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From indirect to direct discoveries

1. Precision measurements of neutral currents:
First indirect evidence for the W-Z bosons

2. UA1-UA2 discovered the W-Z bosons
3. LEP established the SM gauge sector

tree level effect

1. Precision measurements of W-Z (LEP):
First indirect evidence for the top quark and the Higgs

2. Tevatron discovered the top quark 
              LHC discovered a Higgs boson

3. Future Collider would establish the Higgs sector

loop effects

1. Precision measurements at Future Collider:
First indirect evidence for XXX 

2. XXX will discover XXX
3. XXX will establish XXX

loop effect?
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New Physics UV models

How precision measurements could answer some questions ?

Physical Observables

?
Match any theory with our low energy effective model,  

with a universal formalism that is easy to use!
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Fermi Theory
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LFermi � LUV !
local, non renormalizable  int.

experimental precision

non  local, renormalizable interactions.
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LFermi � LUV !
local, non renormalizable  int.

experimental precision

+Renormalizability: guarantees a theory to make predictions on *ALL* scales 
(even arbitrarily short)  
->  Arrogant & pointless  since no experiments for arbitrarily short scale! 
 EFT can be seen as a phenomenological QFT

+ The Higher the dimension of an operator, the smaller its contribution to the low energy obs. 
—> obtaining results to a given accuracy requires a finite number of terms 
+ Infinite tower of operators is truncated and a finite number of parameters is needed for making 
predictions, same situation as in a renormalizable theory (matter of precision) 
—> non-renormalizable theories are as good as renormalizable theories 



+Mandatory step:  ci=f(Heavy physics) i.e « matching » procedure

Higgs boson: portal to heavy New Physics?

OBB = g!2|H |2Bµ⌫B
µ⌫

…

OGG = g2
s |H |2Ga

µ ! G
aµ ! #

(4! )2

Dim-6 Operators: All decoupled new 
physics is a non zero 

Wilson coefficient:
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L dim6
EFT � LUV �

SM-EFTL = LSM +
!

i

ci
Oi

⇤2

+ Experimental bounds on ci : any UV model should satisfy them!

+Why SM-EFT useful? Model independent constraints! do NOT need 
to re-do every analysis for each model…

Fermi Theory of the 21st century

LEP: S,T,U,…  
LHC & future colliders:  Ci



Renormalization scheme of a non-renormalizable theory
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EFT expansion breaks 

down!
Odim-8 ⇠ p2Odim-6 ) add ! 2

Loop with an insertion of dim-8 op. as important as dim-6 op.  
 —> all the higher order terms in the EFT are equally important!?                Predictivity is lost!? 
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Minimal Subtraction 
i.e mass independent 

scheme

A mass independent scheme preserves the original momentum expansion: contributions from 
higher dimension op. are suppressed!
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Decoupling of Heavy Particles
m

! !

Mass-Dependent 
Scheme(O-S momentum 

subtraction)

Mass-Independent Scheme : 
(MSbar Scheme)

M<<m (fermion decouple)

m<<M

fermion contribution does not vanish when m>>    :  
     fermion does not decouple!+ perturbation theory breaks down (large logs)

(subtract the value 
of the graph at  

             )

Solution: integrate out heavy particle!

Contribution of a charged fermion to the     -function in QED:�

p2 = �M2

µ
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Decoupling of Heavy Particles and matching

µ

mHeavy state

Energy scale

EFT with heavy state  
(ex : UV model?)

ex: SM EFT :  
SM + Higher Dimension Operatorseffects of heavy particle in the low energy 

theory are included via HDO,  
suppressed by 1/m

no Heavy state

EFT without heavy state

�i = � light
i + �heavy

i

�i = � light
i

matching
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Matching procedure

OBB = g!2|H |2Bµ⌫B
µ⌫

OGG = g2
s |H |2Ga

µ ! G
aµ !
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I. Usual Feynman Diagram method:

...

…= +

! Ci = fi (m÷q,... )

II. Path Integral method: integrate out heavy fields from the really beginning

eiSeff [�SM](µ) =

Z
D�heavye

iS[! SM ,! heavy ](µ)

LEFT = LSM +
X

i

1

⇤di! 4
ciOi directly computed

many advantages:
+ factorisation independent of the model:

Z
dqf (q)

�
[Oi]

+ loop-integrals have to be computed once and for all! (contrary to method I.)Universal expression



µ BSM heavy statesEnergy scale

UV model

SM EFT 

SM field contant

EFT without heavy state

matching

Program: Matching-Running-Mapping

L eff = LSM +
X

i

1
⇤di�4

ci(⇤)Oi

LUV! ci(! )

RG running

ci (mW ) Precision testsmapping
O(0.1%) ! O(1%)

Electro-Weak
mW

done once for all

done once for all

Covariant  
Derivative  
Expansion

to do for each model
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Effective Action

eiSeff [�SM](µ) =

Z
D�heavye

iS[! SM ,! heavy ](µ)

Eq. of Motion : ! S[" SM, ! ]
! !

= 0 ) ! c(" SM)

Taylor exp. : S[�] = S[�c + ⌘] = S[�c] +
1

2

�2S
��2 (�c)⌘

2 + O(⌘3)

eiS eff [�SM ] = eiS [�c]

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✓
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! ! 2 (! c

◆��1/ 2

!
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i
2

Tr ln
!
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"

tree level 1-loop level
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Tree Level
L UV = L SM +

�
! †F (�SM) + h.c.
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One-loop Effective Action

S1-loop
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Partial Derivative Expansion

=
1

@2 + m2
!

+
1

@2 + m2
!

(igA@µ + ig@µA + g2A2 � U )
1

@2 + m2
!

+ ...

Dµ = ! µ � igA

1

D2 +m2
! + U

=
1

(@2 +m2
! )� igA@µ � ig@µA� g2A2 + U

Gauge invariance « broken » !

S1-loop
e↵ =

i
2

Z
dm2

�

Tr


1

D 2 + m2
�

+ U

�

14



Covariant Derivative Expansion

Se↵ =
i
2
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d4q

(2! )4
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�( ÷G⌫µ" ⌫ + qµ)2 + m2
� + ÷U
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Shift q by the covariant derivative P :

contain dim-6 operators! 
independent of momentum q! 
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integration on q can be done once for all!!!

We want to keep gauge invariance manifest through the computation

M.K. Gaillard, Nucl. Phys. B 268 669 (1986)

O. Cheyette, Nucl. Phys. B 297 183 (1988)

B. Henning, X. Lu, H. Murayama arXiv:1412.1837

expansion in:

q2 �m2
!



One-Loop Effective Action
assuming degenerate mass matrix

B. Henning, X. Lu and H. Murayama arXiv:1412.1837

L 1-loop = !   �! D2 ! m2 ! U
�

!

!
"#

$

dim-6 
Operators
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http://arxiv.org/abs/arXiv:1412.1837


Universal One-Loop Effective Action
for non degenerate mass matrix

!
"#

$

dim-6 
Operators

17

L 1-loop = !   �! D2 ! m2 ! U
�

!
A. Drozd, J. Ellis, JQ and T. You arXiv:1512.03003

S.A.R Ellis, JQ, T. You, Z. Zhang arXiv:1604.02445 +works also with mixing between Heavy-light fields:

see also talk of  J. Santiago
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Universal coefficients

A. Drozd, J. Ellis, JQ and T. You  
arXiv:1512.03003
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Application: matching SM-EFT vs UV model
SUSY firstÉ

L = LSM +
!

i

ci
Oi

⇤2

Let’s match dim6-EFT and the MSSM :

m
stop

?

O� = OBB + OWW �OWB
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matching with the One-Loop Effective Action

LUV = LSM +
!
�†F + h.c.

"
+ �† !�D2 �M2 � U

"
� + O(�3)

! =
✓

÷Q
÷t⇤R

◆R-parity
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Application: matching SM-EFT vs UV model
SUSY firstÉ

L = LSM +
!

i

ci
Oi

⇤2

Let’s match dim6-EFT and the MSSM :

m
stop

O� = OBB + OWW �OWB

B. Henning, X. Lu and H. Murayama 
arXiv:1412.1837 

Wilson coef. for degenerate stops

A. Drozd, J. Ellis, JQ and T. You 
arXiv:1504.02409 

Wilson coef. for non-degenerate stops
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Indirect Constraints on Stops
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A. Drozd, J. Ellis, JQ and T. You arXiv:1504.02409 LHC Run I
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Indirect Constraints on Stops
Future colliders
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+ Future FCC-ee measurements could 
be sensitive to stop masses above a TeV 

A. Drozd, J. Ellis, JQ and T. You arXiv:1504.02409
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Conclusion

All decoupled new physics is a non zero Wilson coefficient!

The Effective SM is a natural framework to implement this  
phenomenology

The One-Loop Universal Action   is a simplified way to 
express collider constraints on realistic BSM theories



Thank You !



Dim-6 Operators
• First classified systematically by Buchmuller and Wyler            

(Nucl. Phys. B 268 (1986) 621) 

• 59 dim-6  CP-even operators in a non-redundant basis, assuming 
Minimal Flavor Violation (Gradkowski et al. arXiv:1008.4884) 

• Most sensitive probes of Higgs physics involve only bosonic 
operators:

Grojean et al. arXiv : 1312.2928
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Modifications of Electro-Weak Precision Tests
B. Henning, X. Lu and H. Murayama arXiv:1412.1837

LEP: S,T,U,…  
LHC & future colliders:  Ci
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matching with Feynman Diagrams
Calculate observable in EFT : 

Calculate observable in MSSM : 

Exact Wilson coef.
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Covariant Derivative Expansion
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Fourier transform  x      q :
We want to keep gauge invariance manifest through the computation
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Gaillard & Cheyette’s trick
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M.K. Gaillard, Nucl. Phys. B 268 669 (1986)
O. Cheyette, Nucl. Phys. B 297 183 (1988)
B. Henning, X. Lu and H. Murayama arXiv:1412.1837

Shift q by the covariant derivative D :

31

http://arxiv.org/abs/arXiv:1412.1837


Covariant Derivative Expansion
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q-integrals factorize 
give usual & simple Feynman Integrals

traces give Higher 
Dimensional Operators

Simple power counting: for dim-6 operators n<7
Gauge invariance permanently manifest

Formulas apply to lots of UV models
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Non degenerate mass matrix

S1-loop
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Non degenerate mass matrix
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Non degenerate mass matrix
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cyclicity of the trace is transparent

re-ordering operators 
i.e. change of indices

change of indices
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work at the matrix-element level



matching with the One-Loop Effective Action
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◆R-parity
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EFT vs Loop Calculation
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+ EFT vs full MSSM calculation agrees well (non trivial check!)

+ Operators > dim-6 become important when EFT cut-off (stop mass) is too low

A. Drozd, J. Ellis, JQ and T. You arXiv:1504.02409 37



Indirect Constraints on Stops
A

. D
rozd, J. E

llis, JQ and T. You arX
iv:1504.02409

The current sensitivity is already comparable to that of direct LHC searches

LHC Run I
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