



































































































































The Standard Model Effective Field Theory

MEET
why EFT whySMEFT

examples of EFT
SMEFT Ab basis RG running 1872
phenomenology post

useful refs
Manohar's lectures on EFT 1804.05863 or TASI 2022
Skiba'sTASI lecturenotes a bit old 1006.2142

Warsaw basis 1008.4884
HiggstEwsinEFT 1308.1879 Barcelona

SMEFTsim 3.0 Ilaria Brivio 2012.11343

MEET
we think Every theory is an effective theory

natural units Innit E LJ

Ii an supersymmetric

ÉÉ E IiEIuvt E
me dfiner sunisumutualy distance Cal






































































































































gym y

at a

Theresmaller scale

or maybe there is some ultimate theory

Quantum gravity e spacetime quantized
notionof energy breaksdowndistance

key ingredient Locality many definitions here it means

large distance
Measurements at

low energy
should not be

sensitive to the physics at small distance

high energy

Engineers don't need to learn QFT to build bridges I
lay

QM
classical Mechanics is replaced byQFT relating at

smallscale
highenergy

does not mean it's wrong it's an effective theory

at large scale
low energy






































































































































Why SMEFT
gravity

SM is incomplete darkmatter matter anti matter asymmetryl
1

There must be BSM New physics

but We don't know what it is
some tale think
they know

1
lightparticle heavyparticle MS v

veryweak coupling

since he don't know what it is
bottom up approach Be agnostic about the UV physics
and try to systematically parameterize its effects
at low energies bywriting down

niger dimension operatorsHop down model building
useful even if we know the UV modelIII j

iiiiI

thecharge
I V12

electricpotential

locality

IÉÉis

looks like a print charge






































































































































ve t Em but Yif harmonics
I EmCim E Yim bumElma

Cms are
dimensionless

parameters usually of order 1

seperatimi.it 1 ggg
the expansion is useful

keep a few terms
in the expansion to get a good approximation

more terms better accuracy

distance
energy

IR 2
collider

energy
E Yr or V

UV scaleofa A I a new physics

expansion

parameter
F F or É

There is no precise definition of a One could only

measure the combination bin Cima fi
luv theoryIf we know the charge distribution we can do the expansion to

find out all the bin can This is called matching
If we don't know i n we can treat all com s as freeparameter
and try to measure them experimentally






































































































































After truncating the series throwing away terms with L max

there are a finite number ofparameters
If we make enough measurements we can constrain all parameters

Cim

To precisely determine the values of Cam we can either

make very precise measurement at large r low energy

make measurements at small r high energy

energy us precision or both

Important aspects for colliders
r

If rea the expansion breaks down

multiplescaley
Hish energy is alwaysgoodbut EFTmaynotbe valid

F

II ri as d

examedfemiisthe.gl
mkhnaa

in E carundecruve
i

in

one warn

I
ie






































































































































tor p'cent we can expand the operator

halt tent

keeping only the 1st term we have

in Iip Tarun fearnve to tut

4 fermion
contact interaction

M Ive

e

which can be produced by the local Lagrangian

L Easthrundernve t 0 Tnt

Timensionfoperata what Fermi wrote down

EFT X Ee mm
breaks down at large E

If we keep more terms in the Lagrangian we'll generate

higher dimensional operators e.g the the term corresponds

to dim 8 operators

Higher dimensional operators may look very complicated it's
actually much easier to use on shell amplitudes






































































































































this is the simplest example of thermitatching between

the full model Sm and the lowenergy effective

field theory Fermi's theory

For pak Mi the 4F operator gives a very good

approximation of the full theory This is the case

for mum decay PC Mi mate 10

The coefficient of the YF operator is Eww I
Measuring muon decay only tells us the value of V

or Get Eva but not Mw which depends on 9

Mw is the scale at which the EFT breaks down

he lit Itt
breaks down at P Mi

In our world 9 0 65

very small wit would be much lighter
It 9

very large heavier

but if 9247 the theory becomes non perturbative






































































































































In this simple example if we also measure the

dim 8 coefficient Ey we can derive the Umass

In more complicated cases with multiple heavyparticles
it is in general not possible

globalism

exampleTacomplexsealarEFT
bottom
up with Uli symmetry

1 24 24 my 1414 6 E4

of't 0 t one
dimension 4 n

E 4 6 n E O A L

A scale of the new physics mass of the
new pastilles

Large A The EFT expansion is good






































































































































Operators in L are divided into 3 classes
based on their mass dimensions

coupling
dimension

6 4 relevant
so Hi

6 4 marginal so 1414

6 4 meant co

X on M E
Jmallefects

at low energy
qt qt
EFT breaks down at high energy With 0 4 the theory

cannot be a complete theory why it's called an EFT

Vow let's try to write down the higher dim operators

Each Of need to be invariant under
Lorentz
U l symmetry

No odd dimension 444 24 not Lorentzinvariant

operator 14144 not Ua invariant






































































































































Large 11 Leading contribution O

Bottom up approach write down all possible 0

Not all of them are independent

Operaturedundancy

Operatus are related by

Integration by parts IBP

Equation of Motion Eon
whyEoin works beyond

iminegentility field redefining
the laical level

Let's try to write down all possible db operators

1416

54 4 4 4 2 24 344 4,42474
th C

MIII.i.si






































































































































B P total derivative

2 24 11224 2 24412242

eÉ
If Jaffa so

color

n 4 14 4 4 and t so

among m d 14 4 4 t.gg
and'd mid 4444kt

Éadd'othissetmacomicand
it

we go beyond db

Em 44 up

ignore

We can eliminate 2 24 344 4 in favor of 1416
2nd 4 judo






































































































































total derivative

2 124444 4

12 24 344 4 2124 2414 4

fact thundered
Timinate

2 independent db operators

We can choose 1416 141224 2 4
This is called choosing a basis choose which redundant

Ofcourse we can choose a different basis
operators to eliminate

why not just keep redundant operators I'gygienff
A Physics are basis independent

Physicists are basis dependent HEFT workshop
at Mfi

rest of 4 theory i x share

SME FT

phenomenology






































































































































1 24 24 my 1414

4.1416 4141224 24 t

A
Field redefinition

house 2 do to cancel

lot244,1 2
4 does not change

kinetic mass terms

complex

indep operators E Vn'hell amplitude
LA 4 n

HI fi 1 4 Fiesta
4 a general

2 St ru Satta o

Sen symmetric 2 8

Fifth X matter






































































































































What about renormalizability
Operators with d 4 are non enormalizable

I I I I
counter term

Y
need to add extra terms in L renomalizone

K Yi ft of counter term

D8 10414464 4 need to add as many terms in L non ne

need to add X Ed A It
need 410 counter term

correct argument We only work up to a fixed
order in the EFT expansion and discard

all higher order terms

db keep A
counter to

discard Aalso db






































































































































SMEI
LsineFT Lant 4 07 2.5 0 t gas

L 4 6 n Lntm

Note each Oi needs to be invariant under Lorentz

and gauge transformations sublysunxuf

HE FT only SUB x V4 linear us non linear

bottom up approach write down all possible operators
not all operators are independent

dim 5 only I typeof operators L LHA Weinberg operator

Hw write down the exact form of the Weinberg operator
neutrino majorana mass

L ILLHit Yuu
C I
A Rant

Mu lo Zev

ee saw mechanism large A naturally explains why
Mu is small

several bullible UV completions type l II 111 X t TT






































































































































Further more all odd dimension operators violate

Baryon B or Lepton L numbers

B L charge of V4 B VLDL global
symmetry

B L

q I 0

T t o

t o l

BE effects are usually strongly constrained e.g protondecay

Assuming B L are conserved around the TeV scale

LsineFT L 3.5 0 2,4 0 t

How many independent parameters do we have

I generation
Manohar et al

dim g

din 6 76 1008.4884

249g 1312.2014

895 3697
2005,00008 Elastic

2005.00059 Murphy

















































































































Hilbertseries Murayama etat
1512.03433

Warsaw basis 1008.4884

first to write down a complete do basis

try to eliminate operators with more derivatives
in favor of operators with more fields

why noone completed
Buchmiller Wyler almostdid it in 1986 it in 24 years

4 3 3

8 3

briefly explain

each type of
4 eratrs

1 11 14
59 operators



Jr transverse anomalous triflegauge coupling
at GC

X garlic Gc aQGC

2 felt it
b s modifies 43244

couplings

12Mt modify duhduh h wave function renormalization

shift Higgs couplings

3 y y modify Yukawa candling

relation between m y 3

4 At Unum y
humor I
hhVmuv Th

different from hz zu hwan

5 Her dipole Fifty
real magnetic

inginay electric

6 it v if E 74 7 4 interaction

modifies sin Uff coupling contact interaction



I generation

fg operating 117
nonhermitian complex

coefficient

42 hermitian real
coefficient

42 17 2 76 parameters

3 generations 2499 parameters

many of them are 4f operators

Inotherbases wesometimskeepoperatasithme

derivatives

e g Ow D Wmg Oz I 243m

useful in describing universal contributions to 4f interactions

4
One is MH Ga Dutt who

3
On ig DH Dutt Buu

longitudinal

useful for describing anomalous triplegauge couplings

lat Gcs



1308.2627
1310.4838 Alonso Jenkins Manohar TrottRGrunning 1312.2014

running couplings E resum large logs

tree level calculation running couplings site

a reasonably allurate prediction

suppose rev O Isn 0

let C 4 C 2

db RGE Be M Ci Ti Cj still holds

T
anomalous dimensionmatrix

dependson Gsm

t

How about verto

i contribute to BasantMangat it É sont

Ci Cis contribute to Be

do dy t can ignore sincethey are higher order

D8 RGEs are more complicated



Solve RGE If expand to 1st loop order not resumed

Ci m lil mo t lay It K C
ate

important to
resume

generally solve
running numerically

RGE implies I
mixing off diagonal terms in Ji

Matching Running
VV

A newphysics

É
J he

RG running

I v electroweak scale where we domeasurement

IR

mixing Operators not generated at matching scale can be

generated at a lower scale via running

running effects can be significant if V CA

See examples in
Manohar
Skiba s lecture notes

Schwartz 31.3

RGE G on shell amplitude see e.g 1505.01844
Cheung Shen



Phenomenology
observable

Liner MF Er Er

I
expand in terms of f

L Lint L Lg t

in a a it

J t yuk X t It

If fft fuk t Xt Th

t db d dy are formally
indistinguishable



higher dimensional operators can contribute to M T which appears
in dinominators faint we don't consider it here

or just expand

G M

pet
them at I

t IET the task I

Collider
We can truncate 0 at energy T

t is a very good approximation if I
14 7 1 4 if x is very small

strictly speaking need to calculate 18

whatifhisnotthatlargeishalluekeepdfin



Typically

If measurement is very precise can constrain A DE

ok to just keep ideal case

What if it's not the case

typical LHC measurement

prell Yan ppl't
X E

rate

ÉH

small E I large E small statistics

large statistics that p EFT valid
easier to constrain

or do something elsex E

ok to truncate at

Lepton colliders usually don't have this problem



Global fit simplest case

f X for cross section
we'll now use f to denote the standard deviation

suppose we measure a set of X S

eachhas a Gaussian error Passion large N limit

when we write we mean

yf.iqXn XitOn

On sitiadard deviation

Gaussian error loglikelihood X
theory prediction

4 2 42 C

truncate at
Y.EE s EEi

minimize X E maximize likelihood gives best fit
values for C



X E C C 0 EC X'min

6
2 SE pSE inverse covariance matrix

best fit values

8C one sigma precion Mi correlation matrix

I
ox gives a measure of the goodness of fit
fixed ox E quadratic equations of C G ellipses

Imagine this in n dimensional
i

parameter space

projectto

Beyond not Gaussian
anymore


