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Outline 
• The Higgs boson explained in 60 seconds 

 
• The Higgs boson explained in 7 minutes and 44 seconds 

 
• The Higgs boson explained in 30 minutes 

1. The Standard Model of particle physics 
2. How do gauge bosons get their mass? 
3. Electroweak symmetry breaking and the Higgs boson 
4. Theoretical properties of the Higgs boson 
5. Expectations for the Higgs boson mass 

• Hints of the Higgs boson at the Large Hadron Collider (LHC) 
 

• Coming attractions 













Particle 
content
of the 
Standard
Model

Something is 
missing…



Ingredients of the Standard Model of 
Particle Physics

• Quantum field theory (marriage of quantum mechanics 
and special relativity)

• Elementary spin-1/2 fermions (the quarks and leptons)

• Forces (electromagnetic,  weak and strong) mediated by 
spin-1 gauge bosons

Mathematical consistency seems to require massless
gauge bosons  (e.g., the photon and the gluons)



Gauge  invariance in quantum mechanics

The time-dependent Schrodinger equation in an external 
electromagnetic field:

where the magnetic and electric fields are defined in terms of 
the vector and scalar potentials:

The Schrodinger equation is invariant under the gauge 
transformation:



Gauge  invariance in quantum field theory

In relativity, introduce four-vectors:

U(1)-gauge invariance (electromagnetism):

Non-abelian (Yang-Mills) theory: 

with invariance under generalized gauge transformations:



Implications of gauge symmetry

• Mathematically consistent theories containing 
charged (self-interacting) spin-one particles MUST be 
gauge theories 

• Gauge invariance forbids an explicit mass term in the 
Lagrangian of a spin-one gauge boson

• But, the gauge symmetry of the Lagrangian may not 
be respected by the vacuum 

• Gauge boson masses can potentially be generated by 
quantum corrections (due to the interactions with other 
sectors of the theory)



Contrast between massless and massive bosons

The potential energy between interacting particles is the 
Fourier transform of the quantum mechanical amplitude for  
“particle exchange.”  

m=0:   yields long-range 
1/r Coulomb potential

m>0:   yields short-range
Yukawa potential
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Breaking the Electroweak Symmetry

Higgs boson

extra W,Z polarization

energy stored 
in Higgs field

value of Higgs field

Higgs imagined a field filling all of space, with a “weak charge”.
Energy forces it to be nonzero at bottom of the “Mexican hat”.

symmetric

broken symmetry





Standard Model masses and Higgs couplings

Gauge bosons (V = W± or Z) acquire mass via interaction with the Higgs

vacuum condensate, 〈Φ0〉 = v/
√

2, where v = 246 GeV.

V V V V V V

vv v h0 h0 h0

Thus,

m2
V = 1

4
g2

V v2 , ghV V = 2m2
V /v , ghhV V = 2m2

V /v2 ,

i.e., the Higgs couplings to vector bosons are proportional to the

corresponding boson squared-mass.

Likewise, by replacing V with the Higgs field h0 in the above diagrams, the

Higgs self-couplings are also proportional to the square of the Higgs mass:

m2
h = λv2 , ghhh = 3λv =

3m2
h

v
, ghhhh = 3λ =

3m2
h

v2
.



Fermions in the Standard Model

Under the electroweak gauge group, the right and left-handed components

of each fermion has different SU(2)×U(1)Y quantum numbers:

fermions SU(2) U(1)Y

(ν , e−)L 2 −1

e−R 1 −2

(u , d)L 2 1/3

uR 1 4/3

dR 1 −2/3

The electric charge is related to the U(1)Y hypercharge by Q = T3 + 1
2
Y .

Before electroweak symmetry breaking, Standard Model fermions are

massless, since the fermion mass term is not gauge invariant. The quark

and charged lepton masses are generated by virtue of their interactions with

the Higgs boson.



f f f f

v h0

Thus,

ghff̄ = mf/v ,

i.e., Higgs–fermion couplings are proportional to the corresponding fermion

mass.

The bottom line

• Higgs bosons couple to other bosons with strength proportional to the

boson squared mass.

• Higgs bosons couple to fermions with strength proportional to the fermion

mass.

• The Higgs mass itself (or equivalently, the self-coupling parameter λ, is

the only undetermined parameter.



Importance of the loop-induced Higgs couplings for the LHC Higgs program

1. Dominant LHC Higgs production mechanism: gluon-gluon fusion. At

leading order,

dσ

dy
(pp → h0 + X) =

π2Γ(h0 → gg)

8m3
h

g(x+,m2
h)g(x−,m2

h) ,

where g(x, Q2) is the gluon distribution function at the scale Q2 and

x± ≡ mhe±y/
√

s, y = 1
2
ln

(

E+pL
E−pL

)

.

2. For mh ' 125 GeV, the main discovery channel for the Higgs boson

at the LHC is via the rare decay h0 → γγ. The Higgs boson couples to

photons via a loop of charged particles:

h0

γ

γ

f

f̄

h0

γ

γ

W+

W−

h0

γ

γ

W+

W−



Probability of various Higgs boson decays



Present Status of the Higgs boson—Part I

1. Experimental mass bounds excluding the Standard Model Higgs boson

From 1989–2000, experiments at LEP searched for e+e− → Z → h0Z

(where one of the Z-bosons is on-shell and one is off-shell). No significant

evidence was found leading to a lower bound on the Higgs mass

mh > 114.4 GeV at 95% CL.

After more then ten years of running, experiments at the Tevatron report

in arXiv:1203.3774 [hep-ex] a combined exclusion limit of:

147 GeV < mh < 179 GeV excluded at 95% CL.
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LHC data from 2011 increases the excluded Higgs mass region.

1

10

100 110 120 130 140 150 160 170 180 190 200

1

10

mH (GeV/c
2
)

9
5

%
 C

L
 L

im
it

/S
M

Tevatron Run II Preliminary, L ≤ 10.0 fb
-1

Expected

Observed

±1 s.d. Expected

±2 s.d. Expected

L
E

P
 E

x
c
lu

s
io

n

Tevatron

+ATLAS+CMS

Exclusion

SM=1

T
e

v
a

tr
o

n
 +

 L
E

P
 E

x
c

lu
s

io
n

C
M

S
 E

x
c

lu
s

io
n

A
T

L
A

S
 E

x
c

lu
s

io
n

ATLAS+CMS

Exclusion

ATLAS+CMS

Exclusion

February 2012



 [GeV]Hm
100 200 300 400 500 600

S
M

σ/
σ

9
5
%

 C
L
 L

im
it
 o

n
 

›110

1

10

Obs.
Exp.

σ1 ±
σ2 ±

 = 7 TeVs     

›1
 Ldt = 4.6›4.9 fb∫

ATLAS Preliminary 2011 Data

CLs Limits

Higgs boson mass (GeV)
100 200 300 400 500 600

S
M

σ/
σ

9
5

%
 C

L
 l
im

it
 o

n
 

›110

1

10 Observed

Expected (68%)

Expected (95%)

LEP excluded

Tevatron excluded

CMS excluded

Observed

Expected (68%)

Expected (95%)

LEP excluded

Tevatron excluded

CMS excluded

CMS Preliminary

 = 7 TeVs
›1L = 4.6›4.8 fb

For example, the CMS Collaboration quotes in arXiv:1202.1488 an exclusion limit of:

127.5 GeV < mh < 600 GeV excluded at 95% CL.

The ATLAS Collaboration exclusion is not quite as good at the highest masses. But in

Phys.Lett. B710 (2012) 49-66, ATLAS excludes Higgs masses between 112.9 GeV and

115.5 GeV, slightly extending the LEP Higgs mass bound.



2. Upper bound from precision tests of the Standard Model

Precise tests of the Standard Model are possible given the large sample of

electroweak data from LEP, SLC and the Tevatron. Although the Higgs

boson mass (mh) is unknown, electroweak observables are sensitive to mh

through quantum corrections. For example, the W and Z masses are shifted

slightly due to:

W± W± Z0 Z0

h0 h0

The mh dependence of the above radiative corrections is logarithmic.

Nevertheless, a global fit of many electroweak observables can determine

the preferred value of mh (assuming that the Standard Model is correct).



LEP/Tevatron Electroweak Working Groups: the Standard Model global fit

mh = 94+29
−24 GeV [mh < 157 GeV one-sided 95% CL] .
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Is a very heavy Higgs Boson excluded?

If new physics beyond the Standard Model exists, it almost certainly couples to W and Z

bosons. Then, there will be additional shifts in the W and Z mass due to the appearance

of new particles in loops. In many cases, these effects can be parameterized in terms of

two quantities, S and T [Peskin and Takeuchi], where S = T = 0 corresponds to the

Standard Model with a Higgs mass of 120 GeV.
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The Large Hadron Collider (LHC) is now in business!









Different elements of the detector help to distinguish 
particles that are produced in the collision.





Simulated
Higgs 
boson
that decays
in the 
ATLAS
detector :



SM Higgs production at hadron colliders

At hadron colliders, the relevant processes are

gg → h0 , h0
→ γγ , V V (∗) ,

qq → qqV (∗)V (∗)
→ qqh0, h0

→ γγ, τ+τ−, V V (∗) ,

qq̄(′) → V (∗)
→ V h0 , h0

→ bb̄ ,WW (∗) ,

gg, qq̄ → tt̄h0, h0
→ bb̄, γγ, WW (∗) .

where V = W or Z.
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Higgs boson cross sections and branching ratios
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SM Higgs decays at the LHC

1. For 114 GeV <
∼ mh <

∼ 130 GeV, the rare decay h0
→ γγ is the most promising

signal.

h0

γ

γ

f

f̄

h0

γ

γ

W+

W−

h0

γ

γ

W+

W−

2. For 130 GeV <
∼ mh <

∼ 190 GeV, the decay h0
→ WW (∗)

→ ℓν+hadron jets is

the dominant channel; h → WW ∗
→ ℓ+νℓ−ν is also useful.

h0

ν

ℓ
q

q̄

W+

W−

3. For 190 GeV <
∼ mh <

∼ 700 GeV, the decay h0
→ ZZ → ℓ+ℓ−ℓ+ℓ− is the golden

channel ; h → ZZ → ℓ+ℓ−νν is also useful.

h0

ℓ+

ℓ−

ℓ+

ℓ−

Z

Z



First observations 
of Higgs at the LHC

Higgs at CMS

Higgs at ATLAS



The observed local p-value p0 as a function of the SM Higgs  
boson mass in the range 110–145 GeV, for the full combination  
and the individual decay modes. The global significance of the  
observed maximum excess (minimum local p-value) for the full  
combination in this mass range is about 2.1σ, estimated using  
pseudoexperiments. The dashed line on the left plot shows the  
expected local p-values p0(mH) for the combination, should a  
Higgs boson with a mass mH exist.  

The 95% CL upper limits on the signal strength parameter μ = σ/σSM  
for the SM Higgs boson hypothesis as function of the Higgs boson  
mass, for the ZZ+γγ sub-combinations. The observed values are 
shown by the solid line. The dashed line indicates the expected median 
of results for the background only hypothesis, while the green (dark) and 
yellow (light) bands indicate the ranges that are expected to contain 68% 
and 95% of all observed excursions from the median, respectively. The 
limits are obtained with the asymptotic CLs approximation.  

Hints of a Higgs boson signal in the CMS detector 
 



The observed local p-value p0 as a function of the SM Higgs 
boson mass in the range 110–145 GeV.  The global significance of 
the observed maximum excess  (minimum  local p-value) in this 
mass range is about 2.1σ,  estimated using pseudoexperiments.  
The dashed line on the plot shows the expected local p-values 
p0(mH), should a Higgs boson with a mass mH exist.  

Values of μ̂ = σ/σSM for the combination (solid vertical line) 
 and for contributing channels (points), for a hypothesized  
Higgs boson mass of 124 GeV. The band corresponds to  
±1σ uncertainties on the overall μ̂ value. The horizontal bars 
 indicate ±1σ uncertainties on the μ̂ values for individual channels.  

Reference: arXiv:1202.1488 

http://arxiv.org/pdf/1202.1488.pdf


Hints of a Higgs boson signal in the ATLAS detector 
 

The local probability p0 for a background-only experiment  
to be more signal-like than the observation, for individual  
channels and the combination. The full curves give the  
observed individual and combined p0. The dashed curves  
show the median expected value under the hypothesis of  
a SM Higgs boson signal at that mass. The two horizontal  
dashed lines indicate the p0 corresponding to significances  
of 2σ and 3σ. The points indicate the combined observed  
local p0 estimated using ensemble tests and taking into  
account energy scale systematic uncertainties (ESS).  

The 95% CL upper limit on the Standard Model Higgs boson production  
cross section divided by the Standard Model expectation as a function  
of mH is indicated by the solid curves for the combination of the low  
mass resolution channels H→WW(∗)→l+νl−ν , H→bb and H→τ+τ− (red)  
and the combination of the high mass resolution H→γγ and H→ZZ(∗)→l+l−l+l−  
channels (blue). The dashed curves show the median expected limit in the  
absence of a signal and the green and yellow bands indicate the corresponding  
68% and 95% intervals for the full combination.  

Reference: arXiv:1202.1408 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-03/






Coming Attractions 

2012 LHC data: 

• Center of mass energy increased to 8 TeV 
 

• Nearly 5 fb¯¹ of data collected (equal to the entire 2011 run) 
 

• Analysis of the 2012 data (so far) to be revealed at ICHEP in  
                 Melbourne, Australia, July 4—11, 2012 
 
• Expect an additional 10 to 15 fb¯¹ of data by the end of 2012 
 
• There should be sufficient data at the end of 2012 to provide 
                  a 5σ discovery of the Higgs boson, if present. 



What to look out for 

• Will evidence for the Higgs boson be confirmed? 
• Do the properties of the Higgs boson match the Standard Model 
                       predictions? 
• The precision of the Higgs measurements is not likely to be better 
                       than about 20%.  One can exclude the existence of the 
                       “Standard Model Higgs boson,” but one cannot claim  
                       a discovery of the Standard Model Higgs boson. 
• Many theoretical models of particle physics (which invoke new 
                       phenomena beyond the Standard Model) contain a 
                       Higgs particle with Standard Model-like properties 
• The fun really starts if a Higgs particle is discovered with some 
                       of the properties of the Standard Model, but with some 
                       observable deviations. 

Whatever happens, one thing is certain: 2012 is sure to be  
a watershed year in particle physics. 
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