PARTICLE PHYSICS
AND COSMOLOGY

tons ahowt the strucivee of matter ar ity mose

etgy collisims, particle phyvsicisis have been obie i Creaie

wrticle plyvsics deals with the very seiall, It asks gues-

Jundamensal or elementary level, From ihe debriy of high-en-

i enonmeus vartely of new particles, sty

their properties, classifv them o groups, and thus wnderstand their internal structire. Cospiology deals

With the verv laree—the ariom and eveliion

Trom diroughaut the wniverse, we can draw

be. It may seenr surprising thar we lave wrouped thes
they arecloselv related: what parttele plsivises learn about the o

abont the structure of the universe fust after its birth

varieties of partictes thar can exist und the inttera

S2-1 PARTICLE INTERACTIONS

There are tens of thowsands of chemical compounds of
varying deprees of complexity, Understanding this huge
tumber of systems would be & hopeless task if it were gt
for the underlying simplicity of the 116 fundamental uniis
elements) of which these compounds are made and the mel-
alively small number of types of bonds through which they
can interact. To understund chemistry. we need not study
the properties of tens of thousands of compounds. but only
those of about 100 elemens. along with & few hasic types
af bonds heteeen them,

ln fuct, the task is even simplen The 116 known e
ments can be clussified into groups with similar propertics:
inert gases, halogens, alkali mesals, transition mretals, pan
earths, and wo forth. 7 we understand the propenics of one
mermber of a group, we can infer the propenies of the other
members of that groap.

The subatomic world can he midersiood in a similgr
way. We know that the 116 different kinds of dloms dre no
lundamental umits, but rather they are in tam compased of
three different particless protons, newrrons, and electrons:

Iirs

of the universe. By studving the radiation that redches o

conelusions abows hove it Was formed amd whar Y fiirere ey

va subijects together b one chapter It i oo

Wi of élementiry particles tells s

- el conelusions by cosmologists can ser it on the

tians between then

When we Took still further, by smashing particles together
at high enzrgy and studving the debris of the vollisions (see
Fig. 32-11, we find what appears at first glance to be a com-
piexity approaching that of chemistry: hundreds of different
particles are produced. Yet when we [ook caretully we find
ihat we can classify those particles into a fow roups whose
members have similar properties. Eventually we find that
thes classification leads to clues ahout the vriderlving sul-
structure that is based again on 4 small number of truly Tun-
dememial particles and a small number of possible intere:
tivns among them.

The Four Basic Forces

AlLof the known forces in the yniverse can be grouped into
tour basic types: In order of incredsing strength, these ure:
gravitation. the weak force. electromagnelisny, and the
strong force. These forces have impartant roles not only in
the interactions helwesn particles, but also in the decuy of
one particle inio ather panticles,

L. The gravitational force Gravity s of course ex-
ceedimgly impomant in our daily lives, but on the scale
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FIGURE 52-1. inl The CDF détwector saatenm al Fos

e g mualtimde of pasticles: which sre recordod and ©

lisiom region as reconsiructed by the detector The cured

the particles 1o be dgtermmned. For more intacmation. see hi:

o Tundamental imleractions between particles 1w the sub-
tall. To give a relutive

Hgare: the gravitational force Between two protons fust

Aabormie Tealm, Ir s ol oo importan

teuching at their surfuces is aboul 10 of the sirong force
detween them. The principul difference berwesn gravitstion
und the other forees is that. on the practical scale. gravity is
cumnulutive and infinite in range. For example. your waight
is the cumubitive etffect of the eravitational force exerned By
each atom of the Barth on euch arom of vour hody

2. The weak force. The weak forge 1= responsible for
nuclear bety decay (sec Section 30-3) and other similer de-
eay processes involving lundamental panticies. [t does oot
play.a major tolean the banding of nucler. The weak force
betwesn two neighboring protons s about 1077 of the
strong foree between them, and the range of the weak force

i osmaller than 1 fm. That i, at separations greaer than

about 1 fm, the wesk force between paricles is negligible
Mevertheless, the weak force 15 importunt in understanding
M belavior of fmdamenwl particles, and 0 is enneal in
understanding the evolution of the universe,

AT B 1-

. The efectrmagnertic farce. Electrom
portunf i the strugtuee and the interactions: of the funda-
mental particles. For example. some pamicles interaer or de-
cdy primarily through this mechamism. Eleciromagnenc
forces are of infinite range. but shielding generally dimin-
tshes their elleel for ordinary chjscs.

Thie properies ol

i by the detecor. tiy An examiple ¢
sare due o the presence of2 magnere Aald, which gllows the fromeniam of

atins peenr inside the detector and pro-

o the trijectonies of particles leaving the col-

podrwwom-odt tnal son

atoms and molecules are determined by clectromagnetic
forces, snd many common macroseopic forces dsuch as
frietion, air resistance, drag, und tepsion) are ultimately due
tr the electromugnatic. torce. The electromagnetic force be-
tween neighboring protons s ahour 107 of the strone
torce, but within the nucleos the eleciromagnetic forees can
act cumulatively because there Is noshiclding. Asa resuly,
the electromagnetic force can vompets with the strong force
in determining the stabilite and the structure of nuclei.

4. The strang foree. The strong force, which is respon-
sible for the binding of nucleés. i the domunant une in the
reactions and decays of most of the fundamental particles,
However, us we shall See, some particles {such a5 the elec-
tron ! do not feel this force ar all, It has a relatively short
range, on the order of | fm.

The relative swength of @ force derermines the time
scale over which it acts: If we bring o particles close
enough togeiher forany of these forees [© @el then 4 longer
tinke 1s Fequared for the weak force o cause a decay or reac-
ten than for the strong lence. Az we shall see, the mean
ftetime of a decay process s often u signal of the rype of
mieraction responsible for the process, with strong forces
being at the shortest ¢nd of the time scale (aften down to
107 <) Table 32-1 summarizes the four forces and some
of their properties. The characieristic time for cuch force

gives a vp

cul range of time intervals observed for systems
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TABLE 52-1 The Four Basic Forces

Relating Chutrasterisii
e Kange Strenzeh Time
Stnng | fm I ==
Electromagnctic - 10 [0 =10 5
Weak == | m {1 10 o
Giravitationg] 3 1 Yeurs

i which each force acts, Usaally this is the tvpoeal lifctime
ol a purticle that decays trouzh that force.

Unification of Forces

e of the landmark achievements 1n the history of physics
was the [%th century theory of sleciromagnetsm: based on
the theory of Maxwell and experiments by Faraday and
Ocersted showing that magnetic eilects could produce elec:

e helds and clectneal effects could produce magnetic
figlds, The previously sepurale <ciences of clectricity and
magnelism became linked under the common designanon
ol electrmagnetism. This linking wis later shown 1o be g
fundamental part ol the special theors of relativity, accond-
ing 1o which electric figlds and magnetic fields can be mans-
formed ino one another due entively to the relative motion
of the abserver,

In the 20th century. the attempt was made 1o camy. this
linking further o nclude mber forces. Fiest ivowas shown
that clectomaznetism and the weak foree can he under
stood ax two different aspects of the same force, called the
eleciroweak foree, 11 we study particle interactions ai a hivh

envugh energy, these Iwo forces behave similarly, [T is con-
verien) for us to regard them as separate forces for many of
theeffects we shall discuss, just avowe often find it conve
nient o speak separately of electne and mamnetic forces
when we discuss electromiagneus phenomena The theon
of the electroweak lorce: which was proposed mdepen
dently in 1967 by Stephen Wemnbere and Abdos Saiam fand
for which they, aleng with Sheldon Glashow: another ongi-
nater of the theory, received the 1979 Nobel Prze
physics); sug

the clectromagngtic force. there should be heuvy pamicles
that carey the wesk foree, and these new panicles should,
anan energy scale of 100 GeV (abour 10U nmes the rest
enecgy of the proton), belave similarly o o high-cne
phaton, In 1983, o reseirch 1eam al the European Cenrer for
Muclear Physics (CERN led by Carlo Rubbiz and using
experimental technigues developed by Simon van der Meer
discovered the predicted panicles. now known a5 W™, W
and 727 foe which Rubbia and van der Meer were mwarded
the 14984 Nobel Prize i physies. The discoveny of these
parecies provided (the evidence tor the vnificanon of the
clectromagnetic and weak interactions mto the electroweak
el pitaalai

esied that just as the photon 18 the Crrier of

SR
ittt

FiGURE S2-2. The super-Kaminkands detector lovnted in

Fapan, The detector contains 32,0000 roes:of water Tecavs of pron

1cins - the et molecules produge Aashesof light which are

00 phetismurtiphier tubes thar can be seen lining the

Fthe chamber AL right as 2 zaft used by (he rwesearchers o

e the tobec The datector i< also used W obserye noutrno

od bv the sun, See :'<'|[|' e g p 1 'IFL:.'l:'.-IL i|"

Next the arsmpt was made W comhbine the stiing and
¢lectroweak forces af a new higher levél of unification, The-
ories that do o are called grand unified theories (GLTS),
and at the preset tme there ure muny candidates for GUTS
but nome has as vetemerged as the cotreel one; Because the
gy abl which the forces merge 15 unmense. perhups: |12

1 times the energy of the largest particle aceelery
ter yed huilt or even contemplated) we cannot do expert-
menis @ test the OUTs directly. We must theretore rely an
12315 a1 obtamable energies: where the effects are exiced
tmely small, One prediction of these theories 15 that the pro-
ton should not be o stable particle but should decay on a
ame scale greater than IO years, (Compare this number
vesis, L Searches [or

proten decay have been made by Tooking for o characteris-

with the pee of the universe.

uc light signul that would accompany the decay of one of

the pronons in 4 lirge volome of water {Fig: 52-2). 56 far

such expenments have not observed proton decay, but they
hase placed a fower Timit of 1P wvears on the decay lite-
time. These results exclude cemain of the GL Ts-and cxper-
ments contmie Y o vertly the theories

The final step in the unificanon would be o inelude
gravity i the

(TOE: Thers is not yet o yuantum theor

scheme to create a theory of evirvthing

v ool gravity, suitas

ipate the form that these theorigs might
nevertheless provide challenees for theoreli-

ditheult 1w ann

take. hut

cal speculanon.

i1
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SAMPLE PROBLEM S2-1. Suppose the half ife of the
proton were |07 v, as predicted by cenain GUTs. (a) On the aver-
age, how long must we observe @ liter of water beh e W would
see otie 0f s protons devay* G0 What volume of watar w varid be

recuited 1o liave & roon decay Tate of one per day

Solution (00 A lller of wases {SppronTTRAL

LAY & pomians

ramber af molzcdles given by

I G022 107 minle wlesfimale)

2 — = 33 = i molacules
FE gfmiale
Each molecule contaie 10 protons (2 from the hyilrozens and §

{roum the oxypeny s that the mumber oF protons it a liter of waler
yE i

BN =33 % 1P The decay rate f s givin by Eq_50-3

= 10k
P
I3 =
5 =KD

Thitl 1%, om the SVErEES e must i wail for 43000 year el
presten ey occurs inoa lier of water
e R = 1d . weobin

N 1 d — 2
Wo= - AR I T it
" (B85 100y
o 53 UFY molecules of water This saorks Wit tiy Be A

I L, equivilent 10 5 cube of weter mercunne 25 moon aside

S2-2 FAMILIES OF PARTICLES

We con learn a lor aboor tings by classilying them. This is
& techmygue wsed commonls by many <ciemtists; for evam
ples by grouping planis or animals ine cutegones hased on
certain obvious festures of their stricture. biologists can
Form a hisis for studving their behavior, From the: scienutic
starlpoant it may- he more enlizhiening to compars one sl
der wilh another spider than with o My or a mathe Pan of ths
training of a scienlist is concerned with learming how w
rmake ad 0 use these classifications

The earliest classificanon scheme for particles was
Based on their messes,

tie Tightest particles, ncludine te
electron (me~ = U511 MeV ), were cilled feprens 1 from
the Greek word for “small™), The hemviest particles. includ-
ing the proton e’ = 938 MeV ). were called fgrvons
{fram the Greek word T “heavy™ L Tn bersecen were part
cles. including the pion (m_c™ = 140 MV ), called RCS OIS

e

TABLE S2-2 Thre Familics of Particles

tromy the Girsek word for “middie”), Today these ¢lassifica-

tons based an maoss: are no longer valid: for example, one
'epton and many mesons are more mussive than the prolen.
However, we retain these three names s descriptive of par-
tictes with simular properties, even though the classification
Dased ¢ om mass s 0o longer valid, Tahle 5222 summa-
rizes these three families of paricles and some of their
properiics,

L.eptons

The leptons are fundamental pariicles that interact only
theough the weak und electrmugneatic interactions: even
though the strong force can eaceed the weak or electronag-
metic force in strepgth hy many orders of magnitede, the
eptons do mol feel this toree at all. The feprens ure true |un-
dantental particles: they have no internal structure and are
not compased of ather, stll smaller particles. We can con-
stder the leptons to be point partickes with nu finite dimen-
sians. All Known leprtons have g PN Of 5.

Fable 32-3 chows the six leptons, which uppear as thrve
patrs.al particles. Each pair includes a chareed particle (e
g T and an uncharzed neutring (v, Voo bl W dis-
cussed the electron neutring prp eUsly 0 connection with
beta decay (Section 50-3), Both the churged leptons and the
teutrines have amtiparticles

Electron neutrines and antingutrinos are produced in the
beta decay (Section 30-5) of radioactive elements, They are
alae produced in great quanity in solar fusion processes:
large underzround detectors: such as thiat shewn in Fig. 32-
I have been constructed 10 observe solur neutrins. and
measure: thewr propertics. Because neutrifion interet only
very weakly with matter, the solir neutiios come o us di-
rectdy from the core of the Sun, where (he FUsion reactions
take place. (The photons from the Sun. on the other hand:
“ume 10 s from ies surdace and therefore carry oo dreet in-
formation about fusion processes it the core) Experiments
have been underway for the pust HI vears o connl these sp-
ler neutrinos: the results of these experiments indicate thal
poly shouwt one-third to one-halt of (he eapecred nunher ure
reaching the Earth. Neutrines are ulso produced i intense
hurses. trom supemovas; the first such abservation of super-
dova neutnnos was-made in 1987 (Fig, 52:3)

Some: theories of the propertics of the neutrinos regjuin:
thar the neutnnios aré mussless, like the photon. Other (heo-
ries allow & small but definitely nanvera mass, Mensuning a
small neutring miss. especially for the electron ML, is

Feersifv Structure it racrtons Sgrins Frampley
Laproms Funidmme ITCTTAZ Rl Hhalt intezrl el
Musqms Campasine Weak, eleciromag Ineeymy K
Baryons Compisite Weak. alecin Half iptesral HAE




S2-2 FAMILIEE QF PARTICLES

TABLE 52-3 The Lepton Family

Fammicle
Clicarye NjrR
Frirtiv fe Antipartivie Tl [
e & 3
", i il -

4 challenging expenimental problen. So far the best expen
mental upper lmit on the rest epergy of the elecmon peu-
trino, about 15 V. comes from the beta decay of “H. By
comparing the amval time of the neutrino burst from Su-
pemova 19874 (b, 32-3pwith the armval ume of the lig
siznal from the supernova. a similar upper limit of abau 20

eV owas estimaled,
Il meutnings do hive mass, then they dre permiued o
translann from one Lype 1o another, such as electron neuts-

nos o meon geatrinos, This wansformetion, called neurring
but it has been

suspected gy un explanation of the reduction in the number

aseifiarion, has not ver been seen diree

uf efectron newtrinegs reaching us from the Sun. In 1999, the
detecior shown in Fig: 52-2 produced the first evidence for
newtring gscillations—ithe number of muon neutrinos (pro
duced in the simosphere by collisions of en C COSITLC

rvs with air molecules) coming down from above differed

trom the number coming up from below (that is, raveling
hrough the Earth). This discrepaney could ot be explained
simply by absorption during passage through the Eanh, he-
cause the neutrines have a maan free path in matter 1

measured in light-vears. su they hive almost no chance of
heing absorbed in pussing (hrough the Earth. Curremily

ail

30

20 &

Energy [MeV)

— B — 30
Time {=i

Fricure 52-3. Fvidence fora burst of neumnos from the g
pornova BN [BRTA
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<019 e =t
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the

Eere are many expenments Lm-:fem'aj.-' O messure neulrino
mrassas, partly o achisve o better understanding of the
properties of the oeutrinos, but also becanse of the implica-
tons of & nonfer neutdnoe mass for cosmalogy, as we dis-

Hl
cuss later in this chaprer

i= a stahle particle, but the muon and tay
ofs. according to

grr =T 30 e imean life = 2.2 % [{)°.s),
v T T, s (mean life= 29 % 107 1%,

Thase decays ane caused by the weak interaction, as we can

gy |y S T
conclude o

1 the presence of peutnnos (which alwavy in-
dicates 4 weak interacton process) among the decay prod-

d s we nfer Trom comparing the decay lifetimes w
the charseterisue tmes fisted in Table 52-1, The form of
these decays can be understond based on @ conservation
bw for leptons discussad in Section 5223

Mesons

Mesons are strongly interacting particles having integral
spin. A partial list of some mesons is given in Table 52-4,
Generally. mesons are producad in reactions by the Slrons
mizraction: they decay, usuully to other mesons or leptons.
through the stromg. electromagoetic, or weak interactions
For exumple. pions cun be produced in reactions of nuele-

ons, such oy

B =paep T g

e | B M | B i e
and the prons can decay accosding 1o

T imean lite = 2.6 = 1™ %5,

imiean life = §.4 = 10778,

W v
wiere the first decay occurs due w the weakl inleraction (in-
dicated by the neutrines and sugeested by the mean life)
and the second due 1o the electromagnelic interaction { indi-

cated by the photons-and sugzesied by the mean fife). !
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Fypieal

Spin firer Enere Mo Lt Drecay
FParticle Antipariicle | L2 Sranyemens® Ml ) Bl .”.-rr.-n'.'r..'n'.'.
ot o e i i 140 e ] 1 o Wy
e ! il n n i5 B (T ¥+
K K - 0 ~1 494 IS e
K" k! | 0 1 W 0% 107! T ot
i ] | n | 547 Fas 10 Fy
I i =] 1 | it L4 - R
7' ] i i i et T 1) T
I b -1 i | | 1 K~ + s e
N e 1 1 | Thow -t I —
B i | [ | R [ e e
3 ) o] ! ! i i e +e
the anti ke hase H LT Tha P nest eperey, amd mgaon e woe tha same (o
n particle and = amipuriacle:
Barvons Adhouzh there are no neptrings produced in the decay. the
_ _ mean life indicates that the decay s coverned by the weak
:;:'r:':':'j“ "'“"i: -“'1;i"*l—'ll:'"Iﬁ:”":'i'f"f“-"":i T‘ll':”hh‘:i“ I‘j’: e n. We shall leamn the reason for this “slow™ decay
SpIns {5, 505 - 00 A partial hisung of some barvons ' in Section 32-3
it “lable 32-% The fumiliar members of the baryon Tamuly e
the proton and neutron, Baryons have distiner antiparicles - » .
for example. the antiproton (51 and antinedtron (7). Field Particles and Exchange Forces
!ILICT:;;]:HTUE:;]??U'—‘ heavier baryons in reactions belwoc :i'!'l_-r'; i\...-.iu.- additional x‘r‘.;_-!? family ol particles that cammer
B S be classified among the leptons. meseus, or barvons. These
p+p—p+ A" K are: the fiefd parvicies, those responsible. for carrying the
which produces the A haryon and the K- meson. The A ||'rL::~“\_n“| .:I'-~ !. :L.]l-':‘- I._|-'.L'-'.'L"\ u.l.-:r-.'.-__l. . .
; Newion s law of zeavitaton and Coulomb’s Taw of elee-
decays according i :
- - trostatics were anginally based on the concept of “action al
AN—p+a (mean hfe =36 2 )7 s o dhstance” Later: in the mineteenth cenrury, this concept

TABLE S52-5 some Selected Barons

Torica!
Lleray

Prroliety

Chares Muean Life

Mel izl

(¥ ]

[ i + 3 0 Pk -
il i} [ {h LAty RET pde FA

A AY i i 114 T 0 p—

s 3 +1 | 5 8= 0! ft o

= x i} I [ 193 T 10 i

i ¥ —1 | by L3 ! nitk &

= = i 1 3 1315 20 210! Voo

= = -1 ! 7 132 L6 10! R

An A= 2+ 10,1 2 0 1232 5.9 % 10 B

e 6T =1 =1 - —1 L= W - \ T

== .é* 1.0 - -2 T3 M= = W

0 - - : -z &322 10 U

Az AT ] - 0 2l 0 P T e

AN Al { [ 2 (4 pt [ w
Tise cliarge and strangensss ane thoes of the | [558 e oppasiie <ign. The spin, mest enerey, and mean [ife are the same (or
a parhckeand 18 aniparticle.

|
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TABLE 52-8 'TheField Particles
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Farticts Svmbf imtoraction Chetiere {e] Npun (W2 Rest E,lur,rg] (Fel')
Crraviton Ciravitalion [ 2 1)
Weak Toson W W Weak =] w4
Wk howon iy Weak f 1 912
Photon ¥ Eleciromagnetie I 4]
Gluom £ Strong (color) f 5]

was replaced by the notion of a field. Two particles interact Ar A h

throwgh the liclds that they establish: one particls sets up a
ficld. and the ather interacts with thar fisld rather than di-
rectly with the first parucle. Quantum tield theory 1akes this
notion one step further by supposing that the fizlds are car-
ned by quanta. In this view, instead of the first panicle ser-
ting up the field, we <av that it emits quanta of the fisld.
The second purticle then ahsorbs these quanta. For exam-
ple: the electromagnetic interuction between two particles
can be viewed in terms of the emission and ahsorption of
photons. which are quanta of the electromagnetic fisld,
Each type of field has ity characteristc ficld panicles. A list
af 1he particles associsted with the four basie forces can be
Found in Table 52-6,

A force accomplished throngh the exchange of panicles
mcalled an exchange force. For example. the force bapwcen
twir nucleons o a nucleus takes place through the exchange
of prons. In this case the pions. along with other mesons,
can aet as feld particles associated with the strong force be-
woen nuclaons.

Hiw i i1 possible for a panicle. such as a proton, 1o
emit another paricle with nonrero muss sod soll semain o
praton? This process seems 1o violate consenation of en-
ergy. The solution to this dilemma lies in the energy —nme
form of the uncenainty relationships. The UnCerinty prin-
ciple is & fundamental Hmitation on oor ability 10 measure a
system. That is. il we observe o system for a time interval
Ay, there 15 2 corresponding uncertamty AE in s eneray,
aecording 1o Eg. 36-9, siven ut minimum by

Al = L (32:1)
k7 gt T

We cannot know the energy of a system more pracisels
that this AE unless we measure for o time longer than A
If we phserve only for a very shor ume. the uncerlainty in
the rest-energy of a proton can be ar least as large as the e
energy of o pion. as the following sample problem demon-

sbrales,

SAMPLE PROGBLEM S2-2. 111 What is the lonzest interal
of e Tor which we can abserve  proten for the Umceamiy in
its rest 2nergy Lo be equal 1o the pion rea enictzy ! 151 What 1s the

gregtest Jdistance e plan can travelin that e ?

Sodution ) For the proton’s rest encrgy 1o be uncertzin by an
armount AL = _ef, the abservaiion ome inmera
to Eq. 52-1, be at mast

can. according

T AR Zaren i

404 = TP ey
12 140 Ma¥

= &7 5 1T

In 2 nme interval shorter than 4.7 % 10725, 5 prots can emit
and absorh a pion without our abserving o violation of consesva-
Hon of 2nsrey
By 1T the pion mavels arnearly the speed of Habt. the mgkimum
distance & 1t can trevel im this fme interval is
a4 = ¢ Ar= (300 = |07 mdshidT om0 10 =y
=14 ¥m o= |4 fm

This distance defines the range of the nuclzar foree, Two nucleons
closer than ubout 14 fm can interact through the exchange of pi-
ons. IF the nucleons are separated by o greater distanee, pion ex-
chiunge cannot aperate, and there 35 no nuclear foree,

S52-2 CONSERVATION LAWS

We would have a difficult time analyzing physical
processes without the laws of conservation of energy and
lingar and angular momentum, These conservation laws
help us understand why certain outcomes pecur (such s in
the case of the collisions that we considered in Chapter 6,
They also help us understand why ceriain processes fihose
that violate the conservation [aws) are pever ohserved. In
one sense they are empirical laws, deduced from abserving
physical processes and carefully tested in the laboratory. Tn
another sense they reveal to us tundamental aspects of the
laws of nature.

An example of a consenvation law 15 the conservation of
electric charge. By observing the outcomes of many
processes. we are lad o propese this law: the net amount of
clectnic charge must not change in any process. Equiva-
lently; we may sav that the net charge hefore g particolar re-
action or dicay must squal the nel charge after the réaction
or decay. Mo violation of this law has ever been observed.
even though It has been carefully tested {see Section 2526,

Conservation of Lepton Number

In reactions and decays of fundamental particles, we often
find & certain set of outcomes but fail w ohserve a set of re-
lated outcomes thar would otherwise be expected to occur.
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Wlhen this happéns. we suspact that there is some unknown
conservation law at work that permits the fimst set and for-
Bids the second. For example. we can produce an elecimon
NeutrinG when 4 proton captures an clectron;

= o e | s 1)

W always lind newmmines mothis priocess; but we mever ob-
serve antmeatrines. Furthermiore, the reection alwavs pro-
duces electron neutnnes and never muon or tay neutrines

W aceount for the failure w observe certain processes
by proposing a comservation law lor lepron nmber that is
. Toreach
lepron we assion 4 lepon number < | oand 1o cach anttlep-
ten e assign o lepton number — LAl sther particles have
lepton nuibers of 0. The law of conservation of lepton
numiber then states:

similar o the conservation Taw for eleciric charoe

frany process, the lepron number for electron-tvpe Tep-
tons, muonrstvire Teptons, and rau-repe feprons must cavi

FERRENTL O RT R,

Al far a5 we know, the law of lepton conservation 15 strictly
valids despate carelul experimemal searches for violations,
rome has el been foomd.

[ the election Caplure pricess,. W assign anoclectron
lepton number L, of + 1 1o the clectron and 1o the slectron
neutring, whercas L. = 0 for the proton and newron. Ths
process then has L; = =1 on both sides and opholds the
lawe ol -conservanon of lepton number, T7 an electran ann-
neutring were produced. the nght side would have L, =

Toand fhe law would be violated, This secounts for our
fzilurg 10 observe this process. IT anothér type of neu-
Line —For example, @ muen neutrine — were produced, the

process would have L, = =1 on the Jefi and L, = (b on the
right. Furthermore. it would have L, = 0 on the left and
L, = + | onithe night; The process would therefore vinlate

comservation of both ¢lectron and muen lepton numbers.,
antd 1L has never been observed.

Through the law of Tepton conservation. we can sccount
lor mapy experimental ohservations, Like other conserva-
thon Jwwes, this Taw preves to be of great value 10 analiring
decavs and reactions:

SAMPLE PRGEBLEM 52-3. Ll lepion numbar eomserva-
fer 1o determiine the identity of pamicle- X o the following decas
T e DRl I

Solntion We mssien clectron-type lepton sumber |, and muon-
tepe lepton omber L tothe paimicles as follows:

s e
Lg2 4] 1 = 7
Lie =1 Ml M ‘
Mote that electron-Type leproms are asstgned L. = 0 and muon-
ypee leplons are assignad L, = (L

Conservation df lepton dumber mezns that the et o

Lype leptom nurbber must be the same Bemre and afier the docay,
Y | k

EHAFTER T2 / PARTICLE PHYSICS AMND COSMOLOGY

<nd sTmalarly tor the muon-type lepton aumbern The electron Iype
lepton number is 1) before the dacay and so must be ( after the de-

X have L, = (L. The muon-type
I befime the decay and wemake the net muoon-
1 pe lepton nomber equal — 1 after the Jeeay, particle X omost have
r

cay, which roquires that part

E

17 numbDer 45

b ==

Particle: X miuse therefore be o lepton with £ = 0 and £, =
— L. Becausethe other patiches o the decuy olready satisly gone
L2rva af electron particle X must e uncharged. A

glance ot Tanle 52-3 showes that the oely paricle with-these chae:

ACEETIAE 1S T

MUOT-[YPC BNIEUEriy v,
&+l i

Conservation of Baryon Number

Acsimilar conservation Tavw ocours o the case of Pairyons,
T each burvon, such as the proton or neuiron. we assign a
baryosn number B of — 1, and we assien £ = —1 1o an-
tibarvons such as the antiproton. The law of conservition of
barvon number thea states;

fir sy pracess, the ol barven damber most remain

LEL LT EEAT

Niv vinlation of this lew has yer been ahserved. ( However,
coram speculanve theones, the GUTs discussed in Section
32-1.suggest that the proton can degay am nonbarvons,
which would saolae e law ol comservalion of haryon
number. Thisdecey has never baen observed; if it were ob-
served, the law of conservatipn of barvon number would
teed o be changed accordingly, |

Comsader. for example, the reaction in which antiprolons
are produced when 4 proton beam is incident on a target of

Protons:

f: o+l +1 +1 1 +1 —1

In this reaction. the net baryon dumber s +2 60 both the
and the right sides,

Contrary to the caseal lepton number, there Ts onlv one
tpe of barvon number. The law of conservation of barvon

number is 4 more general version ofF the riele we used in uan-
albvzing puclear processes in Chaprers 30 and 51t there we
kept the total of neatrons plus protons constant in all decays
and reactions, which. because neutrons and protons are
barvons. 15 2quivalent w conserving the total number of
barvons.

Even though there are conservation laws for two types
of particles (lepions and barvons ). there is no conservalion
baw for mesons. Forexamgple, 1 a reaction of protons on
protons. any funiber O mesons can be produced (a8 long as
tie tncident panticles have enough kinatic encrgy):

grp—g+n=uh
P+p—ptpTw T ma
pp—2p=8 s +ta t ows

Note the conservation of electne.charge in these processes,
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strangeness

There are still other processes that ane difficull 10 under
stand basid onby on the conservation laws we have dis-
cussed <o far. For example. consider the group of kaons (K
iesons), which in many respects are similar 10 the pions
Because there is no conservation Jaw for mesons, we might
expect thal any number of kaons can be produced In reac-
lions. What awe instead find 15 that kaens are cither sro-

duced in pairs, tor example,

prEpEpaper KT K,
Pt r-—'p':‘.-!-f\""r

ar ifasingle kuen is produced. i s always accompanisd by
another “strange” purticle, for example; o A
pEp—rp+ AT+ K

We aecount far these processes and the failure 1o observe

athers that appear 10 be permiitied by the prev

5]y Known
conservation laws) by dissigning to partcles a new quantun
number called sergmgeneds, which is found 10 follow 4 new
Ess,. TWi
kaons (K5 and KY) are drsigned o have strangeness § =
=L oand e other two (K and K
All npnsirange particles (such as pon and ) have § =0
The reactions in which twao kaons are produced then he
=10 on the lefl jonly nenstrange panicles: and also
¥={hom the right: The A" harvon 15 ussigned 8§ = — 1. <o
the reaction in which A" = X~ is produced also hus § = 0
o both sides,

comservation law, called conmeraifon of stran

Pare assigmed b = —1

When we analvee the deciys of the strange paricles. the
conservation of strangeness appears occasionally 10 break
down, The kuons can decay into 1wo (nonstmnge) prons. lor
erumple,

K T e
Here wve have § = <1 on the left and §

clear vialation of the conservation of strngeness. We get a

i1 on the right. 4

Clue ahout how 1o resolve this difficulty when we meas-
bare the lfetime for this decay, which wms oot jo be shou

10 s, The kaons and pions are strongly mleracnng: part-
h-a tvpica

1 2 r- 1
v (s Table

cles. and we would expect this decay 1o occur w

strong internetion lifetime 1 the ran
32-1). Instead. it is slowed by 15 orders of magnitude!
What could be responsible for slewing this decay?

Aasother clue comes from the more coummonly obsamied

decav mode of the K

K'—=u =

a weak-nieraction process; for which the mesn Hie o
LI ™ would nit be unuspal, [t appears that the weak inrer
petion can cliange strangetess by ane unit. In either of these
kaom decay muodes, we have 5 ch
though it does not produce the newrinos that o
lerize u weak-interaction progess. the decav K- — 7~ — o

mging by onz unit, Even

ually charge-

1w governed by the weak micrasction. Ln this case, the s{ranse

ness violation 1 a clue that 1t cennot be a strong:-imteraction
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process (strangeness is conserved in all strong interactions),
it must therefore be o weak-interaction decay,
Cinteraction conserve strange-
ness? Tooanswer this gquestion. we ook for ATANZeNess-
violating electromagnetic decays. such as A = n + 4. This
decay apparently does not oceur, and so we eonelude that
the elecTrmagnetic IRTEraclion conserves Sirangeness,

We can summarize these results inthe low of conservi-

alllil

Doss the electromagns

uon of strangeness:

I processes governed by the strong or electromagnetiv

{mteractions, the total strangeness must remain constant.

In provesses governed by the weal interaction, the total

SIFANZENesy eifler remainy consianr or clanges By one

ter!

SAMPLE PROBLEM S2-4. The [) |'_\;J.|}|.:||| has §.= —3;
ti It 15 cesired prosduice the E IJ:\'il'l--_::I' aheam of K dnetdent on

protons. What other pamicles are produced in this reactiom? (5

Bk might the 02 gy ?

Selutean () Rescnons usaally progeed onlv thriugh the “srromg
nierszon which conserves strangenass. We consider the reaction

K- =p—ft +°

frdve L= =l and {) =1 Onthe
i o= —1and 0 = — 1 W s
toothe right side particles with § = + 2.8 = 8. and
winizh the'

Bles of mesons and barvons. we
Pl with K oand KY, s0 the réac-

T thai-we can safisfy these on

B el KR! <R
#0The 18 cannon decay by the strong interaction, bevawse oo
e degay o par:
— 2 through the weak imergction, . which an

— 5 fimad states are svailable . Tr must thereds

coonz unil, O of the product particles must be g

der Lo comserve bamvem npmber. Two possibilities aee
! ]

07— A" =K amd [} =39 4
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Decays and reactions involving mesons and harvois are

subject o conservation laws involving two quantities; the

electric charge O and the strangemess 5. 1t then makes sense
10 ask whother there i any connecrion between the eleciric
strangeness of a particle. Inoa particolar

group of similar particles (the spin-l} mesons or the spin=,

charge and

arvons. tor sxample). do we find all possihle combinations
uf @ and & or unly cermin ones? Finding unly a restricted
sel ol cominanons sugeesis that the particles are huilt ac-
cording o2 set of rules oot of more Mundamental units
whose electne charge and stranoeness have certain values.

Ter begin to answer the question ahour the possible inter-
nal strueture of particles, we examine the conmection
hetween ¢lectric charze and strangeness by making 4 plot
showing efeciric charoe of pne axis and slrungencss on



Py

[Fabi]

FIGURE 52-4, A charl showin
the spin-2 barvons, Each parmicle is locared anaend secord

£ (a) the spon-hanesoms anid {7

ils strangeness S and electric chargs () The snd lines for 2lec
charge have been deawn obliguely so that the patterns appear m
ERRTIR TR gt

another. Flacing 4 group of mae of the spin-{0 mesans (from
Table 524y on this grd, we obtain Fig. 532-4a; doing the
same tor the spin-s haryons (Table 32-3) we obtain Fig
a2-4b, The regulanty of thése putterns suzgoess 1
may he an underlying common structure 1o

I 1964, il was suggested independently by Murmmay Gell-

Mann and George Zweie that these repular patterns could be
explained i 18 were assumed st the mesons and barvons
are composed of a set of more fundamental particles called
grarky. The orgmal mode! propossd by Gell-Mann and
Zwelp consisted of three quarks. which are ¢ L
down id), and stranpe (51, along with their sntparicles (the

antiquarks . d. and 3). Their properties are listed in Tahie
527, Larer it was discovered that three quarks are nol suffi-
cienl to explain the properies of all mesons and banvons: a
lofal of six quarks i needed, as we discuss below,

The quarks have two very unusual properties that make
them different Trom other particles: (1) They have fractional
electric charges, equal 1o (in units of the ¢l

whitary charge ¢)

TAEBLE 52-7 Properties of Three (Juarks

LAl Svandnd

15[‘I u u
[Mvaer d d

-]

Strange .

“The valnesTeor chivge, baryvon nomber. and stangeness refer e the guarks.

CHAPTER 52 / PARTICLE PHYSICS AND COSMOLOGY

=3 for the u quark and > for the d and s quarks: No other

particle has o fmctional electric charge; and po expetiment
has ever confirmed the existence of free particles with frac-
nonal charzz. (2) The quarks also have lmctional barvon
numbers; all known free particles have harvon numbers of
for nonbayons

mesons or lepions). The electric charge and the

=1 ifor barvons), — | (for antibarvons), ord)
such as
by
e

on pomber for antiguarks have the same magnitude but

pasile sign 4s the values for the corresponding quark,

The quarks all

which means thal (ac-

v i spin o

ning spins 10 quUaniuem -

cording o e mules for con
chanics) combinations-of two quarks (or a guark and-an an-
tiquark) ca : smnof U or 1, and combinations of
three quarks can have a total spin of | or .. For the lighter

discussed here, we assume that the

MIESnns
combinations of quorks have no orbual angular momentum,
that 15, 14 the langoage of Chapter 48, they combine in ¢
stpies (f = 0. Therd are indeed eombinations of quarks that
myvobve postates ([ = 1) or o states (= 20, bu they e
more massive than the particles we are considering,

s model. the mesons aie composed of u

quark and an antquark. and the barvons are composed of

According n

three qudrks. Consider the combination ud of an up quark
and an antidown guark- such that their two:spins add o0,
The ~and the
ithe charze of an an-

the up quark (m unils of &) i

charze of the antidown quark 15
tiparticle 1s opposite to thut of the particle), The cambina
von od has @ = —1. 5= 0 (hecase bath quarks have
=1, and B andd the

: = 0 {hecause the guark has B =
i5 combnation has the same

antiguark iz

quanmuin numbers as the 77 mesan, Conlinwing in this way.

Wi [ nime possible cambinations of 4 quark and an anti-
qeterk, which are listed i Table 32-8. These nine combina-
tons exactly reproduce the electric charge and-stmanueness

combinations of the spin-U mesons;

Barvons are composad of three guarks. Sinceeach of the
guarks has a barvon number af + 1. the total barvon number

I, a5 we expect Tor
barvoms. Consider for example the combination gud with
sQ=+:+3;—,=+I,

of these composite particles wall be

spin -, The total electric ch

and the total simmgeness is (. This maches the propertics of
the proton. There are a total of nine possible combinations
of three guarks, which are listed in Table 32.9 wlong with
fication of the comesponding baryon [rom Tahle

525 Once agam, the model has siccessfully accounted for

the ide

the properiies of this group of particles. Similar success is
obtained with the spin-y barvons (see Exercises 14 wnd i3

.-rf:..'_-. (]

Mitmiher

Strmgeness!

e= lor ihe anlgrarks have oppxisilesian
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TABLE 52-8 Quurk-2A ntiguark Combinations

Charps Barvon
Crembingrivn el Muaeriber Strangeness felinsin
uil (1 [ [
N 1] { ] LA
¥: i 0 }
ud ! 1 i ¥
s L] L | ke
e = f) 0 T
ds L I Hy K-
| T I { =] k-
[ sl i { —1 T
The guark model does far more than re eproduce the sim- Even though free yuarks have never been seen individ-
ple geomettcal patterns of Fig. 52-3. You should think ot ual hourd yuarks have been observed. Seattering experi-
these pattermns as wavs of « OrZanEmg particies with. similas ments that probe deep mside: the nucleon have mwmed
Properties, just 45 the periodic mble allows we o organe “"rm_ pointlike objects that appear w have a spin of £ and 4
atwms with similar properies. Ung derlving the periodic table rgs of + 3 or - 5 These experiments sive direct prool’
| is atemic theory, which can be used i calculate propemics of o lt‘.l._' exmstence of .umr_k.h.xh particles within the nucleon,
atom: beyond their seometnical armngenments. o a similar

way, the guark model allows us 1o caly opertics of par
tickes, mcluding mssses, maoneric dipole moments. deca

12

The Interaction between Quarks

e
mades. lifetimics, and reaction products. The agreement be- What holds the quiirks together inside a meson or a nucleon?

tween the medsured sl caleulated prapeclics has besn o a This force is the most fundamental version of the strong
spectacular suceess for the model. In fact all known p.’;r:::.-!-.r~ torce, brought about through the exchange of particles called

thundreds of them!) have been aceor inted for dased o
model, with a few additional guarks that we deserib.

gl Just ns the efee romaenelic nteraction belween
charzed paricles can be regarded as un exchange of pholons,

The most unusual aspect of the guark model 15 the frac- the slrong interaction between quarks is accomplished oz h
tional electne charges of the guarks. All particles yvet dis ihe exchange of gluons. We therefore piciure a nucleon as
covered have electne charges that can be expressed as nte- compased of ih.”:‘"qu.ﬂm mutudlly exchinging gluons,
gral multiples of the basic uni of ol arge &, Mo panicle with The interaction bepwesn guarks has fwo upusyal propuer-
a fructional eleciric charge has ever been seén. In fact. no fese 1) I wmkes a large {perhaps infinite) CNLTEY. 10 separate
ane luss ever seen a fres ‘guark, despire lernic ¢ _""rm-:-.t;_-l WO guarks 1 1 distunce gredter than the size of o nucheon or
ctlors 1o search for one, Tt s pessible that our particle ac & meson fasout | fin). This may be the reason that no. free
eelerators do ot ver have enough ¢nerey 10 produce a free quarks have val Been seen. When we Ity 0 purnp eneray inko
gquack. It fias ulse been suggested that free quarks may be & fucleon to separute one of (s quarks. the encregy actu il

! lorbidden 10 exist, so we may only abserve quarks bound in Sreates & quark —antiguark pair. The antiquark combines with
I mesons and baryons, one of the quarks 1o form a meson. which agrees with our
[ |
TABLE 52-9 Combinations of Three Quurks
i Neir Barvrm YT
Ceambyjrietien tel hiZ N iy Streageisess -’u’c.«_u'."}:l.'

| [RI04] - z | 0

i Ll |
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rat high
back. plus
sume additonal mesons. The more efierey w2 pit . the
more. mesons Wi gel oul, bt no free quark rme
Paradexically. inside the nucleon or the meson. the L,.1.1r]n
uppear 1o move freely. Al very shon distunces (less than the
stee of o nucleon), the foree between quarks approaches zemo
This unusual behavior of guarks and gluons can be e
derstood by comparison with  electromagnensm. Tan
charged particles interact with one another through the ex
change of photons. However, the photon itself carmizs no
electric charge, and 5o the interaction between the char ragd
panticle and the cxchanged photon does not result in the ex
change of additional photens. A guark, on the other hand.
can el | gluon and tnterscr with it This inmeraction be-
tween the quark and the gluon can create udditional sluons
When it interacts with another eleciron, an clectron can
emit a photon and still remain an electron, 1t does not sacri-
e its e

abservations: when we smash two nucleons toget

1

energies. we gel our nucleons (or othe: harvons)

lectricness" (that fs. its electric charge) 1o emit tha
photon, A quark. however. gives its emilted sioon a share of
it stronzness.” which physicists call “color” In the inies-
action of guurks, color plays the same mle as elecric
charge in the mteraction of charged particles: A& photon car-

ries no eleciric chirg color, and in do-

e, hut @ pluon carries
Ing £0 it.chunges the ressdnal color left behind in the quark
that emitied the gluon, Lo effect: the quark 15 spraading |
color over a sphere the size of 4 nucleon (the range of
gluons ). and s @ oresull the interaction hetween quarks 15
vonsiderably weakened at these distances.

Particle physicists have chosen amusine =nd whinsical

harmes Lo deseribe the imdamental panicles and their prp-

]

ertics. Namies such as quark, strangeness, sluon, or eolor
have meaning only as labels. Gloons do provide the “ulpe”
that binds quarks toeether, but it has. no simalanty woany
other “glue™ in our cxperience. The “color” carried by
quarks and gluons has nothimg o do with our arding

iy LRE
of color Tt is simply easter to remember and discuss these
properties i we give them familar names,

More Quarks

Tn simultaneous 1974 experiments @t the Brookhoven Na-
liomal Laboratary in New York and the Stanford Limesr Ac-
celerator Cenler in Califormia, investigators discovered an
unusual mesan with a rest enerey abown three times that ol
the protoi. This new meson, called o ( psin was ex wpected i
decay into Il"htur MBS0NS 1n-a strang nleraction tme of
perhaps 17+
of about 10 s, which is more churdcteristic of the elec-
lremagnedic mieraction ($ce Tahle 32-11. Morsover,
cay prodocts were nol mesons bur oan electron and 4
positron, another signal of an slecromagnelic Priwess

Why is the rapid, strong-interaction decay path biocked
for this particle, slowing ils decay by three onders of I
tude? We discussed a «imilar effeet in the case of SEFAITEC:
nEss, @ hew quantun aumber that was mircduced panly 1o

]

s dnstead. it was observed to decay in & lime

its de-

CHAPTER 52/ PARTICLE PHYSICS AND COSMOLOSY

explain certain slow decays. We accounted for those decays
through & violation of the conservation of strngeness,

In o similar fashion, we assume that the decay of i is
conservation luw, called
e, According to this inserpretation, the: dr meson s

slowad by the violation of another

composed of a new L,ul k¢ tlor charm) and s antiquark ©.
[he ¢ goark has o

n electric charge of +:. luscas the
\il’.‘lil:-__-'l.' JuETs 15 A58 g o \!E’.IIIL‘i."ILt‘-\.-'L]IJ'll."l[Ullﬁ number of
b= —1, the charmed quark 12 assigned o charm of € =
+1. The decay of the W mesan is slowed. becanse the ¢
& st decav into other guarks (o, d. or sl all ofF which

= 0. The decay thud involves o vielaton of the éon-

nerelore cannot weeur throogh the
strong mteraction. which conserves charm, The ¢ quark can
alsa combine with ather quarks to moke o meson or a
barvon: for example, L} meson listed in Table 32-4 has
quark content ed. and the \, baryon listed in Table 32-5
has quark content uds

In 1977, a sirmilbar discovery was made at the

Fermi MNa-
nomnal Accelermor Laboratory near Chicago. Again, o heavy
mason (in this case, ten times the proton rést eneray) was
discovered. which was expecied o decay 10 other mesons
& time charactenistic of the stromg interaction, but instead
ndecaved into e = ¢ in about 10 ™ 5. In this case, the
decay wis sgain slowed by the violation of vet another con-
ation mule invoiving vet another new |.|u-|fk. called b
tor battont) and having an electric charn g ol —5 This new
neson, called Y (upsilon); is assurmed 1w be composed of

the combinatian hb. If we assign 10 the bguark @ guan-
i number that Teprasents botomness, then the dee ay s
slosed because the b guark must change into lighter quarks
that lack this prapery: this vielinon of the conservition of
bollomness s responsible for slowing the decav. The b
o combine with other quarks o muke various
and barvoss: for example, the B meson listed in

gurark van al
Mmesnis

Table 523 has quark content ub, and the A) barvon listed

in Table 52-%is composed of udb guarks

Im food discovered  from
ons at Fermilab® These high-energy
collisions ceeated o new quark and ns antiguark, which
rapidly decaved o & shower of secomlary particles: from
the: mome

another  quark  wos

proton—proton collis

um of these secondary particles. the cxisience
uf the ongmal decaving partcles was dedueed, This new
¢ Lop tuark 1 and
like the churmed and hcu'-*:u quarks it has an associated

property called ropnes

quark; with a charge of + 3, s called the

A New Symmetry

Ordinany
which are
matier

Miter is compossd of protons and neotrons,
n Turm made up only of uand d guarks, Crdinary

15:also composed of electrons, a

i in the conversion

of proftons o newirons or nedtrois 1o pratons in the bata de
Eor demils af dhus hsoover: sme o oeme Frid o fpuhfopyds
lpt:_backaniuim) ftm
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cay ol ordinany matter. we tind clectron-tvpe neutrings
emitted dlong wath the positren or elecrran

We can therefore construct our entire world und all the
phenomena we commonly observe out of 1wo pairs of fun-
damental particles: u and d guarks. and ¢ and leptons,
Within vach pair. the charges differ by one unit (== and
-3 —Jand 1

I we s gxperiments at o somewhat higher encrav, we
limal pew tvpes of particles: o pew pair af leptons (g and
s neutting ) and @ new pair of quirks (¢ and s), Onee
again, within cach pair the electric charges differ by ome
unit. Al still higher energies. we tind = new pair of léptops
trand v} and a new pair of guarks (1 and by

It therefore seems that the truly fundamental pertiches,
the guarks and leplons, appear in pairs, and thar 3 pair of
yuarks and a pair of leptons can be combined o o “gener
arnon.” ws Tollows:

Isl zenaration:

o Vet
¥ 'I"'

2ol generation: { " J' and | ]
v -

Ard generation: I[ '.I] i f |

Vi {5

Properties of these iy quarks and leptans ane sununarized
inAppendix F

The model of the structure of the clementany pamicles
that we have deseribed so far has come 1o he known os the
Stapdand Model, In this model, there urs three SENCTAONS
of lepons and quarks. which are considered o he elemen-
tury particles. All other material pamicles are COTMPOsiles,
The particles interact through the electroweak und the
stromg forces (pravitation having g negligible effect on the
intersctions of individual paricles). The electrowenk fomee
i due o the exchange of photons or the se-called wegk
bosons W* W=, and 7% The six quarks each come in three
vaneties or colors: there are cight colored gludns thal carmy
the color charge and are responsible for the interaction be-
Lween guarks. All barvons and mesons are colorless. the
three quarks in & barvon must each hive 4 differen: color,
and the quark and antiquark in a meson must camy one
volorand its anticolor

Although e Stmdard Model has had remarkahle sue-
cessin accounting for the properties and intersctions of [rets=
licles, vou may now be wondering if we have simply e
placed one Jevel of complexity with another. Ts 1t possible
that, instead of hundreds of mesons and Baryons;our list of
particles might show hundreds of leptons and gquarks j< we
do experiments al ever greater enereies”? There is VLTY STrong
evidence that the number of generations is exactly thiee, and
that the list of leptons and quarks we have deseribed is com.
plete. One limit on the number of senerations of lepions
comes from the decay of certain purticles. For axample,
the 2% can decuy into u lepron and its untileplon, such as
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e”+2 oru + w7, The lifetime for the decay s deter-
muned by how many of these pairs into which it ciin decay,
and from the observed lifetime it is concludad thal the nurm-
ber of lepton gencrasions can be no areater than hree.

A very different approach to answering this question
comnes from examining the properties of the universe
short tme after s birth. At that time. the umiverse wiis a fut
gas comssting of leptons and quarks. The evelution and
subsequent propertics of the universe were determined b
the number of generations that existed at that time: Promn
observitions of the Present properties of the unverse; we
van sz conclude that the number of generations js asuin
three. It is therefore very likely that our list of leptons and
yuuirks is.compléte.

SAMPLE PROBLEM S2-S. Analyse thew [rogesses in
ferms of theireuark content:

W pEnste Veu
thy 4} —- AN — K-,
el K +p—f + K —KL

Solutiva. ey Using Table 324 10 find the quark contenl of the
particles, w2 can wewrits the decay as

bl — pdd < ¢ 4
Canceling the common pair of ud quarks fram cach saeley, we fianl

b= +ig =+

The w grark vhanmes e a0 yuark by Feta decay, This equation
fepresents 4 fundamental interaction between guarks which we
s alse wrte a5

u—=d — W and W =gt poa

il The yuerk content of the 07 s sss  becanse i has Slrangeni sy
3, s the decdy can be wiitten as

aus — uds 4+ w4

Canceling the common pair of s quarks from cach side, we el
the el process o be
F—= 0 Hod

using the quark identities for A" and K given in Tables $2.9 and
31-3 That . the & quurk Is transformad inteoi d guark and g ui
pair s created froem the decay energy.

fe) Agan repacing the particles by ther quark content, we san
write tha rexction as

S0 pud == v+ uE +dg

=i remos ing the canmon guarks of wd, wnds from carhsidy we
are lzfiwith

U — 55 + 15,

The pet process consisis ol the inniRijation ol the uit pair-and the
Production of Pwi 43 pairs from the reaction BHETEY.

These examples are typical of Uirk processes) the weak fnler-
=¢tion ean change one type of guark ingo anothai The st initer-
SN can veeate or destroy quirk —antiquark pairs, but i cannol
change vine type of goark: into annther
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52-5 THE BIG BANG
COSMOLOGY

Sinee the beginning of recorded histo

speculated aboul the eogin and
branch of scignce now

cenlury, these speculutions were made mostly by philoss

alled commalogy |

phers and theolosiuns, because there was
evidence of any sort thar would forn the basi
tifie theors. Tn that century, two

erics have pointed the way 10 4 cobernt theory the

accepred by nearly all physicists,

The Expansion of the Universe

The firse of the twar greas discoven

Edwin Hubble (see Fao 52-5

shudying the wisgy objects known previously as nebulue. By

eventuadly resolving individoal sers inothe n
was oble 10 show that they are zalaxies

Wi, composed of hundreds of hillions of stars,

Hirer, Hubble dedoced thal the malasies are mmov

fromt one another and fhom vs. and

tance from us; the grealer is their recessional speed. That i, if

15 the distance of the eabaxy Trom Earth cor from any other
Pt of reterence 11 1he wiverss) and s I0g speed WD
which the calaxy appoars to be mov

hle's e gives
=l 522
where Hos o proporionalily constant kriogn

el

The Hubbie parameler has the dimepsions of inverss
tirrie [y vilue can b leamned only by eaper Wi TS

Fraure 52-5. Edwine Hubble (1559

the [O0-1n. t2leseore o Mount Wilson,

reseirih tha led bimm e propose that the
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rosugs il clustees of

 speed and distanee for

e ht likes show the Hubble

]

= i
1
i
1
=

1 of the Hubble phmmeer M

mndependently deduce the distanee of 4 galaxy trom Earth
ive o Ealr

e measured 1 oa strsehiforsand way usinis the Doppler

The recessional specds cin

he splany (ser Fie, 39-28%, but the
to determine tin fact, Hubble's

hv 4 factor of L, Figure 52-6

recent ditd thal conliom Hub-

of values of the Hubhble parame-

nt data gives o value of the Hubble

kmy/s

Mpe

THTILY tsed umt of

< 107 lght-vaars
ORL = 10 km
the cstmies of the cosmic

pariumeier 15 yneerain, with
f

G5 — B0 km s pe

g forever ot the sumie

erse has heen expa
1 The & s umaverse, Usine the acceped
we would estimate the age

v, with the range of uncertainty

we values mothe mnee ol 12— 15 5 107 &

sed tater. the-expansion of the -

However: as

verse hds not a0 the trig nge is Jess than the

carrently deduced value of H7

I'he Cosmic Microwave Background
Radiation

here were other explanations of the expunsion of

thi: universe. the Favior wius hased on the as-
~ I i 3 % S gl TR ﬁrL!\\JII'I‘_- Ill'\l'l'l'lll AT,
S = Expa Raans-amd s the Elnmverses by Wemdy 1o loreed

Sctenrific Amencan, November |1 See also htioot s hakshle
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they must have been closer weether in the distam past. Tf we
tun the cosmic clock back far enough, we find that i its
carfy stute the universe consisted of unimaginably high den-
sities of matter snd radiation. As the universe expanded, both
the muatter and the radiation cooled: vou can think of the
wavelengths of the rudiam photons being stretched in the 2x-
punsion. The radiation filled the entire unmiverse {0 it com-
pact state, and il comtinues o All the entire universe in the ox-
panstort. We should sill find thar radiation present today.
cooled 1o the extent that its most intense Component is in the
mucravave region of the electromasmetic specirum. This is
known as the cosmie micrmware hack

ot radiarion.

This radiation was discoversd in 1963 by Amo Penzias
and Robert Wilson of the Bell Laboratonies m New Jems TSEY,
whi Wene 'L\_urll'l‘-'l i I'I'IILTIH\ ave dntenna L.H._(E it]" satelline
vmmumnications {see Fg. 32-75 No matter where 1
painted their antenna, they found the same ann ying back-
ground “hiss” Eventually thev realizéd that uh_, .xere 1n-
deed seeing-a remnant of the early universe. and they were
awarded the 1972 Nobel Prize in physics for their « ‘uun..rv

The microwave background radiation has 3 true thermal
spectrun of the (vpe we discussed in Section 43-2. Figure
32-8 shows measurements of the mtensily of the hack-
ground radiation @ various wavelengihs, and vou can see
how wall it is il by Planck™s radiation law with a lemperi-
ture of 2725 K. The dats points mclude recent measire:
ments made from a satellie s Earth orbis. therebv elinnat-
ing stmospheric ahsorption,

Measurements of the intensity of the microwave back-
around radiation in various direetions show that the radiaton
has w uniform intensity in all disections: it does not “ppesr to
eome lrom any parmicular source o the sha. but Tnstead flls
the eniire universe uniformiy, as would he expected for radi-
alien that likewise filled the early universe. Recent ohsena-
tons, however, show that there are temperature Auctuations

FIGURE 527, Armis Pengias i seht) end Boben Wilson
ing i tont of the large horm antenna with whch they Rrst de:
tected the microwisve back pround radiaton,
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Floure 52-8. The speetnum of the cosmic mictowave hack-
ETOALIK

wdiation. The dots reprisent observatons, and the solid
lime e

I nts the Planck spectrum for the padiant CREETY COrre
spond

fig b d temperiture of L7235 K. Nowe the exéellent ngree-
ment Between the data powses and the theoretical curve, The dati
ween D05 emoand 1.0 cm come from ohservations miade by the

"!'B‘- (L7 {an o Backeround Esplorer) satelline launched in 1984

of about 107" K between different regions of the sky, These
results have been interpreted as evidence for the nonuniform
distribution of matter in the eurly universe that led uleimatel
1o the condensation of stars and galaxies,

The eqer*—r-. density of the radiation can be found from
Planek’s radianon law (Eq: 45-6). The :'lmnth.r density. of
these background photons is about 400 per ¢me. and the en
ergy density s abour .25 eVjem'® (roug hh corrgsponding (o
half the rest eneroy of an electron per mh The mean energy
per photon s abour OA0063 ¢V, which sugoesis why we dare
noterdinanty aware of the presence of these photois.

The Big Bang Cosmology

The cosmologicul theary that is in hest dgrecment with these
two experimental findings (the Hubble law and the back-
ground radiation) (s the big bang cosmaology. According o
this theory, the universe bezan some 1015 billion Vi
420 i a state of exmeme density and temperatare, There
e o galuxies or even clumped maueras we now know

L the “stoff™ of the universe at early times was a gresl var-
ety of particles and antiparticles, plus radiation, The density
of radiation and mauer is related to the temperature of e
universe: As the unjverse expands, It eools (just as any ex-
panding thermodynamic system cools). If we make some
reasonable assumptions ohout the EXpsion rale, we can
bnd a relationship berween the emperature and the time af-
werthe GuInJ.[II.II'l !1[ ihe '.lJ'I.J'u-LJ'hL.

——3 {52-3

whers the temperature 1'is in K and the time s inseconds,
The radiation in the garly universe consisted of high-
energy photons. whose typical enerzv can be ronighly

O —————————————
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cstimated as 47, where § is the. Boltemann constant and 7 is
the wemperature at o particolar ume 1. determined from Eq.
32-3. The dominant processes in the garly universe can be
represented as

photoms — panicle + antiparticle; (32-da)
particle + anuparticle =+ photons (5248}

Reactions of tvpe 52-da icalled pair production) are
possthle only if the combined cnerzy of the photons on the
left side exceads the towl rest energy 2ime’ of the particle
and antiparticle on the right side. If the wemperature is hich
enough, then the two reacuons are each possible: the rarss
of buth reactions are then the same. and there is a0 eguilib
riwm between the photons and the particles and antipar-
cles. As the universe expands and cools. the aversge eneray
af the phaotons decreases until at seme point, for a speciiic
tvpe ol particle, reactions of type 32-4g
possible. At this point ne new particles and antipsmicles of
this 1ype are being produced. and the equilibrium is upset

becawse resctions of type 532-2b (cilled annilniviron) can

will mo lon

still proceed. As the particles and antiparticles annhilate
ome another, their nombers decrease.

Let us consider a specific example in the case of pro-
toms, We can represant the reactiony as

¥y —p+p und p+i—yr %

The rest cnergy of the proton is.938 MeV, For the first reac
tion to occur, the energy on the left side, 2E., must be ar

least as larpe as 2me . If we represent the ave

¢ photon

encrgy #l temperature T as &7, then the corresponding em-
perdaire s

I mee” 93§ MeV (1% 105K
& K62 % 1) SeVIK ~

When the temperature of the universe drops below this
value, the reaction y + y—+p + p will become increas:
ingly less probable, while p + p—5 = wwill continue w
neeur According Lo Eg, 52-3. this temperature is reached a
atime of

L nitgitage |-' LS Mg 'I-:
f) |I I .ll - \ 1.1, = =|:'|:K
=ZX 109

That 15, at thimes carlier than about 2 s, the universe wis
hot envugh to produce proton—antiproton pairs, but at later
times only proton-ansiproton annihilation cecurs

Ar very early times, with comespondinely higher tem-
peratures, the radiation may have been hot enoush to pro-
duce guark —antiquark pairs. 17 s, al those early umes the
umiverse consisted primarily of leprons (and amileptons),
quarks (and antiguarks). and photons. The quarks may hav
come logether 1o form mesens of harvons, ot the mdiation
wits sufficiently energetic o dissociate those particles s
soon as they formed. Since we do not yet know the derals
of the interactions between free quarks (or even whether

free quarks are allowed to exist), we cannot learn very
much about the characienstics of the universe at that time,
Insiead, we begin the story At u fater time. when the uni-
verse has cooled sufficiently o allow the quarks and anti-
quarks o form mesons and barvons.

t=10""s (I =15 x 107 K or £T'= 1300 MeV). Al
this ume. the universe consists mostly of protans, antipro-
0=, neulrons, an(neurons, mesens, leptons. anttleptons,
und phorons. The rates of paie production and andihilation
thgs. 52-2u and 52-46) are roughly equal, sis the number of
each kind of particles is aboul egual 10 the number of s an-
Uparticle. The number of photwns 35 about equal Lo the
numiber of protons, which is in tum about egual w0 the num-
ber of ¢lectrons,

Hecause the quarks and antiquuirks have formed mesons
and burvons, most of the infuence of the sirong interaction
has diseppeared by this tme. The slectromagnetc amd
weak wleractions coniinue to play an imponant rale, Elec-
romagnelic mleractions are represented by pracesses such

as Egs. 324a, boand weak interactions can ocour throush

SUCTE Processes s
BV, Sp-¢ aml priSnte

and simtlar processes; 1w which neutrings are heing crealed
and destroyed st the same rate. As fong as the leptons have
encugh encrev. thie forward and reverse reaction rates are
equal. which mamtams the batance between the number of
charged leptons (28 and ¢ ) and neutrines. Since these re-
actions convert neutrons: o Proions G prouens o neipsons
with equal gase, the very early universe contuined riatghly
equal numbers of protons and neutrons.

t=10 25 (T =135 % 10" K or &7 = 13 MeV). Now
panr production of nucleons (protons and peutrons) no
lopger ocours. Nucleon —antinuelesn annihilation continues
W oecnr; because of a slight dxcess of matter over antinit-
ter iwhich wie will discuss Tater), all of the antiaueleons dis-
appear. leaving only the small excess of nucleons, The pho-
tons are sill kot snough o produce eleclron—positon
paits. AT this point the universe consists of prowns, neu-
trons, clecirons, posirons, neuirnos. antinewtrings, and
photons. The number of protons is roughly equal o the
number of neulrons:

=185 iT=158%x 10" Kork? = 1.3 MeV) As the uni-
verse expands, the newtrinos are couling wlong with the
photons, and their average cnerzy is also roughly 4T, Be-
cause the neutron-proton rest encrey difference s about
|.& MeV. the newtrinos no longer have enough energy to
Comvert protons into neulrons: newrrons can be:convertad to
protons. however, such as by neutring capture in + v, —
p— 7k At thus point the neutrinos hegin to “decpupls”
from e matter in the universe; that is, their interactons
with matter become much less [tequent, and thase few re-
mamning interactions have little influence on the properies
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ol the neuinnos (especially their temperature or average en-
ergy ), From thar point until today, the neutnnos continge
Aill the universe and to continue: their cooling as the ani-
verse expunds: Today thelr average energy is very small.
about (L0005 eV, and their density is about $00 per e’ As
a resull of neutring: decoupling the balancs belwesn the
number of ncutrons and protons is opset, apd by § = 1 5 the
nucleons consist of ubout 73% protons and 27% neutrons.

=6s(F =6 % 10" Kor kT = 0.5 MeV. Now the pho-
tons have oo linle energy 1o produce even electron-—
pasitron pairs: electiron - positron ansiliilation hes removed
all af the positrons and nearly all of the electrons. This fur
ther upsets the ability of the trnsformation berwesn pro-

tons and nedtrons: toogo 1n both direcuons: av @ result, the
relutive number of protons continues (o ncrease. snd by

this-time we have ahoiwt B3% protons and | 7' neutrops.

Al this time the omiverse consiste of a number N pro-
loms: 02N peutrons, N eleetrons, and a much larger number
al’ phistons and neetrings, At earlier nmas the number of
phatons sk wbout 2qual o the nember of qucleons and an-
tinucleons, but the present number of protons represents
anly he slight excess ol protons. over antprotons that re-
mained following annihibation, We can deduce the mbo of
photons: e nucleons, it determines: the relanve
umeunts of certain light clements such as deaterivm (<H)
that are loemed in the early unverse: This number turms out
to be-abowt 10°% That is. for every LOODOODAK] protons
angd TLINHEOOOK) antiprotons in the sarly oniverse, follow-

hecapse

|
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FIGURE 52-9.. |he evolution of the universe aceor iz iy the i
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mg annthilauon there is just one proton and no antprotons
bl
As fur as we know, the present unjverse contiims no
stars of galavies made of anlimamer. Our universe is en-
tircly made up of the small exvess of matter that remained
after armihilation. Where did the stight excess ol matter
over antimatter onginate? Evidence for this asymmetry be-
vwaen mgtter and antimatter is seen i the ditference in the
decay propamiss of the newtral K meson K" and its antipar-
ticke K. The interaction that causes this asymmenry is not
vet well understood, but its effect on the distribution of par-
tekesand antipartacles muy have established the shght ex-
cess ol matter during an early era in the evolution of the
umiverse when quarks and leptons were dominant, 5o Car
the K #s the only system that shows this effect, although it
hought that the neuiral B meson BY and i5 antiparticls
BY mity show a<imilar effect. A new acceleration and de-
wenon facllity is currently under construction at the Stan-
ford Linear Accelerator Center fo test this prediction. This
i» another example of the way thal results from particle
physecs have a great impact on developments in cosmalogy,
This desenption of the evolution of the universe: {lus-
tratedd: m Fig. Yo lras laken us from the formaton of the
umiverse ut the big bung. through hot and torbolent cris

15

'\1_

dominated by nuclear reactions, o u time of 2 fow seconds
the composizon became identical with the pamicles
that now make up our univérse. How these particles com-
Bingd 1o form the noelei and atdms that we ohserve today 1w
cussad inthe

when

dis

fExt sectioi,

|
| 1
| I
| I
| | I
. I
L1 Poswons |
: : enninilais : Miecle:
(I | e
1 | |
| il
: | =p-e"=7| pei--dry I Atoms form
| | 1 |
| lg+nsdey] @9 _HE Fadialion | N
~e | | d+n—=H secouples] P+ 8 ~Hitom
= : j *He + n-="He I
I 3 ‘) He w28 -
2y =& +a> = 2y | H+p—"He | He + 22 He
RN | | atom
5 &5 2503 OO0y
| AR
2 bang cosmology. The heavy solid line shows the relnmonship between

temperature.and Sme aceondmy fo bg 52230 The nuponant regctons i euch efs ane shown | Here g ol 1 stand for quark and antiguirk, e
spectively. )
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SAMPLE PRCOBLEM 52-68. When tid the umverse become
tow cool 10 permit the radinon W create g0 g pairs?

Sofwtion The rest.energy of the muon is T0AT MeV. Photons
have this mean energy ar a emperatme detenmned Ty
i R Py
po il o BNV ors ek
i 262 X 107 eV/ik

The comesponding time 1s foand from Eqg. 2223

S52-6 NUCLEOSYNTHESIS

Afan age of a few seconds, the universe consisted of pro-
tons, neutrons, and electrons. Today. the composition of the
umiverse is mostly hvdrogen and helivm, with a small abun-
dance of heavier elements, How were the present nuclet and
atoms produced {rom the g bang? The formation of the
glements of the present universe 15 known:as nucleasynrke-
siv. As wa shall see. observing the present shundancoes of
thiz elements can give us ¢lues about the processes that oc-
curréd during the big bang.

Big Bang Nucleosynthesis

The first step in building up complex atoms is the formation
of deuterivm nucled (deuterons) from the combination of a
proton and a neutron. according (o

n+p=—d =+ 7

The binding ensrgy of the deateron (see Section 30-2) 15
2.2 MeV, which is the energy of the v ray that s given off

during the termation. The reverse reaction.

d4+ y—=n+p

can break spart the devterium nuclel into ther consttuent
protons and neutrons, if the v ray cnerey is al least 2.2 MeW.

I the universe is filled with energeuc photons, the two
reactions will tuke place ar the same rate. and deutenun
will he disassociated as quickly as it is formed. However, if
the universe is sufficiently old. the photons will not have
enough energy to accomphish the disassociation reacnon.
and dewterium can st 10 build up

When we ended our swry in the previeus secnomn. the
universe was about & s old. and the mean energy of the ra-
digtion was aboul 0.5 MeV, which 15 less than what is
needed o keep deuterium from ferming. However, it must
be remembered that the radiation has a Planck distribution
of energies (see Fig. 52-10. which was discussed in Section
45.2) and that there are perhaps 107 photons for every pro-
ton or neutron, There is 4 high-enerey tail in the Planck dis-
tribution. which sugeests that no maner what the empera-
wre of the radiation, there will always be some photons of

PHYSICS AMD COSMOLDGY

Fracy density

f 2.2 MeV/
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FIGURE 52-10. Theenerzy speotnumn of phobons ata particu-
far dmie m the evolution of the universe, Photons witkr energy
2 MeV, which constitwe a by Traction of the tolal num-

by b

energy above 2.2 MeV that can break upart deuterium nu-
clei. I, on the averape, the numiber ol these ensrpenc pho-
tons is less than the nomber of prowns and neutrons, deo-
Lottt can start o buald up.

The neutrvm-to-proton ratio s ghout (.2 at this point in
the evolution of the universe. und there are roughly 107
photons per nucleon, so that the ratio of neutrons 1o pho-
tons 15 about 1.2 = 107 If the fraction of photons with en-
ergies above 2.2 MeV 15 less than 0.2 X 1007 of the total
number of photons, there will be less than one-energetic
photon per neutren. and deuterium formation can proceed.
From the expression tor the Planck distmbution {obtained
from Eqg. 45-6), we find that the Faction of photons of en-
erev graater than 2.2 MeV will be less than 0.2 3 107"
when the temperitgre has fallen to @ 1YV KL Bquaticn
S2.3 shows that this femperature ocours at a time of 2505,

Ara time of 250 s, the formation of dewterium nucled
begins. Because the deuterons are less ubundant than pro-
tons or neatrons, the deuterons will readily react with proi-
wons and nevirons, according w the reactions

d=on—"H+% and d+p-r"He + 7

Finally. the “H and *He will alse react with protons-and

néuirons, as given by

H+ p—*He - % and “He + n—"Heé+ %

For all four of these réactions, the binding energy of the fi-
nal paricle is greater thun that of the deuteron, Thus if the
radiation is too. feshle 1w prevent the formation of
deuterons, 1t will certainly be too {eeble o prevent the suc-
ceading reactions. We can therefore assume that nearty all
the deuterons ame eventeally convered into “He, so that the

end products of this stage of the evolution of the universe
are protons and o particles: Because there are no stable ny-
clei with o mass number of 3, these reactions cannol con-
tinue beévond “He.

To find the relarive number of “He nuclet, we must [ind
the number of available geutrins at += 2505, when
deuteroms begin to form, At ¢ = i s, abolt 174% of the ne-
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cleons are neutrons, but as a result of the radioactve decay
af the neurron, some neutrons will be convened Into pro-
tons between ¢ = 6 5 and 1 = 250 5. Using the halflifs of
the nentron (abowt 11 ming. we find that a1t r= 2350 < the
nucleans will consist of about 12.5% neutrons and X7.54%
protons. That 15, out of every 10,000 aucleons there will he
1250 neutroms and 8750 protons. These neatron: will com-
bine: with 1250 prowns 10 fom 625 *He nuclei, leaving
8750 = 1250 = 7300 pratons. OF the ots number of me-
clel In the universe @ this tme. 7.7% are “He and 02315
are protons. In termis of mass, the “He constitutes 2 fraction
of the wtal mass of the universe Ziven by

4.3 625

T 4+ 4 x 623

=023 or 235

The abundance of “He in the present universe should
eoual this value, if we neglect the buming of hvdrogen 1o
Bl that 1akes place in stars, The measured helium abun-
dance ina variety of sysems, mncluding stars, gascous peb.
ulae, and planetary nebulac. twrms out w0 he 24 — 15
which agrees with our estimate snd indicates thai our de-
scripeion i centainly reasunuble,

The final step in the preduction of mamer in the big bang
15 the tormation of newral atoms of hdrogen and helium
when the protens und *He nucler combine with electrons. As
in the case: of deuteron formarion. this cannat oocur when
lhere wre encush phetons in the lugh-gnerey tafl of the
Planch distribution 10 break apan any neutral atoms that
Wy Tomm. fo this case, we want the relative fraction of pho-
tons willt ¢nergies above [3.6eY [the hinding 2peray of
atomic hydrogen) 1w be less than ahout 107", This necurs for
4 lemperature of abowt 60K K, which cormespands 1o an dge
of the universe of around 200,000 o (A the radianon cools,
thesenergy densaty of the universe hecomes less dounimiated
by radiation amd more by matter. In this case Eq. 32.3
which assuimnes g radistion-dominated universe. is not quite
correct, Taking this effeer ino secount the lemperature of
the universe when hydrogen atoms bezm to fimm i5 closer 10
3K K, corresponding to an wze of sround 00,000

Onice nevtrel awoms have formed. there are easertially
ni free charged particles 1eft in the umiverse, This is the
time of decoupting of the matter and the radiation fielid. The
universe becomes trunsparent (o the mdiation, which can
travel long dissunces without interactng with mamer. This
radiation, which hus been traveling since the decoupling
time, s observed today g5 the microwave background. The
cxpansion of the universe has redoced the radiztion emper-
atare by a Luctor of 1000 since the dec wipling time.

The story of the evolution of the tniverse as desoribed
by the big bang cosmology is 4 remarkahle one. It Hilesrales
modermn experiments in nuclear und panticle’ plysics with
quantum: plivsics and clgssical thennodynamics, It vields re-
sults that can be tested in the prusent aniverse. including the
helimm abundance, the microwave backzround mdianon,
and 4 small ubundance of lefi-over deuterium that did e
get "ciwked” Inbiv mass-2 nuelei. s a story thar depends in

critical wayvs on the strengths of nuclear or subnuclear forees
and on the vanets of pariclés that ook piut in the early oni-
verse, For example, if there were 2 founth generation of lep-
tons. the reaction rates of weak-interaction processes would
be greater. and more neytrons weuld be formed, thereby in-
cressing the abundance of *He. The ohserved mresent abun-
dance of “He 15 regarded by many eosmologists us limiting
the number of generations of leptons to three,

Formation of Heavy Elements

After the decoupling of matter and radiation; the miatter
consisting of byvdrogen and helium) wis sunject only o the
gravitational force. Recent precise observations of thie mi-
crovave background have shown that the distribution of
matter at the decoupling tme wus slightly nonuniform. Re-
gions of slizhtly higher density began 1o condense jnto
clouds of ever Increasing density. As each cloud contracted
under its own gravity. Its emperature Tose until it became
hot enough 10 initiate. fusion reactions. This is how first-
generation stars formed

We have seen In Chapter 51 that stars convert hyvdrogen
into helivm by means of fusion reactions, After a st hiis
used up its supply of hydrogen and becomes mastly helium,
it ¢an again begin to contract. which increases its wmpera-
ire, | This increase in temperature causes an incredsed ré-
diation pressure, which causes the rdius of the sur 16 in
vrease. The surface area increases more rupidly than the
temperzture. so that the energy per anit ared of the surface
actually decreases, and the color of the spr goes [Tom
bright-vellow to red This is the med giant phase of the evo-
lutien of the star) Eventually, the femperature is high
encgh that the Coulomb barrier hetween two “He nucle
van be suceessfully breached oy thetr thermal mticn, and
heltum fusion can oceur, The simple helium Fusion renction

*He -+ *He —*Ba

does nat contribute o the fusion in a star. becaise *Be i«
unstable and breaks apart as rapidly as it forms. Helim fu-
ston requires 4 third “He w participate. so thal the net resc-
om 15

"He + *He — “He — 5 1+ T

Onee € forms, we can have additional "He reacuons; such
o
'+ He— "0+ y'
0+ "He = ™Ne + 5,
“Neo+ tHe — H0Mg = v,
and so on These reactions hyve inereasingly high Coulomb
barmers and thesefore FRGUIre invreasing temperalures,
When the helium fuel is exhausted, contraction sels in
again to increase the temperature, so that other reactions
can ocgur, such as carbon burming:

':.C d Zl{'_._'--'-z,l.lg by
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Eventially, these reactions reach the peak of the binding
cpergy curve (Fig. 30-6) at shout A = 36. Bevond this
point, energy 15 no longer released i fusion reactions,

Figure 52-11 shows the abundance of nwcler mn this
mass range: The relative abondapces support this scenano
for producing the elements i lusion reactions. Note that O
Is more than five orders of magniude more abundant than
Li, Be. and B, which are not produced in these processes
Also note that the even-2Z noclei gre. on the averaze. more
than an crder af magnitude more abundam than their odd-2
neighbors. The fusion reactions with 'He produce only
evin-Z products, o the observed migher abundances of
these products are consistent with this explanation of their
Tormalion.

Mote also. the last point o Fig, 3211, which mdicates
that the tora! abundanee of the 30 elements bevond the nu-
clel inethe mass-56 range & less than the abundance of all
but oneg of the individual slemants o the region from C 1o
i, Noeertwinly appeurs that most of the matter we Know
aboul was produced n Tusion pricesses.

Fhe elements beyond A = 36 cannot be produced
through fusion reactions in stars. Instead. they are prodoced
thrabgh neulron-caplure processes, A nucleus in the intenar
of & star can caplure neutrons until ils neutron excess issuf
ficient for il 1o want to comvert an extra neutron [0 & proton
by bels decay: n—p—+ e+ V.. therehy increasing the
nomber of prowas by one. In this way the atomic namber
incTesses ane stepeat a time up 1o the heaviest nucler found
n nature. For example. the process begins in this way with
Bei{e =26}

iy i o
--f.".- + n— -E.". 4 -I_.
<= P
THe 4+ n—= e = oy
< Shbp
-\[.L. +n— Fe - ¥

Both e and ™Fe are stable, but **Fe is radicactive and
beta decavs with a half-life of 43 days 10 ¥Co (2 = 27
The process continues a5~ 'Co can capiure a neutron 1o be-

come "Co. which is radicective and bewa decays o “'Nj
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Fisure S52-11. Relonve abundances (hy mass) of the elz-
meenks bevond heliun o the solar sy sz
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(£ = 28} Contmwing in this way we gan produce all of the
heavier elements through the neutron caplure - bety decay
process

There 15 a small densit-of geuwrons 10 the teriors of
sturs, und =0 this process hiappens slowly during the lifgtime
of @ star [ is therefore known as s-praeeis {3 for slow) nu-
cleosynthesis. ln an explosive supernova, on the other hand,
the density of neutrans may be =107 times larger, and
the entire process may happen very guickly {seconds or
minutes). I this case it is known as r-process (1 for rapid)
nucleosynthesis. Many madioaetive nuelai are formed very
guckly m the v provess and then decay to the siable ele-
ments found nnalure.

Following gither s-process or r=process nuecleosyothesis,
the resulting elements ares distributed into space. The ele-
ments bevond mess 56 tound on Eadth were produced this
wiy in fest-generation stars, The planets of our solar sys-
=i land in fact we ourselves) are made of the recycled
ashes of hurmt-oul stars.

S52-7 THE AGE OF THE UNIVERSE

In Secuon 50-T, we discussed the wse of radioactive dating
methods o determine the age of the Earth. By ‘examining
the relanve amounts of parent and daughter sotopes in cer-
win radiouctive decay processes Taving hatf-lives in the
rmnge 10° — 1% v (for example. *517 — Y%Ph, ¥Rh—
"8 oand K — TAr), it has been determinéd that the age
of the nldest rocks on Earth is ahowt 4.3 = 107 v, An ideni-
cal value 15 obtwned for meteorites and for rocks from the
Moon. We can theretore be fairly certuin that this value rep-
resents the fime since the-condensation of the solar system,

We know that the universe must bemuch older than this
valae: becagse the solar system: formead eut of elements that
were created in the intenoes of stars or insupemovas. The
present chemical composition of the solar System was de-
termined during a previous era of nuclessynthesis, which
occurred in g previous sencration of siars, To find the moe
aze of the universe, we must determine the time interval
nezded for the elements o be produced

The total lime from the big bang to the present can be
divaded 1o tour penods: (1 from the big bang until the
formation of negtrad H and He atoms (7); (2) the condensa-
ton of galaxies and the formation of first-gensration stars
i 02 nucleosymthesis Inostars and supernovas; leading 1o
the present chemical elements (r:); and (4) formation and
evillutton of the solar system from the debris of earlier stars
(1.1 The present ege of the universe i< the sum of thesé four
eriTis

=i v+ AL (32-5}

We koow from our discussion of the big bang cosmoloy
that. the time 1y from the big bang unill neviral atoms
formed s no mene than 107 ¥ The time ¢ Tfor galaxies o
condense from hyvdrozen and helium produced 1 the big
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bung 15 net precisely known but has been estimated 10 be in
the range 1-3 2 0% y. Since 1, is known 1o be 4.3 x 10
v, the age of the vniverse can be determined if we can find
the time ryassoctated with nucleosynthesis,

This time must be estimaied from the relauve sbun-
dinces of the producty thal remain at the end of nucleosva-
thesis, For example, consider the isolopes 50U and “=1,
which at present have a relative abundance of [L72% (see
the discussion in comection with the naturd Gssion reactor
in Section 31-3), Both “¥U and **17 have been decaving
during the interval since the formation of the solar system,
Therr mano 4.3 % 1Y years ago 18 (see Sample Problem
S1-h

Rilh = Rine's 4

= (00T et RIRERIN By I3EWAE = 0an:

Furing the interval 14, both isolopes were being formed
e 01 less comtinuousiy through the r process, while the
relative decay of course also ook place Because of the
production of both isolopes dunng this ime, the ranoe of
thieir sbundances 1n this period did not change as rapidly as
il did during the free decay in the imerval 1.z see Figo 52
|2, Evidence from the ursnium abundance suggests that 1.
is in the range 4% % Y v the anulysis of the shundances
al ather r-process nuclel gives similar bur <lightly larger
values, The bestestimate for 72 15 about & > 107 v, with a
rangeof 412 % 10% v,

Combining these resulls: we bave as our estimate for the
age of the universe

=L Fta+h+1
= 100y + 12 % Wy — B % 100y + 45 % 10%y
= 14 % 10"y,
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Figure 52-12. The change m the UL rane with Time
Durang thia Life o the solar system (be time e the rafio chunges
clue oanly tivthi relative decays, eventually reaching the present
witlug of 00072, During e witerval i, prisduction By the r
process occurs along with the decpy, The duration deduced For the
imierval £ depends on the value that we take for the initial miio.
which must be determumed from caleuiaton,
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This number is somewhal uncertain o5 4 result of the range
of values the estimare for ¢, Tuking thiy uncertainty into
account, we obtain

r= 10-18 % ¢y,

Consider the cnomous amount of physics conlained in
this simple resule To determine ¢, we used the cumuolative
knowledge of paricle physics. eleciromuzmetism, thermal
physics: and atomic and nuclear physies'to truce the [ormi-
tion of martter a5 we know it The intérval 1+ is'determmngd
from caleulations using thermodyvnamics and gravirational
theory o andalvze the condensation of cold mutter inlo hot
stars, Chor estunate for & s hased on our knewledee ol -
process and s-process nucleosynthesis based on nuclear
physics studies 10 labordtories on Larth, und the interval 1)
15 based on further experiments in nuelear physies and re-
search in peochemstry

Cosmological Determination of the Age

It we make the rough but not quite comect assumplion that
the universe has been expunding ut the same rate since its
lormation. then the separation o between typical salaxies
snould be melated to the age of the universe rouvizhly sccord-
T o

d= [

where + is the {assumed constant) speed of separation.
Contpaning s result with Ba. 32-2- shows that the age ¢ of
the universe = sunply the wverse of the Hubble parameter:

=5 (52-B1

The present best estimate for the Hubble parameter, H =
T2 ikmtsyMpe. eives a vudue for the poe of the univérse of

F=d s Y.

in remarkably good gureement with the value ablained
from the nucleosynthesis caleulation. The range of uncer-
tanty ol the Hubble parameter 65 - 50 (key /s WM pe. gives
correspondme range 0 sgesof

r= 12005 % 1y,

wihich overlaps with the range derermined from nucleosyn-
IN2sts

Our assumprion about the constant separation speed of
the galaxies is plmost certainly incorrect. The mulual oravi-
tatioral attraction of the salaxies has been slowing their
teparstion singe the biz bang. <o that m sarlier times the
specd of separation may have heen greater than it is gl pres-
ent, Figure 32-13 shiws o representation of g tepical inler
malactic separation distance as o function of the time. 1T the
“vonstant-speed” model were valid, the are of the universe
woidd bevo = H7'IT the speed has been decreasing since
the big bang. the deduced see depends an the rate of deeel-
cration. Since hunvans  have oot been observing  long
enouch w dewect uny chiange in the separation rale, we must
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ing to different models, TMhe universe has heen expanding
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werslant rate Lsls
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expansiom has been slowing dueto th
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e peasomible scenansd, the ?‘1'7' hang sogurred 3Tat

H o hetiore the present. I the grw

encugh, the expansion imay event

rely on two indirect metheds 1 determine the decclezation:

L1y we cant measure the red shifts and thereby deduce the
\]-'L‘\_'LJN of the mist distant (=2

we can ohserve with telescopes, or (21 we

herefire the eldest) ohjedts

deceleration based on the graviationa

amounlt Ii'l| mglier 11 Lhe universe.
Somewhat surprisingly, recent measurcments of the sed

shifts of the most distant

Lo 1y (lf-!'J’lI"-'l""" g rithier than decel

alaxics suzgest that the expat-

crating. Thats.
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exolanation. hes been accounted for through the presence
throughout the universe of a “dark energy™ that drives the

O nbiot

Caleulations of the decelerating etfect of the matter in
the uhiverse are difficult because we don’t know how much
matter the universe contiins: Measurermnents suggest that the

ghservable matter is not even sulficient to explain the gravi-

tational straction within
Astrophysicists have postulated the existence of “dark mat-
Lis not visible but must e presant o produce the
sravitational attractions. The amount of this “dark matler”
and its form (anvthing from known or exolic types of ele-
entary paricles o burni-out stars) are uncertiin. bul it iy
ach as 905 of the mass of the universe.
Varions cosmological models have been proposed  thad
1 Fiz. 52-13 of diffening curvatures and there-
different ages of the umverse. For example, some of
ve an see that is one-half or two-thirds of H™J, or
+. Although we do not know which (i any) af
fs comect. it saems clear that both he aucle-

cafaxies or clusters of galaxies,

account for ast

alogical estimates for the age of ihe uni-
5 i 5 e i
verse are comststent with vidoes in the range 1W-15 % HF w

It is a spurce of great frustration for physicists not to be

ry of the universe with mure certainty,
o o look forward B osomdorly binited

Will the expansion continue forever. or is there enough

hecatse oar e

mualler present to reverse the expansion? Figure 32-13
. Perhaps cosmologists ol

eras will obiserve the calanids rushing waether as the

<hiows several possible putcomes

e “hears up!” and the galaxies come rogether, eventu-
point (2 iz crunch™) that may be

hang. Or perhups the LA PAnSION
antinues forever, pntil the universe i+ cold and dark. If the

ally: reaching a single

tollowad by unother big

sotution 1o this fundamental problem is 10 be Toand, 1t will
gotous myestigations at the forelronts of @stro-

shvaics. nuclear phvsics. and particle physics.

ey Spin wodecay) products inclade oo buryun and o

WSO
o spur decoy produsts ane only mesdons
fe1 Spin |, decay products are only mesans

SEtom 1B Mesun

([ Seor passible

52-3 Conservation Laws

spservation law violaed snocach ol the following

§) =R T, F TR R e '_r
i et TE
19 i B Lepton oumber
C (0 Baryon nwmber
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QUESTIONS

Name the conservation law violated m esch of the following
decays:
(o) 12 = i
[l A f— B K

[A) Eneriy

(7 Burvon number

== A= = 77

(B} Strangeness
{0 Mezon nomber

52-4 The Quark Model

S

F

If q = quark wnd § = antiguark, which two of the follow ing
combinations might be possible?

LA gy (B gudir (C) ofg  «Dh gggod

{E1 qoahg

&’
L/ UESTIONS

sl 5 i G e T

1.

x

=

th

=

14,
11.

—_—
Lad

Fhe ratio of the gravitational force between the elzcton
aml the proten in the hvdrogen stom 10 the magnitade of
the electrommagnetic force of @ltracion between them i
about 1077 1f the gravilational foro
weiker than the elecirormagnene Toree. how was it that the

oD wers much
gravitational lorce was discovensd first and 3% so much more
apparent 1nous!

What is really mesnt by an elementary particle? Ta arriving a
an answer,: consider such properties as Jifelime. mass. aise
decays into other particles: fusion 10 make ocher parmelas, and
regEctoms,

Why do particle physicists want 1o accelerate particles 1o
higher and higher cocrgies?!

Mamie lwo- particles that have nelither mass oot charge. What
properiies do these particies have?

Why de peutiines leave no tracks in detecting chambers?
Meutrinas have no mass (presumably) and travel with the
speed of lioht, Hows thien, can 1hev carry VACYINE amiunes of
cneray?

Der all partacles have amipanicles? What about the thotan'!

L b beta decal of an antineutron 10 an sntiproten, which s
emitled — o newiTing or an antineotnno?

Photons dnd nedtrinos are alike i that they have zemo chorge..

£er mask, and iravel with the speed of hohe What are the dif-
ferences between these particles” How would you produce
them'! How di you detect them?

Explain why we say that the 7' meson is its owe anuiparticle

An electeon cannot decay by disintearating into two nay
s Wl not 7

Why' 5 the elegtron stable™ That is. why does 11 nor decas
spontaeonsly inte other parmicles”!

and disappear, Why? Could 3 moving electron do so?

A resting eleviron canmet emit a single samma-rav photon

A neutron b5 massive encugh to decay by the ermission af 2
profod dmcd two neutrings. Why does it notdo so

A postron dnvanably finds an clectron and they znnihilas
each oher. How then can we call a positron o stable e
Wiat is the mechanism by which taw electmns exen Tozees
on each olker?

Why e particles not grouped into {amilies on the basis of
their muss?
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52-5 The Big Bang Cosmology

fi. The energy density of the very carly universe i = 10 "4

was dominaed by poand the @necey density of the
presear umiverss 15 donenagsd by
A radiaton; radimion
[: maler, rilﬂl[drif‘-l’l

(B radiavon. mateer
(I maotter, matter

52-8 MNucleosynthesis
52-7 The Age of the Universe
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B,

0,

.

b,

27

A pamicl2 that responds to the strong torce is-eithera meson
of 2 harsen You can 2l which it is by allowing the particle 1o
deviy untll ondy stahle end prducts remain. 1f there 15 0 pro-
o among thess produdts. the omginal partiele wis & barvon,
It there % no proton. the original particke wys # meson. Ex-
plain this classificanon le .

How many kinds 0f stable laprons are there? Stable mesons!
Stahle barvons? In cach case, name chem.

Muost panicly physics reactions sre endothermic rather than
erxnthermic. Why'!

What 1s the lightest sironzly tnteraetmg partiehe’! What i5 the
heavizst particle unaftecied by the strone interacion?

Foreach of the followins paricles. state which ol the four Fa-
S Torces ave infuentals(ad elecmmon. (h meutrings, (5 neg-
IV bl ) Pl:“lj__

- dust s ravs are used o discover internal irnperleetions inu

mekad castme caused by gas bubblés, so CURIIC-ray. nans
have been used inun attempt to discover hidden hunal cham-
bers in Egyptian pyrameds. Why swere muons wsed?

AT stronghy interacting partiches atfected by the weak inter-
Ml 3

DC b wesk-treracrion decays produce neutrings?

Mesons and baryons are cach sensitive 1o the stromg fonee, In
what wass aes thes different?

By companing Tables 52-3 and 32-7. point out s many sinii-
lanties between leprons and guarks as vou ean ged alss ag
nany differances,

What 15 the eaperimental evidence for the

quarks?

exislence ol

W can explam the “ordinary™ world wound ve with twn lep-
tons amd two gearks. Name them.

The vewtral piog has the Quark structure i and decavs with 4
meian life o only 3 % 10 7 5 The charged pién. an the otber
fand. has a quark strsenere of ud ond decavs with o mean lile
of 2.6 2 1075 Exgplam, intermis of their quark stictire, why
the mean Bite of the neotral pion should be so much shorte
than thar of the charzed piows. (Ffise Think of sonihilation)

Do leptons contain quarks? Do mesons? Do phomons? Do
baryons?

The A* burvon can have an electric charee of + e (see Table
3250 Basad on the quark medel. do we fapect o find
mzesons with charge — 2e? Barvonswith charge — 209




R —S—SS———————

1196

CHAPTER S2 / PARTICL

barvon decays with 2 mean life characteristic of the

33 The = h
wenk interaction isee Table 52 It-=hould be abie i _:::,::_
e the A" baryon by the strong Interaction withowt che iy

stramgeness. Why does ot oot

34. Why can we not find the center of the cxpan
Ane we looking tor n?

N Umiverse?

35. Thue te the effect of gravigy, the rate of expansian of 1he wni-

verse must have decreasad in time following the big bang
Show thar this Timples thal the
IV,

& of the universe b€ Te<s than

| }J:RC ISES

52-1 Particle Interactions

1 {ab An eleciom and o posit
Find the ratio of the sravitaic

force hetween them, Wi do vor conclude: from 1!-_:- result
congernng the forces ot
bubble chumber or <im

g between particles detected moa

ar detevior? (h) Repeat for a

PRt —amiiproton pair.

Same of the GUTs predict the
scrhemes for the proton

Laang possible decay

(e) Ll endare the Clovalues for these d._'.__._\-u 1 Shiowy thial ot

decays o not violate the conservation laws of G i rela-

tivistic encrav, or lincar momentum, The rest 2ne ey of aprs-
Eoie 35 Y3827 MoV of an electron 15 0511 MeVoand of a HAL-
tral piove is 135 Mey

An electron and a proton we placed o distanee apun agual 1o
ane Bohr radius . Find the radios § of
must be placed directly behind the elent
titiona! foree on the election Just overciunes the alectrostatic
attraction between the proton and the electron

Assume that Newton's law of gravitetion ho nt the

Iead sphiere (hat

Hi s thar t

dersity of the sphere equuls e dens iy of lead. on the Eanh

O
.

FIGURE 52-14. Excnass 3

52-2 Families of Particles

4 A newtrsl pion decays it two eamma ravs 7 — T Y

Calcukate 1he wavelengihis of the gamma mss procuced by the
decuy ol & newtral pion at rex

3 Thie restensze of many shomived particles cannot be meas

ured directlyl bt musi be infered from (he imibsired

mamema and. kaown test enCrEics of 1he deca

E PHYSI

3,

CE AND COSMOLOGY

It is mint possible, using 1elescopes thar are RENEIOVE i any

: E ¥
part of the elecmomagnetic spectrum,  “look buck™ any far-
ther than dbout 300,000 v frou the bi Ty, Why

Howe does one arrive at the conelusion tiat viciile LY iy

accaeunt for anly about H%: of the matter i the universa?

e we always look Bkt fsowe observe o st
galaxny? Does the dircction in which we ook muke o diffa)-

APy ¥
oo

by ek of uny possible cxplanition for the chanling

:rag oabier Lhan a biy bang?

vich decays by ! — 7' 7,
the ¢ meson given thal cach of
sied momenty of the created pions hay
feVies See Table 32-4 Jor the s cnergicy

Cibservitions of neutrings cmined by the supernovi SN | BR T
i the Larse Maselbame Cliowed, si Figs, 52-3 jind 52-13;

Place an upper fimit on the rést enecey of the electron teu-

trino of 20 V. Suppose that the rest chetey ol the peuinnn.

being zery. s in factequal w20 o¥ How mucl

s L3MeY meurrtoo, erottted ina 8 decay,

FIGURE 52-15, Exiercise b

thats the rongs ol the weak furce between two aeighbor-
i Assume that the 27 beson is the feld particle: see

Wemify the interaction responsible 67 éach of the Follwme
derays i m —=% i K- —u ' = v

el =0

Tt maid)E ==




PROBLEMS

52-3 Conservation Laws

9. Use the conservition laws to identify the particle Isbeled 1 in
the following reactions: which proceed by means of the
strong nteracion: (g p-p—=p~- A" + o i p- §—
o+ wierw P2+ R+

10. The maction & 4 f—p=p + 7 procecds by 1he sirong
interaction: By applving the coservinion lows, deduce the
charge, baryon number: and strangeness of the amtineutron.

1. By vxaminiing “rangeness. determine which of the following
deciays or resctions procesd via the strong | interaction:
R =w” 4w A+ p = E i) A —p
moakd) R+ p— AT+ #Sse Tables 533 umd S35 for
values of

L To pddition Lo the decay mode listed in Table 324, oive four
vther possibie decayvs of the K= moren that satisfy the conser-
vathon daws,

13, Give ane possible decay miode for tan A% (b 8 (01 =,
RN

52-4 The Quark Model

14 Make @ chair simitar to Fig. $2-3 for the 10 l\.FIiri-; hairvons
lhsted in Tahle 52-5

15, Tdentify the 10 spin-, baryems with the threeyuark combina
nons listad i Table $2.0

M Using the up, down, snd stranse guarks only. constrnd, 1f

prssibie. o barvon {a) with 2= =1 and § = =2 (f) with
= +ZTand S=A

17. There t» no known mesen with 2 = + 7 and § = —1 ar wath
= — | and §

“1. Explain why, i terms of the quark
miclel.

B The quark composition of the protonand the seutron are uid
angd udd. sespectively, What are the quark compositions of a1
the antiproton and (b e antineatron?

19, () List the seven possibie quark —antiguark combmatioms of
w, docvamd s guatde that contam at least one © quotk or anti-
guark. Cive the eleciric chargs, siransenes, and charm for
eich combination. o) ldenufy the spm- mesons an the fullow
ing table with the quark—antguark combimanons in voor lise

P ROBLEMS

1. A meutial pion hus & réfe energy of 125 MeVoand a mean life of
BA 2 1071 e Uit is productd with an mitial kinetle snerzy of
80 MeW and it decavs after one mean lfetime, wha is the
tongest possible wack that this pamicle could leave in 4 bubhble
chamber! Toke celativistic tine diltion e accounm

(]

- A positive tau (7" resl enerey = 1577 M2V is moving with
2200 MY of kinetie enerzy in o circular path perpendicular
o umform 1:2-Tanagnene field. (o) Calculate the momen-
Tume of thetaw 10 kg - mifs: Relativisnie offcors miust be consid-
ered. (b Find the radivs of the circular path, (finr Sce Sac-
fion 32-3

A The wavelengeh of the photong at which o radiation fzld of
temperature T rdiates mostintensely 18 given by A = (280%
pene BT e B 4540 (o Show that the énergy £ in MaV

1127

FPuarricle Amtipgrricle ¥ & {'_
s 18 0 1] ¥

- D +1 0 +1
LB b ] l +
K] B =] +] -

2L Analyee the following decays or reactions: in terms of (ke
guark content of the particles: (a) $° —sn + 7 1 by K —
oo wilelw cp—~+Y — K td) v n—r 4 i

52-5 The Big Bang Cosmology

21 By choosing wo points on zach g of Fie 526 and calow:
lating the slapes. serify the siven numerical valuey of the
Hubble pursmeer

220 IF Hubble™ law can be sxmapolated (o very binre thstances, at
what distance would the recessional speed Become equal o
the speed of lighe?

23, Why &5 the observed waveleneth of the 656, fnm o, ding of
hedrigen amitted by 2 gilaxy ar o distanee of 24 = [0* ped

i

o In the Tabomtors. vme of the hines of sodiom s emitied at g
wavelength of 500 nm. When ohserving the light from o
particular gakavy, however. this line 15 seen at a wavelengrh of
B2 . Caleulate the distance to the salaxy, assuming thal
Hubhie s lew holds:

bk
L
¥

tel Whint is the minimum lemperatiene of the universe neges

sary for the phatons to produce 7 & pairs? () A1 what dge

did 102 emiverse have this temperature”?

26, da) Estumate the peak wivilength of the microwave hack-
ground radiation from Fig, 3298, %) Find the Frequendy: and
photon energy correspanding to tha wavielenath.

< herh What wes the age of the wiiverse when its femperatune
was 300 KT Tnowhichiers did this necur 1 Fig. 52-917 16) Bsti-
rigie The averoze photon enerey at that time, (01 1 there wene
0¥ photons grer macleon at that fdme, estimate the rativr of the
eneray of the radintion to the res cnerey of thie matter

52-8 Mucleosynthesis

52-7 The Age of the Universe

of such 2 photon €an be computed trom
Eo= 028 =700 Me VT

b AL whae mmmum emperature can this phaton creas an
glectron — posicon pair?

Fo The revessionzl speeds of gakoies and quasars at geeat is-
tances are-close o the spesd of light so that the relmivistic
Duoppler shift formula (see Section 39-6) must be osed. Tha
redshill [5reporied av o) where = = ARG s the (factionaly
red shife (o) Shew thal, in weems of 7, the recessional speed pas
ramieler 3= Ve given by
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CHAPTER S2

(fry One of the mosy distam guasars-dereoed has - = 343, Cal-
cubate s speed parameter. (00 Find the distance to the guaiar:
assuming that Hubble's law isvalid 1o these distances

Due o the pressnce evervwhere of the microwanve mdiation
background, the mmimum possable wmperature of 8 a0 in
lerstellar or mtergaloctic space 15 not K but 2.7 Ko This
plies: thet a sigaificant fraction of the malecules in space that

prossess gxciled dates of low exeianon enerey may, 10 tacl, be
in those exgiled ststes. Subsequent de-excitation leads to the
cmiEsen o radiation thar could be detected. Consider o thypo-
What wonld
thi exvitution enerpy huve o bein order thar 235 of the mole-
ciles he n the excited state™ (Hinp: cee Seition 459, (k) Find

thetical ) molecule stk joest one excited state. (q

the wavelenath of the photon emitied o2 tmansiton o the
1’_‘1'I'IUII(| Slatker

Will the universe ¢ontinue te expand forever” To stwek this
question. make the (reasenabla”) assomption thar the reces-
sionul speed voof o galaxy a distance e from o € determined
anly by the melter that lies Inside o sphere of radive 'r centersd
on uk: see Figl52- 160 0 the onal mass inside this sphere is M.
the escape speed v i pven by v = A2GMF fie Secnon 14
0, [o) Show that the average density g inside the sphere s
b at least eaual o the valug given by

g = 3Rl

1 prevent enlimited expansion. (B Evaloate this “engical den-
sily” numeseally;: express vour canswer an terms of H-
alomsdme: Measurements. of the actual densiy are ditficull and
complicited Iy the presence of dark matter

The existence of dark (1e. nonluminous) mater oz calavy
{such as our ownl can be inferced by derermining through ob-

sepvation the vanahen with distance in the orbial penod o8

revalution of stars about the zalaciie center. This 1s 1
pared wath the variation derived on the hadis of the distibution

of muotter as indicated I the lumminogs materal cmostly starsi

e

Any signalicanl deviation implies the existemes of dork m

ticulur galaxy, total mass M. 12 distributed umfonnly throog
out e Ephere of radies £.A star, mags we js revolving about the

fPARTICLE PHYSICS AND COSMOLOGY

FIGURE S2-16. Problem o,

cener of the galaxy moa circular orbiv of radivs r <

ferk Bhow that the ochitl speed v of the star isceiven by
v = rVEMIRY
and theretore that the period T of revoluton 15

T =3aNRIGM:

independent of ol What 15 the corresparding formuda for the
wrhital perod assuming that the mass of the galaxy is strongly
concemrated toward the center of the gulasy, so thal essentially
all of the mass = ar distances from the center less than ¢ These
comsiderations applial w oor wwn Milky Way galaxy indicate
that substantinl quantities of dark matter are presant.

Find the tempematuce ab which the fraction ol phowns with &n-
the  Planck

erzy arcater thanm 2.2 MeV in distribution s
0.2 %10 7 (Hint Use By 45-60)
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() Cine of the most distant gquasars detected has 7 = 445, Cal-
eulate s speed parsmeter. (0 Find the distance to the guasar,
assuming that Hublble's luw is valid w these distances.

Bue to the presence gverywhere of the mictowave radiation
background, the minimum possible tempernture of a gas in in-
tersteHar or intergalactic £pace 35 not (0 K but 2.7 K. This im-
plics that a signibicant Trection of the molecules in space that
pussesy eaciled stites of Jow excitation enerzy may, in fact be
i those excited siates Sobsequent de-excitanon lzads w the
eamigsion of thdiaton that could be detected. Consider o chyvpe-
states () What would
theexvitation energy have to be inorder that 23% of the mele
cales be in the excited state™ (Hing: see-Section 28-9.) () Find
the wavetength of the photon emmed m oz [{5]

theticalt mokecule with just one excited

i etTiL FTRTE
J:.:_‘FI'HITII,I shaks.
WAll the universe continbe to expand forever? Too attack this
question,: miake the {reaspnable?)
siomal-speed. voof g galaxy a distance ¢ fmem us 15 determined
only by the matier than hes inside @ sphere of radios r centered
o s see Fio. 32-100 11 the wial mass inside thes sph
Yo .r~|dL the sphere mest

asspmpion that the reces-

o7 L\

The escape speed v, 15 given by,
&% darh Shew that the average densiny
bt least equil to the value given h}.

p= SHREG

tr prevent anlimited expansson, (8] Evaluate this “cntcal den
sy pumerically: YOUD  alisies H-
atenmsdm’ . Measurenents of the aciual density jre difficolt and
comphoaed by the prisence of dark marter

CMOTEEL i e ol

2alaxy
1 tirough ob-
servation the variatiom with distance in the orbital penod of
revolution of stars aboay the satactic conter. This i< then com-
pared with the variotion derived on the hasis of the dismibution

The gxistence of dark (e, nonluminous) mater in a
[such ay our ownl can be nferred by determinis

o matter as indicaed by the lominous matenal (mosly siarsd
Aary sigmficam deviation imphics the exisience of dark mamer.
For cxample. suppese that the muateer (stars: gas dosn) of 2 par-
Heplar zalaxy. porsl mass M. s distribured oniformiy fhrough-

oul @ sphere of radivs £ A star mass mois revolving about the

CHAPTER S22 / PARTICLE

FHYSICS AND COSMOLOGY

FiGuURE B2-16. Problem

cemter of the galuxy in o ¢imular orbit of radius r{r
i) Show thar the-orhital speed v of the star is given by

C= PRGMIE,
andd therefore that the penud T of revolution is

[= .,..-‘JH ik,

independent of £ (31 What is the corresponding formuly for the
orbital period assuming thas the mass of the zalaxy is a!mﬁgﬂl
concentrated eward the centér of the salagy, sethat l.,*,u:rmﬂljr
.I-'I of the mass 5ot distances from the center bess than @7 These
onsideranions applied o our own Milkiy Way zalaxy indicae
'.Jt:I subsizngial quaniigies of dark maier wme present,
Find the temperature al which the fraction of photons with ens
greater than 22 MeV o the Planck distribution s
107" tHint: Lisg Eq. 45-6.)




