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Is that the Higgs of the Standard Model?

[1207.7235]

⇒ Answers beyond Yes/No are best addressed using a
(model-independent) bottom-up Effective Field Theory.
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The interest in EFT techniques increased a lot, recently∗.
SMEFT: (weakly-coupled) new physics beyond the (complete) SM

operator bases at dim 6, 7, . . .

operator counting

1-loop renormalization

matching to models

tools: SMEFTsim, DsixTools, Rosetta

Grzadkowski et al.; Lehman; Liao/Ma;. . .

Henning/Lu/Melia/Murayama

Alonso/Jenkins/Manohar/Trott

Henning et al.; Fuentes-Martin et al.

Brivio et al.; Celis et al.;

Falkowski et al.

ewχL : (strongly-coupled) new physics in the Higgs sector

operator basis

relation between SMEFT and ewχL
geometric picture

renormalization of scalar sector

Buchalla et al.; Alonso et al.

Brivio et al.; Buchalla et al.

Alonso/Jenkins/Manohar

Gavela et al.; Guo et al.

∗ not meant to be a complete list
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Why is the complete 1-loop renormalization useful?

to determine the divergence structure of the ewχL
⇒ confirm power counting

⇒ confirm operator basis

⇒ get running of LO couplings

“To learn something about Field Theory” Mike Trott, ca. 2013/14

⇒ have to tackle ∞ Feynman diagrams
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Abstract

Employing background-field method and super-heat-kernel expansion, we compute the complete one-
loop renormalization of the electroweak chiral Lagrangian with a light Higgs boson. Earlier results from 
purely scalar fluctuations are confirmed as a special case. We also recover the one-loop renormalization of 
the conventional Standard Model in the appropriate limit.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Effective field theories (EFTs) for the electroweak interactions are nowadays part of the 
canonical set of techniques used at the LHC [1] in the search for new physics. Electroweak 
EFTs have unique features that make them especially suited as discovery tools at high-energy 
colliders: they factor out in a very efficient way the known infrared physics (particle content and 
symmetries at the electroweak scale) from unknown ultraviolet physics. The former determine 

* Corresponding author.
E-mail address: gerhard.buchalla@lmu.de (G. Buchalla).

https://doi.org/10.1016/j.nuclphysb.2018.01.009
0550-3213/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1

2 3

4

Claudius Krause (Fermilab) 1-loop renormalization of the ewχL April 16, 2018 5 / 22



Complete One-Loop Renormalization of the
Electroweak Chiral Lagrangian

Available online at www.sciencedirect.com

ScienceDirect

Nuclear Physics B 928 (2018) 93–106

www.elsevier.com/locate/nuclphysb

Complete one-loop renormalization of the 

Higgs-electroweak chiral Lagrangian

G. Buchalla a,∗, O. Catà a,b, A. Celis a, M. Knecht c, C. Krause d

a Ludwig-Maximilians-Universität München, Fakultät für Physik, Arnold Sommerfeld Center for Theoretical Physics, 
D-80333 München, Germany

b Theoretische Physik 1, Universität Siegen, Walter-Flex-Straße 3, D-57068 Siegen, Germany
c Centre de Physique Théorique (CPT), UMR 7332 CNRS/Aix-Marseille Univ./Univ. du Sud Toulon-Var, 

Marseille, France
d IFIC, Universitat de València – CSIC, Apt. Correus 22085, E-46071 València, Spain

Received 15 November 2017; received in revised form 22 December 2017; accepted 14 January 2018
Available online 18 January 2018

Editor: Hong-Jian He

Abstract

Employing background-field method and super-heat-kernel expansion, we compute the complete one-
loop renormalization of the electroweak chiral Lagrangian with a light Higgs boson. Earlier results from 
purely scalar fluctuations are confirmed as a special case. We also recover the one-loop renormalization of 
the conventional Standard Model in the appropriate limit.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Effective field theories (EFTs) for the electroweak interactions are nowadays part of the 
canonical set of techniques used at the LHC [1] in the search for new physics. Electroweak 
EFTs have unique features that make them especially suited as discovery tools at high-energy 
colliders: they factor out in a very efficient way the known infrared physics (particle content and 
symmetries at the electroweak scale) from unknown ultraviolet physics. The former determine 

* Corresponding author.
E-mail address: gerhard.buchalla@lmu.de (G. Buchalla).

https://doi.org/10.1016/j.nuclphysb.2018.01.009
0550-3213/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1

2 3

4

Claudius Krause (Fermilab) 1-loop renormalization of the ewχL April 16, 2018 5 / 22



I: ...of the electroweak chiral Lagrangian with a light Higgs.

Ingredients:

Particles: all SM particles, but we do not assume a relation between the
GB and the Higgs

Symmetries: SU(3)C × SU(2)L × U(1)Y → SU(3)C × U(1)em, B, L
at LO: flavor and custodial symmetry

Power counting: in terms of chiral dimensions

2L + 2 = [couplings]χ + [derivatives]χ + [fields]χ

[bosons]χ = 0,
[fermion bilinears]χ = [derivatives]χ = [weak couplings]χ = 1

Buchalla/Catà/CK

[1312.5624]
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I: ...of the electroweak chiral Lagrangian with a light Higgs.

LLO = v2

4 〈(DµU)(DµU†)〉 (1 + FU(h)) + 1
2 (∂µh)(∂µh)− V (h)

+ iΨ̄f /DΨf − (v Ψ̄fU Yf (h)Ψf + h.c.)

− 1
2 〈GµνG

µν〉 − 1
2 〈WµνW

µν〉 − 1
4BµνB

µν

Feruglio[hep-ph/9301281], Bagger et al.[hep-ph/9306256], Chivukula et al.[hep-ph/9312317],
Wang/Wang[hep-ph/0605104], Grinstein/Trott[0704.1505], Contino[1005.4269], Alonso et al.[1212.3305],

Buchalla/Catà/CK [1307.5017], Buchalla/Catà/Celis/CK [1603.03062], . . .

Properties:
It has generalized Higgs-couplings compared to the SM.

⇒ related to the κ-formalism at LO.

There is a hierarchy to the operators that modify the EWPD.

It captures the low-energy effects of strongly-coupled new physics.

It is non-renormalizable at LO.
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v2

4 〈(DµU)(DµU†)〉 = g2v2

4 W+
µ W µ− + (g2+g ′2)v2

8 ZµZ
µ
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II: Employing Background-Field Method and ...

starting from the generating functional:

Z [j , ρ, ρ̄] = e iW [j,ρ,ρ̄] =

∫
[dφdψdψ̄] e i(S[φ,ψ,ψ̄]+jφ+ψ̄ρ+ρ̄ψ),

φ = φ̂+ φqu, ψ = ψ̂ + ψqu,

(
δS

δφ
+ j

)
φ=φ̂

= 0,

(
δS

δψ̄
+ ρ

)
ψ̄= ˆ̄ψ

= 0,

(
δS

δψ
− ρ̄
)
ψ=ψ̂

= 0

⇒ e iWL=1 =

∫
[dφqudψqudψ̄qu] e iS

(2)[φ̂,ψ̂, ˆ̄ψ;φqu,ψqu,ψ̄qu ]

Abbott ’81
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II: Employing Background-Field Method and ...

The ewχL is invariant under the transformations T ,TY

Ŵµ → T

(
Ŵµ −

i

g
∂µ

)
T †, B̂µ → B̂µ − ∂µαTY

, Û → TÛT †Y ,

ψ̂L → TTY ψ̂L, ψ̂R → TY ψ̂R ,

with the quantum fields transforming as

Wµ → TWµT
†, U → TYUT

†
Y ,

ψL → TTYψL, ψR → TYψR

⇒ Background gauge invariance for T ∈ SU(2)L & TY ∈ U(1)Y !
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II: Employing Background-Field Method and ...

Quantum gauge fixing:

Lgauge-fix = − 1

2ξ

(
∂µB

µ +
ξ

2
g ′vϕ3

)2

− 1

ξ
Tr

{(
D̂µ

WWµ −
ξ

2
gvÛϕÛ†

)2
}

The terms proportional to ϕ will make the next steps easier.

Later, we will set ξ = 1.

Using the background covariant derivative

D̂W
µ X = ∂µX + ig [Ŵµ,X ]

maintains background gauge invariance.

Dittmaier/Grosse-Knetter hep-ph/9505266
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II: Employing Background-Field Method and ...

Further simplification: Stueckelberg transformation

Ŵµ → ÛŴµÛ
† − i

g
Û∂µÛ

†, Wµ → ÛWµÛ
†

ψ̂L → Ûψ̂L, ψL → ÛψL

is equivalent to Û → 1, but is invertible.
(looks like “Background Unitary Gauge”)

simplifies ϕ-term in Lghost Dittmaier/Grosse-Knetter hep-ph/9505266

Summary Background Field Method: Φ ≡ Φ̂ + Φqu

easier to handle U(ϕ) and F (h)

gauge choice of background and fluctuating gauge field independent:

→ manifest background gauge invariance

→ convenient quantum gauge fixing
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III: ... and Super-Heat-Kernel Expansion, we compute ...

evaluating the one-loop functional

e iWL=1 =

∫
[dφdψdψ̄] e iS

(2)[φ̂,ψ̂, ˆ̄ψ;φ,ψ,ψ̄]

S (2) =
1

2
φAφ+ ψ̄Bψ + φΓ̄ψ + ψ̄Γφ

WL=1 =
i

2
Tr lnA− i Tr lnB − i

2

∞∑
n=0

1

n
Tr
(
A−1Γ̄B−1Γ− A−1ΓTB−1,T Γ̄T

)n

Neufeld/Gasser/Ecker hep-ph/9806436
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III: ... and Super-Heat-Kernel Expansion, we compute ...

Introducing supermatrix algebra:

M =

(
A B
C D

) SdetM = det (A− BD−1C ) detD−1

StrM = TrA− TrD

SdetM = eStr ln M

Neufeld/Gasser/Ecker hep-ph/9806436

The one-loop functional becomes:

WL=1 =
i

2
Str lnK , K =

 A Γ̄ −ΓT

−Γ̄T 0 −BT

Γ B 0


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III: ... and Super-Heat-Kernel Expansion, we compute ...

Applying the Heat-Kernel Expansion:

WL=1 =
i

2
Str lnK

= − i

2

∫ ∞
0

dτ

τ

∫
ddx str 〈x |e−τK |x〉

with the expansion in Seeley-DeWitt coefficients

〈x |e−τK |x〉 =
i

(4π)d/2

e−τm
2

τd/2

∞∑
n=0

an(x)τn

Donoghue/Golowich/Holstein ’92

Neufeld/Gasser/Ecker hep-ph/9806436

The an can be computed, knowing the form of K .

The UV-divergencies of WL=1 are the poles in 1
τ .

⇒ only a2 contributes!
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III: ... and Super-Heat-Kernel Expansion, we compute ...

with
K = (∂µ + Λµ) (∂µ + Λµ) + Σ

we get

WL=1,div =
1

32π2ε

∫
d4x str

[
1

12
ΛµνΛµν +

1

2
ΣΣ

]
.

Λµν = ∂µΛν − ∂νΛµ + [Λµ,Λν ]

Specifying the Dirac structure of S (2), we can further evaluate the
Dirac-traces.

The resulting Master-Formula is purely algebraic
(Matrix multiplication and traces)

Donoghue/Golowich/Holstein ’92; Neufeld/Gasser/Ecker hep-ph/9806436

’tHooft ’73

Summary Super-Heat-Kernel:

Supermatrix algebra allows us to treat bosons and fermions together.

Finding the one-loop divergencies of S (2) becomes an algebraic
problem.
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Abstract

Employing background-field method and super-heat-kernel expansion, we compute the complete one-
loop renormalization of the electroweak chiral Lagrangian with a light Higgs boson. Earlier results from 
purely scalar fluctuations are confirmed as a special case. We also recover the one-loop renormalization of 
the conventional Standard Model in the appropriate limit.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Effective field theories (EFTs) for the electroweak interactions are nowadays part of the 
canonical set of techniques used at the LHC [1] in the search for new physics. Electroweak 
EFTs have unique features that make them especially suited as discovery tools at high-energy 
colliders: they factor out in a very efficient way the known infrared physics (particle content and 
symmetries at the electroweak scale) from unknown ultraviolet physics. The former determine 

* Corresponding author.
E-mail address: gerhard.buchalla@lmu.de (G. Buchalla).

https://doi.org/10.1016/j.nuclphysb.2018.01.009
0550-3213/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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IV: ... the Complete One-Loop Renormalization of the ...

Cross-checks:
We reproduce previous results of the Scalar sector.
Guo/Ruiz-Femena/Sanz-Cillero, Phys. Rev. D 92 (2015) 074005, arXiv:1506.04204

We reproduce the SM-β-functions in the SM-limit.

We performed 5 independent computations
with 2 different choices of Lgauge-fix.

The result:

confirms the predictions by power counting.
Buchalla/Catà/CK, Phys. Lett. B 731 (2014) 80, arXiv:1312.5624

is consistent with the operator basis.
Buchalla/Catà/CK, Nucl. Phys. B 880 (2014) 552, arXiv:1307.5017
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IV: ... the Complete One-Loop Renormalization of the ...

g2UD2h

Oβ = (g ′v)2〈UT3DµU
†〉2F ,

1/1 operator, ∼ (FU − F ′2
U /4)

UD4h

OD1 = 〈DµUDµU†〉2 F ,
5/15 operators generated

gUXD2h

OXU7 = g ′〈T3DµU
†DνU〉Bµν F̄ ,

0/8 operators generated

g2UX 2h

OXh1 = g ′2BµνB
µν F̄ ,

0/10 operators, (3 op. F(h) = const. ⇒ LLO )
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IV: ... the Complete One-Loop Renormalization of the ...

y2UDΨ2h

OΨV 1 = iy2(q̄Lγ
µqL)〈UT3DµU

†〉 F ,
13/13 operators generated

yUD2Ψ2h

OΨS1/2 = y q̄LUP±qR〈DµUDµU†〉 F ,
12/30 operators generated (+h.c.)

ygUΨ2Xh

OΨX1/2 = yg ′q̄LσµνUP±qRB
µν F ,

0/11 operators generated (+h.c.)

y2Ψ4Uh

OLL1 = y2(q̄Lγ
µqL)(q̄LγµqL)F ,

22/60 operators (+h.c.), from Y · Y or Y a · Y a
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Summary

I introduced the electroweak chiral Lagrangian, an effective field theory with
generalized Higgs couplings.

The Background Field Method separates (classical) background fields from
(quantum) fluctuating fields. It ensures that the computation is (background)
gauge invariant at all steps.

The Super-Heat-Kernel Expansion gives a universal Master-Formula: Extract-
ing the UV-divergencies is now reduced to matrix multiplication and tracing.

The result is consistent with the operator basis and confirms the power count-
ing. It reproduces the Scalar divergencies and the SM-β-functions in the ap-
propriate limits.
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