Solutions

1.2. s=(3E)2–0=9E2=9(p2+ m2)=88.9 GeV2; m = √s = 9.43 GeV.

1.3. 
[image: image1.wmf], K = 54 neV,  = 2.5 µeV

1.6. Our reaction is
[image: image2.wmf]. 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.


[image: image3.wmf].

Recalling that 
[image: image4.wmf], we have 
[image: image5.wmf].

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 
[image: image6.wmf] is given by 
[image: image7.wmf] which gives 
[image: image8.wmf].

c. 
[image: image9.wmf].

1.7. a. 
[image: image10.wmf], hence we have 
[image: image11.wmf]
b. 
[image: image12.wmf]. For a given proton energy, s reaches a maximum for a head-on collision. Consequently, 
[image: image13.wmf] and, taking into account that the energies are very large, 
[image: image14.wmf]. In conclusion


[image: image15.wmf].

c. The attenuation length is 
[image: image16.wmf] 
[image: image17.wmf]
This is a short distance on the cosmological scale, only one order of magnitude lager than the distance to the closest galaxies, the Magellanic Clouds. The cosmic ray spectrum (Fig. 1.10) should not go beyond the above computed energy. This is called the Greisen, Zatzepin and Kusmin (GZK) bound. The AUGER observatory is now exploring this extreme energy region. 

1.11. We must consider the reaction


[image: image18.wmf].

The figure defines the CM variables

[image: image19.jpg]. mDpE
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We can use equations (P1.5) and (P1.6) with √s=M, obtaining



[image: image20.wmf].

The corresponding momenta are



[image: image21.wmf].

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

[image: image22.jpg]EA
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Using the expressions we found in the introduction we have:

a. 
[image: image23.wmf].

b.
[image: image24.wmf]We calculate the Lorentz factors for the transformation:


[image: image25.wmf]; 
[image: image26.wmf].

c. We do the transformation and calculate the requested quantities


[image: image27.wmf]

[image: image28.wmf].


[image: image29.wmf].


[image: image30.wmf]

[image: image31.wmf].


[image: image32.wmf].

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 is
[image: image33.wmf]. Firstly, let us calculate the CM energy squared of the two-proton system (i. e. its mass squared).


[image: image34.wmf]. Hence 
[image: image35.wmf]. 

The Lorentz factors are 
[image: image36.wmf]and
[image: image37.wmf].

Since all the particles are equal, we have


[image: image38.wmf].

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


[image: image39.wmf].


[image: image40.wmf].


[image: image41.wmf].


[image: image42.wmf].


[image: image43.wmf].


[image: image44.wmf].

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. 


[image: image45.wmf]
that gives 
[image: image46.wmf] and hence 
[image: image47.wmf].

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:


[image: image48.wmf].

We then obtain


[image: image49.wmf].

From energy conservation we have


[image: image50.wmf].

Finally we obtain


[image: image51.wmf].

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 
[image: image52.wmf].

1.25. 
[image: image53.wmf].

1.27. The equation of motion is 
[image: image54.wmf]. Since in this case the Lorentz factor  is constant, we can write 
[image: image55.wmf]. The centripetal acceleration is then: 
[image: image56.wmf]. Simplifying we obtain 
[image: image57.wmf]. We now want pc in GeV, B in tesla and  in metres. Starting from 
[image: image58.wmf] we have


[image: image59.wmf].

Finally in N.U.: 
[image: image60.wmf].

1.29. The Lorentz factor of the antiproton is 
[image: image61.wmf] and its velocity 
[image: image62.wmf]. The condition in order to have the antiproton above the Cherenkov threshold is that the index is 
[image: image63.wmf].

If the index is n=1.5, the Cherenkov angle is given by 
[image: image64.wmf]. Hence 
[image: image65.wmf].

1.30. The speed of a particle of momentum p=m is 
[image: image66.wmf], that is a good approximation for speeds close to c. The difference between the flight times is 
[image: image67.wmf] in N.U. In order to have t>600 ps, we need a base-length L>26 m.

1.32. Superman saw the light blue shifted due to Doppler effect. Taking for the wavelengths R=650 nm and G=520 nm, we have 
[image: image68.wmf]. Solving for  the Doppler shift expression 
[image: image69.wmf], we obtain =0.22.
1.36 

1. The total energy of the deuterons is 
[image: image70.wmf]. The motion of the deuterons is not relativistic. Their momentum is 

[image: image71.wmf]. 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 
[image: image72.wmf]. 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 
[image: image73.wmf], which is mainly taken by the lighter particle, the neutron. To be precise

[image: image74.wmf]
 and

[image: image75.wmf]
2. The flux is 
[image: image76.wmf].

3. We can calculate the momentum of the neutron non relativistically

[image: image77.wmf], and its velocity

[image: image78.wmf]. We need 1 ns time resolution
1.38. 

(a) 
[image: image79.wmf].
The CM energy for the head-on geometry is 
[image: image80.wmf].
At threshold 
[image: image81.wmf], that is 
[image: image82.wmf]
 (b) 
[image: image83.wmf]
 (c) 
[image: image84.wmf]. The mass is zero for any values of the two energies. 
2.3. The second gamma moves backwards. The total energy is 
[image: image85.wmf]; the total momentum is 
[image: image86.wmf]. The square of the mass of the two-gamma system is equal to the square of the pion mass: 
[image: image87.wmf], from which we obtain 
[image: image88.wmf]. The speed of the π0 is 
[image: image89.wmf].

2.8. Since the decay is isotropic, the probability of observing a photon is a constant 
[image: image90.wmf]. 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 
[image: image91.wmf]. Hence 
[image: image92.wmf] and 
[image: image93.wmf].

The distribution is isotropic in azimuth in L too. To have the dependence of , that is given by
[image: image94.wmf], we must calculate the ‘Jacobian’ 
[image: image95.wmf].

Calling  and the factors of the transformation and taking into account that p* = E*, we have


[image: image96.wmf]
We differentiate the first and third members of these relationships, taking into account that p* is a constant. We obtain


[image: image97.wmf].


[image: image98.wmf]
and 
[image: image99.wmf].

The inverse transformation is 
[image: image100.wmf], i. e. 
[image: image101.wmf], giving


[image: image102.wmf].

Finally we obtain  
[image: image103.wmf]
2.13. Considering the beam energy and the event topology, the event is probably an associate production of a K0 and a 0 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


[image: image104.wmf]

[image: image105.wmf]Summing the components, we obtain the momentum of the V, i. e. 
[image: image106.wmf].

The energy of the negative pion is 
[image: image107.wmf]. If the positive track is a π its energy is 
[image: image108.wmf], while if it is a proton its energy is 
[image: image109.wmf].

The energy of the V is 
[image: image110.wmf]in the first case, 
[image: image111.wmf] in the second case. The mass of the V is consequently 
[image: image112.wmf] in the first hypothesis, 
[image: image113.wmf] 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 .

2.14.

1. The CM energy squared is 
[image: image114.wmf]. The threshold condition is


[image: image115.wmf]. 
Hence, the threshold condition is 
[image: image116.wmf], meaning that there is no threshold, the reaction proceeds also at zero neutrino energy. 
2. The threshold condition is 
[image: image117.wmf]. The threshold energy is 


[image: image118.wmf]
3. The threshold energy is 


[image: image119.wmf].
2.16. The LASER photon energy is 
[image: image120.wmf].
The electron initial momentum (we shall need its difference from energy) is

[image: image121.wmf]  

The total energy and momentum are 
[image: image122.wmf]
Energy conservation gives 
[image: image123.wmf]
We can eliminate the final energy and momentum of the electron by imposing 
[image: image124.wmf].


[image: image125.wmf]. Hence: 
[image: image126.wmf]. Solving for Ef we have 
[image: image127.wmf].


[image: image128.wmf] 

[image: image129.wmf]. Hence

[image: image130.wmf], and

[image: image131.wmf]
3.2. Strangeness conservation requires that a K+ or a K0 be 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 
[image: image132.wmf] because in the final state we have 
[image: image133.wmf], and yes also for 
[image: image134.wmf] because in the final state we have 
[image: image135.wmf]. The threshold of the first reaction is just a little smaller of that of the second reaction because 
[image: image136.wmf] (1433 MeV < 1436 MeV). For the former we have


[image: image137.wmf].

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.

3.8. 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 L; g) NO for L; h) YES.

3.9. 
[image: image138.wmf]

[image: image139.wmf]

[image: image140.wmf]

[image: image141.wmf]

[image: image142.wmf]

[image: image143.wmf]; 
[image: image144.wmf]; 
[image: image145.wmf]
Hence: 
[image: image146.wmf]
3.15. 
[image: image147.wmf].

3.19.1. C(
[image: image148.wmf])=(–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(
[image: image149.wmf])=(–1)l+1. Hence,  l=odd, leaving only 3P2.

3.21. It is convenient to prepare a table with the possible values of the initial JPC and of the final lCP with l=J to satisfy angular momentum conservation. Only the cases with the same parity and charge conjugation are allowed. Recall that 
[image: image150.wmf] and 
[image: image151.wmf].

	
	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.

3.23. b 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 
[image: image152.wmf].
2. The minimum kinetic energy for electrons is
 
[image: image153.wmf]
and for K+:   
[image: image154.wmf]
3. In the decay 
[image: image155.wmf], the CM kinetic energy of the e+ is 

[image: image156.wmf], above threshold
In the decay 
[image: image157.wmf], the CM kinetic energy of the K is

[image: image158.wmf] , below threshold

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 . The simplest reaction is 
[image: image159.wmf].
We calculate the mass of each V0 assuming in turn it to be the K0 or the a .
If 1 is a , 

[image: image160.wmf]
or M=1.83 GeV not compatible with being a .
If 1 is a K0 

[image: image161.wmf]
or M=0.495 GeV compatible, within the errors, with the mass of the K0
If 2 is a , 

[image: image162.wmf]
or M=1.11 GeV compatible, within the errors, with the mass of the .
If 2 is a K0 .

[image: image163.wmf]
or M=0.371 GeV incompatible, within the errors, with the mass of the K0.
4.3. The  decays strongly into 2π, hence G=+. The possible values of its isospin are 0, 1 and 2. In the three cases the Clebsh-Gordan coefficients are 
[image: image164.wmf], 
[image: image165.wmf] and 
[image: image166.wmf]. Hence I=1.

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  spin is equal to l. C=(–1)l=–1. P=(–1)l=–1.

4.7. 1. Two equal bosons cannot be in an antisymmetric state; 2. C(2π0)=+1; 3. the Clebsh Gordan coefficient 
[image: image167.wmf].

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

	
	
[image: image168.wmf]
	
[image: image169.wmf]
	
[image: image170.wmf]
	
[image: image171.wmf]
	
[image: image172.wmf]
	
[image: image173.wmf]

	JP
	1–
	1–
	0–
	0–
	1–
	0–

	C
	–
	–
	+
	+
	X
	X

	I
	0
	1
	0
	1
	1
	1

	G
	–
	+
	+
	–
	+
	–



[image: image174.wmf]. Since G=–1 in the final state, there is only one possible initial state, i.e. 1S0

[image: image175.wmf]
hence 
[image: image176.wmf].


[image: image177.wmf]
hence 
[image: image178.wmf].


[image: image179.wmf]
hence 
[image: image180.wmf].

4.13. The matrix element 
[image: image181.wmf] must be symmetric under the exchange of each pair of pions. Consequently:

1. if JP = 0–, 
[image: image182.wmf]= constant. There are no zeros.

2. if JP = 1–, 
[image: image183.wmf]; zeros on the diagonals and on the border.

3. if JP = 1+,
[image: image184.wmf] ; zero in the centre, where E1=E2=E3; zero at T3=0, where p3=0, p2=– p1; E2=E1.

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.

4.24. We start from 
[image: image185.wmf].

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 
[image: image186.wmf], i.e. 


[image: image187.wmf].

Setting 
[image: image188.wmf], we have


[image: image189.wmf].

We find that 
[image: image190.wmf], obtaining 


[image: image191.wmf].

4.30. G=+, because there are overall 4
The isospin cannot be 1, because the Clebsch-Gordan coefficient 
[image: image192.wmf]. 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
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.

4.34. With a – beam, to conserve strangeness and charm we need to produce together with 
[image: image193.wmf] one particle containing 
[image: image194.wmf], say 
[image: image195.wmf] and two containing 
[image: image196.wmf], say, to conserve also the charge, 
[image: image197.wmf] and 
[image: image198.wmf]. The reaction is 
[image: image199.wmf]. Its threshold is

[image: image200.wmf]
With a K– beam the initial strangeness is S=+1, hence only one K meson needs to be produced. The reaction is 
[image: image201.wmf]. Its threshold is

[image: image202.wmf]
With a K–+ beam the initial strangeness is S=–1, hence three K mesons must be produced. The reaction is 
[image: image203.wmf]. Its threshold is


[image: image204.wmf].

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


[image: image205.wmf].

The uncertainty principle dictates 
[image: image206.wmf] and we have 
[image: image207.wmf].

To find the minimal radius a we set 
[image: image208.wmf], obtaining


[image: image209.wmf], that is the Bohr radius.

5.6. At the next to the three-level order in the t-channel there are the eight diagrams in the figure

[image: image210.jpg]



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

[image: image211.jpg]



5.14. In the case of the electron the Bohr radius is 
[image: image212.wmf], 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 the reduced mass is 
[image: image213.wmf]. We have: 
[image: image214.wmf], 
[image: image215.wmf], 
[image: image216.wmf], 
[image: image217.wmf] and 
[image: image218.wmf], 
[image: image219.wmf], 
[image: image220.wmf], 
[image: image221.wmf].
b) It is 13.6 eV for an electron and is proportional to the (reduced) mass. Hence 
[image: image222.wmf].

5.17.

(a) 
[image: image223.wmf] or 
[image: image224.wmf], hence 
[image: image225.wmf] and l=odd, with minimum value =1. The total wave function must be even. Being the spatial part odd, the isospin part must be odd, hence I=1. The isospin violation is I =1. 
 (b) 
[image: image226.wmf] or 
[image: image227.wmf], hence 
[image: image228.wmf] and l=even, with minimum value =0. Being the spatial part even, the isospin part must be even, hence I=0 or 2. Electromagnetic interaction has I =0 or 1. Hence I=0 only. 
 (c) As (b) but with I=0 and 2 both allowed. 
A 
[image: image229.wmf] cannot be in
[image: image230.wmf]: 
[image: image231.wmf] forbidden, 
[image: image232.wmf] allowed, 
[image: image233.wmf] allowed. 
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

6.5. From (6.12) with W=mp, 
[image: image234.wmf] follows and then from (6.16) we have x=1. Using (6.11) we then obtain 
[image: image235.wmf], and then (1.60) because 
[image: image236.wmf].
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. (6.26) and (6.29) that are valid in the L frame and (6.31) we obtain 
[image: image237.wmf].

Clearly, we have Q2=0 in the forward direction (=0). The maximum momentum transfer is for background scattering (=180˚), i. e. 
[image: image238.wmf].

For E=100 GeV, x=0.2 we have 
[image: image239.wmf], corresponding to a resolving power of 32 am.

6.11. 
[image: image240.wmf]. (a) violates charm, (b) 
[image: image241.wmf] OK, (c) 
[image: image242.wmf], charm conserved but electric charge violated, (d) 
[image: image243.wmf], charm conserved but strangeness violated.

6.13. The colour wave function is 
[image: image244.wmf], 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 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:


[image: image245.wmf].

Similarly for the first two quarks we have


[image: image246.wmf].

and for the first and third


[image: image247.wmf]
In total we have 12 terms. We take their sum and normalise, obtaining


[image: image248.wmf]
that is, as required, completely antisymmetric for the exchange of any pair. 

6.20
a) 
[image: image249.wmf]
b) 
[image: image250.wmf]
The four-momentum of the initial proton is 
[image: image251.wmf] and the four-momentum transfer 
[image: image252.wmf] and their (invariant) product


[image: image253.wmf] 

and 
[image: image254.wmf]

[image: image255.wmf]

[image: image256.wmf]
6.23. 
a) The exchanged gluon is 
[image: image257.wmf]; the colour charges are 
[image: image258.wmf]
b) The exchanged gluon is 
[image: image259.wmf]; the colour charges are 
[image: image260.wmf]
c) There are two possible gluons to be exchanged: 
[image: image261.wmf] and 
[image: image262.wmf]; the colour charges are 
[image: image263.wmf] and 
[image: image264.wmf]. In total 
[image: image265.wmf].
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 
[image: image266.wmf], 
[image: image267.wmf].
For S=0, L = 0, we have 
[image: image268.wmf]
For S=1, L = 1, we have 
[image: image269.wmf], 
[image: image270.wmf] and 
[image: image271.wmf]
For S=2, L = 0, we have 
[image: image272.wmf]
For S=2, L = 2, we have 
[image: image273.wmf], 
[image: image274.wmf], 
[image: image275.wmf], 
[image: image276.wmf], 
[image: image277.wmf].
7.1. 
[image: image278.wmf]. We start by writing the valence quark compositions of all the particles, i. e. 
[image: image279.wmf] and then draw the diagram [figure a)]. Since it is a strong process we do not draw any gauge boson.

[image: image280.jpg]




[image: image281.wmf]. It is a weak process. In order to draw the diagram we consider two steps: the emission of a W, 
[image: image282.wmf] and its decay 
[image: image283.wmf]. [figure b)]


[image: image284.wmf]. We have 
[image: image285.wmf] followed by 
[image: image286.wmf]. [figure c)]

7.9. The quantity p.  is a pseudoscalar. It must be zero if parity is conserved, therefore the polarisation must be perpendicular to p.
7.18. The decay c(d +e++e is disfavoured because its amplitude is proportional to sinC. The decay c(s+e++e is favoured because its amplitude is proportional to cosC. We write down the valence quark compositions: 
[image: image287.wmf], 
[image: image288.wmf], 
[image: image289.wmf], 
[image: image290.wmf]. Consequently the decays of D+ in final states containing a K– or
[image: image291.wmf] are favourite. For example, 
[image: image292.wmf], 
[image: image293.wmf], 
[image: image294.wmf] are favoured. D+(π–+π++e++e, D+(π0+π+ and D+(0e++e are disfavoured.
7.20. Being Vtb very near to 1, the dominant decay is t( b W. There are seven diagrams
[image: image295.jpg]



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 
[image: image296.wmf] and at the quark level 
[image: image297.wmf] with a spectator 
[image: image298.wmf]. The decay rate is proportional to 
[image: image299.wmf].

2. At hadron level it is 
[image: image300.wmf] and at the quark level it is 
[image: image301.wmf] with a spectator 
[image: image302.wmf]. The decay probability is proportional to 
[image: image303.wmf];

3. The 0 has a 
[image: image304.wmf] and a 
[image: image305.wmf] component. The decay picks up the latter. At hadron level it is 
[image: image306.wmf] and at the quark level it is 
[image: image307.wmf] with a spectator 
[image: image308.wmf]. The decay probability is proportional to 
[image: image309.wmf].

7.28. There are 
[image: image310.wmf] nucleons per unit volume. Consequently the mean free path is 
[image: image311.wmf]. This distance is smaller than the radius of the supernova core.

7.30. 
[image: image312.wmf].

[image: image313.wmf].
Notice that 
[image: image314.wmf] is forbidden by energy conservation.

[image: image315.wmf]
8.4. 
[image: image316.wmf] and 
[image: image317.wmf]; 
[image: image318.wmf] and 
[image: image319.wmf].

8.9. We invert the system of equation (8.32), i. e. 
[image: image320.wmf] and the corresponding one for 
[image: image321.wmf], i. e. 
[image: image322.wmf], taking into account that 
[image: image323.wmf] is small. We obtain 
[image: image324.wmf] , 
[image: image325.wmf]. The decay amplitudes can be written as


[image: image326.wmf]and similarly 
[image: image327.wmf]. We finally obtain


[image: image328.wmf]
8.12. If CP is conserved, in the decay 
[image: image329.wmf] 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 I =0 or I =2. 
In the decay
[image: image330.wmf], L=l=odd. The isospin wave function of the dipion must be odd, hence I =1 or I =3. 
9.3. In the rest frame of the pion the neutrino energy is 
[image: image331.wmf].

The Lorentz factors are 
[image: image332.wmf] and 
[image: image333.wmf].

The neutrino energy in the L frame is 
[image: image334.wmf]. Its maximum, for *=0 is 
[image: image335.wmf]. Its minimum for *=π is 
[image: image336.wmf].

We use the Lorentz transformations of the components of the neutrino momentum to find the relationship between the angle * in CM and  in L. 


[image: image337.wmf], which gives


[image: image338.wmf].

9.7. For each reaction we check whether charge Q and hypercharge Y are conserved. We write explicitly the hypercharge values.

For 
[image: image339.wmf] we have 0(1/3+0. It violates Y.

For 
[image: image340.wmf] we have  0(1/3–1/3). It conserves Y, but violates Q.

For  Z ( W–+W+ we have  0(0+0. OK. For 
[image: image341.wmf] we have we have 0(1–1. OK.

9.9. 
[image: image342.wmf].


[image: image343.wmf].
[image: image344.wmf].
[image: image345.wmf].
[image: image346.wmf].


[image: image347.wmf].

9.18. 
[image: image348.wmf].


[image: image349.wmf].

9.21. The energy squared in the quark-antiquark CM frame is 
[image: image350.wmf]. Assuming, for the sake of our evaluation, 
[image: image351.wmf], we have 
[image: image352.wmf]. The sea quarks structure functions are about 
[image: image353.wmf].

The momentum fraction of the Z with longitudinal momentum PZ=100 GeV is 
[image: image354.wmf]. By substitution into 
[image: image355.wmf] we obtain 
[image: image356.wmf] and 
[image: image357.wmf] or, numerically, 
[image: image358.wmf].

Its solution is 
[image: image359.wmf]. The other solution is negative and therefore not physical.

more than 3 neutrinos. Notice however that the result depends somewhat on the exact values of the widths of Z and W.

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. 

[image: image360.wmf], 
[image: image361.wmf], 
[image: image362.wmf], 
[image: image363.wmf].

The neutrino cross section on an u quark is proportional to

[image: image364.wmf].

and that on a d quark to: 
[image: image365.wmf].

The cross section on a nucleus containing the same number of u and d quarks (only) is proportional to 
[image: image366.wmf].

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 
[image: image367.wmf].

And that of the neutron is 
[image: image368.wmf].

b) The axial Z-charge of a nucleus with Z protons and N neutrons is 
[image: image369.wmf] 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) 
10.2. 

1. Muon neutrinos
2. In the CM frame energy and momentum of the neutrinos are


[image: image370.wmf]
The Lorentz factor is 
[image: image371.wmf]
The Lorentz transformations

[image: image372.wmf]
Hence 
[image: image373.wmf]

[image: image374.wmf].

3. For 
[image: image375.wmf] it is also  
[image: image376.wmf], and 
[image: image377.wmf]. Hence: 
[image: image378.wmf].


[image: image379.wmf] 

and 
[image: image380.wmf]
The number of nucleons in M=22.5 t of water is 

[image: image381.wmf].
The number of CC  interactions in absence of oscillations would be 
[image: image382.wmf].
 The disappearance probability is

[image: image383.wmf]
1. The e appearance probability is

[image: image384.wmf]
10.6. a) CNGS. The Lorentz factor is 
[image: image385.wmf]
and the decay length 
[image: image386.wmf].

T2K. 
[image: image387.wmf], 
[image: image388.wmf]
 (b) The CM momentum, which is also the neutrino energy in the pion decay, is 


[image: image389.wmf].

Consider a neutrino emitted at the angle * to the beam in the CM frame and let us transform to the L frame


[image: image390.wmf]

[image: image391.wmf]
and we have


[image: image392.wmf], for 
[image: image393.wmf]

[image: image394.wmf]
CNGS: 
[image: image395.wmf]
T2K: 
[image: image396.wmf]
 (c) The momentum components of a neutrino at *=90˚ are

Transverse component 
[image: image397.wmf]; Longitudinal component 
[image: image398.wmf]
The angle in the L frame is 
[image: image399.wmf]
CNGS 
[image: image400.wmf]. Beam “radius” @ OPERA 
[image: image401.wmf]
T2K 
[image: image402.wmf]. Beam “radius” @ SuperK 
[image: image403.wmf]
10.10. The number of interaction in one year on Nt target protons is 
[image: image404.wmf], hence the number of free protons needed is

[image: image405.wmf]
An effective mole of the blend contains 

[image: image406.wmf] protons/mol. Hence we need

[image: image407.wmf] effective mol. 
The weighted molar mass is 
[image: image408.wmf]g. The blend mass needed is

[image: image409.wmf]
10.13. (a) The kinetic energy Ek,B<<m. Neutrinos are non-relativistic. 
[image: image410.wmf]. Their energy is close to the mass energy 
[image: image411.wmf]
 (b) From 
[image: image412.wmf], we have 
[image: image413.wmf]
 (c) We have 
[image: image414.wmf]. The mean free path is then 
[image: image415.wmf], which is larger than the radius of the universe. 
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