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Einstein: beam energy to particle mass E = mc2

– smash 4 TeV protons onto 4 TeV protons [energy unit GeV: proton mass]

produce anything that interacts with quarks and gluons
search for it in decay products
repeat every 25-50 ns

– huge detectors, actual data, commuting to CERN −→ experiment
field theory, strong opinions, working in villas −→ theory
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– Fermi 1934: weak interactions [n → pe−ν̄e ]

point-like (2→ 2) amplitude A ∝ GF E2
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Weak interaction

Massive interaction particles: bosons

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

point-like (2→ 2) amplitude A ∝ GF E2

probability/ unitarity violation [E < 600 GeV]

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

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

pre-2012 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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Lagrangians with famous problems

– Lagrangian from 2nd year physics [Hamiltonian with wrong sign between potential and kinetic term]

– QED plus massive scalar field [Fµν = ∂µAν − ∂νAµ ]

L = −
1
4

FµνFµν +
1
2

(∂µφ)2 −
1
2

m2
φφ

2

– symmetries of Lagrangian = symmetries of theory
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– symmetries of Lagrangian = symmetries of theory

– spontaneous symmetry breaking
symmetric Lagrangian with non-symmetric vacuum: 〈φ〉 = v = 246 GeV

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

– problem 2: massive gauge theories
massless gauge bosons have 2 polarizations, massive have 3, and 3 6= 2
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Lagrangians with famous problems

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

– problem 2: massive gauge theories
massless gauge bosons have 2 polarizations, massive have 3, 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
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– problem 1: Goldstone’s theorem
breaking SU(2)L × U(1)Y → U(1)Q produces 3 massless scalars

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

Higgs field vs Higgs particle

– fundamental SM gauge symmetry SU(2)L × U(1)Y
observed unbroken: electromagnetism U(1)Q

– forbidden by SU(2)L but allowed by U(1)Q :
weak gauge boson masses mW ,Z
fermion masses of kind mf ψ̄LψR

⇒ masses proportional to expectation value of Higgs field 〈φ〉 = v = 246 GeV
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Lagrangians with famous problems

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

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

Higgs field vs Higgs particle

– fundamental SM gauge symmetry SU(2)L × U(1)Y
observed unbroken: electromagnetism U(1)Q

– forbidden by SU(2)L but allowed by U(1)Q :
weak gauge boson masses mW ,Z
fermion masses of kind mf ψ̄LψR

⇒ masses proportional to expectation value of Higgs field 〈φ〉 = v = 246 GeV

– complex SU(2) doublet φ:
3 Goldstone modes eaten as longitudinal W and Z
4th physical mode 〈φ〉 = 〈v + H〉 = v

⇒ Higgs particle H coupling proportional to masses
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Lagrangians with famous problems

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

– problem 2: massive gauge theories
massless gauge bosons have 2 polarizations, massive have 3, 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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Things you never dared to ask...

– Nevents = σ · L [‘cross section [fb] times luminosity [1/fb]’]

– signal: everything new, exciting and rare
background: yesterday’s signal

– Standard Model w/o Higgs: background theory
QCD: evil background theory

– jet: everything except for leptons/photons
crucial: what makes a jet [q, g, b, τ,W, H, t ]

– always statistics: σbb̄ ∼ 107σH

⇒ discovery #σ ∼ NS/
√

NB > 5 [background fake probability p0 < 5.8 × 10−7]
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Higgs searches

Higgs decays easy

– weak-scale scalar coupling proportional to mass

– off-shell decays below threshold

– decay to γγ via W and top loop

BR(H)

bb
_

τ+τ−

cc
_

gg

WW

ZZ

tt-

γγ Zγ

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

Higgs decays easy

– weak-scale scalar coupling proportional to mass

– off-shell decays below threshold

– decay to γγ via W and top loop

⇒ mH = 125 GeV would be perfect

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

– no tree-level coupling to proton constituents

Who built this gluon–gluon collider with experiments excellent at photon
reconstruction to find a particle which couples to mass???
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– off-shell decays below threshold

– decay to γγ via W and top loop

⇒ mH = 125 GeV would be perfect

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

– no tree-level coupling to proton constituents

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

weak boson fusion production with jets [σ ∼ 1200 fb]
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Higgs production hard [7-8 TeV, 5-15/fb]

– no tree-level coupling to proton constituents

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

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

Higgs decays easy

– weak-scale scalar coupling proportional to mass

– off-shell decays below threshold

– decay to γγ via W and top loop

⇒ mH = 125 GeV would be perfect

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

– no tree-level coupling to proton constituents

– help from quantum effects
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

– harder channels from 2012
pp → H → ττ plus jets
pp → ZH → (`+`−)(bb̄) boosted
etc...
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Higgs discovery

4th of July fireworks [together over 100 subchannels]

– ‘silver channel’ H → γγ

local significance 4.5σ (ATLAS), 4.1σ (CMS)
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4th of July fireworks [together over 100 subchannels]

– ‘silver channel’ H → γγ

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

4th of July fireworks [together over 100 subchannels]

– ‘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)
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Higgs discovery

4th of July fireworks [together over 100 subchannels]

– ‘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)
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Higgs discovery

4th of July fireworks [together over 100 subchannels]

– ‘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 it’
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4th of July fireworks [together over 100 subchannels]

– ‘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 it’
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Update

Higgs-like boson turned into

Standard-Model-like Higgs into a Higgs boson
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Open 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
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Open 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 or else?

3. What can we expect?

– weak boson fusion analyses still weak

– VH and t t̄H production missing

– self coupling accessible?
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Open 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 or else?

3. What can we expect?

– weak boson fusion analyses still weak

– VH and t t̄H production missing

– self coupling accessible?

4. What does all this tell us?

– models predicting weak-scale new physics?

– renormalization group based Hail-Mary passes?
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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 combinations

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 combinations

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

⇒ almost too exactly the prediction of 1964
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Problem with scalars

Theory perspective

– massless SU(3) and U(1) gauge bosons
massive W ,Z bosons

– weak-scale Higgs scalar

– generation mixing of massive quarks and leptons

– Lagrangian L ⊃ −m2
W WµWµ −mf ΨΨ + gHΨΨ

⇒ renormalizable⇔ valid to high scales⇔ fundamental
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Problem with scalars

Theory perspective

– massless SU(3) and U(1) gauge bosons
massive W ,Z bosons

– weak-scale Higgs scalar

– generation mixing of massive quarks and leptons

– Lagrangian L ⊃ −m2
W WµWµ −mf ΨΨ + gHΨΨ

⇒ renormalizable⇔ valid to high scales⇔ fundamental

Experimental perspective

– dark matter? [solid evidence for low–scale new physics]

– quark mixing — flavor physics? [new operators above 104 GeV?]

– neutrino masses and mixing? [see-saw at 1011 GeV?]

– matter–antimatter asymmetry? [universe mostly matter?]

– gauge coupling unification? [experimental fact]

– gravity missing? [negligible at LHC]

⇒ plenty of new physics scales
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Problem with scalars
H

t

H

WProblem with scalars

– Heisenberg: quantum corrections to Higgs mass... [∆t ∆E < 1]
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Problem with scalars
H

t

H

WProblem with scalars

– Heisenberg: quantum corrections to Higgs mass
lead to effective theory desaster

m2
H −→ m2

H −
g2

(4π)2

3
2

Λ2

m2
W

[
m2

H + 2m2
W + m2

Z − 4m2
t

]
+ · · ·

– Higgs mass pulled to cut-off Λ� 126 GeV [where Higgs at Λ does not work]

– hierarchy problem — Higgs scalar needing stabilization?
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Problem with scalars
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WProblem with scalars

– Heisenberg: quantum corrections to Higgs mass
lead to effective theory desaster
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W

[
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W + m2
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]
+ · · ·

– Higgs mass pulled to cut-off Λ� 126 GeV [where Higgs at Λ does not work]

– hierarchy problem — Higgs scalar needing stabilization?

⇒ still no idea where the Higgs field comes from
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Problem with scalars
H

t

H

WProblem with scalars

– Heisenberg: quantum corrections to Higgs mass
lead to effective theory desaster

m2
H −→ m2

H −
g2

(4π)2

3
2

Λ2

m2
W

[
m2

H + 2m2
W + m2

Z − 4m2
t

]
+ · · ·

– Higgs mass pulled to cut-off Λ� 126 GeV [where Higgs at Λ does not work]

– hierarchy problem — Higgs scalar needing stabilization?

⇒ still no idea where the Higgs field comes from

My LHC wish list

– fundamental Higgs?

– new physics stabilizing Higgs mass?

– dark matter candidate?
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Problem with scalars
H

t

H

WProblem with scalars

– Heisenberg: quantum corrections to Higgs mass
lead to effective theory desaster

m2
H −→ m2

H −
g2

(4π)2

3
2

Λ2

m2
W

[
m2

H + 2m2
W + m2

Z − 4m2
t

]
+ · · ·

– Higgs mass pulled to cut-off Λ� 126 GeV [where Higgs at Λ does not work]

– hierarchy problem — Higgs scalar needing stabilization?

⇒ still no idea where the Higgs field comes from

My LHC wish list

– fundamental Higgs?

– new physics stabilizing Higgs mass?

– dark matter candidate?

– or something totally different? [Uli Baur: always new physics at new scales]
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Exciting times...

...for LHC physicists

– Higgs discovery after almost 50 years [waiting since Fermi]

– detailed studies just starting

– many new channels at 13 TeV

⇒ new ideas in high demand

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

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