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Overview of Standard Model

The standard model of particle physics involves understanding

and categorizing fundamental particles and their interactions.

[courtesy:www.wikipedia.org]
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Interactions

Electromagnetism was known before 1900, characterized by

Maxwell's equations.

After the famous Rutherford scattering experiment it was

realized that apart from electrons there is a positively charged

nucleus within an atom.

The nucleus cannot just consist of positive particles, there

should be some other neutral particles to stabilize.

Discovery of neutrons by the seminal experiment by James

Chadwik in 1932 is one of the milestones of particle physics

research.

It was observed that MN = 939.565 MeV is strikingly close to

the proton mass MP = 938.272 MeV.

This lead to a proposal by Heisenberg that these are two

degenerate states of the same quantum number → Isospin !

Sayantan Sharma IV ALICE-India School on QGP, 2021 Slide 3 of 10



Interactions

Electromagnetism was known before 1900, characterized by

Maxwell's equations.

After the famous Rutherford scattering experiment it was

realized that apart from electrons there is a positively charged

nucleus within an atom.

The nucleus cannot just consist of positive particles, there

should be some other neutral particles to stabilize.

Discovery of neutrons by the seminal experiment by James

Chadwik in 1932 is one of the milestones of particle physics

research.

It was observed that MN = 939.565 MeV is strikingly close to

the proton mass MP = 938.272 MeV.

This lead to a proposal by Heisenberg that these are two

degenerate states of the same quantum number → Isospin !

Sayantan Sharma IV ALICE-India School on QGP, 2021 Slide 3 of 10



Interactions

Electromagnetism was known before 1900, characterized by

Maxwell's equations.

After the famous Rutherford scattering experiment it was

realized that apart from electrons there is a positively charged

nucleus within an atom.

The nucleus cannot just consist of positive particles, there

should be some other neutral particles to stabilize.

Discovery of neutrons by the seminal experiment by James

Chadwik in 1932 is one of the milestones of particle physics

research.

It was observed that MN = 939.565 MeV is strikingly close to

the proton mass MP = 938.272 MeV.

This lead to a proposal by Heisenberg that these are two

degenerate states of the same quantum number → Isospin !

Sayantan Sharma IV ALICE-India School on QGP, 2021 Slide 3 of 10



Interactions

Electromagnetism was known before 1900, characterized by

Maxwell's equations.

After the famous Rutherford scattering experiment it was

realized that apart from electrons there is a positively charged

nucleus within an atom.

The nucleus cannot just consist of positive particles, there

should be some other neutral particles to stabilize.

Discovery of neutrons by the seminal experiment by James

Chadwik in 1932 is one of the milestones of particle physics

research.

It was observed that MN = 939.565 MeV is strikingly close to

the proton mass MP = 938.272 MeV.

This lead to a proposal by Heisenberg that these are two

degenerate states of the same quantum number → Isospin !

Sayantan Sharma IV ALICE-India School on QGP, 2021 Slide 3 of 10



Interactions

Electromagnetism was known before 1900, characterized by

Maxwell's equations.

After the famous Rutherford scattering experiment it was

realized that apart from electrons there is a positively charged

nucleus within an atom.

The nucleus cannot just consist of positive particles, there

should be some other neutral particles to stabilize.

Discovery of neutrons by the seminal experiment by James

Chadwik in 1932 is one of the milestones of particle physics

research.

It was observed that MN = 939.565 MeV is strikingly close to

the proton mass MP = 938.272 MeV.

This lead to a proposal by Heisenberg that these are two

degenerate states of the same quantum number → Isospin !

Sayantan Sharma IV ALICE-India School on QGP, 2021 Slide 3 of 10



Interactions

Electromagnetism was known before 1900, characterized by

Maxwell's equations.

After the famous Rutherford scattering experiment it was

realized that apart from electrons there is a positively charged

nucleus within an atom.

The nucleus cannot just consist of positive particles, there

should be some other neutral particles to stabilize.

Discovery of neutrons by the seminal experiment by James

Chadwik in 1932 is one of the milestones of particle physics

research.

It was observed that MN = 939.565 MeV is strikingly close to

the proton mass MP = 938.272 MeV.

This lead to a proposal by Heisenberg that these are two

degenerate states of the same quantum number → Isospin !

Sayantan Sharma IV ALICE-India School on QGP, 2021 Slide 3 of 10



Isospin

The quantum number corresponding to isospin is denoted by I .

One can denote the proton and neutron states by the

component of the total isospin given by I3. The wavefunctions

can be denoted as,

|p〉 ≡ |x, t, s, I , I3〉 , |n〉 ≡ |x, t, s, I ,−I3〉 .

One can think of the proton and neutron as components of a

doublet state.

|p〉 =

(
1

0

)
, |n〉 =

(
0

1

)
If we take the states |n, p〉 eigenfunctions of Î3, then denoting

I3 = σ3
2 we get

1

2

(
1 0

0 −1

)
|p, n〉 = ±1

2
|p, n〉 .
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Isospin

Similar to the spin algebra! Since the states |n, p〉 are
eigenstates of the Hermitian Pauli matrix σ3, the symmetry

group that is generated by them is SU(2).

We know from the spin algebra that any state with quantum

number I has a degeneracy 2I + 1. Since here there is a

two-fold degeneracy hence 2I + 1 = 2⇒ I = 1
2 .

One can construct the raising and lowering operators,

I± =
σ1 ± iσ2

2
, I+ =

(
0 1

0 0

)
.

using which one can go from one component-state to the other

I+|p >= 0 , I+|n >= |p > , I−|p >= |n > , I−|n >= 0
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More on Isospin

Using photo-emulsion techniques Cecil Powell and his group

looked at the decay products of high energy cosmic rays.

Pions were discovered in 1945.

Mπ0 = 135 MeV , Mπ± = 139.59 MeV .

They are almost degenerate triplet state. What are its isospin

quantum number?

Since 2I + 1 = 3 this would mean that I = 1 hence these are

SU(2) states with quantum numbers

|π± >= |1,±1 > , |π0 >= |1, 0 > .

It was observed that strong interactions conserve isospin!

Interactions of two protons are of same strength as that

between two neutrons. Mathematically [Hstrong, I ] = 0.
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More on Isospin: Pion-nucleon scattering

One can use this fact that strong interactions conserve isospin to

calculate the ratio of cross sections of the decay process

σ(π−p → π−p)

σ(π−p → π0n)

Step 1: One can write the states in terms of product states using

addition of isospins I = I p + Iπ. The highest weight state, for

example, is given as |1, 1〉| 1
2
, 1
2
〉 ≡ | 3

2
, 3
2
>.

Thus acting I− = I
p

− + Iπ− on the highest state one gets the next

state with I = 3

2
, I3 = 1

2
.

[ Note that I±|I , I3 >=
√
I (I + 1)− I3(I3 ± 1)|I , I3 >].

I−|
3

2
,
3

2
>= |3

2
,
1

2
>=

√
2

3
|1, 0〉|1

2
,
1

2
〉+

√
1

3
|1, 1〉|1

2
,−1

2
〉 .

Step 2: Act I− again on this state. We can show that both the

states π−p and π0n decay via | 3
2
,− 1

2
> with weights 1√

3
and

√
2

3

respectively.
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More on Isospin: Pion-nucleon scattering

Since cross-sections are probability densities of the isospin states

hence,

σ(π−p → π−p)

σ(π−p → π0n)
= |

1√
3√
2

3

|2 =
1

2
.

In fact if you look into the Particle Data Group this predicted ratio

of cross-sections are quite close to experimental values! Small

deviations due to the fact that SU(2) isospin symmetry is

near-exact.
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Strangeness

Immediately after the discovery of pions, kaons were discovered in

the cosmic ray experiments. Advent of cyclotron enabled discovery

of heavy half integer spin particles called baryons [Greek word barys means

heavy] named by Abraham Pais.

It was observed that that some of these baryons are surprisingly

long-lived on the scale of strong interactions.

For example Σ− is readily produced by strong interactions

π−p → K+Σ− but decays rather weakly to nπ.

In contrast the baryon ∆→ nπ decays strongly and are short-lived!

Resolution of this puzzle: Gell-Mann and Nishijima introduced a

new quantum number called strangeness.

They postulated that strangeness has to be conserved in strong and

electromagnetic interactions. Thus assigned S = 0 to ∆, S = +1 to

K+ and S = −1 to the baryons Σ,Λ. This also explains why

strange particles are produced in pairs.
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