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✦ Effective Field Theory Ideology

✦ The Standard Model as an EFT

✦ BSM and the Hierarchy Paradox
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Of  lengths  and  energies

E ⇠ p ⇠ 1

�

<latexit sha1_base64="5wl9k+L67mat2OzI1w649PUhVNw="></latexit>

relativity

quantum mechanics
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Physics

finite  ⋕  inputs ∞  many outputs

Why can we ?
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Example: electrostatic potential at large distance
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<latexit sha1_base64="XXFT+RMP5D10EriQJDS2xpRxldU="></latexit>

n-multipole contribution is of relative size
⇣ a

R

⌘n

<latexit sha1_base64="ynCWLAmT51glt2DyULKnVpCbQV0=">AAACBnicbVBNS8NAEN3Ur1q/qh5FWCxCvZREKnosevFYxX5AU8tmu2mXbjZhdyKUkJMX/4oXD4p49Td489+4bXPQ1gcDj/dmmJnnRYJrsO1vK7e0vLK6ll8vbGxube8Ud/eaOowVZQ0ailC1PaKZ4JI1gINg7UgxEniCtbzR1cRvPTCleSjvYByxbkAGkvucEjBSr3joCuYDLmPXV4QmJE1uU1fxwRDwyb3xS3bFngIvEicjJZSh3it+uf2QxgGTQAXRuuPYEXQTooBTwdKCG2sWEToiA9YxVJKA6W4yfSPFx0bpYz9UpiTgqfp7IiGB1uPAM50BgaGe9ybif14nBv+im3AZxcAknS3yY4EhxJNMcJ8rRkGMDSFUcXMrpkNi8gCTXMGE4My/vEiapxWnWjm7qZZql1kceXSAjlAZOegc1dA1qqMGougRPaNX9GY9WS/Wu/Uxa81Z2cw++gPr8wdcQ5hu</latexit>

R !

<latexit sha1_base64="TojLkuWOQWu9NHi+VUNlGw03CfI=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjFfsB7VKyadqGZrNrMiuUpX/CiwdFvPp3vPlvTNs9aOsLgcd7M8zMC2IpDLrut5NbWV1b38hvFra2d3b3ivsHDRMlmvE6i2SkWwE1XArF6yhQ8lasOQ0DyZvB6GbqN5+4NiJSDziOuR/SgRJ9wShaqXXfObMPo26x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezfSfkxCo90o+0/QrJTP3dkdLQmHEY2MqQ4tAselPxP6+dYP/KT4WKE+SKzQf1E0kwItPjSU9ozlCOLaFMC7srYUOqKUMbUcGG4C2evEwa52WvUr64q5Sq11kceTiCYzgFDy6hCrdQgzowkPAMr/DmPDovzrvzMS/NOVnPIfyB8/kDOgiPcw==</latexit>

large:     fewer multipoles needed
at fixed 
accuracy 

R !

<latexit sha1_base64="TojLkuWOQWu9NHi+VUNlGw03CfI=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjFfsB7VKyadqGZrNrMiuUpX/CiwdFvPp3vPlvTNs9aOsLgcd7M8zMC2IpDLrut5NbWV1b38hvFra2d3b3ivsHDRMlmvE6i2SkWwE1XArF6yhQ8lasOQ0DyZvB6GbqN5+4NiJSDziOuR/SgRJ9wShaqXXfObMPo26x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezfSfkxCo90o+0/QrJTP3dkdLQmHEY2MqQ4tAselPxP6+dYP/KT4WKE+SKzQf1E0kwItPjSU9ozlCOLaFMC7srYUOqKUMbUcGG4C2evEwa52WvUr64q5Sq11kceTiCYzgFDy6hCrdQgzowkPAMr/DmPDovzrvzMS/NOVnPIfyB8/kDOgiPcw==</latexit>

small:     more multipoles needed

Universality

Reductionism

~R

<latexit sha1_base64="LmZuTNtETdNi+jptQ3zW6BWxkLw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdemFkdmczM0tCCP/gxYPGePV/vPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCooWWqGNaZFFK1AqpR8BjrhhuBrUQhjQKBzWB4O/ObI1Say/jRjBP0I9qPecgZNVZqdEbIyEO3WHLL7hxklXgZKUGGWrf41elJlkYYGyao1m3PTYw/ocpwJnBa6KQaE8qGtI9tS2MaofYn82un5MwqPRJKZSs2ZK7+npjQSOtxFNjOiJqBXvZm4n9eOzXhtT/hcZIajNliUZgKYiSZvU56XCEzYmwJZYrbWwkbUEWZsQEVbAje8surpHFR9irly/tKqXqTxZGHEziFc/DgCqpwBzWoA4MneIZXeHOk8+K8Ox+L1pyTzRzDHzifPwuejso=</latexit>

expansion breaks down: ∞ number of parameters neededR ⇠ a

<latexit sha1_base64="NMcS02Y0XIH3V8Dsej/td28yjQE=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBQym7UtFj0YvHKvYDukvJptk2NMkuSVYoS/+GFw+KePXPePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXWcKkJbJOax6oZYU84kbRlmOO0mimIRctoJx7czv/NElWaxfDSThAYCDyWLGMHGSv6DX/U1E8ivItwvV9yaOwdaJV5OKpCj2S9/+YOYpIJKQzjWuue5iQkyrAwjnE5LfqppgskYD2nPUokF1UE2v3mKzqwyQFGsbEmD5urviQwLrScitJ0Cm5Fe9mbif14vNdF1kDGZpIZKslgUpRyZGM0CQAOmKDF8YgkmitlbERlhhYmxMZVsCN7yy6ukfVHz6rXL+3qlcZPHUYQTOIVz8OAKGnAHTWgBgQSe4RXenNR5cd6dj0VrwclnjuEPnM8faYaQog==</latexit>
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The case of electrostatic potential is emblematic but perhaps too 
simple as it is indeed …static and classical

however the same logic carries over to dynamical situations, both 
classically and quantum mechanically

7



Example: classical fluids
�x <⇠ Lcoll , �t <⇠ ⌧coll

<latexit sha1_base64="HSY2Aw5roQE492bfefuR0yJTcTI="></latexit>

point particle description

�x � Lcoll , �t � ⌧coll

<latexit sha1_base64="UZzn3HEpB0IlahXn9wh/re0b4Ho="></latexit>

hydrodynamic description

⇢

✓
@~v

@t
+ (~v · ~r)~v

◆
= �~rp

<latexit sha1_base64="XD57/Byjzuv4BfSK3iY56AU4j3c="></latexit>

perfect fluid
leading long distance description

+ ⌘r2~v + ⇠0~r(~r · ~v)

<latexit sha1_base64="999P5DAlLFHgtcBm1tGoD2a3QBo="></latexit>

viscosity
first short distance effects

⇢ ⌘ ⇢0 ⇢̄

<latexit sha1_base64="e7xhf+HKbEaXajcKNH1iZCHfBfQ="></latexit>

p ⌘ ⇢0v
2
s p̄

<latexit sha1_base64="//9MZgJv7Eg0vFHSADTuLqLQqmQ="></latexit>

⌘ ⌘ ⇢0v
2
s⌧coll ⌘̄

<latexit sha1_base64="jGPpmmejL4hcvYU7YXVAzIgqd+U="></latexit>

⇢
@v

@t
� ⌘r2v

<latexit sha1_base64="UVOKWlteBrSgeTn7Cy9aEASqXC4="></latexit>

! � ⌧coll !
2

<latexit sha1_base64="bOOAW+d3k8l6bIswk5wRiAcB0+U="></latexit>

! ⌧ 1

⌧coll

<latexit sha1_base64="N8efGqH210G0HTFpHCkMEdljo/8="></latexit>
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Example: celestial mechanics see arXiv:1510.08889

<latexit sha1_base64="lb4OQowMsAjVsP2cIoUjm3hnIQg="></latexit>

Veff =
GNm1m2

r

 
1 +

~D1 · ~D2

r2
+#

I1(~⌦1 · ~r)2

r4
+#

I2(~⌦2 · ~r)2

r4
+ . . .

!
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Example: molecules in Born-Oppenheimer approximation

me ⌧ mN

<latexit sha1_base64="uKNyY6bRxht+TMonGornOvP/XU8="></latexit>

electrons move faster than nucleons

Schroedinger eq.
 solved in two steps

!e � !N

<latexit sha1_base64="m2I3b+bDyMpruCEr5MlaKGk97G0="></latexit>

• Find electron spectrum treating         as parameters ~XN

<latexit sha1_base64="xPZbLMdCgp2rN+4HZFEb2dnTy1Q="></latexit>

• Solve nucleon motion in resulting effective potential 

Heff =
P

2
1

2mN
+

P
2
2

2mN
+ Veff (|X1 �X2|, n)

<latexit sha1_base64="mAD5Hjjqy9+ZGWJ9HErE2JhHWV4="></latexit>

nucleon dynamics refined in systematic expansion in !N

!e
⇠

✓
me

mN

◆ 1
2

<latexit sha1_base64="S/DuuQRXhwwiqn0rtOenVMzmmoE="></latexit>
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In the path integral approach effective descriptions can be viewed as 
arising by integrating out the fast degrees of freedom

{q} ⌘ {qfast, qslow}

<latexit sha1_base64="ILH8ThFKHbtX9gK5lyQ7PIqZ35M="></latexit>

Z
Dq eiS[q] ⌘

Z
Dqslow Dqfast e

iS[qslow,qfast] =

Z
Dqslow eiSeff [qslow]

<latexit sha1_base64="8OR6GXEIK0TY1Rmf7vzZzEsW6P0="></latexit>

Z
Dq qslow(t1) . . . qslow(tN ) eiS[q] =

Z
Dqslow qslow(t1) . . . qslow(tN ) eiSeff [qslow]

<latexit sha1_base64="243hw64m9tMRYc1dGW14ySzAmMQ="></latexit>

h qslow(t1) . . . qslow(tN ) i =

<latexit sha1_base64="54SFpgjiaOnLyKHVhqBhZoT6Fls="></latexit>
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• Effective long distance descriptions are ubiquitous

• Their universality is the very reason we can do physics

• In fact we expect all theories of nature  to appear sooner or later 
as just effective ones

• Notice: until a few decades ago there was the notion that 
Quantum Field Theory had to be fundamental not just effective. 
The crucial role in that view was played by renormalizable QFTs

• The modern view, however, especially after Wilson, is that QFT 
should  also be viewed as effective, like all else.

12



Effective Quantum Field Theory

Any QFT is but an effective description
characterized by a short distance cut-off

⇤ ⌘ 1

⌧
⌘ 1

L

<latexit sha1_base64="Iq2klMJRR45XW4o5AguVRpQ0aDA="></latexit>

Like in all other cases,  short distance effects are 
controlled by an infinite, but systematic, expansion

in powers of                        L = 1/⇤

<latexit sha1_base64="oxcxgZW96JgT6GNbvMy4qlC2wkI="></latexit>
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Example: a theory with just one scalar field 

Lagrangian is organized in series in inverse powers of : 
close analogy with multipole expansion

⇤

<latexit sha1_base64="UmDpOtiZ56GgW+8OqtInzX3hfC4="></latexit>

+
�6

�2
'6 +

⌘4
�2

'2@µ'@
µ'

L = ⇤µ⇥⇤
µ⇥ � m2⇥2 + �4⇥

4

+
�8

�4
'8 +

⌘6
�4

(@µ'@
µ')2 + · · · ⇤�4

⇤�2

⇤�0

⇤�4

⇥4, ⇥6, �6, . . .• expected to be < O(1)

'

<latexit sha1_base64="bE8IisfxWfDriLodUPEjBEixQE4="></latexit>

+ · · ·

<latexit sha1_base64="6PTPwptLJSyGb8PXZYz5RWuiBug="></latexit>

m2 ⌧ ⇤2

<latexit sha1_base64="S3IwhwhVvZylDPAcO/yfs96q7Hg="></latexit>

• must assume                       otherwise no long wavelength quanta14



+

h
4l 4

l 4

l 4

h
4

l 4

l 6+ + + . . .

+ . . .

<latexit sha1_base64="W8+57CNd14A65E68uLC16IYdzpg="></latexit>

A2!2 =

<latexit sha1_base64="mpONiW5Cndb1I7fCYwGIpeAvUaU=">AAAG0XicjZRdTxNBFIYHlIr1C/TCC28mFhMvSLPbAEKiBiGK5cMgpQVlSDM7nZZJZz8yMwvWYRPjrf9Cb/UH+W+cbZft1myBk7SZPe8z786+uzlOwJlUlvV3YvLGzanCrenbxTt3791/MDP7sCH9UBBaJz73xaGDJeXMo3XFFKeHgaDYdTg9cLrrsX5wSoVkvrevegE9dnHHY21GsDKt5sxjjQjm8E3U1BWkfFiJ0Dyaf1Vszp </latexit>

= �4

<latexit sha1_base64="Rk4UnSpJGy8rko8aKn+Vvr3dbDA="></latexit>

+

<latexit sha1_base64="xZSrurqIVtynnLjU3+h+/RwmkLs="></latexit>

⌘4
E2

⇤2

<latexit sha1_base64="nvRYRPeiRQ8JpoNQ5rdL8k4BIhA="></latexit>

+ . . .

<latexit sha1_base64="EKRFK4NvQvtFisZoXXadNZvPZME="></latexit>

E ! 0

<latexit sha1_base64="EjqEWLQEyEULESYAIu626VOSNSE="></latexit>

�4

<latexit sha1_base64="EoR6Hs87JSwAwHj7asH4yj2ySvc="></latexit>

=
1

E2

⇢
�2
4 + �4⌘4

E2

⇤2
+ �6

E2

⇤2
+ . . .

�

<latexit sha1_base64="ENcsJQxZIAzG6FZo1mhIc2obvII="></latexit>

A2!4 =

<latexit sha1_base64="zSGBJUgTaaiLtC+tL5fOkfGhtiE=">AAAG0XicjZRdb9MwFIa9wcooXxtccMGNRYfExVQlVTc2CdDYBKP7QGNd28E8Va7rdFadD9nORvEiIW75F3ALP4h/g9NmaYvSbUdq5Zz38RvnTXRaAWdSWdbfqekbN2dyt2Zv5+/cvXf/wdz8w7r0Q0FojfjcF4ctLClnHq0ppjg9DATFbovTRqu7EeuNUyok870D1QvosYs7HnMYwcq0mnOPNSKYwzdRU5eQ8mE5Qoto8VW+OV </latexit>

at low energy only lowest dimension coupling matters
the infinite set of couplings with negative mass dimension is irrelevant !

Scattering amplitudes at   E ⌧ ⇤

<latexit sha1_base64="S3ZzyThU7GNm4n93pe5cz6BXwa4="></latexit>
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+ · · ·

+
�6

�2
'6 +

⌘4
�2

'2@µ'@
µ'

L = ⇤µ⇥⇤
µ⇥ � m2⇥2 + �4⇥

4

+
�8

�4
'8 +

⌘6
�4

(@µ'@
µ')2 + · · ·

E << Λ

‘Renormalizable
Lagrangian’

Long distance physics described by renormalizable truncation !
16



The same conclusion holds for theories with  gauge bosons and fermions

In general L =
X

i

gi Oi

<latexit sha1_base64="YXtIuYrGaSWPe9IkO9obwlEiPmg="></latexit>

[gi] = 4� [Oi]

<latexit sha1_base64="MTuCcU2Ee/nq9fZzTZM1gbyqkVs="></latexit>

relative 
contribution
to amplitudes

relevant at small E

relevant at all E

irrelevant at small E

renormalizable

non-renormalizable

m2'2

<latexit sha1_base64="W4Ko73xWBKq1FFXmVPo1t/3r+S8="></latexit>

['2] = 2

<latexit sha1_base64="AB8no79eLV6Sx5d3E6YeA8kVwjM="></latexit>

�A
A ⇠ m2

E2

<latexit sha1_base64="hJwWQzgekoJy0+iWzZdxYCobl9I="></latexit>

Ex: scalar mass term
�A
A ⇠ gi E

[gi]

<latexit sha1_base64="YmNBJjJ3npCM56xAv4WoL52CKtA="></latexit>

[gi] > 0

<latexit sha1_base64="YaVRYfVuFAdhxZ2GJfMb6SG3a3o="></latexit>

[gi] = 0

<latexit sha1_base64="EsHTkAZYcJDpdXHYo87uzB+DqjE="></latexit>

[gi] < 0

<latexit sha1_base64="UBRiZRqkgEsMqG5G7s4fFHr26PE="></latexit>
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In conclusion, at sufficiently low energy 

• any quantum field theory is well described by a     
renormalizable lagrangian

• effects from all the other (infinitely many) couplings   
are suppressed by powers of  E/Λ

Weinberg 1980
Polchinski 1984

•  The same conclusion holds also when considering loop diagrams,  (but   
proof is more technical )

•  Loops simply add an additional mild  log E  dependence

NY

i

gi E
[Oi]�4 �!

NY

i

gi E
[Oi]�4

�
1 + a1 lnE/µ+ a2(lnE/µ)2 + . . .

�

<latexit sha1_base64="SlqZEIRh2Wky/unKsP75taXnoOc="></latexit>
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the ‘renormalizable’ terms (dimension 4 or less) 
 fully  describe elementary (pointlike) particles

‘non-renormalizable’ terms (dimension 5 or more) 
describe inner structure of particles 

needed to directly
probe structure     

wawelengths    

E � �

� 1
�

19



The crucial role of symmetries

• mostly concerned with global symmetries (possibly 
approximate)

• local (gauge) symmetries are another story: these correspond to 
redundancies in the parametrization of the field variables; their 
main role is to reduce the number of physical degrees of 
freedom (Ex. photon field  has 4 components, but carries only 2 
physical polarizations) 

20



Accidental Symmetries

•The IR relevance of just a finite number of parameters 
implies a great structural simplification

•this often entails the effective  occurrence in the long 
distance dynamics of additional, accidental, symmetries  

21



SO(3)

accidental

Long Distance Physics: Simplicity & Accidental Symmetries

Ex.: electrostatic potential at large distance

a

R � a
�(R) =

Q0

R
+

~Q1 · ~R
R3

+
Qij

2 RiRj

R5
+ . . .

SO(3) SO(2) ?��

1/R a/R2 a2/R3

22



Accidental symmetries of renormalizable Lagrangians

Ex: Parity in QED

<latexit sha1_base64="JGFHPwxa1A6jGrsD5F1RS7mGcpY="></latexit>

Lren = �1

4
Fµ⌫F

µ⌫ + i ̄�µDµ +m ̄ +
c

4
✏µ⌫⇢�Fµ⌫F⇢�

<latexit sha1_base64="pyU2C+U34jZ2x/5b5qM8idoBup8="></latexit>

✏µ⌫⇢�Fµ⌫F⇢� = total derivative

P-symmetric

<latexit sha1_base64="RGmEGvBB1LdyBzu+dcm4IgoXvd4="></latexit>

O 6P =
1

⇤2
( ̄�µ )( ̄�µ�5 )

but P is generally broken 
by dim-6 operators

23



Symmetries, dimensional analysis and selection rules

it is always possible to imagine symmetry tranformations
of the parameters describing a physical system

the dependence of physical observables on such parameters
is dictated by covariance under such symmetries 

24



L

m

g

! = #

r
g

L

Dt : t ! �tt

Dx : ~x ! �x~x

L ! �xL

g ! �x�
�2
t g

m ! m

Ex.: classical pendulum

25



Ex: atom in external electric field

~E

| 0i

<latexit sha1_base64="ZwdZI77tN1ugHXeCe8SbKyZDIhs="></latexit>

| 0( ~E)i

<latexit sha1_base64="cXFQk2Qn5/NDPTi2l6b3hXXZeok="></latexit>

slowly turn on ~E

<latexit sha1_base64="ofB50GuXYFXwEivP/BWm9OeHSw8="></latexit>

h 0( ~E)|dj | 0( ~E)i =

<latexit sha1_base64="QscMKn2qJe5RTPV4+OKGoi44tVk="></latexit>

electric 
dipole

O(3)

<latexit sha1_base64="KsQM3LXYl2jiQJDVXRqxApdGFSM="></latexit>

Ej f(| ~E|)

<latexit sha1_base64="fg+V6G7CL4dz8x8vjPfRQGGW+mw="></latexit>
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Ex: Flavor Changing Neutral Currents & CKM matrix

LCC =
gp
2

⇣
ūi
L�

µdjL W+
µ V ij + h.c.

⌘

<latexit sha1_base64="P05Y2WfKmXDyB7q7Czd1AheCnO4="></latexit>

flavor ‘symmetry’

uj
L ! ei✓

j
u uj

L

<latexit sha1_base64="2oaWk+x4qSxStWYKJtRuAama4bk="></latexit>

dkL ! ei✓
k
d dkL

<latexit sha1_base64="4u2u+VU5zAmLlMM3ieeedZy/9XE="></latexit>

V jk ! ei(✓
j
u�✓k

d) V jk

<latexit sha1_base64="EvJvpahoz50Q0nU1hFg5AIksJG8="></latexit>

dj

<latexit sha1_base64="pk/F6/BmnGlHcSvQGTEemSpA18A="></latexit>

dk

<latexit sha1_base64="r+If3/6XzNx76P0OfWRnTqb0N0g="></latexit>

d`

<latexit sha1_base64="qETdjgqkYiHAxKi7Hrtyj1u6bm0="></latexit>

dm

<latexit sha1_base64="LITxtFPYjON8HwlPYLLiBRBUu2E="></latexit>

/ V ik⇤ V ij V nm⇤ V n`

<latexit sha1_base64="i/9sUikCa3GV0zsA3MdbL0/Z5yA="></latexit>
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hOi =
X

a

hOia

<latexit sha1_base64="KtsQSm5/TKtQx5FkYOXabwfWvaQ="></latexit>

hOia = ca �
n1a
1 . . .�nNa

N

<latexit sha1_base64="9urCYI9aJQWWKKufyFEgnRnaPXY="></latexit>

In general, given couplings        , an observable  is given by O

<latexit sha1_base64="XWHNVcSd9KKFprcLuNwY0tGuYSk="></latexit>

{�a}

<latexit sha1_base64="amwXtwVtxda1t8wo7RUpaWrIGz4="></latexit>

symm. & dim.
O(1)

<latexit sha1_base64="BxIB4PitzhAHmfgBBNa/Yd220iE="></latexit>

 coeff.

|hOiexp| ⌧ max |hOia|

<latexit sha1_base64="MTFrrblKnj3pTqDYtRi7iYNEMSk="></latexit>

If it seems we are missing something  

✦   we overlooked a symmetry implying cancellations among the 

✦  there is a fine-tuning of parameters not related to symmetry 

hOia

<latexit sha1_base64="AWxAdLX+4ERMUrC8xdb2+YN56TI="></latexit>

natural

un-natural
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In the normal (lab) practice extreme fine tunings are associated to the 
existence of a large set of options (a landscape) from which we can pick

Ex. quantum criticality in anti-ferromagnet (TlCuCl3)

P
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Pc

<latexit sha1_base64="AO5RNUNGemrDk20DpjAUcvg1fz8="></latexit>

Neel 

paramagnetic 

~' ⌘ (�1)x+y ~S(x, y)

<latexit sha1_base64="CE5+XDoBmnarsuh2IlIsWv7RGq0="></latexit>

V (~') = m2(P )~' · ~' + �(~' · ~')2

<latexit sha1_base64="DvirfikSh93HKZ2S0MAbAWj7DNM="></latexit>

m2(P ) = m2
0

✓
1� P

Pc

◆

Can undo natural expectation from atomic physics by tuning the pressure
 at a critical value in a landscape of possibilities

Sachdev ’09

paramagnetic 
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