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 0.28± = 0.92 µ       
 ZZ→H 

 0.20± = 0.68 µ       
 WW→H 

 0.27± = 0.77 µ       
γγ →H 

 0.41± = 1.10 µ       
ττ →H 

 0.62± = 1.15 µ       
 bb→H 

 0.14± = 0.80 µ       
Combined

-1 19.6 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

CMS Preliminary
 = 0.65
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• ↔ EWSB? SM unnatural, mh ≪ Λ; no other new particles (so far)

→ Effective Field Theory

• symmetries, particle content, power counting

• model independent
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Introduction SM as effective theory

• quarks, leptons, SU(3)C , SU(2)L, U(1)Y

• Goldstones ϕa, U = exp(2iϕaT a/v)

EW chiral Lagrangian Appelquist, Longhitano

• include light Higgs h

U → gLUg
†
R, h→ h, gL,R ∈ SU(2)L,R

special case:

(Φ̃,Φ) ≡ (v + h)U
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Nonlinear realization of EWSB

Weinberg; Callan, Coleman, Wess, Zumino

• U = exp(2iϕaT a/v): SU(2)L ⊗ SU(2)R → SU(2)V nonlinear

• v2

4
〈DµU

†DµU〉: contains all powers of ϕa

• nonrenormalizable, nonperturbative → loop expansion

• LO: p2

v2
↔ NLO: >∼

1
16π2

p4

v4

• relative correction p2/16π2v2 → cut-off Λ = 4πv

• NLO coefficient >∼ 1/16π2 = v2/Λ2
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Leading-order Lagrangian

LLO = −1

2
〈GµνG

µν〉 − 1

2
〈WµνW

µν〉 − 1

4
BµνB

µν + ψ̄i 6Dψ

+
v2

4
〈DµU

†DµU〉 (1 + FU(h/v)) +
1

2
∂µh∂

µh− V (h)

−v
[

∞
∑

n=0

q̄Ŷ (n)
u UP+r

(

h

v

)n

+ h.c.+ . . .

]

∼ v4

Contino et al.

• h pseudo-Goldstone: m2
hh

2 ∼ 1/(16π2) Λ2h2 ∼ v2h2

• LLO: dimension 2, 3, 4 → loop expansion, v2/Λ2 ∼ 1/16π2
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Loop counting ≡ chiral counting

Urech; Nyffeler, Schenk; Hirn, Stern; G.B., Catà, Krause

chiral dimensions: [Aµ, ϕ, h]c = 0, [ψ]c = 1/2, [g, y, ∂µ]c = 1

loop order: 2L+ 2 = Σ (chiral dim.)

example: 4p − 6p + 4g + 2ψ = 4

⇒ [LLO]c = 2, [NLO]c = 4 (local terms; Dn, n ≥ 0)

UhD4, g2X2Uh, gXUhD2, y2ψ2UhD, yψ2UhD2, y2ψ4Uh

• ψ̄ψψ̄ψ, X2Uh not LO

• corrects NDA Georgi, Manohar
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Power counting operator classes

→ classification of NLO operators

UhD4, X2Uh, XUhD2, ψ2UhD, ψ2UhD2, ψ4Uh

related work: Giudice et al., Contino et al., Alonso et al.
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Loop vs. dimensional counting

Λ = 4πf

f

v

ξ = v2

f2
→ dim. exp.

1
16π2 ≈ f2

Λ2 → loop exp.
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Applications e+e− → W+W−

G.B., Catà, Rahn, Schlaffer

ϕ+

ϕ−

γ, Z

e+

e−

e+

e− ϕ+

ϕ−CV

ϕ+

ϕ−

γ, Z

e+

e−

CXU

200 400 600 800 1000
0.01

0.05

0.10

0.50

1.00

5.00

10.00

√
s in GeV

d
σ
L
H

d
co

s
ϑ
in
R

G. Buchalla ZPW 2015 Slide 9



Applications h → Zℓ+ℓ−

Isidori et al.; Grinstein et al.; G.B., Catà, D’Ambrosio; Beneke et al.
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Summary

• EFT for new physics: particle content, symmetries, power counting

• Lχ + h singlet: most general EFT

• includes strong EWSB with pseudo-Goldstone higgs

• loop counting: chiral dimensions

• full set of NLO operators; many applications
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NLO Lagrangian

Lµ ≡ iUDµU
† , τL ≡ UT3U

†

L = LLO + Lβ1 +
∑

i

ci
v6−di

Λ2
Oi

Lβ1 = −β1v2〈τLLµ〉 〈τLLµ〉Fβ1(h), Fβ1(h) = 1 +
∞
∑

n=1

fβ1,n

(

h

v

)n

related work: Contino et al., Alonso et al.
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NLO operators UhD4

CP even: (FDi = FDi(h))

OD1 = 〈LµLµ〉2 FD1 OD6 = i〈τLLµLν〉 〈τLLµ〉 ∂νh
v
FD6

OD2 = 〈LµLν〉 〈LµLν〉 FD2 OD7 = 〈LµLµ〉 ∂νh ∂
νh

v2
FD7

OD3 = (〈τLLµ〉 〈τLLµ〉)2 FD3 OD8 = 〈LµLν〉 ∂µh ∂νh
v2

FD8

OD4 = 〈τLLµ〉 〈τLLµ〉 〈LνLν〉 FD4 OD9 = 〈τLLµ〉 〈τLLµ〉 ∂νh∂
νh

v2
FD9

OD5 = 〈τLLµ〉 〈τLLν〉 〈LµLν〉 FD5 OD10 = 〈τLLµ〉 〈τLLν〉 ∂µh ∂νh
v2

FD10

OD11 =
(∂µh ∂µh)2

v4
FD11

(and 4 CP odd operators)
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NLO operators X2Uh, XUhD2

OXh1 = g′2BµνB
µν FXh1(h)

OXh2 = g2〈WµνW
µν〉FXh2(h)

OXh3 = g2s〈GµνG
µν〉FXh3(h)

OXU1 = g′gBµν〈W µντL〉 (1 + FXU1(h))

OXU2 = g2〈WµντL〉2 (1 + FXU2(h))

OXU3 = gεµνλρ〈W µνLλ〉〈τLLρ〉 (1 + FXU3(h))

OXU7 = ig′Bµν〈τL[Lµ, Lν ]〉FXU7(h)

OXU8 = ig〈Wµν [L
µ, Lν ]〉FXU8(h)

OXU9 = ig〈WµντL〉〈τL[Lµ, Lν ]〉FXU9(h)

(and 9 CP odd operators)
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NLO operators ψ2UhD

OψV 1 = −q̄γµq 〈τLLµ〉FψV 1(h)

OψV 2 = −q̄γµτLq 〈τLLµ〉FψV 2(h)

OψV 3 = −q̄γµUP12U
†q 〈LµUP21U

†〉FψV 3(h), O†
ψV 3

OψV 4 = −ūγµu 〈τLLµ〉FψV 4(h)

OψV 5 = −d̄γµd 〈τLLµ〉FψV 5(h)

OψV 6 = −ūγµd 〈LµUP21U
†〉FψV 6(h), O†

ψV 6

(similar operators with leptons)
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NLO operators ψ2UhD2, ψ4Uh

OψS1 = q̄UP+r〈LµLµ〉FψS1 OψS10 = q̄UP+r〈τLLµ〉∂
µh
v
FψS10

OψS2 = q̄UP−r〈LµLµ〉FψS2 OψS11 = q̄UP−r〈τLLµ〉∂
µh
v
FψS11

OψS3 = q̄UP+r〈τLLµ〉〈τLLµ〉FψS3 OψS12 = q̄UP12r〈UP21U
†Lµ〉∂

µh
v
F12

OψS4 = q̄UP−r〈τLLµ〉〈τLLµ〉FψS4 OψS13 = q̄UP21r〈UP12U
†Lµ〉∂

µh
v
F13

OψS5 = q̄UP12r〈τLLµ〉〈UP21U
†Lµ〉FψS5 OψS14 = q̄UP+r

∂µh

v
∂µh
v
FψS14

OψS6 = q̄UP21r〈τLLµ〉〈UP12U
†Lµ〉FψS6 OψS15 = q̄UP−r

∂µh
v

∂µh
v
FψS15

ψ4Uh operators: O4ψUh,i = O4ψU,i F4ψi(h)

e.g. ψ̄LUψR ψ̄LUψR F (h)
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Comparison with linearly realized Higgs

Lχ: LO LO X2Uh ψ2UhD ψ4Uh UhD4 ψ2UhD2
NNLO NNLO

XUhD2

LBW : ϕ6 ψ2ϕ3 X2ϕ2 ψ2ϕ2D ψ4
NNLO NNLO X3 ψ2Xϕ

ϕ4D2

linear in ξ = v2

f2
from Lχ ↔ dimension 6 from LBW

Buchmüller, Wyler; Grzadkowski et al.

SILH

Giudice et al.
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