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          Paul Avery 
          PHZ4390 
          Sep. 8, 2015 

Homework 2 
Due Monday, Sep. 14, 2015 (see me for help or hints on any problem) 

1. A particle of mass m and total energy E = 3m collides with a particle of mass 2m at rest. Let 
quantities with subscript “S” (ES, pS, vS and γS) describe the motion of the entire two-particle 
system measured in the lab frame. Answers are either dimensionless or in terms of m. 

a. (4 pts) What is s  (invariant mass of system or total energy measured in CM)? 

b. (3 pts) What are ES, pS, γS and vS? 

c. (3 pts) What should be the initial energy E to make the invariant mass equal to 11m? 

2. A π 0  (mass m) having total energy E in the lab frame decays into two photons. For the fol-
lowing problems, express the answers using E and m, except as noted. 

a. (2 pts) What is the momentum of each of the photons in the π 0  rest frame? 

b. (2 pts) What is the largest transverse momentum of the photon in the lab frame? 
Transverse momentum is the momentum perpendicular to the parent’s direction of 
motion. (Hint: how does transverse momentum transform under an LT along the di-
rection of the parent?) 

c. (3 pts) If one photon is emitted at θ* = 90° in the π 0  center of mass relative to the di-
rection of the π 0 , what is the angle θ of the photon in the lab frame? 

d. (3 pts) Now assume that the moving π 0  emits two photons in the forward and back-
ward direction. What are the energies and directions of the two photons as a function 
of E and m? You can simplify the answer by assuming   m E . Evaluate the photon 
energies in the lab frame for 

  
m = m

π 0 = 0.135  GeV, E = 5 GeV and 50 GeV. 

3. A nucleus of mass M at rest decays into a nucleus of mass  M − Δ  plus a photon. 

a. (5 pts) What is the energy of the photon in terms of M and Δ? Use 4-vectors to solve 
this exactly. 

b. (5 pts) What the energy of the photon using Newtonian physics with conservation of 
momentum and energy (kinetic energies add up to Δ in natural units)? Assume that E 
= p for a photon (natural units). Expand as necessary to find the fractional difference 
from (a) when Δ is small. What is the fractional difference when   Δ = 0.01M ? 

4.  (10 pts) Find the threshold energies in GeV for the reactions p + p→ p + p + K + + K −  and 

π − + p→ p +W − , where the target proton is at rest. Use the PDG values for all masses, not-
ing that pions and kaons are mesons and W bosons are “gauge particles”. 
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5. We discussed in class the classic experiment by Segre, Chamberlain et al. that found the an-
tiproton through the reaction  p + p→ p + p + p + p  at the Bevatron in 1955. 

a. (5 pts) Find the minimum momentum (in GeV/c) of the beam proton needed for the 
reaction to take place, assuming that the target proton is at rest. We did this in class. 

b. (10 pts) Do the same exercise, but this time use the fact that the protons are moving 
within a copper nucleus because of Fermi motion. Assume that the target proton has a 
kinetic energy of 25 MeV (non-relativistic) and is moving head-on to the beam pro-
ton. What is the new minimum momentum needed by the beam proton? Is it signifi-
cantly less than the momentum obtained in (a)? 

6. For the reaction A + B→ C + D  we define the “Mandelstam invariants”, s, t and u to be 
s ≡ pA + pB( )2 = ECM2 , t ≡ pA − pC( )2  and u ≡ pA − pD( )2 , all of which are Lorentz invari-
ant. As discussed in class, the invariant s is just the center of mass energy squared. The invar-
iants t and u can be thought of as being the momentum transfer from A to C and from A to D, 
respectively. 

a. (5 pts) Prove that s + t + u = mA
2 + mB

2 + mC
2 + mD

2 . 

b. (5 pts) When all masses are the same, show that the invariants, when measured in the 
CM frame, are s = 4 p2 + m2( ) , t = −2p2 1− cosθ( )  and u = −2p2 1+ cosθ( )  where 

p is the 3-momentum of A and θ is the angle of C relative to A. 
 


