
Lecture 1

- Introductionto EFT

: top-down & bottom-up
- simple examples .
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Etroductionto EFT

· in goal of this lecture is to
give you

a generic
tool of hou to describe

a physical system within some scales
.

· Of conce
,

he
know that or nature

comes with
many

scales

E n

- Mpe ~ 20"Gev } Quarten Eraity ?

- Myn 125 GeV Standard Model
- My ~ 100 GeV

こ :。Merㅣ
Ho ~ 103" eV

1

& cosmology

- N v1 ev } Eraity (GR)
一



· Whatme see
have is that "physics depends

on scales"

[Of course
,
ultimately he

rat to has

"

n '

n-soh,theyutthodi
phy at

You ar able to write a
cet

of equations of motion that is

ash to n'Physiad pretictios
mum

aocirtuntwithobavetins .
· But the idea of the EFT comes when

you
start realizing that not all physics

man

~
mmmlaratto the one you are interested in.



d

' simph exauphe
nmn

Miltipilosxpesiwnn
is

Eloctrortatic

this is perhaps the simplest effective theory

you
have encountered in your

E & M Lecture

(But maybe no one tells you
this is indeed

EFア )

ǒoitetistthntefit "siftx"
using
V(*) =。*

2 = Se(d



For 0> R :

V (* ) =形
。
r
臨え (R ) QenYen( 2, 4 )

R : typical l length saae of the charge distribution
.

· But here I wat you
to

guess the form

of VCV) without doing any acculation
Cof course

, you can take the formula of VCX)

and compute to obtain the exact result)

Startingquit : We are
interested in the electric

potential atX far
away

from

the charge distribution :

r = lt 1 : u R

tmpg
.kapugs.

「

= High energy (WV) = Low energy (IR)

= Microscopio detail , =Macroscopis structure



Our goal is to write down VCE)
, focussing

on "long-distance physics"
E We hide those microscope

details

into some parameters.

To do so

,
we organize terms in VCX) using

th faet that f aRhoad
poorcantingIdrvati-expesion .

(So far
,

no symmety has been imposed)

With this in mind
,

we write

vct ) =「 臨 「 器 ←

“
器。

J
～

n =
*/ r

P.: Dipole moment : P
:
= Jdx'X]f(*) - axi

&
:j

: Quadropole moment :

Rij = Jdx(XiXi-x)g - 2 XX,



· These multiple moments encode all short-distance

information
,

which can be measured of long distance.

[The more terms
you

add
,
the more accuracy

you
wil get ]

Note this multiple expansion essentially comes from

the expansion ofey about = 0

* 川 = 千t *: 。 + き *: *; 20台
ーー

I *) ≤ R ≤ γ ε
The more

you go ,
the more

derivatives you'll have

=> More suppression
by"/r in

the regime v > R

* Terms that are suppressed at long distance

Clow energy) are called inrelevat terms
"



Therefore
,

if we are only interested in the

limit UCR
, only a few terms in

the multiple expansion are enough

[v(x ) = 度 ←← 感…]～
(Wilson coefficients ) Very suppressed

at long distanc

(We can softy neglect them)

In field - they langages , on call those multiple
moment as "Wilson coefficients"

· Of course
,

this form of VCX) starts to break

down as U- R
.

And we cannot frost

the IR expression (EFT)
chen luct

We coll Rashe cutoff scale

· As long as UJR
,

the effective V(X) is valid

For -R
,
we have to use the exact Formula



↓te : there Wilson coefficients can be determined

by either observations/experiments or

matching withPhys
e

lace
,
or physics is

when
you use the exact formul for VCE)

= You see all the fire structure of the

[ charge distribution
.

]
UV physics is known

, by getting rid of Short-distana physic
re go to

IR with a fen terms

UV-> IR : Top-down
V / R

_
.

. . k

n

V i= IR : Bottom-Up
UV physics is not known

,
we need to add more

terrs to describe IR physics .



what about mmmetry
So for

,
we have not used the symrely in our

IFT

Symmetry essentially tells
you

which terms are

allowed or not allowed in your
action or

Lagrangia,

Ex .

In multipole expansion , if he impose

spherical synrety =Olyonopole term services

or if we impose
azimuthal symmety , only

terms with m =o survive

=> Synrety construc the For of EFT operators



·What have
we

learned so forI
·

#T : -low-energy description (long-distance physics)

- separation of scales with the cutoff

- Terms are organized by deviation

expansion (2/n < 1)

- EFT coupling constants can be

determined by matching with the UV

or by observations.

-Symmatry constructs
·

A
initionalcontraints : this
istivity program.

Assume nice properties of
What are the implications

th UV : Local
,

on the EFT parameters &
^

causality , unitarity }
- Lorenta-inv

.

case
.

0602776

.

Lorentz inv
.

- Non-Loventzinv .

cace 2207
.
14224



2
.

Two-fieldmoted
tHeemeatedythsimplestEFTmodel of
two scolor-field model

· we are entering into the effective description
in the context of field they .

· To be able to distinguish the importance of
an effective operator of a given energy

scal,

we need to know some terminology of

field they

· Let us consider the Following Lagrangian :

S[4] = fd*x[t(4)" - Im'p
- X, ¢

"

- *
4 ¢* +

...

"Non-devivative "

-
C
,
(2k)" - C

,
(2 ¢ )" +..

. Derivative}
- B3 ¢ (2¢ )" - p4 ¢

"

(2¢)" + ...
dplings .



· Let' consider non-derivative terrs
.

24 = 一主 ㎡φ~ - λ
s 4

s

- λ444

- 75 4
"

←
…

In 4D " [ 4] = 1

=> [m) = 1
,

[Xs] : 1

=> We must
compare Xs with some energy

soche

* E ¢
3

= The dimless coupling &
E

is becoming less and less
↳

, important at high energy
E 7> λ

3

But it becomes more and more important
o low

energy
-> Relevat operators
_

- This applies also to the mas term
.



Typically, in 2FT me require the theory

to be weakly coupled
,

i
. e

.

a treat

↓ interactions as performative corrections

to the quadratic terms
. (otherwise we cannot

do
any calculation)

ε
, . " 그

舞 。 = 吾告
LetX = * X 4 = &M

答 。
-

λ ; 4(石)() < 1

~ Perturbation thoy .

~ OCI )

< P

such that Xs*" can be
If M-p =Fi treated as perturbative corrections.



· For *
4 ¢

4
* [x

,
) = 0

-> No scale associated with this interaction

=> Marginal oprators s.

=> Perforation they require
that

。 ~肝哉
)

≠

If M - => X+< - Performation

they

[I cases where Me can be larger thes P

or larger than a typical value
,

that signals

non-performative effects ]
と
4 (告)

:

。 2 : Breekdom of

perturbative theory .



。 An θ
"

; n ≥ 5

All of these couplings come with negative

power in
energy

λ
5 4
;

[ 75 ] = - 1

X, 4 : [Xs] = - 2

⇒ λ
5 4~ =

' 督
A low

energy ,
it becomes less and less important

吉誕一舞)に 感岩
If ¢ ～ ↑ ⇒ 。 界 < 1

j
;
" o ( 2 )

=> P < X = Nartoff



For irrelevat operators ,

as long as we are

sufficiently low energy ,
we can do calculations

using performation theory.

L
4

= (2

amtrti
.

- mo≠

-ct 」
“ 一臨 。 4 “

~ ～

Irrelevat

# Marginal + Relevat terrs are renormalizable

& only finite countertens are needed to

get rid of infinity ]

* Irrelevat terrs are non-venormalizable
θ

2 infinite counterterms ]

=> The theory is not complete [but it doesn't

mean that
you

cannot compute anything] , it simply
means that this theory is expected to break down

at some
energy

scale [it breaks down at M or 1

unitarity bord] = We need new physics after that

=> It naturally leads to the EFT idea
.



·Derirativecorpliygs
-

Perhaps , you
have sen these couplings in other

theories.

。

t 感 。
-
- tsemuunnd → 4 tctbaxm

∠ = 主 [24) ” ←
α
」(24
)

4 α
。
(24)

%

+ p = ¢ (24) + P2 ¢* 12¢
7 +

...

+ γ
1
< 24 )

:

□ ¢ +
…

· The more derivatives
you

have
,

the more

you pay
the price -> the more it gets

suppressed at low energy.

· Derivative couplings are

very common in cosmology
and< Higherorrrature corrections

.

· All deviative couplings are irrelevat operators
i . e . they are not important of low energy



mExomples

Suppon the UV theory is

Cu = -t(24) -Imp
「

一 iCax )
~

一立 ㎡x
=

- 8 x 4
/

%
_

Break X + - X

with m ∠ LM

Idea : if we are interested in E M

,
we c "integrate out" the field X

Formally we write

iSe[4]
= JDX es[d,

x

e

{
Effective action only for a (light field)



= We will the write dow Set[4] and

fix the IR parameters using the matching
conditions at the cutoff

[This only works because in this case

we know the or thoy]

We write [Ir(4) as

LIR = 一話 Z (24) 一立 ㎡牧

- - Higher-order terms
.

At tree-level
,

we have

EOM OF λ : - 2x 2
^

8x - M
'

x 8x . 香 4
'
= 0

ロ 中 4㎡ ) x =

一
季 4

“

x =一香+㎡ 機



For E M2

x = 一表武品 が

x = 一畿 一表 ()に
Here
,

at tree-level D.nativeterms suppressed

we kept only by E2/2

thedidne for
,

re obtain

2 = 一 そ (a4) ~ 会 ㎡ギ

一 (季製)]_ 44

一番(一情製)≠~ t
…



-=(4) = - !(24) - 1m24

+ 44 (4 %4プ

Ψ
〆
aR
(4 ) = 一会 ZCa4) 一 そ ㎡ “

- X4
*

+ ...

!

Hutching at tree-level gives

Z = 1 t ocg
=

) Tπ effects of X

~ 2 appear
ot o(gY

m = m2 + O(g) }
λ = 一 t OCg

4)

&
x already enters at tree-level .



· This CIR only valid
up

to M

어돋
Once En M

,
one needs

ㅣ
to take into account

대
new physics (heavy mode)

^

^

^
Cip(4) * It could be that

^

、
the so-called unitarity cutoff

is much higher than M

e
. g. London pole in &D :

&
-

: the saale of which unitarity
breaks dow or the thoy
becomes strongly-coupled.

[Nainly ; 1-loop w treeelevel]
But Ny = 1077 GeV 3) Moe
and we know that from Me -> Mpe ,

there are

· lot of heavy particles/interactions
,

for which ZED cannot explain.



To obtain the full SeF[4]
,

one used

eis= (Dxe
+ Sta

,
x

X =Xe + 1 and send t -> 0

[semi- claosical approximation]

iS[4 , Xa]

e
iSef[4]

=> e

式始た …
× fpxz e

iS[4
,
Xa]

e
iseffe4

)a武()
e

= eist4 ,xas
tlogo +()

=> Loop contributions are those corresponding to

prefactor of the path integral in semiclassical limit.



Diagrammatically :

From Cu) -x *

_

-
4

ー
g

x "
.

.

¢
~

끄

·Contributions in Z or m ⇒ < 44 >

x

Λ<44>℃ーー
≠

- …

+得一 ≠←
…

IR一
-
π-1// ⑩F ー=

- m
¢

<¢
4 > UV ごご* * ー

℃
- 4

t
. .

4
g
2

:

¢
_

ㅣ ㅣ
_

4 得
一 専

一

_

- 4 ¢

g
4ぎ ⑩ .…

.

λ
as λ ngot g

4
t
…



For example
,

_ —

—
℃ ー 、

ま
⑥…

ㅣ ㅣ =性( 2+≡1g器)
⑦ーー

g
ーーーー _

g
↳ [ov finite - No divergence

λ c型renormalizationsor
At M = M

λcn )

= -3 g一

· We were that the idea of EFT naturally applies
to field theory .

· IR they is valid
up
to the cutoff and all

the terms in fir are organized by derivative expansion .

· Matching conditions at the cutoff helps connect UV & IR

only when the UV theory is known.



Other diagrams For <44) at g4
Cl )

<¢4) =

ㅣ
-パ℃- …、 +:!
- 8 - o……

g g

dir
)

+
"~. - (

UV Fin:te

)- g -Tag = Absence of the

(1 ) =
舞
malog

sliding scale
e

(2 ) = 4( I+ 1 og器 )



threxauplesFarmis
thay . -8

- a EFT of SM

2
F

= γ " 4
nTe

%
4 v

0
t
ho

*~ Go It desarides podecry
n→ pte - t

e

The cutoff is~ Mr
P

wreUnVe
"me:p
SUC2) '-> e

= gagear eling

Fe e

UV
,
ES Mr

IR ; E < Ma

The-level matching : GGV



(2) Enler-Heicerberge : EFT of GED

when integrating out ei

Led =
- **** + FU"(ir - me)4

+ e a5824
↓e no self interactions of An in RED

>eyur
· In EET (E Mel we write the EFT

of photon

LIR = 一 ^←
A

品 )「 + B 感)プ
도‰ = EGugo Ffo self-couplings of An

31]e
t

-
.

α =
EFT

wmoe.
From matching at E = Me

A , B~~ ÷ A = 。4 ,
B = ome



Summary of EFT approach :

mnum

(a) Identify your energy scale of interest

(2) Include al relevant d
. 0

.

E
.

S

(3) symmetries of the EFT

(4) Write down all operators compatible
with the symmetries .

(5) Organize terms withField/derivative

expansion
(6) Compute observables

(E) Measure parameters/put bounds on

EFT parameters.

↑ Theoretical constraints on the ER parameters

coming
from positivity programe.


