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Perkins (p. 8) says “Isospin symmetry in nuclear physics results from the 
near coincidence in the light quark masses.”
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In high energy collisions, quarks can 
be temporarily separated from their 
gluon retinues, and the “current” 
quark masses that then apply are only 
a few MeV for the u and d quarks.

Isospin is a flavor symmetry with the same SU(2) group structure as spin.  
Members of the same isospin multiplets have similar masses.  Isospin 
multiplets can be 
           singlets (I=0),  doublets (I=1/2),  triplets (I=1), or  quartets (I=3/2).  
Examples:    Λ, Ω−       (p, n), (K+, K0)      (π−, π0, π+)       (Δ−, Δ0, Δ+, Δ++)
                                                            (∑−, ∑0 ,∑+)

                            (uud, udd) (us,ds)  (du, uu+dd, ud)  (uuu, uud, udd, ddd)
                                (dds, uds, uus)

_ _ _ _ _ _
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Perkins (p. 8) also says

30 2 The Standard Model of Elementary Particles

state relates to the neutron. The three pions (π+,π−,π0)isospin triplet of pions
combine to form an isospin triplet with I = 1. In this case,
Iz = −1 corresponds to the π−, Iz = +1 is the π+, whilst
Iz = 0 relates to the π0. The particle multiplicity m in an
isospin multiplet is related to the isospin via the equation

m = 2I + 1 . (2.6)

Finally, the baryon number should be mentioned. Quarksbaryon number
are assigned the baryon number 1/3, and antiquarks are
given −1/3. All baryons consisting of three quarks are
therefore assigned the baryon number 1, whereas all other
particles get the baryon number 0.

The properties of the conservation laws for the differentconservation laws
of particle physics interaction types in elementary particle physics are compiled

in Table 2.4.

Table 2.4
Conservation laws of particle
physics (conserved: +; violated: –)

physical interaction
quantity strong electromagnetic weak
momentum + + +
energy (incl. mass) + + +
ang. momentum + + +
electric charge + + +
quark flavour + + –
lepton number∗ ./. + +
parity + + –
charge conjugation + + –
strangeness + + –
isospin + – –
baryon number + + +
∗the lepton number is not relevant for strong interactions

Unfortunately, there is a small but important complica-
tion in the quark sector. As can be seen from Table 2.1, there
is a complete symmetry between leptons and quarks. Lep-
tons, however, participate in interactions as free particles,
whereas quarks do not. Due to quark confinement, spectator
quarks always participate in the interactions in some way.
For charged leptons, there is a strict law of lepton-number
conservation: The members of different generations do not
mix with each other. For the quarks, it was seen that weak
processes can change the strangeness. In Λ decay, the s
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Fig. 2.11
Lambda decay: Λ → p + π−

quark belonging to the second generation can transform into
a u quark of the first generation. This would otherwise only
be allowed to happen to a d quark (Fig. 2.11).

    Quantity                Strong    Electromagnetic       Weak
Interaction

Table from Grupen, 
Astroparticle Physics

Physical



Feynman diagrams correspond to rules for calculating quantum 
mechanical amplitudes Tif.  Such diagrams essentially consist of external 
legs (particles entering and leaving the interaction), internal lines (virtual 
particles not on the mass shell -- i.e., not satisfying (pµ)2 ≡ E2 - p2 = m2), 
vertices (joining external or internal lines), and loops of virtual particles.  

Vertices correspond to coupling constants, such as e for electromagnetic 
couplings of charged particles to photons.  Note that α ≡ e2/(4πħ) ≈ 1/137.  

Internal lines correspond to propagators, of the form 1/(q2 − m2), where     
qµ = p2µ - p1µ is the 4-momentum flowing through the internal line, and 
q2 = (q0)2 - q2.

Thus, for example, the                             The weak interaction below   

electromagnetic interaction                           
below 
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corresponds to amplitude    − e2/q2

(m2 = 0 since the photon is massless)

corresponds to amplitude
e2/(MW2 - q2)



The Coulomb potential corresponding to this is determined by Fourier 
transformation from momentum to position space; it’s the familiar
                                            

                                            VCoulomb(r) = −α/r

If instead the particle exchanged were a scalar boson of mass mπ, the 
potential would instead be
                                            V(r) ∝ (1/r) exp(−r / r0)

where r0 = ħ/mπc, the Compton wavelength of the pion.  (See Perkins 
eq. 1.6a and Appendix B.)  This argument was given by Yukawa in 
1935, and from the ~1 fm range of the strong interaction he deduced 
that mπ ~ 100 MeV.  When a particle of this mass was discovered in 
secondary cosmic rays in 1937, it was thought to be the pion.  Only 
later was it realized that the cosmic ray particle was not strongly 
interacting; it was actually the muon.  The pion was not discovered 
until 1947.

If the exchanged particle were the W± or Z0 bosons, of mass 80 or 91 
GeV, the range r0 would be much shorter, about 0.0025 fm. The 
amplitude is of order e2/(MW2 - q2), and for processes like beta decay       
(n ⟶ p + e− + νe ) in which |q2| << Mw2, this is e2/MW2 ≈ GF ≈ 10-5 GeV-2, 
the weak interaction strength introduced by Enrico Fermi (1934).

—



The strong force between quarks due to gluons is more complicated, 
since massless gluons interact strongly with themselves.  The 
corresponding potential can be approximated as a sum of two terms
                            Vcolor(r) = − (4/3)(αs/r) + k r
where for the strong interaction αs ~ 1, much bigger than α ≈ 1/137 for 
electromagentism.  For large quark separation r, the k r term is dominant,  
where k has the enormous value k ≈ 0.85 GeV/fm = 136,000 J/m.  This is 
responsible for “quark confinement” -- we never see quarks separated by 
as much as a fm.  But in the high-energy early universe, theory indicates 
that there was a phase transition to a “quark-gluon plasma” state in 
which quarks and gluons were not confined.  There is some experimental 
evidence for this in high-energy nuclear collisions.

Gravity, with VGrav(r) = − Gm1m2 / r , is a long-range force like 
electromagnetism, since the graviton, a spin-2 boson, is massless.    
Gravity, electromagnetism, and the strong interaction can lead to bound 
states of massive, charged, and strongly interacting particles.  But 
because of the very rapid decrease in the weak force with distance, the 
weak force does not lead to bound states.  Instead, the charged weak 
force, due to W± exchange, leads to particle transformations such as      
e− ⟶ νe or u ⟶	  d.  The neutral weak force, due to Z0 exchange, leads to 
parity violation (discussed in Perkins Chapter 3).



The rate W at which a quantum mechanical process initial ⟶ final 
happens is given in terms of the amplitude Tif for this process by 
“Fermi’s Golden Rule”
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where ρf = dN/dEf is the energy density of final states, as discussed in 
Perkins p. 23.  The resulting expression for the differential cross section 
for a process a + b ⟶ c + d in the center-of-momentum (CM) reference 
frame (where pa + pb = pc + pd = 0) is

Here pf = pc and Ef = Ea + Eb = Ec + Ed is the total energy in the CM frame,
and vi and vf are the relative velocities of the initial and final particles.
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The reduction in the number of incident particles n = na 
after passing through an absorber of thickness dx is
                             dn = − n σ nb dx 

This integrates to n(x) = n(0) exp(−σnbx), which means that the number 
decreases by a factor 1/e in a distance = “mean free path” = λ = 1/(σnb), 
a familiar expression from statistical mechanics.

The cross section is the reaction rate per target particle per unit incident flux.
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The differential cross section 

simplifies in the “extreme relativistic” case when the particle velocities are 
nearly equal to the speed of light c so their momenta are much larger than 
their masses.  Then Ef = 2pf and setting ħ = 1 and s = Ef2 the above 
expression becomes
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In this case, q2, the square of the 4-momentum transfer qµ = (pc - pa)µ, is 
given by |q2| = 2pf2 (1− cos θ), where θ is the angle between the incoming 
direction pa and the outgoing direction pc.  Then dq2 = pf2 dΩ/π  and the 
expression above becomes

(We will discuss 4-vectors and relativistic calculations further in the next 
lecture, following Perkins Chapter 2.)
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For e−µ+ ⟶ e−µ+  the Feynman diagram is

The amplitude Tif = e2 / |q2| = 4πα / |q2|   gives 

Following Perkins, I will next give approximate expressions for the cross 
sections for various examples of a + b ⟶ c + d elementary particle 
processes.  Recall the basic formula in the extreme relativistic limit:
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Rutherford
cross section

For e+e− ⟶ µ+µ−  the Feynman diagram 
is a rotated version of the one above, 
with outgoing e−  becoming incoming e+ 
and incoming µ+ becoming outgoing µ-.  
Here  |q2| = s, so Tif = e2/s and the 
differential cross section is

The corresponding total cross section is 
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crossed
diagram
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For e+e− ⟶ Q+Q−   ⟶ hadrons  the cross section is just the same as for 
e+e− ⟶ µ+µ−  except for an additional factor proportional to the sums of 
the squares of the charges Q of the quarks with masses low enough to 
be produced with the CM energy available, i.e. with  E ≥ 2mQ .  We also 
have to take into account that all 3 colors of quarks can be produced.  
The relevant calculation is given in Perkins’s Example 1.3 (and a 
homework problem is to correct this).

As expected from this argument, the 
experimental measurements of the
cross section for e+e− ⟶  hadrons , 
shown at right, are represented by long 
straight lines parallel to the 1/s 
dependance of e+e− ⟶ µ+µ− , labeled 
σ(point) in the diagram.

But note that these straight lines are 
interuppted by superimposed peaks, 
corresponding to the initial e+e− having 
just enough energy to make unstable
particles P, i.e.  e+e− ⟶ P ⟶ hadrons. 
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The superimposed peaks, 
correspond to the initial e+e−
 having just enough energy 
to make unstable particles P, 
i.e.  e+e− ⟶ P ⟶ hadrons. 

The first wide peak 
corresponds to e+e− ⟶ ρ/ω,
i.e. a combination of two 
spin-1 mesons ρ and ω, both 
made out of ordinary u and d 
quarks, and having similar 
masses and short lifetimes.

The φ = ss is made out of 
strange quarks, with a
constituent mass about 
0.5 GeV, so the φ is 
produced when the CM 
energy is about 1 GeV.  At 
higher energies s-quark pairs 
are produced readily, leading 
to the first jump in the cross 
section.
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The superimposed peaks, 
correspond to the initial e+e−
 having just enough energy 
to make unstable particles P, 
i.e.  e+e− ⟶ P ⟶ hadrons. 

The first wide peak 
corresponds to e+e− ⟶ ρ/ω,
i.e. a combination of two 
spin-1 mesons ρ and ω, both 
made out of ordinary u and d 
quarks, and having similar 
masses and short lifetimes.

The φ = ss is made out of 
strange quarks, with a
constituent mass about 
0.5 GeV, so the φ is 
produced when the CM 
energy is about 1 GeV.  At 
higher energies s-quark pairs 
are produced readily, leading 
to the first jump in the cross 
section.
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−

ss production−



The next peak is J/Ψ = cc
at a CM energy of about 3.1 
GeV, indicating that the mass 
of the charm quark c is about 
1.6 GeV.  In 1972 I  co-
authored with Ben Lee and 
Sam Trieman the first paper 
that calculated the charm 
quark mass using the then 
brand new electroweak 
gauge theory, and we found 
that it had to be about 1 to 2 
GeV in order to agree with a 
weak interaction process 
involving K mesons, so it was 
great when the J/Ψ mass 
turned out to agree with our 
predictions.  We had used a 
SO(3) rather than the now-
standard SU(2)xU(1) variant 
of electroweak theory, but it 
turned out that SU(2)xU(1) 
gave the same prediction.
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−

cc production−
discovered 1974



The next peak is upsilon Υ = bb
when the bottom quark makes 
an entrance.

The Z0 bump appears when the 
initial e+e−  collision has CM 
energy equal to the 91 GeV 
mass of the Z0 boson.

When the  e+  and  e−  each 
have energy greater than the 
mass of the W±, the total cross 
section jumps again.

The quarks and W± appear to 
be point-like particles!
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The next peak is upsilon Υ = bb
when the bottom quark makes 
an entrance.

The Z0 bump appears when the 
initial e+e−  collision has CM 
energy equal to the 91 GeV 
mass of the Z0 boson.

When the  e+  and  e−  each 
have energy greater than the 
mass of the W±, the total cross 
section jumps again.

The quarks and W± appear to 
be point-like particles like e+e− !
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The above Feynman diagrams are all related to each other by crossing.  
Because in this case a virtual electron (represented by e*) rather than a 
photon is the intermediate state, there is an extra logarithm of energy in the 
cross section compared with the previous cases.  The cross sections in the 
limit of high energy s >> m2 are given in Perkins eq. (1.26):

e+e− ⟶ γγ
e−γ ⟶ e−γ
Compton 
scattering

γγ ⟶ e+e− 
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In e+e− ⟶ γγ there are two indistinguishable particles in the final state 
compared with γγ ⟶ e+e−, so the phase-space volume is halved.
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e−γ ⟶ e−γ
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The same high-energy formula 

applies to “inverse” Compton scattering, when it’s the initial electron rather 
than the initial photon that has the high energy.  This process is the main 
way that high energy gamma rays are produced in distant galaxies known 
as “blazars” in which a jet of radiation happens to be pointed in our direction 
from a central supermassive black hole.

In the low-energy limit of Compton scattering, the electron mass replaces s, 
so σ ~ α2/me2.  The exact formula for this “Thomson cross section” is

Compton 
scattering
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e

Recall that a barn is defined as 1 barn ≡ (10 fm)2 = 10-28 m2 = 10-24 cm2.



γγ ⟶ e+e− 
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The energy threshold for this process is 
sth = 4me2, and σ ~ βα2/s , where 
β = (1 − 4me2/s)½ is the CM velocity of 
the produced electron and positron.  
This process is the main way that high 
energy gamma rays from blazars are 
removed on their way to us, by 
interacting with low-energy photons 
(“extragalactic background light,” EBL) 
radiated as starlight or as radiation from 
cool dust, and producing e+e− pairs.

Energetic gamma rays (dashed lines) from a distant blazar 
strike photons of extragalactic background light (wavy lines) 
in intergalactic space, annihilating both gamma ray and 
photon. Different energies of EBL photons waylay different 
energies of gamma rays, so comparing the attenuation of 
gamma rays at different energies from different spacecraft 
and ground-based instruments indirectly measures the 
spectrum of EBL photons.
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Z0

e−ve ⟶ e−ve e+e− ⟶ vv

This process can happen via either
W exchange for e-type neutrinos or 
Z exchange for all three types of 
neutrinos.  The former diagram 
leads to the cross section

For the crossed reaction e+e− ⟶
neutrino + anti-neutrino, W 
exchange can make electron-type 
neutrino and anti-neutrino, but Z 
exchange can produce all three 
types of neutrinos.  The cross 
section in the high energy limit is
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where gw ~ e and gw2/MW2 = GF.
An exact calculation gives
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These processes are important 
both at accelerators, in the early 
universe, and in supernovae.



Decays and Resonances 

In addition to the a + b ⟶ c + d processes we’ve been discussing, decays 
a ⟶ b + c  or  a ⟶ b + c + d  can also occur.  The rate Wa for such 
processes is related to the lifetime τa of the particle by  Wa = 1/τa.  

In cases like e+e− ⟶ P ⟶ hadrons, where  P  is an unstable particle, or 
“resonance,” the energy uncertainty or “width” in energy of the resonance 
Γ is related to W by  Γ = ħW, so in natural units the width Γ equals the rate 
W.

An example is muon decay, µ− ⟶ νµ + e− + νe
_

28 2 The Standard Model of Elementary Particles

Muon decay can be described in a similar fashion (Fig. 2.8).
The muon transfers its charge to a W−, thereby transform-muon decay
ing itself into the neutral lepton of the second family, the νµ.
The W− in turn decays again into in e−ν̄e.
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Fig. 2.7
Neutron decay

Fig. 2.8
Muon decay

Finally, pion decay will be discussed (Fig. 2.9). In prin-pion decay
ciple, the W+ can also decay in this case, into an e+νe

state. Helicity reasons, however, strongly suppress this de-

!"

#+

"
+

W
+

}ud

Fig. 2.9
Pion decay

cay: as a spin-0 particle, the pion decays into two leptons
that must have antiparallel spins due to angular-momentum
conservation. The helicity is the projection of the spin onto
the momentum vector, and it is fixed for the neutrino (for
massless particles the spin is either parallel or antiparallel to
the momentum). Particles normally carry negative helicity
(spin ‖ −p, left-handed) so that the positron, as an antipar-
ticle (spin ‖ p, right-handed), must take on an unnatural
helicity (Fig. 2.10). The probability of carrying an abnor-

!e

spin !e

#
+

e
+

spin e
+

Fig. 2.10
Helicity conservation in π+ decay

mal helicity is proportional to 1 − v
c (where v is velocity

of the charged lepton). Owing to the relatively high mass of
the muon (mµ # me), it takes on a much smaller velocity
compared to the electron in pion decay, i.e., v(µ) $ v(e).
The consequence of this is that the probability for the decay
muon to take on an unnatural helicity is much larger com-
pared to the positron. For this reason, the π+ → e+νe decay
is strongly suppressed compared to the π+ → µ+νµ decay
(the suppression factor is 1.23 × 10−4).

The various elementary particles are characterized by
quantum numbers. In addition to the electric charge, thequantum numbers
membership of a quark generation (quark flavour) or lepton
generation (lepton number) is introduced as a quantum num-lepton number
ber. Leptons are assigned the lepton number +1 in their re-
spective generation, whereas antileptons are given the lepton
number −1. Lepton numbers for the different lepton fami-
lies (Le, Lµ, Lτ ) are separately conserved, as is shown in
the example of the muon decay:

µ− → νµ + e− + ν̄e

Lµ 1 1 0 0
Le 0 0 1 −1

. (2.4)

The amplitude T is proportional to e2/MW2 = GF, 
so the rate W must be proportional to GF2 , which
has dimensions of Mass-4.  Since Γ has dimensions
of energy or mass, Γ ∝ GF2 Q5 , where Q is the 
largest energy involved.  In the case of muon decay,
Q ~ mµ , and a detailed calculation gives
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Resonances

We discussed cases like e+e− ⟶ P 
⟶ hadrons, where  P  is an 
unstable particle, or “resonance,” 
represented by the peaks in the 
figure.  The wave function for the 
decaying particle  P  is given by

1/5/14 Particle Astrophysics (2nd Edition)

site.ebrary.com/lib/ucsc/docPrint.action?encrypted=7174370b071f2d8f8cf1fcd448771566256881e477bf5d1833b4f9419e552df71a3931f2c13f0f146c1fccea2b… 47/120

Perkins,  D.  H..  Particle  Astrophysics  (2nd  Edition).
Oxford,  GBR:  Oxford  University  Press,  2008.  p  44.
http://site.ebrary.com/lib/ucsc/Doc?id=10288472&ppg=44
Copyright  ©  2008.  Oxford  University  Press.  All  rights  reserved.  

1/5/14 Particle Astrophysics (2nd Edition)

site.ebrary.com/lib/ucsc/docPrint.action?encrypted=7174370b071f2d8f8cf1fcd448771566256881e477bf5d1833b4f9419e552df71a3931f2c13f0f146c1fccea2b… 53/120

Perkins,  D.  H..  Particle  Astrophysics  (2nd  Edition).
Oxford,  GBR:  Oxford  University  Press,  2008.  p  47.
http://site.ebrary.com/lib/ucsc/Doc?id=10288472&ppg=47
Copyright  ©  2008.  Oxford  University  Press.  All  rights  reserved.  

1/5/14 Particle Astrophysics (2nd Edition)

site.ebrary.com/lib/ucsc/docPrint.action?encrypted=7174370b071f2d8f8cf1fcd448771566256881e477bf5d1833b4f9419e552df71a3931f2c13f0f146c1fccea2b… 53/120

Perkins,  D.  H..  Particle  Astrophysics  (2nd  Edition).
Oxford,  GBR:  Oxford  University  Press,  2008.  p  47.
http://site.ebrary.com/lib/ucsc/Doc?id=10288472&ppg=47
Copyright  ©  2008.  Oxford  University  Press.  All  rights  reserved.  

Here the central energy ER = ħωR,
 and the width Γ = ħ/τ.  The intensity
I(t) = Ψ* Ψ = I(0) exp(− t/τ), so the
average lifetime is τ.  This can also be written as I(t) = I(0) 2−t/t½ , which 
implies that the “half-life” t½ = τ ln2 = 0.693 τ .  



Resonances
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Fourier transforming from time to 
energy, the “Breit-Wigner” formula for
the cross section in the vicinity of a 
resonance is
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represented by the curve below
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Note that the cross section falls to half its value at the peak E = ER when
E = ER ± Γ/2 .  Resonant particles  P  have specific spin angular momenta, 
and taking angular momentum into account leads to more complicated 
formulas given in Perkins.
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The first high-energy
physics resonance ever
discovered is the Δ++ in
p + π+ ⟶ Δ++ ⟶ p + π+

scattering at 1232 MeV
CM energy.  The cross 
section is shown in the 
figure at the right.
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The Z0 resonance in e+e− scattering 
is shown in the solid curve in the 
lower figure at the right. The data 
are clearly consistent with the Z0 
decaying into Nν = 3 types of neutrinos,
namely the electron, muon, and tau
types.  Even before the discovery of
the Z0 boson, nucleosynthesis of the
light elements in the Big Bang had
already indicated that Nν ≈ 3.

Δ++

Z0
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are one-dimensional strings. Different string excitations or
oscillations correspond to different particles. In addition,
certain string theories are supersymmetric. They establishsupersymmetry
a symmetry between fermions and bosons. String theories,
and in particular superstring theories, are constructed in a
higher-dimensional space. Out of the original 11 dimensions
in the so-called M superstring theory, 7 must be compacted
to a very small size, because they are not observed in nature.

String theories are presently considered as best candi-
dates to unite quantum field theories and general relativity.
They might even solve the problem of the three generations
of elementary particles. In the framework of string theories
in eleven dimensions the weakness of gravity might be re-weakness of gravity
lated to the fact that part of the gravitational force is leaking
into extra dimensions, while, e.g., electromagnetism, in con-
trast, is confined to the familiar four dimensions.

If gravity were really leaking into extra dimensions, the
energy sitting there could give rise to dark energy influenc-
ing the structure of the universe (see Chap.13 on Dark Mat-
ter). Gravitational matter in extra dimensions would only be
visible by its gravitational interactions.

It is also conceivable that we live in a holographic uni-
verse in the sense that all informations from a higher-dimen-holographic universe
sional space could be coded into a lower-dimensional space,
just like a three-dimensional body can be represented by a
two-dimensional hologram.

In Fig. 2.12, an overview of the historical successes of
the unification of different theories is displayed with a pro-
jection into the future. One assumes that with increasing
temperature (=̂ energy), nature gets more and more sym-

SUGRA

GUT

electroweak
theory

electromagnetism

gravitation

electricity

magnetism

weak
interaction

strong
interaction

Fig. 2.12
Unification of all different
interactions into a Theory of
Everything
(GUT – Grand Unified Theory,
SUGRA – Super Gravitation)
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