fierzed form

Concluding In 4 dimensions our set of

independentscli operators up to de 6

is given by

er b Er've with It 1,8s firms Gmo

with Lorentz indices contracted

Taking into account only LH neutrinos we

have that

Ve Pave Prue 0

and thus a chiral basis with Pa Pre instead

of 85 seems adequate One such basis is

On I Perm b Ernie 04 CER VMb trave

02 I Prb Eve Os EPL b Tve

03 f Prom b Tomie



G.REWORMALIZATIONANDSCALEDEPENDENCÉ

Our EFT for b cli precesses is given by

LEFT Lace toed t É C O

As usual the theory must be venormalized

We assume QED and QCD are venomalized in

the standard way and in the d 6 part we

have indicated that the Wilson coetts CE

and the d 6 operators of are BARE Quantities

The relation to venomalized quantities is

Ci Zi Cj 09 21 On sum over j k

where Zif revermalize the Wcs and Zhi takes care

of field renormalization There are expanded on

Zit di 282,5 282,5 Oki i ads

with the MJ prescription in d 4 2

I I get logan logpi



In terms of counterterms we thus have

Ci of Zig Zai Cj Ok

Cidi I is 1oz Sz cion

In szÉ Sz con

OCT L Lsd

Exercise Show that for ebév ops

825 Gdi

Let's calculate the b cli amplitude order by
order in perturbation theory

it lb clo A t Is it t Int t

with Is 414g 95 4 5 and I 44m eat

We also ignore Yat corrections and thus it

is linear in Ci

Ack É Ci Ai



At tree level

it t.FI air us interior o
t

with Ta 4 Pr hyp Tz Pr L Tz PRGpu

Ti 8M Tai's 1 t Tmo

At order 2s
C

7

ftp.igsta Vb
igsta

J
t outer term eti l

Tata
t

i got Cr mirin ni dk da Kri ks
k k de

Mb t cti

with the notation atk Idk 2nd



We use dimensional regularization in d 4 Ze

dimensions and consider zero external momenta anal

massless quarks this introduces an IR divergence
that we regularize by a fictitious gluon mess X

We need the loop integral

Ipu E f dik kokuk ke ga
gnu
414 12 É I logMy Ole

With this at hand we get

it Iff It they I ararptirps us te ti't
cti

Exercise

Show that

Ang Is Cr I I log Ong
re

t at

Ali's Is Ce E 2 4logÉ 02.57
re

t ctr's

Aj 0 e t cts



The counter terms are given by

i
ati s f e Its Coz 829 contre

R CeSui

leading to

82 s o for k 1,4

821 3G Jai 48h for k 2,5

SZhi Cf Sui 413 dui for k 3

With there results at hand we come

back to the relation between bare and renor

malized coefficients

Ci Zi Cj

and recognizing that Ci is independent for

O Ii dtij Cj Zig dej
dbgp dbgp dhogp



which leads to

d Ci

dingy Vij dÉj cu

We define the Anomalous Dimension Matrix y by

dei
dlogp

Uji Cj

se that

rt Ziggy
we have

zed I Olds d

dz

dingy
2482 012,2

such that It Is 28244 665,2

y Is
8
813
gg

063,2


