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with the physical mass parameters
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In (150) we have used the usual ’t Hooft–Feynman gauge-fixingterm

Lfix = −C+C− −
1

2
(CZ)2 − 1

2
(CA)2 − 1

2
CA

GCA
G (152)

with

CA
G = ∂µGAµ, CA = ∂µAµ, CZ = ∂µZµ + MZφ0, C± = ∂µW±µ ± iMWφ± (153)

in terms of the physical fields and parameters, which gives rise to the same propagators as in the SM.3282
In the following, the abbreviationscw andsw are defined via the physical masses

cw =
MW

MZ

, sw =
√

1− c2
w. (154)

The parameters of the SM Lagrangiang, g′, λ, m2, andΓf keep their meaning in the presence of3283
dimension-6 operators.3284
10.4.2 Higgs vertices3285
Here we list the most important Feynman rules for vertices involving exactly one physical Higgs boson.3286
These are given in terms of the above-defined physical fields and parameters. In the coefficients of3287
dimension-6 couplings we replacedv2 by the Fermi constant viav2 = 1/(

√
2GF ).3288

The triple vertices involving one Higgs boson read:

Hgg coupling:
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H = i
2g
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σ
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HAA coupling:

Aµ, p1

Aν , p2

H = i
2g

MW

1√
2GF Λ2

[

αAA(p2µp1ν − p1p2gµν) + α
AeA

εµνρσpρ
1p

σ
2

]

, (156)
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Figure 1: The three families of diagrams contributing to the amplitude for H → γγ; W/φ denotes a W -line or a

φ -line. X± denotes a FP-ghost line
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Figure 2: Example of two-loop diagrams contributing to the amplitude for H→ γγ
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Figure 3: Example of one-loop SM diagrams with O-insertions, contributing to the amplitude for H→ γγ
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Figure 4: Example of one-loop O-diagrams, contributing to the amplitude for H→ γγ



HEFT

HHH

t, bt, bt, b
•••

HHH

W/φ/X±W/φ/X±W/φ/X±
•••

HHH

W/φW/φW/φ

•••
HHH W/φW/φW/φ•••

ց κf , ANFց κf , ANFց κf , ANF ց κW , ANFց κW , ANFց κW , ANF

ANFANFANFրրր

⇈⇈⇈
mix under ren. with O(g g6)O(g g6)O(g g6)

���

O(g3 g6)O(g3 g6)O(g3 g6)

Figure 3: Example of one-loop SM diagrams with O-insertions, contributing to the amplitude for H→ γγ

HHH

WWW

•••

OΦWOΦWOΦW

O(g3 g6)O(g3 g6)O(g3 g6)

Figure 4: Example of one-loop O-diagrams, contributing to the amplitude for H→ γγ

June 27, 2013 – 07 : 24 DRAFT 159

with the physical mass parameters

M2
W =

1

4
g2v2

[

1 + 2
v2

Λ2
αΦW

]

,

M2
Z =

1

4
(g2 + g′2)v2

[

1 +
v2

2Λ2

(

4αZZ + αΦD

)

]

,

M2
H = λv2

[

1 +
v2

2Λ2

(

4αΦ�−
6

λ
αΦ − αΦD

)]

,

mf =
1√
2
U f̂ΓfU

f ,†v

[

1− 1

2

v2

Λ2
αfφ

]

. (151)

In (150) we have used the usual ’t Hooft–Feynman gauge-fixingterm

Lfix = −C+C− −
1

2
(CZ)2 − 1

2
(CA)2 − 1

2
CA

GCA
G (152)

with

CA
G = ∂µGAµ, CA = ∂µAµ, CZ = ∂µZµ + MZφ0, C± = ∂µW±µ ± iMWφ± (153)

in terms of the physical fields and parameters, which gives rise to the same propagators as in the SM.3282
In the following, the abbreviationscw andsw are defined via the physical masses

cw =
MW

MZ

, sw =
√

1− c2
w. (154)

The parameters of the SM Lagrangiang, g′, λ, m2, andΓf keep their meaning in the presence of3283
dimension-6 operators.3284
10.4.2 Higgs vertices3285
Here we list the most important Feynman rules for vertices involving exactly one physical Higgs boson.3286
These are given in terms of the above-defined physical fields and parameters. In the coefficients of3287
dimension-6 couplings we replacedv2 by the Fermi constant viav2 = 1/(

√
2GF ).3288

The triple vertices involving one Higgs boson read:

Hgg coupling:

GA
µ , p1

GB
ν , p2

H = i
2g

MW

1√
2GF Λ2

[

αGG(p2µp1ν − p1p2gµν) + α
G eG

εµνρσpρ
1p

σ
2

]

δAB ,

(155)

HAA coupling:

Aµ, p1

Aν , p2

H = i
2g

MW

1√
2GF Λ2

[

αAA(p2µp1ν − p1p2gµν) + α
AeA

εµνρσpρ
1p

σ
2

]

, (156)

HHH

t, bt, bt, b

HHH

W/φ/X±W/φ/X±W/φ/X±

HHH

W/φW/φW/φ

HHH W/φW/φW/φ

O(g3)O(g3)O(g3)

Figure 1: The three families of diagrams contributing to the amplitude for H → γγ; W/φ denotes a W -line or a

φ -line. X± denotes a FP-ghost line

HHH

t , bt , bt , b

HHH

W , Z , γ , H , φW , Z , γ , H , φW , Z , γ , H , φ

X± , Y
A

, Y
Z
, fX± , Y

A
, Y

Z
, fX± , Y

A
, Y

Z
, f

O(g5)O(g5)O(g5)

Figure 2: Example of two-loop diagrams contributing to the amplitude for H→ γγ



HEFT

MHOU PO EFT

Glimpsing at the headlines of the complete calculation for

* H→ γγH→ γγH→ γγ

SM loops, dressed with admissible operators

New 333333 loop-diagrams + Counter-terms
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PTG - operators versus
LG - operators, cf. Einhorn, Wudka, . . .

- It can be argued that (at LO) the basis operator

should be chosen from among the PTG operators

- take O6
LGO6
LGO6
LG, contract two lines, is ren of some O4O4O4

a SM vertex with O6
PTGO6
PTGO6
PTG required . . . same order

1/Λ1/Λ1/Λ expansion→→→ power-counting 3

LG→→→ low-energy analytic structure 7

MHOU PO EFT

Caveat

Note
that for

Λ≈ 5 TeVΛ≈ 5 TeVΛ≈ 5 TeV

we have

1/(
√

2GFΛ
2)≈ g2/(4π)1/(

√
2GFΛ

2)≈ g2/(4π)1/(
√

2GFΛ
2)≈ g2/(4π)

,

i.e. ó the contributions of d = 6d = 6d = 6 operators are ≅≅≅ loop effects.

ó ó For higher scales, loop contributions tend to be more

important (<<<)

H
S

PTG

# N# N# N defines LO

-PTG: T - generated in at least one extension of SM
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PROPOSITION: There are two ways of formulating HEFT

a) mass-dependent scheme(s) or Wilsonian HEFT

b) mass-independent scheme(s) or Continuum HEFT (CHEFT)

only a) is conceptually consistent with the image of an EFT as a low-energy approximation to a

high-energy theory

however, inclusion of NLO corrections is only meaningful in b) since we cannot regularize with a

cutoff and NLO requires regularization

There is an additional problem, CHEFT requires evolving our theory to lower scales until we

get below the “heavy-mass" scale where we use L = LSM +dLL = LSM +dLL = LSM +dL , dLdLdL encoding matching

corrections at the boundary. Therefore, CHEFT does not integrate out heavy degrees of

freedom but removes them compensating for by an appropriate matching calculation

Not quite the same as it is usually discussed (no theory approa�ing the boundary
from above . . .. . .. . .) cf. low-energy SM, weak effects on g−2g−2g−2 etc.
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Footnotes
Annotations

- dimφ = d/2−1dimφ = d/2−1dimφ = d/2−1
dimOd = Nφ dimφ+NderdimOd = Nφ dimφ+NderdimOd = Nφ dimφ+Nder
For d≥ 3d≥ 3d≥ 3 there is a finite number of relevant + marginal operators
For d≥ 1d≥ 1d≥ 1 there is a finite number of irrelevant operators
Sounds good for finite dependence on high-energy theory

- This assumes that high-energy theory is weakly coupled

- Dimensional arguments work for LO HEFT

- In NLO HEFT scaling may break down, implying
appeal to a particular renormalization scheme

Ren. group should only be applied to EFTs that are nearly massless

Decoupling theorem fails for CHEFT, but, arguably this does not prevent them from
supporting a well de�ned s�eme, but decoupling must be inserted in the form of
mat�ing calculations (whi� we don't have . . . )

- Match Feynman diagrams ∈∈∈ HEFT with corresponding 111(light)PIPIPI diagrams ∈∈∈ high-energy theory
(and discover that Taylor-expanding is not always a good idea)
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Renormalization

g = gren

[

1+
g2

ren

16π2

(

dZg +g6 dZ
(6)
g

)

1

ε

]
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W

[
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2

g2
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dZMW
+g6 dZ
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etc.

Wilson coefficients → Wi

Wi = ∑
j

Z wc

ij W ren
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Z wc

ij = δij +
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dZ wc
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Having said that . . . no space left for annotations
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→
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H
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b
b

H
→

b
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FP-sector: handle with care

Schemes: remember βQEDβQEDβQED in large mememe -limit

3 Don’t forget background

3 Make finite all Green’s functions
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Appendix C. Dimension-Six Basis Operators for the SM22.

X3 (LG) ϕ6 and ϕ4D2 (PTG) ψ2ϕ3 (PTG)

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ2 (ϕ†ϕ)2(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

Q
W̃

εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 (LG) ψ2Xϕ (LG) ψ2ϕ2D (PTG)

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσ
µνer)τ

IϕW I
µν Q

(1)
ϕl (ϕ†i

↔

Dµ ϕ)(l̄pγ
µlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσ
µνer)ϕBµν Q

(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσ
µνTAur)ϕ̃ G

A
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγ
µer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσ
µνur)τ

I ϕ̃W I
µν Q

(1)
ϕq (ϕ†i

↔

Dµ ϕ)(q̄pγ
µqr)

QϕB ϕ†ϕBµνB
µν QuB (q̄pσ

µνur)ϕ̃ Bµν Q
(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

Q
ϕB̃

ϕ†ϕ B̃µνB
µν QdG (q̄pσ

µνTAdr)ϕG
A
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγ
µur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσ
µνdr)τ

IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγ
µdr)

Q
ϕW̃B

ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσ
µνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγ

µdr)

Table C.1: Dimension-six operators other than the four-fermion ones.

22These tables are taken from [5], by permission of the authors.

20

- Effective Lagrangians cannot be blithely used without acknowledging implications of their choice
ex: non gauge-invariant, intended to be used in U-gauge
ex: H →WW∗H →WW∗H →WW∗ is virtual WWW + something else, depending on the operator basis
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Murphy’s law of Higgs Physics

Although skipping foundations is not speci�cally recommended

Foundations without tools Is Worth Nothing

(Tools without foundations have no scienti�c basis)

Construction of HEFT follows Hofstadter's Law: It always takes longer
than you expect, even when you take into account Hofstadter's Law (also
�eck Hanlon's razor)
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