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

– lots of collider phenomenology starting in 1976



New Physics in
Higgs Sector

Tilman Plehn

Higgs boson

Couplings

New physics

Operators

Distributions

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

– 1966: original Higgs phenomenology

– lots of collider phenomenology starting in 1976

Adding in Glashow–Weinberg–Salam–‘t Hooft–Veltman

– massive, minimal Standard Model complete

– renormalizability unique for particle physics [and cosmology]

– only fundamental Higgs helps

⇒ Higgs a powerful handle for new physics
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Questions for Run 2

1. What is the ‘Higgs’ Lagrangian?

– psychologically: looked for Higgs, so found a Higgs

– CP-even spin-0 scalar expected, which operators?
spin-1 vector unlikely
spin-2 graviton unexpected

– ask flavor colleagues [Cabibbo–Maksymowicz–Dell’Aquila–Nelson angles]
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– set of ‘couplings’ given Lagrangian

– modified Higgs sectors

– Higgs effective theory
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Questions for Run 2

1. What is the ‘Higgs’ Lagrangian?

– psychologically: looked for Higgs, so found a Higgs

– CP-even spin-0 scalar expected, which operators?
spin-1 vector unlikely
spin-2 graviton unexpected

– ask flavor colleagues [Cabibbo–Maksymowicz–Dell’Aquila–Nelson angles]

2. What are the coupling values?

– set of ‘couplings’ given Lagrangian

– modified Higgs sectors

– Higgs effective theory

3. What does all this tell us?

– strongly interacting models?

– weakly interacting two-Higgs-doublet models?

– TeV-scale new physics?

– vacuum stability, Higgs inflation, etc
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Couplings

Standard Model operators [SFitter: Gonzalez-Fraile, Klute, TP, Rauch, Zerwas]

– assume: narrow CP-even scalar
Standard Model operators

– couplings from production & decay rates
– test Lagrangian

L = LSM + ∆W gmW H WµWµ + ∆Z
g

2cw
mZ H ZµZµ −

∑
τ,b,t

∆f
mf

v
H
(
f̄R fL + h.c.

)
+ ∆gFG

H
v

GµνGµν + ∆γFA
H
v

AµνAµν + invisible decays ,

– electroweak renormalizability through UV completion

– QCD renormalizability not an issue

– frequentist likelihood everywhere

– total rates only

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 now and in the future

Run I legacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]

– assume SM-like [secondary solutions possible]

– SFitter: correct theory uncertainties

-0.6

-0.4

-0.2

 0

 0.2

 0.4

∆
H

∆
V

∆
f

∆
W

∆
Z

∆
t

∆
b

∆
τ

∆
Z/W

∆
b/τ

∆
b/W

gx = gx
SM

 (1+∆x)

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb
-1

, 68% CL: ATLAS + CMS

SM exp.

data



New Physics in
Higgs Sector

Tilman Plehn

Higgs boson

Couplings

New physics

Operators

Distributions

Meaning

Couplings now and in the future

Run I legacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]
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– assume SM-like [secondary solutions possible]

– SFitter: correct theory uncertainties
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Run I legacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]

– assume SM-like [secondary solutions possible]

– SFitter: correct theory uncertainties

– gγ with new loops

– gg vs gt barely possible

– including invisible decays

– eight couplings state of the art

⇒ Standard Model within 25% -0.8
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Run I legacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, Lopez-Val, TP, Rauch]

– assume SM-like [secondary solutions possible]

– SFitter: correct theory uncertainties

– gγ with new loops

– gg vs gt barely possible

– including invisible decays

– eight couplings state of the art

⇒ Standard Model within 25% -0.8
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Future [SFitter; Cranmer, Kreiss, Lopez-Val, TP]

– LHC extrapolations unclear

– systematic/theory uncertainties large

– ratios sensible

⇒ who deals with theory uncertainties?
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Modified Higgs sector

Non-minimal Higgs sectors [Lopez-Val, TP, Rauch; many, many, many papers]

– what is the Higgs sector’s structure?

– assume we see ‘a Higgs’, extend by singlet or doublet

– coupling modifications of SM-like state

– proper renormalizable models
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Modified Higgs sector

Non-minimal Higgs sectors [Lopez-Val, TP, Rauch; many, many, many papers]

– what is the Higgs sector’s structure?

– assume we see ‘a Higgs’, extend by singlet or doublet

– coupling modifications of SM-like state

– proper renormalizable models

Two doublets [no flavor, CP, custodial troubles]

– angle β = atan(v2/v1)
angle α defining h and H
gauge boson coupling gW ,Z = sin(β − α)gSM

W ,Z

– type-I: all 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
interpolated as Yukawa aligned: yb cos(β − γb) =

√
2mb/v

– compressed masses mh ∼ mH [thanks to Berthold Stech]

single hierarchy mh � mH,A,H± protected by custodial symmetry
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Modified Higgs sector

Non-minimal Higgs sectors [Lopez-Val, TP, Rauch; many, many, many papers]

– what is the Higgs sector’s structure?

– assume we see ‘a Higgs’, extend by singlet or doublet

– coupling modifications of SM-like state

– proper renormalizable models

Facing data

– fit including single heavy Higgs mass

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

⇒ 2HDMs good fit with decoupling heavy Higgs

type-I type-II lepton–specific flipped
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Modified Higgs sector

Non-minimal Higgs sectors [Lopez-Val, TP, Rauch; many, many, many papers]

– what is the Higgs sector’s structure?

– assume we see ‘a Higgs’, extend by singlet or doublet

– coupling modifications of SM-like state

– proper renormalizable models

Yukawa-aligned 2HDM

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

– ∆g not free parameter, top partner?
custodial symmetry built in at tree level ∆V < 0

– Higgs-gauge quantum corrections
enhanced ∆V < 0

– fermion quantum corrections
large for tanβ � 1
∆W 6= ∆Z > 0 possible

⇒ free SM couplings well defined
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Extended Higgs sectors

Decoupling in one dimension [Cranmer, Kreiss, Lopez-Val, TP]

– decoupling defined through the massive gauge sector
gV

gSM
V

= 1−
ξ2

2
+O(ξ3) ⇔ ∆V = −

ξ2

2
+O(ξ3)



New Physics in
Higgs Sector

Tilman Plehn

Higgs boson

Couplings

New physics

Operators

Distributions

Meaning

Extended Higgs sectors

Decoupling in one dimension [Cranmer, Kreiss, Lopez-Val, TP]

– decoupling defined through the massive gauge sector
gV

gSM
V

= 1−
ξ2

2
+O(ξ3) ⇔ ∆V = −

ξ2

2
+O(ξ3)

– dark singlet

Γinv = ξ
2ΓSM µp,d =

ΓSM

ΓSM + Γinv
= 1− ξ2 +O(ξ3) < 1
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– mixing singlet [no anomalous decays]
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New Physics in
Higgs Sector

Tilman Plehn

Higgs boson

Couplings

New physics

Operators

Distributions

Meaning

Extended Higgs sectors

Decoupling in one dimension [Cranmer, Kreiss, Lopez-Val, TP]

– decoupling defined through the massive gauge sector
gV

gSM
V

= 1−
ξ2

2
+O(ξ3) ⇔ ∆V = −

ξ2

2
+O(ξ3)

– dark singlet

Γinv = ξ
2ΓSM µp,d =
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– mixing singlet [no anomalous decays]
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= 1 + 2ξ2 +O(ξ3) > 1
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Extended Higgs sectors

Decoupling in one dimension [Cranmer, Kreiss, Lopez-Val, TP]

– decoupling defined through the massive gauge sector
gV

gSM
V

= 1−
ξ2

2
+O(ξ3) ⇔ ∆V = −

ξ2

2
+O(ξ3)

– dark singlet

Γinv = ξ
2ΓSM µp,d =

ΓSM

ΓSM + Γinv
= 1− ξ2 +O(ξ3) < 1

– mixing singlet [no anomalous decays]

1 + ∆x = cos θ =
√

1− ξ2 µp,d = 1− ξ2 +O(ξ3) < 1

– composite Higgs

ξ =
v
f

µWBF,d

µGF,d
=

(1− ξ2)2

(1− 2ξ2)2
= 1 + 2ξ2 +O(ξ3) > 1

– additional doublet [type-X fermion sector]

1 + ∆V = sin(β − α) =
√

1− ξ2
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Decoupling in one dimension [Cranmer, Kreiss, Lopez-Val, TP]

– decoupling defined through the massive gauge sector
gV

gSM
V

= 1−
ξ2

2
+O(ξ3) ⇔ ∆V = −

ξ2

2
+O(ξ3)

– dark singlet

Γinv = ξ
2ΓSM µp,d =

ΓSM

ΓSM + Γinv
= 1− ξ2 +O(ξ3) < 1

– mixing singlet [no anomalous decays]

1 + ∆x = cos θ =
√

1− ξ2 µp,d = 1− ξ2 +O(ξ3) < 1

– composite Higgs

ξ =
v
f

µWBF,d

µGF,d
=

(1− ξ2)2

(1− 2ξ2)2
= 1 + 2ξ2 +O(ξ3) > 1

– additional doublet [type-X fermion sector]

1 + ∆V = sin(β − α) =
√

1− ξ2

– MSSM [plus tan β]

ξ
2 ='

m2
h (m2

Z − m2
h)

m2
A(m2

H − m2
h)
∼

m4
Z sin2(2β)

m4
A
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– mixing singlet [no anomalous decays]

1 + ∆x = cos θ =
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D6 operators

Higgs sector effective field theory [following Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcia]

– set of Higgs-gauge operators

OGG = Φ†ΦGa
µνGaµν OWW = Φ†ŴµνŴµνΦ OBB = · · ·

OBW = Φ†B̂µνŴµνΦ OW = (DµΦ)†Ŵµν(DνΦ) OB = · · ·

OΦ,1 = (DµΦ)† Φ Φ†
(
DµΦ

)
OΦ,2 =

1
2
∂
µ
(

Φ†Φ
)
∂µ
(

Φ†Φ
)

OΦ,3 =
1
3

(
Φ†Φ

)3
OΦ,4 = (DµΦ)†

(
DµΦ

) (
Φ†Φ

)
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D6 operators

Higgs sector effective field theory [following Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcia]

– set of Higgs-gauge operators

OGG = Φ†ΦGa
µνGaµν OWW = Φ†ŴµνŴµνΦ OBB = · · ·

OBW = Φ†B̂µνŴµνΦ OW = (DµΦ)†Ŵµν(DνΦ) OB = · · ·

OΦ,1 = (DµΦ)† Φ Φ†
(
DµΦ

)
OΦ,2 =

1
2
∂
µ
(

Φ†Φ
)
∂µ
(

Φ†Φ
)

OΦ,3 =
1
3

(
Φ†Φ

)3
OΦ,4 = (DµΦ)†

(
DµΦ

) (
Φ†Φ

)
– relevant part after equation of motion, etc

LHVV =−
αsv
8π

fg
Λ2
OGG +

fBB

Λ2
OBB +

fWW

Λ2
OWW +

fB
Λ2
OB +

fW
Λ2
OW +

fΦ,2
Λ2
OΦ,2
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– relevant part after equation of motion, etc
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– Higgs couplings to SM particles

LHVV = gg HGa
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Z HZµνZµν + g(3)
Z HZµZµ

+ g(1)
W

(
W +
µνW−µ∂νH + h.c.

)
+ g(2)

W HW +
µνW−µν + g(3)

W HW +
µW−µ + · · ·
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– plus Yukawa structure fτ,b,t
– 9 operators for Run I data
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SFitter analysis

– same setup and data as before
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SFitter analysis

– same setup and data as before

– correlations a problem [diagonalization means 1 + ∆]

– improvement on theory side?
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Including distributions

– some operators momentum-dependent

– example: pT ,V or ∆Φjj
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Including distributions

– some operators momentum-dependent

– example: pT ,V or ∆Φjj
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Higgs sector effective field theory [following Corbett, Eboli, Gonzalez-Fraile, Goncales-Garcia]

– set of Higgs-gauge operators

OGG = Φ†ΦGa
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Including distributions

– some operators momentum-dependent

– example: pT ,V or ∆Φjj

– which bins?

⇒ just a start...
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Distributions 1: Boosted Higgs

Top–Higgs–gluon Lagrangian [Ellis, Hinchliffe, Soldate, v d Bij; Baur & Glover]

– ggH vertex structure [to keep production rate]

L = LSM +

(
∆t gggH + ∆g

αs

12π

)
H
v

GµνGµν

– high-pT logarithms from 1,2 jets [Banfi etal; Azatov etal; Grojean etal; Buschmann etal]

|MHj(j)|
2 ∼

m4
t

p4
T

log4 p2
T

m2
t
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Distributions 1: Boosted Higgs

Top–Higgs–gluon Lagrangian [Ellis, Hinchliffe, Soldate, v d Bij; Baur & Glover]

– ggH vertex structure [to keep production rate]

L = LSM +

(
∆t gggH + ∆g

αs

12π

)
H
v

GµνGµν

– high-pT logarithms from 1,2 jets [Banfi etal; Azatov etal; Grojean etal; Buschmann etal]

|MHj(j)|
2 ∼

m4
t

p4
T

log4 p2
T

m2
t

Measuring ∆t,g from pT ,H distributions [Buschmann, Goncalves, Kuttimalai, Schönherr, Krauss, TP]

– simulation: SHERPA-NLO

– sensitive region pT ,H > 250 GeV
theory errors not small [ask Alessandro, Giancarlo]

– NLO vs top mass orthogonal
jet count vs top mass orthogonal
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Distributions 1: Boosted Higgs

Top–Higgs–gluon Lagrangian [Ellis, Hinchliffe, Soldate, v d Bij; Baur & Glover]

– ggH vertex structure [to keep production rate]

L = LSM +

(
∆t gggH + ∆g

αs

12π

)
H
v

GµνGµν

– high-pT logarithms from 1,2 jets [Banfi etal; Azatov etal; Grojean etal; Buschmann etal]

|MHj(j)|
2 ∼

m4
t

p4
T

log4 p2
T

m2
t

Measuring ∆t,g from pT ,H distributions [Buschmann, Goncalves, Kuttimalai, Schönherr, Krauss, TP]

– simulation: SHERPA-NLO

– sensitive region pT ,H > 250 GeV
theory errors not small [ask Alessandro, Giancarlo]

– NLO vs top mass orthogonal
jet count vs top mass orthogonal

– most optimistic: statistics only
H → WW analysis
2D likelihood study of njets, pT ,H

⇒ ∆t = −0.3 to 95% CL with 700 fb−1
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Distributions 2: Off-Shell Higgs

Not-model-independent width measurements [Kauer & Passarino; Caola & Melnikov; Ellis & Williams]

– peak cross section vs off-shell interference in H → ZZ

σpeak ∼
g2

g g2
Z

(s − m2)2 + m2Γ2
=

g2
g g2

Z

m2Γ2
σoff(gggZ )∼ σcont −

Aint gggZ

s − m2
+

AH g2
g g2

Z

(s − m2)2

– top–Higgs–gluon Lagrangian again [m4` � mt > mH ]

Mgg→ZZ ∼ ±
m2

t

m2
Z

log2 m2
4`

m2
t
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Distributions 2: Off-Shell Higgs

Not-model-independent width measurements [Kauer & Passarino; Caola & Melnikov; Ellis & Williams]

– peak cross section vs off-shell interference in H → ZZ
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– top–Higgs–gluon Lagrangian again [m4` � mt > mH ]
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Measuring ∆t,g from m4` distributions [Buschmann, Goncalves, Kuttimalai, Schönherr, Krauss, TP]

– simulation: MCFM

– sensitive region m4` > 500 GeV
systematic/theory errors potentially bad
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Distributions 2: Off-Shell Higgs

Not-model-independent width measurements [Kauer & Passarino; Caola & Melnikov; Ellis & Williams]

– peak cross section vs off-shell interference in H → ZZ

σpeak ∼
g2

g g2
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=
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m2Γ2
σoff(gggZ )∼ σcont −

Aint gggZ
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+
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– top–Higgs–gluon Lagrangian again [m4` � mt > mH ]

Mgg→ZZ ∼ ±
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t
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Z

log2 m2
4`
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t

Measuring ∆t,g from m4` distributions [Buschmann, Goncalves, Kuttimalai, Schönherr, Krauss, TP]

– simulation: MCFM

– sensitive region m4` > 500 GeV
systematic/theory errors potentially bad

– most optimistic: statistics only
H → eeµµ analysis
2D likelihood study of cos θe,m4`

⇒ ∆t = −0.3 to 95% CL with 1700 fb−1

⇒ still included in SFitter analysis
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Meaning

TeV scale

– 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]

⇒ whatever...
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High scales [Holthausen, Lim, Lindner; Wetterich etal; Buttazo etal; Gies etal]

– Planck-scale extrapolation

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
)]

– 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

⇒ whatever...
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High scales [Holthausen, Lim, Lindner; Wetterich etal; Buttazo etal; Gies etal]

– Planck-scale extrapolation

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
)]

– 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

⇒ whatever...

Vacuum stability [Eichhorn, Gies, Jaeckel, TP, Scherer, Sondenheimer]

– RG running of Higgs potential

– λ < 0 at finite energy? [Buttazo etal]

102 104 106 108 1010 1012 1014 1016 1018 1020
0.0

0.2

0.4

0.6

0.8

1.0

RGE scale m in GeV

SM
co
up
lin
gs

g1

g2

g3yt

l
yb

m in TeV

Figure 1: Renormalisation of the SM gauge couplings g1 =
p

5/3gY , g2, g3, of the top, bottom

and ⌧ couplings (yt, yb, y⌧), of the Higgs quartic coupling � and of the Higgs mass parameter m.

All parameters are defined in the ms scheme. We include two-loop thresholds at the weak scale

and three-loop RG equations. The thickness indicates the ±1� uncertainties in Mt, Mh,↵3.

Planck mass, we find the following values of the SM parameters:

g1(MPl) = 0.6168 (56a)

g2(MPl) = 0.5057 (56b)

g3(MPl) = 0.4873 + 0.0002
↵3(MZ) � 0.1184

0.0007
(56c)

yt(MPl) = 0.3823 + 0.0051

✓
Mt

GeV
� 173.35

◆
� 0.0021

↵3(MZ) � 0.1184

0.0007
(56d)

�(MPl) = �0.0128 � 0.0065

✓
Mt

GeV
� 173.35

◆
+ (56e)

+0.0018
↵3(MZ) � 0.1184

0.0007
+ 0.0029

✓
Mh

GeV
� 125.66

◆

m(MPl) = 140.2 GeV + 1.6 GeV

✓
Mh

GeV
� 125.66

◆
+ (56 f )

�0.25 GeV

✓
Mt

GeV
� 173.35

◆
+ 0.05 GeV

↵3(MZ) � 0.1184

0.0007

All Yukawa couplings, other than the one of the top quark, are very small. This is the well-

known flavour problem of the SM, which will not be investigated in this paper.

The three gauge couplings and the top Yukawa coupling remain perturbative and are fairly

weak at high energy, becoming roughly equal in the vicinity of the Planck mass. The near

equality of the gauge couplings may be viewed as an indicator of an underlying grand unification

even within the simple SM, once we allow for threshold corrections of the order of 10% around

a scale of about 1016 GeV (of course, in the spirit of this paper, we are disregarding the acute

naturalness problem). It is amusing to note that the ordering of the coupling constants at

low energy is completely overturned at high energy. The (properly normalised) hypercharge

15
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High scales [Holthausen, Lim, Lindner; Wetterich etal; Buttazo etal; Gies etal]

– Planck-scale extrapolation

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
)]

– 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

⇒ whatever...

Vacuum stability [Eichhorn, Gies, Jaeckel, TP, Scherer, Sondenheimer]

– RG running of Higgs potential

– λ < 0 at finite energy?

– functional RG [D6 operators at 1019 GeV]
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High scales [Holthausen, Lim, Lindner; Wetterich etal; Buttazo etal; Gies etal]

– Planck-scale extrapolation

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
)]

– 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

⇒ whatever...

Vacuum stability [Eichhorn, Gies, Jaeckel, TP, Scherer, Sondenheimer]

– RG running of Higgs potential

– λ < 0 at finite energy?

– functional RG [D6 operators at 1019 GeV]

– functional RG with DM portal
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High scales [Holthausen, Lim, Lindner; Wetterich etal; Buttazo etal; Gies etal]

– Planck-scale extrapolation
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12λ2 + 6λλ2
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t −

3
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λ
(

3g2
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1

)
+
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(
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2 + (g2
2 + g2

1 )2
)]

– 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

⇒ whatever...

Vacuum stability [Eichhorn, Gies, Jaeckel, TP, Scherer, Sondenheimer]

– RG running of Higgs potential

– λ < 0 at finite energy?

– functional RG [D6 operators at 1019 GeV]

– functional RG with DM portal

⇒ whatever...
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Exercise: top–Higgs renormalization group

Running of coupling/mass ratios [Wetterich]

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 [Wetterich]

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 [Wetterich]

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 it really the Standard Model Higgs?

– is there new physics in/outside the Higgs sector?

– does fundamental theory still hold to Planck scale?

More specifically

– need to test Higgs models

– weak-scale Lagrangian the appropriate description

– extrapolation to high scales my reason to be here

Interpretations of Higgs measurements

– Higgs couplings most universal for rates

– effective theories well defined, but less universal

– do not trust theorists when they offer ‘big picture’

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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Longitudinal WW scattering

WW scattering at high energies [Tao etal; Dawson]

– historically alternative to light Higgs
– WW scattering at high energies [via Goldstones]

gV H
(
aLVLµVµL + aT VTµVµT

)
– still useful after Higgs discovery?
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Longitudinal WW scattering

WW scattering at high energies [Tao etal; Dawson]

– historically alternative to light Higgs
– WW scattering at high energies [via Goldstones]

gV H
(
aLVLµVµL + aT VTµVµT

)
– still useful after Higgs discovery?

– high energy signal reduced by Higgs

– tagging jets as Higgs pole observables instead
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Longitudinal WW scattering

WW scattering at high energies [Tao etal; Dawson]

– historically alternative to light Higgs
– WW scattering at high energies [via Goldstones]

gV H
(
aLVLµVµL + aT VTµVµT

)
– still useful after Higgs discovery?

– high energy signal reduced by Higgs

– tagging jets as Higgs pole observables instead

Tagging jet observables [Brehmer, Jäckel, TP]

– polarization defined in Higgs frame

– transverse momenta

PT (x, pT ) ∼
1 + (1− x)2

x
p3

T

((1− x)m2
W + p2

T )2

PL(x, pT ) ∼
1− x

x
2(1− x)m2

W pT

((1− x)m2
W + p2

T )2
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Longitudinal WW scattering

WW scattering at high energies [Tao etal; Dawson]

– historically alternative to light Higgs
– WW scattering at high energies [via Goldstones]

gV H
(
aLVLµVµL + aT VTµVµT

)
– still useful after Higgs discovery?

– high energy signal reduced by Higgs

– tagging jets as Higgs pole observables instead

Tagging jet observables [Brehmer, Jäckel, TP]

– polarization defined in Higgs frame

– transverse momenta

– azimuthal angle

Aφ =
σ(∆φjj <

π
2 )− σ(∆φjj >

π
2 )

σ(∆φjj <
π
2 ) + σ(∆φjj >

π
2 )
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Longitudinal WW scattering

WW scattering at high energies [Tao etal; Dawson]

– historically alternative to light Higgs
– WW scattering at high energies [via Goldstones]

gV H
(
aLVLµVµL + aT VTµVµT

)
– still useful after Higgs discovery?

– high energy signal reduced by Higgs

– tagging jets as Higgs pole observables instead

Tagging jet observables [Brehmer, Jäckel, TP]

– polarization defined in Higgs frame

– transverse momenta

– azimuthal angle

– total rate σ ∼ (ALa2
L + AT a2

T )

⇒ simple question, clear answer

La
0 0.5 1 1.5 2

Ta

0

0.5

1

1.5

2

-195% CL, 300 fb

No systematics

Rate

φ, A
T,j

p

Combined
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with Oφ,2 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , Oφ,3 = −

1
3

(φ†φ)3
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with Oφ,2 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , Oφ,3 = −

1
3

(φ†φ)3

first operator, wave function renormalization

Oφ,2 =
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 +

fφ,2v2

Λ2

)
!

=
1
2
∂µH ∂

µH ⇔ H = H̃

√
1 +

fφ,2v2

Λ2
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with Oφ,2 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , Oφ,3 = −

1
3

(φ†φ)3

first operator, wave function renormalization

Oφ,2 =
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 +

fφ,2v2

Λ2

)
!

=
1
2
∂µH ∂

µH ⇔ H = H̃

√
1 +

fφ,2v2

Λ2

second operator, minimum condition giving v

v2 = −
µ2

λ
−

fφ,3µ4

4λ3Λ2
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with Oφ,2 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , Oφ,3 = −

1
3

(φ†φ)3

first operator, wave function renormalization

Oφ,2 =
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 +

fφ,2v2

Λ2

)
!

=
1
2
∂µH ∂

µH ⇔ H = H̃

√
1 +

fφ,2v2

Λ2

second operator, minimum condition giving v

v2 = −
µ2

λ
−

fφ,3µ4

4λ3Λ2

both operators contributing to Higgs mass

Lmass = −
µ2

2
H̃2 −

3
2
λv2H̃2 −

fφ,3
Λ2

15
24

v4H̃2 !
= −

m2
H

2
H2

⇔ m2
H = 2λv2

(
1−

fφ,2v2

Λ2
+

fφ,3v2

2Λ2λ

)
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with Oφ,2 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , Oφ,3 = −

1
3

(φ†φ)3

Higgs self couplings momentum dependent

Lself =−
m2

H

2v

[(
1−

fφ,2v2

2Λ2
+

2fφ,3v4

3Λ2m2
H

)
H3 −

2fφ,2v2

Λ2m2
H

H ∂µH ∂µH

]

−
m2

H

8v2

[(
1−

fφ,2v2

Λ2
+

4fφ,3v4

Λ2m2
H

)
H4 −

4fφ,2v2

Λ2m2
H

H2
∂µ H∂µH

]
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with Oφ,2 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , Oφ,3 = −

1
3

(φ†φ)3

Higgs self couplings momentum dependent

Lself =−
m2

H

2v

[(
1−

fφ,2v2

2Λ2
+

2fφ,3v4

3Λ2m2
H

)
H3 −

2fφ,2v2

Λ2m2
H

H ∂µH ∂µH

]

−
m2

H

8v2

[(
1−

fφ,2v2

Λ2
+

4fφ,3v4

Λ2m2
H

)
H4 −

4fφ,2v2

Λ2m2
H

H2
∂µ H∂µH

]
alternatively, strong multi-Higgs interactions

H =

(
1 +

fφ,2v2

2Λ2

)
H̃ +

fφ,2v
2Λ2

H̃2 +
fφ,2
6Λ2

H̃3 +O(H̃4)
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

LD6 =
2∑

i=1

fi
Λ2
Oi with Oφ,2 =

1
2
∂µ(φ†φ) ∂µ(φ†φ) , Oφ,3 = −

1
3

(φ†φ)3

Higgs self couplings momentum dependent

Lself =−
m2

H

2v

[(
1−

fφ,2v2

2Λ2
+

2fφ,3v4

3Λ2m2
H

)
H3 −

2fφ,2v2

Λ2m2
H

H ∂µH ∂µH

]

−
m2

H

8v2

[(
1−

fφ,2v2

Λ2
+

4fφ,3v4

Λ2m2
H

)
H4 −

4fφ,2v2

Λ2m2
H

H2
∂µ H∂µH

]
alternatively, strong multi-Higgs interactions

H =

(
1 +

fφ,2v2

2Λ2

)
H̃ +

fφ,2v
2Λ2

H̃2 +
fφ,2
6Λ2

H̃3 +O(H̃4)

⇒ operators and distributions linked to poor UV behavior
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Higher-dimensional operators

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

– strongly interacting models not looking like that [Bardeen, Hill, Lindner]

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

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

– adding specific D6 operator set
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Higher-dimensional operators

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

– strongly interacting models not looking like that [Bardeen, Hill, Lindner]

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

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

– adding specific D6 operator set

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 operators

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

– strongly interacting models not looking like that [Bardeen, Hill, Lindner]

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

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

– adding specific D6 operator set

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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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
†WµνWµν

φ

+
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)

⇒ before measuring couplings remember what your operators are!
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