Announcements

HW6 due, Mon, 5 pm
Review, 235 ISB, Wed, 10-12 am
Final, 235 ISB, Fri, noon-3 pm

Bring calculator and book, open-book and open-
notes



Lecture 20 Topics

Elementary particle physics

* Forces

e Particles

* Conservation rules in particle decay

* Low energy symmetry breaking in weak force
Underlying ideas in physics

e Scale: temporal and spatial

* Energy

* Conservation and Symmetry



Forces

TABLE 12.1 Fundamental forces and particles

Force
Property
Strength
Range

Electroweak Residual

Mediating Bosons
Spin

h1 . .
Ax & cAF & —— - When the mediating particle has mass

¢m - When it doesn’t



Elementary particles

Three classes of particles:

*Six quarks > strong force

*Six leptons > electroweak force

*Four mediating particles (bosons) called field quanta

— Graviton: gravitational force Thvee generations
. of matier {lermions)
—> Photon: electromagnetic force IR
Mess —| 2.4 Ma'd 1.37 G G
- W+, W, Z°: weak force = \

= Gluon: strong force between quark ™™
— Pion: residual strong force betweet

*Particles experiencing forces (fermions =y |}
Mass/energy for gravitational force s
Charge/weak charge for electrowea

Color charge for strong force

Quarks

Gauge bosons




Quarks for Strong force

* Particles that experience strong force are Quarks
¢ SIX types Quarks

S |n .y Participants in gravitation, electroweak, and strong

. Spin Mass Charge Color charge
— Have different mass . —
. Up,u 3 -5 +-;; rngb
— Have different charge ., | 2 i i
— Have all three color e 2 ~100 = neb
Charm, ¢ ~13 X 10° +3 ngb
charge Bottom, b ~4.5 X 10? - ngb
Top, 1 ~180 % 10° + PR

— Have antiparticles

— Not separable

* Proton (uud), Neutron (udd)



TABLE 12.2 Commonly produced hadrons

Hadrons

Mass Lifetime, 7 Mass Strange- Lifetime, 7
Baryons  (MeVic?) 1 (or width & /7) Mesons  (MeV/c®)  Spin  ness 1,1, (or width#/7)
p (uud) 938 ! L+ >10%yr 7t (ud) 140 0 0 1, +1 26X%107%s
n (udd) 940 3 3.—3 889s 7(ul + dd) 135 0 0 L0 84x107Vs
X7 (uus) 1189 3 1L.+1 80x107"s | [z—(du) 140 0 0 =1 26x1078s
=Y (uds) 1193 3 L0 74%x107 s | K*(us) 494 0+l 3.+ 12X 1078s
A" (uds) 1116 l 0.0 26x107%s | KY(ds,sd) 498 0 mix Lmix 89x107 s
S (dds) 1197 L ,—1 1.5x10710s | K9(ds, sd) 498 0  mix f.mix 5.2 x107%s
=" (uss) 1315 3 L3 29%107%s | K(su) 494 0 -l =1 12%10°%
= (dss) 1 T 10 ¢ s
B 1321 2 Hp bR | ) 769 | 0 1+l 151 MeV
AT (uuw) 1232 3 L+3 120MeV pO(uii + dd) 769 | 0 1.0 151 MeV
A" (uud) 1232 3 1L+ 120MeV p(du) 769 ! 0 I,—1 151 MeV
A" (udd) 1232 3 =% 120MeV K™ (us) 892 1+l L+ 50Mev
A~ (ddd) 1232 3 3, -3 120MeV K*O(d5) 896 i +1 L1 siMev
¥ (uus) 1383 3 1,+1 ~40MeV K"0(sd) 896 1 =1 L+ 51Mev
£ (uds) 1384 3 L0 ~40MeV K" (su) 892 I -1 S0Mev
I*7 (dds) 1387 3 1, ~40 MeV

5 i Heavy mesons—containing quarks beyond the strange

=+ (uss) 1532 5 % ~10 MeV
Q" (sss) 1672 : 0,0 82x10"s | Y(bb) 9460 ' 0 00 ~50keV

50 MeV corresponds to a lifetime of 1023 second




Hadrons: Intrinsic properties

* Spin:
— Three quarks = % or 3/2
— Two quarks 2 Oor 1
* |sospin(l):
— Up and down quarks’ Isospin = 2
— Strange quark’s Isospin =0
e Strangeness (S):
— The number of strange quarks
— When having one strange quark, S=-1, two S=-2
— When having one antistrange quark, S=+1



Leptons

Leptons
Participants in gravitation and electroweak

-Leptons do not have color charge
-Electron, muon, and tauon have charge and Spin Mass  Charge

are very much alike except their mass.

Electron, ¢ : 0311 =1
-Leptons have spin 1/2 . — ; <10 0
-Leptons have antiparticles. Muon, § 106 -1
g-neutring, v, ' <(.2 0
Tauon, 7 ' 1,78 x 10 -1

» | -
T-neatrino, v, 3 < ]




Conservation rules

TABLE 12.4 Some conservation rules

Conserved? Momentum, Energy, Baryon Lepton Strangeness  Parity Charge Time
Angular Momentum, ~ Number Numbers* (P) Conjugation  Reversal
Interaction Charge, Color (B) (Lo LyLy) (C) (1)
Strong Yes Yes Yes Yes Yes Yes Yes
Electromagnetic Yes Yes Yes Yes Yey Yes Yes
Weak Yes Yes Yes No No NO No

* Recent evidence indicates some exceptions.

Energy: decay products’ energy cannot be higher than initial particle’s energy
Spin

Charge

Strangeness: +1 for one antistrange quark, -1 for one strange quark

Baryon Number: +1 for a baryon, -1 for an antibaryon, 0 for nonbaryons.
Lepton Number: Separately done for electron, muon, and tauon. 1 for each
electron and electron neutrino and -1 for each corresponding antiparticle



Quarks

Participants in gravitation, electroweak, and strong

Spin Mass Charge
Up,u i ~5
Down, d ! ~10
Strange. s ! ~100 A
Charm, ¢ ! ~13%10°
Bottom, b 3 ~45 % 10°
Top, t 1 ~180 x 10°
Leptons
Participants in gravitation and electroweak
Spin Mass
Electron, ¢ ! 0.511
e-neutring, v, ! <1078
Muon, p ! 106
g-neutring, v,, } <02
Tauon, 7 ! 178 x 107
7-neutring, v, ! <20

Color charge
TABLE 12.2 Commonly produced hadrons
Mass Strange- Lifetime, 7 Mass Strange- Lifetime, 7
Baryons  (MeVic®) Spin  mess LIy (orwidth#i/r)|  Mesons (MeVic}) Spin  ness 1,1, (or width#/r)
p (uud) 938 1} 0 L+ >10%y 7*(ud) 140 0 0 1+l 26%1078s
n (udd) %0  j 0 -3 889s i +dd) 135 0 0 1,0 84x107Vs
Ss) 189} -1 1L+ 80x107Ms | #(dn) 140 0 0  1,-1 26%1078s
20 (uds) 193 -1 L0 74%x107%s | K*(us) 494 0 +1 4+ 12x107%s
A" (uds) s 4 =1 0,0 26x107%s | Ki(ds sd) a8 "0 mix  Lmix 89%107Vs
S-(dds) 1197 3 -1 1,-1 15%1071% | K%d5,sd) 498 0 mix  jmix 52x107%s
=0 uss) 1315 % -2 L=t 29%107"s [ K(su) 494 0 -1 31—} 12%1078s
S B 3 2 pp 1eXIoTNs [ % 10 L+l I5IMeV
A ) 122 3 0 3+ 120MeV | i+ dd) 769 1.0 151 MeV
AT (ud) 1232} 0 3+ 120Mev p(du) 769 | L1 151 MeV
Ned) 1§ 0 34 10Mev | K™(w) 892 I+ L+ soMev
A (ddd) 1232 3 0 3-3 120Mev K*(d8) 896 {At L1 simev
£ (us) 1383 3 -1 1,+1 ~40MeV K*0(sd) 896 =1 L+ SIMev
M) 1M 3 -1 L0 ~40MeV K" (si) 892 1o=1 L=l somev
.- 3 = bl
; "0 ((::; ::Z ; _; ;: . ; ~:((: :::: Heavy mesons—containing quarks beyond the strange
=4 (dss) 1535 % -2 5‘ _% ~10 MeV I (cc) 3100 1 0 0,0 87 keV
Qe 62 3 -3 00 s2xiots | YD) 9460 1 0 00 ~50kV




Decay Possible?

Mass=938
Spin=1/2
Charge = +1
Strangeness=0
Viass=510 i ; o Baryon number=1
Ch-arge -0 : d . L | Lepton number=0
Spin=1/2
Strangeness=0 b ,
Baryon number=1 < M§SS=0
Lepton number (e)=0 . Spin=1/2
Charge =-1
LR L T Strangeness=0

Baryon number=0
Lepton number=-1

Mass=0.51
Spin=1/2

Charge =0
Strangeness=0
Baryon number=0
Lepton number=1



Decay Possible?

Mass=938
Spin=1/2
Charge = +1
Strangeness=0
Viass=510 i ; o Baryon number=1
Ch-arge -0 : d . L | Lepton number=0
Spin=1/2
Strangeness=0 b ,
Baryon number=1 < M§SS=0
Lepton number (e)=0 . Spin=1/2
Charge =-1
LR L T Strangeness=0

Baryon number=0

, Lepton number=-1
Strangeness not conserved in weak decay

Some flexibility in angular momentum
Mass=0.51
Spin=1/2
Charge =0
Strangeness=0
Baryon number=0
Lepton number=1



I
1197, 3
0.0, 1

Strangeness = -1

Mass, S, charge
L(e), L(n), B

< a -t 140.0

Wit 3 0’ 0.0

S u 1

d L 940, 3

d d 0,0,1
(e)2*Hn + 4

Strangeness =0




Mass, S, charge

L(e), L(w), B
1 o 0 %
2 174 »
2 " =1
0
|
et 0.51.5
=1,0,0
. B
+1,0,0




Mass, S, charge
L(e), L(n), B

u

1
Y 1
1193, 2 50 ¢ (lj A0 1116, 3
0,0, 1 . ; 0,0, 1
0,1
y
0,0,0

(e) E(J — .’\‘) + Y

Strangeness = -1 Strangeness = -1



896, 1 K*0
0,0,0

Strangeness = +1

d - d 140, 0
Eﬂg'”°"<ﬁ " 0,00
u
\g o 494,0
0.0, 1
M KOfs K+ + -

Strangeness = +1

Mass, S, charge
L(e), L(n), B




896, 1
0,0,0

Strangeness = +1

Spin?

L K+ + 77—

140, 0
0,0,0

494, 0
0,0,1

Strangeness = +1

Mass, S, charge
L(e), L(n), B




Conservation rules

TABLE 12.4 Some conservation rules

Conserved? Momentum, Energy, Baryon Lepton Strangeness  Parity Charge Time
Angular Momentum, ~ Number Numbers* (P) Conjugation  Reversal
Interaction Charge, Color (B) (Lo LyLy) (C) (1)
Strong Yes Yes Yes Yes Yes Yes Yes
Electromagnetic Yes Yes Yes Yes Yey Yes Yes
Weak Yes Yes Yes No No NO No

* Recent evidence indicates some exceptions.

Energy: decay products’ energy cannot be higher than initial particle’s energy
Spin

Charge

Strangeness: +1 for one antistrange quark, -1 for one strange quark

Baryon Number: +1 for a baryon, -1 for an antibaryon, 0 for nonbaryons.
Lepton Number: Separately done for electron, muon, and tauon. 1 for each
electron and electron neutrino and -1 for each corresponding antiparticle



Symmetry breaking in weak
Interactions

Three symmetry operations:

-P: Parity inversion (x,y,2) 2 (-x, -y, -2)
-C: Charge conjugation particles = anti-particles
-T: Time reversal t>-t

CPT theorem: under combined operations, all interactions are invariant



Symmetry breaking in weak
Interactions

Three symmetry operations:

-P: Parity inversion (x,y,2) 2 (-x, -y, -2)
-C: Charge conjugation particles = anti-particles
-T: Time reversal t>-t

CPT theorem: under combined operations, all interactions are invariant

B
(-

Parity inversion does not change spin direction



Symmetry breaking in weak
Interactions

2X(parent) = ,_4{¥(daughter) + I8 +v

Figure 12.14 (a) A nucleus losing |
unit of spin in B8* decay. (b) The
process viewed with parity reversed.
Angular momenta are unchanged, but
velocities are opposite.

S f Neutrino

(a)

Apply Parity Inversion



Symmetry breaking in weak
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2X(parent) = ,_4{¥(daughter) + I8 +v

Figure 12.14 (a) A nucleus losing |
unit of spin in B8* decay. (b) The
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Symmetry breaking in weak
Interactions

2X(parent) = ,_4{¥(daughter) + I8 +v

Figure 12.14 (a) A nucleus losing |
unit of spin in B8* decay. (b) The
process viewed with parity reversed.
Angular momenta are unchanged, but

velocities are opposite. c
SRS inlikely
' P,

Pe+
b Slf
,‘

('.‘4)
'r Q‘)

f Neutrino
st_-f
pn: 4\

(h)

Examine: Spin and momentum alignment
In nature, both cases do not occur with equal probability



Symmetry breaking in weak
Interactions

2X(parent) = ,_4{¥(daughter) + I8 +v

Figure 12.14 (a) A nucleus losing |
unit of spin in B decay. (b) The
process viewed with parity reversed.
Angular momenta are unchanged, but
velocities are opposite.
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Figure 12.15 (a) The B decay of
Figure 12.14 under charge conjugation
all particles changed to antiparticles
(b) The same process viewed with par-

ity reversed.

Apply Charge Conjugation
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Symmetry breaking in weak
Interactions

2X(parent) = ,_4{¥(daughter) + I8 +v

v,
Figure 12.14 (a) A nucleus losing | Figure 12.15 (a) The B decay of
unit of spin in B decay. (b) The Figure 12.14 under charge conjugation
process viewed with parity reversed. all particles changed to antiparticles
Angular momenta are unchanged, but (b) The same process viewed with par-
velocities are opposite. 0 ity reversed.
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Symmetry breaking in weak
Interactions

2X(parent) = ,_4{¥(daughter) + I8 +v

Figure 12.14 (a) A nucleus losing |
unit of spin in B decay. (b) The
process viewed with parity reversed.
Angular momenta are unchanged, but
velocities are opposite.
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Figure 12.15 (a) The B decay of
Figure 12.14 under charge conjugation
all particles changed to antiparticles
(b) The same process viewed with par-

ity reversed.
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But, there are some exceptions = imbalance in matter and antimatter



Symmetry breaking in weak
Interactions

2X(parent) = ,_4{¥(daughter) + I8 +v

Figure 12.14 (a) A nucleus losing |
unit of spin in B decay. (b) The
process viewed with parity reversed.
Angular momenta are unchanged, but
velocities are opposite.

unlikely

' D P,
3,4 - S‘f

AL
Y
@ @
S“f Neutrino
P,
(a)

-

Figure 12.15 (a) The B decay of
Figure 12.14 under charge conjugation
all particles changed to antiparticles
(b) The same process viewed with par-
il_\' reversed.

unlikely

@ &
1, i,

(n) (h)

likely

P or C operation does not preserve symmetry, but CP does.

But, there are some exceptions = imbalance in matter and antimatter



Symmetry-Conservation

Symmetry operation

Conserved quantity

All interactions are independent of:
Translation in space

Translation in time

Rotation in space

Electromagnetic gauge transformation
Lorentz transformation

Interchange of identical particles
Inversion of space, time, and charge

D N W

The strong and electromagnetic interactions
only are independent of:
Inversion of space

Reflection of charge

The strong interaction only is independent of:
Charge

Linear momentum p

Energy E

Angular momentum L

Electric charge ¢

Velocity of center of mass ¥

Type of statistical behavior

Product of charge parity, space parity, and
time parity CPT

Baryon number B

Lepton number L

Lepton number M

Parity P
Charge parity C, isotopic spin component
I3, and strangeness S

Inotopic spin I




Spatial scale

e 10 A -16 meter to 10 A 24 meter (visible
universe)
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