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@ BNL in stabler vacuum ... & the discovery of a doublet
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Setting the stage for Weak Interactions
•  Discovery of a light Higgs boson leaves still open questions: 

1.  Nature of Electroweak Symmetry Breaking

2.  Higgs boson potential,  all the way like the Standard Model!?

3.  Does it fulfill the US-fermion/Europe-boson rule?

4.  Is the 125 GeV state the only resonance in the system of EW vector bosons?

5.  How do EW vector bosons scatter?   (true heart of weak interactions)

6.  Is there something related to the Little Hierarchy problem (strong or weak)

•  What do we know about W, Z bosons? 
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Setting the stage for Weak Interactions
•  Discovery of a light Higgs boson leaves still open questions: 

1.  Nature of Electroweak Symmetry Breaking

2.  Higgs boson potential,  all the way like the Standard Model!?

3.  Does it fulfill the US-fermion/Europe-boson rule?

4.  Is the 125 GeV state the only resonance in the system of EW vector bosons?

5.  How do EW vector bosons scatter?   (true heart of weak interactions)

6.  Is there something related to the Little Hierarchy problem (strong or weak)

•  What do we know about W, Z bosons? 

real W and Z: 1982

G. Arnison et al., Phys. Lett. B6 (1983), 398
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Effective and More Effective Descriptions
First Effective Field Theory for Single EW Boson

Fermi theory: Leff. =
cF
v2

· d�
µ(1� �5) u ⇥ u�µ(1� �5) d

✦  Contains known degrees of freedom 
✦  Describes the measured interactions
✦  Includes a high new physics scale v
✦  Contains coefficients parameterizing (unknown) new interactions
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L

vs. L3 = c00F
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•                                          mixing
•                   semileptonic decays 
•             oscillations ⌫ � ⌫0
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0
, B0 �B

0

K0, D0, B0

Different physics necessitates usage of different operator bases Talk  ⟶  M. Sekulla
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Effective theory leads to invalidity / unitarity violation at higher energies

�(e�⌫e ! e�⌫e) �! ⇠ s

⇡v2

S-wave unitarity demands:
p
s . 500GeV Talk ⟶  W. Kilian
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Remark about EFTs of the 1970/1980s
✴  SppS: discovery of W, Z (on-shell) 
✴  SLC/LEP:  proof of non-Abelian weak structure, failure to find (very) light Higgs
✴  Measurement of longitudinal Ws:  ee ➝ WW (LEP),  t ➝ Wb  (Tevatron)
✴  Using all known d.o.f., parameterizing all possible interactions

SM fermions   weak bosons   hypercharge boson      longitudinal d.o.f.

Building blocks for EFT:   , Wµ , Bµ , ⌃ = exp


�i

v
w⌧

�
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Minimal Lagrangian describing measurements at SLC / LEP [II] / Tevatron

Lpre-LHC =
X

 

 (i /D) � 1

2g2
tr [Wµ⌫W

µ⌫ ]� 1

2g0 2
tr [Bµ⌫B

µ⌫ ]+
v2

4
tr [(Dµ⌃)(D
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i

2
g⌧ IW I

µ +
i

2
g0Bµ⌧

3

Wµ⌫ =
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2
g⌧ I(@µW

I
⌫ � @⌫W

I
µ + g✏IJKW J

µW
K
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Bµ⌫ =
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Ruled out by LHC data  (Higgs discovery)
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Parameterizing SM deviations
★  Specific models  (SUSY, Compositeness, Little Higgses, 2HDM, Modified Higgses, Xdim, ......)

•  Could give strong signals in VBS (presumably Little Higgses, Compositeness, Xdim .... )
•  Could give faint signals in VBS    (presumably SUSY, 2HDM   [Higgs data!], ....)
•  Up to parametric uncertainties precise predictions from the models  (new independent couplings)
•  Mostly even beyond tree level predictable 
•  Analysis has to be repeated for each and every model, introduces new parameters 



        J.R.Reuter                     EFT for Multibosons                  Multiboson Workshop, BNL, 28.10.2014 

Parameterizing SM deviations
★  Specific models  (SUSY, Compositeness, Little Higgses, 2HDM, Modified Higgses, Xdim, ......)

•  Could give strong signals in VBS (presumably Little Higgses, Compositeness, Xdim .... )
•  Could give faint signals in VBS    (presumably SUSY, 2HDM   [Higgs data!], ....)
•  Up to parametric uncertainties precise predictions from the models  (new independent couplings)
•  Mostly even beyond tree level predictable 
•  Analysis has to be repeated for each and every model, introduces new parameters 

★  Anomalous Couplings

•  Usually first “model-independent” proposal
•  At the moment applied by HXSWG  (but under debate)
•  Only modifications of SM couplings or introduction of new (Lorentz) structures ? 
•  Allows fits of coupling strengths
• Possible deviations difficult to interpret in terms of quantum field theory, unitarity!!  
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★  Form factors 

•  Similar approach to anomalous couplings,  partially resums perturbative series
•  (Almost) completely general and model-independent
•  Needs parameterizations, violates gauge invariance,  unitarity ad-hoc curable (new parameters) 
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•  At the moment applied by HXSWG  (but under debate)
•  Only modifications of SM couplings or introduction of new (Lorentz) structures ? 
•  Allows fits of coupling strengths
• Possible deviations difficult to interpret in terms of quantum field theory, unitarity!!  

★  Form factors 

•  Similar approach to anomalous couplings,  partially resums perturbative series
•  (Almost) completely general and model-independent
•  Needs parameterizations, violates gauge invariance,  unitarity ad-hoc curable (new parameters) 

★  Effective Field Theory 

•  (Almost) model-independent,  consistent calculation of perturbative corrections (power counting !?)
•  Depends on (possibly) many free parameters
•  Requires decoupling of New Physics  
•  Range of applicability strongly depends on couplings and scales (unitarity issue)
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The Rationale of Effective Field Theories
•  SM contains all dim 2- and dim 4-operators “relevant” for low-energy physics:

 (no fermions or QCD here)

•  Add all higher-dimensional operators consisting of SM fields/consistent with SM symmetries

•  v ≪ Λ :  new physics scale;         :  dimensionless Wilson coefficient       

•  Unique (up to flavor) combinations dim 5 operator:  Majorana mass term (violates L)

•  All odd operators involve fermions,  all dim 5 and dim 7 violate B and/or L

•  Validity of EFT assumes  E ≪ Λ 

            

LEW = �1

2
tr [Wµ⌫W

µ⌫ ]� 1

4
Bµ⌫B

µ⌫ + (Dµ�)
†(Dµ�) + µ2�†�� �(�†�)2

L = LSM +
X

i

"
c(5)i

⇤
O(5)

i +
c(6)i

⇤2
O(6)

i +
c(7)i

⇤3
O(7)

i +
c(8)i

⇤4
O(8)

i + · · ·
#

S. Weinberg, 1979

c(d)i



        J.R.Reuter                     EFT for Multibosons                  Multiboson Workshop, BNL, 28.10.2014 

The Rationale of Effective Field Theories
•  SM contains all dim 2- and dim 4-operators “relevant” for low-energy physics:

 (no fermions or QCD here)

•  Add all higher-dimensional operators consisting of SM fields/consistent with SM symmetries

•  v ≪ Λ :  new physics scale;         :  dimensionless Wilson coefficient       

•  Unique (up to flavor) combinations dim 5 operator:  Majorana mass term (violates L)

•  All odd operators involve fermions,  all dim 5 and dim 7 violate B and/or L

•  Validity of EFT assumes  E ≪ Λ 

            

LEW = �1

2
tr [Wµ⌫W

µ⌫ ]� 1

4
Bµ⌫B

µ⌫ + (Dµ�)
†(Dµ�) + µ2�†�� �(�†�)2

L = LSM +
X

i

"
c(5)i

⇤
O(5)

i +
c(6)i

⇤2
O(6)

i +
c(7)i

⇤3
O(7)

i +
c(8)i

⇤4
O(8)

i + · · ·
#

S. Weinberg, 1979

c(d)i

S. Weinberg, 1979



        J.R.Reuter                     EFT for Multibosons                  Multiboson Workshop, BNL, 28.10.2014 

The Rationale of Effective Field Theories
•  SM contains all dim 2- and dim 4-operators “relevant” for low-energy physics:

 (no fermions or QCD here)

•  Add all higher-dimensional operators consisting of SM fields/consistent with SM symmetries

•  v ≪ Λ :  new physics scale;         :  dimensionless Wilson coefficient       

•  Unique (up to flavor) combinations dim 5 operator:  Majorana mass term (violates L)

•  All odd operators involve fermions,  all dim 5 and dim 7 violate B and/or L

•  Validity of EFT assumes  E ≪ Λ 

            

LEW = �1

2
tr [Wµ⌫W

µ⌫ ]� 1

4
Bµ⌫B

µ⌫ + (Dµ�)
†(Dµ�) + µ2�†�� �(�†�)2

L = LSM +
X

i

"
c(5)i

⇤
O(5)

i +
c(6)i

⇤2
O(6)

i +
c(7)i

⇤3
O(7)

i +
c(8)i

⇤4
O(8)

i + · · ·
#

S. Weinberg, 1979

c(d)i

S. Weinberg, 1979

• Unitarity plays important role:  allows to determine coefficients of poles  Li/Pagels, 1971; Lehmann, 1972
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Effective Field Theories: Higher-dimensional operators
✦  Must include all dim 6 operators from SM fields             Buchmüller/Wyler, 1986

✦  Redundancy of operators  ⟹  minimal set of operators (in principle)

1.  Equations of motion: 
2.  Gauge symmetry:
3.  Integration by parts:

DµW
µ⌫ = �†(D⌫�)� (D⌫�)†�+ . . .

[Dµ, D⌫ ]� / Wµ⌫��
�†�

�
2
�
�†�

�
�! @µ

�
�†�

�
@µ

�
�†�

�

✦  Further reduction by use of discrete / horizontal symmetries 

✦  Assuming B and L conservation:     number of operators (without     )

1.  B and L conservation  (excludes 5 operators per generation)
2.  Flavor symmetries   (assumption: Minimal Flavor Violation)
3.  CP symmetry 

⌫R
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•  1 dim-2 operator +  15 dim-4 operators
•  59 dim-6 operators for 1 generation
•  2499 dim-6 operators for 3 generations       Alonso/Jenkins/Manohar/Trott, 2013
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2
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�
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�
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�
@µ

�
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�
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✦  No unique basis exists  (more in a second)   

✦  Well-known in B physics:  different experimental measurements constrain different operators  

                                          interpretation of limits in terms of New Physics ⟹  Theorists   
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Effective Field Theories:  Operator Bases
No unique basis exists

‣  “HISZ” basis:   no fermionic operators          Hagiwara/Ishihara/Szalapski/Zeppenfeld, 1993

‣  “GIMR” basis: first minimal complete basis    Grzadkowski/Iskrzyński/Misiak/Rosiek, 2010

‣  “SILH” basis:  complete basis      Giudice/Grojean/Pomarol/Ratazzi, 2007; Elias-Miró et al, 2013

‣  Dim. 8 operators:                      Eboli et al., 2006; Kilian/JRR/Sekulla, 2014
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Operators and Multi(EW)-boson Physics (I)
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Operators and Multi(EW)-boson Physics (I)
Dimension-6 operators for Multiboson physics (CP-conserving)

OWWW = Tr[Wµ⌫W
⌫⇢Wµ

⇢ ]

OW = (Dµ�)†Wµ⌫(D⌫�)

OB = (Dµ�)†Bµ⌫(D⌫�)

O@� = @µ
⇣
�†�

⌘
@µ

⇣
�†�

⌘

O�W =
⇣
�†�

⌘
Tr[Wµ⌫Wµ⌫ ]

O�B =
⇣
�†�

⌘
Bµ⌫Bµ⌫
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Operators and Multi(EW)-boson Physics (I)
Dimension-6 operators for Multiboson physics (CP-conserving)

OWWW = Tr[Wµ⌫W
⌫⇢Wµ

⇢ ]

OW = (Dµ�)†Wµ⌫(D⌫�)

OB = (Dµ�)†Bµ⌫(D⌫�)

O@� = @µ
⇣
�†�

⌘
@µ

⇣
�†�

⌘

O�W =
⇣
�†�

⌘
Tr[Wµ⌫Wµ⌫ ]

O�B =
⇣
�†�

⌘
Bµ⌫Bµ⌫

Dimension-6 operators for Multiboson physics (CP-violating)

OfWW
= �†fWµ⌫W

µ⌫�

O eBB = �† eBµ⌫B
µ⌫�

OfWWW
= Tr[fWµ⌫W

⌫⇢Wµ
⇢ ]

OfW = (Dµ�)†fW
µ⌫

(D⌫�)
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Operators and Multi(EW)-boson Physics (I)
Dimension-6 operators for Multiboson physics (CP-conserving)

OWWW = Tr[Wµ⌫W
⌫⇢Wµ

⇢ ]

OW = (Dµ�)†Wµ⌫(D⌫�)

OB = (Dµ�)†Bµ⌫(D⌫�)

O@� = @µ
⇣
�†�

⌘
@µ

⇣
�†�

⌘

O�W =
⇣
�†�

⌘
Tr[Wµ⌫Wµ⌫ ]

O�B =
⇣
�†�

⌘
Bµ⌫Bµ⌫

Dimension-6 operators for Multiboson physics (CP-violating)

OfWW
= �†fWµ⌫W

µ⌫�

O eBB = �† eBµ⌫B
µ⌫�

OfWWW
= Tr[fWµ⌫W

⌫⇢Wµ
⇢ ]

OfW = (Dµ�)†fW
µ⌫

(D⌫�)

Affect the following electroweak couplings:

ZWW AWW HWW HZZ HZA HAA WWWW ZZWW ZAWW AAWW
OWWW X X X X X X
OW X X X X X X X X
OB X X X X
O�d X X
O�W X X X X
O�B X X X
OW̃WW X X X X X X
OW̃ X X X X X
OW̃W X X X X
OB̃B X X X
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Operators and Multi(EW)-boson Physics (I)
Dimension-6 operators for Multiboson physics (CP-conserving)
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⇢ ]
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�†�
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Dimension-6 operators for Multiboson physics (CP-violating)

OfWW
= �†fWµ⌫W

µ⌫�

O eBB = �† eBµ⌫B
µ⌫�

OfWWW
= Tr[fWµ⌫W

⌫⇢Wµ
⇢ ]

OfW = (Dµ�)†fW
µ⌫

(D⌫�)

Affect the following electroweak couplings:

ZWW AWW HWW HZZ HZA HAA WWWW ZZWW ZAWW AAWW
OWWW X X X X X X
OW X X X X X X X X
OB X X X X
O�d X X
O�W X X X X
O�B X X X
OW̃WW X X X X X X
OW̃ X X X X X
OW̃W X X X X
OB̃B X X X

connected to Higgs physics 
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Operators and Multi(EW)-boson Physics (II)

OT,0 = Tr
⇥
Wµ⌫W

µ⌫⇤ · Tr
h
W↵�W

↵�
i

OT,1 = Tr
h
W↵⌫W

µ�
i
· Tr ⇥Wµ�W

↵⌫⇤

OT,2 = Tr
h
W↵µW

µ�
i
· Tr ⇥W�⌫W

⌫↵⇤

OT,5 = Tr
⇥
Wµ⌫W

µ⌫⇤ · B↵�B
↵�

OT,6 = Tr
h
W↵⌫W

µ�
i
· Bµ�B

↵⌫

OT,7 = Tr
h
W↵µW

µ�
i
· B�⌫B

⌫↵

OT,8 = Bµ⌫B
µ⌫B↵�B

↵�

OT,9 = B↵µB
µ�B�⌫B

⌫↵

OM,0 = Tr
⇥
Wµ⌫W

µ⌫⇤ ·
h
(D��)† D��

i

OM,1 = Tr
h
Wµ⌫W

⌫�
i
·
h
(D��)† Dµ�

i

OM,2 =
⇥
Bµ⌫B

µ⌫⇤ ·
h
(D��)† D��

i

OM,3 =
h
Bµ⌫B

⌫�
i
·
h
(D��)† Dµ�

i

OM,4 =
h
(Dµ�)† W�⌫D

µ�
i
· B�⌫

OM,5 =
h
(Dµ�)† W�⌫D

⌫�
i
· B�µ

OM,6 =
h
(Dµ�)† W�⌫W

�⌫Dµ�
i

OM,7 =
h
(Dµ�)† W�⌫W

�µD⌫�
i

Dimension-8 operators for Multiboson physics OS,0 =
h
(Dµ�)

† D⌫�
i
⇥

h
(Dµ�)† D⌫�

i

OS,1 =
h
(Dµ�)

† Dµ�
i
⇥

h
(D⌫�)

† D⌫�
i
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Operators and Multi(EW)-boson Physics (II)

WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA
OS,0/1 X X X

OM,0/1/6/7 X X X X X X X
OM,2/3/4/5 X X X X X X
OT,0/1/2 X X X X X X X X X
OT,5/6/7 X X X X X X X X
OT,8/9 X X X X X

OT,0 = Tr
⇥
Wµ⌫W

µ⌫⇤ · Tr
h
W↵�W

↵�
i

OT,1 = Tr
h
W↵⌫W

µ�
i
· Tr ⇥Wµ�W

↵⌫⇤

OT,2 = Tr
h
W↵µW

µ�
i
· Tr ⇥W�⌫W

⌫↵⇤

OT,5 = Tr
⇥
Wµ⌫W

µ⌫⇤ · B↵�B
↵�

OT,6 = Tr
h
W↵⌫W

µ�
i
· Bµ�B

↵⌫

OT,7 = Tr
h
W↵µW

µ�
i
· B�⌫B

⌫↵

OT,8 = Bµ⌫B
µ⌫B↵�B

↵�

OT,9 = B↵µB
µ�B�⌫B

⌫↵

OM,0 = Tr
⇥
Wµ⌫W

µ⌫⇤ ·
h
(D��)† D��

i

OM,1 = Tr
h
Wµ⌫W

⌫�
i
·
h
(D��)† Dµ�

i

OM,2 =
⇥
Bµ⌫B

µ⌫⇤ ·
h
(D��)† D��

i

OM,3 =
h
Bµ⌫B

⌫�
i
·
h
(D��)† Dµ�

i

OM,4 =
h
(Dµ�)† W�⌫D

µ�
i
· B�⌫

OM,5 =
h
(Dµ�)† W�⌫D

⌫�
i
· B�µ

OM,6 =
h
(Dµ�)† W�⌫W

�⌫Dµ�
i

OM,7 =
h
(Dµ�)† W�⌫W

�µD⌫�
i

Dimension-8 operators for Multiboson physics OS,0 =
h
(Dµ�)

† D⌫�
i
⇥

h
(Dµ�)† D⌫�

i

OS,1 =
h
(Dµ�)

† Dµ�
i
⇥

h
(D⌫�)

† D⌫�
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Operators and Multi(EW)-boson Physics (II)

WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA
OS,0/1 X X X

OM,0/1/6/7 X X X X X X X
OM,2/3/4/5 X X X X X X
OT,0/1/2 X X X X X X X X X
OT,5/6/7 X X X X X X X X
OT,8/9 X X X X X

OT,0 = Tr
⇥
Wµ⌫W

µ⌫⇤ · Tr
h
W↵�W

↵�
i

OT,1 = Tr
h
W↵⌫W

µ�
i
· Tr ⇥Wµ�W

↵⌫⇤

OT,2 = Tr
h
W↵µW

µ�
i
· Tr ⇥W�⌫W

⌫↵⇤

OT,5 = Tr
⇥
Wµ⌫W

µ⌫⇤ · B↵�B
↵�

OT,6 = Tr
h
W↵⌫W

µ�
i
· Bµ�B

↵⌫

OT,7 = Tr
h
W↵µW

µ�
i
· B�⌫B

⌫↵

OT,8 = Bµ⌫B
µ⌫B↵�B

↵�

OT,9 = B↵µB
µ�B�⌫B

⌫↵

OM,0 = Tr
⇥
Wµ⌫W

µ⌫⇤ ·
h
(D��)† D��

i

OM,1 = Tr
h
Wµ⌫W

⌫�
i
·
h
(D��)† Dµ�

i

OM,2 =
⇥
Bµ⌫B

µ⌫⇤ ·
h
(D��)† D��

i

OM,3 =
h
Bµ⌫B

⌫�
i
·
h
(D��)† Dµ�

i

OM,4 =
h
(Dµ�)† W�⌫D

µ�
i
· B�⌫

OM,5 =
h
(Dµ�)† W�⌫D

⌫�
i
· B�µ

OM,6 =
h
(Dµ�)† W�⌫W

�⌫Dµ�
i

OM,7 =
h
(Dµ�)† W�⌫W

�µD⌫�
i

Dimension-8 operators for Multiboson physics OS,0 =
h
(Dµ�)

† D⌫�
i
⇥

h
(Dµ�)† D⌫�

i

OS,1 =
h
(Dµ�)

† Dµ�
i
⇥

h
(D⌫�)

† D⌫�
i

•  Dim. 8 generate aQGCs, no aTGCs
•  generate neutral quartic couplings
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General Procedure using EFTs
•   Use all experimental observables ⟹  global fit to all Wilson coefficients

•   Would-be optimal approach

•   Too many independent variables  ⟹  needs staged fitting

•   Need for simplifying assumptions

•   Try to find minimal “physically well motivated” operator basis

•   Experimental bias:  consider only LHC-accessible operators

•   Cross check from low-energy physics (flavor / EDMs / EWPO etc. / Higgs!)

•   Explore full structure of EW Higgs doublet: 
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•   Use all experimental observables ⟹  global fit to all Wilson coefficients

•   Would-be optimal approach

•   Too many independent variables  ⟹  needs staged fitting

•   Need for simplifying assumptions

•   Try to find minimal “physically well motivated” operator basis

•   Experimental bias:  consider only LHC-accessible operators

•   Cross check from low-energy physics (flavor / EDMs / EWPO etc. / Higgs!)

•   Explore full structure of EW Higgs doublet: 

O�f = (�†
$
Dµ�)

�
f�µf

� O�W = (�†�)Wµ⌫W
µ⌫

W W W W

Effects in H ➝ Zff related to 
Z ➝ ff  ⟹ constrained by SLC/LEP 

visible in Higgs 
physics:  H ➝ WW

redefines only SM parameters
⟹ no experimental constraints
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General Procedure using EFTs
•   Use all experimental observables ⟹  global fit to all Wilson coefficients

•   Would-be optimal approach

•   Too many independent variables  ⟹  needs staged fitting

•   Need for simplifying assumptions

•   Try to find minimal “physically well motivated” operator basis

•   Experimental bias:  consider only LHC-accessible operators

•   Cross check from low-energy physics (flavor / EDMs / EWPO etc. / Higgs!)

•   Explore full structure of EW Higgs doublet: 

O�f = (�†
$
Dµ�)

�
f�µf

� O�W = (�†�)Wµ⌫W
µ⌫

W W W W

Effects in H ➝ Zff related to 
Z ➝ ff  ⟹ constrained by SLC/LEP 

visible in Higgs 
physics:  H ➝ WW

redefines only SM parameters
⟹ no experimental constraints

•  Often use vev-subtracted operators:  O(�†�) �! O0(�†�� v2)

•   EFT allows to systemically calculate higher-order corrections  
                                                                                       ➝  Talks by A. Karlberg, K. Ellis, S. Kallweit
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Higgs Effective Field Theory (HEFT)

★  Assumption: MFV,  fermionic dipole operators vanish (except for top)
★  Neglect CP-odd operators (no interference with SM contributions
★  Only operators considered that affect Higgs @ tree level 
★  59 operators reduced to 18 operators: 

Elias-Miró/Espinosa/Massó/Pomarol, 2013;
Pomarol/Riva, 2014; Gupta/Pomarol/Riva, 2014

✴  7 Wilson coefficients constrained by EWPO (0.1%)
✴  3 Wilson coefficients constrained by aTGC   (1%)
✴  8 Wilson coefficients can be independently constrained by Higgs physics
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Higgs Effective Field Theory (HEFT)

★  Assumption: MFV,  fermionic dipole operators vanish (except for top)
★  Neglect CP-odd operators (no interference with SM contributions
★  Only operators considered that affect Higgs @ tree level 
★  59 operators reduced to 18 operators: 

Elias-Miró/Espinosa/Massó/Pomarol, 2013;
Pomarol/Riva, 2014; Gupta/Pomarol/Riva, 2014

✴  7 Wilson coefficients constrained by EWPO (0.1%)
✴  3 Wilson coefficients constrained by aTGC   (1%)
✴  8 Wilson coefficients can be independently constrained by Higgs physics

gs (�

†
�)Gµ⌫G

µ⌫ ) Hgg coupling constrained at h level

g1 (�

†
�)Bµ⌫B

µ⌫ ) H�� coupling constrained at h level

g2 (�

†
�)Wµ⌫W

µ⌫ ) H�Z coupling to be constrained

MW (�

†Dµ
�)(�

†Dµ
�) ) HV V coupling constrained

MH (�

†
�)

3 ) HHH coupling to be constrained

mf (�

†
�)(f�ff�) ) Hff coupling constrained (f = t, b, ⌧)

Bounds are given for ⇤ ⌘ MW !!! (i.e. for gg
M2

W
⇤2 )
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Higgs Effective Field Theory (HEFT)
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★  Only operators considered that affect Higgs @ tree level 
★  59 operators reduced to 18 operators: 

Elias-Miró/Espinosa/Massó/Pomarol, 2013;
Pomarol/Riva, 2014; Gupta/Pomarol/Riva, 2014
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✴  8 Wilson coefficients can be independently constrained by Higgs physics
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†
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µ⌫ ) Hgg coupling constrained at h level

g1 (�

†
�)Bµ⌫B

µ⌫ ) H�� coupling constrained at h level

g2 (�

†
�)Wµ⌫W

µ⌫ ) H�Z coupling to be constrained

MW (�

†Dµ
�)(�

†Dµ
�) ) HV V coupling constrained

MH (�

†
�)

3 ) HHH coupling to be constrained

mf (�

†
�)(f�ff�) ) Hff coupling constrained (f = t, b, ⌧)

Bounds are given for ⇤ ⌘ MW !!! (i.e. for gg
M2

W
⇤2 )

★  Linear RGE running for Wilson coefficients of dim-6 operators: 

ci(µ) =

✓
�ij + �(0)

ij
{↵,↵/s2w,↵s}

4⇡ log

� µ
⇤

�◆
cj(⇤)
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How to get EFTs from New Physics
✦  Consider effects from heavy states by using (known) low-energy d.o.f.s 

H. Georgi, 1993
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How to get EFTs from New Physics
✦  Consider effects from heavy states by using (known) low-energy d.o.f.s 

H. Georgi, 1993

✦   Integrating out heavy d.o.f.s marginalizes over details of short-distance interactions
✦   Toy Example:  two interacting scalar fields  ',�

Path integral
Z[j, J ] =

Z
D[�]D['] exp


i

Z
dx

⇣
1
2 (@')

2� 1
2�(2+M

2
)���'

2
��. . .+J�+j'

⌘�
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How to get EFTs from New Physics
✦  Consider effects from heavy states by using (known) low-energy d.o.f.s 

H. Georgi, 1993

✦   Integrating out heavy d.o.f.s marginalizes over details of short-distance interactions
✦   Toy Example:  two interacting scalar fields  ',�

Path integral
Z[j, J ] =

Z
D[�]D['] exp


i

Z
dx

⇣
1
2 (@')

2� 1
2�(2+M

2
)���'

2
��. . .+J�+j'

⌘�

Completing the square (Gaussian integration)

�0 = �+
�

M2

✓
1 +

@2

M2

◆�1

'2 =)
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How to get EFTs from New Physics
✦  Consider effects from heavy states by using (known) low-energy d.o.f.s 

H. Georgi, 1993

✦   Integrating out heavy d.o.f.s marginalizes over details of short-distance interactions
✦   Toy Example:  two interacting scalar fields  ',�

Path integral
Z[j, J ] =

Z
D[�]D['] exp


i

Z
dx

⇣
1
2 (@')

2� 1
2�(2+M

2
)���'

2
��. . .+J�+j'

⌘�

Completing the square (Gaussian integration)

�0 = �+
�

M2

✓
1 +

@2

M2

◆�1

'2 =)

In the Lagrangian remove the high-scale d.o.f.s:

1

2
(@�)2� 1

2
M2�2��'2� = �1

2
�0(M2 + @2)�0

| {z }
+

�2

2M2
'2

✓
1 +

@2

M2

◆�1

'2

| {z }
Irrelevant normalization

of the path integral
Tower of higher and

higher-dim. operators of 
light fields
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Generation of Higher-dimensional Operators

O(I)
JJ =

1

⇤2
tr
h
J (I) · J (I)

i

O0
�,1 = 1

⇤2

�
(D�)†�

� · ��†(D�)
�� v2

2 |D�|2

O0
�� = 1

⇤2 (�†�� v2/2) (D�)† · (D�)

O0
�,3 =

1

⇤2

1

3
(�†�� v2/2)3

O0
WW = � 1

⇤2

1

2
(�†�� v2/2)tr [Wµ⌫W

µ⌫ ]

OB =
1

⇤2

i

2
(Dµ�)

†(D⌫�)B
µ⌫

O0
BB = � 1

F 2

1

4
(�†�� v2/2)Bµ⌫B

µ⌫

OV q =
1

⇤2
q�( /D�)q

Couplings of new states to the longitudinal / transversal diboson system

J = 0 J = 1 J = 2
I = 0 �0 (Higgs singlet?) !0 (�0/Z 0 ?) f0 (Graviton ?)
I = 1 ⇡±,⇡0

(2HDM ?) ⇢±, ⇢0 (W 0/Z 0 ?) a±, a0

I = 2 �±±,�±,�0 (Higgs triplet ?) — t±±, t±, t0
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4
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Couplings of new states to the longitudinal / transversal diboson system

J = 0 J = 1 J = 2
I = 0 �0 (Higgs singlet?) !0 (�0/Z 0 ?) f0 (Graviton ?)
I = 1 ⇡±,⇡0

(2HDM ?) ⇢±, ⇢0 (W 0/Z 0 ?) a±, a0

I = 2 �±±,�±,�0 (Higgs triplet ?) — t±±, t±, t0

Different power counting for weakly  and strongly interacting theories
ci
⇤

⇠ g

4⇡⇤
vs.

ci
⇤

⇠ g

⇤
➝ Talks by P. Meade, W. Kilian
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Conclusions / Summary

✦  Effective Field Theory provides a (!) [not the] consistent framework for SM deviations

✦  Provides powerful tool for fixed energy range  [e.g. LHC Higgs production @ threshold]

✦  Very well-defined (and limited) range of applicability  

✦  Accounts for access to New Physics in the VBS and Di-/Triboson channels

✦  Big Overlap with Higgs Effective Field Theories (HEFT)  ⟹  Cross-Fertilization

✦  Tasks:   operator bases, subsets for initial fits, unitarization, combination with Higgs/EWPO data
✦  Provide the appropriate tools
✦  Always compare to specific models   
✦  Make use of simplified models
✦  Make sure that actual limits are meaningful and comparable 
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✦  Tasks:   operator bases, subsets for initial fits, unitarization, combination with Higgs/EWPO data
✦  Provide the appropriate tools
✦  Always compare to specific models   
✦  Make use of simplified models
✦  Make sure that actual limits are meaningful and comparable 
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whatever approach ....
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whatever approach .... always get the correct ellipses


