
1 

Solutions 
1.1. The kinetic energy of the Boeing = 8×109 J. The mass of a mosquito is, say, 1 mg. The 
mosquito-antimosquito annihilation produces the energy 2×10–6 (3×108)2=2 ×1011 J. 
1.2. s=(3E)2–0=9E2=9(p2+ m2)=88.9 GeV2; m = √s = 9.43 GeV. 
1.3. Γ

π ± = h / τ
π ± = 6.6 ×10−16  eV s( ) / 2.6 ×10−8 s( ) = 25  neV , ΓK = 54 neV, ΓΛ = 2.5 µeV

1.4.τρ = h / Γρ = 6.6 ×10−16  eV s( ) / 1.49 ×1012 eV( ) = 4.4 ×10−24   s ,τω=8×10–23s; τφ=1.6×10–22 

s; τK*= 1.3×10–23 s; τJ/ψ= 7×10–21 s; τΔ=5.5×10–24 s. 
1.5. Neglecting the recoil, the momentum transfer would be q= Eesinθ =2.1 GeV, 
corresponding to the resolving power D≈ 197 (MeV fm)/2100 (MeV) = 0.1 fm. 
1.6. Our reaction is p + p→ p + p + m . In the CM frame the total momentum is zero. The 
lowest energy configuration of the system is when all particles in the final state are at rest. 
a. Let us write down the equality between the expressions of s in the CM and L frames, i. e.

s = Ep + mp( )2 − pp2 = 2mp + m( )2 .

Recalling that Ep
2 = mp

2 + pp
2 , we have Ep =

2mp + m( )2 − 2mp
2

2mp

= mp + 2m +
m2

2mp

. 

b. The two momenta are equal and opposite because the two particles have the same mass,
hence we are in the CM frame. The threshold energy Ep

*  is given by s = 2Ep
*( )2 = 2mp + m( )2

which gives Ep
* = mp + m / 2 .

c. Ep = 1.218 GeV;  pp = 0.78 GeV;  Tp = 280 MeV; Ep
*  =1.007 GeV; pp

* = 0.36 GeV .

1.7. a. s = Eγ + mp( )2
− pγ

2 = Eγ + mp( )2
− Eγ

2 = mp + mπ( )2
= 1.16 GeV2  , hence we have

Eγ = 149 MeV  

b. s = Eγ + Ep( )2 − pγ + p p( )2 = mp
2 + 2EγEp − 2pγ ⋅p p . For a given proton energy, s reaches a

maximum for a head-on collision. Consequently, pγ ⋅p p = −Eγ pp  and, taking into account that 

the energies are very large, s = mp
2 + 2Eγ Ep + pp( ) ≈ mp

2 + 4EγEp . In conclusion

Ep =
s − mp

2

4Eγ

=
1.16 − 0.88( ) ×1018  eV2

4 ×10-3  eV
= 7 ×1019  eV = 70 EeV .

c. The attenuation length is λ =1 / σρ( ) =1.5 ×1022  m = 5 Mpc  1 Mpc=3.1×1022 m( )
This is a short distance on the cosmological scale. The cosmic ray spectrum (Fig. 1.10) should 
not go beyond the above computed energy. This is called the Greizen, Zatzepin and 
Kusmin (GZK) bound. The AUGER observatory is now exploring this extreme energy region.  
1.8. We call Ei the incident gamma energy and Ef the background gamma energy. At threshold 
s=(2me)2. 
For a given Ei, s is a maximum for head-on collisions: s = Ei + Ef( )2 − Ei − Ef( )2 = 4EiE f .



2 

Hence at threshold: Ei = me
2 / Ef . 

a. 
 
Ef =

1
λ
= 106  m-1( ) × 1.97 ×10−7  eV/m-1( ) ! 0.2 eV  and  Ei =

5 ×105( )2
 eV2

0.2 eV
= 1.25 TeV . 

b. Ei =
5 ×105( )2

 eV2

10-3  eV
= 250 TeV . 

1.9. s = Ep + mp( )2
− pp

2 = 4mp( )2
⇒ Ep,min = 7mp = 6.6 GeV . 

1.10. Calling Eb the beam energy at fixed target and Ep the energies of the colliding beams, the 
condition is 2mpEb = 4Ep

2 , hence he have Eb = 100 PeV . This value is well above the ‘knee’ 

of the cosmic ray spectrum, but it is much smaller than the GZK bound 
1.11. We must consider the reaction 

M → m1 + m2 . 
The figure defines the CM variables 

 
Fig. S.1 

We can use equations (P1.5) and (P1.6) with √s=M, obtaining 

 E2 f
* =

M 2 + m2
2 − m1

2

2M
; E1 f

* =
M 2 + m1

2 − m2
2

2M
. 

The corresponding momenta are 
 p f

* ≡ p1 f
* = –p2 f

* = E1 f
*2 − m1

2 = E2 f
*2 − m2

2 . 

1.12. In the Λ decay we have 

Eπ
* =

mΛ
2 − mp

2 + mπ
2

2mΛ

= 0.17  GeV;   Ep
* = mΛ − Eπ

* = 0.94  GeV;   p* = Eπ
*2 − mπ

2 = 0.1  GeV . 

And in the Ξ decay we have: Eπ
* = 0.20  GeV; EΛ

* = 1.12 GeV; p* = 0.14  GeV . 

1.13. The expressions found in problem 1.11 become E2
* =

M 2 − m1
2

2M
 and E1

* =
M 2 + m1

2

2M
. 

Since m2=0, the CM momentum is p* = E2
* =

M 2 − m1
2

2M
. 

1.14. Let call x a coordinate along the beam. The velocity of the pions in L should not be larger 
than the velocity of the muon in the CM, i. e. βπ≤ βµ

*
x≤βµ

*. Let us use the formulae found in 
problem 1.14 to calculate the Lorentz parameters for the CM-L transformation 

βµ
* =

p*

Eµ
* =

mπ
2 – mµ

2

mπ
2 + mµ

2 ; γ µ
* =

Eµ
*

mµ

=
mπ
2 + mµ

2

2mµmπ

⇒ βµ
*γ µ

* =
mπ
2 – mµ

2

2mµmπ

. 

The condition βπ < βµ
*  gives pπ = βπγ πmπ < βµ

*γ π
*mπ =

mπ
2 − mµ

2

2mµ

= 39.35  MeV . 

1.15. When dealing with a Lorentz transformation problem, the first step is the accurate 
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drawing of the momenta in the two frames and the definition of the kinematic variables. 

 
Fig. S.2 

Using the expressions we found in the introduction we have: 

a. Eπ
* =

mΛ
2 − mp

2 + mπ
2

2mΛ

= 0.17  GeV;  Ep
* = 0.95 GeV;  pπ

* = pp
* = Eπ

*2 − mπ
2 = 0.096  GeV . 

b. We calculate the Lorentz factors for the transformation: 

EΛ = pΛ
2 + mΛ

2 = 2.29  GeV ; βΛ =
pΛ
EΛ

= 0.87; γ Λ =
EΛ

mΛ

= 2.05 . 

c. We do the transformation and calculate the requested quantities 
pπ sinθπ = pπ

* sinθπ
* = 0.096 × sin210˚= −0.048  GeV  

pπ cosθπ = γ Λ pπ
* cosθπ

* + βΛEπ
*( ) = 2.05(0.096 × cos210˚+0.87 × 0.17) = 0.133  GeV . 

tanθπ =
−0.048
0.133

= −0.36 θπ = −20˚; pπ = pπ sinθπ( )2
+ pπ cosθπ( )2

= 0.141  GeV . 

pp sinθ p = pp
* sinθ p

* = 0.048  GeV

pp cosθ p = γ Λ pp
* cosθ p

* + βΛEp
*( ) = 2.05(0.096 × cos 30˚+0.87 × 0.95) = 1.86  GeV

 

tanθ p =
0.048
1.86

= 0.026 θ p = 1.5˚ . 

pp = pp sinθ p( )2
+ pp cosθ p( )2

= 1.9  GeV;θ = θ p −θπ = 21.5˚ . 

1.16. Remember to start by drawing the momentum vectors in the two reference frames, as in 
problem 1.15.  We now have, being in non-relativistic conditions,  

E1 = E3 + E4         ⇒       p1
2

2m
=
p3

2

2m
+
p4

2

2m
       ⇒        p1

2 = p3
2 + p4

2 . 

p1 = p3 + p4   ⇒      p1
2 = p3

2 + p4
2 + 2p3 ⋅p4 = p3

2 + p4
2 ⇒      p3 ⋅p4 = 0 . 

θ34 = θ13 +θ14 = π / 2 : at non-relativistic speeds the angle between the final directions is 90˚. 
1.17. We continue to refer to the figure of problem 1.15. We shall solve our problem in two 
ways: by performing a Lorentz transformation and by using the Lorentz invariants. 
We start with the first method. We calculate the Lorentz factors. The energy of the incident 
proton isE1 = p1

2 + mp
2 = 3.143 GeV . Firstly, let us calculate the CM energy squared of the 

two-proton system (i. e. its mass squared). 
ppp = p1 = 3 GeV;  Epp = E1 + mp = 4.081 GeV . Hence s = 2mp

2 + 2E1mp = 7.656 GeV2 .  

The Lorentz factors are β pp = ppp / Epp = 0.735 and  γ pp = Epp / spp = 1.47 . 
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Since all the particles are equal, we have 

E1
* = E2

* = E3
* = E4

* =
s

2
= 1.385  GeV;  p1

* = p2
* = p3

* = p4
* = E1

*2 − mp
2 = 1.019  GeV . 

We now perform the transformation. To calculate the angle we must calculate firstly the 
components of the momenta  
p3 sinθ13 = p3

* sinθ13
* = 1.019 × sin10˚= 0.177  GeV . 

p3 cosθ13 = γ p3
* cosθ13

* + βE3
*( ) = 1.473× (1.019 × cos10˚+0.735 ×1.385) = 2.978  GeV . 

tanθ13 =
0.177
2.978

= 0.0594; θ13 = 3˚ . 

− p4 sinθ14 = − p4
* sinθ14

* = −1.019 × sin170˚= −0.1769  GeV . 
p4 cosθ14 = γ p4

* cosθ14
* + βE4

*( ) = 1.473× (1.019 × cos170˚+0.735 ×1.385) = 0.0213  GeV . 
tanθ14 = −0.1769 / 0.0213 = −8.305 θ14 = −83˚ ⇒ θ34 = θ13 −θ14 = 86˚ . 
In relativistic conditions the angle between the final momenta in a collision between two equal 
particles is always, as in this example, smaller than 90˚. 
We now solve the problem using the invariants and the expressions in the introduction. We 
want the angle between the final particles in L. We then write down the expression of s in L in 
the initial state, which have already calculated, i. e.  
s = (E3 + E4 )

2 − p3 + p4( )2 = m3
2 + m4

2 + 2E3E4 − 2p3 ⋅p4  

that gives p3 ⋅p4 = mp
2 + E3E4 − s / 2  and hence cosθ34 =

mp
2 + E3E4 − s / 2

p3p4
. 

We need E3 and E4 (and their momenta); we can use (P.1.13) if we have t. With the data of the 
problem we can calculate t in the CM: 
t = 2mp

2 + 2pi
*2 cosθ13

* − 2Ei
*2 = 2pi

*2 cosθ13
* −1( ) = 2 ×1.0192 cos10˚−1( ) = −0.0316 GeV2 . 

We then obtain 

E3 =
s + t − 2mp

2

2mp

=
7.656 − 0.0316 − 2 × 0.9382

2 × 0.938
= 3.126 GeV; p3 = 2.982 GeV . 

From energy conservation we have 
E4 = E1 + mp − E3 = 3.143+ 0.938 − 3.126 = 0.955 GeV; p4 = 0.179 GeV . 

Finally we obtain 

cosθ34 =
0.9382 + 3.126 × 0.955 − 7.656 / 2

2.982 × 0.179
= 0.0696 ⇒θ34 = 86˚ . 

1.18. We must take into account that βD is close to 1. We write   

γ D =
E
mD

= 16.1;   βD =
γ D

2 −1
γ D

2 = 1− γ D
−2 ≈ 1− γ D

−2

2
= 0.998 . 

In the L reference frame the D life was t = d
βc

= 10 ps  long. In its rest-frame was 

t0 = t / γ D = 0.62 ps . 
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From pK = pπ = p*; EK + Eπ = mD; mD = pK
2 + mK

2 + pπ
2 + mπ

2  we obtain 

pπ =
mD

2 + mπ
2 − mK

2

2mD

⎛

⎝⎜
⎞

⎠⎟

2

− mπ
2 = 860  MeV . 

1.19. The distance travelled by a pion in a lifetime in the L frame is l0 = γβcτπ . If the initial 

number of pions is N0, their number at the distance l is N l( ) = N0 exp −
l

γτπβc
⎛

⎝⎜
⎞

⎠⎟
. Hence 

γβ =
l

τπc ln
N0

N l( )

=
20

2.6 ×10–8 × 3×10–8 × ln 1 / 0.9( )
= 24.3  

and p = mγβ = 0.14 × 24.3 = 3.4 GeV; E = p2 + mπ
2 = 3.42 + 0.142 = 3.42 GeV . 

1.20. In this case the reference frames L and CM coincide. We have 
p
π 0
+ pn = 0 ⇒ p

π 0
= pn = p* . 

The total energy is E = E
π 0 + En = mπ−

+ mn = 1079 MeV . 
Subtracting the members of the two relationships En

2 = p*2 + mn
2  and E

π 0
2 = p*2 + m

π 0
2 we obtain 

En
2 − E

π 0
2 = mn

2 − m
π 0
2  

From En = E − Eπ ˚  we have En
2 = E2 + E

π 0
2 − 2EE

π 0
; and finally 

E
π 0 =

E2 + E
π 0
2 − En

2

2E
=
E2 + m

π 0
2 − mn

2

2E
= 138.8 MeV;Tn = E − Eπ 0 − mn = 0.6 MeV . 

The Lorentz factors are γ
π 0
= E

π 0
/ m

π 0
= 1.028  nd β

π 0
= 1−1 / γ

π 0
2 = 0.23 . 

The distance travelled in a lifetime is then 
l = γ

π 0τπ 0βπ 0 c = 1.028 × 8.4 ×10−17 × 0.23× 3×108 = 6 nm . 

1.21. The maximum momentum transfer is at background scattering.  Eq. (6.25) gives in these 
conditions Q2=4EE’, where E’ is the energy of the scattered electron. Using Eq. (6.11) we have 

Qmax
2 =

4E2M
M + 2E

=
4 × 4 × 56

56 + 4
= 15 GeV2 . 

1.22. Having the α particle charge z=2, the cross section is 
dσ
dΩ

=
Z 2α 2

4Ek
2 sin4 θ

2

=
Z 2α 2

Ek
2

1
1− cosθ( )2

.  

Integrating on the angles we have 

dφ
0

2π

∫ d cosθ dσ
dΩθ1

θ2

∫ =
Z 2α 2

E2 2π 1
1− cosθ( )2

d cosθ =
θ1

θ2

∫
Z 2α 2

E2 2π
⎛

⎝⎜
⎞

⎠⎟
θ2
θ1

1
cosθ −1

.  

Hence dσ
dΩ

⎛
⎝⎜

⎞
⎠⎟
θ>900

/ dσ
dΩ

⎛
⎝⎜

⎞
⎠⎟
θ>100

= 0.0074 . 

1.23. The requested rate is given by Rs =
σ θ > 0.1( )RitρNA

197 × 10–3kg( )
. We calculate the cross section 
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σ θ > θ1( ) = d cosθ dσ
d cosθθ1

π

∫ =
Z 2α 2

Ek
2 2π

⎛

⎝⎜
⎞

⎠⎟
1

cosπ −1
−

1
cosθ1 −1

⎛

⎝⎜
⎞

⎠⎟
=

Z 2α 2

Ek
2 2π

⎛

⎝⎜
⎞

⎠⎟
1

1− cosθ1
−
1
2

⎛

⎝⎜
⎞

⎠⎟

=4.5×103 barn. The requested rate is 

Rs =
4.5 ×10−25 (m2 ) ×103(s–1) ×10−6 (m) ×1.93×104 (kg m–3) × 6.02 ×1023

197 × 10–3kg( )
= 26 s–1 . 

1.24. At any angle the scattered electron energy reaches its maximum if the scattering is elastic 

and we have E ' = E

1+ E
M

(1 – cosθ)
=

10

1+ 10
1

(1− 0.87)
= 4.3 GeV . 

1.25. cosθ = 1− E / E '−1
E /M

= 1− 2.5 −1
20

= 0.925 θ = 22˚ . 

1.26. 0.5. 

1.27. The equation of motion is qv × B = dp
dt

. Since in this case the Lorentz factor γ is constant, 

we can write qv × B = γm dv
dt

. The centripetal acceleration is then: dv
dt

=
qvB
γm

=
v2

ρ
. 

Simplifying we obtain p = qBρ . We now want pc in GeV, B in tesla and ρ in metres. Starting 
from pc = qcBρ  we have 

pc GeV[ ]×1.6 ×10−10 J/GeV[ ] = 1.6 ×10−19 C[ ]× 3×108 m/s[ ]× B T[ ]× ρ m[ ] . 
Finally in N.U.: p GeV[ ] = 0.3× B T[ ]× ρ m[ ] . 

1.28. The number of protons in the unit volume of the target is np =
ρ × NA

1×10−3 = 3.6 ×1028  m–3 ; 

NH and N0 are linked by the relationship NH = Noe
−nbσ l . Consequently, we have 

σ =
1
npl

ln No

NH

=
10−29

0.36
ln 7.5

6.9
= 23.2 mb . 

The statistical uncertainty about the incoming particles number is ΔNi = Ni  and similarly for 

the outgoing number. The statistical error on the cross section is  

Δσ =
∂σ
∂No

⎛

⎝⎜
⎞

⎠⎟

2

No +
∂σ
∂NH

⎛

⎝⎜
⎞

⎠⎟

2

NH

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

1
2

=
1
npl

1
No

+
1
NH

⎡

⎣
⎢

⎤

⎦
⎥

1
2
= 0.6 mb . 

The final result is σ = 23.2 ± 0.6 mb . 
1.29. The Lorentz factor of the antiproton is γ = p2 + m2 / m = 1.62  and its velocity 

β = 1− γ −2 = 0.787 . The condition in order to have the antiproton above the Cherenkov 
threshold is that the index is n ≥ 1 / β = 1.27 . 
If the index is n=1.5, the Cherenkov angle is given by cosθ = 1 / nβ = 0.85 . Hence θ = 32˚ . 
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1.30. The speed of a particle of momentum p=mγβ  is β = 1+ m
2

p2
⎛

⎝⎜
⎞

⎠⎟

−1/2

≈ 1− m2

2p2
, that is a 

good approximation for speeds close to c. The difference between the flight times is 

Δt = L m2
2 − m1

2

2p2
 in N.U. In order to have Δt>600 ps, we need a base-length L>26 m. 

1.31. The threshold condition is n>β–1. Consequently, the index must satisfy the condition 
1− βπ < n −1 < 1− βK . Since the speeds are very near to 1, we calculate the differences 1–β 

directly. From 
 
β−1 =

E
p
! 1+ m2

2p2
 we have 

 
β −1 ! m2

2p2
. Hence 1− βπ = 2.45 ×10

−5  and 

1− βK = 3.05 ×10
−4 . Consequently the condition on the pressure is 8.2 kPa<Π<102 kPa. 

1.32. Superman saw the light blue shifted due to Doppler effect. Taking for the wavelengths 
λR=650 nm and λG=520 nm, we have νG /νR = 1.25 . Solving for β the Doppler shift expression 

νG = νR
1+ β
1− β

, we obtain β=0.22. 

1.33  

1. The minimum velocity is βmin =
1
n
= 0.75 ; 2.The minimum kinetic energy for a proton is 

Ekin,min p( ) = mp
1

1− βmin
2

−1
⎛

⎝
⎜

⎞

⎠
⎟ = 938 × 0.51 = 480  MeV  and of the pion:  

Ekin,min π( ) = mπ

1
1− βmin

2
−1

⎛

⎝
⎜

⎞

⎠
⎟ = 139.6 × 0.51 = 71.2  MeV ; 3. the Lorentz factor is 

γ =
Eπ

mπ

=
400
139.6

= 2.87  and β = 1− γ −2 = 0.94 . The Cherenkov angle is then 

θ = cos−1 1
βn

⎛

⎝⎜
⎞

⎠⎟
= 36.90  

1.34.  
a. The Cherenkov threshold is βthr

−1 = n . For a generic mass m 

 
β−1 −1 = E

p
−1 = p2 + m2

p2
−1 ! 1

2
m2

p2
 

Threshold condition for pions is given by 
β−1 −1 = n −1 = 3×10−9Π = 3×10−9 × 5.2 ×103 = 1.56 ×10−5  

and p = mπ

2 ×1.56 ×10−5
= 25 GeV  

b.  Π K( ) = 5.2 ×103  mK
2

mπ
2 =5.2 ×103  0.494

0.140
⎛
⎝⎜

⎞
⎠⎟

2

=6.5 ×104  Pa=650 mbar  

c. Π p( ) = 5.2 ×103  
mp

2

mπ
2 =5.2 ×103  0.938

0.140
⎛
⎝⎜

⎞
⎠⎟

2

=2.33×105  Pa=2330 mbar  
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1.35. 

1. E = p = 0.3× B × R = 0.3×10−9 ×1013 = 3 TeV  
2. E = p = 0.3× B × R = 0.3× 5 ×10−11 × 3×1020 = 5 ×109  GeV  
1.36  
1. The total energy of the deuterons is Ed = md + Td = 1875.7 MeV . The motion of the 
deuterons is not relativistic. Their momentum is  
pd = 2mdTd = 2 ×1875.6 × 0.13 = 61.25 MeV . This is also the total momentum, which is so 

small that in this case the L frame is also in practice the CM frame.  

The CM energy squared is  s = Ed + mt( )2 − pd2 ! Ed + mt = 4684.6 . The result could be 

obtained by simply summing the two masses and the deuteron kinetic energy. This because the 
situation is non relativistic. The total kinetic energy available after the reaction is 
Ekin,t = Ed + mt − mα − mn = 17.6 MeV , which is mainly taken by the lighter particle, the 

neutron. To be precise 

Tn =
s + mn

2 − mα
2

2 s
− mn =

4684.62 + 939.62 − 3727.42

2 × 4684.6
− 939.6 = 953.6 − 939.6 = 14.0 MeV  

 and 

Tα =
s + mα

2 − mn
2

2 s
− mn =

4684.62 + 3727.42 − 939.62

2 × 4684.6
− 3727.4 = 3.6 MeV  

2. The flux is Φ =
In

4πR2 =
3×1010  
4π ×12 = 2.4 ×109  nutrons/(m2s) . 

3. We can calculate the momentum of the neutron non relativistically 
pn = 2mnTn = 2 × 939.6 ×14 = 162.2 MeV , and its velocity 

βn =
pn
En

=
162.2
953.6

= 0.17 υn = 5.1×107  m/s . We need 1 ns time resolution 

1.37. The minimum momentum to resolve the structure is pmin =
197 MeV fm

RA

= 50 MeV . The 

momentum of the neutron of (non relativistic) kinetic energy Ek,0 is pn = 2mnEk ,0 .  

The coherence condition is 2mnEk ,0 < pmin  or Ek ,0 <
pmin

2

8mn

=
502

4 × 940
= 0.7 MeV . 

Call p0 the initial neutron momentum, corresponding to the kinetic energy Ek0, p1 and Ek1 the 

momentum and kinetic energy of the final neutron, p2 and Ek2 those of the recoiling Ar nucleus. 

Momentum and kinetic energy conservation in the non-relativistic kinematics of the elastic 

background scattering give 
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p0
2

2mn

=
p1
2

2mn

+
p2
2

2mAr

p0 = p2 − p1

 

From the first equation we have p0
2 = p1

2 +
mn

mAr

p2
2  

And from the second p0
2 = p1

2 + p2
2 − 2p1p2  

Equating the second members we obtain (provided p2≠0) p1 =
1
2
p2 1−

mn

mAr

⎛

⎝⎜
⎞

⎠⎟
.  

We substitute this expression in the momentum conservation equation, obtaining 

p2 =
2po

1+ mn

mAr

=
2 × 50

1+ 0.94
37.2

=
100

1.025
= 97.6 MeV . 

The recoil kinetic energy is Ek2 =
p2

2

2mAr

=
97.62

2 × 37200
= 130 keV  

1.38.  

(a) E2 =
h
λ
=

1240 eV nm
694 nm

= 1.79 eV . 

The CM energy for the head-on geometry is s = E1 + E2( )2 − p1 + p2( )2 = 2E1E2 + 2E1E2 . 

At threshold s = 4E1E2 = 2me( )2 , that is E1 =
me

2

E2

=
0.5( )2

1.79 ×10−6 = 140 GeV  

 (b) 
 
1− β = 1− p1 + p2

E1 + E2
= 1− E1 − E2

E1 + E2
= 1− 1− E2 / E1

1+ E2 / E1
! 2 E2

E1
= 2.6 ×10−11  

 (c) s = E1 + E2( )2 − p1 + p2( )2 = 2E1E2 − 2E1E2 = 0 . The mass is zero for any values of the two 

energies.  
 

2.1. From the result of the Problem 11.13 we have p* = Eν
* =

mπ
2 – mµ

2

2mπ

= 29.8 MeV . From this 

we obtain Eµ
* = mπ − p

* = 110 MeV . 
2.2. a) pν

* = Eν
* = pµ

* = 236 MeV ; Eµ
* = 259 MeV  

b) pK=5 GeV, hence EK = pK
2 + mK

2 = 5.02 GeV; γ = EK

mK

= 10.2; γβ= pK
mK

= 10.1 . 

The muons with maximum energy in L are those that are emitted backwards by the kaon. Their 
momentum is pµ = γ pµ

* + βγ Eµ
* = 10.2 × 0.236 +10.1× 0.259 = 5.02 GeV . 

2.3. The second gamma moves backwards. The total energy is E = E1 + E2 ; the total 
momentum is P = p1 − p2 = E1 − E2 . The square of the mass of the two-gamma system is equal 



10 

to the square of the pion mass: m
π 0
2 = E1 + E2( )2 − E1 − E2( )2 = 4E1E2 , from which we obtain

E2 =
m

π 0
2

4E1

=
1352

4 ×150
= 30.4  MeV . The speed of the π0 is β = P

E
=
E1 – E2
E1 + E2

= 0.662 .

2.4. The Lorentz factor for Eµ=5 GeV is γ = Eµ / mµ = 47 . In its rest frame the distance of the 
Earth surface is l0 = l / γ = 630 m . For Eµ=5 TeV, the distance of the Earth is 
l0 = l / γ = 0.63 m . The first muon travels in a lifetime  γβcτ ! γ cτ = 28 km , the second would
travel 28 000 km if it did not hit the surface first. 
2.5. The Lorentz factor for Eπ=5 GeV is γ = Eπ / mπ = 36 . In its rest frame it sees the Earth’s
surface at the distance l0 = l / γ = 830 m . In a lifetime it travels γ cτ = 280 m . We see that 
only a few such pions survive. To find them we must go to high altitude. 
2.6. The momenta of the electrons are p = 0.3Bρ=12 MeV . The gamma energy is Eγ=24 MeV. 
2.8. Since the decay is isotropic, the probability of observing a photon is a constant 
P cosθ*,φ*( ) = K . We determine K by imposing that the probability of observing a photon at

any angle is 2, i. e. the number of photons. 

We have 2 = K sinθ*∫ dθ*dφ = dφ
0

2π

∫ Kd(cosθ*)
0

π

∫ = K4π . Hence K = 1 / 2π  and 

P cosθ*,φ*( ) = 1 / 2π .

The distribution is isotropic in azimuth in L too. To have the dependence of θ, that is given 

byP cosθ( ) ≡ dN
d cosθ

=
dN

d cosθ*
d cosθ*

d cosθ
, we must calculate the ‘Jacobian’ J = d cosθ

*

d cosθ
.

Calling β and γ    the Lorentz factors of the transformation and taking into account that p* = E*, 
we have 
pcosθ = γ p* cosθ* + βE*( ) = γ p* cosθ* + β( )
E = p = γ E* + β p* cosθ*( ) = γ p* 1+ β cosθ*( ).
We differentiate the first and third members of these relationships, taking into account that p* 
is a constant. We obtain 

dp × cosθ + p × d cosθ( ) = γ p*d cosθ*( ) ⇒
dp

d cosθ*
cosθ + p d cosθ

d cosθ*
= γ p* .

dp = γβ p*d cosθ*( ) ⇒
dp

d cosθ*
= γβ p*

and J −1 = d cosθ
d cosθ*

= γ
p*

p
1− β cosθ( ) .

The inverse transformation is E* = γ E − β pcosθ( ) , i. e. p* = γ p 1− β cosθ( ) , giving

J −1 = d cosθ
d cosθ*

= γ 2 1− β cosθ( )2 .

Finally we obtain  P cosθ( ) ≡ dN
d cosθ

=
1
2π

γ −2 1− β cosθ( )−2
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2.10.  µe / µµ = mµ / me = 207; µe / µτ = mτ / me = 3477 . 

2.11. The energy needed to produce an antiproton is minimum when the Fermi motion is 
opposite to the beam direction. If Ef is the total energy of the target proton and pf its 
momentum, the threshold condition is (Ep+Ef)2–(pp–pf)2=(4mp)2. From this we have 
EpEf + pp pf = 7mp

2 . We simplify by setting  pp ! Ep  obtaining

Ep =
7mp

2

Ef + pf
!

7mp
2

mp + pf
! 7mp 1−

pf
mp

⎛

⎝
⎜

⎞

⎠
⎟ = 5.5 GeV .

This value should be compared to Ep=6.6 GeV on free protons. 
2.12. By differentiating (1.79) we obtain Δθ = 0.3BLΔp / p2 . The slit of opening d at the 
distance l defines the angle within Δθ = d / l . The requested distance is then 

l = d × p
0.3BLΔp / p

= 3.3 m .

2.13. Considering the beam energy and the event topology, the event is probably an associate 
production of a K0 and a Λ. Consequently the V0 may be one of these two particles. The 
negative track is in both cases a π, while the positive track may be a π or a proton. We need to 
measure the mass of the V. With the given data we start by calculating the Cartesian 
components of the momenta 
px
− = 121× sin −18.2˚( )cos15˚= −36.5 MeV; py

− = 121× sin −18.2˚( )sin15˚= −9.8 MeV;

pz
− = 121× cos −18.2˚( ) = 115 MeV.
px
+ = 1900 × sin 20.2˚( )cos −15˚( ) = 633.7 MeV; py

− = 1900 × sin 20.2˚( )sin −15˚( ) = −169.8 MeV;

pz
− = 1900 × cos 20.2˚( ) = 1783.1 MeV.

Summing the components, we obtain the momentum of the V, i. e. p = 1998 MeV . 

The energy of the negative pion is E− = p−( )2
+ mπ

2 = 185 MeV . If the positive track is a π its

energy is Eπ
+ = p+( )2

+ mπ
2 = 1905 MeV , while if it is a proton its energy is Ep

+ = 2119 MeV .

The energy of the V is Eπ
V = 2090 MeV in the first case, Ep

V = 2304 MeV  in the second case.

The mass of the V is consequently mπ
V = Eπ

V 2 − p2 = 620 MeV  in the first hypothesis,
mp

V = 1150 MeV  in the second. Within the ±4% uncertainty, the first hypothesis is

incompatible with any known particle, while the second is compatible with the particle being a 
Λ. 
2.14. 

1. The CM energy squared is s = Eν + mn( )2 − pν2 = mn
2 + 2mnEν . The threshold condition is

s = me + mp( )2 = mp
2 + me

2 + 2memp .

Hence, the threshold condition is Eν =
me + mp( )2 − mn

2

2mn

< 0 , meaning that there is no
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threshold, the reaction proceeds also at zero neutrino energy.  
2. The threshold condition is s = mµ + mp( )2 = mp

2 + mµ
2 + 2mµmp . The threshold energy is  

Eν =
mµ + mp( )2

− mn
2

2mn

=
105.7 + 938.3( )2

− 939.62

2 × 939.6
= 110 MeV  

3. The threshold energy is  

Eν =
mτ + mp( )2

− mn
2

2mn

=
1777 + 938.3( )2

− 939.62

2 × 939.6
= 3.45 GeV . 

2.15. We first find an expression valid in both cases. Call Eγ1 and pγ1= Eγ1 the energy and 
momentum of the initial photon and Eγ2 and pγ2= Eγ2 those of the final one. Similarly Ee1, pp1 and 
Ee2, pp2 for the electron.  
The initial values of energies and momenta are given; hence the total energy and momentum 
and CM energy squared 
ET = Ee1 + Eγ 1 pT = pe1 − Eγ 1 s = ET

2 − pT
2 . 

Energy conservation gives ET = Ee2 + Eγ 2 pT = pe2 − Eγ 2 . 
We can eliminate the final energy and momentum of the electron by imposing Ee2

2 − pe2
2 = me

2 . 

Ee2 = ET − Eγ 2 pe2 = pT + Eγ 2 . Hence: ET − Eγ 2( )2 − pT + Eγ 2( )2 = me
2 . Solving for Eγ2 

we have Eγ 2 =
s − me

2

2 ET + pT( )
. 

1. We have, in MeV: Eγ 1 = 0.511, Ee1=0.511, pe1=0.  

ET=1.02, pT=0.511, s=0.78 and Eγ 2 =
s − me

2

2 ET + pT( )
=

0.78 − 0.5112

2 1.02 + 0.511( )
= 0.170 MeV . 

2. We have Eγ 1 = 0.511, Ee1=1.02, pe1 = 1.022 − 0.5112 = 0.88 . 

ET=1.53, pT=0.511, s=2.08 and Eγ 2 =
s − me

2

2 ET + pT( )
=

2.08 − 0.5112

2 1.53+ 0.511( )
= 0.446 MeV . 

2.16. The LASER photon energy is Eγ i =
h
λ
=

1240 eV nm
694 nm

= 1.79 eV . 

The electron initial momentum (we shall need its difference from energy) is 

 
pei = Eei

2 − me
2 ! Eei −

me
2

2Eei

   

The total energy and momentum are ET = Eei + Eγ i pT = pei − Eγ i  
Energy conservation gives ET = Eef + Eγ f pT = Eγ f − pef  
We can eliminate the final energy and momentum of the electron by imposing Eef

2 − pef
2 = me

2 . 

Eef = ET − Eγ f pef = Eγ f − pT . Hence: ET − Eγ f( )2 − Eγ f − pT( )2 = me
2 . Solving for Eγf 

we have Eγ f =
s − me

2

2 ET − pT( )
. 
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ET − pT = Eei + Eγ i( ) − pei − Eγ i( ) ! me
2

2Eei

+ 2Eγ i =

=
0.52 ×10−6

2 × 20
+ 2 ×1.79 ×10−9 = 6.25 + 3.58( )10−9  GeV = 9.83 eV

  

s = Eγ i + Eei( )2 − Eγ i − pei( )2 = me
2 + 4Eγ iEei . Hence 

s − me
2 = 4Eγ iEei = 4 ×1.79 × 20 ×109  eV2 = 14.3×1010  eV2 , and 

Eγ f =
s − me

2

2 ET − pT( )
=

14.3×1010

2 × 9.83
= 7.3 GeV  

2.17. The kinetic energy is T = p2 + m2 − m  

For a proton we have T = 232 + 938.32 − 938.3 = 280 keV  
For a positron we have T = 232 + 0.512 − 0.51 = 22.5 MeV  
2.18.  E ! p = 0.3BR = 0.3× 0.3× 0.14 = 12.6 MeV . 

2.19. In problem 2.1 we already calculated the CM momentum p* =
mπ

2 – mµ
2

2mπ

= 29.8 MeV . 

The CM muon energy is Eµ
* = p*2 + mµ

2 = 110 MeV . For the Lorentz transformation to the L 

frame we have  β ! 1  and γ = Eπ

mπ

=
200
0.14

== 1400 . The maximum and minimum muon 

energies are 
Eµmin

max = γ Eµ
* ± β p*( ) = 1400 0.110 ± 0.030( ) = 112 −196 GeV . 

3.2. Strangeness conservation requires that a K+ or a K0 is produced together with the K–. The 
third component of the isospin in the initial state is –1/2. Let us check if it is conserved in the 
two reactions. The answer is yes for π – + p→ K – + K + + n  because in the final state we have 

Iz = −
1
2
+
1
2
+
1
2
= +

1
2

, and yes also for π – + p→ K – + K 0 + p  because in the final state we 

have Iz = −
1
2
−
1
2
+
1
2
= −

1
2

. The threshold of the first reaction is just a little smaller of that of 

the second reaction because mn + mK + < mp + mK 0  (1433 MeV < 1436 MeV). For the former 

we have 

Eπ =
2mK + mn( )2

− mπ
2 − mp

2

2mp

= 1.5  GeV . 

3.3. To conserve both strangeness and baryonic number a pair of ΛΛ     must be produced. The 
reaction is  π − + p→ Λ + Λ + n . On free protons, we obtain Eπ

0 = 4.9 GeV . The threshold 

energy on bound protons, having Fermi momentum pf, following Problem 2.11, is found to be 
Eπ = Eπ

0 1− pf / mp( ) = 4.1 GeV .  

In the first case pions in the beam have γ=35 and β≈1. The flux at the emulsion stack is N= 0.97 
106 π/cm2. 
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3.4. 1. OK, S; 2. OK, W; 3. Violates Lµ; 4. OK, EM; 5. Violates C; 6. Cannot conserve both 
energy and momentum; 7. violates B and S; 8. violates B and S; 9. violates J and Le; 10. 
violates energy conservation. 
3.5. 1. Violates Le and Lµ; 2. Violates charge conservation; 3. Violates B, I and Iz; 4. Violates 
the charge; 5. Violates B, I and Iz; 6. Violates charge and S; 7. Violates S and Iz; 8.Violates S 
and Iz; 9. Violates energy conservation; 10. Violates Le and L. 
3.6. a) J and L, b) B and L , c) energy conservation ; d) electric charge. 
3.7. a)  0 + 0→ −1+ 0 , NO; b)  0 + 0→ 1−1 , YES; c)  −1+ 0→ 1− 2 + 0 , YES; 
d)  1+ 0→ −1− 2 + 0 , NO; e)  −1+ 0→ −3+1+1 , YES.  
 3.8. a) NO for J and L; b) NO for J and L; c) YES; d) NO for L; e) YES; f) NO for Le and Lµ; 
g) NO for L; h) YES. 

 3.9. π − p = 1,−1 1
2
,+ 1
2

=
1
3
3
2
,− 1
2

−
2
3
1
2
,− 1
2

 

π + p = 1,+1 1
2
,+ 1
2

=
3
2
,+ 3
2

 

Σ0K 0 = 1,0 1
2
,− 1
2

=
2
3
3
2
,− 1
2

+
1
3
1
2
,− 1
2

 

Σ−K + = 1,−1 1
2
,+ 1
2

=
1
3
3
2
,− 1
2

−
2
3
1
2
,− 1
2

 

Σ+K + = 1,+1 1
2
,+ 1
2

=
3
2
,+ 3
2

 

K +Σ+ π + p = A3/2 ; Σ−K + π − p =
1
3
1
3
A3/2 =

1
3
A3/2 ; Σ0K 0 π − p =

2
3
1
3
A3/2 =

2
3
A3/2  

Hence: σ π + p→ Σ+K +( ) :σ π − p→ Σ−K +( ) :σ π − p→ Σ0K 0( ) = 9 :1 : 2  

3.10. From the expressions found in the solution of problem 3.9, we have 
σ 1( ) :σ 2( ) :σ 3( ) = 2 A3/2 − A1/2

2 : A3/2 + 2A1/2
2 : 9 A3/2

2   
3.11. σ 1( ) /σ 2( ) = 1  

 3.12. We can proceed as in the previous solutions or also as follows. 

p,d =
1
2
, 1
2
0,0 =

1
2
,+ 1
2

 

1
2
,+ 1
2

= −
1
3
1,0 1

2
,+ 1
2

+
2
3
1,1 1

2
,− 1
2

= −
1
3
π 0 He3 +

2
3
π + H3  

σ p + d→ He3 + π 0( ) /σ p + d→ H3 + π +( ) = 1 / 2  

3.13.From p, p =
1
2
,+ 1
2

1
2
,+ 1
2

= 1,+1  and d,π + = 0,0 1,+1 = 1,+1  we have 

d,π + p, p = A1.  
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From p,n =
1
2
,+ 1
2

1
2
,− 1
2

=
1
2
0,0 +

1
2
1,0  and d,π 0 = 0,0 1,0 = 1,0 we 

have d,π 0 p,n =
1
2
A1.  Finally we obtain σ pp→ dπ +( ) /σ pn→ dπ 0( ) = 2 . 

3.14. K − ,He4 =
1
2
,− 1
2
0,0 =

1
2
,− 1
2

. 

 Σ0 ,H3 = 1,0 1
2

,− 1
2

=
2
3

3
2

,− 1
2

+
1
3

1
2

,− 1
2

⇒ K − ,He4 Σ0 ,H3 =
1
3
A1/2

Σ− ,He3 = 1,−1 1
2
,+ 1
2

=
1
3
3
2
,− 1
2

−
2
3
1
2
,− 1
2

⇒ K − ,He4 Σ− ,He3 = −
2
3
A1/2  

σ K – + He4 → Σ0H3( ) /σ K – + He4 → Σ−He3( ) = 1 / 2 . 

 3.15. σ 1( ) :σ 2( ) :σ 3( ) = −
1
6
A0 +

1
2
A1

2

: 1
6
A0

2

: 1
6
A0 +

1
2
A1

2

. 

3.16. σ π − p→π− p( ) /σ π − p→π 0n( ) = 2
3
A1/2 +

1
3
A3/2

2

/ − 2
3
A1/2 +

2
3
A3/2

2

. 

 3.17. a) The initial parity is Pi = P π( )P d( ) −1( )li = −( ) +( ) +( ) = −  and the final one is 
Pf = P n( )P n( ) −1( )l f = −1( )l f . Parity conservation requires lf=1,3,5… Angular momentum 

conservation requires that lf<3. Only lf=1 remains. The two-neutron wave function must be 
completely antisymmetric. Since the spatial part is antisymmetric, the spin part must be 
symmetric.  In conclusion the state is 3S1, with total spin S=1. 
b) Since Pi=+, lf is even. The spin function is antisymmetric. Hence the state is 1S0 and its total 
spin is S=0. 
3.18. From (3.18) the initial charge conjugation is C=(–1)l+s. The final one is C(nγ )=(–1)n. The 
charge conjugation is conserved if l+S+n=even. 
In the ortho-positronium l+s=1, consequently n= odd. The minimum number of photons is n=3 
(n=1 forbidden by energy-momentum conservation). 
In the para-positronium l+s=0, hence n= even and the minimum number of photons is n=2. 
 3.19. 
1. C( pp )=(–1)l+s=C(nπ0)=+. Then l+s=even. The possible states are 1S0, 3P1, 3P2, 3P3, 1D2. 
2. The orbital momentum is even, because the wave function of the 2π0 state must be 
symmetric. Since the total angular momentum is just orbital momentum, only the states 1S0, 3P2, 
1D2 are left. Parity conservation gives P(2π0)=+ = P( pp )=(–1)l+1. Hence,  l=odd, leaving only 
3P2. 
3.20. The G-parity is positive, because it is conserved and is such in the final state. As G=C(–
1)I, if I=0 then C=+, i. e. C=(–1)l=+1. Then l=even. If I=1, then C=–, i.e. (–1)l=–1. We have 
l=odd. 
3.21. It is convenient to prepare a table with the possible values of the initial JPC and of the final 
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lCP with l=J to satisfy angular momentum conservation. Only the cases with the same parity and 
charge conjugation are allowed. Recall that P pp( ) = −1( )l+1  and C pp( ) = −1( )l+ s .

1S0 3S1 1P0 3P0 3P1 3P2 1D2 3D1 3D2 3D3 
JPC 0– + 1– – 1+ – 0+ + 1+ + 2+ + 2– + 1– – 2– – 3– –

lPC 0+ + 1– – 1– – 0+ + 1– – 2+ + 2+ + 1– – 2+ + 3– –

Y Y Y Y Y 
In conclusion 1. 1S0; 2. 3S1, 3D1 e 3. 3P2. 
3.22. Given the quark content, Λc  has electric charge +1.  Since the processes is strong, a) and 
c) are forbidden by charm conservation, while b) is allowed. d) is violates charge conservation.
3.23. Λb is neutral. a) violates charm and beauty, b) and c) are allowed, d) violates beauty, e)
violates baryon number.
3.26.

1. The minimum velocity is βmin =
1
n
= 0.75 .

2. The minimum kinetic energy for electrons is

Ekin,min e( ) = me
1

1− βmin
2

−1
⎛

⎝
⎜

⎞

⎠
⎟ = 0.511× 0.51 = 0.26  MeV

and for K+:   Ekin,min K +( ) = mK
1

1− βmin
2

−1
⎛

⎝
⎜

⎞

⎠
⎟ = 497.6 × 0.51 = 254  MeV

3. In the decay p→ e+ + π 0 , the CM kinetic energy of the e+ is

Ekin e+( ) = mp
2 + me

2 − m
π 0
2

2mp

− me =
938.32 + 0.512 − 0.1352

2 × 938.3
− 0.51 = 469  MeV , above threshold

In the decay p→ K + + ν , the CM kinetic energy of the K is

Ekin K +( ) = mp
2 + mK

2 − mν
2

2mp

− mK =
938.32 + 497.62

2 × 938.3
− 497.6 = 104  MeV  , below threshold

3.27. (a) forbidden by lepton number, (b) forbidden by angular momentum and lepton number, 
(c) forbidden by charge conjugation, (e) allowed, (f) forbidden by baryon and lepton numbers,
(g) forbidden by angular momentum and lepton number.
3.28. (a) X must have charge Q=0 and strangeness S=+1; it is a K0; (b) X must have charge Q=0
and lepton number Le =–1, it is a νe ; (c) X must have Q=0; the reaction being weak,
strangeness does not need to be conserved; it is a π0.

3.29. The third component of the initial isospin is Iz,initial = 1+
1
2
=
3
2

, hence the total isospin 

must be I = 3
2

. For the K+K+ we have I=1, Iz=1. Hence for the Ξ0 may have IΞ =
1
2

or IΞ =
3
2

. 
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The third component is IΞ,z = +
1
2

. 

3.30. The total energy and its square are: s = mp + mπ – = 0.9383+ 0.1396 = 1.08 GeV  and

s = 1.162 GeV2 . 

The energy of the photon is Eγ =
s − mn

2

2 s
=

1.162 − 0.883
2 ×1.08

= 0.129 GeV .

The kinetic energy of the neutron is Tn = s − Eγ − mn = mp − mn + mπ − Eγ , which is a very

small quantity, expressed as a difference between large quantities. It is then convenient to 
consider the nonrelativistic expression of the kinetic energy:  

Tn =
pn

2

2mn

=
Eγ

2

2mn

=
1302

2 × 939.6
= 9 MeV .

3.31. The beam energy is enough to produce strange particles but not for heavier flavours. In 
order to conserve strangeness the V0s must be a K0 and a Λ. The simplest reaction is 
π + + p→π + + π + + K 0 + Λ .
We calculate the mass of each V0 assuming in turn it to be the K0 or the a Λ. 
If 1 is a Λ, 
M 2 = mp

2 + mπ
2 + 2 p1+

2 + mp
2 p1−

2 + mπ
2 − 2p1+ p1− cosθ1 =

= 0.9382 + 0.1392 + 2 ×1.02 ×1.905 − 2 × 0.4 ×1.9 × cos24.5˚= 3.38 GeV2

or M=1.83 GeV not compatible with being a Λ. 
If 1 is a K0  
M 2 = 2mπ

2 + 2 p1+
2 + mπ

2 p1−
2 + mπ

2 − 2p1+ p1− cosθ1 =

= 0.04 + 2 × 0.424 ×1.905 − 2 × 0.4 ×1.9 × cos24.5˚= 0.246 GeV2

or M=0.495 GeV compatible, within the errors, with the mass of the K0 
If 2 is a Λ, 
M 2 = mp

2 + mπ
2 + 2 p2+

2 + mp
2 p2−

2 + mπ
2 − 2p2+ p2− cosθ2 =

= 0.9382 + 0.1392 + 2 ×1.20 × 0.29 − 2 × 0.75 × 0.25 × cos22˚= 1.59 − 0.35 = 1.24 GeV2

or M=1.11 GeV compatible, within the errors, with the mass of the Λ. 
If 2 is a K0  
M 2 = 2mπ

2 + 2 p2+
2 + mπ

2 p2−
2 + mπ

2 − 2p2+ p2− cosθ2 =

= 0.04 + 2 × 0.76 × 0.29 − 0.35 = 0.138 GeV2

or M=0.371 GeV incompatible, within the errors, with the mass of the K0. 
4.2. For the ω ,  G = C(–1)I=(–1)(–1)0 =–1 . For the φ, G = C(–1)I=(–1)(–1)0=–1 . The K is not 
an eigenstate of G. For the η, G = C(–1)I=(+1)(–1)0=+1. 
4.3. The ρ decays strongly into 2π, hence G=+. The possible values of its isospin are 0, 1 and 2. 
In the three cases the Clebsch-Gordan coefficients are 1,0 1,0;1,0 = 0 , 0,0 1,0;1,0 ≠ 0  and 
2,0 1,0;1,0 ≠ 0 . Hence I=1. 
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Since I=1, the isospin wave function is antisymmetric. The spatial wave function must 
consequently be antisymmetric, i. e. the orbital momentum of the two π must be l=odd. The ρ 
spin is equal to l. C=(–1)l=–1. P=(–1)l=–1. 
4.4. τK* = 1.3×10−23  s ,  γ = E / m ! p / m = 10.1 , d = γ cτ = 39 fm .
4.5. a. From the size of the resonance width Γ we infer that it decays by strong interaction. As a 
consequence, S, I, Iz and Y are conserved. Therefore S(Σ)= S(Λ)+ S(π)=1+0=+ 1  and 
 Y(Σ)= Y(Λ)+ Y(π)=0+0=0.   I(Σ)= I(Λ)⊗Ι  (π)=0⊗1=1  and  Iz(Σ)= Iz(Λ)+ Iz(π+)=0+0=0. 
b. J(Σ)= J(Λ)⊗J (π)⊗L=1/2⊗0⊗1 ⇒ J=1/2 or J=3/2. P(Σ)= P(Λ) P(π) (–1)L=(+)(–)(–)=+.
4.6. a. The decay is strong b. The initial strangeness in the reaction K − + p→π− + Σ+ (1385)  is
S=–1. The strangeness of the Σ (1385)  is S=–1. Since the isospin is conserved in the strong
decay, the isospin of the Σ (1385)  is equal to the isospin of the π +Λ  system, i. e. is 1.
4.7. 1. Two equal bosons cannot be in an antisymmetric state; 2. C(2π0)=+1; 3. the Clebsch
Gordan coefficient 1,0;1,0 1,0 = 0 . 

4.8. The charge conjugation of the final state π+π– is C=(–1)l=(–1)J, i.e. ρ0 has C=–; the f0 has 
C=+. The system π0γ has C=(+)(–)=–. Hence f0→π0γ  is forbidden. 
4.9. R=Γ K *+ → K 0 + π +( ) / Γ K *+ → K + + π 0( ) = 1 / 2  if IK*=3/2. R =2 if IK*=1/2.

4.10. Γ K − p( ) / Γ K 0n( ) = 1. Γ π −π +( ) / Γ K 0n( ) = 0 , because the decay into π+π– would violate

baryon number and strangeness.  
4.11. It is useful to prepare a table with the quantum numbers of the relevant states 

pp3S1 pp3S1 pp1S0 pp1S0 pn3S1 pn1S0
JP 1– 1– 0– 0– 1– 0– 
C – – + + X X 
I 0 1 0 1 1 1 
G – + + – + – 

pn→π−π −π + . Since G=–1 in the final state, there is only one possible initial state, i.e. 1S0

p,n = 1,−1 =
1
2
1,0;1,–1 −

1
2
1,−1;1,0 =

1
2
ρ0;π – −

1
2
ρ−;π 0

hence R pn→ ρ0π −( ) / R pn→ ρ−π 0( ) = 1.

p, p = 1,0 =
1
2
ρ−;π + + 0 1

2
ρ0;π 0 −

1
2
ρ+;π −

hence R pp I = 1( )→ ρ+π −( ) :R pp I = 1( )→ ρ0π 0( ) :R pp I = 1( )→ ρ−π +( ) = 1 : 0 :1 .

p, p = 0,0 =
1
3
ρ−;π + −

1
3
ρ0;π 0 +

1
3
ρ+;π −

hence R pp I = 0( )→ ρ+π −( ) :R pp I = 0( )→ ρ0π 0( ) :R pp I = 0( )→ ρ−π +( ) = 1 :1 :1 .

4.12. The isospin wave function must be symmetrical, because the spatial wave function is 
such. Hence I = 0 or 2. 
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4.13. The matrix element  M  must be symmetric under the exchange of each pair of pions.
Consequently: 

1. if JP = 0–,  M = constant. There are no zeros.
2. if JP = 1–,  M ∝ q E1 – E2( ) E2 – E3( ) E3 – E1( ) ; zeros on the diagonals and on the

border. 
3. if JP = 1+, M ∝ p1E1 + p2E2 + p3E3 ; zero in the centre, where E1=E2=E3; zero at T3=0,

where p3=0, p2=– p1; E2=E1.
4.14. Since the parity is positive, the orbital momentum l of the two nucleons must be even. 
The total angular momentum is J=1, the sum of the two spins can be s=0 or s=1. Hence we can 
have l=0 or l=2. The two possible states are 3S1 and 3D1. 
4.15. A baryon can contain between 0 and 3 c valence quarks; therefore the charm of a baryon 
can be C=0, 1, 2, 3. Since the charge of c is equal to 2/3, the baryons with Q=+1 can have 
charm C=2 (ccd, ccs, ccb), C=1 (e.g. cud) or C=0 (e.g. uud). If Q=0, one c can be present, as in 
cdd, or none as in udd. Hence C=1 or C=0. 
4.16. Since B=1 the particle is a baryon. Therefore the valence quarks are three. Since the
charge Q=+1, two quarks are up-type, one is down-type. Since C=1, one up-type quark is c. 
Since S=0, B=0,  T=0, the other two quarks are u and d. The state is udc. 
4.17.  sss, uuc, usc, ssc, udb. 
4.18. cd ,  cu,  ub ,  cb . 

4.22. τ J /ψ =
1
Γ
==

1
0.091×1.52 ×1021s–1

= 7.2 ×10–21s .

The distance travelled in a lifetime is llab = γτ J /ψβc = τ J /ψ
p
M
c = 3.5 ×10–12m . 

Let Ee be the energy and pe≈Ee the momentum of the electron. From EJ = 2Ee  and 

pJ = 2pe cosθe , we have Ee =
EJ

2
=

1
2

pJ
2 + mJ

2 = 2.94  GeV .

From me
2 =

EJ

2
⎛
⎝⎜

⎞
⎠⎟

2

−
pJ

2cosθe

⎛

⎝⎜
⎞

⎠⎟

2

, we have cosθe =
pJ

EJ
2 − 4me

2
≈
pJ
EJ

= 0.85 ; i. e. θe = 31.8˚ .

For pj=50 GeV, θe = 3.6˚ . 

4.23. γ = E / m = 20 /1.86 = 10.7 . The condition I = I0e
−
t
γτ > 0.9I0  gives t < γτ ln 1

0.9
⎛
⎝⎜

⎞
⎠⎟

. We

need to resolve distances d = ct < 139 µm . 
Possible instruments: bubble chambers, emulsions, Silicon microstrips. 

4.24. We start from σ E( ) = 3π
E2

ΓeΓ f

E − MR( )2 + Γ / 2( )2
=
12πΓeΓ f

Γ2
1
E2

1
2 E − MR( ) / Γ⎡⎣ ⎤⎦

2
+1

.

In the neighbourhood of the resonance peak the factor 1/E2 varies only slowly, compared to the 
resonant factor, and we can approximate it with the constant 1 /MR

2 , i.e.
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σ E( )
−∞

+∞

∫ dE =
12πΓeΓ f

Γ2
1
E2

1
2 E − MR( ) / Γ⎡⎣ ⎤⎦

2
+1−∞

+∞

∫ dE !
12πΓeΓ f

Γ2MR
2

1
2 E − MR( ) / Γ⎡⎣ ⎤⎦

2
+1−∞

+∞

∫ dE . 

Setting tanθ =
2 E − MR( )

Γ
, we have 

σ E( )
−∞

+∞

∫ dE =
12πΓeΓ f

Γ2MR
2

1
tan2θ +1−∞

+∞

∫ dE =
12πΓeΓ f

Γ2MR
2 cos2θ

−∞

+∞

∫ dE =
12πΓeΓ f

Γ2MR
2 cos2θ

−π /2

+π /2

∫
dE
dθ

dθ . 

We find that dE
dθ

=
dE

d tanθ
d tanθ
dθ

=
Γ

2
1

cos2θ
, obtaining  

σ E( )
−∞

+∞

∫ dE =
6πΓeΓ f

ΓMR
2 dθ

−π /2

+π /2

∫ =
6π 2ΓeΓ f

ΓMR
2 . 

4.25. The total energy is E = E− + E+ = 12.1  GeV , the total momentum is 
p = p− − p+ = 5.9  GeV . 

 
We have E = 2EB;   p = 2pB cosθB  and EB = E / 2 = 6.05  GeV;  pB = EB

2 − mB
2 = 2.96  GeV . 

The Lorentz factors are β = pB
EB

=
2.96
6.05

= 0.49 γ = EB

mB

=
6.05
5.279

= 1.146 . The distance travelled 

in a lifetime is l = βγτ Bc = 0.49 ×1.146 ×1.53×10−12 × 3×108 = 258  µm . 

From mB
2 = EB

2 − pB
2 =

E
2

⎛
⎝⎜

⎞
⎠⎟

2

−
p

2cosθB

⎛

⎝⎜
⎞

⎠⎟

2

, we obtain cosθB =
p2

E2 − 4mB
2 = 0.998  and 

θB  =3.6˚ . 
4.28. 

(a) forbidden by strangeness conservation, (b) allowed, (c) forbidden by charge conservation, 
(d) forbidden by energy conservation, (e) forbidden by strangeness conservation, (f) forbidden: 
strangeness, isospin and its third component are not conserved, (g) forbidden: strangeness, 
isospin and its third component are not conserved. 
4.29. (a) forbidden by strangeness conservation, (b) forbidden by strangeness conservation, (c) 
allowed, (d) allowed, (e) forbidden by charge, strangeness, isospin and Iz, (f) forbidden by 
strangeness, isospin and Iz, (g) forbidden by strangeness.  
4.30. G=+, because there are overall 4π. 
The isospin cannot be 1, because the Clebsch-Gordan coefficient 1,0;1,0 1,0 = 0 . It may then 

be I = 0 or I = 2.  
C=+ because the two particles are identical. Check: G=C(–1)I=+ 
The two particles are identical bosons, hence L must be even, L=0, 2, 4,..  
The spin wave function must be symmetrical too, hence S=0, 2 
It can be 
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J=0, with L=0, S=0 and with L=2, S=2 
J=1 with L=2, S=2 
J=2 with L=0, S=2, with L=2, S=0, with L=2, S=2 and with L=4, S=2. 
4.31. G=–, because there are overall 3π. 
The isospin cannot be 1, because the Clebsch-Gordan coefficient 1,0;1,0 1,0 = 0 . It may then

be I = 0 or I = 2.  
Both ρ0 and π0 are eigenstates of C with C=– and C=+ respectively. Hence C=–, independently 
on L. Check: G=C(–1)I=– 
The total spin can be S=0 or S=1 
There are no symmetry restrictions on L because the two particles are different.  
J=0 with L=S= 0 or 2 
J=1 with L=0, S= 1, or L=1, S= 0, or L=1, S= 1, or L=2, S=1  
4.32. In order to conserve beauty the Λb udb( )  must be produced with a meson containing b , a
B. The reaction is π − p→ ΛbB

0 .

The threshold pion energy is Eπ =
mΛb

+ m
B0( )2

2mp

=
5.624 + 5.297( )2

2 × 0.938
= 63.6 GeV . 

4.33. In order to conserve charm the Σc
++ uuc( )  must be produced with a meson containing c , a

D–. The reaction is π − p→ Σc
++D−π − .

The threshold pion energy is Eπ =
m

Σc
++ + mD0 + mπ( )2

2mp

=
2.452 +1.869 + 0.139( )2

2 × 0.938
= 10.6 GeV

4.34. With a π– beam, to conserve strangeness and charm we need to produce together with 
Ωc
0 ssc( )  one particle containing c , say D− dc( )  and two containing s , say, to conserve also

the charge, K + us( )  and K 0 ds( ) . The reaction is π − p→Ωc
0D−K +K 0 . Its threshold is

Eπ =
m

Ωc
0 + mD− + mK + + mK 0( )2

2mp

=
2.698 +1.869 + 0.494 + 0.498( )2

2 × 0.938
= 16.5 GeV

With a K– beam the initial strangeness is S=+1, hence only one K meson needs to be produced. 
The reaction is K − p→Ωc

0D−K + . Its threshold is

EK =
m

Ωc
0 + mD− + mK +( )2

2mp

=
2.698 +1.869 + 0.494( )2

2 × 0.938
= 13.7 GeV

With a K–+ beam the initial strangeness is S=–1, hence three K mesons must be produced. The 

reaction is K + p→Ωc
0D−K +K +K + . Its threshold is
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EK =
m

Ωc
0 + mD− + 3m

K +( )2

2mp

=
2.698 +1.869 + 3× 0.494( )2

2 × 0.938
= 19.5 GeV .

5.1. Kinetic and potential energies are of the same order for the virial theorem. We then 
evaluate the kinetic energy of the electron in the hydrogen atom to be Eke≈10 
eV<<me≈5×105eV. Therefore the motion is non-relativistic, and we have 

β =
2Eke

me

=
2 ×10
5 ×105

= 6 ×10−3 .

For a proton in a nucleus we estimate Ekp≈ 1 MeV << mp ≈ 938 MeV. Again the motion is non-
relativistic, and we have  

β =
2Ekp

mp

= 4.4 ×10−2 .

For a quark in a nucleon we estimate Ekq≈λ≈400 MeV. Since mq≈4 MeV, the motion is 
relativistic with γ = Ekq / mq ≈ 100  and we have 

β ! 1− 1
2
γ −2 = 0.99995 .

5.2. Since the speeds are small enough, we can use non-relativistic concepts and expressions. 
The electron potential energy, which is negative, becomes smaller with its distance r from the 
proton as –1/r. The closer the electron is to the proton, the better is its position defined and 
consequently the larger is the uncertainty of its momentum p. Actually, the larger the 
uncertainty of p the larger is its average value and, with it, the electron kinetic energy. The 
radius of the atom is the distance at which the sum of potential and kinetic energies is 
minimum.  
Due to its large mass, we consider the proton to be immobile. At the distance r the energy of 
the electron is 

E = p2

2me

−
1
4πε0

qe
2

r
. 

The uncertainty principle dictates  pr = !  and we have E = !2

2mer
2 −

1
4πε0

qe
2

r
. 

To find the minimal radius a we set dE
dr

⎛
⎝⎜

⎞
⎠⎟ a
= 0 = − !

2

mea
3 +

1
4πε0

qe
2

a2
, obtaining 

a = 4πε0!
2

meqe
2 = 52.8  pm , that is the Bohr radius.

5.3. The unperturbed energies for the levels n=2 and n=3 are: E2 =–3.40 eV  and E3=–1.51 eV . 
In the (5.8) the factor depending on j is 1 / ( j +1 / 2) . The difference between its values for 

j=3/2 and j=1/2 is 1
3 / 2 +1 / 2

−
1

1 / 2 +1 / 2
= −

1
2

, and e have En,3/2 − En,1/2 = En
α 2

n
1
2

. 

Finally we obtain E2,3/2 − E2,1/2 = 45.2 µeV  e E3,3/2 − E3,1/2 = 13.4 µeV . 
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5.4. The distance between the vertices is R≈1/∆E, where ∆E is the energy violation at, say, the 
first vertex as computed assuming momentum conservation. In the rest frame of the electron it 

is R0≈1/me, in the CM reference it is R≈1/2Ee≈1/Ee. Their ratio is: R0
R
=
Ee

me

= γ , which is the

Lorentz factor between the two frames, as it must be.  
5.6. At the next to the tree-level order in the t-channel there are the eight diagrams in the 
figure 

Fig. S.3 
There are as many diagrams in the s-channel. The last one is 

Fig. S.4 

5.7. 145 nb, 9.1 nb, 0.97 nb e 0.01 nb, (1+ cos2θ( )sinθdθ
π /2

π

∫ / (1+ cos2θ( )sinθdθ
0

π

∫ = 1 / 2 .

5.8. σmψ
e+e– → µ+µ–( ) = 12π

mψ
2

Γe
2

Γ2 =
12π

3.097( )2 5.9 ×10−2( )2
× 389 µb/GeV-2( ) = 5.3 µb .

σmψ
e+e– → hadrons( ) = σmψ

e+e– → µ+µ–( ) 87.7%
5.9%

= 84 µb .

5.9. From (4.67) we have σ µµ E( )∫ dE =
6π 2Γµ

2

mϒ
2Γ

= 8 nb MeV=2.08 ×10–11  MeV–1 .

Γµ
2 =

mϒ
2 MeV2( )Γ MeV( )

6π 2 × 2.08 ×10–11  MeV–1 = 1.7 ×10–6  MeV2 , that gives

Γµ = 1.3 keV  and Γh = Γµ ×
310
8

= 50 keV .

5.12. The two contributions are proportional to zq = 3
4
9
2 + 1

9
2⎛

⎝⎜
⎞
⎠⎟
= 3.3  and to zl = 3 . Their

ratio is zq / zl = 1.1 . 
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5.13. 
1. The reaction is γ +16 O→ e+ + e− +16 O

The CM energy squared is s = Eγ + mO( )2 − pγ2 = mO
2 + 2mOEγ . The threshold condition is

s = 2me + mO( )2 ! mO
2 + 4memO . Hence Eγ = 2me = 1.02 MeV

2. The reaction is γ + e− → e+ + 2e− .

The CM energy squared is s = Eγ + me( )2 − pγ2 = me
2 + 2meEγ . The threshold condition is

s = 9me
2 . Hence Eγ = 4me = 2.04 MeV .

3. The reaction is γ + p→ µ+ + µ− + p .

The CM energy squared is s = Eγ + mp( )2 − pγ2 = mp
2 + 2mpEγ . The threshold condition is

s = 2mµ + mp( )2 ! mp
2 + mµ

2 + 2mµmp . Hence Eγ = 2mµ +
mµ

2

2mp

= 2 ×106 + 1062

2 × 938
= 224 MeV .

4.  mee
2 = E+ + E−( )2 − p+ − p−( )2 = 2me

2 + 2 E+E− − p+ p− cosθ( ) ! 2me
2 + 2E+E− 1− cosθ( ) . The

minimum mass of the pair is for opening angle θ=0 and its value is 2me . 

5.14. In the case of the electron the Bohr radius is ae =
4πε0!

2

qe
2me

=
!

αme

= 53 pm , which is

inversely proportional to the electron mass. To be precise, the reduced mass must be 
considered. The reduced mass of a system composed by a proton and a particle of mass m 

is                          mR ≡
mmp

m + mp

. We have: mRµ = 95 MeV , mRπ = 121 MeV , mRK = 325 MeV ,

mRp = 469 MeV  and aµ = ae
me

mRµ

= 280 fm , aπ = 220 fm , aK = 82 fm , ap = 56 fm .

b) It is 13.6 eV for an electron and is proportional to the (reduced) mass. Hence

13.6121
0.5

= 3.3 keV .

5.15. The two pions in the final state have l=1; the spatial wave function is odd. The total wave 
function must be even, hence their isospin must be Iππ=1. The decay violates the isospin by 
ΔI = 1. Moreover Iz is conserved.  The decay cannot be strong, but can be electromagnetic. 
5.17. 

(a) C η( ) = C ππ( )C γ( )  or + = −C ππ( ) , hence C ππ( ) = −  and lππ=odd, with minimum value

=1. The total wave function must be even. Being the spatial part odd, the isospin part must be
odd, hence Iππ=1. The isospin violation is ΔI =1.
(b) C ω( ) = C ππ( )C γ( )  or − = −C ππ( ) , hence C ππ( ) = +  and lππ=even, with minimum value

=0. Being the spatial part even, the isospin part must be even, hence Iππ=0 or 2. Electromagnetic
interaction has ΔI =0 or 1. Hence Iππ=0 only.
(c) As (b) but with Iππ=0 and 2 both allowed.
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A π 0π 0  cannot be in I , Iz = 1,0 : η→π 0π 0γ  forbidden, ω →π 0π 0γ  allowed, ρ0 →π 0π 0γ

allowed. 

5.18. From the data of the problem we obtain R ≡ J /ψ → ρ0π 0

J /ψ → ρπ
= 0.33 ± 0.05 .

With the help of the tables of the Clebsch-Gordan coefficients we have R=1/3 for I=0, R=0 for 
I=1 and R=2/3 for I=2. Hence I=0.  
5.19. 
(a) s = Eγ + Ee( )2 − pγ + pe( )2 = me

2 + 2EγEe − 2pγ ipe = me
2 + 2EγEe ,

because, in average pγ ⋅pe = 0

And s = Eγ FT + me( )2 − pγ FT2 = me
2 + 2Eγ FTme

Hence Eγ FT = Eγ

Ee

me

= 0.25 ×10−12 102

0.5 ×10−3 = 5 ×10−8  GeV=50 eV

(b) λ = 1
σρ

=
1

7.9 ×10−30 × 3×108 ! 4.2 ×1020  m

f = Nec
λ
!

1.6 ×1012 × 3×10
4.2 ×1020

8

=1.2 s-1

(c) The kinematics is the same as that of problem 2.4

Eγ f =
s − me

2

2 ET − pT( )

ET − pT !
me

2

2Eei

+ 2Eγ i !
me

2

2Eei

=
0.52 ×10−6

2 ×102 = 1.25 ×10−9  GeV

s − me
2 = 4Eγ iEei = 4 × 0.25 ×10−12 ×102  GeV2 = 10−10  GeV2

Eγ f =
s − me

2

2 ET − pT( )
=

10−10

2.5 ×10−9 = 4 ×10−2  GeV=40 MeV

6.2. The first case is below charm threshold, hence R(u, d, s)=2; the second case is above the 
charm threshold and below the beauty one, hence R(u, d, s, c)=10/3=3.3 
6.3. Assuming a typical momentum transversal to the jet of 1 GeV, the opening angle is 

2 1
s / 2

= 0.2 = 11.5˚ .

The ratio of the counting rates is, from (6.8), 1+ cos
2 90˚

1+ cos2 30˚
= 0.57 .

6.4.ν = Q2

2mpx
= 62.5 GeV , E ' = E −ν = 37.5 GeV .

6.5. From (6.12) with W=mp, 2mpν = Q
2  follows and then from (6.16) we have x=1. Using

(6.11) we then obtain 2mpν = Q
2 = 2EE ' 1− cosθ( ) , and then (1.60) because ν = E − E ' .

6.6. νµ + d→ µ– + u; νµ + s→ µ– + u; νµ + u→ µ+ + d;
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νµ + d → µ+ + u; νµ + s → µ+ + u; νµ + u → µ− + d .

6.8. For every x, the momentum transfer Q2 varies from a minimum to a maximum value when 
the electron scattering angle varies from 0˚ to 180˚. From Eq. (6.11) and (6.14) that are valid in 

the L frame and (6.16) we obtain Q2 =
2E2 1− cosθ f( )

1+ E
xmp

1− cosθ f( )
. 

Clearly, we have Q2=0 in the forward direction (θ=0). The maximum momentum transfer is for 

background scattering (θ=180˚), i. e. Qmax
2 =

4E2

1+ 2E
xmp

! 2Exmp . 

For E=100 GeV, x=0.2 we have Qmax
2 = 37.5 GeV2 , corresponding to a resolving power of 32

am. 

6.9. s ! 2 EpEe = 313.7 GeV ; Ee, f =
s

2mp

= 52.4 TeV . This is also the energy of the

electron in the rest frame of the proton. We shall now work in this frame and use the results of 
the problem 6.8. 
The maximum momentum transfer is for a given x is  Qmax

2 ! 2Ee, f xmp .
We have for x=0.4 Qmax

2 = 4.2 ×104  GeV2 , for x=0.1 Qmax
2 = 104  GeV2  and for x=0.01

Qmax
2 = 103  GeV2 . The resolving power at x=0.4 is 1 am, about one thousands of the proton

radius. 

6.10. We write (5.37) with µ2 = mZ
2  and α−1 mZ

2( ) = 129 , as α−1 Q2( ) = 129 − 0.71× ln Q2

mZ
2

⎛

⎝⎜
⎞

⎠⎟
.

Hence, α−1 102( ) = 132 , α−1 1002( ) = 129 .

Eq. (6.69) with nf=5 gives: α s
−1 Q2( ) = 33−1012π

ln
Q 2

λQCD
2

⎛

⎝
⎜

⎞

⎠
⎟ = 0.61× ln

Q 2

0.04
⎛

⎝
⎜

⎞

⎠
⎟ . 

Hence α s
−1 102( ) = 4.8  and α s

−1 1002( ) = 7.6 .

The ratios are α s 10
2( ) /α 102( ) = 27.5  and α s 100

2( ) /α 1002( ) = 16.9 .
6.11. Λc

+ = udc . (a) violates charm, (b) D− = dc  OK, (c) D0 = uc , charm conserved but

electric charge violated, (d) Ds
− = sc , charm conserved but strangeness violated

6.12. Since S=–2 two quarks must be s, Since Q=0 the third must be u. The particle is ssu. Its 
isospin is I=1/2, with third component Iz=+1/2. It may be Ξ˚ (spin 1/2) or Ξ*˚ (spin 3/2). 

6.13. The colour wave function is 1
6
RGB − RBG +GBR −GRB + BRG − BGR[ ] , which is

completely antisymmetric. Since the space wave function is symmetric, the product of the spin 
and isospin wave functions must be completely symmetric for any two-quark exchange.  The 
system, uud, is obviously symmetric in the exchange within the u pair. Consider the ud 
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exchange. The totally symmetric combination uud+udu+duu has isospin 3/2 and is not the 
proton. 
The isospin 1/2 wave function contains terms that are antisymmetric under the exchange of the 
second and third quark, like uud–udu. We obtain symmetry by multiplying by a term with the 
same antisimmetry in spin, namely (↑↑↓–↑↓↑). We thus obtain a term symmetric under the 
exchange of the second and third quarks: 
u ↑( ) u ↑( ) d ↓( ) − u ↑( ) d ↑( ) u ↓( ) − u ↑( ) u ↓( ) d ↑( ) + u ↑( ) d ↓( ) u ↑( ) . 

Similarly for the first two quarks we have 
u ↑( ) u ↑( ) d ↓( ) − d ↑( ) u ↑( ) u ↓( ) − u ↓( ) u ↑( ) d ↑( ) + d ↓( ) u ↑( ) u ↑( ) . 

and for the first and third 
d ↓( ) u ↑( ) u ↑( ) − u ↓( ) d ↑( ) u ↑( ) − d ↑( ) u ↓( ) u ↑( ) + u ↑( ) d ↓( ) u ↑( )  

In total we have 12 terms. We take their sum and normalise, obtaining 
1
12
[2 u ↑( ) u ↑( ) d ↓( ) + 2 d ↓( ) u ↑( ) u ↑( ) + 2 u ↑( ) d ↓( ) u ↑( ) − u ↑( ) d ↑( ) u ↓( ) −

− u ↑( ) u ↓( ) d ↑( ) − d ↑( ) u ↑( ) u ↓( ) − u ↓( ) u ↑( ) d ↑( ) − u ↓( ) d ↑( ) u ↑( ) − d ↑( ) u ↓( ) u ↑( )]
 

that is, as required, completely antisymmetric for the exchange of any pair.  
6.18. Λb

0 = udb . (a) violates beauty and strangeness, (b) violates beauty and charm, (c) 
B0 = db , OK; (d) Σb

− = ddb , B+ = ub  OK; (e) Σb
+ = uub , B− = ub , violates beauty.  

6.19. The energy of the scattered electron is E ' = E

1+ E
M
1− cosθ( )

, where M is the target mass.  

1. If the target is a proton E ' = 1

1+ 1
0.938

1− cos 40˚( )
=

1

1+ 1
0.938

0.23
= 0.80 GeV  

2. If the target is a He nucleus E ' = 1

1+ 1
4

0.23
= 0.94 GeV  

3. If the target is iron E ' = 1

1+ 1
56

0.23
= 0.996 GeV  

6.20 
a) 

 
s ! 2 EpEe = 300 GeV  

b) Q2 = 4EeEe
' sin2 θ

2
= 4 × 28 × 223× sin2 60˚= 18732 GeV2  

The four-momentum of the initial proton is Pµ = Ep ,Pp  and the four-momentum transfer 

qµ = Ee
' − Ee( ), pe' - pe( )  and their (invariant) product 

 

Pµq
µ = Ep Ee

' − Ee( ) − pe' – pe( )Pp = Ep Ee
' − Ee( ) − pe'Pp cos 180˚−θ( ) + pePp cos 180˚( ) !

! Ee
' Ep − 2Ee( ) + Ee

'Ep cosθ = 223× 820 − 2 × 28( ) + 223× 820 × cos120˚= 78942 GeV2
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and x = Q2

2Pµq
µ =

18732
2 × 78942

= 0.11 

ν =
Pµq

µ

mp

=
78942
0.938

= 84160 GeV2  

W = mp
2 + 2mpν −Q

2 = 0.9382 + 2 × 0.938 × 84160 −18732 = 6.5 ×104  GeV2 = 250 GeV( )2  

6.21. The energy of the beam is E = E '

1− E '
mp

1− cosθ( )
. We have 

E = 12

1− 12
0.938

1− cos20˚( )
= 52.5 GeV  

6.22.  
a) The maximum transfer is for background scattering, namely θ=0. In this case (6.26) with 

(6.11) gives Qmax
2 = 4EE ' =

4E2mp

mp + 2E
. 

With E=15, GeV, Qmax
2 = 27.3 GeV2  

From (6.31) we have the energy transfer to the proton E − E ' = Qmax
2

2mp

, which is the proton recoil 

kinetic energy Ek ,rec =
Qmax

2

2mp

=
27.3

2 × 0.938
= 14.5 GeV  

b) We have now 
 
Qmax

2 =
4E2MFe

MFe + 2E
! 2E( )2

= 0.04 GeV2 , as one would obtain just neglecting 

the recoil energy. This is given by Ek ,rec =
Qmax

2

2MFe

=
0.04

2 × 0.938
= 21 MeV , which is really a small 

fraction of the total recoil energy.  
6.23.  

a) The exchanged gluon is g2 = RB ; the colour charges are 
α s

2
⎛

⎝
⎜

⎞

⎠
⎟

α s

2
⎛

⎝
⎜

⎞

⎠
⎟ =

α s

2
 

b) The exchanged gluon is g2 = RB ; the colour charges are 
α s

2
⎛

⎝
⎜

⎞

⎠
⎟ −

α s

2
⎛

⎝
⎜

⎞

⎠
⎟ = −

α s

2
 

c) There are two possible gluons to be exchanged: g7 =
1
2
RR −GG( )  and 

g8 =
1
6
RR +GG − 2BB( ) ; the colour charges are 

α s

2
1
2

⎛

⎝
⎜

⎞

⎠
⎟ −

α s

2
1
2

⎛

⎝
⎜

⎞

⎠
⎟ = −

α s

2
1
2

 and 

α s

2
1
6

⎛

⎝
⎜

⎞

⎠
⎟ −

α s

2
1
6

⎛

⎝
⎜

⎞

⎠
⎟ = −

α s

2
1
6

. In total −α s

2
2
3

. 

d) Force between two quarks is repulsive, between a quark and an antiquark is attractive 
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6.24.  

a) The exchanged gluon is g6 = BG ; the colour charges are 
α s

2
⎛

⎝
⎜

⎞

⎠
⎟

α s

2
⎛

⎝
⎜

⎞

⎠
⎟ =

α s

2
. 

b) There are two possible gluons to be exchanged: g7 =
1
2
RR −GG( )  and 

g8 =
1
6
RR +GG − 2BB( ) ; the colour charges are −

α s

2
1
2

⎛

⎝
⎜

⎞

⎠
⎟

α s

2
1
2

⎛

⎝
⎜

⎞

⎠
⎟ = −

α s

2
1
2

 and 

α s

2
1
6

⎛

⎝
⎜

⎞

⎠
⎟ −

α s

2
1
6

⎛

⎝
⎜

⎞

⎠
⎟ = −

α s

2
1
6

. In total −α s

2
2
3

 

c) There are two possible gluons to be exchanged: g7 =
1
2
RR −GG( )  and 

g8 =
1
6
RR +GG − 2BB( ) ; the colour charges are −

α s

2
1
2

⎛

⎝
⎜

⎞

⎠
⎟

α s

2
1
2

⎛

⎝
⎜

⎞

⎠
⎟ = −

α s

2
1
2

 and 

α s

2
1
6

⎛

⎝
⎜

⎞

⎠
⎟ −

α s

2
1
6

⎛

⎝
⎜

⎞

⎠
⎟ = −

α s

2
1
6

. In total −α s

2
2
3

. 

d) Force between two quarks is repulsive, between a quark and an antiquark is attractive 
6.26. Being the colour wave function symmetric, the product of the spin and space wave-
functions must be symmetric.  
The total spin and the corresponding symmetry are: S=0 symmetric, S=1 antisymmetric, S=2 
symmetric.  
The total orbital momentum can be L=0 symmetric, L=1 antisymmetric 
Hence the following combinations are possible S, L = 0,0 or 1,1 or 2,2 
Recall that P = −1( )L , C = −1( )L+S . 

For S=0, L = 0, we have J PC = 0++  
For S=1, L = 1, we have J PC = 0−− , J PC = 1−+  and J PC = 2−−  
For S=2, L = 0, we have J PC = 2++  
For S=2, L = 2, we have J PC = 0++ , J PC = 1++ , J PC = 2++ , J PC = 3++ , J PC = 4++ . 
6.27. The energy of the χc is: Eχc

= mψ − Eγ  and its momentum pχ = pγ . Hence its mass is 

mχ = mψ − Eγ( )2
− pγ

2 = mψ
2 − 2mψEγ = 3.6862 − 2 × 0.26 × 3.686 = 3.42 GeV  

The photon emission brings out JP=1–. Hence the parity of the of the χc is + and possible values 
of its spin are J = 0, 1, 2. However, χc is observed to decay into π+π–, a system that can have 
JPC=0++, 1--, 2++. We are left with the two possibilities: JPC=0++, 2++. The G-parity of the π+π– 
system is +. From G = C −1( )I  we find that the isospin of the χc may be I=0 or I=2. However, 
the decay of the ψ is an electromagnetic process, hence ΔI = 0,1. In conclusion Iχc = 0 . 
6.28. The states are: 1P1:   J

PC = 1+− , 3P0 :   J PC = 0++ , 3P1:   J
PC = 1++ , 3P2 :   J PC = 2++  

Form the solution of problem 6.10 the three triplet states can decay into two gluons. The 
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singlet decays into three gluons.  
 
7.1. K *+ → K 0 + π + . We start by writing the valence quark compositions of all the particles, i. 
e. us( )→ ds( ) + ud( )  and then draw the diagram [figure a)]. Since it is a strong process we do 

not draw any gauge boson. 

 
Fig. S.5 

n→ p + e− + νe . It is a weak process. In order to draw the diagram we consider two steps: the 
emission of a W, udd( )→ udu( ) +W −  and its decay W − → e− + νe . [figure b)] 
π + → µ+ + νµ . We have ud →W +  followed by W + → µ+ + νµ . [figure c)] 

7.2. π + ud( )→π 0 uu( ) + e+ + νe  [figure a)]. ρ+ ud( )→π˚ uu( ) + π + ud( )  [figure b)]. 

K 0 (ds )→π− du( ) + π + ud( )  [figure c)]. K 0 (ds )→π− du( ) + π + ud( )  [figure c)].  

Λ uds( )→ p udu( ) + e− + νe  [figure d)]. 

 
Fig. S.6 

7.4. L = 630 µm. 
7.5. Γ τ → eνeντ( ) / Γ µ→ eνeνµ( ) = mτ

5 / mµ
5 = 1.33×106 ,  

and ττ =
2.2 ×10−6 × 0.16

1.35 ×106 = 2.6 ×10–13  s . 

7.6. Lepton universality gives σ e+e− → τ +τ −( ) = σ e+e− → µ+µ−( ) = 86.8 nb
s(GeV2 )

 , i. e. 0.87 nb at 

10 GeV and 8.7 pb at 100 GeV. 
7.8. a) νµ + p→ µ– + p + π + ; b) νµ + n→ µ– + n + π +  and νµ + n→ µ– + p + π 0 . 

Both µ+→e++γ   and µ+→e++e++e– violate lepton and muon flavour. They do not exist.  
7.9. The quantity pΛ . σ Λ is a pseudoscalar. It must be zero if parity is conserved, therefore the 
polarisation must be perpendicular to pΛ. 
7.10. We work in the CM frame. We can use two kinematic quantities, the muon momentum p 
that is a vector, and the muon polarisation σ  that is an axial vector. The quantity p .σ  is a 
pseudoscalar. If we find that the polarisation is not perpendicular to the momentum, parity is 
violated.  
7.12. The minimum momentum of the electron is zero, with the two neutrinos emitted with the 
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same and opposite momenta. The maximum electron momentum is when the two neutrinos 
have equal momenta, opposite to the electron momentum. Let us think at the process as a decay 
into two bodies, the electron and the two-neutrino system. The mass of the latter is m2ν=0 and, 

recalling problem 1.11, we have pe =
mµ

2 − me
2

2mµ

= 53 MeV . 

7.13. The neutrino flux through a generic normal surface S is Φ=Nν/S. The corresponding target 
is a cylinder of section S and length 2R. Its mass is M=ρS2R, containing Nb=MNA103= 
ρS2RNA103 nucleons. Therefore the number of interactions is  
R = ΦNbσ = Nνρ2RNA10

3σ = 25.2  

7.14. σ νµe
− → νµe

−( ) ≈ GF
2

π
2meEν  and σ νµN→ µ−h( ) ≈ 0.2 × GF

2

π
2mpEν . Therefore we have 

σ νµN→ µ−h( ) /σ νµe
− → νµe

−( ) ≈ 0.2mp / me = 400 . 

We must now be careful with the measurement units.  We have 
σ νµe

− → νµe
−( )

Eν
≈
GF

2

π
2me =

1.17 ×10−5  GeV–2( )2
× 2 × 0.5 GeV

3.14
= 0.43×10−13  GeV–3 , 

which we write as 
0.43×10−13  GeV–2 / GeV= 0.43×10−13  µb( ) / GeV=0.017 fb / GeV . 

Finally we have σ νµN→ µ−h( ) / Eν ≈ 400 × 0.017 fb / GeV=6.8 fb / GeV . 

7.16. In order to have a rate R=1/84600, we need N71 =
R

Φ×σ × ε
= 1029  71Ga nuclei, 

corresponding to Nmoli = N71 / NA = 1.7 ×10
5  moles. The 71Ga mass is 

M 71 = Nmoli ×10−3 × 71  kg = 12 t  and the total Ga mass is M = M 71 / a = 30 t . 

7.17. The electron numerical density in iron is ne =
Z
A
ρNA103 ≈ 2.2 ×1030  m-3 . Therefore the 

average distance between collisions is L = 1
neσ

= 2.7 ×1014  m . The corresponding time is 

about 106 s. For comparison, 1 A.U.≈1.5×1011 m, hence L ≈ 1800 A.U. 
7.18. The decay c→d +e++νe is disfavoured because its amplitude is proportional to sinθC. The 
decay c→s+e++νe is favoured because its amplitude is proportional to cosθC. We write down 
the valence quark compositions: D+ = cd , K + = us , K − = su , K 0 = sd . Consequently the 
decays of D+ in final states containing a K– orK 0  are favourite. For example, 
D+ → K − + π + + e+ + νe , D+ → K 0 + e+ + νe , D+ → K *0 + e+ + νe  are favoured. D+→π–

+π++e++νe, D+→π0+π+ and D+→ρ0 + e++νe are disfavoured. 
7.19. B+ = ub;  D0 = uc;  D− = dc .  
Three favourite decays are B+ → D0 + π +;  B+ → D− + π + + π +;  B+ → D0 + e+ + νe . 
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Fig. S.7 

7.20. Being Vtb very near to 1, the dominant decay is t→ b W. There are seven diagrams 

 
Fig. S.8 

7.21. We count the different decay channels. We need only to consider the type of particle. The 
three semileptonic decays b→ c + l + ν l  have the same rate. The sum of the rates of 
b→ c + u + d  and b→ c + u + s  is again the same, multiplied by three because of the colours. 
The same is true for the sum of b→ c + c + d  and b→ c + c + s . 

Summing up we have 
Γ b→ c + e− + νe( )

Γ b→ c( )
=

1
1+1+1+ 3+ 3

≈ 0.1 . 

7.22. We approximate the semileptonic decay of the D+ hadron with the decay of the quark 
c→ se+νe . Then we have 

Γ c→ s + e+ + νe( ) / Γ µ+ → e+νeνµ( ) = mc / mµ( )5 cos2θC = 2.1×105 , with an uncertainty of at 

least 35% due to the 7% uncertainty on mc. The experimental value is 1.6×105. 
7.23. We start by writing the valence quark contents of the hadrons, we then identify the decay 
at the quark level and which quark acts as a spectator. 
1. At the hadron level we have cd → sd + ud  and at the quark level c→ sud  with a 

spectator d . The decay rate is proportional to  Vcs
2 Vud

2
! cos4θC . 

2. At hadron level it is cd → us + sd  and at the quark level it is c→ sus  with a spectator 
d . The decay probability is proportional to  Vcs

2 Vus
2
! sin2θC cos

2θC ; 

3. The π0 has a uu  and a dd  component. The decay picks up the latter. At hadron level it 
is cd → us + dd  and at the quark level it is c→ dus  with a spectator d . The decay 
probability is proportional to  Vcd

2 Vus
2
! sin4θC . 

7.24. Let us consider the valence quarks of the hadrons. The decay 
Σ– dds( )→ n ddu( ) + e– + νe  corresponds to s→ u + e– + νe  at the quark level, with two ds as 
‘spectators’. The decay  Σ+ uus( )→ n ddu( ) + e+ + νe  does not correspond to u→ d + e+ + νe  
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because an initial s should transform into a final d. It is a violation of the ∆S=∆Q rule. 
7.25. 1. bd→ cd + ud ⇒ b → cud ; the decay rate is proportional to Vcb

2 Vud
2 ; 

2. bd→ cd + us ⇒ b → cus ; the decay rate is proportional to Vcb
2 Vus

2 ; 

3. bd→ ud + us ⇒ b → uus ; the decay rate is proportional to Vub
2 Vus

2 ; 

4. bd→ ud + ud ⇒ b → uud ; the decay rate is proportional to Vub
2 Vud

2 . 

The decreasing order is 1, 2, 4 and 3. 

7.26. In the rest frame of the pion pµ
* = pν

* =
mπ

2 − mµ
2

2mπ

= 30 MeV  and Eµ
* = 110 MeV . The

Lorentz factors to the laboratory frame are γ=3.84 and β=0.97. From the Lorentz 
transformation pµ cosθ = γ pµ

* cosθ *+γβEµ
* ; we see that the minimum and maximum µ

momentum are for θ*=0 and θ*=π. We have pµ,max = γ pµ
* + βEµ

*( ) = 525 MeV  and

pµmin = γ − pµ
* + βEµ

*( ) = 295 MeV .

The neutrino is a left νµ. 
7.27. The number of target electrons necessary for the interaction rate R is 

Ne =
R

Φ×σ × 0.5
=

10 / 84600
1010 ×10−47 × 0.5

= 2.4 ×1033 . The number of electrons in the water mass

M is Ne =
10
18

MNA10
3 . Therefore we need M=7200 t.

7.28. There are nFe = ρ × NA103 / A = 1017 × 6 ×1023 ×103 / 56 = 1.1×1042  m–3  nucleons per

unit volume. Consequently the mean free path is λν =
1

nFeσ
=

1
1.1×1042 × 3×10−46 = 3 km .

This distance is smaller than the radius of the supernova core. 
7.29. 

1. νµ + p→ e+ + n .

2. At threshold s = me + mn( )2 = Eν + mp( )2 − pν2 = mp
2 − 2meEν , giving

Eν =
me + mn( )2

− mp
2

2mp

=
0.51+ 939.6( )2

− 938.32

2 × 938.3
= 1.8 MeV .

3. The muon decay is µ+ → e+ + νe + νµ  can be considered as the “two-body” decay

µ+ → e+νe( ) + νµ  and we have in the m+ rest frame, Eνµ =
mµ
2 + mνµ

2 − meνe
2

2mµ

=
mµ
2 − meνe

2

2mµ

, which 

is maximum when the e+νe( )  mass is minimum, namely when meνe
= me + mνe

= me . Hence

Eνµ
max =

mµ
2 − me

2

2mµ

!
mµ

2
= 53 MeV .

7.30. Σc
++ uuc( )→ Σ+ uus( )π +;   Σ+ uus( )→ p uud( )π 0 .
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Ξc
+ usc( )→Ξ0 uss( )π +;   Ξ0 uss( )→ Λ uds( )π 0;   Λ uds( )→ p udu( )π − . 

Notice that Ξ0 uss( )→ Σ+ uus( )π −  is forbidden by energy conservation. 
Ωc

0 ssc( )→Ω− sss( )π +;   Ω− sss( )→Ξ0 uss( )π −;   Ξ0 uss( )→ Λ uds( )π 0;   Λ uds( )→ p udu( )π −  
7.31. Σb

+ uub( )→ Σc
++ uuc( )π −;   Σc

++ uuc( )→ Σ+ uus( )π +;   Σ+ uus( )→ p uud( )π 0 . 
Ξb
− dsb( )→Ξc

0 dsc( )π −;   Ξc
0 dsc( )→Ξ− dss( )π +;   Ξ− dss( )→ Λ dus( )π −;   Λ dus( )→ p udu( )π −

Λb
0 udb( )→ Λc

+ udc( )π 0;   Λc
+ udc( )→ Λ0 uds( )π +;   Λ0 uds( )→ n udd( )π 0 . 

7.32. The decay Σ− → Λ + e− + νe  is Cabibbo favoured (rate proportional to cos2θC ) while 
Σ− → n + e− + νe  is Cabibbo suppressed (rate proportional to sin2θC ) , however the Q-value is 
only 82 MeV in the first case and 257 in the second and the phase space volume is 
consequently much larger.  

8.1. From isospin conservation we have φ = 0,0 =
1
2
K + K − −

1
2
K 0 K 0 . 

Therefore φ → K 0K 0 /φ → K +K – = 1 . The ratio of the phase space volumes is 
p±
* / p0

* = 127 /110 = 1.15 . 
The two mesons are in P wave, i. e. in a spatially antisymmetric state. Consequently they 
cannot be identical. The only possibility is K1

0K2
0 . 

8.2. We start by preparing a table with the quantum numbers of the initial states 
 1S0 3S1 1P0 3P0 3P1 3P2 

PPC 0– + 1– – 1+  – 0+ + 1+ + 2+ + 
The two-meson final state can have JPC=0++, 1––, 2++, leaving as possible initial states 3S1, 3P0, 
and 3P2. The state K1

0K1
0  contains two identical bosons, which must have even orbital 

momentum, leaving 3P0, and 3P2 as possible initial states. The orthogonal state K1
0K2

0  must 
come from 3S1. 
8.3. The reaction π – + p→ K 0 + Λ  produces a pure K0 state. Therefore the ratio betweenK1

0  
and K2

0  is initially one. 
The Lorentz factors are γ = E / m ≈ p / m = 20  and β ≈ 1 , hence 

IS l( ) = I0 exp −
t
γτ S

⎛

⎝⎜
⎞

⎠⎟
= I0 exp −

l
βcγτ S

⎛

⎝⎜
⎞

⎠⎟
;   IL l( ) = I0 exp −

t
γτ L

⎛

⎝⎜
⎞

⎠⎟
= I0 exp −

l
βcγτ L

⎛

⎝⎜
⎞

⎠⎟
. 

Is l( )
IL l( )

= exp −
l

βcγ
1
τ S

−
1
τ L

⎛

⎝⎜
⎞

⎠⎟
⎡

⎣
⎢

⎤

⎦
⎥ = exp −18.7( ) = 7.6 ×10−9 . 

8.4. γ = E / mK = 4.05  and β = 0.97 ; t = γτ ln10 = 1.1×10−7  s  and d = βct  = 32  m . 
8.5. In the reaction π – p→ K 0 + X , X must have B=1, Q=0, S=–1. It is a hyperon. The 
minimum mass one is the Λ. In the reaction π – p→ K 0 +Y , Y must have B=1, Q=0, S=+1. The 
minimum mass system is K0n. The two threshold energies are 

Eπ =
m

K 0 + mΛ( )2
− mp

2 − mπ
2

2mp

= 910 MeV  and Eπ =
2m

K 0 + mn( )2
− mp

2 − mπ
2

2mp

= 1520 MeV . 
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8.6. For the K0 component the channel with the lowest threshold is K 0 p→ K 0 pπ 0 . Its 

threshold energy is EK =
m

K 0 + mp + mπ 0( )2
− m

K 0
2 − mp

2

2mp

= 714 MeV , corresponding to 

p
K 0 = 511 MeV . Only the elastic channel is therefore open at pK 0 = 400 MeV . 

The initial state K 0  has strangeness S=–1 in the final state we can have a hyperon. The masses 
of all the systems π 0Λ , π 0Σ0 , π +Σ–  and π −Σ+  are smaller than mK 0

+ mp . Therefore these 
channels are open even at zero initial momentum. Consequently the K 0 p  cross section is much 
larger than that of K0p. 

8.7. The first B lived n = l
βγτ Bc

=
120  µm
257  µm

= 0.47  lifetimes, the second one 1.9 lifetimes. The 

µ+ comes from a b  decay (as opposite to a b decay) therefore the hadron is a B0. The sister B 
has negative beauty at production but can have any beauty at decay, due to the oscillation. 
Therefore the second µ can have both signs. 
8.8. The time needed is 1041  cm–2( ) / 1034 cm–2s–1( ) = 107  s . However, the real running time is 

much longer. 
The initial isospin is I=0, B-mesons have I=1/2. Consequently, the square of the Clebsch 
Gordan coefficient for the B0B0  final state is 1/3. The effective B0B0  production cross section 

is σ B0B0( ) = 1
3

87 nb
s

ΔR = 1
3

87 nb
(10.6)2 3 = 0.77 nb . The number of B0B0  pairs is 77×106. 

The average separation between production and decay is ∆z≈260 µm. 
8.9. We invert the system of equation (8.32), i. e. 2 KL

0 = 1+ ε( ) K 0 + 1− ε( ) K 0  and the 

corresponding one for KS
0 , i. e. 2 KS

0 = 1+ ε( ) K 0 − 1− ε( ) K 0 , taking into account that 
ε  is small.  

We obtain 2 K 0 = 1− ε( ) KS
0 + 1− ε( ) KL

0  , 2 K 0 = 1+ ε( ) KS
0 − 1+ ε( ) KL

0 . The 

decay amplitudes can be written as 
2A K 0 →π +π −( ) = 1+ ε( ) A KS

0 →π +π −( ) − A KL
0 →π +π −( )⎡⎣ ⎤⎦ = A KS

0 →π +π −( ) 1+ ε( ) 1−η+−( )
and similarly 2A K 0 →π +π −( ) = A KS

0 →π +π −( ) 1− ε( ) 1+η+−( ) . We finally obtain 

A K 0 →π +π −( )
A K 0 →π +π −( )

=
1+ ε( ) − 1+ ε( )η+−

1− ε( ) + 1− ε( )η+−

=
1+ ε( ) − 1+ ε( ) ε + ε '( )
1− ε( ) + 1− ε( ) ε + ε '( )

≈ 1− 2Reε '  

8.10. Following solution 8.9 we have 
A K 0 →π 0π 0( )
A K 0 →π 0π 0( )

=
1+ ε( ) − 1+ ε( ) ε − 2ε '( )
1− ε( ) + 1− ε( ) ε − 2ε '( )

≈ 1+ 4Reε ' . 
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8.11. η00
η+−

2

=
1− 2 ε '

ε

2

1+ ε '
ε

2 =
1− 2Re ε '

ε
⎛
⎝⎜

⎞
⎠⎟

2

+ 4 Im ε '
ε

⎛
⎝⎜

⎞
⎠⎟

2

1+ Re ε '
ε

⎛
⎝⎜

⎞
⎠⎟

2

+ Im ε '
ε

⎛
⎝⎜

⎞
⎠⎟

2 !
1− 4Re ε '

ε

1+ 2Re ε '
ε

. And finally 

 

η00
η+−

2

! 1− 4Re ε '
ε

⎛
⎝⎜

⎞
⎠⎟
1− 2Re ε '

ε
⎛
⎝⎜

⎞
⎠⎟
! 1− 6Re ε '

ε
. 

8.12. If CP is conserved, in the decay K2
0 →π +π −π 0  L=l=0. The spatial wave-function of the

dipion is even. The total must be even. Consequently, the isospin wave function of the dipion 
must be even, hence Iππ =0 or Iππ =2.  
In the decayK1

0 →π +π −π 0 , L=l=odd. The isospin wave function of the dipion must be odd,
hence Iππ =1 or Iππ =3. 
9.1. The requested interaction rate is R=1/(4×Δt)=42/s. On the other hand we have R=ΦσNe

The number of electrons is 1/2 of the number of nucleons. Therefore their number in the 

fiducial mass M is Ne =
1
2
MNA10

3 = 1.64 ×1032 . The cross section at Eν=24 GeV is σ=4.1×10–

44 m2 = 0.41 fb. The requested flux is Φ = R / σNe( ) = 1.5 ×1013  s–1m–2  and the beam intensity

I = Φ× A = 1.6 ×1014  s–1 . The duty cycle is 2Δt /T = 0.8 ×10−3 . 
9.2. θe ≤ 2me / Ee = 7 mrad . The accuracy should be at least σθ ≈ 2 − 3 mrad . The

calorimeter must be built with low Z materials to have a small multiple scattering, not with Fe. 
9.3. In the rest frame of the pion the neutrino energy is Eν

* = mπ
2 − mµ

2( ) / 2mπ( ) = 30 MeV .

The Lorentz factors are γ = Eπ / mπ = 1429  and 1− β = 1− 1− γ −2 ≈
1
2
γ −2 = 2.4 ×10–7 .

The neutrino energy in the L frame is Eν = γ Eν
* + β p* cosθ*( ) = γ Eν* 1+ β cosθ*( ) . Its

maximum, for θ*=0 is Eν
max = γ Eν

* 1+1( ) = 1429 × 30 ×10−3  (GeV) 2 = 85.7 GeV . Its minimum
for θ*=π is Eν

min = γ Eν
* 1− β( ) = 10 keV .

We use the Lorentz transformations of the components of the neutrino momentum to find the 
relationship between the angle θ* in CM and θ in L.  
pν sinθ = p* sinθ*;   pν cosθ = γ p* cosθ* + βEν

*( ) ! γ p* cosθ* +1( ) , which gives

tanθ = sinθ*

γ cosθ* +1( )
!

0.05
1429 × 2

= 22 ×10–6 ⇒  θ = 22µrad .

9.4. The quark level main process for neutrinos isνµL + dL → µL
− + uL  and for antineutrinos is

νµR + uL → µR
+ + dL . The kinematics are the same as those in Fig. 9.5. In the first case the

angular momentum is J=0. In the second case it is J=1, with third component (on the incident 
direction) Jz=+1, which is one of the possible three. This gives the factor 3. 
9.7. For each reaction we check whether charge Q and hypercharge Y are conserved. We write 
explicitly the hypercharge values. 
For  W – → dL + uL we have 0     −>1/3–4/3. It violates Y.
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For  W – →uL +u L we have  0→1/3–4/3. It violates Y and Q.
For  Z → W–+W+ we have  0→0+0. OK.   For W + → eR

+ +ν R , 0→1+1, violates Y  . 
9.8. dL →W − + uL  OK.   Z → eL

+ + eL
− violates  Y.    W + → Z + W +  OK.      W + → eL

– +νL  does not 
exist.

9.9. Γν =
GFMZ

3

3 2π
1
2

⎛
⎝⎜

⎞
⎠⎟

2

! 660 ×1 / 4 MeV=165 MeV . 

Γ l =
GFMZ

3

3 2π
−

1
2
+ s2⎛

⎝⎜
⎞
⎠⎟

2

+ s4⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
! 660 × 0.148 ! 98 MeV .

Γu = Γc = 3GFMZ
3

3 2π
1
2
−

2
3
s2⎛

⎝⎜
⎞
⎠⎟

2

+ −
2
3
s2⎛

⎝⎜
⎞
⎠⎟

2⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
! 3× 660 × 0.173 ! 342 MeV .

Γd = Γ s = Γb = 3GFMZ
3

3 2π
−

1
2
+

1
3
s2⎛

⎝⎜
⎞
⎠⎟

2

+
1
3
s2⎛

⎝⎜
⎞
⎠⎟

2⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
! 3× 660 × 0.207 ! 410 MeV .

ΓZ = 3×165 + 3× 98 + 2 × 342 + 3× 410 = 2.7 GeV .

Γh = 2 × 342 + 3× 410 = 1910 MeV;  Γµ / Γh =
98

1910
= 5.1% .

9.10. Γν = 165 MeV ,  Γe ! 83 MeV ,  Γu = Γc ! 275 MeV ,  Γd = Γ s = Γb ! 360 MeV ,
ΓZ = 2374 MeV , Γh = 1630 MeV;  Γµ / Γh = 5.1% .

9.11. The W couples universally to the leptons and to the quarks of each colour. However, it 
cannot decay into tb because its ass is too small. Therefore the open channels are 
W + → e+ + νe;  W + → µ+ + νµ;  W + →τ + + ντ ;  3×W + → u + d ';  3×W + → c + s ' . Neglecting

the masses of the final fermions we evaluate W
+ → e+νe
total

=
1

1+1+1+ 3+ 3
= 0.11.

9.12. gZee
2

gW
2 =

−1 / 2 + s2( )2 + s4
1 / 2

= 0.25  and
Γ Z→ e+e−( )
Γ W → e+νe( )

=
gZee
2

gW
2

MZ
3

MW
3 = 0.25 ×1.45 = 0.36 .

9.13. gZuu
2

gW
2 =

3 1 / 2 − 2s2 / 3( )2 + −2s2 / 3( )2⎡
⎣

⎤
⎦

3×1 / 2
= 0.29  and Γ Z→ uu( )

Γ W → ud( )
=
gZuu
2

gW
2

MZ
3

MW
3 = 0.41 .

9.14. σ ud→ qq( ) = σ ud→ ud '( ) +σ ud→ cs '( ) = 6 × σ ud→ e+νe( ) = 60 nb .

9.15. 
ΓZ = 3Γ l + 2Γu + 3Γd + NΓν = 3× 83+ 2 × 280 + 3× 360 + N ×166 = 1889 + N ×166 .
Γµ

ΓZ

3( ) = 3.48% , 
Γµ

ΓZ

4( ) = 3.25%  and 
Γµ

ΓZ

5( ) = 3.05% .

σ 0
h 3( ) :σ 0

h 4( ) :σ 0
h 5( ) = ΓZ

−2 3( ) :ΓZ
−2 4( ) :ΓZ

−2 5( ) = 1 : 0.87 : 0.77 .

9.16. σ e+ + e– → µ+ + µ–( ) = 12π
mZ

2

ΓeΓµ

Γ2 = 5.4 ×10−6  GeV–2 × 389 µb/GeV–2 = 2.1 nb .

σ uu → qq( )  = 4π
3

1
MZ

2

ΓuΓh

ΓZ
2 = 4 ×10−5 × 389 µb=  16 nb ,
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σ ud → e+νe( ) = 4π
3

1
MW

2

ΓudΓeν

ΓW
2 = 2.3×10−5 × 389 µb = 9 nb .

9.17. The energy of a Z of momentum pZ = 140 GeV  is EZ = 167 GeV  and the Lorentz 
parameters are γ Z = pZ /MZ = 1.54  and βZ = pZ / EZ = 0.84 . In the CM frame the components 
of the momenta of the electrons perpendicular to the beams are pn

*+=–pn
*–=45 GeV, while their 

longitudinal components are zero. It is also E*+=E*–=45 GeV. In the L frame, pn
+=pn

*+=45 GeV, 
pn

–=pn
*–=–45 GeV. The longitudinal momentum and the energy of both the electron and the 

positron are pL = 0 + γ ZβZE* = 58 GeV  and EL = pL
2 + pn

2 + mZ
2 = 117 GeV . Their angles at

the two sides of the beams are θL = tan
−1 pn / pL( ) = 38˚ .

9.18. m2 = 4E1E2 sin2θ / 2 ⇒ m = 92 GeV .

σMZ

MZ

=
1
2

σ E1( )
E1

⎛

⎝⎜
⎞

⎠⎟

2

+
σ E2( )
E2

⎛

⎝⎜
⎞

⎠⎟

2

+
σ θ( )
tanθ / 2

⎛
⎝⎜

⎞
⎠⎟

2

=
1
2
10−2 2.42 + 22 + 0.62 = 1.6% . 

9.19. δMW

MW

=
δ sinθW
sinθW

=
1
2
δ sin2θW
sin2θW

, therefore MW = 80 ± 8 GeV . 

δ sin2θW
sin2θW

=
δ cos2θW
cos2θW

= 2
δ mW / mZ( )
mW / mZ

= 2% .

9.20. The weak interaction strength is proportional to g2/MW
2. 

9.21. The energy squared in the quark-antiquark CM frame is ŝ = xqxqs . Assuming, for the 

sake of our evaluation, xq = xq , we have xq = xq = ŝ / s = MZ / s = 0.045 . The sea quarks 
structure functions are about xd 0.045( ) ≈ xu 0.045( ) ≈ xd 0.045( ) ≈ 0.5xu 0.045( ) .

The momentum fraction of the Z with longitudinal momentum PZ=100 GeV is 
xZ = xq − xq = pZ / pbeam = 0.1 . By substitution into mZ

2 = xqxqs  we obtain mZ
2 = xq xq − 0.1( )s  and

xq
2 − 0.1xq −

mZ
2

s
= 0  or, numerically, xq

2 − 0.1xq − 0.002 = 0 .

Its solution is xq = 0.1± 0.12 + 4 × 0.002 = 0.234 . The other solution is negative and therefore not

physical. 
9.22. R=L σ =1.7×10–4 s–1, i. e. about 14 events a day.

9.23. Γν / ΓZ = 6.6% . From σ 0 =
12π
MZ

2

ΓhΓe

ΓZ
2  we have ∆σ 0 /σ 0 = 2∆ΓZ / ΓZ = 13% . 

9.24. The measurable quantity that is most sensitive to the invisible width is the hadronic cross 
section at the peak. We have already calculated in problem 9.15 that σ 0

h 3( ) :σ 0
h 4( ) = 1 : 0.87 .

For a five standard deviation effect we need a statistical uncertainty of 0.13/5=2.6%. The 
corresponding number of events is given by N / N = 0.026 , about 1500 events. 
9.25. R for 3, 4 and 5 neutrinos is 10.0, 10.7 and 11.4. Therefore R<10.1 would exclude more 
than 3 neutrinos. Notice however that the result depends somewhat on the exact values of the 
widths of Z and W. 
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9.26. The target contains the same number of up and down quarks. In the charged currents case 
neutrinos interact as νµL + dL → µL

− + uL , antineutrinos as νµR + uL → µR
+ + dL . As we saw in

problem 9.4, in the latter case (LR) there is a factor 1/3 relative to the former (LL). Therefore it 
is σCC νL( ) /σCC νR( ) = 3 .
All the target quarks uR , uL , dR  and dL  contribute to the neutral currents interactions each 
proportionally to its Z-charge factor squared cZ

2 . We sum their contributions taking into
account the 1/3 factor for the LR and RL contributions relative to the LL and RR contributions. 

We have 
σ NC νL( )
σ NC νR( )

=
cZ
2 uL( ) + cZ2 dL( )⎡⎣ ⎤⎦ +

1
3
cZ
2 uR( ) + cZ2 dR( )⎡⎣ ⎤⎦

1
3
cZ
2 uL( ) + cZ2 dL( )⎡⎣ ⎤⎦ + cZ

2 uR( ) + cZ2 dR( )⎡⎣ ⎤⎦

, giving 

σ NC ν( )
σ NC ν( )

=

1
2
−
2
3
s2⎛

⎝⎜
⎞
⎠⎟

2

+ −
1
2
+
1
3
s2⎛

⎝⎜
⎞
⎠⎟

2⎡

⎣
⎢

⎤

⎦
⎥ +
1
3

−
2
3
s2⎛

⎝⎜
⎞
⎠⎟

2

+
1
3
s2⎛

⎝⎜
⎞
⎠⎟

2⎡

⎣
⎢

⎤

⎦
⎥

1
3

1
2
−
2
3
s2⎛

⎝⎜
⎞
⎠⎟

2

+ −
1
2
+
1
3
s2⎛

⎝⎜
⎞
⎠⎟

2⎡

⎣
⎢

⎤

⎦
⎥ + −

2
3
s2⎛

⎝⎜
⎞
⎠⎟

2

+
1
3
s2⎛

⎝⎜
⎞
⎠⎟

2⎡

⎣
⎢

⎤

⎦
⎥

=

1
2
− s2 + 20

27
s4

1
3
1
2
− s2 + 20

9
s4⎛

⎝⎜
⎞
⎠⎟

= 2.3 .

9.27. We are in the rest frame of an object of mass 2 mχ ‘decaying’ into two equal bodies. If 
these are two photons we havemχ = Eγ

* = 136 GeV . If the final particles are a photon and a Z

we have Eγ
* =

4mχ
2 − mZ

2

2mχ

, giving mχ
2 − Eγ

*mχ −
mZ
2

4
= 0 . Solving this equation and discarding

the unphysical negative solution, we obtain mχ =
1
2
Eγ

* ± Eγ
*2 + mZ

2( ) = 150  GeV .

9.28. 1. For the symmetric configuration the colour force is repulsive, while it is attractive for 
the antisymmetric configuration.  
2 and 3. Both violate the hypercharge. 
9.29. 1. a. OK; b. violates Y; c. conserves Y, but violates colour; d. OK; e. violates Y; f. 
conserves Y, but is forbidden by the change of flavour; g. violates energy. 
2. The answer is no.
9.30. At resonance  s = MW

2 = Eν + me( )2 − pν2 = me
2 + 2meEν ! 2meEν

The resonance neutrino energy is Eν =
MW

2

2me

= 6.4 PeV , which is too high for any accelerator.

9.31. We can use the approximations of problem 1.22 b). The maximum momentum transfer is 
pmax = 2pν ,max = 2Eν ,max = 32 MeV . Not enough to resolve the structure, which require a

momentum transfer larger than 197 MeV fm
RA

= 50 fm .

The maximum recoil kinetic energy (non relativistic) is 

Ek ,r =
pmax

2

2MGe

=
2Eν ,max

2

MGe

=
2 ×162

76 ×103 = 6.7 keV

Being a neutral current interaction the cross section is flavour independent. 
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9.32. The Z-charges squared of the u and d quarks are: 

cZ
2 uL( ) = 1

2
−
2
3
s2⎛

⎝⎜
⎞
⎠⎟

2

= 0.12 , cZ
2 dL( ) = −

1
2
+
1
3
s2⎛

⎝⎜
⎞
⎠⎟

2

= 0.18 , cZ
2 uR( ) = −

2
3
s2⎛

⎝⎜
⎞
⎠⎟

2

= 0.024 ,

cZ
2 dR( ) = 1

3
s2⎛

⎝⎜
⎞
⎠⎟

2

= 0.006 .

The neutrino cross section on an u quark is proportional to 

cZ
2 uL( ) + 1

3
cZ
2 uR( ) = 1

4
−
2
3
s2 + 16

27
s4 = 0.25 − 0.15 + 0.03 = 0.13  

and that on a d quark to 

cZ
2 dL( ) + 1

3
cZ
2 dR( ) = 1

4
−
1
3
s2 + 4

27
s4 = 0.25 − 0.08 + 0.008 = 0.18 . 

The cross section on a nucleus containing the same number of u and d quarks (only) is 
proportional to  

cZ
2 uL( ) + cZ2 dL( ) + 1

3
cZ
2 uR( ) + cZ2 dR( )⎡⎣ ⎤⎦ =

1
2
− s2 + 20

27
s4 = 0.50 − 0.23+ 0.04 = 0.31. 

9.33. The Z-charges squared of the u and d quarks have been calculated in problem 9.3. The 
difference now is that antineutrinos have positive helicity, then the factor 1/3 is for the L 
quarks.  

cZ
2 uL( ) = 1

2
−
2
3
s2⎛

⎝⎜
⎞
⎠⎟

2

= 0.12 , cZ
2 dL( ) = −

1
2
+
1
3
s2⎛

⎝⎜
⎞
⎠⎟

2

= 0.18 , cZ
2 uR( ) = −

2
3
s2⎛

⎝⎜
⎞
⎠⎟

2

= 0.024 ,

cZ
2 dR( ) = 1

3
s2⎛

⎝⎜
⎞
⎠⎟

2

= 0.006

The neutrino cross section on an u quark is proportional to 
1
3
cZ
2 uL( ) + cZ2 uR( ) = 1

3
0.12 + 0.024 = 0.064 .

and that on a d quark to: 1
3
cZ
2 dL( ) + cZ2 dR( ) = 1

3
0.18 + 0.006 = 0.066 .

The cross section on a nucleus containing the same number of u and d quarks (only) is 

proportional to 1
3
cZ
2 uL( ) + cZ2 dL( )⎡⎣ ⎤⎦ + cZ

2 uR( ) + cZ2 dR( ) = 0.013 .

9.34. NC couplings are the same for different families. The ratio is 1. 
9.35. 

e, V: cZ eL( ) + cZ eR( ) = − 1
2
+ 2s2 = −0.50 + 046 = 0.04

e, A: cZ eL( ) − cZ eR( ) = − 1
2
= −0.50

u, V: cZ uL( ) + cZ uR( ) = 1
2
−
4
3
s2 = 0.50 − 031 = 0.19

u, A: cZ uL( ) − cZ uR( ) = 1
2
= 0.50
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d, V: cZ dL( ) + cZ dR( ) = − 1
2
+
2
3
s2 = −0.50 + 015 = 0.35  

d, A: cZ dL( ) − cZ dR( ) = − 1
2
= −0.50

νe, being neutrino only left, both A and V are 1
2

9.36. 

a) We start from the results of problem 9.6. The protons contains 2 u quarks and one d quark.

Hence its axial Z-charge is 
 
cZV p( ) = 2cZV u( ) + cZV d( ) = 1− 8

3
s2 − 1

2
+
2
3
s2 = 1

2
− 2s2 ! 0.04 .

And that of the neutron is cZV n( ) = cZV u( ) + 2cZV d( ) = 1
2
−
4
3
s2 −1+ 4

3
s2 = 1

2
= 0.5 .

b) The axial Z-charge of a nucleus with Z protons and N neutrons is 1
2
N + 1− 4s2( )Z⎡⎣ ⎤⎦  and is

dominated by the neutron contribution. 
c) The vector Z-charge of the electron is very small (0.04) compared to its axial charge (–0.50)

10.1. The sensitive mass of M=100 t of C9H12 of molecular mass MC9H12
 contains 

NC9H12
=

M
MC9H12

NA =
108

120
6 ×1023 = 5 ×1029  molecules and Nel = NC9H12

× 66 = 3.3×1031

electrons. 
1. Number of events in one day if no oscillation
Nnosc = Nelσ νee( )Φν × 86400 s/d( ) = 3.3×1031 × 0.6 ×10−48 × 4.6 ×1013 × 8.64 ×104 = 77 .

2. The mechanism is vacuum oscillation
3. The survival probability well below resonance is

Pee ! 1−
1
2
sin2 2θ12 = 1−

1
2
sin2 68˚= 0.57

Expect 77×0.57=44 from νee scattering and

77 × 1− 0.57( ) ×
σ νµ ,τe( )
σ νee( )

= 77 × 0.43× 1
6
= 6  events from νµ and ντ scatterings.

In total 50 events/(100 t day) 
10.2. 
1. Muon neutrinos

2. In the π  CM frame energy and momentum of the neutrinos are

pν
* = Eν

* =
mπ

2 − mµ
2

2mπ

=
139.62 −105.72

2 ×139.6
= 29.8 MeV

The Lorentz factor is γ = Eπ

mπ

=
5

0.1396
= 35.8
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The Lorentz transformations 

 

pν
* sinθν

* = pν sinθν ! pνθν

pν
* cosθν

* = γ pν 1− β cosθν( ) ! γ pν
θν
2

2

 

Hence tanθν
* =

2
γθν

=
2

35.8 × 0.044
= 1.27 θν

* = 52˚  

pν = pν
* sinθν

*

sinθν
= 540 MeV . 

3. For θν = 0  it is also  θν
* = 0 , and pν

* = γ pν 1− β( ) . Hence: pν =
pν
*

γ 1− β( )
. 

 
γ 2 =

1
1− β 2

=
1

1− β( ) 1+ β( )
!

1
2 1− β( )

⇒ γ 1− β( ) = 1
2γ

  

and pν = 2γ pν
* = 2130 MeV  

The number of nucleons in M=22.5 t of water is  
NN = M ×103 × NA = 2.25 ×10

10 × 6 ×1023 = 1.35 ×1034 . 
The number of CC νµ interactions in absence of oscillations would be 
Ni = NNΦσ = 1.35 ×1034 × 2 ×1011 × 3×10−43 = 800 . 
 The disappearance probability is 

 

P νµ →ν x( ) = sin2 2θ23 cos2θ13 sin2 1.27Δm2 L
Eν

⎛

⎝⎜
⎞

⎠⎟
! sin2 1.27 × 2.5 ×10−3 295

0.54
⎛
⎝⎜

⎞
⎠⎟
=

= sin2 1.73( ) = 0.97
 

1. The νe appearance probability is 

 

P νµ →νe( ) = sin2θ23 sin2 2θ13 sin2 1.27Δm2 L
Eν

⎛

⎝⎜
⎞

⎠⎟
! 2θ13

2 sin2 1.27 × 2.5 ×10−3 295
0.54

⎛
⎝⎜

⎞
⎠⎟
=

= 1.5 ×10−2 sin2 1.73( ) = 1.5 ×10−2
 

10.3. The kinematic of the problem has been solved in §6.2. The relevant equation, written in 
the variables of the present problem is EνmN = EµEν + EµmN − pµEν cosθµ − mµ

2 , which gives 

Eν =
EµmN − mµ

2

mN − Eµ + pµ cosθµ
 

and numerically Eν =
0.5 × 0.938 − 0.1062

0.938 − 0.5 + 0.52 − 0.1062 cos 30˚
= 0.53 GeV  

10.4. 

1. The number of oxygen nuclei is N 16O
=
M ×103 × NA

18
=
22.5 ×109 × 6 ×1023

18
= 7.5 ×1032  

and the number of interactions in one year is 
NνµO

= N 16O
ΦνΔΩσ = 7.5 ×1032 ×130 ×1× 3×107 ×10−42 = 30  

3. The survival probability is 50% 
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4. The length of the chord at 90˚ is L = 2Rsin 90˚
2

= 2 × 6.378 ×103 × 0.77 = 9.0 ×103  km

The survival probability is 

1− P νµ →ν x( ) = 1− sin2 2θ23 sin2 1.27Δm2 L
Eν

⎛

⎝⎜
⎞

⎠⎟
! 1−1× sin2 1.27 × 2.5 ×10−3 9 ×10

3

1
⎛

⎝⎜
⎞

⎠⎟
=

= 1− sin2 29˚( ) = 0.76
10.5. The number of water molecules is 

NH2O
=
M ×103 × NA

18
=
22.5 ×109 × 6 ×1023

18
= 7.5 ×1032  and the number of electrons

Nel = 10 × NH2O
= 7.5 ×1033 . The number of interactions in one year is

NνeES
= NH2OΦσε × 3×10

7 s/yr( ) = 7.5 ×1033 ×1010 ×10−47 × 0.5 × 3×107 = 11000 .

The measured rate is about ½ due to flavour conversion in the Sun via MSW effect. 

10.6. a) CNGS. The Lorentz factor is γ = Eπ

mπ

=
80

0.1396
= 573

and the decay length lπ = cγτ = 3×108 × 573×1.6 ×10−8 = 2.75 km .

T2K. γ = Eπ

mπ

=
7

0.1396
= 50 , lπ = 240 m

(b) The CM momentum, which is also the neutrino energy in the pion decay, is

p* = Eν
* =

mπ
2 – mµ

2

2mπ

= 29.8 MeV .

Consider a neutrino emitted at the angle θ* to the beam in the CM frame and let us transform to 
the L frame 
pν sinθ = pν

* sinθ*

pν = Eν = γ Eν
* + β pν

* cosθ*( ) = γ pν* 1+ β cosθ*( )
and we have 
pν ,max = γ 1+ β( ) pν* ! 2γ pν* , for θ* = 0

pν ,min = γ 1− β( ) pν* !
1
2γ

pν
*

CNGS: pν ,max = 33 GeV;  pν ,min = 25 keV
T2K: pν ,max = 2.9 GeV;  pν ,min = 300 keV
(c) The momentum components of a neutrino at θ*=90˚ are
Transverse component pν y = pν

* ; Longitudinal component pν x = γ pν
*

The angle in the L frame is θ ! tanθ ! 
1
γ

CNGS θ = 0.9 mrad . Beam “radius” @ OPERA  R = 7.3 × 105 × 1.4 × 10−3 ! 0.6 km
T2K θ = 20 mrad . Beam “radius” @ SuperK  R = 2.95 × 105 × 2 × 10−2 ! 5.9 km 
10.7. 
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a) The threshold energy is

Eν =
mτ + mp( )2

− mn
2

2mn

=
1777 + 938.3( )2

− 939.62

2 × 939.6
= 3.45 GeV .

b) The number of target nucleons is Nt = M × NA ×10
3 = 2 ×1012 × 6 ×1023 = 1.2 ×1036 .

The number of CC interactions per year is 
N int = NνσCCNt = 4.3×10

8 ×10−41 ×1.2 ×1036 = 5160

c) The oscillation probability into ντ is

P νµ →ντ( ) = sin2 2θ23( )cos4 θ13( )sin2 1.27Δm2 L
E

⎛
⎝⎜

⎞
⎠⎟
! 1× sin2 1.27 × 2.5 ×10−3 × 730

18
⎛
⎝⎜

⎞
⎠⎟
= 0.017

and the number of ντ per year (same cross section) is 87. 
d) The oscillation probability into νe is

P νµ →νe( ) = sin2 θ23( )sin2 2θ13( )sin2 1.27Δm2 L
E

⎛
⎝⎜

⎞
⎠⎟
! 2θ13

2 × 0.017 = 5 ×10−4

and the expected number of νe interactions per year would be 2.6. 
10.8. a) Pair production and Compton scattering 
b) As in problem 6.5, the maximum transfer is for background scattering, namely θ=180, is

Ek ,max =
2Eν

2

mp

=
4 × 32

938
= 38 keV .

c) Calling E+ the energy of the positron, energy conservation in the process νe + p→ e+ + n
gives Eν = E+ + mn − mp , were we have neglected the recoil energy that we have seen to be
very small. Energy conservation in e+ + e− → 2γ  gives Evis = E+ + me . In conclusion
Eν = Evis +mn −mp −me = Evis + 0.8 MeV . 
d) Since Evis ≥ 2me ≈ 1 MeV , the detected neutrinos have energy Eν ≥ 1.8 MeV .
10.9. The area at the distance L1 is A1 = 4πL1

2 = 1.3×105  m2  and the neutrino flux

Φ1 =
N
A1
=
6 ×1020

1.3×105
= 4.5 ×1015 /s=4 ×1020 /d . The interaction rate is R = ΦNpσ . Hence the

necessary number of target protons is Np =
102

Φ1σ
=

102

4 ×1020 ×10−47
= 25 ×1027 , that is 40 000

mole or M1=40 kg.  
At L2 that is 20 times larger the flux is 400 times smaller and the necessary proton mass is 16 t.  
10.10. The number of interaction in one year on Nt target protons is N int = ΦνPeeσNt , hence the

number of free protons needed is 

Nt =
N int

3.1×107 s/yr( ) × Φν × f × Pee × σ
=

103

3.1×107 × 3.5 ×1010 × 0.05 × 0.6 ×10−47
= 3.1×1033

An effective mole of the blend contains 
N free = 0.20 ×18 + 0.80 × 26( )NA = 24.4 × 6 ×10

23 = 1.46 ×1025  protons/mol. Hence we need
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Nt

N free

= 2.1×108  effective mol.  

The weighted molar mass is MA = 0.20 × 210 + 0.80 × 218 = 266 g. The blend mass needed is 

M =
Nt

N free

MA ×103 = 2.1×108 × 0.266 = 56 ×106  kg  

10.11. The number of nucleon per unit volume is nn = ρ ×10
3 × NA = 1.5 ×10

30  and the mean 

free path is L = 1
nnσCC

=
1

2.8 ×10−36 ×1.5 ×1030 = 240 km . Earth is quite opaque to these 

neutrinos. 

10.12. 76Ge. Number of nuclei in one ton NGe =
103 ×103 × NA

76
=
106 × 6 ×1023

76
= 8 ×1027 . One 

half of them decay in a T1/2. Hence 4 decays per year 
136Te. Number of nuclei in one ton NTe=4.6×1027. Hence 2.3 decays per year.  
130Xe. Number of nuclei in one ton NXe=4.4×1027. Hence 2.2 decays per year.  

10.13. (a) The kinetic energy Ek,B<<mν. Neutrinos are non-relativistic. β =
2Ek ,B

mν

= 0.07 . 

Their energy is close to the mass energy  EνB ! mν =100 meV  

 (b) From  s ! 2EνEνB , we have Eν =
mZ

2

2EνB
=

912

2 ×10−10 = 4.1×1013  GeV  

 (c) We have σ ν xν x →ν xν x( ) = Γν

Γ l

⎛

⎝⎜
⎞

⎠⎟

2

σ e+e− → µ+µ−( ) = 1.992 × 2.1 nb=8.4 nb . The mean 

free path is then λ = 1
σ ν xν x →ν xν x( )ρ

=
1

8.4 ×10−37 × 5.6 ×107 = 2 ×1028  m , which is larger 

than the radius of the universe.  
 




