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Outline
Part 1: Intro to Effective Field Theory
• What is an EFT? Fermi theory as an example
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Part 2: The Standard Model as an Effective Field Theory

• Impact of SMEFT: new interactions
Part 3: Application - SMEFT in the EW sector

• Dimensional analysis & renormalisability
• Matching exercise: tree-level and one loop → anomalous dimensions
• Using EFT to search for new physics

• The effective theory paradigm at the LHC
• Overview of SMEFT

• Tools for SMEFT - state of the art
• Latest results - Global fit and high energy top quark processes
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Introduction
Nature contains an abundance of physical scales
• From the Hubble all the way to the Planck scale
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In order to make sense of a given physical problem, we 
must first identify the relevant scales
• Do not need to know the composition of planets to calculate orbital motion 
• Or the short distance properties of EW theory for Hydrogen energy levels

In High Energy Physics, we use Quantum Field Theory to 
compute scattering amplitudes
• Collider cross sections, Dark Matter annihilation/detection, decay rates etc… 
• Relevant scales: particle masses, collider energies, momentum transfers,…
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Scale separation
Computations can be challenging
• Especially when involving multiple, disparate scales 
• Not all scales may be relevant at the energy of interest
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QFT problems with this scale separation can be 
reorganised into an effective description

• Heavy physics should not have a big impact on ‘low-energy’ phenomena 
• We can approximate the effects that depend on M 
• Describe by an expansion in (m/M)n, (E/M)n  (power counting)

Take a scattering amplitude at CM energy, E, that depends 
on two mass scales, m and M, with E2 ~m2 ≪ M2

• Controlled by ratios of scales: E1/E2, log(E1/E2)
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Decoupling
Decoupling theorem
• Effects of heavy physics with mass M, ‘decouple’ at low momenta, p 
• Result only in shifts of low energy renormalisation constants + O(p2/M2)
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This is the basis of the viability of Effective Field Theories

• All other fields are ‘integrated out’ and appear indirectly via (E/M)n  

corrections

For QFT this means only including particles that are heavy 
enough to be produced at the energy of interest

• When applied at the right scale, EFTs can predict with arbitrary precision 
• The world can be divided into successive EFT ‘slices’, each describing 

relevant physics at that scale

Lfull (�light,�heavy) �! Lfull (�light) + Le↵. (�light)
<latexit sha1_base64="eppNVYeEKKKQ0pniMywrcIzJhz4="></latexit>

[Appelquist & Carrazzone; PRD 11 (1975) 2856]
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Different EFTs
Two main reasons for using EFT
A. If ‘full theory’ is known: greatly simplify calculations 

B. If ‘full theory’ is unknown: universally parametrise UV 
effects
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Examples in HEP

‘Top Down’

‘Bottom up’

A. Heavy quark effective theory, Soft collinear effective theory, Weak effective 
theory, non-relativistic QCD,… 

B. Fermi theory, Chiral perturbation theory, EW chiral Lagrangian, Standard 
model effective field theory,…

Every EFT has a…
• Power counting expansion: appropriately small ratio of scales 
• Range of validity: scales at which it reliably approximates full theory
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A tower of EFTs
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MNP
<latexit sha1_base64="cJFtslhMeWcppa9ju8cz7GalADU="></latexit>

MEW
<latexit sha1_base64="NtHOLsm1Qy8RXs6j3cHUsIQY3qo="></latexit>

mb,mc
<latexit sha1_base64="kOORkrwR2DcdWRa7KE07B7wK2jU="></latexit>

⇤QCD
<latexit sha1_base64="O3oAkYygOvELyycBb/oYq8HcQMo="></latexit>

mµ

MEW
<latexit sha1_base64="zwAfdISawvWYDORujYiXiYO+8tg="></latexit>

p

MEW
<latexit sha1_base64="Q83fya8GXIvbP9dIDia20OnfPAQ="></latexit>

Fermi Theory Weak effective 
theory

⇤QCD

mb,c
<latexit sha1_base64="2JFp0jce7f3zFz0mrBfJUHstmZc="></latexit>

Heavy quark EFT

p

⇤QCD
<latexit sha1_base64="VqHgoHkMcKiX6LvLDk+R0WCilRE="></latexit>

Chiral perturbation theory

MEW

MNP
<latexit sha1_base64="6QcS0eeEwraqUEA4w5Yd8aQRDy4="></latexit>

Standard model EFT

EW chiral Lagrangian
p

MNP
<latexit sha1_base64="Y5HIAv4q5J+78KfiIzwIpgJruQM="></latexit>

E<latexit sha1_base64="EN8nQ8eyjHlwE8qOFEAekBHudE0="></latexit>UV

IR

LHC

LEP

LHCb 
Belle 
BaBar

Full/UV theory Unknown EFT?
MNP

M 0
NP

<latexit sha1_base64="Kmng5BkUcb7cCfZAOr7x3Ji6adQ="></latexit>
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The most famous EFT
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Fermi theory of weak interactions
• 30 years before the development of EW theory 
• Describe beta decay, muon decay via a 4-fermion contact interaction

LFermi = �GFp
2
[⌫̄µ �

µ(1� �5)µ] [ē �µ(1� �5) ⌫e]
<latexit sha1_base64="cSmQ23FnNQC1jznKdbc1XPoF1dg="></latexit>

[GF ] = �2
<latexit sha1_base64="HZUj+8W6/71IZ8RuCc2UkkTYBXk="></latexit>

GF = 1.167⇥ 10�5 GeV�2
<latexit sha1_base64="F5z4ksBIycq2KWdB6PpgvfxcOHc="></latexit>

We know now that it is mediated by the W boson
• Scale separation: (mµ/mW )2

<latexit sha1_base64="si/11GNzqsECcbRJyqE+Sd63pII="></latexit>

µ�

⌫µ

⌫̄e

e�

GF

<latexit sha1_base64="YfKN0T/jstNv8u2vzJOxlAFrqoE="></latexit>

W�

µ�

⌫µ

⌫̄e

e�

<latexit sha1_base64="Pea9ky6RMG7P50OOW8gVJYbEgUU="></latexit>
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The most famous EFT
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We can match EW theory to the Fermi Lagrangian
• Demand that the two descriptions give the same result at a given scale

MEW =
ig2

8m2
W

✓
m2

Wgµ⌫ � kµk⌫
k2 �m2

W

◆�
ū(p1)�

µ(1� �5)u(q1)
� �

ū(p2)�
⌫(1� �5)v(q3)

�

k2 ⌧ m2
W !� ig2

8m2
W

�
ū(p1)�

µ(1� �5)u(q1)
� �

ū(p2)�µ(1� �5)v(q3)
�

<latexit sha1_base64="qOez17I2CLd1RRSk0e7TuEH4spw="></latexit>

MFermi = � iGFp
2

�
ū(p1)�

µ(1� �5)u(q1)
� �

ū(p2)�µ(1� �5)v(q3)
�

<latexit sha1_base64="W+WQ9Lzb0q2a3n9ZK3CuklM19dc="></latexit>

Tree-level matching: MEW = MFermi �! GF =
g2

4
p
2m2

W

=
1p
2v

<latexit sha1_base64="uofcsc7l8YsBv1Z+bdnHgd4+zCA="></latexit>

Both theories predict the same IR (q2 ≪ mw2) physics but 
differ in the UV (q2 ≳ mw2) where on-shell W can occur

Full theory:

EFT:
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Dimensional analysis

4D QFT functional integral:

• Renormalisable: need a finite number of counter-terms (CT) to absorb 
divergences in loop computations to all orders in perturbation theory
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Z =

Z
D� eiS[�], S =

Z
d4xL[�(x)]

<latexit sha1_base64="YF+9mVXuXVU2Ix7Kpn7nRaiI8JE="></latexit>

Natural units, h=c=1: [Length] = Mass-1

[L] = 4 : [�] = 1, [ ] =
3

2
, [Dµ] = 1, [Aµ] = 1, [g] = 0

<latexit sha1_base64="n0ylhr65vQXXJHa+te+DyC+D2X0="></latexit>

From kinetic terms

Fermi interaction is a higher dimensional operator

Renormalisable interactions have couplings [c] ≥ 0
Lint. = cO, [O]  4

<latexit sha1_base64="WVIw8n6JQjtBQhh9VEY8LC0ZI6w="></latexit>

[O] = 4, [c] = 0
<latexit sha1_base64="DCVkAJrnB+M/7F3aW1svn2oUE/s="></latexit>

[O] < 4, [c] > 0
<latexit sha1_base64="qEWkUWAxMFuAmZNpP4fq1sziRgY="></latexit>

[O] > 4, [c] < 0
<latexit sha1_base64="WyvU5tMNfq+3Yu05zMu8Q4pb6wQ="></latexit>

‘Relevant’ ‘Marginal’ ‘Irrelevant’
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Renormalisability
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Fermi interaction: ѱ4 = dimension-6
GF  ̄  ̄ ! c

⇤2
F

 ̄  ̄ , [c] = 0
<latexit sha1_base64="2aJLzdHy9PrqfDSiI4dkLEfAnfU="></latexit>

ΛF = ‘cutoff’ (nothing to 
do with loop integration)

Inserting an operator once into a 2→2 amplitude:

Le↵. =
X

i

ciOd
i

⇤4�d
<latexit sha1_base64="FhYZt9zsTRNBH2wcBBqFvVYmll0="></latexit>

[A] = 0 ! A ⇠ ci
⇣ p

⇤

⌘d�4

<latexit sha1_base64="KmeRxsDO5aC9gGbEjVmuhg1m2ZM="></latexit>

Expect a power-like dependence on the external momenta
• At most equal to the power of Λ in the denominator 
• Holds beyond tree-level: only physical (IR) scales result from loop integration 
• Easily seen using dimensional regularisation, which discards power-like 

dependence on unphysical scales (unlike, e.g., cut-off regulator)

ci
<latexit sha1_base64="PdIrqP/JizI8ht97oCFqZpKlLy0=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIRQ+gEu3OpnuBO3foZf4S84SYNY64GBwzn3NceLOFPatj+twtLyyupacb20sbm1vVPe3WupMJaENknIQ9nxsKKcCdrUTHPaiSTFgcdp2xtfp377gUrFQnGvk4i6AR4K5jOCtZHuSJ/1yxW7amdAi8TJSQVyNPrlr94gJHFAhSYcK9V17Ei7Eyw1I5xOS71Y0QiTMR7SrqECB1S5k+zUKToyygD5oTRPaJSpvzsmOFAqCTxTGWA9Un+9VPzP68bav3AnTESxpoLMFvkxRzpE6b/RgElKNE8MwUQycysiIywx0SaduS0+TUQQmQkZwaKUJXSZ4uwnj0XSOqk6p9Xaba1Sv8qzKsIBHMIxOHAOdbiBBjSBwBCe4BlerEfr1Xqz3melBSvv2Yc5WB/f68GZ4g==</latexit>

IDR ⇠ f

✓
p2, m2, log

µ2

p2
, log

µ2

m2
,
1

✏
, . . .

◆

<latexit sha1_base64="uT77Pp1JUlhE6scccAJDTsNj8pY="></latexit>

physical
renormalisation
poles

c = ‘Wilson coefficient’
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Non-renormalisability?
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Consequence:
• Higher order corrections involving further d>4 operators lead to higher 

power momentum dependence

ci
<latexit sha1_base64="PdIrqP/JizI8ht97oCFqZpKlLy0=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIRQ+gEu3OpnuBO3foZf4S84SYNY64GBwzn3NceLOFPatj+twtLyyupacb20sbm1vVPe3WupMJaENknIQ9nxsKKcCdrUTHPaiSTFgcdp2xtfp377gUrFQnGvk4i6AR4K5jOCtZHuSJ/1yxW7amdAi8TJSQVyNPrlr94gJHFAhSYcK9V17Ei7Eyw1I5xOS71Y0QiTMR7SrqECB1S5k+zUKToyygD5oTRPaJSpvzsmOFAqCTxTGWA9Un+9VPzP68bav3AnTESxpoLMFvkxRzpE6b/RgElKNE8MwUQycysiIywx0SaduS0+TUQQmQkZwaKUJXSZ4uwnj0XSOqk6p9Xaba1Sv8qzKsIBHMIxOHAOdbiBBjSBwBCe4BlerEfr1Xqz3melBSvv2Yc5WB/f68GZ4g==</latexit>

cj
<latexit sha1_base64="++ryimo3RHMactGu0DxbxQauFio="></latexit>

�! A ⇠
⇣ p

⇤

⌘ni+nj

<latexit sha1_base64="jiUYRVEjS+r6+mcsZHDjOeY2VhY="></latexit>

• Renormalisation requires counter-terms from higher dimensional operator 
(di+dj) to cancel divergent piece

ci
<latexit sha1_base64="PdIrqP/JizI8ht97oCFqZpKlLy0=">AAACB3icbVDLSsNAFL2pr1pfVZduBovgqiRafOyKblxWtA9oQ5lMJ+3QySTMTIRQ+gEu3OpnuBO3foZf4S84SYNY64GBwzn3NceLOFPatj+twtLyyupacb20sbm1vVPe3WupMJaENknIQ9nxsKKcCdrUTHPaiSTFgcdp2xtfp377gUrFQnGvk4i6AR4K5jOCtZHuSJ/1yxW7amdAi8TJSQVyNPrlr94gJHFAhSYcK9V17Ei7Eyw1I5xOS71Y0QiTMR7SrqECB1S5k+zUKToyygD5oTRPaJSpvzsmOFAqCTxTGWA9Un+9VPzP68bav3AnTESxpoLMFvkxRzpE6b/RgElKNE8MwUQycysiIywx0SaduS0+TUQQmQkZwaKUJXSZ4uwnj0XSOqk6p9Xaba1Sv8qzKsIBHMIxOHAOdbiBBjSBwBCe4BlerEfr1Xqz3melBSvv2Yc5WB/f68GZ4g==</latexit>

cj
<latexit sha1_base64="++ryimo3RHMactGu0DxbxQauFio="></latexit>

CTdi+dj
<latexit sha1_base64="4qfTjrhy20RjkNkMnHG3ka5CaoA="></latexit>

+
<latexit sha1_base64="Md18NnOXIg6yLftqmsLIHV2HzKg="></latexit>

finite=<latexit sha1_base64="TcYozWqR6YbMhvutzTTaGRG00Yc="></latexit>

A. EFTs require an infinite number of CTs to cancel poles to all orders: formally 
non-renormalisable 

B. Poles can be cancelled (renormalisable) order-by-order in Λ
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Toy model
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Let’s work with a toy model to see this in action
• Yukawa theory of massless fermions, ѱ, and a heavy scalar, φ

LFull = i ̄/@ +
1

2
(Dµ�)

2 � 1

2
M2�2 � �� ̄ 

Find the EFT that describes the physics below the scale M
Heavy mass scale Yukawa interaction

• Like Fermi theory, integrating out scalar leads to 4-fermion interaction

� LEFT = i ̄/@ +
cS
M2

1

2
( ̄ )( ̄ )

• Let’s perform the matching



16

Tree-level matching
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Diagrammatic method: compare amplitude

• After matching, dimension-6 EFT below M is:

Full EFT

US = ū(p3)u(p1)ū(p4)u(p2)� (3 $ 4)

M = ū(p3)(�i�)u(p1)ū(p4)(�i�)u(p2)


i

(p1 � p3)2 �M2

�
� (3 $ 4)

= US
i�2

M2

⇥
1 +O(q2/M2) + · · ·

⇤ define:

  !   
<latexit sha1_base64="iwTJ0mALUViUYtKtp8S+ZPualrE="></latexit>

cS
M2

1

2
( ̄ )( ̄ )

Full:

EFT: M = US
icS
M2!

<latexit sha1_base64="R3Z5tni0jmqnydB8RzUK4R17avo="></latexit>

LEFT = i ̄/@ +
�2

2M2
( ̄ )( ̄ )

Matching condition
cS = �2

<latexit sha1_base64="Cnh+Cip+B846VvRKfzw3s/1mFdY="></latexit>



17

Improved matching
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Can be improved by including higher dimension operators
• Keep more terms in the propagator expansion

Full EFT

LEFT = i ̄/@ +
�2

2M2
( ̄ )( ̄ ) +

c(8)

M4

�
@µ ̄@

µ 
� �
 ̄ 

�

M = U 0
S
i�2

M2


1 +

(p1 � p3)2

M2
+ · · ·

�
� (3 $ 4)

M = U 0
S
icS
M2

+ U 0
S

✓
�ic(8)

M4

◆
(p1 · p3 + p2 · p4)� (3 $ 4)

Matching condition

c(8) = �2
<latexit sha1_base64="SoJ6uxSDViR1aNxx6ZDoRAIp0hk="></latexit>

• EFTs can be systematically improved by higher dimension operators and 
higher order calculations

Full

EFT
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One-loop matching
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Can also improve via H.O. corrections in low-energy couplings

• Include NLO QED corrections to the matching

LFull = i ̄/@ � � ̄ +
1

2
(Dµ�)

2 � 1

2
M2�2 � �� ̄ 

LEFT = i ̄/@ � � ̄ +
cS

2M2
( ̄ )( ̄ ) +

cT
2M2

( ̄�µ⌫ )( ̄�µ⌫ )

IR regulating mass term

Assume fermions couple to the photon with charge Q

IR divergences between the full theory and EFT must 
match & exactly cancel

• Recall: both descriptions have equivalent IR behaviour, only differ in UV

• Very useful cross-check!
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One-loop matching
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Calculate corrections to same scattering process

�(3 $ 4)

EFTFull

A B

C D

E F

for dim-6, can set external 
momenta set to 0
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One-loop: full theory
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=

Z
d4k

(2⇡)4
ū(p3)(�i�)

i/k

k2 � �2
(ieQ)�µu(p1)

ū(p4)(�i�)
�i/k

k2 � �2
(ieQ)�µu(p2)

i

k2 �M2

�i

k2 � �2

=
i↵Q2

16⇡

�2

M2


log

�2

M2
+ 1

�
[ū(p3)�

µ�⌫u(p1)ū(p4)�µ�⌫u(p2)]

A

Diagrams B, C, D permute gamma matrices: �µ�⌫ ! [�µ, �⌫ ] ⌘ �2i�µ⌫
<latexit sha1_base64="5Zd3v8SeGyGesJpbb/fRpokWb5c="></latexit>

Ma +Mb +Mc +Md =

✓
i
�2

M2

◆✓
�↵Q2

4⇡

◆
UT


log

�2

M2
+ 1

�

UT = ū(p3)�
µ⌫u(p1)ū(p4)�µ⌫u(p2)� (3 $ 4)with:

Lorentz structure does not match cS: new operator @ 1-loop

LEFT = i ̄/@ � � ̄ +
cS

2M2
( ̄ )( ̄ ) +

cT
2M2

( ̄�µ⌫ )( ̄�µ⌫ )

regulated IR divergencerequired M scaling
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One-loop: full theory
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= US

✓
i�2

M2

◆✓
↵Q2

⇡

◆
2

✏
� 2 log

�2

µ2
� 1

�

Mfull = US

✓
i�2

M2

◆✓
↵Q2

⇡

◆
2

✏
� 2 log

�2

µ2
� 1

�

+ UT

✓
i�2

M2

◆✓
�↵Q2

4⇡

◆
log

�2

M2
+ 1

�

+
E F

cS Lorentz structure

Final result in full theory:

UV divergence related 
to QED renormalisation 
of Yukawa, λ

LFull = i ̄/@ � � ̄ +
1

2
(Dµ�)

2 � 1

2
M2�2 � �� ̄ 
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One-loop: EFT
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=

Z
d4k

(2⇡)4
icS
M2

ū(p3)
i/k

k2 � �2
(ieQ)�µu(p1) · ū(p4)

�i/k

k2 � �2
(ieQ)�µu(p2)

�i

k2 � �2

=
i↵Q2

16⇡

cS
M2


�1

✏
+ log

�2

µ2
� 1

2

�
[ū(p3)�

µ�⌫u(p1)ū(p4)�µ�⌫u(p2)]

• Heavy propagator replaced by 1/M2 
• UV pole proportional to cS: renormalisation of EFT coefficients

UV divergence is proportional to cT structure!

Diagrams B, C, D permute gamma matrices: �µ�⌫ ! [�µ, �⌫ ] ⌘ �2i�µ⌫
<latexit sha1_base64="5Zd3v8SeGyGesJpbb/fRpokWb5c="></latexit>

MA +MB +MC +MD =

✓
icS
M2

◆✓
↵Q2

8⇡

◆
UT


2

✏
� 2 log

�2

µ2
+ 1

�

• Need a cT operator counter-term to cancel it 
• This will lead to operator mixing under renormalisation group evolution

regulated IR divergence
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One-loop: EFT
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= US

✓
icS
M2

◆✓
↵Q2

⇡

◆
2

✏
� 2 log

�2

µ2
� 1

�

MEFT = US

✓
icS
M2

◆✓
↵Q2

⇡

◆
2

✏
� 2 log

�2

µ2
� 1

�

+ UT

✓
icS
M2

◆✓
↵Q2

8⇡

◆
2

✏
� 2 log

�2

µ2
+ 1

�

Final result in EFT:

+• Same as  

• UV pole represents QED corrections → renormalisation of cS
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Matching
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MEFT = US
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✏
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✓
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EFT : US
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cS = �2 +O(↵)

cT = O(↵)
At leading order:

Tree-level plus correction
One-loop only

• As promised: IR divergences cancel exactly! 
• Both theories predict same IR behaviour 
• All dependence on low scale variables (masses, momenta) will cancel

Tree TreeLoop Loop

Substitute LO matching result:
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• UV poles do not match → that’s OK 
• Theories are not the same in the UV 
• Use a subtraction scheme (e.g. MS) to perform necessary renormalisation

cS = �2 +O(↵)

cT = O(↵)
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At leading order:
Tree-level plus correction
One-loop only

Tree Loop Tree Loop

Substitute LO matching result:



27

Matching

K. Mimasu - 21/11/2019 Searching for new physics with EFT

cS = �2 +O(↵)

cT = O(↵)
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At leading order:
Tree-level plus correction
One-loop only

Tree Loop Tree Loop

Substitute LO matching result:
• log μ2 (renormalisation) and log M2 (heavy mass) 
• Set μ=M to cancel these terms 
• Physically, we have performed matching at the scale M 
• Obtaining cS(M), cT(M)
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cS = �2 +O(↵)

cT = O(↵)
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At leading order:
Tree-level plus correction
One-loop only

Tree Loop Tree Loop

One-loop matching result:

cS = �2 +O(↵2)

cT = �
3↵Q2

8⇡
�2 +O(↵2)

No one loop correction

Leading order one-loop



28

Matching

K. Mimasu - 21/11/2019 Searching for new physics with EFT

cS = �2 +O(↵)

cT = O(↵)

EFT : US
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At leading order:
Tree-level plus correction
One-loop only

Tree Loop Tree Loop

One-loop matching result:

cS = �2 +O(↵2)

cT = �
3↵Q2

8⇡
�2 +O(↵2)

No one loop correction

Leading order one-loop

Champion of 
one-loop 
matching

Your name
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cS = �2 +O(↵)

cT = O(↵)

EFT : US
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At leading order:
Tree-level plus correction
One-loop only

Tree Loop Tree Loop

One-loop matching result:

cS = �2 +O(↵2)

cT = �
3↵Q2

8⇡
�2 +O(↵2)

No one loop correction

Leading order one-loop

Champion of 
one-loop 
matching

Your name

There are also functional methods to integrate 
out heavy d.o.f .and obtain an effective action 
See e.g. 'Universal one-loop effective action’
[Henning et al.; JHEP 01 (2016) 023] 
[Drozd et al.; JHEP 03 (2016) 80]
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• Contributions to both cS and cT Lorentz structures 
• Combined with wavefunction renormalisations:

Recall UV poles in EFT prediction

EFT : US

✓
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1 +

✓
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✏
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⇡

✓
�3/2 ?
�1/4 ?

◆
Defines 'anomalous 
dimension’ matrix

cS cT

cT

cS

dcS(µ)

d lnµ
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⇡
cT (µ)

Coefficients 
run & mix

d

d lnµ
ci = �ijcj

<latexit sha1_base64="IPNrxfVD3ybIoFeW14c4uggN74U="></latexit>

Solve RGE to find 
c(μ) from c(M)
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Running & mixing
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• Contributions to both cS and cT Lorentz structures 
• Combined with wavefunction renormalisations:

Recall UV poles in EFT prediction
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✏
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⇡
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<latexit sha1_base64="IPNrxfVD3ybIoFeW14c4uggN74U="></latexit>

Solve RGE to find 
c(μ) from c(M)
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Mini summary
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EFT approximate physical systems with scale separation
• Only include relevant low energy degrees of freedom 
• Supplement low energy theory with an operator expansion

Well-defined matching procedure to predict Wilson coefficients
• Systematically improvable through higher order terms in the power counting 

and perturbation theory

Le↵. =
X

i

ciOd
i

⇤4�d
<latexit sha1_base64="FhYZt9zsTRNBH2wcBBqFvVYmll0="></latexit>

Order-by-order renormalisable QFT

Higher dimension operators have power-like contributions 
to amplitudes as a function of external momenta
• Cross-sections that grow with energy below the new physics scale!
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In our toy model, new physics was a heavy scalar, φ
• Now we build a ѱѱ-collider to study ѱѱ-scattering 
• Measure total, differential cross sections → exploit energy-growth 
• Use data to constrain/measure cS, cT → indirectly probe λ,M

Why is this useful if we already know the full theory?
• We can now compute any observable using the EFT, should be easier 
• Less obvious for this very simple model

• The EFT is generic and model-independent, applies to all heavy NP 
• Get limits on cS, cT once and for all and indirectly constrain many models

The most useful is if we don't know the full theory
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EFT serves as an interface between UV 
physics and ‘low energy’ phenomena

• Golden rule: new physics scale sufficiently higher than 
all mass scales in your calculation (m, pext)  

➡ ‘EFT validity’ 
• Second rule: only global analyses 
➡ Include all possible (independent) operators 

consistent with symmetry assumptions

• It is the ultimate bottom up theory for arbitrary, heavy new 
physics 

• *That reproduces your low-energy theory in the IR

Provided it is used ‘properly’
i.e. there are rules:
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UV model

Data (IR)

Predictions

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

• Golden rule: new physics scale sufficiently higher than 
all mass scales in your calculation (m, pext)  

➡ ‘EFT validity’ 
• Second rule: only global analyses 
➡ Include all possible (independent) operators 

consistent with symmetry assumptions

• It is the ultimate bottom up theory for arbitrary, heavy new 
physics 

• *That reproduces your low-energy theory in the IR

Provided it is used ‘properly’
i.e. there are rules:
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Searching for new physics
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MANY UV models

Data (IR)

Even more 
predictions

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

• Golden rule: new physics scale sufficiently higher than 
all mass scales in your calculation (m, pext)  

➡ ‘EFT validity’ 
• Second rule: only global analyses 
➡ Include all possible (independent) operators 

consistent with symmetry assumptions

• It is the ultimate bottom up theory for arbitrary, heavy new 
physics 

• *That reproduces your low-energy theory in the IR

Provided it is used ‘properly’
i.e. there are rules:
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Searching for new physics
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EFT serves as an interface between UV 
physics and ‘low energy’ phenomena

• Golden rule: new physics scale sufficiently higher than 
all mass scales in your calculation (m, pext)  

➡ ‘EFT validity’ 
• Second rule: only global analyses 
➡ Include all possible (independent) operators 

consistent with symmetry assumptions

• It is the ultimate bottom up theory for arbitrary, heavy new 
physics 

• *That reproduces your low-energy theory in the IR

Provided it is used ‘properly’
i.e. there are rules:

MANY UV models

EFT

Matching
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Data (IR)

Predictions

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

• Golden rule: new physics scale sufficiently higher than 
all mass scales in your calculation (m, pext)  

➡ ‘EFT validity’ 
• Second rule: only global analyses 
➡ Include all possible (independent) operators 

consistent with symmetry assumptions

• It is the ultimate bottom up theory for arbitrary, heavy new 
physics 

• *That reproduces your low-energy theory in the IR

Provided it is used ‘properly’
i.e. there are rules:

MANY UV models

EFT

Matching
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From now assume we start with the bottom-up approach
• Try to constrain operators without thinking about their origin (yet)

Λ is a fictitious scale, just to make c dimensionless
• Not to be directly identified with the true mass scale of new physics, M 
• We can only measure c/Λ, inference on M is a matter of interpretation 
• Depends on the specific predictions for c (model dependent)

• Expansion breaks down & all orders are important → resonant production of 
new particles at mass M

What is important is to not probe an EFT at energies above 
the new physics mass scale

⇣ cS
⇤2

,
cT
⇤2

⌘

<latexit sha1_base64="BQew+ZcGmasAW3EP/uh1pAt0rjg="></latexit>

parameter space: unknowns: (cS , cT , ⇤)
<latexit sha1_base64="ElYBq/sNvCg1dhGAHc5zdC0vMQI="></latexit>
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Valid interpretations
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Testing of validity criterion is an a posteriori exercise
Suppose we measure ѱѱ production at our collider
• Use invariant mass distribution to set a limit on cS: cS

⇤2
< 1TeV�2

<latexit sha1_base64="cKRp1AO5nGOhtBkHx++wSrsgNZ4="></latexit>
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Testing of validity criterion is an a posteriori exercise
Suppose we measure ѱѱ production at our collider
• Use invariant mass distribution to set a limit on cS: cS

⇤2
< 1TeV�2

<latexit sha1_base64="cKRp1AO5nGOhtBkHx++wSrsgNZ4="></latexit>

cS
⇤2

=
�2

M2
<latexit sha1_base64="fY2Qiwa8eUxzvZE866XBMh9o31I="></latexit>

(tree-level)• Infer constraints on φ model (λ,M):

�

M

�

M
Exc

l.

cT = 0
<latexit sha1_base64="hov9HVzW77RpbgfiKPrq3coBYdo="></latexit>
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Testing of validity criterion is an a posteriori exercise
Suppose we measure ѱѱ production at our collider
• Use invariant mass distribution to set a limit on cS: cS

⇤2
< 1TeV�2

<latexit sha1_base64="cKRp1AO5nGOhtBkHx++wSrsgNZ4="></latexit>

cS
⇤2

=
�2

M2
<latexit sha1_base64="fY2Qiwa8eUxzvZE866XBMh9o31I="></latexit>

(tree-level)• Infer constraints on φ model (λ,M):

• Beyond some value (≲ 4π) λ is non 
perturbative
➡ Theory not predictive, can’t match

�

M

�

M
Exc

l.

�

M

�

M
Exc

l.

Non-pert.

cT = 0
<latexit sha1_base64="hov9HVzW77RpbgfiKPrq3coBYdo="></latexit>
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Testing of validity criterion is an a posteriori exercise
Suppose we measure ѱѱ production at our collider
• Use invariant mass distribution to set a limit on cS: cS

⇤2
< 1TeV�2
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cS
⇤2

=
�2

M2
<latexit sha1_base64="fY2Qiwa8eUxzvZE866XBMh9o31I="></latexit>

(tree-level)• Infer constraints on φ model (λ,M):

• Beyond some value (≲ 4π) λ is non 
perturbative
➡ Theory not predictive, can’t match

• We measure at some energy/mass bin, E: 
must be less than M

➡ EFT expansion breakdown

�

M

�

M
Exc

l.

�

M

�

M
Exc

l.

Non-pert.

�

M

�

M
Exc

l.

Non-pert.

M
>

E

cT = 0
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Testing of validity criterion is an a posteriori exercise
Suppose we measure ѱѱ production at our collider
• Use invariant mass distribution to set a limit on cS: cS

⇤2
< 1TeV�2
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cS
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=
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M2
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(tree-level)• Infer constraints on φ model (λ,M):

• Beyond some value (≲ 4π) λ is non 
perturbative
➡ Theory not predictive, can’t match

• We measure at some energy/mass bin, E: 
must be less than M

➡ EFT expansion breakdown
• Valid region only known after measurement
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Non-pert.
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M
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M
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Non-pert.

M
>
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M

�

M
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Non-pert.

M
>

E

Valid

➡ Model dependent (tree/loop, weak/strong)

cT = 0
<latexit sha1_base64="hov9HVzW77RpbgfiKPrq3coBYdo="></latexit>
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We must consider all possible operators of a given dimension
• In general, we do not know which operators UV physics could generate 
• As we saw, RG evolution mixes operators together 
• Only symmetries can protect you and forbid certain operators 
• Setting ci=0 is only possible at one scale 

Ignoring operators can lead to over-optimistic bounds
• Operators could cancel each other in observables (cS , cT ) =

✓
�2, �3↵Q2

8⇡
�2

◆

<latexit sha1_base64="ND10ApCTAV+LErWhEahXfEb0T7U="></latexit>

• ‘One-at-a-time’ operator constraints are instructive but not robust 
• A robust statistical analysis will account for simultaneous variations of all 

relevant coefficients  
• This will impact the derived confidence intervals on individual coefficients

Marginalisation/Profiling
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All possible operators…
• The space of operators at a given dimension is technically infinite! 
• Thankfully there are redundancies, only a finite number are independent 
• i.e. independent contributions to on-shell S-matrix elements

Operators can be related by simple identities
• Integration by parts (operators with derivatives) 
• Fierz identities in Dirac, gauge group algebras

Field redefinitions and/or equations of motion
• Equivalence theorem states that S-matrix is unchanged by field redefinitions

[Chisholm; Nucl. Phys. 26 (1961) 469]
• Can be used to eliminate operators in favour of others
• Non-redundant set of operators = basis
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Small change in a field induces variation of action
• c.f. Euler-Lagrange equation

For an effective action:
L = L0 +

1
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L1; �� =
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⇤2
F [�]
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Z
d4x
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◆
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◆
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same quantum numbers as φ

0th order EOM Dimension 8 terms

L = L0 +
1
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Choose a, F[φ] to eliminate an operator ciF [�]G[�] ⇢ L1, G[�] ⇢ EOM0
<latexit sha1_base64="6VLnIAVFEJ1jTyk7IH1+b/93CnQ="></latexit>

• New, equivalent action without Oi and shifted coefficients for Oj's
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a = �ci
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Combine into Likelihood function

L ({ci}|Data)
<latexit sha1_base64="+AK13CxS+J7TS09DZVR22PQhgGM="></latexit>

FeynRules, MG5, Pythia, Delphes…

RGE

Matching
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UV model EFT basis 
ci(Λ)

EFT basis 
ci(Eexp)
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