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Weak interaction

Massive exchange bosons

– Fermi 1934: weak interactions [n → pe−ν̄e ]

point-like (2→ 2) amplitude A ∝ GF E2

unitarity violation [E < 600 GeV]

pre-80s effective theory
– Yukawa 1935: massive particles

Fermi’s theory for E � M
modified amplitude A ∝ g2E2/(E2 −M2)
unitarity violation in WW → WW [E < 1.2 TeV]

pre-LHC effective theory

– Higgs 1964: spontaneous symmetry breaking
unitary through Higgs particle
particle masses allowed
fundamental weak-scale scalar

– ’t Hooft & Veltman 1971: renormalizability
no 1/M couplings allowed
theory valid to high energy
Standard Model with Higgs fundamental
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Higgs boson

Two problems for spontaneous gauge symmetry breaking

– problem 1: Goldstone’s theorem
SU(2)L × U(1)Y → U(1)Q gives 3 massless scalars

– problem 2: massive gauge theories
massive gauge bosons have 3 polarizations, and 3 6= 2



Higgs Boson

Tilman Plehn

Weak interaction

Higgs boson

Discovery

Lagrangian

Couplings

Meaning

Higgs boson

Two problems for spontaneous gauge symmetry breaking

– problem 1: Goldstone’s theorem
SU(2)L × U(1)Y → U(1)Q gives 3 massless scalars

– problem 2: massive gauge theories
massive gauge bosons have 3 polarizations, and 3 6= 2

Higgs-related papers [also Brout & Englert; Guralnik, Hagen, Kibble]

– 1964: combining two problems to one predictive solution
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– 1966: original Higgs phenomenology
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– problem 1: Goldstone’s theorem
SU(2)L × U(1)Y → U(1)Q gives 3 massless scalars

– problem 2: massive gauge theories
massive gauge bosons have 3 polarizations, and 3 6= 2

Higgs-related papers [also Brout & Englert; Guralnik, Hagen, Kibble]

– 1964: combining two problems to one predictive solution

– 1966: original Higgs phenomenology

– 1976 etc: collider phenomenology
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Two problems for spontaneous gauge symmetry breaking

– problem 1: Goldstone’s theorem
SU(2)L × U(1)Y → U(1)Q gives 3 massless scalars

– problem 2: massive gauge theories
massive gauge bosons have 3 polarizations, and 3 6= 2

Higgs-related papers [also Brout & Englert; Guralnik, Hagen, Kibble]

– 1964: combining two problems to one predictive solution

– 1966: original Higgs phenomenology

– 1976 etc: collider phenomenology

⇒ Higgs boson predicted from mathematical field theory



Higgs Boson

Tilman Plehn

Weak interaction

Higgs boson

Discovery

Lagrangian

Couplings

Meaning

Higgs boson

Two problems for spontaneous gauge symmetry breaking

– problem 1: Goldstone’s theorem
SU(2)L × U(1)Y → U(1)Q gives 3 massless scalars

– problem 2: massive gauge theories
massive gauge bosons have 3 polarizations, and 3 6= 2

In terms of Higgs potential

V =µ2|φ|2 + λ|φ|4

minimum at φ =
v√
2

∂V
∂ |φ|2 =µ2 + 2λ|φ|2 ⇒ v2

2
=
−µ2

2λ

excitation φ =
v + H√

2

m2
H =

∂2V
∂H2

∣∣∣∣∣
minimum

= 2λv2
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Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with O1 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , O2 = −1

3
(φ†φ)3
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Exercise: D6-Higgs potential

Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with O1 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , O2 = −1

3
(φ†φ)3

first operator, wave function renormalization

O1 =
1
2
∂µ(φ†φ) ∂µ(φ†φ)

=
1
2
∂µ

(
(H̃ + v)2

2

)
∂µ

(
(H̃ + v)2

2

)

=
1
2

(H̃ + v)2 ∂µH̃ ∂µH̃
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Exercise: D6-Higgs potential

Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with O1 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , O2 = −1

3
(φ†φ)3

first operator, wave function renormalization

O1 =
1
2
∂µ(φ†φ) ∂µ(φ†φ)

=
1
2
∂µ

(
(H̃ + v)2

2

)
∂µ

(
(H̃ + v)2

2

)

=
1
2

(H̃ + v)2 ∂µH̃ ∂µH̃

proper normalization of combined kinetic term [LSZ]

Lkin =
1
2
∂µH̃∂µH̃

(
1 +

f1v2

Λ2

)
!

=
1
2
∂µH ∂µH ⇔ H = H̃

√
1 +

f1v2

Λ2
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Exercise: D6-Higgs potential

Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with O1 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , O2 = −1

3
(φ†φ)3

second operator, potential

V = µ2|φ|2 + λ|φ|4 +
f2

3Λ2
|φ|6
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Exercise: D6-Higgs potential

Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with O1 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , O2 = −1

3
(φ†φ)3

second operator, potential

V = µ2|φ|2 + λ|φ|4 +
f2

3Λ2
|φ|6

minimum condition to fix v

v2

2
= −λΛ2

f2
±
[(

λΛ2

f2

)2

− µ2Λ2

f2

] 1
2

=
λΛ2

f2

−1 ±
√

1− µ2f2
Λ2λ2


=
λΛ2

f2

[
−1 ±

(
1− f2µ2

2λ2Λ2
− f 2

2 µ
4

8λ4Λ4
+O(Λ−6)

)]

=


−µ

2

2λ
− f2µ4

8λ3Λ2
+O(Λ−4) = −µ

2

2λ

(
1 +

f2µ2

4λ2Λ2

)
−2λΛ2

f 2
2

+O(Λ0)
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Exercise: D6-Higgs potential

Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with O1 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , O2 = −1

3
(φ†φ)3

physical Higgs mass

O2 = −1
3

(φ†φ)3 = −1
3

(H̃ + v)6

8

= − 1
24

(
H̃6 + 6H̃5v + 15H̃4v2 + 20H̃3v3 + 15H̃2v4 + 6H̃v5 + v6

)
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Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with O1 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , O2 = −1

3
(φ†φ)3

physical Higgs mass

O2 = −1
3

(φ†φ)3 = −1
3

(H̃ + v)6

8

= − 1
24

(
H̃6 + 6H̃5v + 15H̃4v2 + 20H̃3v3 + 15H̃2v4 + 6H̃v5 + v6

)

Lmass = −µ
2

2
H̃2 − 3

2
λv2H̃2 − f2

Λ2

15
24

v4H̃2

= −λv2
(

1− f1v2

Λ2
+

f2v2

2Λ2λ
+O(Λ−4)

)
H2 !

= −m2
H

2
H2

⇔ m2
H = 2λv2

(
1− f1v2

Λ2
+

f2v2

2Λ2λ

)
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Exercise: D6-Higgs potential

Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with O1 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , O2 = −1

3
(φ†φ)3

Higgs self couplings momentum dependent

Lself =− m2
H

2v

[(
1− f1v2

2Λ2
+

2f2v4

3Λ2m2
H

)
H3 − 2f1v2

Λ2m2
H

H ∂µH ∂µH

]

− m2
H

8v2

[(
1− f1v2

Λ2
+

4f2v4

Λ2m2
H

)
H4 − 4f1v2

Λ2m2
H

H2 ∂µ H∂µH

]
.
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Exercise: D6-Higgs potential

Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with O1 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , O2 = −1

3
(φ†φ)3

absorb momentum dependence into field renormalization

H =

(
1 +

a0v2

Λ2

)
H̃ +

a1v
Λ2

H̃2 +
a2

Λ2
H̃3
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Exercise: D6-Higgs potential

Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with O1 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , O2 = −1

3
(φ†φ)3

absorb momentum dependence into field renormalization

H =

(
1 +

a0v2

Λ2

)
H̃ +

a1v
Λ2

H̃2 +
a2

Λ2
H̃3

general kinetic term

Lkin =
1
2
∂µH ∂µH

=

(
1 +

a0v2

Λ2
+

2a1v
Λ2

H̃ +
3a2

Λ2
H̃2
)2

∂µH̃∂µH̃
2

=

[
1 +

2a0v2

Λ2
+

4a1v
Λ2

H̃ +
6a2

Λ2
H̃2 +O(H̃3) +O(Λ−4)

]
∂µH̃∂µH̃

2
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Higgs sector including dimension-6 operators
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fi
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1
2
∂µ(φ†φ) ∂µ(φ†φ) , O2 = −1

3
(φ†φ)3

absorb momentum dependence into field renormalization

H =

(
1 +

a0v2

Λ2

)
H̃ +

a1v
Λ2

H̃2 +
a2

Λ2
H̃3

general kinetic term

Lkin =
1
2
∂µH ∂µH

=

(
1 +

a0v2

Λ2
+

2a1v
Λ2

H̃ +
3a2

Λ2
H̃2
)2

∂µH̃∂µH̃
2

=

[
1 +

2a0v2

Λ2
+

4a1v
Λ2

H̃ +
6a2

Λ2
H̃2 +O(H̃3) +O(Λ−4)

]
∂µH̃∂µH̃

2

canonically normalized Higgs field

H =

(
1 +

f1v2

2Λ2

)
H̃ +

f1v
2Λ2

H̃2 +
f1

6Λ2
H̃3 +O(H̃4)
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Higgs signatures

Higgs decays easy [Hdecay]

– weak-scale scalar coupling proportional to mass

– off-shell decays below threshold

– decay to γγ via W and top loop [destructive interference]

⇒ mH = 126 GeV perfect

BR(H)

bb
_

τ+τ−

cc
_

gg

WW

ZZ

tt-

γγ Zγ

MH [GeV]
50 100 200 500 1000

10
-3

10
-2

10
-1

1
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Higgs signatures

Higgs decays easy [Hdecay]

– weak-scale scalar coupling proportional to mass

– off-shell decays below threshold

– decay to γγ via W and top loop [destructive interference]

⇒ mH = 126 GeV perfect

Higgs production hard [7-8 TeV, 5-15/fb]

– quantum effects needed
gluon fusion production loop induced [σ ∼ 15000 fb]

weak boson fusion production with jets [σ ∼ 1200 fb]

t W,Z

b,t
W,Z
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Higgs signatures

Higgs decays easy [Hdecay]

– weak-scale scalar coupling proportional to mass

– off-shell decays below threshold

– decay to γγ via W and top loop [destructive interference]

⇒ mH = 126 GeV perfect

Higgs production hard [7-8 TeV, 5-15/fb]

– quantum effects needed
gluon fusion production loop induced [σ ∼ 15000 fb]

weak boson fusion production with jets [σ ∼ 1200 fb]

t W,Z

b,t
W,Z

– easy channels for 2011-2012
pp → H → ZZ → 4` fully reconstructed
pp → H → γγ fully reconstructed
pp → H → WW → (`−ν̄)(`+ν) large BR
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Higgs signatures

Higgs decays easy [Hdecay]

– weak-scale scalar coupling proportional to mass

– off-shell decays below threshold

– decay to γγ via W and top loop [destructive interference]

⇒ mH = 126 GeV perfect

Higgs production hard [7-8 TeV, 5-15/fb]

– quantum effects needed
gluon fusion production loop induced [σ ∼ 15000 fb]

weak boson fusion production with jets [σ ∼ 1200 fb]

t W,Z

b,t
W,Z

– easy channels for 2011-2012
pp → H → ZZ → 4` fully reconstructed
pp → H → γγ fully reconstructed
pp → H → WW → (`−ν̄)(`+ν) large BR

⇒ fun still waiting
pp → H → ττ plus jets
pp → ZH → (`+`−)(bb̄) boosted
pp → t t̄H waiting for a good idea...
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Higgs discovery

4th of July fireworks [no theory input needed beyond basic Pythia/Herwig]

– ‘silver channel’ H → γγ

local significance 4.5σ (ATLAS), 4.1σ (CMS)

– ‘golden channel’ H → ZZ → 4`
local significance 3.4σ (ATLAS), 3.2σ (CMS)

– WW and ττ, bb adding little (CMS)

– combined 5.0σ (ATLAS), 4.9σ (CMS) [LEE 4.3σ]
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4th of July fireworks [no theory input needed beyond basic Pythia/Herwig]

– ‘silver channel’ H → γγ

local significance 4.5σ (ATLAS), 4.1σ (CMS)

– ‘golden channel’ H → ZZ → 4`
local significance 3.4σ (ATLAS), 3.2σ (CMS)

– WW and ττ, bb adding little (CMS)

– combined 5.0σ (ATLAS), 4.9σ (CMS) [LEE 4.3σ]

⇒ Rolf Heuer: ‘We have him’
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1. What is the ‘Higgs’ Lagrangian?

– psychologically: looked for Higgs, so found a Higgs

– CP-even spin-0 scalar expected
spin-1 vector unlikely
spin-2 graviton unexpected
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1. What is the ‘Higgs’ Lagrangian?

– psychologically: looked for Higgs, so found a Higgs

– CP-even spin-0 scalar expected
spin-1 vector unlikely
spin-2 graviton unexpected

2. What are the coupling values?

– ‘coupling’ after fixing operator basis

– Standard Model Higgs vs anomalous couplings
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Questions

1. What is the ‘Higgs’ Lagrangian?

– psychologically: looked for Higgs, so found a Higgs

– CP-even spin-0 scalar expected
spin-1 vector unlikely
spin-2 graviton unexpected

2. What are the coupling values?

– ‘coupling’ after fixing operator basis

– Standard Model Higgs vs anomalous couplings

3. What does all this tell us?

– models predicting weak-scale new physics?

– renormalization group based Hail-Mary passes?
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Higher-dimensional vs renormalizable

Light Higgs as a Goldstone boson [Giudice, Grojean, Pomarol, Rattazzi]

– strongly interacting models predicting heavy broad resonance(s)

– light state if protected by Goldstone’s theorem [Georgi & Kaplan]

– interesting if v � f < 4πf ∼ mρ [little Higgs v ∼ g2 f/(2π)]

– adding D6 weak operators with relative strengths
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Higher-dimensional vs renormalizable

Light Higgs as a Goldstone boson [Giudice, Grojean, Pomarol, Rattazzi]

– strongly interacting models predicting heavy broad resonance(s)

– light state if protected by Goldstone’s theorem [Georgi & Kaplan]

– interesting if v � f < 4πf ∼ mρ [little Higgs v ∼ g2 f/(2π)]

– adding D6 weak operators with relative strengths

LSILH =
cH

2f 2
∂µ
(

H†H
)
∂µ
(

H†H
)

+
cT

2f 2

(
H†
←→
DµH

)(
H†
←→
D µH

)
− c6λ

f 2

(
H†H

)3
+
(cy yf

f 2
H†Hf̄LHfR + 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

g2

g2
ρ

H†HBµνBµν +
cgg2

S

16π2f 2

y2
t

g2
ρ

H†HGa
µνGaµν .
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Higher-dimensional vs renormalizable

Light Higgs as a Goldstone boson [Giudice, Grojean, Pomarol, Rattazzi]

– strongly interacting models predicting heavy broad resonance(s)

– light state if protected by Goldstone’s theorem [Georgi & Kaplan]

– interesting if v � f < 4πf ∼ mρ [little Higgs v ∼ g2 f/(2π)]

– adding D6 weak operators with relative strengths

LSILH ∼
cH

f 2
∂µ
(

H†H
)
∂µ
(

H†H
)

+
cT

f 2

(
H†
←→
DµH

)(
H†
←→
D µH

)
− c6

(3f )2

(
H†H

)3
+
(cy yf

f 2
H†Hf̄LHfR + h.c.

)
+

icW

(16f )2

(
H†σi←→DµH

)
(DνWµν)i +

icB

(16f )2

(
H†
←→
DµH

)
(∂νBµν)

+
icHW

(16f )2
(DµH)†σi (DνH)W i

µν +
icHB

(16f 2)
(DµH)†(DνH)Bµν

+
cγ

(256f )2
H†HBµνBµν +

cg

(256f )2
H†HGa

µνGaµν .
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Higher-dimensional vs renormalizable

Light Higgs as a Goldstone boson [Giudice, Grojean, Pomarol, Rattazzi]

– strongly interacting models predicting heavy broad resonance(s)

– light state if protected by Goldstone’s theorem [Georgi & Kaplan]

– interesting if v � f < 4πf ∼ mρ [little Higgs v ∼ g2 f/(2π)]

– adding D6 weak operators with relative strengths

– collider phenomenology of mostly (H†H) terms
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Higher-dimensional vs renormalizable

Light Higgs as a Goldstone boson [Giudice, Grojean, Pomarol, Rattazzi]

– strongly interacting models predicting heavy broad resonance(s)

– light state if protected by Goldstone’s theorem [Georgi & Kaplan]

– interesting if v � f < 4πf ∼ mρ [little Higgs v ∼ g2 f/(2π)]

– adding D6 weak operators with relative strengths

– collider phenomenology of mostly (H†H) terms

Anomalous Higgs couplings [Hagiwara etal; Corbett, Eboli, Gonzales-Fraile, Gonzales-Garcia]

– assume Higgs is largely Standard Model
– additional higher-dimensional couplings

Leff =− αsv
8π

fg
Λ2

(Φ†Φ)GµνGµν +
fWW

Λ2
Φ†WµνWµνΦ

+
fW
Λ2

(DµΦ)†Wµν(DνΦ) +
fB
Λ2

(DµΦ)†Bµν(DνΦ) +
fWWW

Λ2
Tr(WµνWνρWµ

ρ )

+
fb
Λ2

(Φ†Φ)(Q3ΦdR,3) +
fτ
Λ2

(Φ†Φ)(L3ΦeR,3)

– plus e-w precision data and triple gauge couplings

⇒ remember what your operators are!
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– Cabibbo–Maksymowicz–Dell’Aquila–Nelson angles for H → ZZ
[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Englert, Spannowsky, Takeuchi]

cos θe = p̂e− · p̂Zµ

∣∣∣
Ze

cos θµ = p̂µ− · p̂Ze

∣∣∣
Zµ

cos θ∗ = p̂Ze · p̂beam

∣∣∣
X

cosφe = (p̂beam × p̂Zµ ) · (p̂Zµ × p̂e− )
∣∣∣

Ze

cos ∆φ = (p̂e− × p̂e+ ) · (p̂µ− × p̂µ+ )
∣∣∣
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– Cabibbo–Maksymowicz–Dell’Aquila–Nelson angles for H → ZZ
[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Englert, Spannowsky, Takeuchi]

cos θe = p̂e− · p̂Zµ

∣∣∣
Ze

cos θµ = p̂µ− · p̂Ze

∣∣∣
Zµ

cos θ∗ = p̂Ze · p̂beam

∣∣∣
X

cosφe = (p̂beam × p̂Zµ ) · (p̂Zµ × p̂e− )
∣∣∣

Ze

cos ∆φ = (p̂e− × p̂e+ ) · (p̂µ− × p̂µ+ )
∣∣∣
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– Cabibbo–Maksymowicz–Dell’Aquila–Nelson angles for H → ZZ
[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Englert, Spannowsky, Takeuchi]

– Breit frame or hadron collider (η, φ) in WBF [Breit: boost into space-like]

[Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]
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– Cabibbo–Maksymowicz–Dell’Aquila–Nelson angles for H → ZZ
[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Englert, Spannowsky, Takeuchi]

– Breit frame or hadron collider (η, φ) in WBF [Breit: boost into space-like]

[Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]
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∣∣∣
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∣∣∣
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– Cabibbo–Maksymowicz–Dell’Aquila–Nelson angles for H → ZZ
[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Englert, Spannowsky, Takeuchi]

– Breit frame or hadron collider (η, φ) in WBF [Breit: boost into space-like]

[Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]

– possible scalar couplings

L ⊃ (φ†φ)WµWµ
1

Λ2
(φ†φ)WµνWµν

1
Λ2

(φ†φ)εµνρσWµνWρσ

⇒ different channels, same physics
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– Cabibbo–Maksymowicz–Dell’Aquila–Nelson angles for H → ZZ
[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Englert, Spannowsky, Takeuchi]

– Breit frame or hadron collider (η, φ) in WBF [Breit: boost into space-like]

[Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]

– possible scalar couplings

L ⊃ (φ†φ)WµWµ
1

Λ2
(φ†φ)WµνWµν

1
Λ2

(φ†φ)εµνρσWµνWρσ

⇒ different channels, same physics
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Standard-Model-inspired model

– assume: narrow CP-even scalar
Standard Model operators
couplings proportional to masses?

– couplings from production & decay rates

t W,Z

b,t
W,Z

gg → H
qq → qqH
gg → t t̄H
qq′ → VH

←→ gHXX = gSM
HXX (1 + ∆X ) ←→

H → ZZ
H → WW
H → bb̄
H → τ+τ−

H → γγ
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Couplings

Standard-Model-inspired model

– assume: narrow CP-even scalar
Standard Model operators
couplings proportional to masses?

– couplings from production & decay rates

t W,Z

b,t
W,Z

gg → H
qq → qqH
gg → t t̄H
qq′ → VH

←→ gHXX = gSM
HXX (1 + ∆X ) ←→

H → ZZ
H → WW
H → bb̄
H → τ+τ−

H → γγ

Total width

– myths about scaling

N = σ BR ∝
g2

p√
Γtot

g2
d√

Γtot
∼ g4

g2

∑
Γi (g2)

g2
+ Γunobs

g2→0−→ = 0

gives constraint from
∑

Γi (g2) < Γtot → ΓH |min

– WW → WW unitarity: gWWH . gSM
WWH → ΓH |max

– SFitter assumption Γtot =
∑

obs Γj [plus generation universality]
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Error analysis

Sources of uncertainty

– statistical error: Poisson
systematic error: Gaussian, if measured
theory error: not Gaussian

– simple argument
LHC rate 10% off: no problem
LHC rate 30% off: no problem
LHC rate 300% off: Standard Model wrong

– theory likelihood flat centrally and zero far away

– profile likelihood construction: RFit [CKMFitter]

−2 logL = χ
2 = ~χ

T
d C−1

~χd

χd,i =


0 |di − d̄i | < σ(theo)

i
|di − d̄i | − σ(theo)

i

σ(exp)
i

|di − d̄i | > σ(theo)
i
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Error analysis

Sources of uncertainty

– statistical error: Poisson
systematic error: Gaussian, if measured
theory error: not Gaussian

– profile likelihood construction: RFit [CKMFitter]

−2 logL = χ
2 = ~χ

T
d C−1

~χd

χd,i =


0 |di − d̄i | < σ(theo)

i
|di − d̄i | − σ(theo)

i

σ(exp)
i

|di − d̄i | > σ(theo)
i

Efficient combination of errors [different from Michael’s ATLAS analysis]

– Gaussian ⊗ Gaussian: half width added in quadrature
Gaussian/Poisson ⊗ flat: RFit scheme
Gaussian ⊗ Poisson: ??

– approximate formula
1

logLcomb
=

1
logLGauss

+
1

logLPoisson

⇒ error bars from toy measurements
 0

 1

 2

 3

 4
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 7
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Error analysis

Sources of uncertainty

– statistical error: Poisson
systematic error: Gaussian, if measured
theory error: not Gaussian

– profile likelihood construction: RFit [CKMFitter]

−2 logL = χ
2 = ~χ

T
d C−1

~χd

χd,i =


0 |di − d̄i | < σ(theo)

i
|di − d̄i | − σ(theo)

i

σ(exp)
i

|di − d̄i | > σ(theo)
i

Systematic uncertainties

luminosity measurement 5 %
detector efficiency 2 %
lepton reconstruction efficiency 2 %
photon reconstruction efficiency 2 %
WBF tag-jets / jet-veto efficiency 5 %
b-tagging efficiency 3 %
τ -tagging efficiency (hadronic decay) 3 %
lepton isolation efficiency (H → 4`) 3 %

∆B(syst)

H → ZZ 1%
H → WW 5%
H → γγ 0.1%
H → ττ 5%
H → bb̄ 10%
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Couplings now and in the future

Now [Aspen/Moriond 2013]

– focus SM-like [secondary solutions possible]

– six couplings and ratios from data
gb from width
gg vs gt not yet possible
[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

– poor man’s analyses: ∆H ,∆V ,∆f

– Tevatron H → bb̄ with little impact
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Moriond 2013
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Couplings now and in the future

Now [Aspen/Moriond 2013]

– focus SM-like [secondary solutions possible]

– six couplings and ratios from data
gb from width
gg vs gt not yet possible
[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

– poor man’s analyses: ∆H ,∆V ,∆f

– Tevatron H → bb̄ with little impact
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Couplings now and in the future

Now [Aspen/Moriond 2013]

– focus SM-like [secondary solutions possible]

– six couplings and ratios from data
gb from width
gg vs gt not yet possible
[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

– poor man’s analyses: ∆H ,∆V ,∆f

– Tevatron H → bb̄ with little impact
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Couplings now and in the future

Now [Aspen/Moriond 2013]

– focus SM-like [secondary solutions possible]

– six couplings and ratios from data
gb from width
gg vs gt not yet possible
[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

– poor man’s analyses: ∆H ,∆V ,∆f

– Tevatron H → bb̄ with little impact

Future

– LHC extrapolations unclear

– theory extrapolations tricky

– ILC case obvious [500 GeV for now]

– interplay in loop-induced couplings

-0.15

-0.1

-0.05

 0

 0.05

 0.1

 0.15

 0.2

∆
H

∆
W

∆
Z

∆
t

∆
c

∆
b

∆
τ

∆
γ

∆
g

gx = gx
SM

 (1+∆x)

68% CL: 3000 fb
-1

, 14 TeV LHC and 250 fb
-1

, 250 GeV LC

3000 fb
-1

, 14 TeV LHC

250 fb
-1

, 250 GeV LC
LHC + LC
LHC + LC (∆t ≠ ∆c)



Higgs Boson

Tilman Plehn

Weak interaction

Higgs boson

Discovery

Lagrangian

Couplings

Meaning

Couplings now and in the future

Now [Aspen/Moriond 2013]

– focus SM-like [secondary solutions possible]

– six couplings and ratios from data
gb from width
gg vs gt not yet possible
[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

– poor man’s analyses: ∆H ,∆V ,∆f

– Tevatron H → bb̄ with little impact

Future

– LHC extrapolations unclear

– theory extrapolations tricky

– ILC case obvious [500 GeV for now]

– interplay in loop-induced couplings
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Couplings now and in the future

Now [Aspen/Moriond 2013]

– focus SM-like [secondary solutions possible]

– six couplings and ratios from data
gb from width
gg vs gt not yet possible
[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

– poor man’s analyses: ∆H ,∆V ,∆f

– Tevatron H → bb̄ with little impact

Future

– LHC extrapolations unclear

– theory extrapolations tricky

– ILC case obvious [500 GeV for now]

– interplay in loop-induced couplings

– fundamental advantages in e+e− → ZH:
unobserved decays avoided
width measured from rates including σZH
H → cc̄ accessible
invisible decays hugely improved
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Meaning

TeV-scale scenarios

– fourth chiral generation excluded

– strongly interacting models retreating [Goldstone protection]

– extended Higgs sectors wide open

– no final verdict on the MSSM

– hierarchy problem worse than ever [light fundemental scalar discovered]

⇒ do not know
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TeV-scale scenarios

– fourth chiral generation excluded

– strongly interacting models retreating [Goldstone protection]

– extended Higgs sectors wide open

– no final verdict on the MSSM

– hierarchy problem worse than ever [light fundemental scalar discovered]

⇒ do not know

High scales

– Planck-scale extrapolation [Holthausen, Lim, Lindner]

d λ
d log Q2

=
1

16π2

[
12λ2 + 6λλ2

t − 3λ4
t −

3
2
λ
(

3g2
2 + g2

1

)
+

3
16

(
2g4

2 + (g2
2 + g2

1 )2
)]

– vacuum stability right at edge

– IR fixed point for λ/λ2
t fixing m2

H/m2
t [with gravity: Shaposhnikov, Wetterich]

mH = 126.3+
mt − 171.2

2.1
×4.1−αs − 0.1176

0.002
×1.5

– IR fixed points experimental nightmare

⇒ do not know
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Exercise: top–Higgs renormalization group

Running of coupling/mass ratios

RGE for Higgs self coupling and top Yukawa

d λ
d log Q2

=
1

16π2

(
12λ2 + 6λy2

t − 3y4
t

) d y2
t

d log Q2
=

9
32π2

y4
t
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Exercise: top–Higgs renormalization group

Running of coupling/mass ratios

RGE for Higgs self coupling and top Yukawa

d λ
d log Q2

=
1

16π2

(
12λ2 + 6λy2

t − 3y4
t

) d y2
t

d log Q2
=

9
32π2

y4
t

running of ratio R = λ/y2
t

dR
d log Q2

=
dλ

d log Q2

1
y2

t
+ λ

(−1)

y4
t

dy2
t

d log Q2

=
1

16π2y2
t

(
12λ2 + 6λy2

t − 3y4
t

)
− 1

16π2

9λ
2

=
3λ

32π2R

(
8R2 + R − 2

)
!

= 0 ⇔ R∗ =

√
65− 1
16

' 0.44
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Exercise: top–Higgs renormalization group

Running of coupling/mass ratios

RGE for Higgs self coupling and top Yukawa

d λ
d log Q2

=
1

16π2

(
12λ2 + 6λy2

t − 3y4
t

) d y2
t

d log Q2
=

9
32π2

y4
t

running of ratio R = λ/y2
t

dR
d log Q2

=
dλ

d log Q2

1
y2

t
+ λ

(−1)

y4
t

dy2
t

d log Q2

=
1

16π2y2
t

(
12λ2 + 6λy2

t − 3y4
t

)
− 1

16π2

9λ
2

=
3λ

32π2R

(
8R2 + R − 2

)
!

= 0 ⇔ R∗ =

√
65− 1
16

' 0.44

numbers in the far infrared, better for Q ∼ mt

λ

y2
t

=
m2

H
2v2

v2

2m2
t

∣∣∣∣∣
IR

=
m2

H

4m2
t

∣∣∣∣∣
IR

= 0.44 ⇔ mH

mt

∣∣∣∣∣
IR

= 1.33



Higgs Boson

Tilman Plehn

Weak interaction

Higgs boson

Discovery

Lagrangian

Couplings

Meaning

Big and small questions for the LHC and ILC

Big

– is it really the Standard Model Higgs?

– is there space for new physics outside the Higgs sector?

Small

– what are good alternative test hypotheses?

– how can we improve the couplings fit precision?

– how can we measure the bottom Yukawa?

– how can we measure the top Yukawa?

– how can we measure the Higgs self coupling?

– which backgrounds do we need to know better?

– ...

Lectures on LHC Physics, Springer, arXiv:0910.4182 updated under www.thphys.uni-heidelberg.de/˜plehn/

www.thphys.uni-heidelberg.de/~plehn/
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