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The Standard Model of Particle Physics

LSM =

− 1

4
BµνB

µν − 1

2
〈WµνW

µν〉 − 1

2
〈GµνGµν〉

+ q̄i /Dq + l̄ i /Dl + ūi /Du + d̄ i /Dd + ēi /De

+
1

2
(Dµφ

†)(Dµφ) +
1

2
µ2φ†φ− λ

4
(φ†φ)2

− l̄Ylφe − q̄Ydφd − q̄Yu(iσ2φ
∗)u + h.c.
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Spontaneous Breaking of Symmetries

L =
1

2

(
∂µ~φ

)(
∂µ~φ

)
+

1

2
µ2|~φ|2 − λ

4
|~φ|4

|~φ0|2 =
µ2

λ
= v 2

φi (x) =
(
π1(x), π2(x), . . . , πN−1(x), v+σ(x)

)

L =
1

2
(∂µ~π) (∂µ~π) +

1

2
(∂µσ) (∂µσ)− 1

2
(2µ2)σ2

− λ

2
|~π|2σ2 −

√
λµ|~π|2σ −

√
λµσ3 − λ

4
|~π|4 − λ

4
σ4
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The non-linear sigma model

For E � mσ we can integrate out σ:

L =
1

2

(
(∂µ~π)(∂µ~π) +

(~π∂µ~π)(~π∂µ~π)

v2 − |~π|2
)

After reparametrization we have:

L =
v2

4
〈∂µU†∂µU〉,

where

U = exp

{
i
2Taπa

v

}
.

This was used in Chiral Perturbation Theory (χPT)

U → lUr†, where l , r ∈ SU(2)L,R
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Back to the Standard Model
In the SM we have SU(2)L × U(1)Y → U(1)em.

The Higgs sector exhibits an additional (custodial) symmetry that enlarges
the symmetry to SU(2)L × SU(2)R → SU(2)V=L+R .

This is isomorphic to SO(4)→ SO(3).

→ At lowest order, we can use the non-linear sigma model to describe the
dynamics.

The Goldstones are described by U = exp
{
i 2 Taπa

v

}
and become the

longitudinal components of the gauge bosons. In unitary gauge:
v2

4 〈(DµU)(DµU†)〉 = g2v2

4 W+
µ W µ− + (g2+g ′2)v2

8 ZµZ
µ

LSM = −1

4
BµνB

µν − 1

2
〈WµνW

µν〉 − 1

2
〈GµνGµν〉

+ q̄i /Dq + l̄ i /Dl + ūi /Du + d̄ i /Dd + ēi /De

+
1

2
(∂µh)(∂µh)− V(h) +

v2

4
〈DµUDµU†〉(1 + 2 h

v +
(
h
v

)2
)

− v
(
q̄YuUP+r + q̄YdUP−r + l̄YeUP−η + h.c.

)
(1 + h

v )
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Effective Lagrangian at leading order

LLO =
1

2
(∂µh)(∂µh)− V

(
h
v

)
+

v2

4
〈(DµU)(DµU†)〉 an

(
h
v

)n
+ iΨ̄f /DΨf − v

(
Ψ̄f Yj,fUΨf + h.c.

)
ej,f
(
h
v

)j
− 1

2
〈GµνGµν〉 −

1

2
〈WµνW

µν〉 − 1

4
BµνB

µν
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Effective Lagrangian at next-to-leading order

LLO is not renormalizable in the traditional sense.

It is renormalizable in the modern sense – order by order in an effective
expansion:

The counterterms are included at NLO.

→ The basis of NLO-operators is at least given by the counterterms of the one
loop divergences.

We identify v2

Λ2 ' 1
16π2 .
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Power-counting

LLO =
1

2
(∂µh)(∂µh)− V
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h
v

)
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v2
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h
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(
h
v

)j
− 1

2
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4
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h

Ψ̄L

ΨR

h

ΨR

Ψ̄L
ϕ

∼ p4

∼ 1
p2

∼ 1
p2

∼ 1
p2

∼ p2
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Power-counting

D ∼ p2L+2−X− 1
2 (FL+FR )−NV

(ϕ
v

)B (h

v

)H

Ψ̄
F 1
L

L Ψ
F 2
L

L Ψ̄
F 1
R

R Ψ
F 2
R

R

(Xµν
v

)X

Classes of counterterms:

UD2H, UD4H, UHXD2, UHX 2,

UHDΨ2, UHD2Ψ2, UHΨ2X and Ψ4UH.

For convenience we define:
Lµ = iUDµU

†, τL = UT3U
†,

P± = 1
2 ± T3, P12 = T1 + iT2, P21 = T1 − iT2,

η = (νR , eR)T and r = (uR , dR)T .
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Example for operators

Classes of counterterms:

UD2H, UD4H, UHXD2, UHX 2,

UHDΨ2, UHD2Ψ2, UHΨ2X and Ψ4UH.

OLL1 = (q̄γµq)(q̄γµq)F

∑
: 64 operators (+ h.c.)

F
(
h
v

)
= 1 + a1

(
h
v

)
+ a2

(
h
v

)2
+ . . . F̃

(
h
v

)
= ã1

(
h
v

)
+ ã2

(
h
v

)2
+ . . .
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Example for operators

Classes of counterterms:
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Example for operators
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Conclusions

A full set of operators, including also the CP-odd terms was constructed.

It was explained in detail what systematics defines next-to-leading order of
the effective expansion with the use of a power-counting formula.

Several tests have been performed in order to check whether the presented
operator basis contains redundancies.

The presented basis of operators extends the basis of (Buchalla and Catà,
arXiv:1203.6510, JHEP), where no light scalar was included.
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Thank you very much for your attention!
Feel free to ask questions
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Counterterms without fermions

UD2H

Oβ1 = v 2〈τLLµ〉〈τLLµ〉 F

UD4H

OD0,1 = 〈LµLµ〉〈LνLν〉 F OD0,2 = 〈LµLν〉〈LµLν〉 F
OD0,3 = 〈τLLµ〉〈τLLµ〉〈τLLν〉〈τLLν〉 F OD0,4 = 〈τLLµ〉〈τLLµ〉〈LνLν〉 F
OD0,5 = 〈τLLµ〉〈τLLν〉〈LµLν〉 F
OD1,1 = 〈τLLµ〉〈τLLµ〉〈τLLν〉

(
∂ν h

v

)
F OD1,2 = 〈LµLµ〉〈τLLν〉

(
∂ν h

v

)
F

OD1,3 = 〈τLLµLν〉〈τLLµ〉
(
∂ν h

v

)
F OD1,4 = 〈LµLν〉〈τLLµ〉

(
∂ν h

v

)
F

OD2,1 = 〈τLLµ〉〈τLLν〉
(
∂ν h

v

) (
∂µ h

v

)
F OD2,3 = 〈LµLν〉

(
∂ν h

v

) (
∂µ h

v

)
F

OD2,2 = 〈τLLµ〉〈τLLµ〉
(
∂ν

h
v

) (
∂ν h

v

)
F OD2,4 = 〈LµLµ〉

(
∂ν

h
v

) (
∂ν h

v

)
F

OD3,1 = 〈τLLµ〉
(
∂µ h

v

) (
∂ν

h
v

) (
∂ν h

v

)
F OD4,1 =

(
∂µ h

v

) (
∂ν h

v

) (
∂µ

h
v

) (
∂ν

h
v

)
F

F
(
h
v

)
= 1 + a1

(
h
v

)
+ a2

(
h
v

)2
+ . . .

ξ ξ2 ξ3 ξ4
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Counterterms without fermions II

UHXD2

OXUD1 = 〈τLLµLν〉Bµν F̃
OXUD2 = 〈τLLµLν〉B̃µν F̃
OXUD3 = 〈τLLµLν〉〈τLW µν〉 F̃
OXUD4 = 〈τLLµLν〉〈τLW̃ µν〉 F̃
OXUD5 = 〈LµLνW µν〉 F̃
OXUD6 = 〈LµLνW̃ µν〉 F̃
OXUD7 = 〈τLLµ〉〈LνW µν〉 F
OXUD8 = 〈τLLµ〉〈LνW̃ µν〉 F

UHX 2

OXU1 = BµνB
µν F̃

OXU2 = BµνB̃
µν F̃

OXU3 = WµνW
µν F̃

OXU4 = WµνW̃
µν F̃

OXU5 = GµνG
µν F̃

OXU6 = GµνG̃
µν F̃

OXU7 = 〈τLWµν〉〈τLW µν〉 F
OXU8 = 〈τLWµν〉〈τLW̃ µν〉 F
OXU9 = Bµν〈τLW µν〉 F
OXU10 = Bµν〈τLW̃ µν〉 F

F
(
h
v

)
= 1 + a1
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h
v

)
+ a2
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v
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v

)
= ã1
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v
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+ ã2

(
h
v

)2
+ . . .

ξ ξ2 ξ3 ξ4
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Counterterms without fermions II

UHXD2

OXUD1 = 〈τLLµLν〉Bµν F̃
OXUD2 = 〈τLLµLν〉B̃µν F̃
OXUD3 = 〈τLLµLν〉〈τLW µν〉 F̃
OXUD4 = 〈τLLµLν〉〈τLW̃ µν〉 F̃
OXUD5 = 〈LµLνW µν〉 F̃
OXUD6 = 〈LµLνW̃ µν〉 F̃
OXUD7 = 〈τLLµ〉〈LνW µν〉 F
OXUD8 = 〈τLLµ〉〈LνW̃ µν〉 F

UHX 2

OXU1 = BµνB
µν F̃

OXU2 = BµνB̃
µν F̃

OXU3 = WµνW
µν F̃

OXU4 = WµνW̃
µν F̃

OXU5 = GµνG
µν F̃

OXU6 = GµνG̃
µν F̃

OXU7 = 〈τLWµν〉〈τLW µν〉 F
OXU8 = 〈τLWµν〉〈τLW̃ µν〉 F
OXU9 = Bµν〈τLW µν〉 F
OXU10 = Bµν〈τLW̃ µν〉 F
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(
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)
= 1 + a1
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)
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Counterterms with two fermions I

UHDΨ2

OΨV 1 = (q̄γµq)〈τLLµ〉 F
OΨV 2 = (q̄γµτLq)〈τLLµ〉 F
OΨV 3 = (q̄γµUP12U

†q)〈UP21U
†Lµ〉 F

OΨV 4 = (ūγµu)〈τLLµ〉 F
OΨV 5 = (d̄γµd)〈τLLµ〉 F
OΨV 6 = (ūγµd)〈UP21U

†Lµ〉 F

OΨV 7 = (̄lγµl)〈τLLµ〉 F
OΨV 8 = (̄lγµτLl)〈τLLµ〉 F
OΨV 9 = (̄lγµUP12U

†l)〈UP21U
†Lµ〉 F

OΨV 10 = (ēγµe)〈τLLµ〉 F

OΨV 3†,OΨV 6†,OΨV 9†

F
(
h
v

)
= 1 + a1

(
h
v

)
+ a2

(
h
v

)2
+ . . .

UHΨ2X

OΨX1 = q̄σµνUP+rB
µν F

OΨX2 = q̄σµνUP−rB
µν F

OΨX3 = q̄σµνUP+r〈τLW µν〉 F
OΨX4 = q̄σµνUP−r〈τLW µν〉 F
OΨX5 = q̄σµνUP12r〈UP21U

†W µν〉 F
OΨX6 = q̄σµνUP21r〈UP12U

†W µν〉 F
OΨX7 = q̄σµνG

µνUP+r F
OΨX8 = q̄σµνG

µνUP−r F

OΨX9 = l̄σµνUP−ηB
µν F

OΨX10 = l̄σµνUP−η〈τLW µν〉 F
OΨX11 = l̄σµνUP12η〈UP21U

†W µν〉 F

ξ ξ2 ξ3 ξ4
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Counterterms with two fermions I

UHDΨ2

OΨV 1 = (q̄γµq)〈τLLµ〉 F
OΨV 2 = (q̄γµτLq)〈τLLµ〉 F
OΨV 3 = (q̄γµUP12U

†q)〈UP21U
†Lµ〉 F

OΨV 4 = (ūγµu)〈τLLµ〉 F
OΨV 5 = (d̄γµd)〈τLLµ〉 F
OΨV 6 = (ūγµd)〈UP21U

†Lµ〉 F

OΨV 7 = (̄lγµl)〈τLLµ〉 F
OΨV 8 = (̄lγµτLl)〈τLLµ〉 F
OΨV 9 = (̄lγµUP12U

†l)〈UP21U
†Lµ〉 F

OΨV 10 = (ēγµe)〈τLLµ〉 F

OΨV 3†,OΨV 6†,OΨV 9†

F
(
h
v

)
= 1 + a1

(
h
v

)
+ a2

(
h
v

)2
+ . . .

UHΨ2X

OΨX1 = q̄σµνUP+rB
µν F

OΨX2 = q̄σµνUP−rB
µν F

OΨX3 = q̄σµνUP+r〈τLW µν〉 F
OΨX4 = q̄σµνUP−r〈τLW µν〉 F
OΨX5 = q̄σµνUP12r〈UP21U

†W µν〉 F
OΨX6 = q̄σµνUP21r〈UP12U

†W µν〉 F
OΨX7 = q̄σµνG

µνUP+r F
OΨX8 = q̄σµνG

µνUP−r F

OΨX9 = l̄σµνUP−ηB
µν F

OΨX10 = l̄σµνUP−η〈τLW µν〉 F
OΨX11 = l̄σµνUP12η〈UP21U

†W µν〉 F

ξ ξ2 ξ3 ξ4
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Counterterms with two fermions II

UHD2Ψ2 scalar currents

OΨS1 = q̄UP+r〈LµLµ〉 F OΨS2 = q̄UP−r〈LµLµ〉 F
OΨS3 = q̄UP+r〈τLLµ〉〈τLLµ〉 F OΨS4 = q̄UP−r〈τLLµ〉〈τLLµ〉 F
OΨS5 = q̄UP12r〈τLLµ〉〈UP21U

†Lµ〉 F OΨS6 = q̄UP21r〈τLLµ〉〈UP12U
†Lµ〉 F

OΨS7 = l̄UP−η〈LµLµ〉 F OΨS8 = l̄UP−η〈τLLµ〉〈τLLµ〉 F
OΨS9 = l̄UP12η〈τLLµ〉〈UP21U

†Lµ〉 F

OΨS10 = q̄UP+r〈τLLµ〉
(
∂µ h

v

)
F OΨS11 = q̄UP−r〈τLLµ〉

(
∂µ h

v

)
F

OΨS12 = q̄UP12r〈UP21U
†Lµ〉

(
∂µ h

v

)
F OΨS13 = q̄UP21r〈UP12U

†Lµ〉
(
∂µ h

v

)
F

OΨS14 = l̄UP−η〈τLLµ〉
(
∂µ h

v

)
F OΨS15 = l̄UP12η〈UP21U

†Lµ〉
(
∂µ h

v

)
F

OΨS16 = q̄UP+r
(
∂µ

h
v

) (
∂µ h

v

)
F OΨS17 = q̄UP−r

(
∂µ

h
v

) (
∂µ h

v

)
F

OΨS18 = l̄UP−η
(
∂µ

h
v

) (
∂µ h

v

)
F

F
(
h
v

)
= 1 + a1

(
h
v

)
+ a2

(
h
v

)2
+ . . .

ξ ξ2 ξ3 ξ4
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Counterterms with two fermions II

UHD2Ψ2 scalar currents

OΨS1 = q̄UP+r〈LµLµ〉 F OΨS2 = q̄UP−r〈LµLµ〉 F
OΨS3 = q̄UP+r〈τLLµ〉〈τLLµ〉 F OΨS4 = q̄UP−r〈τLLµ〉〈τLLµ〉 F
OΨS5 = q̄UP12r〈τLLµ〉〈UP21U

†Lµ〉 F OΨS6 = q̄UP21r〈τLLµ〉〈UP12U
†Lµ〉 F

OΨS7 = l̄UP−η〈LµLµ〉 F OΨS8 = l̄UP−η〈τLLµ〉〈τLLµ〉 F
OΨS9 = l̄UP12η〈τLLµ〉〈UP21U

†Lµ〉 F

OΨS10 = q̄UP+r〈τLLµ〉
(
∂µ h

v

)
F OΨS11 = q̄UP−r〈τLLµ〉

(
∂µ h

v

)
F

OΨS12 = q̄UP12r〈UP21U
†Lµ〉

(
∂µ h

v

)
F OΨS13 = q̄UP21r〈UP12U

†Lµ〉
(
∂µ h

v

)
F

OΨS14 = l̄UP−η〈τLLµ〉
(
∂µ h

v

)
F OΨS15 = l̄UP12η〈UP21U

†Lµ〉
(
∂µ h

v

)
F

OΨS16 = q̄UP+r
(
∂µ

h
v

) (
∂µ h

v

)
F OΨS17 = q̄UP−r

(
∂µ

h
v

) (
∂µ h

v

)
F

OΨS18 = l̄UP−η
(
∂µ

h
v

) (
∂µ h

v

)
F

F
(
h
v

)
= 1 + a1

(
h
v

)
+ a2

(
h
v

)2
+ . . .

ξ ξ2 ξ3 ξ4
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Counterterms with two fermions III

UHD2Ψ2 tensor currents

OΨT1 = q̄σµνUP+r〈τLLµLν〉 F
OΨT2 = q̄σµνUP−r〈τLLµLν〉 F
OΨT3 = q̄σµνUP12r〈τLLµ〉〈UP21U

†Lν〉 F
OΨT4 = q̄σµνUP21r〈τLLµ〉〈UP12U

†Lν〉 F
OΨT5 = l̄σµνUP12η〈τLLµ〉〈UP21U

†Lν〉 F
OΨT6 = l̄σµνUP−η〈τLLµLν〉 F

OΨT7 = q̄σµνUP+r〈τLLµ〉
(
∂ν h

v

)
F

OΨT8 = q̄σµνUP−r〈τLLµ〉
(
∂ν h

v

)
F

OΨT9 = q̄σµνUP21r〈UP12U
†Lµ〉

(
∂ν h

v

)
F

OΨT10 = q̄σµνUP12r〈UP21U
†Lµ〉

(
∂ν h

v

)
F

OΨT11 = l̄σµνUP−η〈τLLµ〉
(
∂ν h

v

)
F

OΨT12 = l̄σµνUP12η〈UP21U
†Lµ〉

(
∂ν h

v

)
F

F
(
h
v

)
= 1 + a1

(
h
v

)
+ a2

(
h
v

)2
+ . . .

ξ ξ2 ξ3 ξ4
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Counterterms with two fermions III

UHD2Ψ2 tensor currents

OΨT1 = q̄σµνUP+r〈τLLµLν〉 F
OΨT2 = q̄σµνUP−r〈τLLµLν〉 F
OΨT3 = q̄σµνUP12r〈τLLµ〉〈UP21U

†Lν〉 F
OΨT4 = q̄σµνUP21r〈τLLµ〉〈UP12U

†Lν〉 F
OΨT5 = l̄σµνUP12η〈τLLµ〉〈UP21U

†Lν〉 F
OΨT6 = l̄σµνUP−η〈τLLµLν〉 F

OΨT7 = q̄σµνUP+r〈τLLµ〉
(
∂ν h

v
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F

OΨT8 = q̄σµνUP−r〈τLLµ〉
(
∂ν h

v
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F

OΨT9 = q̄σµνUP21r〈UP12U
†Lµ〉

(
∂ν h

v

)
F

OΨT10 = q̄σµνUP12r〈UP21U
†Lµ〉

(
∂ν h

v

)
F

OΨT11 = l̄σµνUP−η〈τLLµ〉
(
∂ν h

v

)
F

OΨT12 = l̄σµνUP12η〈UP21U
†Lµ〉

(
∂ν h

v

)
F

F
(
h
v

)
= 1 + a1

(
h
v

)
+ a2

(
h
v

)2
+ . . .
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Counterterms with four fermions

Ψ4UH : L̄LL̄L

OLL1 = (q̄γµq)(q̄γµq)F
OLL2 = (q̄γµT aq)(q̄γµT

aq)F
OLL3 = (q̄γµq)(̄lγµl)F
OLL4 = (q̄γµT aq)(̄lγµT

al)F
OLL5 = (̄lγµl)(̄lγµl)F
OLL6 = (q̄γµτLq)(q̄γµτLq)F
OLL7 = (q̄γµτLq)(q̄γµq)F
OLL8 = (q̄αγ

µτLqβ)(q̄βγµτLqα)F
OLL9 = (q̄αγ

µτLqβ)(q̄βγµqα)F
OLL10 = (q̄γµτLq)(̄lγµτLl)F
OLL11 = (q̄γµτLq)(̄lγµl)F
OLL12 = (q̄γµq)(̄lγµτLl)F
OLL13 = (q̄γµτLl)(̄lγµτLq)F
OLL14 = (q̄γµτLl)(̄lγµq)F
OLL15 = (̄lγµτLl)(̄lγµτLl)F
OLL16 = (̄lγµτLl)(̄lγµl)F

Ψ4UH : R̄RR̄R

ORR1 = (ūγµu)(ūγµu)F
ORR2 = (d̄γµd)(d̄γµd)F
ORR3 = (ūγµu)(d̄γµd)F
ORR4 = (ūγµTAu)(d̄γµT

Ad)F
ORR5 = (ūγµu)(ēγµe)F
ORR6 = (d̄γµd)(ēγµe)F
ORR7 = (ēγµe)(ēγµe)F

F
(
h
v

)
= 1 + a1

(
h
v

)
+ a2

(
h
v

)2
+ . . .

ξ ξ2 ξ3 ξ4
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Counterterms with four fermions

Ψ4UH : L̄LL̄L

OLL1 = (q̄γµq)(q̄γµq)F
OLL2 = (q̄γµT aq)(q̄γµT

aq)F
OLL3 = (q̄γµq)(̄lγµl)F
OLL4 = (q̄γµT aq)(̄lγµT

al)F
OLL5 = (̄lγµl)(̄lγµl)F
OLL6 = (q̄γµτLq)(q̄γµτLq)F
OLL7 = (q̄γµτLq)(q̄γµq)F
OLL8 = (q̄αγ

µτLqβ)(q̄βγµτLqα)F
OLL9 = (q̄αγ

µτLqβ)(q̄βγµqα)F
OLL10 = (q̄γµτLq)(̄lγµτLl)F
OLL11 = (q̄γµτLq)(̄lγµl)F
OLL12 = (q̄γµq)(̄lγµτLl)F
OLL13 = (q̄γµτLl)(̄lγµτLq)F
OLL14 = (q̄γµτLl)(̄lγµq)F
OLL15 = (̄lγµτLl)(̄lγµτLl)F
OLL16 = (̄lγµτLl)(̄lγµl)F

Ψ4UH : R̄RR̄R

ORR1 = (ūγµu)(ūγµu)F
ORR2 = (d̄γµd)(d̄γµd)F
ORR3 = (ūγµu)(d̄γµd)F
ORR4 = (ūγµTAu)(d̄γµT

Ad)F
ORR5 = (ūγµu)(ēγµe)F
ORR6 = (d̄γµd)(ēγµe)F
ORR7 = (ēγµe)(ēγµe)F

F
(
h
v

)
= 1 + a1

(
h
v

)
+ a2

(
h
v

)2
+ . . . ξ ξ2 ξ3 ξ4

C. Krause (LMU München) An EFT for EWSB including a light Higgs 08.07.13 13 / 13



Counterterms with four fermions II

Ψ4UH : L̄LR̄R

OLR1 = (q̄γµq)(ūγµu)F
OLR2 = (q̄γµTAq)(ūγµT

Au)F
OLR3 = (q̄γµq)(d̄γµd)F
OLR4 = (q̄γµTAq)(d̄γµT

Ad)F
OLR5 = (ūγµu)(̄lγµl)F
OLR6 = (d̄γµd)(̄lγµl)F
OLR7 = (q̄γµq)(ēγµe)F
OLR8 = (̄lγµl)(ēγµe)F
OLR9 = (q̄γµl)(ēγµd)F
OLR10 = (q̄γµτLq)(ūγµu)F
OLR11 = (q̄γµTAτLq)(ūγµT

Au)F
OLR12 = (q̄γµτLq)(d̄γµd)F
OLR13 = (q̄γµTAτLq)(d̄γµT

Ad)F
OLR14 = (̄lγµτLl)(ūγµu)F
OLR15 = (̄lγµτLl)(d̄γµd)F
OLR16 = (q̄γµτLq)(ēγµe)F
OLR17 = (̄lγµτLl)(ēγµe)F
OLR18 = (q̄γµτLl)(ēγµd)F

Ψ4UH : L̄RL̄R

OST1 = εij(q̄
iu)(q̄jd)F

OST2 = εij(q̄
iTAu)(q̄jTAd)F

OST3 = εij(q̄
iu)(̄l je)F

OST4 = εij(q̄
iσµνu)(̄l jσµνe)F

OST5 = (q̄UP+r)(q̄UP−r)F
OST6 = (q̄UP21r)(q̄UP12r)F
OST7 = (q̄UP+T

Ar)(q̄UP−T
Ar)F

OST8 = (q̄UP21T
Ar)(q̄UP12T

Ar)F
OST9 = (q̄UP+r)(̄lUP−η)F
OST10 = (q̄UP21r)(̄lUP12η)F
OST11 = (q̄σµνUP+r)(̄lσµνUP−η)F
OST12 = (q̄σµνUP21r)(̄lσµνUP12η)F

F
(
h
v

)
= 1 + a1

(
h
v

)
+ a2

(
h
v

)2
+ . . .

ξ ξ2 ξ3 ξ4
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Counterterms with four fermions II

Ψ4UH : L̄LR̄R

OLR1 = (q̄γµq)(ūγµu)F
OLR2 = (q̄γµTAq)(ūγµT

Au)F
OLR3 = (q̄γµq)(d̄γµd)F
OLR4 = (q̄γµTAq)(d̄γµT

Ad)F
OLR5 = (ūγµu)(̄lγµl)F
OLR6 = (d̄γµd)(̄lγµl)F
OLR7 = (q̄γµq)(ēγµe)F
OLR8 = (̄lγµl)(ēγµe)F
OLR9 = (q̄γµl)(ēγµd)F
OLR10 = (q̄γµτLq)(ūγµu)F
OLR11 = (q̄γµTAτLq)(ūγµT

Au)F
OLR12 = (q̄γµτLq)(d̄γµd)F
OLR13 = (q̄γµTAτLq)(d̄γµT

Ad)F
OLR14 = (̄lγµτLl)(ūγµu)F
OLR15 = (̄lγµτLl)(d̄γµd)F
OLR16 = (q̄γµτLq)(ēγµe)F
OLR17 = (̄lγµτLl)(ēγµe)F
OLR18 = (q̄γµτLl)(ēγµd)F

Ψ4UH : L̄RL̄R

OST1 = εij(q̄
iu)(q̄jd)F

OST2 = εij(q̄
iTAu)(q̄jTAd)F

OST3 = εij(q̄
iu)(̄l je)F

OST4 = εij(q̄
iσµνu)(̄l jσµνe)F

OST5 = (q̄UP+r)(q̄UP−r)F
OST6 = (q̄UP21r)(q̄UP12r)F
OST7 = (q̄UP+T

Ar)(q̄UP−T
Ar)F

OST8 = (q̄UP21T
Ar)(q̄UP12T

Ar)F
OST9 = (q̄UP+r)(̄lUP−η)F
OST10 = (q̄UP21r)(̄lUP12η)F
OST11 = (q̄σµνUP+r)(̄lσµνUP−η)F
OST12 = (q̄σµνUP21r)(̄lσµνUP12η)F

F
(
h
v

)
= 1 + a1

(
h
v

)
+ a2

(
h
v

)2
+ . . .

ξ ξ2 ξ3 ξ4
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Counterterms with four fermions III

Ψ4UH : L̄RL̄R

OFY 1 = (q̄UP+r)(q̄UP+r)F
OFY 2 = (q̄UP+T

Ar)(q̄UP+T
Ar)F

OFY 3 = (q̄UP−r)(q̄UP−r)F
OFY 4 = (q̄UP−T

Ar)(q̄UP−T
Ar)F

OFY 5 = (q̄UP−r)(r̄P+U
†q)F

OFY 6 = (q̄UP−T
Ar)(r̄P+U

†TAq)F
OFY 7 = (q̄UP−r)(̄lUP−η)F
OFY 8 = (q̄σµνUP−r)(̄lσµνUP−η)F
OFY 9 = (̄lUP−η)(r̄P+U

†q)F
OFY 10 = (̄lUP−η)(̄lUP−η)F
OFY 11 = (̄lUP−r)(r̄P+U

†l)F

F
(
h
v

)
= 1 + a1

(
h
v

)
+ a2

(
h
v

)2
+ . . .

ξ ξ2 ξ3 ξ4

The covariant derivative of U reads:

DµU = ∂µU + igWµU − ig ′BµUT3
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Counterterms with four fermions III

Ψ4UH : L̄RL̄R
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v
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Equations of motion I

∂µ∂
µh = an n

v
4 〈(DµU)(DµU†)〉

(
h
v

)n−1 − bm mv3
(
h
v

)m−1

− cf ,l l(Ψ̄f YΨf
UP±Ψf + h.c.)

(
h
v

)l−1

i /DΨL = vY
(l)
ΨR

UP+ΨR cf ,l
(
h
v

)l
+ vY

(l)
ΨR

UP−ΨR cf ,l
(
h
v

)l
i /DΨR = vP+U

†Y
(l)†
ΨR

ΨL cf ,l
(
h
v

)l
+ vP−U

†Y
(l)†
ΨR

ΨL cf ,l
(
h
v

)l
iΨ̄L

←−
/D = −vΨ̄RP+U

†Y
(l)†
ΨR

cf ,l
(
h
v

)l − vΨ̄RP−U
†Y

(l)†
ΨR

cf ,l
(
h
v

)l
iΨ̄R

←−
/D = −vΨ̄LY

(l)
ΨR

UP+ cf ,l
(
h
v

)l − vΨ̄LY
(l)
ΨR

UP− cf ,l
(
h
v

)l
∂µB

µν = g ′Ψ̄f γ
νYf Ψf + g ′ v

2

2 〈LντL〉 an
(
h
v

)n
[DµW

µν ]i = gΨ̄Lγ
νT iΨL − g v2

2 〈T iLν〉 an
(
h
v

)n
[DµG

µν ]A = gsΨ̄γνTAΨ
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Equations of motion II
From

S =

∫
d4x v2

4
(DµU)ab(DµU†)ba an

(
h

v

)n

+ λ(detU − 1)

− v
(

Ψ̄L,aY
(l)UabΨR,b + Ψ̄R,aY

(l)†U†abΨL,b

)
cf ,l

(
h

v

)l

and

UijδU
†
jk = −δUijU

†
jk

δ(detU) = 〈(δU)U†〉 · detU

(DµD
µU)U† − U(DµD

µU†) = 2iDµL
µ

we find:

v2

2
an

(
iDµL

µ
ab

(
h

v

)n

+ i nLµab(∂µ
h
v

)

(
h

v

)n−1
)

− v
(

Ψ̄L,bY
(l)(UΨR)a − (Ψ̄RU

†)bY
(l)†ΨL,a

)
cf ,l

(
h

v

)l

+ v
2

(
Ψ̄L,iY

(l)UijΨR,j − Ψ̄R,iU
†
ijY

(l)†ΨL,j

)
cf ,l

(
h

v

)l

δab = 0
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Useful relations for the reduction of operators

DµLν − DνLµ = gWµν − g ′BµντL + i [Lµ, Lν ]

DµτL = i [Lµ, τL]

[Dµ,Dν ]Lρ = ig [Wµν , Lρ]

〈τLAB〉〈τLC 〉 =
1

2
〈ABC 〉 − 〈τLBC 〉〈τLA〉+ 〈τLAC 〉〈τLB〉

iΨ̄UP(DµΨ) =
1

2

(
− iΨ̄

←−
/D γµUPΨ + Ψ̄σµν(DνU)Ψ + Ψ̄γµUP(i /DΨ)

− iΨ̄(DµU)PΨ + iDµ(Ψ̄UPΨ)− Dν(Ψ̄σµνUPΨ)
)

i(DµΨ̄)UPΨ =
1

2

(
Dν(Ψ̄σµνUPΨ) + iDµ(Ψ̄UPΨ) + iΨ̄

←−
/D γµUPΨ

− Ψ̄σµν(DνU)Ψ− Ψ̄γµUP(i /DΨ)− iΨ̄(DµU)PΨ
)
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Comparison – “A light dynamical ‘Higgs Particle’ ”

by Alonso, Gavela, Merlo, Rigolin and Yepes
(arXiv:1212.3305, PLB; arXiv:1212.3307, PRD; arXiv:1304.5937)

Similar to our analysis, but with crucial differences:

NLO-operators are of dimension less than or equal to 5.

→ Their basis, excluding fermions, is almost the same as ours. The only operator that
was not present in their basis is OD4,1.

→ Operators with 4 fermions are not considered at all.

→ They list all operators of class UHΨ2X , but without h.

→ In the class UHD2Ψ2, we find that they list 15 of 30 operators.

The equations of motion are wrong.

→ 8 of their operators are redundant.

The presented counting of ξ is inconsistent

They only consider CP-even operators

They exclude operators with right-handed fermions in the class UHDΨ2 because of
MFV.
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The “Strongly-Interacting Light Higgs” (SILH)

LSILH =

cH
2f 2

∂µ
(
H†H

)
∂µ
(
H†H

)
+

cT
2f 2

(
H†
←→
DµH

)(
H†
←→
D µH

)
− c6λ

f 2

(
H†H

)3

+
(cyyf

f 2
H†HΨ̄LHΨR + h.c.

)
+

icW g

2m2
ρ

(
H†σi←→DµH

)
(DνWµν)i +

icBg
′

2m2
ρ

(
H†
←→
DµH

)
∂νBµν

+
icHW g

16π2f 2
(DµH)†σi (DνH)W i

µν +
icHBg

′

16π2f 2
(DµH)†(DνH)Bµν

+
cγg
′2

16π2f 2

g 2

g 2
ρ

H†HBµνB
µν +

cgg
2
S

16π2f 2

y 2
t

g 2
ρ

H†HG a
µνG

aµν

− c2W g 2

2g 2
ρm2

ρ

(DµWµν)i (DρW
ρν)i − c2Bg

′2

2g 2
ρm2

ρ

(∂µBµν)(∂ρB
ρν)− c2gg

2
s

2g 2
ρm2

ρ

(DµGµν)a(DρG
ρν)a

+
c3W g 3

16π2m2
ρ

εijkW
i
µ

ν
W j
νρW

k ρµ +
c3gg

3
s

16π2m2
ρ

fabcG
a
µ
νG b

νρG
c ρµ

Relation to our conventions:

H =
(v + h)√

2
U

(
0

1

)
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The “Strongly-Interacting Light Higgs” (SILH)

By comparing the operators, we find:

Oβ1,OXU1,OXU3,OXU5 and OXU9 are generated with independent coefficients.

Corrections to the leading order Lagrangian are given for the terms ∆Lkin,h, ∆V(h)
and ∆LYukawa with independent coefficients. The term ∆Lkin, GB is generated, but
not with independent coefficient.

Only two operators with a fermion vector current, OΨVi , are generated
independently. The two linear combinations that arise are:∑

f

(YfO(0)
ΨVf )(v + h)2 and

(
2O(0)

ΨV 2,8 +O(0)
ΨV 3,9 +O(0)†

ΨV 3,9

)
(v + h)2

In the four fermion sector, they only consider three independent terms:

(Ψ̄LγµT
iΨL)(Ψ̄′Lγ

µT iΨ′L), (Ψ̄f γµYf Ψf )(Ψ̄f ′γ
µYf ′Ψf ′)

and (Ψ̄qγµT
AΨq)(Ψ̄q′γ

µTAΨq′).

The operators of the class UHΨ2X are not generated.

They consider two additional operators of the class X 3.
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Example – The Higgs portal1

V = −µ
2
s

2 |φs |2 + λs

4 |φs |4 −
µ2
h

2 |φh|2 + λh

4 |φh|4 + η
2 |φs |2|φh|2

vs√
2

=
√

ηµ2
h−λhµ2

s

η2−λsλh
, vh√

2
=
√

ηµ2
s−λsµ2

h

η2−λsλh

V =
v2
s λs

4 h2
s +

v2
hλh

4 h2
h + η

2 vsvhhshh +O(h3
i )

(
H1

H2

)
=

(
cosχ − sinχ
sinχ cosχ

)(
hs
hh

)

tan (2χ) = 2ηvsvh
v2
hλh−v2

s λs

1e.g. Englert, Plehn, Zerwas and Zerwas, arXiv:1106.3097, PLB
Patt and Wilczek, arXiv:hep-ph/0605188
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Example – The Higgs portal

LH =
1

2
(∂µH1)(∂µH1) +

1

2
(∂µH2)(∂µH2)− 1

2
M2

1H
2
1 −

1

2
M2

2H
2
2 + λ1H

3
1

+ λ2H
2
1H2 + λ3H1H

2
2 + λ4H

3
2 + z1H

4
1 + z2H

3
1H2 + z3H

2
1H

2
2 + z4H1H

3
2 + z5H

4
2

− v
(
q̄YuUP+r + q̄YdUP−r + l̄YeUP−η + h.c.

)(
1 +

cosχ

v
H1 +

sinχ

v
H2

)
+

v 2

4
〈DµUDµU†〉

(
1 +

2 cosχ

v
H1 +

2 sinχ

v
H2 +

cos2 χ

v 2
H2

1

+
2 sinχ cosχ

v 2
H1H2 +

sin2 χ

v 2
H2

2

)

(� + M2
2 )H2 = A0 + A1H2 + A2H

2
2 + A3H

3
2

H2 ≈ A0

M2
2

+ A1
A0

M4
2

+O( 1
M4

2
)

A0 = λ2H
2
1 + z2H

3
1 +

v 2

4
〈DµUDµU†〉

(
2 sinχ

v
+

2 sinχ cosχ

v 2
H1

)
− sinχ

(
q̄YuUP+r + q̄YdUP−r + l̄YeUP−η + h.c.

)
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The Higgs portal

We find:

Leff = Lwithout H2 +
A2

0

2M2
2

+O( 1
M4

2
)

This contains:

OD0,1,OΨS1,OΨS2,OΨS7 and operators with 4 fermions

C. Krause (LMU München) An EFT for EWSB including a light Higgs 08.07.13 13 / 13


	Motivation and Introduction
	Effective Lagrangian at leading order
	Effective Lagrangian at next-to-leading order
	Conclusions

