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I EFFECT IVE LAGRANGIANS
• WW →WW @ high energies
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• ff̄ →WW @ high energies
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• analogous for κH



(i) weakly interacting theories

• effective higher dimension operators up to dim 6 Buchmüller, Wyler
Grzadkowski, Iskrzynski, Misiak, Rosiek

Giudice, Grojean, Pomarol, Rattazzi

L = LSM +
1

Λ2

∑

i

αiOi

≡ LSM +
∑

i

c̄iOi

≡ LSM + ∆LSILH + ∆LF1
+ ∆LF2

+ ∆Lbos + ∆L4f + ∆LCP
[assume Λ large]

• assume Higgs SU(2)-doublet

H =

(
φ+

φ0

)
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c̄l
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)

+
ic̄W g

2m2
W
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)
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i +
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2m2
W
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(∂νBµν)

+
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2

m2
W
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c̄g g2S
m2
W

H†HGa
µνG

aµν
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ic̄Hq
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i
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a
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′
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W
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m2
W
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i
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a
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+
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′
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W
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∆Lbos =
c̄3W g3

m2
W

εijkW i ν
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3
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W
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W
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m2
W
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a (DρG
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∆L4f =
∑
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µT aψjψ̄kγµT
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∆LCP =
ic̃HW g
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2

m2
W

H†HBµνB̃µν +
c̃g g2S
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• after using EOM: 53 (59) independent dim6 operators



• power counting: H → O(g∗/M = 1/f), ∂µ→ O(1/M)

⇒ expansion in H/f and E/M

c̄H , c̄T , c̄6, c̄ψ ∼ O
(
v2

f2

)
, c̄W , c̄B ∼ O

(
m2
W

M2

)
, c̄HW , c̄HB, c̄γ, c̄g ∼ O

(
m2
W

16π2f2

)

c̄Hψ, c̄
′
Hψ ∼ O

(
λ2
ψ

g2∗

v2

f2

)
, c̄Hud ∼ O

(
λuλd

g2∗

v2

f2

)
, c̄ψW , c̄ψB, c̄ψG ∼ O

(
m2
W

16π2f2

)

Giudice, Grojean, Pomarol, Rattazzi

• canonical normalization, unitary gauge:

v2 = v2SM

(
1 +

3

4
c̄6

)

hSM = h

[
1− c̄H

2
− c̄T

8

]
− 3

8
c̄6v

m2
h = m2

hSM

[
1− c̄H +

3

2
c̄6 −

1

2
c̄T

]

etc.



L= 1
2
∂µh ∂µh− 1

2
m2
hh

2 − c3 1
6

(
3m2

h

v

)
h3 −∑ψ=u,d,lmψ(i) ψ̄(i)ψ(i)

(
1 + cψ

h
v
+ . . .

)

+m2
W WµW µ

(
1 + 2cW

h
v
+ . . .

)
+ 1

2
m2
Z ZµZ

µ
(
1 + 2cZ

h
v
+ . . .

)
+ . . .

+
(
cWW W+

µνW
−µν + cZZ

2
ZµνZµν + cZγ Zµνγ

µν +
cγγ
2
γµνγµν +

cgg
2
Ga
µνG

aµν
)
h
v

+
(
cW∂W

(
W−

ν DµW+µν + h.c.
)
+ cZ∂Z Zν∂µZ

µν + cZ∂γ Zν∂µγ
µν
)
h
v
+ . . .

Higgs couplings ∆LSILH MCHM4 MCHM5

cW 1− c̄H/2
√

1− ξ √
1− ξ

cZ 1− c̄H/2− 2c̄T
√

1− ξ √
1− ξ

cψ (ψ = u, d, l) 1− (c̄H/2 + c̄ψ)
√

1− ξ 1− 2ξ√
1− ξ

c3 1 + c̄6 − 3c̄H/2
√

1− ξ 1− 2ξ√
1− ξ

cgg 8 (αs/α2) c̄g 0 0

cγγ 8 sin2θW c̄γ 0 0

cZγ
(
c̄HB − c̄HW − 8 c̄γ sin2θW

)
tan θW 0 0

cWW −2 c̄HW 0 0

cZZ −2
(
c̄HW + c̄HB tan2θW − 4c̄γ tan2θW sin2θW

)
0 0

cW∂W −2(c̄W + c̄HW) 0 0

cZ∂Z −2(c̄W + c̄HW)− 2 (c̄B + c̄HB) tan2θW 0 0

cZ∂γ 2 (c̄B + c̄HB − c̄W − c̄HW) tan θW 0 0

small deviations from SM couplings Contino, Ghezzi, Grojean, Mühlleitner, S.
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+ . . .
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+ . . .
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+ . . .

+
(
cWW W+
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2
ZµνZµν + cZγ Zµνγ

µν + cγγ
2
γµνγµν + cgg

2
Ga
µνG

aµν
)
h
v

+
(
cW∂W

(
W−

ν DµW+µν + h.c.
)
+ cZ∂Z Zν∂µZ

µν + cZ∂γ Zν∂µγ
µν
)
h
v
+ . . .

• also valid in case of a non-linear Lagrangian for a light Higgs-like

scalar [h generic CP-even scalar]

⇒ expansion in E/M (derivatives) only, large deviations from SM

couplings

SILH: expansion in v2/f2, E2/M2, αs/π, α/π

non-lin.: expansion in E2/M2, αs/π



II eHDECAY http://www.itp.kit.edu/∼maggie/eHDECAY/

• h→ ff̄ :

Γ(ψ̄ψ)
∣∣
SILH

= ΓSM0 (ψ̄ψ)

[
1− c̄H − 2c̄ψ +

2

|ASM0 |2
Re
(
A∗SM0 ASM1,ew

)] [
1 + δψ κ

QCD
]

+O
(
v4

f4
,
v2α

f2π
,
α2

π2

)

Γ(ψ̄ψ)
∣∣
NL

= c2ψ ΓSM0 (ψ̄ψ)
[
1 + δψ κ

QCD
]
+O

(
m2
h

M2
,
α

π

)

ASM0 : SM tree-level amplitude

ASM1,ew: SM elw. amplitude [real corrections treated analogously]

• factorization of QCD ↔ elw. [limit small mh]

• NL: no elw. corrections!



• h→ gg:

Γ(gg)
∣∣
SILH

=
GFα

2
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3
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4
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1
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∣∣∣∣
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1

3
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∣∣∣∣
2

c2eff κew κsoft

+
1

9
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∣∣
NL

=
GFα

2
sm

3
h

4
√
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[∣∣∣∣
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∑

q=t,b,c

cq

3
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2πcgg
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 ceff κsoft +

∣∣∣∣
2πcgg

αs

∣∣∣∣
2
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+
1

9

∑

q,q′=t,b

cq A
∗
1/2 (τq) cq′ A1/2 (τq′)κ

NLO(τq, τq′)

]



A1/2 (τ) =
3

2
τ [1 + (1− τ) f (τ)]

f (τ) =






arcsin2 1√
τ

τ ≥ 1

−1

4

[
ln

1 +
√

1− τ
1−
√

1− τ − iπ
]2

τ < 1 .

κNLOsoft = 1 +
αNLOs

π

(
73

4
− 7

6
NF

)
, cNLOeff = 1 +

αNLOs

π

11

4

Inami, Kubota, Okada
Djouadi, S., Zerwas

Chetyrkin, Kniehl, Steinhauser
Krämer, Laenen, S.

Baikov, Chetyrkin

• κNLO(τq, τq′): NLO mass effects ( <∼ 5% in SM)



• h→ γγ:

Γ(γγ)
∣∣
SILH

=
GFα

2
emm

3
h

128
√

2π3

{
|ASMNLO(γγ)|2 + 2Re

(
ASM∗LO (γγ)ASM

ew (γγ)
)

+2Re

[
ASM∗NLO(γγ)

(
∆A(γγ) +

32π sin2θW c̄γ

αem

)]}

Γ(γγ)
∣∣
NL

=
GFα

2
emm

3
h

128
√

2π3

∣∣∣∣
∑

q=t,b,c

4

3
cq 3Q

2
q A

NLO
1/2 (τq) +

4

3
cτQ

2
τA1/2 (ττ)

+cVA1 (τW) +
4π

αem
cγγ

∣∣∣∣
2

∆A(γγ) = −
∑

q=t,b,c

4

3

(
c̄H

2
+ c̄q

)
3Q2

q A
NLO
1/2 (τq)−

(
c̄H

2
+ c̄τ

)
4

3
Q2
τ A1/2 (ττ)

−
(
c̄H

2
− 2c̄W

)
A1 (τW)

A1 (τ) = − [2 + 3τ + 3τ (2− τ) f (τ)]

ANLO1/2 (τq) = A1/2(τq)(1 + κQCD)

• κQCD: massive QCD corrections Djouadi, S., Zerwas
Melnikov, Yakovlev

Inoue, Najima, Oka, Saito



• h→ Zγ:

Γ(Zγ)
∣∣
SILH

=
G2
Fαemm

2
Wm

3
h

64π4

(
1− m2

Z

m2
h

)3

×
{∣∣ASM(Zγ)

∣∣2 + 2Re
(
ASM∗(Zγ)∆A(Zγ)

)

+2Re

[
−4π tan θW√

αemα2

(c̄HB − c̄HW − 8c̄γ sin
2 θW )ASM∗(Zγ)

]}

Γ(Zγ)
∣∣
NL

=
G2
Fαemm

2
Wm

3
h

64π4

(
1− m2

Z

m2
h

)3

×

∣∣∣∣∣
∑

ψ

cψNcQψv̂ψ

cos θW
AZγ

1/2

(
τψ, λψ

)
+ cV A

Zγ
1 (τW , λW)− 4π

√
αemα2

cZγ

∣∣∣∣∣

2

AZγ
1/2

(τ, λ) = [I1 (τ, λ)− I2 (τ, λ)]

AZγ1 (τ, λ) = cos θW

{
4
(
3− tan2 θW

)
I2
(
τ, λ
)

+

[(
1 +

2

τ

)
tan2 θW −

(
5 +

2

τ

)]
I1
(
τ, λ
)}

∆A(Zγ) = −
∑

ψ

(
c̄H

2
+ c̄ψ

)
NcQψv̂ψ

cos θW
AZγ

1/2

(
τψ, λψ

)
−
(
c̄H

2
− 2c̄W

)
AZγ1 (τW , λW )

ASM(Zγ) =
∑

ψ

NcQψv̂ψ

cos θW
AZγ

1/2

(
τψ, λψ

)
+AZγ1 (τW , λW )



I1 (τ, λ) =
τλ

2 (τ − λ) +
τ2λ2

2 (τ − λ)2
[f (τ)− f (λ)] +

τ2λ

(τ − λ)2
[g (τ)− g (λ)]

I2 (τ, λ) = − τλ

2(τ − λ) [f (τ)− f (λ)]

g (τ) =





√
τ − 1 arcsin

1√
τ

τ ≥ 1

√
1− τ
2

[
ln

1 +
√

1− τ
1−
√

1− τ
− iπ

]
τ < 1 .



• h→ Z∗Z∗,W ∗W ∗:

Γ(V ∗V ∗) =
1

π2

∫ m2
h

0

dQ2
1 mVΓV(

Q2
1 −m2

V

)2
+m2

VΓ2
V

∫ (mh−Q1)
2

0

dQ2
2 mVΓV(

Q2
2 −m2

V

)2
+m2

VΓ2
V

Γ(V V )

Γ(V V )
∣∣
NL

= ΓSM(V V )×
{
c2V − 2cV

[
aV V

2

(
1− Q2

1 +Q2
2

m2
h

)
+ aV ∂V

Q2
1 +Q2

2

m2
h

]

+cV aV V
λ
(
Q2

1, Q
2
2,m

2
h

)
(1− (Q2

1 +Q2
2)/m

2
h)

λ
(
Q2

1, Q
2
2,m

2
h

)
+ 12Q2

1Q
2
2/m

4
h

}

aV V = cV V
m2
h

m2
V

, aV ∂V =
cV ∂V

2

m2
h

m2
V

Γ(V V )
∣∣
SILH

= ΓSILH(V V ) + ΓSM(V V )
2

|ASM0 |2
Re
(
A∗SM0 ASMew

)

ΓSILH(V V ) = ΓSM(V V )×
{

1− c̄H − 2

[
āV V

2

(
1− Q2

1 +Q2
2

m2
h

)
+ āV ∂V

Q2
1 +Q2

2

m2
h

]

+āV V
λ
(
Q2

1, Q
2
2,m

2
h

)
(1− (Q2

1 +Q2
2)/m

2
h)

λ
(
Q2

1, Q
2
2,m

2
h

)
+ 12Q2

1Q
2
2/m

4
h

}

ΓSM(V V ) =
δVGFm3

h

16
√

2π

√
λ
(
Q2

1, Q
2
2,m

2
h

)(
λ
(
Q2

1, Q
2
2,m

2
h

)
+

12Q2
1Q

2
2

m4
h

)

āWW = −2
m2
h

m2
W

c̄HW , āZZ = −2
m2
h

m2
Z

(
c̄HW + c̄HB tan2θW − 4c̄γ tan2θW sin2θW

)

āW∂W = −2
m2
h

2m2
W

(c̄W + c̄HW ) , āZ∂Z = −2
m2
h

2m2
Z

(
c̄W + c̄HW + (c̄B + c̄HB) tan2θW

)



• approximate formulae [w/o elw. corrections]: α2 =
√

2GFm
2
W/π

Γ(ψ̄ψ)

Γ(ψ̄ψ)SM
' 1− c̄H − 2 c̄ψ

Γ(h→W (∗)W ∗)

Γ(h→W (∗)W ∗)SM
' 1− c̄H + 2.2 c̄W + 3.7 c̄HW

Γ(h→ Z(∗)Z∗)

Γ(h→ Z(∗)Z∗)SM
' 1− c̄H + 2.0

(
c̄W + tan2θW c̄B

)

+3.0
(
c̄HW + tan2θW c̄HB

)
− 0.26 c̄γ

Γ(h→ Zγ)

Γ(h→ Zγ)SM
' 1− c̄H + 0.12 c̄t − 5 · 10−4 c̄c − 0.003 c̄b − 9 · 10−5 c̄τ

+4.2 c̄W + 0.19
(
c̄HW − c̄HB + 8 c̄γ sin2θW

) 4π
√
α2αem

Γ(h→ γγ)

Γ(h→ γγ)SM
' 1− c̄H + 0.54 c̄t − 0.003 c̄c − 0.007 c̄b − 0.007 c̄τ

+5.04 c̄W − 0.54 c̄γ
4π

αem

Γ(h→ gg)

Γ(h→ gg)SM
' 1− c̄H − 2.12 c̄t + 0.024 c̄c + 0.1 c̄b + 22.2 c̄g

4π

α2



III CONCLUSIONS

• Higgs decays: eHDECAY

• inclusion of SILH (dim 6) and non-linear Lagrangians

• systematic extension of SM → well-defined expansions

• SILH: expansion in v2/f2, E2/M2, αs/π, α/π

• non-lin.: expansion in E2/M2, αs/π

• eHDECAY provides consistent tool for BSM Higgs decays

http://www.itp.kit.edu/∼maggie/eHDECAY/

[• important impact on single and double Higgs production modes]
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• classification: [Φ = H, Φ̃ = iσ2Φ∗]

Φ6 and Φ4D2 ψ2Φ3 X3

OΦ = (Φ†Φ)3 OeΦ = (Φ†Φ)(¯̀ΓeeΦ) OG = fABCGAν
µ GBρ

ν GCµ
ρ

OΦ2 = (Φ†Φ)2(Φ†Φ) OuΦ = (Φ†Φ)(q̄ΓuuΦ̃) O
G̃

= fABCG̃Aν
µ GBρ

ν GCµ
ρ

OΦD = (Φ†DµΦ)∗(Φ†DµΦ) OdΦ = (Φ†Φ)(q̄ΓddΦ) OW = εIJKW Iν
µ W Jρ

ν WKµ
ρ

O
W̃

= εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2Φ2 ψ2XΦ ψ2Φ2D

OΦG = (Φ†Φ)GA
µνG

Aµν OuG = (q̄σµν λ
A

2
ΓuuΦ̃)GA

µν O(1)
Φ` = (Φ†i

↔
DµΦ)(¯̀γµ`)

O
ΦG̃

= (Φ†Φ)G̃A
µνG

Aµν OdG = (q̄σµν λ
A

2
ΓddΦ)GA

µν O(3)
Φ` = (Φ†i

↔
DI
µΦ)(¯̀γµτ I`)

OΦW = (Φ†Φ)W I
µνW

Iµν OeW = (¯̀σµνΓeeτ
IΦ)W I

µν OΦe = (Φ†i
↔
DµΦ)(ēγµe)

O
ΦW̃

= (Φ†Φ)W̃ I
µνW

Iµν OuW = (q̄σµνΓuuτ
IΦ̃)W I

µν O(1)
Φq = (Φ†i

↔
DµΦ)(q̄γµq)

OΦB = (Φ†Φ)BµνBµν OdW = (q̄σµνΓddτ
IΦ)W I

µν O(3)
Φq = (Φ†i

↔
DI
µΦ)(q̄γµτ Iq)

O
ΦB̃

= (Φ†Φ)B̃µνBµν OeB = (¯̀σµνΓeeΦ)Bµν OΦu = (Φ†i
↔
DµΦ)(ūγµu)

OΦWB = (Φ†τ IΦ)W I
µνB

µν OuB = (q̄σµνΓuuΦ̃)Bµν OΦd = (Φ†i
↔
DµΦ)(d̄γµd)

O
ΦW̃B

= (Φ†τ IΦ)W̃ I
µνB

µν OdB = (q̄σµνΓddΦ)Bµν OΦud = i(Φ̃†DµΦ)(ūγµΓudd)



• constraints from precision measurements:

∆ε1 ≡∆ρ = c̄T(mZ), −1.5× 10−3 < c̄T(mZ) < 2.2× 10−3

∆ε3 = c̄W(mZ) + c̄B(mZ) , −1.4× 10−3 < c̄W(mZ) + c̄B(mZ) < 1.9× 10−3

• Z-pole measurements:

δgLψ

gLψ
=

1

2

c̄HΨ + 2T3L c̄
′
HΨ

T3L −Q sin2θW
,

δgRψ

gRψ
=

1

2

c̄Hψ

Q sin2θW

−0.03 < c̄Hq1 < 0.02 , −0.002 < c̄′Hq1 < 0.003 ,

−0.005 < c̄Hq2 < 0.003 , −0.003 < c̄′Hq2 < 0.005 ,

−0.008 < c̄Hu < 0.02 , −0.03 < c̄Hd < 0.02 , −0.03 < c̄Hs < 0.02

−0.004 < c̄HL + c̄′HL < 0.002 , −0.003 < c̄HL − c̄′HL < 0.0002 , −0.0007 < c̄Hl < 0.003 ,

−0.02 < c̄Hq2 + c̄′Hq2 < 0.005 , −0.02 < c̄Hc < 0.03 ,

−0.003 < c̄Hq3 − c̄′Hq3 < 0.009 , −0.07 < c̄Hb < −0.005



• EDMs: neutron & mercury:

−7.01× 10−6 < Im(c̄uB + c̄uW) < 7.86× 10−6 ,

−9.42× 10−7 < Im(c̄dB − c̄dW) < 8.40× 10−7 ,

−1.62× 10−6 < Im(c̄uG) < 2.01× 10−6 ,

−7.71× 10−7 < Im(c̄dG) < 5.70× 10−7 ,

• top quark: nEDM, b→ sγ, s`+`−:
−1.39× 10−4 < Im(c̄tG) < 1.21× 10−4

−0.057 < Re(c̄tW + c̄tB)− 2.65 Im(c̄tW + c̄tB) < 0.20

tt̄ cxns @ Tevatron & LHC:

−6.12× 10−3 < Re(c̄tG) < 1.94× 10−3

−1.2 < Re(c̄bW ) < 1.1 , −0.01 < Re(c̄tW) < 0.02



• leptons: EDMs & anomalous magnetic moments:

−1.64× 10−2 < Re(c̄eB − c̄eW ) < 3.37× 10−3 ,

1.88× 10−4 < Re(c̄µB − c̄µW) < 6.43× 10−4 ,

−2.97× 10−7 < Im(c̄eB − c̄eW ) < 4.51× 10−7 ,

−0.26 < Im(c̄µB − c̄µW) < 0.29 ,


