
3. Electroweak Effective Theory

• Higgs Mechanism

• Custodial Symmetry

• Equivalence Theorem

• EW Effective Theory

• Linear Realization

EFT A. Pich – 2015 1



A New Higgs-Like Boson
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Great success of the Standard Model 

  Kibble  Guralnik  Hagen  Englert  Brout       Higgs       1964 
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Beautiful Discovery
Boson, J 6= 1

Fermions = Matter ; Bosons = Forces

• Fundamental Boson: New interaction which is not gauge

• Composite Boson: New underlying dynamics
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Beautiful Discovery
Boson, J 6= 1

Fermions = Matter ; Bosons = Forces

• Fundamental Boson: New interaction which is not gauge

• Composite Boson: New underlying dynamics

If New Physics exists at ΛNP
δM

2
H ∼

g2

(4π)2
Λ
2
NP log

(
Λ2NP

M2
H

)

Which symmetry keeps MH away from ΛNP?

• Fermions: Chiral Symmetry

• Gauge Bosons: Gauge Symmetry

• Scalar Bosons: Supersymmetry, Scale/Conformal Symmetry . . . ?
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Symmetries & Mass Scales

Fermions: ψL,R −→ eiαL,R ψL,R Chiral symmetry

Lψ = ψ̄ (i/∂ −mψ)ψ = ψ̄Li/∂ψL + ψ̄R i/∂ψR −mψ

(

ψ̄LψR + ψ̄RψL

)

Symmetry recovered at mψ = 0 δmψ ∝ mψ
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Symmetries & Mass Scales

Fermions: ψL,R −→ eiαL,R ψL,R Chiral symmetry

Lψ = ψ̄ (i/∂ −mψ)ψ = ψ̄Li/∂ψL + ψ̄R i/∂ψR −mψ

(

ψ̄LψR + ψ̄RψL

)

Symmetry recovered at mψ = 0 δmψ ∝ mψ

Vectors: Aµ −→ Aµ + ∂µθ Gauge symmetry

LA = − 1
4
FµνF

µν + 1
2
m2

A AµA
µ

Symmetry recovered at mA = 0 δm2
A ∝ m2

A
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Symmetries & Mass Scales

Fermions: ψL,R −→ eiαL,R ψL,R Chiral symmetry
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Vectors: Aµ −→ Aµ + ∂µθ Gauge symmetry

LA = − 1
4
FµνF

µν + 1
2
m2

A AµA
µ

Symmetry recovered at mA = 0 δm2
A ∝ m2

A

Scalars: Lφ = 1
2
∂µφ ∂

µφ− 1
2
m2
φ φ

2 Any symmetry?

No additional symmetry at mφ = 0 δm2
φ ∝ M2 (M = any scale)
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Symmetries & Mass Scales

Scalars: Lφ = 1
2
∂µφ ∂

µφ− 1
2
m2
φ φ

2 Any symmetry?

No additional symmetry at mφ = 0 δm2
φ ∝ M2 (M = any scale)

• Shift symmetry: φ −→ φ+ c

Pseudo-Goldstone Boson
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Symmetries & Mass Scales

Scalars: Lφ = 1
2
∂µφ ∂

µφ− 1
2
m2
φ φ

2 Any symmetry?

No additional symmetry at mφ = 0 δm2
φ ∝ M2 (M = any scale)

• Shift symmetry: φ −→ φ+ c

Pseudo-Goldstone Boson

• Scale symmetry: x −→ x/λ , φ(x) −→ λ φ(x/λ)

M = 0 , ∀M

Conformal Invariance. Dilaton
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It is a Higgs Boson

λf = (mf /M)1+ǫ , (gV /2v)
1/2 = (MV /M)1+ǫ Ellis-You, 1303.3879
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Possible Scenarios

of EWSB

1 SM Higgs: Favoured by EW precision tests

2 Alternative perturbative EWSB:

Scalar Doublets and singlets ρtree =
M2WM2Z 
2W =

∑i v2i [Ti (Ti + 1) − Y 2i ]
2
∑i v2i Y 2i

3 Dynamical (non-perturbative) EWSB:

Pseudo-Goldstone Higgs

Scalar Resonance
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Model e, µ, τ, γ Jets Emiss
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

q̃q̃γ, q̃→qχ̃
0
1 (compressed) 1 γ 0-1 jet Yes 20.3 m(q̃)-m(χ̃

0
1 ) = m(c) 1411.1559250 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20 m(χ̃
0
1)<300 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1501.035551.2 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20 m(χ̃
0
1)=0 GeV 1501.035551.32 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV 1407.06001.34 TeVg̃

g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.3 m(χ̃

±
1 )=2 m(χ̃

0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, 1407.0583110-167 GeVt̃1 230-460 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853, 1412.474290-191 GeVt̃1 215-530 GeVt̃1

t̃1 t̃1, t̃1→tχ̃
0
1

0-1 e, µ 1-2 b Yes 20 m(χ̃
0
1)=1 GeV 1407.0583,1406.1122210-640 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350100-350 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1
, χ̃

0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1
, χ̃

0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1501.07110250 GeVχ̃±

1
, χ̃

0

2

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

Stable g̃ R-hadron trk - - 19.1 1411.67951.27 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 2<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542435 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′
311

=0.10, λ132=0.05 1212.12721.61 TeVν̃τ

LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′
311

=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121,0 1405.5086750 GeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133,0 1405.5086450 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325490 GeVc̃

Mass scale [TeV]10−1 1
√

s = 7 TeV

full data

√
s = 8 TeV

partial data

√
s = 8 TeV

full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: Feb 2015

ATLAS Preliminary
√

s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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CMS Exotica Physics Group Summary – Moriond, 2015


stopped gluino (cloud)

stopped stop (cloud)

HSCP gluino (cloud)

HSCP stop (cloud)
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q=3e HSCP
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CMS Preliminary
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l+MET, ξ=+1, SI/SD DM=100 GeV, Λ

l+MET, ξ=-1, SI/SD DM=100 GeV, Λ

l+MET, ξ=0, SI/SD DM=100 GeV, Λ
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Dark Matter

LQ1(ej) x2
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μ* (M=Λ)

q* (qg)

q* (qγ)

b*

0 1 2 3 40 1

Excited 

Fermions
dijets, Λ+ LL/RR

dijets, Λ- LL/RR

dimuons, Λ+ LLIM

dimuons, Λ- LLIM

dielectrons, Λ+ LLIM

dielectrons, Λ- LLIM

single e,  Λ HnCM

single μ, Λ HnCM

inclusive jets, Λ+

inclusive jets, Λ-

0 1 2 3 4 5 6 7 8 9 1011121314151617181920210 1 2 3 4 5 6 7 8 9 101

ADD (γ+MET), nED=4, MD

ADD (j+MET), nED=4, MD
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QBH, nED=4, MD=4 TeV

NR BH, nED=4, MD=4 TeV

QBH (jj), nED=4, MD=4 TeV

Jet Extinction Scale

String Scale (jj)

0 1 2 3 4 5 6 7 8 90 1 2 3 4 5

Large Extra 

Dimensions

Compositeness

TeV

TeV

TeV

TeV

TeV

TeV

TeV

TeV

TeV
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Energy Scale Fields Effective Theory

ΛNP ∼ TeV

Sn,Pn,Vn,An, Fn

H ,W ,Z , γ, g

τ, µ, e, νi
t, b, c, s, d , u

Underlying Dynamics

Energy Gap

?

MW

H ,W ,Z , γ, g

τ, µ, e, νi
t, b, c, s, d , u

Standard Model
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Effective Field Theory

Leff = L(4) +
∑

D>4

∑

i

c
(D)
i

ΛD−4
O(D)

i

• Most general Lagrangian with the SM gauge symmetries

• Light (m ≪ ΛNP) fields only

• The SM Lagrangian corresponds to D = 4

• c
(D)
i contain information on the underlying dynamics:

L
NP

=̇ g
X
(q̄Lγ

µqL)Xµ
g 2

X

M2
X

(q̄Lγ
µqL) (q̄LγµqL)

• Options for H(126):

– SU(2)L doublet (SM)
– Scalar singlet
– Additional light scalars
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Higgs Mechanism:

Gauge invariance

Massless W±, Z (spin 1)

3× 2 polarizations = 6
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Higgs Mechanism: 3 additional degrees of freedom ϕi (x)
Gauge invariance

Massless W±, Z (spin 1)

3× 2 polarizations = 6

+

3 Goldstones ϕi (x)
SSB

Massive W±, Z
3× 3 polarizations = 9
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Higgs Mechanism: 3 additional degrees of freedom ϕi (x)
Gauge invariance

Massless W±, Z (spin 1)

3× 2 polarizations = 6

+

3 Goldstones ϕi (x)
SSB

Massive W±, Z
3× 3 polarizations = 9

Spontaneous Symmetry Breaking

LΦ = (DµΦ)
†DµΦ− µ2Φ†Φ− λ (Φ†Φ)2

µ2 < 0

Φ(x) = exp
{

i ~σ · ~ϕ(x)
v

}
1√
2

[
0

v + H(x)

]
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Higgs Mechanism: 3 additional degrees of freedom ϕi (x)
Gauge invariance

Massless W±, Z (spin 1)

3× 2 polarizations = 6

+

3 Goldstones ϕi (x)
SSB

Massive W±, Z
3× 3 polarizations = 9

Spontaneous Symmetry Breaking

LΦ = (DµΦ)
†DµΦ− µ2Φ†Φ− λ (Φ†Φ)2

µ2 < 0

Φ(x) = exp
{

i ~σ · ~ϕ(x)
v

}
1√
2

[
0

v + H(x)

]

DµΦ = (∂µ + i
2
g ~σ· ~Wµ + i

2
g′ Bµ) Φ ; v2 = −µ2/λ

(DµΦ)
†DµΦ → M2

W W †
µW

µ +
M2

Z

2 ZµZ
µ

MW = MZ cos θW = 1
2 g v
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LΦ = (DµΦ)
†DµΦ− λ

(

|Φ|2 − v2

2

)2
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Σ ≡ (Φc ,Φ) =

(
Φ0∗ Φ+

−Φ− Φ0

)

LΦ = (DµΦ)
†DµΦ− λ

(

|Φ|2 − v2

2

)2

=
1

2
Tr
[
(DµΣ)†DµΣ

]
− λ

4

(
Tr
[
Σ†Σ

]
− v2

)2
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Custodial
Symmetry

Σ ≡ (Φc ,Φ) =

(
Φ0∗ Φ+

−Φ− Φ0

)

LΦ = (DµΦ)
†DµΦ− λ

(

|Φ|2 − v2

2

)2

=
1

2
Tr
[
(DµΣ)†DµΣ

]
− λ

4

(
Tr
[
Σ†Σ

]
− v2

)2

SU(2)L ⊗ SU(2)R → SU(2)L+R Symmetry: Σ → gLΣ g
†
R
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Custodial
Symmetry

Σ ≡ (Φc ,Φ) =

(
Φ0∗ Φ+

−Φ− Φ0

)
≡ 1√

2
(v + H) U(~ϕ )

U(~ϕ ) ≡ exp

{
i ~σ· ~ϕ

v

}

LΦ = (DµΦ)
†DµΦ− λ

(

|Φ|2 − v2

2

)2

=
1

2
Tr
[
(DµΣ)†DµΣ

]
− λ

4

(
Tr
[
Σ†Σ

]
− v2

)2

=
v2

4
Tr
[
(DµU)†DµU

]
+ O(H/v)SU(2)L ⊗ SU(2)R → SU(2)L+R Symmetry: Σ → gLΣ g

†
R

EFT A. Pich – 2015 14



Custodial
Symmetry

Σ ≡ (Φc ,Φ) =

(
Φ0∗ Φ+

−Φ− Φ0

)
≡ 1√

2
(v + H) U(~ϕ )

U(~ϕ ) ≡ exp

{
i ~σ· ~ϕ

v

}

LΦ = (DµΦ)
†DµΦ− λ

(

|Φ|2 − v2

2

)2

=
1

2
Tr
[
(DµΣ)†DµΣ

]
− λ

4

(
Tr
[
Σ†Σ

]
− v2

)2

=
v2

4
Tr
[
(DµU)†DµU

]
+ O(H/v)SU(2)L ⊗ SU(2)R → SU(2)L+R Symmetry: Σ → gLΣ g

†
R

Same Goldstone Lagrangian as QCD pions:

fπ → v , ~π → ~ϕ → W±
L ,ZL
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EFFECTIVE LAGRANGIAN: L(U) =
∑

n

L2n
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EFFECTIVE LAGRANGIAN: L(U) =
∑

n

L2n

• Goldstone Bosons

〈0| q̄j
L
qi

R
|0〉 (QCD), Φ (SM) Uij(φ) = { exp (i~σ ·~ϕ/f ) }ij
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L
qi

R
|0〉 (QCD), Φ (SM) Uij(φ) = { exp (i~σ ·~ϕ/f ) }ij

• Expansion in powers of momenta derivatives

Parity even dimension ; U U† = 1 2n ≥ 2

EFT A. Pich – 2015 15



EFFECTIVE LAGRANGIAN: L(U) =
∑

n

L2n
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L
qi

R
|0〉 (QCD), Φ (SM) Uij(φ) = { exp (i~σ ·~ϕ/f ) }ij

• Expansion in powers of momenta derivatives

Parity even dimension ; U U† = 1 2n ≥ 2

• SU(2)L ⊗ SU(2)R invariant

U g
L
U g †

R
; g

L,R
∈ SU(2)L,R
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n

L2n

• Goldstone Bosons

〈0| q̄j
L
qi

R
|0〉 (QCD), Φ (SM) Uij(φ) = { exp (i~σ ·~ϕ/f ) }ij

• Expansion in powers of momenta derivatives

Parity even dimension ; U U† = 1 2n ≥ 2

• SU(2)L ⊗ SU(2)R invariant

U g
L
U g †

R
; g

L,R
∈ SU(2)L,R

L2 =
f 2

4
Tr

(

∂µU
† ∂µU

) Derivative

Coupling
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EFFECTIVE LAGRANGIAN: L(U) =
∑

n

L2n

• Goldstone Bosons

〈0| q̄j
L
qi

R
|0〉 (QCD), Φ (SM) Uij(φ) = { exp (i~σ ·~ϕ/f ) }ij

• Expansion in powers of momenta derivatives

Parity even dimension ; U U† = 1 2n ≥ 2

• SU(2)L ⊗ SU(2)R invariant

U g
L
U g †

R
; g

L,R
∈ SU(2)L,R

L2 =
f 2

4
Tr

(

∂µU
† ∂µU

) Derivative

Coupling

Goldstones become free at zero momenta
EFT A. Pich – 2015 15



Goldstone Electroweak Effective Theory

L(2)
EW

= − 1

2g2
〈ŴµνŴ

µν〉 − 1

2g ′ 2 〈B̂µνB̂
µν〉+ v2

4
〈DµU†DµU〉

U(ϕ) = exp

{
i
√
2

v
Φ

}
, Φ ≡ 1√

2
~σ·~ϕ =




1√
2
ϕ0 ϕ+

ϕ− − 1√
2
ϕ0




DµU = ∂µU− i ŴµU+ i U B̂µ , DµU† = ∂µU†+ i U†Ŵµ− i B̂µU† , 〈A〉 ≡ Tr(A)

Ŵµν = ∂µŴν − ∂νŴµ − i [Ŵµ, Ŵν ] , B̂µν = ∂µB̂ν − ∂ν B̂µ − i [B̂µ, B̂ν ]
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Goldstone Electroweak Effective Theory

L(2)
EW

= − 1

2g2
〈ŴµνŴ

µν〉 − 1

2g ′ 2 〈B̂µνB̂
µν〉+ v2

4
〈DµU†DµU〉

U(ϕ) = exp

{
i
√
2

v
Φ

}
, Φ ≡ 1√

2
~σ·~ϕ =




1√
2
ϕ0 ϕ+

ϕ− − 1√
2
ϕ0




DµU = ∂µU− i ŴµU+ i U B̂µ , DµU† = ∂µU†+ i U†Ŵµ− i B̂µU† , 〈A〉 ≡ Tr(A)

Ŵµν = ∂µŴν − ∂νŴµ − i [Ŵµ, Ŵν ] , B̂µν = ∂µB̂ν − ∂ν B̂µ − i [B̂µ, B̂ν ]SU(2)L ⊗ SU(2)R → SU(2)L+R Symmetry: U(ϕ) → gL U(ϕ) g †
R

Ŵ µ → gL Ŵ
µg

†
L + i gL ∂

µg
†
L , B̂µ → gR B̂µg

†
R + i gR ∂

µg
†
R
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Goldstone Electroweak Effective Theory

L(2)
EW

= − 1

2g2
〈ŴµνŴ

µν〉 − 1

2g ′ 2 〈B̂µνB̂
µν〉+ v2

4
〈DµU†DµU〉

U(ϕ) = exp

{
i
√
2

v
Φ

}
, Φ ≡ 1√

2
~σ·~ϕ =




1√
2
ϕ0 ϕ+

ϕ− − 1√
2
ϕ0




DµU = ∂µU− i ŴµU+ i U B̂µ , DµU† = ∂µU†+ i U†Ŵµ− i B̂µU† , 〈A〉 ≡ Tr(A)

Ŵµν = ∂µŴν − ∂νŴµ − i [Ŵµ, Ŵν ] , B̂µν = ∂µB̂ν − ∂ν B̂µ − i [B̂µ, B̂ν ]SU(2)L ⊗ SU(2)R → SU(2)L+R Symmetry: U(ϕ) → gL U(ϕ) g †
R

Ŵ µ → gL Ŵ
µg

†
L + i gL ∂

µg
†
L , B̂µ → gR B̂µg

†
R + i gR ∂

µg
†
R

SM Symmetry Breaking: Ŵ µ = −g
2 ~σ · ~W µ , B̂µ = −g ′

2 σ3 B
µ
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Electroweak Symmetry Breaking

L2 =
v2

4
Tr

(

DµU
†DµU

) U = 1 L2 = M2
W W †

µW
µ +

1

2
M2

Z ZµZ
µ

MW = MZ cos θW = 1
2 g v

DµU = ∂µU − i Ŵ µU + i U B̂µ , DµU† = ∂µU† + i U†Ŵ µ − i B̂µU†

Ŵ µ = − g
2
~σ· ~W µ , B̂µ = − g′

2
σ3 B

µ (explicit symmetry breaking)
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) U = 1 L2 = M2
W W †

µW
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Z ZµZ
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MW = MZ cos θW = 1
2 g v

DµU = ∂µU − i Ŵ µU + i U B̂µ , DµU† = ∂µU† + i U†Ŵ µ − i B̂µU†

Ŵ µ = − g
2
~σ· ~W µ , B̂µ = − g′

2
σ3 B

µ (explicit symmetry breaking)

• EW Goldstones are responsible for MW,Z (not the Higgs!)
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Electroweak Symmetry Breaking

L2 =
v2

4
Tr

(

DµU
†DµU

) U = 1 L2 = M2
W W †

µW
µ +

1

2
M2

Z ZµZ
µ

MW = MZ cos θW = 1
2 g v

DµU = ∂µU − i Ŵ µU + i U B̂µ , DµU† = ∂µU† + i U†Ŵ µ − i B̂µU†

Ŵ µ = − g
2
~σ· ~W µ , B̂µ = − g′

2
σ3 B

µ (explicit symmetry breaking)

• EW Goldstones are responsible for MW,Z (not the Higgs!)

• QCD pions also generate small W,Z masses: δπMW =
1

2
g fπ
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Goldstone interactions are determined by the underlying symmetry

v2

4
〈∂µU†∂µU〉 = ∂µϕ

−∂µϕ+ +
1

2
∂µϕ

0∂µϕ0

+
1

6v2

{(

ϕ+ ↔
∂ µ ϕ

−
)(

ϕ+ ↔
∂
µϕ−

)

+ 2
(

ϕ0 ↔
∂ µ ϕ

+
)(

ϕ− ↔
∂
µϕ0

)}

+ O
(

ϕ6/v4
)
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Goldstone interactions are determined by the underlying symmetry

v2

4
〈∂µU†∂µU〉 = ∂µϕ

−∂µϕ+ +
1

2
∂µϕ

0∂µϕ0

+
1

6v2

{(

ϕ+ ↔
∂ µ ϕ

−
)(

ϕ+ ↔
∂
µϕ−

)

+ 2
(

ϕ0 ↔
∂ µ ϕ

+
)(

ϕ− ↔
∂
µϕ0

)}

+ O
(

ϕ6/v4
)

ϕ ϕ

ϕ ϕ

T
(
ϕ+ϕ− → ϕ+ϕ−) =

s + t

v2
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Goldstone interactions are determined by the underlying symmetry

v2

4
〈∂µU†∂µU〉 = ∂µϕ

−∂µϕ+ +
1

2
∂µϕ

0∂µϕ0

+
1

6v2

{(

ϕ+ ↔
∂ µ ϕ

−
)(

ϕ+ ↔
∂
µϕ−

)

+ 2
(

ϕ0 ↔
∂ µ ϕ

+
)(

ϕ− ↔
∂
µϕ0

)}

+ O
(

ϕ6/v4
)

ϕ ϕ

ϕ ϕ

T
(
ϕ+ϕ− → ϕ+ϕ−) =

s + t

v2

Non-Linear Lagrangian: 2ϕ→ 2ϕ, 4ϕ · · · related
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Equivalence Theorem

W+

W−

W+

W−

Cornwall–Levin–Tiktopoulos

Vayonakis

Lee–Quigg–Thacker

T (W+
L W−

L → W+
L W−

L ) =
s + t

v2
+ O

(
MW√

s

)

= T (ϕ+ϕ− → ϕ+ϕ−) + O

(
MW√

s

)

The scattering amplitude grows with energy

Goldstone dynamics derivative interactions

Tree-level violation of unitarity
EFT A. Pich – 2015 19



Longitudinal Polarizations

kµ =
(

k0, 0, 0, |~k|
)

ǫµL (
~k) =

1

MW

(

|~k |, 0, 0, k0
)

=
kµ

MW

+ O

(

MW

|~k|

)
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Longitudinal Polarizations

kµ =
(

k0, 0, 0, |~k|
)

ǫµL (
~k) =

1

MW

(

|~k |, 0, 0, k0
)

=
kµ

MW

+ O

(

MW

|~k|

)

One naively expects T (W+
L W−

L → W+
L W−

L ) ∼ g2 |~k |4
M4

W
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Longitudinal Polarizations

kµ =
(

k0, 0, 0, |~k|
)

ǫµL (
~k) =

1

MW

(

|~k |, 0, 0, k0
)

=
kµ

MW

+ O

(

MW

|~k|

)

One naively expects T (W+
L W−

L → W+
L W−

L ) ∼ g2 |~k |4
M4

W

W+

W−

W+

W−

Gauge

Cancelation

T (W+
L W−

L → W+
L W−

L ) =
s + t

v2
+ O

(
MW√

s

)

= T (ϕ+ϕ− → ϕ+ϕ−) + O

(
MW√

s

)
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W+L W−L → W+L W−L :

W+

W−

W+

W−

H
H

TSM =
1

v2

{

s + t − s2

s −M2
H

− t2

t −M2
H

}

= −M2
H

v2

{

s

s −M2
H

+
t

t −M2
H

}

Higgs-exchange exactly cancels the O(s, t) terms in the SM
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W+L W−L → W+L W−L :

W+

W−

W+

W−

H
H

TSM =
1

v2

{

s + t − s2

s −M2
H

− t2

t −M2
H

}

= −M2
H

v2

{

s

s −M2
H

+
t

t −M2
H

}

Higgs-exchange exactly cancels the O(s, t) terms in the SM

When s ≫ M2
H , TSM ≈ −2M2

H

v2
, a0 ≡ 1

32π

∫ 1

−1

d cos θ TSM ≈ − M2
H

8πv2

Unitarity: Lee–Quigg–Thacker

|a0| ≤ 1 MH <
√
8πv

√

2/3
︸ ︷︷ ︸

W+W−, ZZ,HH

≈ 1 TeV
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What happens in QCD?

• QCD satisfies unitarity (it is a renormalizable theory)

• Pion scattering unitarized by exchanges of resonances
(composite objects):

– P-wave (J = 1) unitarized by ρ exchange

– S-wave (J = 0) unitarized by σ exchange

• The σ meson is the QCD equivalent of the SM Higgs

• BUT, the σ is an ‘effective’ object generated through
π rescattering (summation of pion loops)

Does not seem to work this way in the EW case, but . . .
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Higher-Order Goldstone Interactions

L(4)
EW

∣
∣
∣
CP−even

=
14∑

i=0

ai Oi (Appelquist, Longhitano)

O0 = v2 〈TLVµ〉2

O1 = 〈U B̂µνU
†Ŵ µν〉 O2 = i 〈U B̂µνU

† [Vµ,V ν ]〉
O3 = i 〈Ŵµν [V

µ,V ν ]〉 O4 = 〈VµVν〉 〈VµV ν〉
O5 = 〈VµVµ〉2 O6 = 4 〈VµVν〉 〈TLV

µ〉 〈TLV
ν〉

O7 = 4 〈VµVµ〉 〈TLVν〉2 O8 = 〈TLŴµν〉2

O9 = −2 〈TLŴµν〉 〈TL [V
µ,V ν ]〉 O10 = 16 {〈TLVµ〉 〈TLVν〉}2

O11 = 〈(DµVµ)2〉 O12 = 4 〈TLDµDνV
ν〉 〈TLV

µ〉
O13 = 2 〈TLDµVν〉2 O14 = −2i εµνρσ 〈ŴµνVρ〉 〈TLVσ〉

Vµ ≡ DµU U† , DµVν ≡ ∂µVν − i [Ŵµ,Vν ] , (Vµ,DµVν ,TL) → gL (Vµ,DµVν ,TL) g
†
L

Symmetry breaking: TL ≡ U σ3
2 U† , B̂µν ≡ −g ′ σ3

2 Bµν
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Low-Energy Effective Theory Power Counting

• Momentum expansion: Λ ∼ 4πv , MX

A =
∑

n

An

( p

Λ

)n

• U ∼ O(p0) , DµU, Ŵµ, B̂µ ∼ O(p1) , Ŵµν , B̂µν ∼ O(p2)

• A general connected diagram with Nd vertices of O(pd) and

L Goldstone loops has a power dimension:

D = 2L+ 2+
∑

d

Nd (d− 2)

Finite number of divergences / counterterms
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NLO Predictions

• L(2)
EW at one loop: Unitarity

Non-local (logarithmic) dependences unambiguously predicted

• L(4)
EW at tree level: Local (polynomic) amplitude

Short-distance information encoded in the ai couplings

Loop divergences reabsorbed through renormalized ai

ai = a
r
i (µ) +

γi
16π2

[

2µD−4

4−D
+ log (4π)− γE

]
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âi ≡ ai/(16π)
2 for different limits of the SM

MH → ∞ Mt′,b′ → ∞ Mt → ∞

â0 − 3
4 g
′2 [log (MH/µ) − 5

12

]
0 3

2

M2
t

v2

â1 − 1
6 log (MH/µ) +

5
72 − 1

2
1
3 log (Mt/µ) − 1

4

â2 − 1
12 log (MH/µ) +

17
144 − 1

2
1
3 log (Mt/µ) − 3

4

â3
1
12 log (MH/µ) − 17

144
1
2

3
8

â4
1
6 log (MH/µ) − 17

72
1
4 log (Mt/µ) − 5

6

â5
2π2v2

M2
H

+ 1
12 log (MH/µ) − 79

72 + 9π
16
√

3
− 1

8 − log (Mt/µ) +
23
24

â6 0 0 − log (Mt/µ) +
23
24

â7 0 0 log (Mt/µ) − 23
24

â8 0 0 log (Mt/µ) − 7
12

â9 0 0 log (Mt/µ) − 23
24

â10 0 0 − 1
64

â11 — − 1
2 − 1

2

â12 — 0 − 1
8

â13 — 0 − 1
4

â14 0 0 3
8
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Decoupling: Appelquist–Carazzone

The low-energy effects of heavy particles are either suppressed by inverse

powers of the heavy masses, or they get absorbed into renormalizations of

the couplings and fields of the EFT obtained by removing the heavy particles

SM: MW = MZ cos θW = 1
2 g v , MH =

√
2λ v , Mf =

1√
2
yf v

• Decoupling occurs when v → ∞ , keeping the couplings fixed

GF√
2

=
g2

8M2
W

=
1

2v2
−→ 0

• There is no decoupling if some Mi → ∞ , keeping v = 246 GeV

(g, λ, yf → ∞)
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Equations of Motion Redundant Operators

Equivalent to field redefinitions which only affect higher-order terms

For massless fermions: ∂µ 〈TLV
µ〉 = 0 , DµV

µ = 0







O11 = O12 = 0

O13 = −g ′2

4 BµνB
µν +O1 −O4 +O5 −O6 +O7 +O8
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Equations of Motion Redundant Operators

Equivalent to field redefinitions which only affect higher-order terms

For massless fermions: ∂µ 〈TLV
µ〉 = 0 , DµV

µ = 0







O11 = O12 = 0

O13 = −g ′2

4 BµνB
µν +O1 −O4 +O5 −O6 +O7 +O8

Heavy top: O11 =̇ g4

8M4
W

m2
t

{

(t̄γ5t)
2 − 4

∑

i ,j

(d̄iLtR) (t̄RdjL)VtjV
∗
ti

}
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Unitary Gauge: U = 1

All invariants reduce to polynomials of gauge fields

• Bilinear terms: O0, O1, O8, O11, O12, O13

Oblique corrections (∆r , ∆ρ, ∆k S , T , U)

• Trilinear terms: O2, O3, O9, O14

• Quartic terms: O4, O5, O6, O7, O10

• O11∼ m2
t (ψ̄ψ)(ψ̄ψ): Zb̄b, B0–B̄0, εK . . .
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ϕaϕb → ϕ
ϕd :
A(ϕaϕb → ϕcϕd ) = A(s, t, u) δab δcd + A(t, s, u) δac δbd + A(u, t, s) δad δbc

A(s, t, u) =
s

v2
+

4

v2

[
ar4(µ) (t

2 + u2) + 2 ar5(µ) s
2
]

+
1

16π2v2

{
5

9
s2 +

13

18
(t2 + u2) +

1

12
(s2 − 3t2 − u2) log

(−t

µ2

)

+
1

12
(s2 − t2 − 3u2) log

(−u

µ2

)
− 1

2
s2 log

(−s

µ2

)}

ai = a
r
i (µ) +

γi

16π2

[
2µD−4

4−D
+ log (4π) − γE

]
, γ4 = − 1

12
, γ5 = − 1

24
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ϕaϕb → ϕ
ϕd
+ Higgs (tree + 1-loop) contributions

L =
v2

4
〈DµU†DµU〉

[
1 + 2 a

H

v
+ b

H2

v2

]

Espriu–Mescia–Yencho, Delgado–Dobado–Llanes-Estrada

A(s, t, u) =
s

v2
(1 − a

2) +
4

v2

[
a
r
4(µ) (t2 + u

2) + 2 ar5(µ) s
2
]

+
1

16π2v2

{
1

9
(14 a4 − 10 a2 − 18 a2b + 9 b2 + 5) s2 +

13

18
(1 − a

2)2 (t2 + u
2)

− 1

2
(2 a4 − 2 a2 − 2 a2b + b

2 + 1) s2 log

(−s

µ2

)

+
1

12
(1 − a

2)2
[
(s2 − 3t2 − u

2) log

(−t

µ2

)
+ (s2 − t

2 − 3u2) log

(−u

µ2

)]}

γ4 = − 1
12 (1 − a2)2 , γ5 = − 1

48 (2 + 5 a4 − 4 a2 − 6 a2b + 3 b2)
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ϕaϕb → ϕ
ϕd
+ Higgs (tree + 1-loop) contributions

L =
v2

4
〈DµU†DµU〉

[
1 + 2 a

H

v
+ b

H2

v2

]

Espriu–Mescia–Yencho, Delgado–Dobado–Llanes-Estrada

A(s, t, u) =
s

v2
(1 − a

2) +
4

v2

[
a
r
4(µ) (t2 + u

2) + 2 ar5(µ) s
2
]

+
1

16π2v2

{
1

9
(14 a4 − 10 a2 − 18 a2b + 9 b2 + 5) s2 +

13

18
(1 − a

2)2 (t2 + u
2)

− 1

2
(2 a4 − 2 a2 − 2 a2b + b

2 + 1) s2 log

(−s

µ2

)

+
1

12
(1 − a

2)2
[
(s2 − 3t2 − u

2) log

(−t

µ2

)
+ (s2 − t

2 − 3u2) log

(−u

µ2

)]}

γ4 = − 1
12 (1 − a2)2 , γ5 = − 1

48 (2 + 5 a4 − 4 a2 − 6 a2b + 3 b2)

SM: a = b = 1 , a4 = a5 = 0 A(s, t, u) ∼ O(M2
H
/v2)
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Yukawa Couplings

LY = −v
{

Q̄L U(ϕ)
[

Ŷu P+ + Ŷd P−
]

QR + L̄L U(ϕ) Ŷℓ P+ LR + h.c.
}

Q =

(

u

d

)

, L =

(

νℓ
ℓ

)

U(ϕ) → gL U(ϕ) g†
R , QL → gL QL , QR → gR QR , P± → gR P± g

†
R

EFT A. Pich – 2015 32



Yukawa Couplings

LY = −v
{

Q̄L U(ϕ)
[

Ŷu P+ + Ŷd P−
]

QR + L̄L U(ϕ) Ŷℓ P+ LR + h.c.
}

Q =

(

u

d

)

, L =

(

νℓ
ℓ

)

U(ϕ) → gL U(ϕ) g†
R , QL → gL QL , QR → gR QR , P± → gR P± g

†
R

Symmetry Breaking: P± = 1
2 (I2 ± σ3)

EFT A. Pich – 2015 32



Yukawa Couplings

LY = −v
{

Q̄L U(ϕ)
[

Ŷu P+ + Ŷd P−
]

QR + L̄L U(ϕ) Ŷℓ P+ LR + h.c.
}

Q =

(

u

d

)

, L =

(

νℓ
ℓ

)

U(ϕ) → gL U(ϕ) g†
R , QL → gL QL , QR → gR QR , P± → gR P± g

†
R

Symmetry Breaking: P± = 1
2 (I2 ± σ3)

Flavour Structure: Ŷu,d,ℓ 3× 3 matrices in flavour space
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NLO Operators Buchalla–Catá

OψV1 = i Q̄Lγ
µ
QL 〈VµTL〉 OψV2 = i Q̄Lγ

µ
TLQL 〈VµTL〉 OψV3 = i Q̄Lγ

µ
P̃12QL 〈VµP̃21〉

OψV4 = i ūRγ
µ
uR 〈VµTL〉 OψV5 = i d̄Rγ

µ
dR 〈VµTL〉 OψV6 = i ūRγ

µ
dR 〈VµP̃21〉

OψV7 = i L̄Lγ
µ
LL 〈VµTL〉 OψV8 = i L̄Lγ

µ
TLLL 〈VµTL〉 OψV9 = L̄Lγ

µ
P̃12LL 〈VµP̃21〉

OψV10 = ℓ̄Rγ
µ
ℓR 〈VµTL〉 O†ψV3 O†ψV6

OψS1,2 = Q̄LP̃±UQR 〈DµU†DµU〉 OψS3,4 = Q̄LP̃±UQR 〈VµTL〉2

OψS5 = Q̄LP̃12UQR 〈VµP̃21〉 〈VµTL〉 OψS6 = Q̄LP̃12QR 〈VµP̃12〉 〈VµTL〉

OψS7 = L̄LP̃−ULR 〈DµU†DµU〉 OψS8 = L̄LP̃−ULR 〈VµTL〉2

OψS9 = L̄LP̃12ULR 〈VµP̃12〉 〈VµTL〉

OψT1 = Q̄Lσ
µν

P̃12UQR 〈VµP̃21〉 〈VνTL〉 OψT2 = Q̄Lσ
µν

P̃21UQR 〈VµP̃12〉 〈VνTL〉

OψT3,4 = Q̄Lσ
µν

P̃±UQR 〈VµP̃12〉 〈Vν P̃21〉 OψT5 = L̄Lσ
µν

P̃12ULR 〈VµP̃21〉 〈VνTL〉

OψT6 = L̄Lσ
µν

P̃−ULR 〈VµP̃12〉 〈Vν P̃21〉

Vµ = DµU U
† , TL = U

σ
3

2
U
† , P̃12 = U

σ
1+i2

2
U
† , P̃21 = U

σ
1−i2

2
U
† , P̃± = U P± U

†
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NLO Operators (cont.) Buchalla–Catá

OLL6 = Q̄Lγ
µ
TLQL Q̄LγµTLQL OLL7 = Q̄Lγ

µ
TLQL Q̄LγµQL OLL8 = q̄Lαγ

µ
TLQLβ Q̄LβγµTLQLα

OLL10 = Q̄Lγ
µ
TLQL L̄LγµTLLL OLL11 = Q̄Lγ

µ
TLQL L̄LγµLL OLL9 = Q̄Lαγ

µ
TLQLβ Q̄LβγµQLα

OLL12 = Q̄Lγ
µ
QL L̄LγµTLLL OLL13 = Q̄Lγ

µ
TLLL L̄LγµTLQL OLL14 = Q̄Lγ

µ
TLLL L̄LγµQL

OLL15 = L̄Lγ
µ
TLLL L̄LγµTLLL OLL16 = L̄Lγ

µ
TLLL L̄LγµLL

OLR10 = Q̄Lγ
µ
TLQL ūRγµuR OLR12 = Q̄Lγ

µ
TLQL d̄RγµdR OLR11 = Q̄Lγ

µ
t
a
TLQL ūRγµt

a
uR

OLR14 = ūRγ
µ
uR L̄LγµTLLL OLR15 = d̄Rγ

µ
dR L̄LγµTLLL OLR13 = Q̄Lγ

µ
t
a
TLQL d̄Rγµt

a
dR

OLR16 = Q̄Lγ
µ
TLQL ℓ̄RγµℓR OLR17 = L̄Lγ

µ
TLLL ℓ̄RγµℓR OLR18 = Q̄Lγ

µ
TLLL ℓ̄RγµdR

OST5 = Q̄LP̃+UQR Q̄LP̃−UQR OST6 = Q̄LP̃21UQR Q̄LP̃12UQR OST7 = Q̄Lt
a
P̃+UQR Q̄Lt

a
P̃−UQR

OST9 = Q̄LP̃+UQR L̄LP̃−ULR OST10 = Q̄LP̃21UQR L̄LP̃12ULR OST8 = Q̄Lt
a
P̃21UQR Q̄Lt

a
P̃12UQR

OST11 = Q̄Lσ
µν

P̃+UQR L̄Lσµν P̃−ULR OST12 = Q̄Lσ
µν

P̃21UQR L̄Lσµν P̃12ULR

OFY4 = Q̄Lt
a
P̃−UQR Q̄Lt

a
P̃−UQR OFY 8 = Q̄Lσ

µν
P̃−UQR L̄Lσµν P̃−ULR

OFY1 = Q̄LP̃+UQR Q̄LP̃+UQR OFY3 = Q̄LP̃−UQR Q̄LP̃−UQR OFY2 = Q̄Lt
a
P̃+UQR Q̄Lt

a
P̃+UQR

OFY5 = Q̄LP̃−UQR Q̄RU
†
P̃+QL OFY7 = Q̄LP̃−UQR L̄LP̃−ULR OFY6 = Q̄Lt

a
P̃−UQR Q̄Rt

a
U
†
P̃+QL

OFY9 = L̄LP̃−ULR Q̄RU
†
P̃+QR OFY10 = L̄LP̃−ULR L̄LP̃−ULR OFY11 = L̄LP̃−UQR Q̄RU

†
P̃+LL
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Including a Light (singlet) Higgs in the EWET

Let us assume that h(126) is an SU(2)L+R scalar singlet

All Higgsless operators can be multiplied by an arbitrary function of h:

OX ÕX ≡ FX (h) OX

FX (h) =
∑

n=0

c
(n)
X

(
h

v

)n

In addition, the LO Lagrangian should include the scalar potential:

V (h) = v4
∑

n=2

c
(n)
V

(
h

v

)n
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Plus operators with derivatives (∂µh): FX ≡ FX (h)

OD7 = −〈VµVµ〉
∂νh ∂

νh

v2
FD7 OD8 = −〈VµVν〉

∂µh ∂νh

v2
FD8 OD11 =

(∂µh ∂
µh)2

v4
FD11

OD6 = −〈TLVµVν〉〈TLV
µ〉 ∂

νh

v
FD6 OD9 = −〈TLVµ〉〈TLV

µ〉 ∂νh ∂
νh

v2
FD9

OD10 = −〈TLVµ〉〈TLVν〉
∂µh ∂νh

v2
FD10 OψS18 = L̄LP̃−ULR

∂µh ∂
µh

v2
FψS18

OψS10 = −i Q̄LP̃+UQR 〈TLVµ〉
∂µh

v
FψS10 OψS11 = −i Q̄LP̃−UQR 〈TLVµ〉

∂µh

v
FψS11

OψS12 = −i Q̄LP̃12UQR 〈P̃21Vµ〉
∂µh

v
FψS12 OψS13 = −i Q̄LP̃21UQR 〈P̃12Vµ〉

∂µh

v
FψS13

OψS14 = Q̄LP̃+UQR

∂µh ∂
µh

v2
FψS14 OψS15 = Q̄LP̃−UQR

∂µh ∂
µh

v2
FψS15

OψS16 = −i L̄LP̃−ULR 〈TLVµ〉
∂µh

v
FψS16 OψS17 = −i L̄LP̃12ULR 〈P̃21Vµ〉

∂µh

v
FψS17

OψT7 = −i Q̄Lσµν P̃+UQR 〈TLV
µ〉 ∂

νh

v
FψT7 OψT8 = −i Q̄Lσµν P̃−UQR 〈TLV

µ〉 ∂
νh

v
FψT8

OψT9 = −i Q̄Lσµν P̃21UQR 〈P̃12V
µ〉 ∂

νh

v
FψT9 OψT10 = −i Q̄Lσµν P̃12UQR 〈P̃21V

µ〉 ∂
νh

v
FψT10

OψT11 = −i L̄Lσµν P̃−ULR 〈TLV
µ〉 ∂

νh

v
FψT11 OψT12 = −i L̄Lσµν P̃12ULR 〈P̃21V

µ〉 ∂
νh

v
FψT12

Buchalla–Catà–Krause
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Linear Realization: SU(2)L ⊗U(1)Y

Assumes that H(126) and ~ϕ combine into an SU(2)L doublet:

Φ =

(

Φ+

Φ0

)

= 1
2 (v + H) U(~ϕ)

(

0

1

)

The SM Lagrangian is the low-energy effective theory with D = 4

Leff = LSM +
∑

D>4

∑

i

c
(D)
i

ΛD−4
O(D)

i

• 1 operator with D = 5: O(5) = L̄LΦ̃Φ̃
TLcL (violates L by 2 units)

Weinberg

• 59 independent O(6)
i preserving B and L (for 1 generation)

Buchmuller–Wyler, Grzadkowski–Iskrzynski–Misiak–Rosiek

• 5 independent O(6)
i violating B and L (for 1 generation)

Weinberg, Wilczek–Zee, Abbott–Wise,
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D = 6 Operators (other than 4-fermion ones)

Grzadkowski–Iskrzynski–Misiak–Rosiek

X 3 Φ6 and Φ4D2 ψ2Φ3

OG f ABCGAν
µ G

Bρ
ν G

Cµ
ρ OΦ (Φ†Φ)3 OeΦ (Φ†Φ) (l̄perΦ)

O
G̃

f ABC G̃Aν
µ G

Bρ
ν G

Cµ
ρ OΦ� (Φ†Φ)� (Φ†Φ) OuΦ (Φ†Φ) (q̄pur Φ̃)

OW εIJKW Iν
µ W

Jρ
ν W

Kµ
ρ OΦD

(
Φ†DµΦ

)⋆ (
Φ†DµΦ

)
OdΦ (Φ†Φ) (q̄pdrΦ)

O
W̃

εIJK W̃ Iν
µ W

Jρ
ν W

Kµ
ρ

X 2Φ2 ψ2XΦ ψ2Φ2D

OΦG Φ†Φ GA
µνG

Aµν OeW (l̄pσµνer ) τ IΦW I
µν O(1)

Φl
(Φ†i

↔

Dµ Φ) (l̄pγµlr )

O
ΦG̃

Φ†Φ G̃A
µνG

Aµν OeB (l̄pσµνer ) ΦBµν O(3)
Φl

(Φ†i
↔

D I
µ Φ) (l̄pτ I γµlr )

OΦW Φ†Φ W I
µνW

Iµν OuG (q̄pσµνTAur ) Φ̃GA
µν OΦe (Φ†i

↔

Dµ Φ) (ēpγµer )

O
ΦW̃

Φ†Φ W̃ I
µνW

Iµν OuW (q̄pσµνur ) τ I Φ̃W I
µν O(1)

Φq
(Φ†i

↔

Dµ Φ) (q̄pγµqr )

OΦB Φ†Φ BµνB
µν OuB (q̄pσµνur ) Φ̃Bµν O(3)

Φq
(Φ†i

↔

D I
µ Φ) (q̄pτ I γµqr )

O
ΦB̃

Φ†Φ B̃µνB
µν OdG (q̄pσµνTAdr ) ΦGA

µν OΦu (Φ†i
↔

Dµ Φ) (ūpγµur )

OΦWB Φ†τ IΦ W I
µνB

µν OdW (q̄pσµνdr ) τ IΦW I
µν OΦd (Φ†i

↔

Dµ Φ) (d̄pγµdr )

O
ΦW̃B

Φ†τ IΦ W̃ I
µνB

µν OdB (q̄pσµνdr ) ΦBµν OΦud i(Φ̃†DµΦ) (ūpγµdr )

q = qL , l = lL , u = uR , d = dR , e = eR ,
↔
D I
µ ≡ τ I

→
Dµ −

←
Dµτ

I , p, r = generation indices
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D = 6 Four-Fermion Operators

Grzadkowski–Iskrzynski–Misiak–Rosiek

(L̄L) (L̄L) (R̄R) (R̄R) (L̄L) (R̄R)

Oll (l̄pγµlr ) (l̄sγ
µlt ) Oee (ēpγµer ) (ēsγ

µet ) Ole (l̄pγµlr ) (ēsγ
µet )

O(1)
qq (q̄pγµqr ) (q̄sγ

µqt ) Ouu (ūpγµur ) (ūsγ
µut ) Olu (l̄pγµlr ) (ūsγ

µut )

O(3)
qq (q̄pγµτ

Iqr ) (q̄sγ
µτ Iqt ) Odd (d̄pγµdr ) (d̄sγ

µdt ) Old (l̄pγµlr ) (d̄sγ
µdt )

O(1)

lq
(l̄pγµ lr ) (q̄sγ

µqt ) Oeu (ēpγµer ) (ūsγ
µut ) Oqe (q̄pγµqr ) (ēsγ

µet )

O(3)

lq
(l̄pγµτ

I lr ) (q̄sγ
µτ Iqt ) Oed (ēpγµer ) (d̄sγ

µdt ) O(1)
qu (q̄pγµqr ) (ūsγ

µut )

O(1)

ud
(ūpγµur ) (d̄sγ

µdt ) O(8)
qu (q̄pγµT

Aqr ) (ūsγ
µTAut )

O(8)
ud

(ūpγµT
Aur ) (d̄sγ

µTAdt ) O(1)
qd

(q̄pγµqr ) (d̄sγ
µdt )

O(8)
qd

(q̄pγµT
Aqr ) (d̄sγ

µTAdt )

(L̄R) (R̄L) and (L̄R) (L̄R) B-violating

Oledq (l̄ jper ) (d̄sq
j
t ) Oduq εαβγ εjk

[
(dαp )TCuβr

] [
(qγjs )TClkt

]

O(1)

quqd
(q̄j

pur ) εjk (q̄k
s dt ) Oqqu εαβγ εjk

[
(qαj

p )TCqβkr

] [
(uγs )

TCet
]

O(8)

quqd
(q̄j

pT
Aur ) εjk (q̄k

s T
Adt ) O(1)

qqq εαβγ εjk εmn

[
(qαj

p )TCqβkr

] [
(qγms )TClnt

]

O(1)

lequ
(l̄ jper ) εjk (q̄k

s ut ) O(3)
qqq εαβγ (τ Iε)jk (τ Iε)mn

[
(qαj

p )TCqβkr

] [
(qγms )TClnt

]

O(3)

lequ
(l̄ jpσµνer ) εjk (q̄k

s σ
µνut ) Oduu εαβγ

[
(dαp )TCuβr

] [
(uγs )

TCet
]

q = qL , l = lL , u = uR , d = dR , e = eR , p, r, s, t = generation indices
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Equivalent Bases of CP-even Operators (EW bosons only)

Willenbrock–Zhang

BW HISZ GGPR

OW = ǫIJKW Iν
µ W Jρ

ν WKµ
ρ OWWW = Tr [ŴµνŴ

νρŴµ
ρ ] O3W = 1

3! g ǫabcW
aν
µ W b

νρW
cρµ

OΦW = Φ†Φ W I
µνW

Iµν OWW = Φ†ŴµνŴ
µνΦ —

OΦB = Φ†Φ BµνB
µν OBB = Φ†B̂µν B̂

µνΦ OBB = g ′2 |H|2 BµνBµν

OΦWB = Φ†σIΦ W I
µνB

µν OBW = Φ†B̂µνŴ
µνΦ —

— OW = (DµΦ)†Ŵµν (DνΦ) OHW = ig (DµH)†σa(DνH)W a
µν

— OB = (DµΦ)†B̂µν (DνΦ) OHB = ig ′(DµH)†(DνH)Bµν

— ODW = Tr

(
[Dµ, Ŵνρ][D

µ, Ŵνρ]
)

O2W = − 1
2 (DµW a

µν )
2

— ODB = − g′2
2 (∂µBνρ)(∂

µBνρ) O2B = − 1
2 (∂µBµν )

2

— — OW = ig
2 (H†σa

↔

DµH)DνW a
µν

— — OB = ig′
2 (H†

↔

DµH) ∂νBµν

OΦD = (Φ†DµΦ)∗ (Φ†DµΦ) OΦ,1 = (DµΦ)†ΦΦ†(DµΦ) OT = 1
2 (H†

↔

DµH)2

OΦ� = (Φ†Φ)� (Φ†Φ) OΦ,2 = 1
2 ∂µ(Φ

†Φ) ∂µ(Φ†Φ) OH = 1
2 (∂µ|H|2)2

OΦ = (Φ†Φ)3 OΦ,3 = 1
3 (Φ†Φ)3 O6 = λ |H|6

— OΦ,4 = (DµΦ)†(DµΦ) (Φ†Φ) —

BW = Buchmuller–Wyler, Grzadkowski et al. HISZ = Hagiwara et al. GGPR = Giudice et al.
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Anomalous Triple Gauge Couplings

L
WWV

= −i g
WWV

{

g
V

1

(

W
+
µνW

−µ
V
ν −W

+
µ W

−µν
Vν

)

+ κ
V
W

+
µ W

−
ν V

µν +
λ

V

M2
W

W
+
µνW

−νρ
V
µ
ρ

}

g
WWγ = e = g cos θW , g

WWZ
= g cos θW , κ

V
= 1 +∆κ

V
, g

V

1 = 1 +∆g
V

1

Relevant operators: OW , OΦWB , O(3)
φl (BW)

OWWW , OW , OB , OBW , ODW (HISZ)

O3W , OHW , OHB , O2W , OW , OB (GGPR)

D = 6 Relations: λγ = λ
Z

, ∆g
Z

1 = ∆κ
Z
+ tan2 θW ∆κγ
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Anomalous Triple Gauge Couplings

HISZ basis: Leff =
∑

n

fn

Λ2
On Corbett–Eboli–González-Fraile–González-Garćıa

λγ = λ
Z
=

3g2M2
W

2Λ2
f
WWW

, ∆κγ =
g2v2

8Λ2
(f

W
+ f

B
)

∆κ
Z

=
g2v2

8Λ2

(

f
W
− tan2 θW f

B

)

, ∆g
Z
1 =

g2v2

8 cos2 θWΛ2
f
W

(95% CL)
Higgs data: (90% CL)

−0.047 ≤ ∆g
Z

1 ≤ 0.089 , −0.19 ≤ ∆κγ ≤ 0.099

−0.019 ≤ ∆κ
Z
≤ 0.083

Combined: (90% CL)

−0.005 ≤ ∆g
Z

1 ≤ 0.040 , −0.058 ≤ ∆κγ ≤ 0.047

−0.004 ≤ ∆κ
Z
≤ 0.040

LEP, D0, ATLAS assume λγ = λ
Z

= 0
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Global Fit to L(D=6)
eff Pomarol–Riva

GGPR basis:

OH = 1
2
(∂µ|H|2)2

OT = 1
2
(H†↔D µH)2

O6 = λ |H|6

OW = ig
2
(H†σa

↔
D µH)DνW aµν

OB = ig′
2

(H†↔D µH)∂νBµν

OBB = g ′2 |H|2BµνBµν

OGG = g2
s |H|2GA

µνG
Aµν

OHW = ig (DµH)†σa(DνH)W a
µν

OHB = ig ′ (DµH)†(DνH)Bµν

O3W = 1
3!
g ǫabcW

a ν
µ W b

νρW
c ρµ

Oyu = yu |H|2Q̄LH̃uR + h.c. Oyd = yd |H|2Q̄LHdR + h.c. Oye = ye |H|2L̄LHeR + h.c.

Ou
R
= i (H†↔D µH)(ūRγ

µuR) Od
R
= i (H†↔D µH)(d̄Rγ

µdR ) Oe
R
= i (H†↔D µH)(ēRγ

µeR )

Oq
L
= i (H†↔D µH)(Q̄Lγ

µQL)

O(3) q
L

= i (H†σa
↔
D µH)(Q̄Lσ

aγµQL)

O(3) ql
LL

= (Q̄Lσ
aγµQL) (L̄Lσ

aγµLL) O(3) l
LL

= (L̄Lσ
aγµLL) (L̄Lσ

aγµLL)
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Pomarol–Riva

LEP-I + SLC + KLOE (CKM univ) + pp → lν̄ (LHC)

�0.010 �0.005 0.000 0.005

cT

cR
e

cV
 

cLL
�3 l

cLL
�3 ql

�0.05 �0.025 0. 0.025

cL
q

cL
�3 q

cR
u

cR
d

cL
q3 cL

�3 q3

(95% CL)

— All ; --- without KLOE ; — include Ot
L + O(3)t

L ; — All other Oi set to zero

∆L =
cT

v2
OT +

c+
V

M2
W

(OW + OB) +
c
(3) l
LL

v2
O(3) l

LL
+

ceR

v2
Oe

R

+
c
q

L

v2
Oq

L +
c
(3) q
L

v2
O(3) q

L
+

cuR

v2
Ou

R +
cdR

v2
Od

R +
c
(3) ql
LL

v2
O(3) ql

LL

c
±
V = 1

2 (cW ± cB )
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Pomarol–Riva

LEP-II + H → Zγ (LHC)

-0.10 -0.05 0.00 0.05

cV
-

ΚHV
+

ΚHV
-

H → VV, f f̄ (LHC)

-0.002 -0.001 0.000 0.001 0.002

ΚGG

ΚBB

(95% CL)

— All ; — All other Oi set to zero ; — cH and cyf
effects constrained to be below 50% of SM

∆LTGC =
κ+
HV

m2
W

(OHW + OHB ) +
c
−
V

+ κ−
HV

2m2
W

O+ +
κ3W

m2
W

O3W

∆LHiggs =
cH

v2
OH +

∑

f=t,b,τ

cyf

v2
Oyf

+
c6

v2
O6 +

κBB

M2
W

OBB +
κGG

M2
W

OGG +
c
−
V

− κ−
HV

2M2
W

O−

O± ≡ (OW − OB) ± (OHW − OHB) , OWW = 4O− + OBB , κ±
HV

= 1
2 (κHW ± κHB)
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Backup Slides
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Which symmetry keeps MH away from ΛNP ?
A. Pomarol

Quantum Stability

Vectors/fermions

protected by

gauge/chiral symmetries

Proposed Solutions

SUSY / Composite Higss
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Spin, Mass & Degrees of Freedom

J = 1 J = 1
2 J = 0

M = 0
2 d.o.f. 2 d.o.f. 1 d.o.f.

Trans. Pol. ψL

M 6= 0
3 d.o.f. 4 d.o.f. 1 d.o.f.

Trans & Long. ψL, ψR

Vector (2 6= 3) and fermion masses are safe (2 6= 4)

Scalar masses not protected (continuous m → 0 limit)
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Higgs Self-energy: The top is the largest SM contribution

δM2
H stabilized through new-physics contributions

• SUSY: stop loops

H

t

H

t̃

• Composite Higgs: fermionic top partners

H

t

H

T
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SM Higgs
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EW precision tests
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 measurements
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SM Higgs Potential

Φ(x) = exp

{
i

v
~σ ~ϕ(x)

}
1

√
2

[
0

v + H(x)

]

V (Φ)+
λ

4
v
4 = λ

(

|Φ|2 − v2

2

)2

=
1

2
M

2
H H

2 +
M2

H

2v
H

3 +
M2

H

8v2
H

4

v =
(√

2GF

)−1/2
= 246 GeV

MH = (125.09 ± 0.24) GeV λ =
M2

H

2v2
= 0.13

EFT A. Pich – 2015 51



SM Higgs Potential

Φ(x) = exp

{
i

v
~σ ~ϕ(x)

}
1

√
2

[
0

v + H(x)

]

V (Φ)+
λ

4
v
4 = λ

(

|Φ|2 − v2

2

)2

=
1

2
M

2
H H

2 +
M2

H

2v
H

3 +
M2

H

8v2
H

4

v =
(√

2GF

)−1/2
= 246 GeV

MH = (125.09 ± 0.24) GeV λ =
M2

H

2v2
= 0.13

M2
H = 2v2λ(µ) +

2v2y2
t

(4π)2
[
2λ+ 3

(
λ− y2

t

)
log (m2

t /µ
2)
]
+ · · ·

yt =
√

2mt/v ≈ 1

EFT A. Pich – 2015 51



Vacuum Stability: λ(Λ) ≥ 0 Degrassi et al, 1205.6497, 1307.3536

102 104 106 108 1010 1012 1014 1016 1018 1020

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

RGE scale Μ in GeV

H
ig

g
s

q
u
ar

ti
c

co
u
p
li

n
g
Λ

3Σ bands in

Mt = 173.1 ± 0.6 GeV HgrayL

Α3HMZL = 0.1184 ± 0.0007HredL

Mh = 125.7 ± 0.3 GeV HblueL

Mt = 171.3 GeV

ΑsHMZL = 0.1163

ΑsHMZL = 0.1205

Mt = 174.9 GeV

GeV

0.11630.11630.11630.1163

0.12050.12050.1205

GeV

GeV

0.11630.11630.1163

0.12050.12050.1205

GeV

6 8 10

0 50 100 150 200

0

50

100

150

200

Higgs pole mass Mh in GeV

T
o

p
p

o
le

m
as

s
M

t
in

G
eV

LI=104GeV
5

6
7

8
9

10
12

14
16

19

Instability

N
o

n
-

p
ertu

rb
ativ

ity

Stability

Meta-
sta

bilit
y

Λ = M
Planck

MH > (129.1± 1.5) GeV

107 108

109

1010

1011

1012

1013

1014

1016

120 122 124 126 128 130 132
168

170

172

174

176

178

180

Higgs pole mass Mh in GeV

T
o
p

p
o
le

m
as

s
M

t
in

G
eV

1018

1019

1,2,3 Σ

Instability

Stability

Meta-stability

Assumes SM valid all the way up to Λ ≤ M
Planck

EFT A. Pich – 2015 52



Vacuum Stability: λ(Λ) ≥ 0 Degrassi et al, 1205.6497, 1307.3536
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Custodial Symmetry Breaking: B̂µ ≡ −g ′ σ3
2
Bµ

B

ϕ

TL TL

〈VµTLV
µTL〉

Vµ ≡ DµU U
† = i

√
2

v
DµΦ+ · · · , TL ≡ U

σ3

2
U

† , TLTL =
1

4
I2

〈VµTLV
µTL〉 = 〈VµTL〉 〈V µTL〉 −

1

2
〈VµV µ〉 〈TLTL〉

= 〈VµTL〉 〈V µTL〉 −
1

4
〈VµV µ〉

O0 = v2 〈VµTL〉 〈V µTL〉
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ϕaϕb → ϕ
ϕd :
• Isospin: A0(s, t, u) = 3A(s, t, u) + A(t, s, u) + A(u, t, s)

A1(s, t, u) = A(t, s, u) − A(u, t, s)

A2(s, t, u) = A(t, s, u) + A(u, t, s)

• Partial Waves: AIJ(s) =
1

64π

∫ +1

−1
d cos θ PJ(cos θ) AI (s, t, u)

σ(s) =
64π

s

∑

I ,J

(2I + 1) (2J + 1) |AIJ |2

A00(s) =
s

16πv2

{
1 +

s

16π2v2

[
101

36
+

64π2

3
(7 ar4 + 11 ar5)−

25

18
log

(
s

µ2

)
+ i π

]
+ · · ·

}

A11(s) =
s

96πv2

{
1 +

s

16π2v2

[
1

9
+ 64π2 (ar4 − 2 ar5) + i

π

6

]
+ · · ·

}

A20(s) =
−s

32πv2

{
1 +

s

16π2v2

[
−91

36
− 256π2

3
(2 ar4 + ar5) +

10

9
log

(
s

µ2

)
− i

π

2

]
+ · · ·

}
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Power Counting

• Momentum expansion: Λ ∼ 4πv , MX

T =
∑

n

Tn

( p

Λ

)n
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Power Counting

• Momentum expansion: Λ ∼ 4πv , MX

T =
∑

n

Tn

( p

Λ

)n

• Loop Expansion: A generic L-loop diagram D scales as

D ∼ (yv)ν(gv)m+2r+2x+u+z

vFL+FR−2−2ω

pd

Λ2L
ψ̄

F 1
L

L ψ
F 2
L

L ψ̄
F 1
R

R ψ
F 2
R

R

(

Xµν

v

)V
(ϕ

v

)B
(

h

v

)H

d ≡ 2L+ 2− 1
2
(FL + FR)− V − ν −m − 2r − 2x − u − z − 2ω

Buchalla–Catà–Krause

# external fields: FL = F 1
L + F 2

L , FR = F 1
R + F 2

R , B , H , V (Xµ = gauge boson)

# vertices: m ≡
∑

l ml (Xµϕ
l ) , r ≡

∑
s rs (X 2

µϕ
s ) , u (X 3

µ) , x (X 4
µ) , ω ≡

∑
q ωq (hq )

ν ≡
∑

k νk (ψ̄ψϕk ) +
∑

t,b τtb (ψ̄ψϕthb) , z ≡ zL + zR (ψ̄λψλXµ , λ = L,R)
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Too many operators/couplings Further input needed

FX (h) =
∑

n=0

c
(n)
X

(
h

v

)n

=
∑

n=0

c̃
(n)
X

(
gh h

Λ
NP

)n

EFT A. Pich – 2015 56



Too many operators/couplings Further input needed

FX (h) =
∑
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c
(n)
X

(
h

v

)n

=
∑

n=0

c̃
(n)
X

(
gh h

Λ
NP

)n

• Weak coupling: gh ≪ 1

EFT A. Pich – 2015 56



Too many operators/couplings Further input needed

FX (h) =
∑
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c
(n)
X

(
h

v

)n

=
∑

n=0

c̃
(n)
X

(
gh h

Λ
NP
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• Weak coupling: gh ≪ 1

• Strong coupling: gh ∼ 4π = Λ
NP
/f FX (h/f )
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Too many operators/couplings Further input needed

FX (h) =
∑

n=0

c
(n)
X

(
h

v

)n

=
∑

n=0

c̃
(n)
X

(
gh h

Λ
NP

)n

• Weak coupling: gh ≪ 1

• Strong coupling: gh ∼ 4π = Λ
NP
/f FX (h/f )

• v ≪ f ξ ≡ v2

f 2
, c

(n)
X = c̃

(n)
X ξn/2
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Shifts of SM parameters: L(D=6)
eff

=
∑

i

Ci

Λ2
Oi

V (H) = λ

(

Φ†Φ− v2

2

)2

− CΦ

Λ2

(

Φ†Φ
)3

v
T

=

(

1 +
3CΦ

8λ

v2

Λ2

)

v
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Shifts of SM parameters: L(D=6)
eff

=
∑

i

Ci

Λ2
Oi

V (H) = λ

(

Φ†Φ− v2

2

)2

− CΦ

Λ2

(

Φ†Φ
)3

v
T

=

(

1 +
3CΦ

8λ

v2

Λ2

)

v

Canonical Normalization: H → c
kin

H H , c
kin

H =

(

CΦ� − 1

4
CΦD

)

v2

Λ2
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Shifts of SM parameters: L(D=6)
eff

=
∑
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Ci
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V (H) = λ
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Φ†Φ
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=
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M
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H = 2λ v2

T

(
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Λ2
+ 2 ckinH

)
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Shifts of SM parameters: L(D=6)
eff

=
∑

i

Ci

Λ2
Oi

V (H) = λ

(

Φ†Φ− v2

2

)2

− CΦ

Λ2

(

Φ†Φ
)3

v
T

=

(

1 +
3CΦ

8λ
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)
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kin

H H , c
kin
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(

CΦ� − 1

4
CΦD

)

v2

Λ2

M
2
H = 2λ v2

T

(

1− 3CΦ

2λ

v2

Λ2
+ 2 ckinH

)

Flavour: Yf ≁ Mf

L = −Q̄
r
L [Yd ]rs Φ d

s
R + · · ·

[Mf ]rs =
v
T√
2

(

[Yψ]rs −
v2

2Λ2
[Cf Φ]rs

)

[Yf ]rs =
1

v
T

[Mf ]rs

(

1 + c
kin

H

)

− v2

Λ2
[CfΦ]rs

EFT A. Pich – 2015 57



Shifts of SM parameters: L(D=6)
eff

=
∑
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Flavour: Yf ≁ Mf

L = −Q̄
r
L [Yd ]rs Φ d

s
R + · · ·

[Mf ]rs =
v
T√
2

(

[Yψ]rs −
v2

2Λ2
[Cf Φ]rs

)

[Yf ]rs =
1

v
T

[Mf ]rs

(

1 + c
kin

H

)

− v2

Λ2
[CfΦ]rs

4GF√
2

=
2

v2
T

+
1

Λ2

(

2
[

C
(3)
Φl

]

ee
+ 2

[

C
(3)
Φl

]

µµ
−

[

Cll

]

µe,eµ
−

[
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Gauge Fields: L(D=6)
eff

=
∑

i

Ci

Λ2
Oi Alonso et al

ḡ ′ = g ′
(
1 + CΦB

v2
T

Λ2

)
, ḡ = g

(
1 + CΦW

v2
T

Λ2

)
, ḡs = gs

(
1 + CΦG

v2
T

Λ2

)

tan θ̄W =
ḡ ′

ḡ
+

v2
T

2Λ2

(
1− ḡ ′2

ḡ2

)
CΦWB

M2
W =

v2
T

4
ḡ2 , M2

Z =
v2
T

4

(
ḡ2 + ḡ ′2)+

v̄4
T

8Λ2

{(
ḡ2 + ḡ ′2)CΦD + 4 ḡ ḡ ′ CΦWB

}

ē = ḡ sin θ̄W

{
1− cot θ̄W

v̄2
T

2Λ2
CΦWB

}
, ḡZ =

ē

sin θ̄W cos θ̄W

{
1 +

ḡ2 + ḡ ′2

2ḡ ḡ ′
v̄2
T

Λ2
CΦWB

}

ρ ≡
ḡ2M2

Z

ḡ2
Z
M2

W

= 1 +
v̄2
T

2Λ2
CΦD
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Renormalization Group Equations

L(D=6)
eff

=
∑

i

Ci(µ)

Λ2
Oi (µ)

Loop

Corrections

µ
dCi

dµ
=

∑

j

γij
16π2

Cj Ci (µ) = Ci (Λ)−
∑

j

γij
16π2

Cj (Λ) log

(

Λ

µ

)

Anomalous Dimensions: γ
ij
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Anomalous Dimensions γ
ij

Complete 59× 59 matrix computed in the BW basis: Jenkins et al.

γ ∼ O
(
1, g 2, λ, y2, g 4, g 2λ, g 2y2, λ2, λy2, y4, g 6, g 4λ, g 6λ

)

g3X 3 H6 H4D2 g2X 2H2 yψ2H3 gyψ2XH ψ2H2D ψ4

g3X 3 g2 0 0 1 0 0 0 0

H6 g6λ λ, g2, y2 g4, g2λ, λ2 g6, g4λ λy2, y4 0 λy2, y4 0

H4D2 g6 0 g2, λ, y2 g4 y2 g2y2 g2, y2 0

g2X 2H2 g4 0 1 g2 , λ, y2 0 y2 1 0

yψ2H3 g6 0 g2, λ, y2 g4 g2, λ, y2 g2λ, g4, g2y2 g2, λ, y2 λ, y2

gyψ2XH g4 0 0 g2 1 g2, y2 1 1

ψ2H2D g6 0 g2, y2 g4 y2 g2y2 g2, λ, y2 y2

ψ4 g6 0 0 0 0 g2y2 g2, y2 g2, y2

(X 2H2,X 2H2) submatrix computed in the HISZ basis Chen–Dawson–Zhang

A submatrix computed in the GGPR basis J. Elias-Miro et al.
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Oblique Corrections (NLO)

g2

16π
S ≈ −M2

W

Λ2

{

CBW (µ) +
g2

32π2

[

CWW + tan2 θW CBB

]

[

1− 2 log

(

M2
H

µ2

)]}

g2 sin2 θW
4π

T ≈ − v2

2Λ2
CΦ,1 (HISZ basis)

Mebane et al., Chen–Dawson–Zhang
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