Chapter 14 Elementary Particles

Chapter 14

* 1. By conservation of momentum the photons must have the same energy. For each one E =
hf =mc* and
me? 938.27 x 108 eV

- =227x 108 H
A T 1136 x10-B eV -s % 2

f=

* 2. As in the text let me? = hc/R, so

he 1973 eV -nm

= =141 x 1078 =1.41 fm
mce . 140 x 10° eV nm

R =

3. We will use a small nucleus (helium. diameter 3.8 fm) and a large nucleus (uranium, diameter
14.9 fm) to obtain a range of values. For helium:

38x1075 m

At = =1.27x10"%
2.098 x 10° m/s x 1077 s

For uranium:

149 x 107 m
At = =497 x 1072
2.998 x 108 m/s % ®

* 4. We know that A < D and the problem says specifically to choose A = 0.1D with the diameter
D = 0.15fm. Therefore A = 0.1(1.5 fm) = 0.15fm. We know from de Broglie’s relationship
that p = h/X and we can determine the kinetic energy from this momentum as follows:

2 2

E® = (K +mc®)” = (pc)? + (mc?)

he 2
e — )2 22 _ .2 N2 _ 2
K (pc)” + (mc?)* — me \/(0,15f ) + (me?)” — me

1239.8eV - nmn
10-% nn
0.15 fm 10z

electron: K = ( ) +(0.511 x 108 eV)? — 0,511 x 108 eV = 8.26 GeV

1239.8eV - nm

2
= | +(938.27 x 105eV)? — 938.27 x 10°eV = 7.38 GeV
0.15 fm 2 m

proton: K = (

5. As in the previous problem, we know that p = h/\ and

Y

K= (PC)2 + (mC2)2 —mct = \/(L—>M + (mc2)2 - me?

1x10-18m

1239.8eV - 2
electron: K = /[ ————— ) 4 (0.511 x 108eV)? — 0.511 x 10°eV = 1.24 TeV
1 x 10~ nm

1239.8eV - nm \° ,
proton: K = \/ (ﬁﬁ?) +(938.27 x 108 eV)? — 938.27 x 10°eV = 1.24 TeV

The kinetic energies are so large that the rest energies do not affect our answer.
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Chapter 14 Elementary Particles

6. We use Equation (14.4) to estimate the range of the force.

he 197.33eV - nm

R= = : =1.26x 10" "nm = 1.26 x 10716
Omc? . 2(782 x 105eV) nm X m

7. We use Equation (14.4) to estimate the range of the force.

he 197.33eV - nm ~10 - ~19
R= ey 5 (150 x 10°eV) =658 x 107" nm =6.58 x 107" m

8. a) ¥, and v, b) 7, ) Uy d) Uy e) vy

9. Assuming roughly an equal number of protons and neutrons, we can use the average of their
masses per baryon, or 1.674 x 10~%7 kg. The mass of the earth is 5.98 x 10>* kg, so the barvon
number is ,

5.98 x 10** kg

=3.57 51
1.674 x 10-7 kg x 10

10. a) We use Equation (14.6) to determine the width I" from the mean lifetime.

h 6.5821 x 1071%eV -5
T 0.821 x 10-105

b) This value of T is much smaller than the experimental uncertainty of the measurement.

= =8.02 x 107%eV

11. We use Equation (14.6) to determine the mean lifetime from the width I'.

h  6.5821 x 10-8eV.s

=== . =72x107%
T 01 x 103 eV X 5
F 6.5821 x 1071%eV .5
= - = : = 2 -20
YT 53 x 103 eV 124> 1075

12. In the first reaction strangeness is violated (+1 — —1). The second reaction is allowed.

The fact that the K® has strangeness +1 and K has strangeness —1 is consistent with the
idea that it is not its own antiparticle. However, M. Gell-Mann and A. Pais found that K°
—rttr- =K (and the reverse operation Rorttr — K®) can occur by the laws of
quantum mechanics (see Feynman Lectures in Physics vol. 3 p. 11-16). So in this case the
KO does act as its own antiparticle.

13. In both (a) and (b) the baryon number is not conserved.

14. a) u and e lepton numbers are not conserved
b) charge is not conserved
¢) momentum-energy is not conserved

* 15. Let subscript 1 refer to the ¥, subscript 2 to the A, and no subscript to the photon. From
conservation of momentum | p |=| p2 |= E/c¢. From conservation of energy

myc? = \/W+E =\ E?+ (mec?)’ + E

2 0\ 2 9 ) 2
(m1c?)” = (mac?) (1193 MeV)® — (1116 MeV)*
= = = ..- \‘
E It 2(1193 MeV) 745 MeV
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16. The #° begins with energy E = K + Eg = 735 MeV. Because the photon energies are equal,

17.

19.

we know by conservation of momentumn that the two photons make equal angles 8 above and
below the original line of motion for the 7°. Let each photon energy be E’. The conservation

of energy and momentum give: ;

E' = g = Z? MeV = 367.5 MeV
2E [ET_ 52 735 MeV)?2 — (135 MeV)?
p=T€c050= EC °=\/( )c ( ) =722.5 MeV/c

pc 722.5 MeV
T O2E T 2(367.5 MeV)

froin which we find € = 10.6°.

a) v, is needed to conserve lepton number

b) a kaon is needed to conserve strangeness, and to conserve charge too it must be a K+

.n(udd):q=235—5—§=0:B=3(%)=1;S=3(0)=0

3
St (wus): g=¥+ ¥ -¢=eB=3(})=15=0+0~-1=-1
Z _et42=eB=3()=01:5=0+0+0=0

AL (udc): =% -
7r+(ua):q=";—e+-§==e;B=§—:—13=0,S=0+0=0
Ktus)g=%+5=eB=31-3=0,5=0+1=1
DV(ci): q=%¥-%¥=eB=}-3=0,5=0+0=0
.D% ct D*:cd

. The B* and B~ have zero strangeness and zero charm, but they have masses greater than

5000 MeV/c? and charge +1 and —1 respectively. This leads one to conclude that the quark

configuration should be bu for the B* and ¥4 for the B~. The BO has zero charge, so it should

be either bd or bd. The only way to distinguish between these two possibilities is by looking

at the conservation laws in the appropriate decay reactions. it turns out that the B? is bd
. L w0

and the antiparticle B~ is bd.

. Charge, baryon number, strangeness, topness, and bottomness are zero. Charm = —1. From

the table in the text D° has configuration ¢&, so ¢u must be D°.

. a) The Q. A°, and the K~ have mean lifetimes on the order of 107!° s, which indicates the

decays are due to the weak interaction. Remember that there can be quark transformations
in weak interactions.

b) Q= — A% + K~, sss — uds + Ts; an s quark transformed into a d quark and a u% quark-
antiquark pair was created. A° — p 4 7~, uds — uud + ud; the s quark transformed into a
d quark and a ui quark-antiquark pair was created. K= — pu~ + 7, Us — no quarks; the s
quark transformed into a u quark and the Tu quark-antiquark pair annihilates. There are no
quarks in the final decay products.

180



r

* 24,

25.

26.

27.

30.

Chapter 14 Elementary Particles

We use Table 14.5 for quark properties and Table 14.4 or Table 14.6 to identify the hadrons.
The spin of all quarks and antiquarks is 1/2.

a) cd; spin is 0 or 1; charge is 1; baryon number is 0; C = 1; S, B, T = 0. This is a D*
meson.

b) uds; spin is 1/2 or 3/2; charge is 0; baryon number is 1; S = —1; C, B, T = 0. This could
be a £° or a A baryon.

¢) 58s: spin is 1/2 or 3/2: baryon number is -1; charge is 1: S=3: C. B. T =0. Thisis a Q*
baryon.

d) @d; spin is 0 or 1; charge is -1; baryon number is 0: C = ~1; §. B.T = 0. Thisis a D~
meson.

Assuming an average nucleon mass of 1.674 x 10~27 kg and noting that 10 out of 18 nucleons
in water are protons, we have

3.786£1073 m3 1000 kg 1 10

10° gal =
(10° gal ) gal ¢ m3  1.674 x 10~27 kg 18

= 1.26 x 10%? protons

Then if one half of the protons decay in 10 years,

0.5
108 y

(1.26 x 10%?) =0.063 y~!

Baryon number is not conserved in any of the three. This is a common problem in proton
decay schemes, because there are no lighter baryons. In addition, (a) violates electron lepton
number, (b) violates muon lepton number, and (c¢) violates strangeness.

25 kg In2 decays 1y
1673 x 1027 kg 1032y 365.25d

= 2.84 x 1077 decays/d

. The lifetime of the X+ is 8.0 x 10~!'! 5. Due to relativity it travels farther then one might

expect.

V o+ 1, v
J_K+Ey 3GV +1189Gev ... 1

Eo 1.189 GeV =2/
v=rcy1-1/v% =¢\/1 - 1/(3.523)2 = 0.9588 ¢
d = vt' = yut = (3.523) (0.9588) (2.998 x 10® m/s) (8.0 x 107! 5) = 8.10cm

. We begin with Equation (14.10). Since K > mc?, this simplifies to Ecy = v/2mc2Kjap. From

the problem we know that Ecp = 2K so Ecm = 2K = /2mc2Kjap. This can be rearranged
to find 4K? = 2mc? Kap, or
2K?

I{lab = 2
mc

From the preceding problem, we know that

2K?  2(31GeV)?
Kib = — = Jomraay = 2050 GeV
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31.

K+ Ey 7000 GeV +0.938 GeV 1
v = - = 7464 =

Ey 0.938 GeV V1-v2/3

v=1cy1—-1/42 =c\/1 - /74642 = 0.999 999 991 ¢

32. The maximum energies result from a head-on collision. Before the collision the proton has
energy E = K + Eg = 998.27 MeV. After the collision the proton has energy and momentum
E,,p; and the recoiling particle has E,,ps. From conservation of momentum and energy

/ET=EZ \/(998.27 MeV)? - (938.27 MeV)?

c 4

E + Ey(d) = 998.27 MeV + 1875.61 MeV = 2873.9 MeV = E} + E»

p= = 340.87 MeV/c = p1 + p2

Using the energy-momentum invariant E3 = E2? — p?c? for both the proton and deuteron.
these two equations can be solved to yield p; = —111 MeV/¢, po = 452 MeV/e, Ey = 944
MeV, E; = 1930 MeV, so the deuteron’s kinetic energy is

K = 1930 MeV - 1876 MeV = 54 MeV

Similarly for the triton (t) with Ey = 2809 MeV. we can follow the same procedure:

F_Fk 998.27 MeV)? — (938.27 MeV)?
p = 0 =
c

- = 340.87 MeV/c = p; + po

E + Ey (t) = 998.27 MeV + 2809 MeV = 3807 MeV = E| + E»

Using the energy-momentum invariant E§ = E2 — p%c? for both the proton and triton. these
two equations can be solved to yield py = —166 MeV/ec, po = 507 MeV/c, E; = 953 MeV,
E5 = 2854 MeV. so the triton’s kinetic energy is

K = 2854 MeV — 2809 MeV =45 MeV

33. To conserve baryon number we must produce both a proton and antiproton, so in the cm
system we need E., = 4Ep. We can use Equation (14.10) and solve for K to find
B - (m@+md)®  EL -d4(md)’

cm

K

2mac? 2mc?

where we have used m; = mg = m. With Ecp, = 4mc? we have

2

(4mc2)2 -4 (mc?)

K= o = 6mc” = 6(938.27 MeV) = 5630 MeV
*34. a)
BT B2 948.27 MeV)? - (938.27 MeV)?
p= . 8 — \/( )c ( ) =137.35 MeV/c
35 M
R P _ 137.35 MeV — 0458 m

gB  (2.998 x 108 m/s) (e) (1 T)

182



35.

36.
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b) From Equation (14.9) we have

F= eB ey eB

T 21m 2rmey
_ E _948.27 MeV
~ Ep 938.27 MeV

f= (e)(1 T)
27 (938.27 MeV) (1.0107)

= 1.0107

(2.998 x 108 m/s)” = 1.51 x 107 Hz

With p = ymv we have
f=_ —_P _
~ 2rR 2mymR

With p = ¢BR we find

qBR gB

f -8B i

- 2mymR - 2rmy  21m

Eip = K + mic + moc?

Prave = /(K +m1c2)? — (myc2)?

Using the fact that E? — p?c? is invariant, so

E:. = Bl — (Pawe)® = (K +muc® + mgc2)2 - (K + mw"’)2 + (mlcz)2
= K2+ (m1c2 + m2¢:2)2 + 2K (mld2 + mgc2) - K?-2Kmc® - (m1c2)2 + (m102)2
1 (m162 —+ m262)2 + 2K'TTL2C2

For the nonrelativistic limit we have

2K 2
Eem = \/(m102 + mac?)? + 2Kmac® = (mic? + mac?) (1 + —L,,
(m1c2 + m2c2)"

With K << mc? we can look at the binomial expansion of the square root:

Kmac?
Eem = (mic? + mac?) (1 + ——2——9)
(my1c? + moc?)”
Kmaer oy
mic® +mec?  my +my

K

Ken = Ecn — (m102 + mac?) =

As in the previous problem

Eem = \/(m162 + m2C2)2 + 2Km2c2 = \/(2m62)2 + 2ngc2

a) If K << mec? we neglect K, so Eopn ~ 2mc?.
b) If K >> mc? we neglect the first term and Ecp = vV2Kmac? = V2K me?

In (a) we interpret the result to mean that at very low energies there is no extra energy
available (beyond the masses of the two original particles). In (b) we see that the available
center of mass energy increases only in proportion to vK, thus illustrating the great advantage
of colliding heam experiments over fixed target experiments.
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38.
= = .
K + Ep 50000 MeV +0.511 MeV 97848 — 1

TS TR 0.511 MeV Tiooe
=c/1-1/42 = c\/1—1/978482 = ¢ (1 — 5.2 x 107'1) = 0.999 999 999 948

39. In each case the desired ratio is simply equal to the relativistic factor -.

a)
_ K+ Ey 10MeV +938.27 MeV 1.0107
TTTE, 038.27 MeV =
b)
_ K+ Ey 100 MeV +938.27 MeV _ 1107
TS TR 938.27 MeV =
)
K+ Ey 1000 MeV + 938.27 MeV
v= = = 2.066
Eyp 938.27 MeV
40.
_ K+ Ep 33000 MeV +938.27 MeV 36.17
T Ey 938.27 MeV e
Therefore in the lab frame v = ¢ and the time for 160,000 revolutions is
27
t= N—R ~ (160000) ——0 1 _ 497

2.998 x 108 m/s
The statement is accurate.
41. a) Charge = 0; baryon number = 0: charm = 0; strangeness = 0; L, = +1; spin = 1/2
b) The unknown can be a single particle. The v, satisfies the requirements.
42. None of the decays are allowed.
a) There is not enough mass-energy in = to produce 7~ and T+.
b) Strangeness is not conserved.
¢) There is not enough mass-energy in Z° to produce K~ and p.

* 43. a) For a stationary target the sum of the rest energies of the products equals the total center
of mass energy, so

Ewmn = V2E (2Ey+ K) = (mp +mp +mk)c

= 938 MeV + 1116 MeV + 494 MeV = 2548 MeV

2

Rearranging we have

EZy
=2Fy+ K
2Eq o+
E2_ (2548 MeV)?
= TR _9Fy = e — 2 V) = 1585 MeV
K= 5E, Ey 5 (938 MoV) (938 MeV) = 1585 Me
b) In a colliding beam experiment the total momentum is zero, and we have by conservation
of energy
2Fg + 2K = Ey + (my + mk) c?
K= —Eg+ (ma+mg)e®  —938 MeV +1116 MeV 4 494 MeV — 336 MeV

D) - B

- -
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* 46.

*47.

48.

49,

Chapter 14

. a) baryon number and u lepton number are not conserved

b) allowed if neutrinos are added to conserve lepton number
c) strangeness is not conserved

d) baryon number is not conserved

a) allowed
b) ve should be 7, to conserve electron lepton number
c) strangeness is not conserved

d) strangeness is not conserved in a stroug interaction

e} allowed

a) baryon number and electron lepton number not conserved
b) not allowed - charge is not conserved

¢) allowed

d) allowed

a) strangeness is not conserved
b) charge is not conserved
c¢) baryon number is not conserved

d) strangeness is not conserved

a) A=h/pand p = v2mK, so

b) px Efc~ K/c, so

a) From Equation (14.10) we have

Eem = w(rnlc2 + m202)2 + 2Km2c2

. 9
and with m; = me = m and K >> mc?*, we have

Elementary Particles

Ecn = V2Kme? = 1/2(0.938 GeV) (7000 GeV) = 114.5 GeV

b) For colliding beams the available energy is the sum of the two beam energies, or 14 TeV.

This is an improvement over the fixed-target result by a factor of

14000 GeV
114.5 GeV

4
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