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Outline of this talk
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2 How to find ALL the operators

3 Some very basic phenomenology
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Effective field theory

The Standard Model should be viewed as an Effective Field Theory (EFT).

L =
∑
i

ci

Λdi−4
i

Oi.

Λi is a cutoff: the scale at which new physics appears which can
contribute to Oi.
Oi are all possible operators consistent with Lorentz symmetry and
gauge symmetries.

ci are the Wilson coefficients.

The “Standard Model” consists of operators with d ≤ 4.
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Dimension-5

At d = 5 we have an operator that can contribute to Majorana neutrino
masses:

L5 = cαβ
(L

c
αH
∗)(H†Lβ)

Λ

For eV scale neutrino masses, we get Λ ∼ 1014 GeV.
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Dimension-6 bosonic operators

Complete set of dim-6 operators involving Higgs and gauge bosons:

OH = ∂µ(H†H)∂µ(H†H)

OW = (H†τaDµH)DνW
a
µν

OHW = (DµH
†τaDνH)W a

µν

Oγ = (H†H)BµνBµν

OcHW = (DµH
†τaDνH)W̃ a

µν

Ocγ = (H†H)BµνB̃µν

OT = (H†
←→
D µH)2

OB = (H†
←→
D µH)∂νBµν

OHB = (DµH
†DνH)Bµν

OG = (H†H)GaµνG
a
µν

OcHB = (DµH
†DνH)B̃µν

where H†
←→
D µH = H†(DµH)− (DµH

†)H
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Relations between operators

If you write down all possible operators, not all will be independent.
Operators can be related to one another by:

Integration by parts: O1 = O2 −Dµ(. . . )

Equations of motion: DµD
µH = . . .

Fierz identities: (DµH
†τaDµH)(H†τaH) = . . .
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Why do we care about dimension-8 operators?

σ ∝
(

SM +
c6

Λ2
+
c8

Λ4

)2

Dim-8 / SM interference terms appear at the same order as dim-62

terms.

Dim-8 operators should introduce an error on our bounds on dim-6
Wilson coefficients – but how big?

In strongly coupled theories, dimension-8 terms may be more relevant.
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The Hilbert series

The Hilbert series is a power series of invariants

H =
∑

cnt
n,

where tn indicates invariants involving n objects t, and cn is the number of
independent invariants at that order.
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HS at Dim-8 with 0 derivatives

Basic objects: H, H†, BL, WL, GL.

H = (H†H)4 + (H†H)2(BL)2 + (H†H)2BLWL+

2 (H†H)2 (WL)2 + (H†H)2(GL)2 + (H†H)BL(WL)2+

(H†H)(WL)3 + (H†H)(GL)3.
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L/R notation for gauge fields

SO(3, 1)→ SO(4) ' SU(2)L × SU(2)R

Field strength tensors Fµν decompose as

(1, 0)⊕ (0, 1)

under SU(2)L × SU(2)R.

Simpler to deal with (1, 0) and (0, 1) representations separately: FL,Rµν .

FL,Rµν =
1

2
(Fµν ± iF̃µν)
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Dimension-8 operators with zero derivatives
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Dimension-8 operators with two derivatives
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Field redefinitions

When the Higgs gets a VEV, higher dimensions operators lead to
corrections to kinetic terms. For example

(H†H)BµνB
µν → v2BµνB

µν

LB =

(
1 +

cγv
2

Λ2
+ . . .

)
BµνB

µν

Field redefinition:

Bµ →
(

1− 1

2

cγv
2

Λ2
+ . . .

)
Bµ

At dim-8 we will get corrections O
(
v4

Λ4

)
.
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Probing the EFT

We can probe a subset of these operators via processes such as
pp→ HW :

u

d

W+

H

u

d

W+

H

Also need to consider ‘contact’ operators involving fermions, e.g.

(QLσµQL)(H†τa
←→
D νH)W a

µν
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Cross section dependence

Contribution to cross-section from contact operators grows very rapidly
with COM energy ∼ E6

CM
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Conclusions

In the absence of direct detection of new physics, we must treat the
Standard Model as an EFT.

To this end, we have contributed a complete set of bosonic
dimension-8 operators.

In order to apply to specific process, must consider fermionic contact
operators as well.

Thanks for your attention!
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