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Massive & dark SUSY 

states show up through 

a hidden portal from a 

warped dimension 

Look, your worship, it’s 

just the spectrum of the 

Standard Model 

Don Quixote and the Windmills 



CMS Exotica Physics Group Summary – ICHEP, 2014
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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

EWET A. Pich – Annecy 2014 6



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
2 ·~ϕ(x)

}
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
2 ·~ϕ(x)

}
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
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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

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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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
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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

EWET A. Pich – Annecy 2014 8



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
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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
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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
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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 µν = ∂µŴ ν − ∂νŴ µ− i [Ŵ µ, Ŵ ν ] , B̂µν = ∂µB̂ν − ∂νB̂µ− i [B̂µ, B̂ν ]

Ŵ µ = − g

2
~σ· ~W µ , B̂µ = − g′

2
σ3 B

µ (explicit symmetry breaking)
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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 µν = ∂µŴ ν − ∂νŴ µ− i [Ŵ µ, Ŵ ν ] , B̂µν = ∂µB̂ν − ∂νB̂µ− i [B̂µ, B̂ν ]

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 µν = ∂µŴ ν − ∂νŴ µ− i [Ŵ µ, Ŵ ν ] , B̂µν = ∂µB̂ν − ∂νB̂µ− i [B̂µ, B̂ν ]

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
EWET A. Pich – Annecy 2014 11



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

EWET A. Pich – Annecy 2014 15



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

]

EWET A. Pich – Annecy 2014 16



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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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 . . .

EWET A. Pich – Annecy 2014 18



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)

EWET A. Pich – Annecy 2014 20



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
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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

Symmetry Breaking: P± = 1
2 (I2 ± σ3)
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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

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†
D
µ
U〉 OψS3,4 = Q̄LP̃±UQR 〈VµTL〉2

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

OψS7 = L̄LP̃−ULR 〈DµU†
D
µ
U〉 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
†

EWET A. Pich – Annecy 2014 22



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

EWET A. Pich – Annecy 2014 25



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 , 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

EWET A. Pich – Annecy 2014 31



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)

EWET A. Pich – Annecy 2014 34



A. Pich                                                                             Theory Highlights & Outlook                                                               46 

W W  Scattering  @  LHC Berryhill 

ATLAS, arxiv:1405.6241 

First  evidence  of  

W± W±  scattering 
(3.6  ) 

CMS-PAS-SMP-13-015 



Strongly-Coupled Scenarios

• Symmetry Breaking: SU(2)L ⊗ SU(2)R → SU(2)L+R
• Goldstone Dynamics Electroweak Effective Theory

• Strong Electroweak Dynamics Heavy Resonances

• Many possibilities: Technicolour, Walking Technicolour,
Conformal Technicolour, CFT, 5D . . .

• Light Scalar Resonance S1(125)
Pseudo-Goldstone (composite) Higgs, Dilaton . . .
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Strongly-Coupled Scenarios

• Symmetry Breaking: SU(2)L ⊗ SU(2)R → SU(2)L+R
• Goldstone Dynamics Electroweak Effective Theory

• Strong Electroweak Dynamics Heavy Resonances

• Many possibilities: Technicolour, Walking Technicolour,
Conformal Technicolour, CFT, 5D . . .

• Light Scalar Resonance S1(125)
Pseudo-Goldstone (composite) Higgs, Dilaton . . .

Leff =
v2

4
Tr

[
(D
µ
U)

†
DµU

](
1 +

2ω

v
S1

)
+

FV

2
√

2
Tr

[
Vµν f

µν
+

]
+

FA

2
√

2
Tr

[
Aµν f

µν
−
]
+ λ̃

SA
1 ∂

µ
S1 Tr

[
Aµνu

ν ]
+ · · ·
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Strongly-Coupled Scenarios

• Symmetry Breaking: SU(2)L ⊗ SU(2)R → SU(2)L+R
• Goldstone Dynamics Electroweak Effective Theory

• Strong Electroweak Dynamics Heavy Resonances

• Many possibilities: Technicolour, Walking Technicolour,
Conformal Technicolour, CFT, 5D . . .

• Light Scalar Resonance S1(125)
Pseudo-Goldstone (composite) Higgs, Dilaton . . .

Leff =
v2

4
Tr

[
(D
µ
U)

†
DµU

](
1 +

2ω

v
S1

)
+

FV

2
√

2
Tr

[
Vµν f

µν
+

]
+

FA

2
√

2
Tr

[
Aµν f

µν
−
]
+ λ̃

SA
1 ∂

µ
S1 Tr

[
Aµνu

ν ]
+ · · ·

ω = κW = κZ = a =





1 SM
√

1 − v2/F 2 MCHM4,MCHM5

v2/F 2
Dilaton
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Resonance Effective Theory

• Towers of heavy states are usually present in strongly-coupled
models of EWSB: Technicolour, Walking TC. . .

• The low-energy constants (LECs) of the Goldstone Lagrangian
contain information on the heavier states. The lightest states
not included in the Lagrangian dominate
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Resonance Effective Theory

• Towers of heavy states are usually present in strongly-coupled
models of EWSB: Technicolour, Walking TC. . .

• The low-energy constants (LECs) of the Goldstone Lagrangian
contain information on the heavier states. The lightest states
not included in the Lagrangian dominate

1 Build L
eff
(ϕi ,Rk) with the lightest Rk coupled to the ϕi

2 Require a good UV behaviour Low # of derivatives

3 Match the two effective Lagrangians LECs
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Resonance Effective Theory

• Towers of heavy states are usually present in strongly-coupled
models of EWSB: Technicolour, Walking TC. . .

• The low-energy constants (LECs) of the Goldstone Lagrangian
contain information on the heavier states. The lightest states
not included in the Lagrangian dominate

1 Build L
eff
(ϕi ,Rk) with the lightest Rk coupled to the ϕi

2 Require a good UV behaviour Low # of derivatives

3 Match the two effective Lagrangians LECs

This program works in QCD: RχT (Ecker–Gasser–Leutwyler–Pich–de Rafael)

Good dynamical understanding at large NC
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Gauge Boson Self-Energies: S, T

LO: Sensitive to vector and axial states Peskin-Takeuchi

V, A
SLO = 4π

(
F 2
V

M2
V

− F 2
A

M2
A

)
=

4πv2

M2
V

(
1 +

M2
V

M2
A

)
MA > MV > 1.5 TeV

NLO: Sensitive to the light scalar S1(125) AP, Rosell, Sanz-Cillero, 1212.6769

V V V V

A A A A

S S SS

ω ≡ g
SWW

g SM
HWW

∈ [0.94, 1]

MA ≈ MV > 4 TeV

(95% CL)

Assumes a good UV behaviour as in

asymptotically-free gauge theories

MV

Ω

-0.4 -0.2 0.0 0.2 0.4

-0.4

-0.2

0.0

0.2

0.4

S
T

MV ∈ [1.5, 6.0] TeV

0 ≤ ω ≤ 1

1st + 2nd WSRs
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EW Effective Theory Summary

• Effective Field Theory: powerful low-energy tool

• Mass Gap: E,m
light

≪ ΛNP

• Assumption: relevant symmetries (breakings) & light fields

• Most general Leff(φlight
) allowed by symmetry

• Short-distance dynamics encoded in LECs

• LECs constrained phenomenologically

• Goal: get hints on the underlying fundamental dynamics

New Physics
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Learning from QCD experience. EW problem more difficult

Fundamental Underlying Theory unknown

QCD

χPT

?

Standard
Model

Additional dynamical input (fresh ideas!) needed
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Status & Outlook

• A new boson discovered

• H(125) behaves as the SM Higgs particle

• The SM appears to be the right theory at the EW scale

• New physics needed to explain many pending questions

Flavour, CP, baryogenesis, dark marrer, cosmology . . .

• How far is the Scale of New Physics ΛNP?

• Which symmetry keeps MH away from ΛNP?

Supersymmetry, scale/conformal symmetry . . .

• Which kind of New Physics?
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Let your worship be 

calm, senor. Maybe it's 

all enchantment, like 

the phantoms last night 

This, no doubt, Sancho, will be 

a most mighty and perilous 

adventure, in which it will be 

needful for me to put forth all 

my valour and resolution 



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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Short-Distance Conditions (UV Behaviour)

• In asymptotically-free gauge theories: 〈VV − AA〉 ∼ s−3 at s → ∞

Weinberg Sum Rules (F 2
V
− F 2

A
= v2 , F 2

V
M2

V
= F 2

A
M2

A
)

• Softer requirement valid in theories with non-trivial UV fixed points:

〈VV − AA〉 ∼ s−2 1st WSR only (assume still MV < MA)

SLO >
4πv2

M2
V

ω ≡ g
SWW

/g SM

HWW
very different

from the SM requires large

(unnatural) mass splitings

AP, Rosell, Sanz-Cillero, 1212.6769

0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.0

0.2

0.4

0.6

0.8

1.0

1.2

MV HTeVL

Ω

68% CL

• 0.2 < MV /MA < 1

• 0.02 < MV /MA < 0.2
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