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Becausethetwo pionsareinitialy at rest, the net momentum of the systemiszero, both
before and after annihilation. For the momentum of the system to be zero after the
interaction, the momenta of the two photons must be equal in magnitude and opposite
indirection, i.e., their momentum vectors must add to zero. Because the photon energy
is E = pc, their energies are also equal .

The energy of each photon equalstherest energy of an* oram .

E=m_c*=139.6 MeV (from Table 13-1)

E= hf= he/A Thus, A= 1¢ - 1240MeVifim _ g g0 o)
E  139.6MeV

E = myc?+ m c®= 2285 MeV + 139.6 MeV = 2424.6 MeV

E, =2m,c? = 293828 MeV) = 1876.56 MeV

E, = 2m,c? = 2(105.66 MeV, = 211.32 MeV

n p (b) p n © p p
7° T m°
n p n p p p
32p - 328 + ¢ assuming no neutrino

0= M(**P)c?- M(*2S)c? (electron’ smassisincluded in that of *S)
= 31.973908 uc? - 31.97207 uc?

= (0.001837 uc?931.5 MeV/uc? = 1.711 MeV
Toagood approximation, theelectron hasall of thekineticenergy £, = O = 1.711 MeV'

In the absence of aneutrino, the **S and the el ectron have equal and opposite momenta.
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(Problem 13-4 continued)
The momentum of the electron is given by:
peci = E?- m, c2)2 (Equation 2-32)

= (Eg + mecz)z—(mec2)2
=@+ mc’f - m,c? = 0%+ 20m,c?
The kinetic energy of the *Sisthen:
5. 2 wef 0 20m<
2M  2Mc? 2M*S)c?

_ (1711 MeV)? + 2(1.711 MeV)(0.511 MeV)
2(31.972071 uc?y931.5 MeV/uc?

7.85x107° MeV = 78.5 ¢V

(c) As noted above, the momenta of the electron and *S are equal in magnitude and opposite in
direction.

(pe)y’ = 0%+ 20m,c? = (1711 MeV)y + 2(1.711 MeV)(0.511 MeV')

p= (L7T11 MeV)* + 2(1.711 MeV)(0.511 MeV)? / ¢

=216 MeV/c

13-5. (@) A single photon cannot conserve both energy and momentum.
(b) To conserve momentum each photon must have equal and opposite momenta so that the total

momentum is zero. Thus, they have equal energies, each equal to the rest energy of a proton:
E, = m,c?= 93828 MeV

© E.= hv=he/A = A= e 1280MeVifm - 4 4
Y E, 93828 MeV

8
_ 3.00x10° m/s = 227x1083 Hz

@v=2<
A 132x10°5m
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13-6. (a) Conservationof charge: + 1+ 1 = + 1-1+ 1-1= 0. Conservation of chargeis violated,
so the reaction is forbidden.
(b) Conservation of charge: + 1+ 1 = + 1-1= 0. Conservation of charge is violated, so the

reaction is forbidden.

13-7 From Table 13-6:
(a) A(1670) 30 MeV
(b) =(2030) 175MeV
(c) A(1232) 120 MeV

13-8. (a) Wesak interaction
(b) Electromagnetic interaction
(c) Strong interaction
(d) Weak interaction

13-9. n’ - y+ y is caused by the electromagnetic interaction; n~ — p~ + v, is caused by the weak

interaction. The electromagnetic interaction is the faster and stronger, so the =° will decay more

quickly; the ™ will live longer.

13-10. (a) Electromagnetic interaction
(b) Weak interaction
(c) Electromagnetic interaction
(d) Wesak interaction
(e) Strong interaction
(f) Wesak interaction

13-11. For neutrino massm=0, travel timeto Earthis t = d/c,where d = 170,000 c-y. For neutrinoswith

massm#0,t = d/v=d/Bc,where p = v/c.
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(Problem 13-11 continued)

At=t'-t= ‘—1(1—1) - ﬂ(ﬂ)
c ﬁ c B

Y = 1 (Equation 1-21)
1-p?
V2 = 1 1
1-p2 (1-P)(1+B)
1-B= ! ! since B =1

v(1+p) 27
Substituting into At¢,

At~£l 1 E=ymec? > y*= (E/m02)2 (Equation 2-10)
c 2Y2
2
Atzi m_c2
2¢\ E
172 12
me? = (AD2cE* | _ | 2AtE?
d d/c

_ | 2(12.55)(10x10%er) -1/2=216eV

(170,000¢7y/cy3.16x 107 s/y) |

m=22eVlc?

13-12. TheXZ" and Z~ are members of an isospin multiplet, two charge states of the £ hadron. Their
mass difference is due to electromagnetic effects. The n* and =~ are a particle-antiparticle

pair.
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13-13. (a) v Ve B v w

13-14. (8) m,c?< m, + me)02 Conservation of energy and lepton number are violated.

2

(b) mnc2<(mp + myc?  Conservation of energy is violated.

(c) Total momentum in the center of mass system is zero, so two photons (minimum) must be
emitted. Conservation of linear momentum is violated.

(d) No conservation laws are violated. Thisreaction, p - p annihilation, occurs.

(e) Lepton number before interaction is+1; that after interaction is -1. Conservation of lepton
number is violated.

(f) Baryon number is +1 before the decay; after the decay the baryon number is zero.

Conservation of baryon number is violated.

13-15. (a) The strangeness of each of the particlesis givenin Table 13-4.

AS = + 1 Thereaction can occur viathe weak interaction.
(b) AS = -2 Thisreaction isnot allowed.

(c) AS = + 1 Thereaction can occur viathe weak interaction.

13-16. (a) The strangeness of each of the particlesisgivenin Table 13-4.
AS = + 2 Thereaction is not allowed.

(b) AS = + 1 Thisreaction can occur viathe weak interaction.

(c) AS= 0 Thereaction can occur viaeither the strong, electromagnetic, or weak interaction.
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13-17.

13-18.

13-19.

13-20.

1 1
A n+n Tr,=-—-—=-1 T=1
@ 32 2
1 1
b) n+ T,=-—+==20 T=1o0r0
(b) p 3 55
1 3 3
C) "+ T,=1+ —== T= =
@ +p I 2 2 2
_ 1 3 3
dn+n TL=-1-—=-= T==
@ 3 2 2 2
en++n T:l—l:l T:loré
(e 3
2 2 2 2

(8 © — e + y Electronlepton number changesfrom 0to 1; violates conservation of electron
lepton number.
D) e +e" + v, + Ve Allowed by conservation laws, but decay into two photons via

electromagnetic interaction is more likely.

) >e +e" +pu + v, Allowed by conservation laws but decay without the electronsis

more likely.
(d) A= n* + ©=  Baryon number changes from 1 to 0; violates conservation of baryon
number. Also violates conservation of angular momentum, which changes from %2 to 0.
e nrp+e + Ge Allowed by conservation laws. Thisisthe way the neutron decays.

(@ Q> A+ K~ Q> E+ g

(b) Z* = p + 7' S on+

© A= p+ 7 N> pn+nd

(d n®—> y+ vy e +et e +e”
€ K== p" +v, Kt—=n +n

K‘+p—>K0+ K"+ Q
Because Kshave B = 0 and p has B = 1, conservation of B requires that the Q™ to have B = 1.
Q- E+ 7

Then™ hasB =0, so conservation of B requires that the Z° have B = 1.
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13-21. (@ 0+ 0= 0+ 0 Sisconserved.
(b) -2—0-1 Sisnot conserved.
(c) -1— -1+ 0  Sisconserved.
(d)0+0—>0-1 Sisnot conserved.
(e) -3— -2+ 0  Sisnot conserved.

13-22. Listed below are the baryon number, electric charge, strangeness, and hadron identity of the
various quark combinations from Table 13-8 and Figure 13-24.

Quark Structure | Baryon Number | Electric Charge (e) | Strangeness | Hadro
n
@ uud +1 +1 0 p
(b) udd +1 0 0 n
(© uuu +1 +2 0 A™
(d) uss +1 0 -2 =°
(e dss +1 -1 -2 5
® suu +1 +1 -1 z*
(9) sdd +1 -1 -1 )

Note that 3-quark combinations are baryons.

13-23. Listed below are the baryon numbers, electric charge, strangeness, and hadron identity of the

various quark combinations from Table 13-9 and Figure 13-24.

Quark Structure | Baryon Number | Electric Charge (e) | Strangeness | Hadro
n
@) ud 0 +1 0 T
(b) ud 0 -1 0 n
() us 0 +2 +1 K*
(d) ss 0 0 +1 0
(€ ds 0 0 -1 K™

* formsn and n’ along with uuand dd
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13-24. 1 D"

u d K° d c ’JT+
A ) A A A .JL
L N

g g

| 0

u b IF d A -

B* B

13-25. (@ T; = 0 (from Figure 13-229)

(b) T=1 or 0 justasfor ordinary spin.
(c) uds B=13+13+1/3=1 C=2/3-13-13=0
S=0+0+-1=-1 TheT=1stateisthe x° The T = 0 stateis the A°.

13-26. The+2 charge canresult from either auuu, ccc, or ttt quark configuration. Of these, only the uuu

structure also has zero strangeness, charm, topness, and bottomness. (From Table 13-7.)

13-27. TherangeRis R = hc¢/mc? (Equation 11-50). Substituting the mass of the W* (from Table 13-

2),
_ (1.055x1073*5)3.00 x 108 m/s)

. s = 2.44x107""m = 2.44x107 fin
(81GeVlc?1.60x 1070 J/GeV

R
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13-28.
nt d u
- Y.
K>+ g+ v W
_ _ [
(ds) (du) A \
Vi
d S
KO
13-29. D n
u d u u d
A0 — p + T + +
(uds) (uud) (ud) N4
A A 0o
v
Weak decay
u d S

13-30. n—>p+ 0= mncz— mpcz— mncz
(939.6 - 938.3 - 139.6)MeV

-138.3 MeV
This decay does not conserve energy.

R
o
4

13-31. p u d

u
A’ — p + _11;" + +
(udd) (uud) (ud) \ / g
A EEEEE

Strong decay
(See Figure 13-24e for A°) U d
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13-32. (a) The K* hascharge +1, B =0, and S= +1 from Table 13-4. It isameson (quark-antiquark
) structure. us produces the correct set of quantum numbers. (From Table 13-7.)
(b) TheK® has charge=0, B =0, and S= +1 from Table 13-4. The quark-antiquark structure

to produce these quantum numbersis ds. (From Table 13-7.)

13-33. (a) Being ameson, the D" is constructed of a quark-antiquark pair. The only combination
with charge = + 1, charm = + 1, and strangeness = Oisthe cd. (See Table 13-7.)

(b) The D", antiparticle of the D*, has the quark structure cd.

13-34. The X° decays via the el ctromagnetic interaction whose characteristic timeis ~10® s. The &*
and X~ both decay viathe weak interaction. The difference between these two being due to
their slightly different masses.

13-35. If the proton is unstable, it must decay to less massive particles, i.e., leptons. But leptons have
B=0,s0 p—>e” + v,wouldhave 1 = 0+ 0 = 0 and B isnot conserved. Thelepton

numbers would not be conserved either; a"leptoquark™ number would be conserved.

13-36. V(H,0) = 0.75AV = 0.75(4nR*AR), where R(Earth) = 6.37x10%mand
AR = 1km = 10°m.
V(H,0) = 0.75[47(6.37x10my’ (10 = 3.82x 10" m?
M(H,0) = V(H,0)p = (3.82x10m31000kg/m?) = 3.82x10%kg

Number of moles (H,0) = 3.82x10%g/18.02g/mole = 2.12x10?? moles

Number of H,O molecules = N, x# of moles

(6.02 % 10% molecules/mole)2.12 x 102 moles)

1.28 x10%* molecules H,O
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(Problem 13-36 continued)
Each molecule contains 10 protons (i.e., 2 in H atoms and 8 in the oxygen atom), so the

number of protonsin the world’s oceansis N = 1.28 x 1047,

The decay rateis|%’| = AN where A= 1/1=1/102y = 103y!

(10732y71,1.28 x10% protons,

1.28 x 10" proton decaysly = 4x107 decays/s

13-37.(a) p—r e’ + A"+ v,
0= (mpc2 - M(A%)c? - mecz)MeV
= (938.3-1116 - 0.511\MeV = - 178 MeV

Energy is not conserved.
(b) p—> 7" +y

Spin (angular momentum) %—» 0+ 1= 1. Angular momentum is not conserved.

p—rn +K°

Spin (angular momentum) %—v 0+ 0= 0. Angular momentum is not conserved.

13-38. (@ n,B=1,Q=0,spin=1/2,S=0
Quark structure u d d
B 13 +1/3 +1/3

1
Q 23 -13 -13

0
spin 1721 12t 121 =172
S O +0 +0 =0
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(Problem 13-38 continued)
n,B=-1,Q=0,spin=12,S=0

Quark structure d
B -13 -1/3
Q -2/3 +1/3

spin 121 1/21
S O +0

(b) E°,B=1,Q=0,spin=1/2,S=-2

Quark structure u S
B 13 +1/3
Q 23 -173

spin 121 1721
S O -1

(cZ,B=1,Q=1,in=12,S=-1

Quark structure u u
B 13 +1/3
Q 23 23

spin 1721 1721
S O +0

(dQ,B=1Q=-1sin=3/2,S=-3

Quark structure S S
B 13 +1/3
Q -13 -1/3

spin 121 1/21

312
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+1/3
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(Problem 13-38 continued)

(e E,B=1,Q=-1,spin=1/2,S=-2

Quark structure

B 1/3
Q -1/3
spin  1/21
S 0
13-39. (&)
Quark structure d
B 13
Q -U3
spin - 1/2
S 0
(b)
Quark structure u
B 13
Q 23
spin - 1/2
S 0
(©
Quark structure u
B 1/3
Q 23
spin - 172
S 0

u

d
+1/3

-1/3
1721
-1

d
+1/3
-1/3

172
+0

-1/3
-2/3
172
+0

-1/3
+1/3
172
+0
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(Problem 13-39 continued)
(d)

Quark structure ¢ s s
B -3 -13 -13 =-1
Q 13 +13 +13 =1
spin - 172 172 12 =3/2,1/2
S 1 +1 +1 =3

13-40. The Z° has spin 1. Two identical spin -0 particles cannot have total spin 1.

13-41. (a) Thefinal products (p, v, €, neutrinos) are all stable.
() = p+e +v,+v +v,
(c) Conservationof charge: 0— +1-1+0+0+0=0
Conservation of baryonnumber: 1+ 1+ 0+ 0+ 0+ 0=1
Conservation of lepton number:
(i) forelectronss 0> 0+ 1-1+0+0=0
@i)formuons: 0+ 0+0+0-1+1=20
Conservation of strangeness. -2 0+ 0+ 0+ 0+ 0=10
Even though the chain has AS = + 2, noindividual reaction in the chain exceeds
AS = +1, sothey can proceed viathe weak interaction.

(d) No, because energy is not conserved.

13-42. (8) " — e’ + v, + Gp (See Table 13-3))
Electron leptonnumber: 0 = -1+ 1+ 0= 0
Muon lepton number: -1 =0+ 0-1= -1
Tau leptonnumber: 0 =0+ 0+ 0= 10
() T =p+v+v,
Electron lepton number: 0= 0+ 0+ 0= 0
Muon lepton number: 0= 1-1+ 0= 0
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(Problem 13-42 continued)
Tauleptonnumber: 1=0+ 0+ 1=1

© nop+e +v,
Electron leptonnumber: 0= 0+ 1-1=0
Muon lepton number: 0= 0+ 00 =0
Tau lepton number: 0 =0+ 0+ 0= 10

(d m=p + Gp
Electron lepton number: 0= 0+ 0= 0
Muon lepton number: 0= 1-1=0
Tau lepton number: 0 =0+ 0= 0

13-43. i’ y+ y

E?= (pc)* + (mc?)

Conservation of momentum requires that each carry half of the initial momentum, hence the

total energy: 2(hf/c)cos®@=p hf=E/2= [(Pc)2 + (’"n"’2)2]1/2/2

r p
2(hf/e)  2(pey + mz2H'"? /2¢

cosO =

_ pc 850 MeV _ 0.9876

PR+ mc? (850MeV ) + (135 MeV )™

0 = cos10.9876 = 9.02°

13-44. (@ A p+
Energy: 1116 MeV - (938 + 140)MeV = 38 MeV conserved.
Electriccharge: 0— +1-1= 0 conserved.
Baryonnumber: 1= 1 + 0= 1 conserved.

Lepton number: 0 — 0 + 0 = 0 conserved
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(Problem 13-44 continued)
(b) "= n+p”
Energy: 1197 MeV - (940 + 938)MeV = -681 MeV not conserved.
Electric charge: -1— 0-1 = -1 conserved.
Baryon number: 1— 1-1 = 0 not conserved.
Lepton number: 0 — 0 + 0 = 0 conserved.
Thisreaction is not alowed (energy and baryon conservation violated.)
© p=e+v,+ v,
Energy: 105.6 MeV - 0.511 MeV = 105.1 MeV conserved.
Electriccharge: -1 -1+ 0 + 0 = -1 conserved.
Baryon number: 0— 0 + 0 + 0 = 0 conserved.

Lepton number:
(i) electrons: 0= 1 -1+ 0 = 0 conserved.

(imuons. 1> 0+ 0+ 1= 1 conserved.

13-45. (a) The decay productsin the chain are not all stable. In particular, the neutron decays via
n—p+e + ;e
(b) The net effect of the chain reactionis:
Q = p+3e+e’ +3v, 42y +2v,
(c) Charge: -1 & +1-3+ 1= -1 conserved
Baryonnumber: 1 =+ 1+ 0+ 0+ 0+ 0+ 0+ 0= 1 conserved
Lepton number:
(i) electrons: 0 > 0+ 3-1-3+ 1+ 0+ 0= 0 conserved
@i)muons; 0 &> 0+ 0+ 0+ 0+ 0-2+ 2= 0 conserved
Strangeness. -3 @ 0+ 0+ 0+ 0+ 0+ 0+ 0= 0 notconserved
Overall reaction has AS = + 3; however, none of the individual reactions exceeds AS = + 1,

so they can proceed via the weak interaction.
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13-46. The proton and electron are free particles. The quarks are confined, however, and cannot be
separated. The gluon clouds give the u and d effective masses of about 330 MeV/c?, about
1/3 of the photon's mass.

13-47. (@) A > p+

E 2

kin

= [M(AO) -m,-m;c

(1116 MeV/c? - 938.3 MeVic? - 139.6 MeVic?|c?

38.1 MeV
(b) Because the A° decayed at rest, the p and =~ have momenta of equal magnitudes and
opposite direction.

m,v,=m.v, — mp/m1t =v,/v

1 2
—m.v 2
Ekin(n):zﬂ“:&& :&:&:6.72
E@ 1 2 m|m) m 1396
2 pP
(©) E,, = E,, (p) + E, (n) = E,, (p) + 6.12E,, (p) = T.12E,, (p) = 38.1MeV

E,,(p) = 38.1MeV/7.72 = 4.94 MeV

E, ()= 6.12E,, (p) = 33.2 MeV

13.48. X0 = A+ y
(@) E; for decay productsis the rest energy of the £°, 1193 MeV.

(b) Therest energy of A° = 1116 MeV, s0 E, = 1193 MeV - 1116 MeV = 77 MeV
and p, = EY/c = 77 MeVic
(c) The Z° decays at rest, so the momentum of the A° equals in magnitude that of the photon.

E

kin

A% = pi/2M(A) = (77 MeVic)?/[2(1116 MeVic?),

= 2.66 MeV small compared to E,
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(Problem 13-48 continued)

(d) A better estimate of EY and p, ae then:EY = 77 MeV - 2.66 MeV = 74.3 MeV and
py= = 74.3 MeVic

XU, —u
13-49. (@) Ar=1t,- ¢, = XX -2 2 Notethat uu, = c?
u, U4 uu,
Af~ XUy~ ) xAu
c? c?
12
2 —m c*? mc?)?
(b) E= — ™€ (Equation 2- 10). Thus, % = Lo ~1-1] ™
/1—u2/c2 c E? 2 E
1| m c? 1 m c? 2
© u-u,=cll-—| =2 —| =2
2| E 2\ E
_c m,c? 2_£ m,c? _ c(moc2)2 E12—E22
2 E2 2 E1 2 E12E22

_ c(20eV)?|(20x10%¥} - (5x 108ey?
2 | 20x10%eV ) (5x10%eV)

2 2 2
— C(20€V) (20) (5) — 7.5X10_12c
2 [(20)2(5)2 105V}
. -12
AT = ’CAZ” - <170a0000y>(72-50xl0 C) - 128x106y = 403 s
C (o4

(d) If the neutrino rest energy is40 eV, then Au = 3.00 x107!! ¢ and A¢=161s. The
differencein arrival times can thus be used to set an upper limit on the neutrino’s mass.
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13-50. . =
T e + v, + Vv

T o p+V,+V,

T >d+ u+ v,

The last decay is the most probable (three times as likely compared to each of the others) due
to the three possible quark colors.
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