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The (G)AEBHGHKMP’tH Mechanism

The only one

who mentioned a

massive scalar boson



The Englert-Brout-Higgs Mechanism

• Vacuum expectation value of scalar field

• Englert & Brout: June 26th 1964

• First Higgs paper: July 27th 1964

• Pointed out loophole in argument of Gilbert if 

gauge theory described in Coulomb gauge

• Accepted by Physics Letters

• Second Higgs paper with explicit example sent on 

July 31st 1964 to Physics Letters, rejected!

• Revised version (Aug. 31st 1964) accepted by 

PRL

• Guralnik, Hagen & Kibble (Oct. 12th 1964)



But the Higgs Boson
Englert & 

Brout

Guralnik, Hagen & KibbleHiggs

Also 

Goldstone in 

global case



Summary of the Standard Model

• Particles and SU(3)× SU(2)× U(1) quantum numbers:

• Lagrangian: gauge interactions

matter fermions

Yukawa interactions 

Higgs potential

Untested

before 2012



The Standard Model Lagrangian

✓ Experiment: accuracy < %

No direct evidence 

until July 4, 2012



Abelian Higgs Mechanism

• Lagrangian

• Gauge transformation

• Choose

• Rewrite Lagrangian:

1964



Nambu EB, GHK and Higgs

Spontaneous symmetry breaking: massless Nambu-

Goldstone boson                   ‘eaten’ by gauge boson‘eaten’ by massless gauge boson

Accompanied by massive particle

EB, H, GHK 



Masses for SM Gauge Bosons

• Kinetic terms for SU(2) and U(1) gauge bosons:

where

• Kinetic term for Higgs field:

• Expanding around vacuum:

• Boson masses:

1967



Higgs Boson Couplings



A Phenomenological Profile 

of the Higgs Boson

• First attempt at systematic survey

1975



A Preview of the Higgs Boson @ LHC

• Prepared for LHC Lausanne workshop 1984

JE, Gelmini & Kowalski, 1984

1984



Status of the Standard Model

• Perfect agreement with all confirmed

accelerator data

• Consistency with precision electroweak data 

(LEP et al) only if there is a Higgs boson

• Agreement seems to require a relatively light 

Higgs boson weighing < ~ 180 GeV

• Raises many unanswered questions:

mass? flavour? unification?



• First attempts in 1990, 

• Easier after the discovery of the top quark

Estimating the Mass of the Higgs Boson

JE, Fogli & Lisi

1991

1990



Precision Tests of the Standard Model

Lepton couplings Pulls in global fit

It works!



Constraints on Higgs Mass

• Electroweak observables sensitive via quantum loop 
corrections:

• Sensitivity to top, Higgs masses:

• Preferred Higgs mass:  mH ~ 100 ± 30 GeV

• Compare with lower limit from direct search at LEP: 

mH > 114 GeV

and exclusion around (160, 170 GeV) at TeVatron

2011



2011: Combining Information from 

Previous Direct Searches and Indirect Data

mH = 125 ± 10 GeV Gfitter collaboration



Higgs Production at the 

LHC

A la recherche 

du 

Higgs perdu …

Many production modes measurable if Mh ~ 125 GeV

LHC Higgs Cross-Section 

Working Group

(LHXSWG)



Higgs Production at the LHC

Cross sections for 
Higgs mass near 

125 GeV

LHC Higgs Cross-Section 

Working Group

(LHXSWG)



• Calculated at Next-to-Next-to-Next-to-Leading 
Order (N3LO) in limit of heavy t quark:

• Contributions

at different

orders:

• Breakdown of theoretical uncertainties:

ggHiggs Production at the LHC



Dependences on Parton Distributions

Uncertainties 
now ~ 2 %,

Similar 
uncertainties

in ggH, ttH 
from αs

LHC Higgs Cross-Section 

Working Group

(LHXSWG)



• Calculated at NNLO including electroweak 
corrections at NLO

• Good convergence of perturbation expansion

• Small uncertainties in quark parton dist’ns

VBF Higgs Production at the LHC



• Calculated at NNLO including electroweak 
corrections at NLO

• Good convergence of perturbation expansion

Associated V+H Production at the LHC



• Calculated at NLO: uncertainties due to

– Perturbation expansion

– Choice of parton distributions

Associated tt+H Production
-



• Couplings proportional to masses (?)

• Important couplings through loops:

– gluon + gluon → Higgs → γγ

Higgs Decay Branching Ratios

Many decay modes measurable if Mh ~ 125 GeV



Dominant decay 
branching ratios for 

mH ~ 125 GeV

Higgs Decay Branching Ratios

LHC Higgs Cross-Section 

Working Group

(LHXSWG)



What we Expect

What do we know?



The Stakes in the Higgs Search

• How is gauge symmetry broken?

• Is there any elementary scalar field?

• Likely portal to new physics

• Would have caused phase transition in the Universe when 
it was about 10-12 seconds old

• May have generated then the matter in the Universe: 
electroweak baryogenesis

• A related inflaton might have expanded the Universe 
when it was about 10-35 seconds old 

• Contributes to today’s dark energy: 1060 too much!



Higgs champagne in Singapore



Interesting Events



Higgsdependence Day!



July 4th 2012

The Higgs 

discovery



Unofficial Combination of Higgs Data

Is this the

Higgs Boson?

No Higgs here!No

Higgs

here!



Higgs Mass Measurements

• ATLAS + CMS ZZ* and γγ final states

• Statistical uncertainties dominate

• Allows precision tests

• Crucial for stability of electroweak vacuum



Quite consistent: Δχ2 ~ 1.5

Comparison with Electroweak Fit



Theoretical Constraints on Higgs Mass

• Large Mh → large self-coupling → blow up at 
low-energy scale Λ due to 

renormalization

• Small: renormalization 

due to t quark drives 

quartic coupling < 0

at some scale Λ

→ vacuum unstable

• Vacuum could be stabilized by Supersymmetry
Degrassi, Di Vita, Elias-Miro, Giudice, Isodori & Strumia, arXiv:1205.6497

Instability @

1011.1±1.3 GeV



• Very sensitive to mt as well as MH

• Instability scale:

mt = 173.3 ± 1.0 GeV  log10(Λ/GeV) = 11.1 ±
1.3

Vacuum Instability in the Standard Model 

Buttazzo, Degrassi, Giardino, Giudice, Sala, Salvio & Strumia, arXiv:1307.3536

World

average

New CMS

New D0

New ATLAS

Bednyakov, Kniehl, Pikelner and Veretin: arXiv:1507.08833 



Hard QCD: the Top Mass

• Basic parameter of SM; stability of EW vacuum?

• World average:

mt = 173.34 ± 0.76 GeV

• Runningpole mass OK?

• Monte Carlo mass ✓?

• New measurements:

ATLAS: 172.99±0.91 GeV

CMS: 172.38±0.65, D0: 174.98±0.58±0.49 GeV



Instability during Inflation?

• Do inflation fluctuations drive us over the hill?

• Then Fokker-Planck evolution

• Do AdS regions eat us?

– Disaster if so

– If not, OK if more inflation

Hook, Kearns, Shakya & Zurek: arXiv:1404.5953

Stabilize vacuum with some physics beyond the SM?



How to Stabilize a Light Higgs Boson?

• Top quark destabilizes potential: introduce 
introduce stop-like scalar:

• Can delay collapse of potential:

• But new coupling must be

fine-tuned to avoid blow-up:

• Stabilize with new fermions:

– just like Higgsinos

• Very like Supersymmetry!
JE + D. Ross



‘God Particle’ no big Deal?

• Peter Higgs as quoted in the London Times:

• “A discovery widely acclaimed as the most 

important scientific advance in a generation 

has been “overhyped”, the British scientist 

behind it has said.”



Without Higgs …

… there would be no atoms

– Electrons would escape at the speed of 

light

… weak interactions would not be weak

– Life would be impossible: there would be 

no nuclei, everything would be radioactive

The discovery of the Higgs Boson is a big deal



Measurements 

in Run 1

• Open questions:

– Hbb?

• 2.6σ @ LHC

• 2.8σ @ FNAL

– Hμ?

– ttH production?

– tH production?



Measurements in Run 2

• Measurements 

in γγ and ZZ* 

final states

• 10σ significance

• Cross-section 

agrees with 

theory

• Searching for 

ttH, Hμμ and 

tH



The Next Frontiers
Hμμ

ttH

tH

Opposite sign of t

Yukawa coupling


