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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
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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 discovery a triumph of quantum field theory
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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

In terms of mexican hat potential
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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 choice
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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 choice

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

– quantum effects needed

t W,Z

b,t
W,Z

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

⇒ fun slowly starting
pp → H → ττ plus jets
pp → ZH → (`+`−)(bb̄) boosted
pp → t t̄H waiting for a good idea...
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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, but which operators?
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?

– weakly interacting two-Higgs-doublet models?

– TeV-scale new physics?

– renormalization group based Hail-Mary passes?
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Measurements of operator structures [learning from the flavor people]

– Cabibbo–Maksymowicz–Dell’Aquila–Nelson angles for H → ZZ
[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Maltoni etal]
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Measurements of operator structures [learning from the flavor people]

– Cabibbo–Maksymowicz–Dell’Aquila–Nelson angles for H → ZZ
[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Maltoni etal]

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+ )
∣∣∣

X

�

µ�

µ+j↵

j�
✓`

✓h

X

Z Z

p

p

êz
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Measurements of operator structures [learning from the flavor people]

– Cabibbo–Maksymowicz–Dell’Aquila–Nelson angles for H → ZZ
[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Maltoni etal]

– 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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Measurements of operator structures [learning from the flavor people]

– Cabibbo–Maksymowicz–Dell’Aquila–Nelson angles for H → ZZ
[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Maltoni etal]

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

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

⇒ different channels, same physics
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Fundamental or strongly interacting? [Contino, Giudice, Grojean, Pomarol, Rattazzi,...]

– strongly interacting models not looking like what we see

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

– D6 Lagrangian [v � f < 4πf ∼ mρ ]

linear representation with φ doublet
link to non-linear representation hard work [BCEGGGMR, 1311.1823]
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Fundamental or strongly interacting? [Contino, Giudice, Grojean, Pomarol, Rattazzi,...]

– strongly interacting models not looking like what we see

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

– D6 Lagrangian [v � f < 4πf ∼ mρ ]

linear representation with φ doublet
link to non-linear representation hard work [BCEGGGMR, 1311.1823]
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Fundamental or strongly interacting? [Contino, Giudice, Grojean, Pomarol, Rattazzi,...]

– strongly interacting models not looking like what we see

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

– D6 Lagrangian [v � f < 4πf ∼ mρ ]

linear representation with φ doublet
link to non-linear representation hard work [BCEGGGMR, 1311.1823]
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Fundamental or strongly interacting? [Contino, Giudice, Grojean, Pomarol, Rattazzi,...]

– strongly interacting models not looking like what we see

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

– D6 Lagrangian [v � f < 4πf ∼ mρ ]

linear representation with φ doublet
link to non-linear representation hard work [BCEGGGMR, 1311.1823]

Full set of anomalous Higgs couplings [Hagiwara etal; Corbett, Eboli, Gonzales-Fraile, Gonzales-Garcia]

– assume Higgs is largely Standard Model [linear representation]

– D6 Lagrangian with unbroken SM symmetries

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)

– linked to e-w precision data and triple gauge couplings

⇒ Higgs Lagrangian wide open field
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Couplings vs masses? [SFitter: Klute, Lafaye, TP, Rauch, Zerwas, Dührssen]

– Standard Model operators

– couplings from production & decay rates

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 vs masses? [SFitter: Klute, Lafaye, TP, Rauch, Zerwas, Dührssen]

– Standard Model operators

– couplings from production & decay rates

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

t W,Z

b,t
W,Z
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Couplings vs masses? [SFitter: Klute, Lafaye, TP, Rauch, Zerwas, Dührssen]

– Standard Model operators

– couplings from production & decay rates

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

Now and in the future

– 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]
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Couplings vs masses? [SFitter: Klute, Lafaye, TP, Rauch, Zerwas, Dührssen]

– Standard Model operators

– couplings from production & decay rates

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

Now and in the future

– 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]

– theory soon the limiting factor
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2HDM as weakly interacting completion

Extended Higgs sectors: 2HDM [SFitter + Lopez-Val; many, many, papers mostly from Spain]

– β = atan v2/v1
α defining h0 and H0

coupling shift gW ,Z = sin(β − α)gSM
W ,Z

– type-I: fermions with Φ2
type-II: up-type fermions with Φ2
lepton-specific: type-I quarks and type-II leptons
flipped: type-II quarks and type-I leptons
Yukawa aligned yb cos(β − γb) =

√
2mb/v
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2HDM as weakly interacting completion

Extended Higgs sectors: 2HDM [SFitter + Lopez-Val; many, many, papers mostly from Spain]

– β = atan v2/v1
α defining h0 and H0

coupling shift gW ,Z = sin(β − α)gSM
W ,Z

– type-I: fermions with Φ2
type-II: up-type fermions with Φ2
lepton-specific: type-I quarks and type-II leptons
flipped: type-II quarks and type-I leptons
Yukawa aligned yb cos(β − γb) =

√
2mb/v

– fit including heavy Higgs mass

– decoupling regime sin2 α ∼ 1/(1 + tan2 β)

⇒ good fit, but decoupling heavy Higgs

type-I type-II lepton–specific flipped
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2HDM as a consistent UV completion

How to think of coupling measurements

– ∆x 6= 0 violating renormalizability, unitarity [only QCD really matters...]

– EFT approach:
(1) define consistent 2HDM, decouple heavy states
(2) fit 2HDM model parameters, plot SM couplings
(3) compare to free SM couplings fit
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2HDM as a consistent UV completion

How to think of coupling measurements

– ∆x 6= 0 violating renormalizability, unitarity [only QCD really matters...]

– EFT approach:
(1) define consistent 2HDM, decouple heavy states
(2) fit 2HDM model parameters, plot SM couplings
(3) compare to free SM couplings fit

Yukawa-aligned 2HDM

– ∆V ↔ (β − α) ∆b,t,τ ↔ {β, γb,τ} ∆γ ↔ mH± ∆g
?↔ mT̃ ′

– custodial symmetry and ∆V < 0

– Higgs-gauge quantum corrections
enhanced ∆V < 0

– fermion quantum corrections
∆W 6= ∆Z > 0 possible
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2HDM as a consistent UV completion

How to think of coupling measurements

– ∆x 6= 0 violating renormalizability, unitarity [only QCD really matters...]

– EFT approach:
(1) define consistent 2HDM, decouple heavy states
(2) fit 2HDM model parameters, plot SM couplings
(3) compare to free SM couplings fit

Yukawa-aligned 2HDM

– ∆V ↔ (β − α) ∆b,t,τ ↔ {β, γb,τ} ∆γ ↔ mH± ∆g
?↔ mT̃ ′

– custodial symmetry and ∆V < 0

– Higgs-gauge quantum corrections
enhanced ∆V < 0

– fermion quantum corrections
∆W 6= ∆Z > 0 possible

⇒ SM couplings measurement fine
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Meaning

TeV scale

– extended Higgs sectors wide open

– no final verdict on the MSSM [talk Cristian Bosch Serrano]

– strongly interacting models modified [talk Juan Sanz-Cillero]

– fourth chiral generation excluded

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

⇒ do not know
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Meaning

TeV scale

– extended Higgs sectors wide open

– no final verdict on the MSSM [talk Cristian Bosch Serrano]

– strongly interacting models modified [talk Juan Sanz-Cillero]

– fourth chiral generation excluded

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

⇒ do not know

High scales

– scale extrapolation [Holthausen, Lim, Lindner; Buttazo etal]

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

– λ = 0 at finite energy?

– 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

⇒ do not know
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Understanding modern analyses

– hardly any counting experiments left

– number of useful observables ever increasing

– relevant information still (mostly) in hard process

⇒ poor man’s MEM analysis at parton level?
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Understanding modern analyses

– hardly any counting experiments left

– number of useful observables ever increasing

– relevant information still (mostly) in hard process

⇒ poor man’s MEM analysis at parton level?

Differential significance distribution [TP, Schichtel, Wiegand]

– Neyman–Pearson lemma
log-likelihood ratio the best discriminator

– maximum significance through PS integral [Cranmer & TP]

q(r) = −σtot,s L + log
(

1 +
dσs(r)

dσb(r)

)
.

– evaluated in parallel to cross sections [in Madgraph]
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Understanding modern analyses

– hardly any counting experiments left

– number of useful observables ever increasing

– relevant information still (mostly) in hard process

⇒ poor man’s MEM analysis at parton level?

Link to Higgs couplings: ZH,H → bb̄ [talk Garoe Gonzales Parra, similar for t t̄H]

– boosted Higgs the key

– pT ,bb distributions

– subjet analyses one solution

 GeV  
T,bb

p
0 50 100 150 200 250

 
10

 G
eV

pb
 

 
T,

bb
dp

σd
-610
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-310
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QCD

QED

 = 14TeVs
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Understanding modern analyses

– hardly any counting experiments left

– number of useful observables ever increasing

– relevant information still (mostly) in hard process

⇒ poor man’s MEM analysis at parton level?

Link to Higgs couplings: ZH,H → bb̄ [talk Garoe Gonzales Parra, similar for t t̄H]

– boosted Higgs the key

– pT ,bb distributions

– subjet analyses one solution

⇒ anyone got a question for our answer?

 GeV  
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Exercise: top–Higgs renormalization group

Running of coupling/mass ratios

Higgs self coupling and top Yukawa with stable zero IR solutions

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

Higgs self coupling and top Yukawa with stable zero IR solutions

d λ
d log Q2

=
1

16π2

(
12λ2 + 6λy2

t − 3y4
t

) d y2
t

d log Q2
=

9
32π2

y4
t

running ratio R = λ/y2
t

dR
d log Q2

=
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

Higgs self coupling and top Yukawa with stable zero IR solutions

d λ
d log Q2

=
1

16π2

(
12λ2 + 6λy2

t − 3y4
t

) d y2
t

d log Q2
=

9
32π2

y4
t

running ratio R = λ/y2
t

dR
d log Q2

=
3λ

32π2R

(
8R2 + R − 2

)
!

= 0 ⇔ R∗ =

√
65− 1
16

' 0.44

numbers in the far infrared, better for Q ∼ v

λ

y2
t

=
m2

H

2v2

v2

2m2
t

∣∣∣∣∣
IR

=
m2

H

4m2
t

∣∣∣∣∣
IR

= 0.44 ⇔ mH

mt

∣∣∣∣∣
IR

= 1.33
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Questions

Big questions

– is there new physics in the Higgs sector?

– is there new physics outside the Higgs sector?

Small questions

– what are good alternative ‘Higgs’ 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?

– how do we avoid dominant theory uncertainties

– can QCD really be fun?

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

Much of this work was funded by the BMBF Theorie-Verbund which is ideal for relevant LHC work

www.thphys.uni-heidelberg.de/~plehn/
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Exercise: what operators can do

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: what operators can do

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

(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: what operators can do

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

(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

second operator, minimum condition to fix v

v2

2
=


−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: what operators can do

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

(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

second operator, minimum condition to fix v

v2

2
=


−µ

2

2λ
− f2µ4

8λ3Λ2
+O(Λ−4) = −µ

2

2λ

(
1 +

f2µ2

4λ2Λ2

)
− 2λΛ2

f 2
2

+O(Λ0)

physical Higgs mass

Lmass = −µ
2

2
H̃2 − 3

2
λv2H̃2 − f2

Λ2

15
24

v4H̃2 !
= −m2

H

2
H2

⇔ m2
H = 2λv2

(
1− f1v2

Λ2
+

f2v2

2Λ2λ

)
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Exercise: what operators can do

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: what operators can do

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

]
.

field renormalization, strong multi-Higgs interactions

H =

(
1 +

f1v2

2Λ2

)
H̃ +

f1v
2Λ2

H̃2 +
f1

6Λ2
H̃3 +O(H̃4)
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