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BYIOBA PEHOB/IH/

8ieplien \¥. Ha\yking

EieTteniary Pariicle8 anci ibe ["orce8 oiainre

1. Arisioiie beiieyeci ibal aii Ibe Taiier in ibe
nniyerse \ya3 Tacie up or lour basic eieTenis - earib,
air, rire, anci \yaler. The3e eieTeni3 \yere acieci on by
i\yo rorces: 8rayiiy, ibe lenciency ror eanb anci \yaler
lo 3ink, anci leyiiy, Ibe lenciency ror air anci IMire lo rise.
Tili3 ciiyision or ibe conieni3 or ibe wuniyerse inio
Taiier anci rorces i3 3iiii nseci KOciay. AristOlle beiieyeci
ibal Taiier \ya3 coniinnons, Wiai i3, one cowuici ciiyicie a
piece or Taiier inio 3Taiier anci 3tafiier bii3 cyiiboul
any liTii: one neyer caTe up a8ainsl a 8rain or Taiier
ibal cownici noi ruriber. A recy Oreeks,
bocyeyer, 3UcK a3 OeTocriins, beici ibal Taiier \ya3s
inberenlly §rainy anci ibal eyeryibing \ya3 tacie up or
larfe nuTbers or yarious ciirrereni Kincis or aioTs.
(Tbe cyorci aioT Teans “inciiyisibie” in Oreek.) Por
ceniuries ibe arguteni coniinueci \\'illioml any reai
eyicience on eiiber 3icie, bwui in 1803 ibe Brilisb
cbeTisl anci pbysicisl lobn Oaiion poinieci oni ibai ibe
raci ibal cbeTtical coTpounci3 aicyay3 coTbineci in
ceriain proporiion3 cownici be expiaineci by lire
8rouping HO8eiber or aioT3 lo rort wunii3 caiieci
Toiecnie3. Howeyer, ibe ar§utenl beicyeen ibe i\yo
scboois or' ibou8bi \ya3 noi inafiy 3efiieci in rayor or
ibe aioTi3i3 uniii Ibe eariy years or J1i3 ceninry. One
or ibe iTpolanl piece3s or pbysical eyicience \yas
proyicieci by Einsiein. In a paper nyriiien in 1905, a
rely \yeek3 berore ibe ratowus paper on 3peciai
refaiiyiiy, Einsiein poinieci owni ibal \ybal wa3s caiieci
Bro\ynian Ttoiion - ibe irre§ular, ranciot Toiion or
3Tall pariicies or civ3i auspencieci in a liauici - cowuici
be expiaineci a3 ibe erreci or aioT3 or iiie lisuici
colliciing \yiib ibe ciusi pariicies.

2. By ibi3 liTe ibere \yere aireaciy su3picions ibal
ibese aioT3 \yere noi, aier aii, inciiyisibie. 3eyerai
years preyiousiy a or Triniiy ColleS8e,
Catbricl8e, I. T TboTt3on, Hac! cieTonsiraieci ibe
exisience or a pariicie o Taiier, caiieci Wie eieciron,
ibal Kaci a Ta33 le33 iban one ibousancllli oribal oribe
li8biesl aioT. He u3eci a 3einp raiHer like a Tociern
TY piciure lube: a reci-bol Tefiai riiateni aye orr ibe
eiecirons, anci becanse ibe3se baye a neSaliye eieciric
cbar8e, an eieciric rieici coulll be u3seci lo acceieraie
ibeT HOlyarcl a plio3pbor-coalec! 3creen. \Yben ibey bii
ibe 3creen, fasbe3 or 1li8bi \yere 8eneralecl. 8oon ii
yyas reaiireci ibal ibese eieciron3 Tw i be coTing§ rrotr
cyiibin Llie aioT3 ibeT3eiye3, anci in 1911 ibe UNecy
2ealancl pbysicizal ETe3i Kwuiberrorci IN'Taily sboyyeci
ibal ibe aioT3 or Taiier cio baye inieTai 3irucivre:

be ciiyicieci

reiioyy
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ibey are Tacie up or an exireteiy liny, posiiiyeiy
cbar8ec! nuciens, arounci \ybicb a nutber or eiecirons
orbii. He cieciuceci ibiz by analyrin§ ibe yyay in yybicb
alpba-parlicles, cybicb are po3siiiyeiy cbar8ecl pariicies
§iyen oIl by raciioaciiye aioT3, are cieliecieci \yben
ibey cofiicie yyiib aioT3.

3. Ai rirsi ii \yas Mwongbi ibal ibe nuciens or ibe
aioT yras Tacie up or eiecirons anci ciirrereni nutbers
ora posiiiyeiy cbarTeci pariicie caiieci ibe proion, (roT
ibe Oreek \yorcl Teanin§ “rir3i,” because ii \ya3s
beiieyeci be ibe rwunciateniai wunii rrot \ybicb
Talier \ya3 Tacie. Hoyyeyer, in 1932 a collea8ue or
KwuiberrorcTs ai Catbriclfe, laTe3 Cbacicyick,
ciiscoyereci Wiai ibe nuciens coniaineci anoiiier pariicie,
caiieci ibe neniron, \ybicb baci aiTo3i ibe 3aTe Ta33
a3 a proion bwui no eieciricai cbar8e. Cbaclcyick
receiyeci ibe Vobel Prire ror bis ciiscoyery.

4. Tlp lo abowul ibilly years a8o, ii wa3 ibon8bi ibal
proions anci nenirons \yere “eieTeniary” pariicies, bui
experitenis in \ybicb proion3 \yere coiiicieci \yiib
oiber proion3 or eieciron3 ai biSb 3peeci3 inciicaieci
ibai ibey \yere in raci Tacie unp or 3Taflier pariicies.
Thbese pariicie3 \yere nateci snark3 by ibe Callecb
pbysicisl Mwurray Oell-Mann, yybo \yon ibe Wobel
Prire in 1969 lor bis yrork on ibeT. The ori§in or ibe
nate i3 an eni8talic uwoiaiion rrot laTe3 loyce:
“Tbree aAnark3 ror Musier Mark!” Tbe yyorci fuark i3
3upposeci lo be pronounceci like unari, bui yyiib a Kk ai
ibe enci insieaci or a i, bui i3 n3naiiy pronounceci lo
rbyTe yyiib lark.

5. Tbere are a nutber or ciirfereni yarieiies or
Avarks: ibere are 3ix “riayors,” cybicb \ye caii up,
do\yn, 3iran”e, cbarTteci, boiioT, anci FOp. Tbe (irsi
ibree riayors baci been known 3ince ibe 19603 bui ibe

io

cbarTeci auark \ya3 ciiscoyereci oniy in 1974, ibe
boiioT in 1977, anci ibe KOp in 1995. Eacb riayor
coTe3 in ibree *“coiors,” reci, §reen, anci bive. (iT

3boulci be eTpbasireci ibal ibese lert3 are )usl labels:
Avark3 are Twucb 3Taiier iban ibe \yayelen8ib or
Ylsible 1li8bi anci 30 cio noi baye any coior in ibe
baye Tore iTaeinaiiye cyay3 or naTin§ necy pariicies
anci pbenoTtena - ibey no lon8er resirici ibeT3eiyes
O Oreek!) A proion or newiron i3 Tacie up or ibree
Anarks, one or eacb coior. A proion coniain3 i\yo mp
Aunark3 anci one ciocyn fiMark; a neuiron coniains3 ivyo
cioyyn anci one up. Y/e can creaie pariicies Tacie np or
ibe oiber Auarks (3iran”e, cbarteci, bolloT, anci KOp),
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bni Ike3e aii Kaye a TUCK «reaier Tasa anci ciecay yery
rapicily inio proions anci nenirons.

6.
proions anci nemirons nyiikin IkeT are iniiyisibie. bo
Ike uwmesiion i3: nykai are Ike liniy eieTeniary
pallicie3, liie basic bwuiiciT§ biock3d I'roT nykick

eyerylking i3 Tacie? bince ibe nyayeien81k ol 1i8bi i3
Tuck lar8er Ikan ike 3ire ol an aiow, \ye cannoi bope
lo “look™” ai Ike pari3 ol an aiow in ibe orciinary \yay.
\Ye neeci lo use 3otelking \yiib a Tuck 3taiier nyaye-
len8lk. (“mnanint Teckanic3 leiiz u3 Ikai aii pariicies
are in [aci nyayes, anci ibai ibe KiSker ike cnoTy ol a
pallicie, Ike 3Taiier Ike nyayeien8ik ol Ike
coiTesponciing nyaye. 6o Ike besi an3\yer \ye can 8iye
io our anesiion ciepenciz on Kony Ki8k a pariicie energy
e baye ai our ciisposai, becanse Iki3 eiertines on
Kony 3waii a len8lk 3caie nye can iooK. Tbese pariicie
ener§ie3 are n3unaiiy weasureci in nnii3 caiieci eieciron
yoiis. (In TboT3on’3 experiweni3s nyiib eiecirons, ye
sany Ikai be wmseci an eieciric [ieici 1o acceieraie Ike
eieciron3. Tbe ener8y Ibai an eieciron 8ain3 'rot an
eieciric nel ol one yoii i3 nyiiai i3 knonyn a3 an
eieciron yoii.) In Ike nineieenik ceniury, mben Ike
oniy pariicie ener£le3 Ibai peopie kneny kony lo use
nyere Ike iony ener8ie3 ol a [lely eieciron vyoiis
«eneraieci by ckeTicai reaciion3 3uck a3 bwurning, ii
nyas Ikou8kl Ikai aioT3 nyere Ike 3Taiie3i wunii. In
Kulkerlorcl'3 experiteni, Ike aipka-pariicies Kaci
ener8ie3 ol Tiiiion3 ol eieciron yoiiz. More receniiy,
nye kaye leaTeci Kony lo n3e eiecirota8neiic eili3 lo
8iye pariicies ener8ies ol ai iirsi Tiiiion3 anci Iken
Ikomnsanciz ol" Tiiiion3 ol eieciron yoiiz. Anci 30 e
Knony ikai pariicie3 Ikai nyere Ikou8kl lo be
“eieTeniary” Ikiriy years a8o are, in laci, Tacie np ol
3Taiier pariicies. May Ike3se, a3 sye §0 io siiii Ki§ker
ener8ie3, in Int be Tounci lo be Take (rot 3iiii
3Taiier pariicie3? TKi3 i3 ceriainiy possibie, bui nye cio
Kaye 30Te Ikeoreiicai reason3 lor beiieyin§ Ikai e
Kaye, or are yery near lo, a knonyieii8e ol Ike niiiTaie
buiiciing biocks ol naiwure.

Eyery-1kinf in Ike wuniyerse, incluciing 1i8kl anci
JNrayiiy, can be ciescribeci in lert3 ol pariicie3s. Tbese
pariicie3s kaye a properiy caiieci 3pin.

One nyay or 1lkinkin§ ol 3pin i3 lo iTta8ine Ike
pariicie3 a3 lille HOp3 3pinnin§ aboul an axis.
Honyeyer, iki3 can be Tisieaciing, because “~unan™ut
Teckanic3 ieii3 u3 ikai Ike pariicie3 cio noi kaye any
nyeii-ciefineci axi3. “bai Ike 3pin ol a pariicie reaiiy
leiis u3 i3 nykai Ike pariicie iook3 iike i oT ciilTerenl
ireciions. A pariicie ol 3pin 0 i3 iike a oi: ii iook3
ike 3aTe IAioT eyery ciireciion. On IKe oiker Kane), a
pariicie ol 3pin 1 i3 iike an arrony: ii look3 WilTerenl
not ciilTerenl ireciion3. Oniy IFone Iurn3s ii rounci a
coTpieie reyoiniion (360 cie8ree3) cioe3 Ike pariicie
iooK Ike 3aTe. A pariicie ol" 3pin 2 i3 iike a cioubie-
Keacieci arrony: ii iook3 Ike 3aTe il one lurn3 ii rounci
bail" a reyoiniion (180 cie8ree3). biTiiariy, bigker 3pin
pariicies iook Ike 3aTe ilC one Iurn3 IkeT ikrons8b
3Taiier [lraciion3 ol a coTpieie reyoiniion. All Iki3
3eeT3 [airiy slralEkilornyarci, bui Ike retark-abie laci
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i3 Ikai ikere are pariicie3 Ikai cio noi look Ike 3aTe il
one lurn3 IkeT Ikrom8b )usl one reyoiuniion: yon kaye

XVe nonly knony Ikai neiiker Ike aioT3 nor ikk InT IkeT IKrou8b inyo coTpieie reyoiniions! buck

pariicie3 are 3aici io Kaye 3pin 'A.

Aii Ike knonyn pariicie3 in Ike uniyerse can be
ciiyicieci inio inyo 8romps: pariicies ol" 3pin 'A, nykick
Take up ike Taiier in Ike mnniyerse, anci pariicies ol
3pin 0, 1, anci 2, nykick, a3 nye 3Kaii 3ee, Siye rise lo
[orces beinyeen Ike Taiier pariicies. Tke Taiier
pariicie3s obey nykai i3 caiieci Pawii’3 excinsion
principie. TKi3 nya3 ciiscoyereci in 1925 by an Ausirian
pkysicisi, X¥oil'§8ann Panii - Tor nykick be receiyeci Ike
190bel Prire in 1945. He nya3 Ike arckeiypai
Ikeoreiicai pkysicisi: ii nya3 3saici or KiT IKai eyen Ki3
presence ip Ike 3aTe ionyn nyouici Take experitenis
80 nyron8! Pawii’3 exciusion principie 3ay3 Ikai inyo
3iTiiar pariicie3 can-noi exi3i in Ike 3aTe 3iaie; Ikai
i3, Ikey cannoi Kaye boik Ike 3aTe posiiion anci Ike
3aTe yeiocily, nyiibin Ike iiTii3 8iyen by ike
nnceriainiy principie. Tbe excinsion principie i3
cruciai becaunse ii expiain3 nyky taiier pariicies cio noi
eoiiap3e lo a 3siaie ol yery bi8b ciensiiy wncier Ike
inimence ol Ike [orce3 procivceci by Ike pariicies ol
3pin 0, 1, anci 2: I Ike Taiier pariicie3 Kaye yery
neariy Ike 3aTe posiiions, Ikey Tu3si kaye ciilTerenl
yeiociiie3, nykick Tean3 lIkai Ikey nyiii noi 3iay in Ike
3aTe posiiion lor lon§. I Ike nyorici Kaci been creaieci
nyiikouni Ike excinsion principie, Anark3 nyouici noi
[CorT 3eparaie, nyeii-ciefineci proions anci nenirons. Venr
nyovici ikese, io«eiker snyiib eiecirons, [ort 3separaie,
nyeii-cielineci aiot3. Tbey nyowmici aii eoiiap3e lo ort a
romnkiy mnirort, ciense “sonp.”

A proper uncierslanciing ol Ike eieciron anci oiker
3pin-'/i pariicie3 ciici noi coTe wniii 1928, mben a
Ikeory nya3 proposeci by Paui Oirac. Birac’s Ikeory
nyas ike Wrsi ol ii3 kinci Ikai nyas consisieni syiib boik
Ananint Teckanic3 anci Ike 3peciai Ikeory ol
reiaiiyiiy. 11 expiaineci TaikeTaiicaily nyky Ike
eieciron bali 3pin-14; Ikai i3, nyky ii ciicin’l iook Ike
3aTe il you lurneci ii Ikrona;k oniy one coTpieie
reyoiuiion, bwui ciici ilC you lurneci ii IKrownk inyo
reyoiniions. Il ai3o preciicieci Ikai Ike eieciron 3kowici
Kaye a pariner: an anii-eieciion, or pogsiion. 1ne
ciiscoyery oll Ike posiiion in 1932 conirTeci birac’s
Ikeory anci leii lo ki3 bein§ anyarcieci Ike " Bbei Prire
lor pkysic3 in 1933. XVe nony knony Ikai eyery pariicie
Ka3 an aniipariicie, nyiib nykick ii can annikiiaie. (In
Ike case ol |Ike [orce-carryin§ pariicies, Ike
aniipariicies are Ike 3aTe a3 Ike pariicie3 IkeT3eiyes.)
Tkere coniii be myboie aniinyoriciz anci aniipeopie Tacie
oni ol aniipanicies. Honyeyer, il you Teei your
anliseil’, cion’l 3kake banci3! You nyowmici boik yanisk in
a §reai Mask ol 1i§bi. The auesiion ol nyky Ikere 3eeT
lo be 30 Tany Tore pariicie3 Ikan aniipanicie3 arovnci
13 i3 exireteiy iTpolManl.

In “nan”uT Teckanic3, Ike [orces or inieraciions
beinyeen Taller pallicie3 are aii 3uppo3seci lo be caiTieci
by pallicie3 or inle8er 3pin - 0, 1, or 2. \Ybal bappens3
i3 ikai a Taiier pariicie, 3uck a3 an eieciron or a “na"K,
eTiis a lorce-carryin§ pallicie. The recoii Mot Iki3
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eTi33ion cban”e3 ibe yeiociiy or ibe Talier pariicie.
Tbe [orce-carryin§ pariicie iben coiiicies nyiib anoiber
Taiier pariicie anci i3 ab3orbeci. Tbi3 cofiizion cban§es
ibe yeiociiy or ibe 3econci pariicie, )usl a3 ir ibere baci
been a rorce beinyeenibe inyo waiier pariicies. Il i3 an
iTporiani properiy or ' ibe [orce-carryin§ pariicies
Ibai ibey cio noi obey ibe exciusion principie. Tbi3
Teans lIbai ibere i3 no liTii lo ibe nuTber Ibai can be
excban§eci, anci 30 ibey can 8iyerise lo a 3lron§ rorce.
Homyeyer, ir ibe rorce-carrying pariicies baye a biSb
Ta33, ii suillbe ciiliicull lo procince anci excban§e
ibeT oyer a lar8e ciiziance. 80 ibe rorce3s lbai ibey
carry nvil lbaye oniy a 3borl ran§e. On ibe oiber banci,
ir ibe rorce-carrying§ pariicie3 baye no tas3 or ibeir
oy ibe rorces nyil lbe 1on§ range. The Morce-canying
pariicies excban8eci beinyeen Taiier pariicies are 3aici
lo be yirivai pariicie3 because, nniike “reai” pariicies,
ibey cannoi be ciireciiy cieiecieci by a pariicie ineiecior.
\Ye knony ibey exisi, banyeyer, because ibey cio baye a
Teasurable erreci: ibey 8iye rise lo rorces beinyeen
Talier pariicies. Pariicie3 or 3pin 0, 1, or 2 cio aiso
exisi in 30Te circuTtsiances a3 reai pariicies, ryben
ibey can be ciireciiy cieiecieii. Tbey iben appear lo u3
a3 nybal a ciassicai pbyasicisl nyowmici caii nyayes, 3ucb as
nyayes or 1li8bi or S8rayilalional nyaye3s. Tbey Tay
3o0TeiiTes be eTilieci syben Taiter pariicies inieraci
nviib eacb oiber by excban§in§ yirinai rorce-carrying
pariicies. (Por exaTpie, ibe eieciric repuisiye rorce
beinyeen inyo eiecirons i3 Mue lo ibe excban§e or
yirinai pbolons, nbicb can neyer be ciireciiy cieiecieci;
bui i one eieciron Toye3 pasi anoiber, reai pbolons
Tay be 8iyen orr, nbich nyeiieieci a3 1i§bi nyayes.).

Porce-carryin§ pariicie3 can be 8roupeci inio rour
cale§orie3 accorciinf lo ibe 3lren8ib or ibe rorce Ibai
ibey cany anci ibe pallicies ryiib nbicb ibey inieraci.
i 3bonll be eTpbasireci Ibai ibi3 diiyision inio rour
ciasses i3 Tan-Tacie; ii i3 coryenieni ror ibe consirunc-
lion or paHiai ibeorie3, bui ii Tay noi corresponci lo
anyibin» cieeper. LU iTaieiy, T03i pbyasici3l3 bope lo
rinci a wnilieci ibeory Ibai syillexpiain aii four rorces
a3 ciilTerenl a3peci3 or a sinpie rorce. Incieeci, Tany
nyomici 3ay ibi3 i3 ibe prite 8oal or pbysic3 HOciay.
Keceniiy, 3ucces3rni anertpisa baye been Tacie lo
nniiy ibree oribe lNour cale§orie3 or rorce.

Tbe Wrsi cale§ory i3 ibe grayiiaiionai lorce. Tbis
[orce i3 uniyersai, ibai i3, eyery pallicle Ieei3 ibe rorce
or §rayily, accorclin§ io ii3 Ta33 or ener8y. Orayiiy i3
ibe nyeakesi or ibe rour rorce3 by a lon§ nyay; ii i3 30
nyeak Ibai rye nyowici noi noiice ii ai aii nyere ii noi ror
Uyo 3peciai propellies Ibai ii ba3: ii can aci oyer large
ciisiances, anci ii i3 ainyays ainraciiye. Tbiz Teans Ibai
ibe yery nyeak S§raYllaiional rorces beinyeen ibe
inciiyicinai pallicie3 in uwyo lar8e bociie3, 3ucb a3 ibe
eallb anci ibe 3un, can aii acici up lo procince a
3igniicanl rorce. The oiber ibree rorces are eiiber
3boll ran8e, or are 30TeliTe3 airaciiye anci 3oTe-
iiTe3 repwuisiye, 30 ibey lenci lo cancei owni. In ibe
Ananint Tecbanical nyay or lookin§ ai ibe
§rayilalional ielll, ibe rorce beimyeen iyo Taiier
pallicie3 i3 piciureci a3 bein§ canieci by a pallicle or
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3pin 2 caiieci ibe 8rayilon. Thbiz ba3 no Ta33 or ii3
onyn, 30 ibe Torce Ibai ii canie3 i3 lon8 ran8e. The
§rayilalional Force beiryeen ibe 3un anci ibe ealb i3
ascribeci lo ibe excban§e of «rayiions beiryeen ibe
pallicie3 ibai Take up ibese Uyobociies. Alibon§b ibe
excban8eci pallicies are yilwnal, ibey celainly cio
procince a Teasurable erreci - ibey Take ibe eallb
orbil ibe 3un! Keai 8rayilon3 Take up nybal ciassicai
pbysicisls myouici caii §rayilalional nyayes, sybicb are
yery nyeak - anci 30 ciiriicuii lo cieieci Ibai ibey baye
noi yei been obseryeti.

The nexi cale8ory i3 ibe eleclrota8nelic rorce,
nybicb inieracis nviib eieciricaiiy cbar§eci paflicies like
eiecirons anci smarks, bui noi syiibuncbarge<i pallicies
3ucb a3 “rayiions. 11 i3 Tucb 8lron8er iban ibe
§rayiialional rorce: ibe eieciroTa”neiic rorce beinyeen
Uyo eiecirons i3 aboul a Tiition Tilfion TilTi
Tiiiion Tiilion Tiifion Tiiiion (1 syiib Coriy-lnyo xeros
avier ii) iiTe3 bi§8er iban ibe 8rayiialional [orce.
Homveyer, ibere are imyvo kincis or eieciric cbarSe,
posiiiye anci ne§aliye. Tbe rorce beiryeen inyoposiiiye
cbar§e8 i3 repwuisiye, a3 i3 ibe rorce beiyeen ino
ne§aliye cbarfes, bui ibe lorce i3 aliraciiye beinyeena
posiiiye anci a ne™aiiye cbar8e. A lar@e bociy, 3ucb a3
ibe eallb or ibe 3un, coniain3 neariy esAnai nutbers or
pogsiiiye anci ne8aliye cbar8e3. Tbus ibe aliraciiye anci
repuisiye rorces beimyeen ibe inciiyicinai pallicies
neariy cancei eacb oiber owui, anci ibere i3 yery liiie
nei eiecirota”neiic rorce. Homneyer, on ibe 3Taii
3caie3 oraioT3 anci Toiecuies, elecirota§nelic orces
cioTinaie. Tbe eiecirota”neiic aliraciion beiyeen
ne8aiyely cbar8eci eiecirons anci posiiiyeiy cbar§ecl
proions in ibe nuciens canses ibe eiecirons lo orbil ibe
nucien3 or ibe aioT, )usl a3 8rayilalional aiiraciion
camnses ibe eallb lo orbil ibe 3un. Tbhe eleclrotagnelic
airaciion i3 piciureci a3 being camseci by ibe excban8ge
or lar8 nutber3 or yilual Ta33ie33 pallicie3 or 3pin
1, caiieci pbolon3. AS8ain, ibe pbolon3 ibai are
excban8ecl are yiMual pallicies. Hamyeyer, nben an
eieciron cbanfes &oT1 one aiionyeci orbil lo anoiber
one nearer lo ibe nuciens, ener8y i3 reieaseci anci a reai
pbolon i3 eTiiieci - ybich can be ob3eryeci a3 yisibie
1i8bi by ibe butan eye, ir ii ba3 ibe ri8bi nyaye-lens8ib,
or by a pbolon iieiecior 3sucb a3 pbolo§rapbic WMiT.
E~vally, i a reai pbolon coiiicies nyiiban aioT, ii Tay
Toye an eieciron I'rot an orbil nearer ibe nuciens lo
one [alber anyay. Tbi3 wn3e3 up ibe ener8y or ibe
pbolon, 30 ii i3 ab3orbeci.

Thbe ibirci cale§ory i3 caiieci ibe nyeak nwuciear
rorce, sybicb i3 responsible ror raciioaciiyiiy anci
nbicb acis on aii Talier pallicies or 3pin-'/r, bui noi
on pallicie3 or 3pin 0, 1, or 2, 3ucb a3 pbolon3 anci
8rayilon3. Tbe nyeak nwuciear rorce nyas noi Jsydi
unciersiooci nniii 1967, ryben Abcins 8alaT ai ITperiai
Colle§e, boncion, anci 8ieyen LlUeinber§ ai Haryarci
boib proposeci ibeories Ibai wnilieci ibi3 inieraciion
nviib ibe eleclrotagnelic rorce, )ml a3 Maxnyeii baci
nnieci eieciriciiy anci Ta8neii3T aboul a bwuncireci

pbolon, ibere nyere ibree oiber 3pin-1 pallicie3, knonyn
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coiieciiyeiy a3 Tassiye yecior bosons, iiiai carrieci ibe
\yeak Torce. Tiiese \yere caiieci XY+ (pronmounceci XV
pin3), XV- (pronomnceci XV winu3), anci 2° (pronounceci
2 nam8bi), anci eacb baci a was3 ol arounci 100 OeV
(OeY siancis ror £l8aeleclron-yoll, or one ibowusanci
rnilion eieciron yoii3). Thbe ~einber§-8alaTt ibeory
exbibil3 a propeiiy knolyn a3 3ponianeoH3 3ywrneiry
breakine. Tbi3 Teans ibal \ybal appear (o be a nutber
orcotpieieiy ciilTerenl pariicie3 ai loly ener§ie3 are in
[aci lovnci lo be aii ibe 3aTe lype ol pariicie, oniy in
ciilTerenl 3iaies. Ai bi8b ener8ie3 aii ibese pariicies
bebaye 3iTiiariy. Tbe elTecl i3 raiber like ibe bebayior
ola rowmielie baii on a rounieiie gbeei. Ai bi§b ener”ies
(\yben ibe yybeei i3 3pun aunickiy) ibe ball bebayes in
esseniiaiiy oniy one \yay - ii roii3 rounci anci roumnci.
Bui a3 ibe obeei sioyys, ibe ener8y ol ibe ball
ciecreases, anci eyeninaiiy ibe ball cirop3 inio one ol
(He (biMy-3eyen 3ioi3 in ibe \ybeel. In oiber waords ai
by enerfles ibere are Wiiriy-seyen ciilTerenl siaie3 in
\ybicbibe ball can exisi. I, For 30Te reason, \ye coniii
oniy obserye ibe ball ai 1oly ener§ies, \ye cyouici iben
ibink ibai ibere \yere ibirly-3eyen ciilTerenl lype3 ol
ball!

In ibe XYeinber§-8alat ibeory, ai ener§ies Tuck
8realer illan 100 CeV, ibe ibree nely pariicie3 anci ibe
pbotOn yyowmici aii bebaye in a siTiiar Tanner. Bui ai
ibe Jo\yer pariicie ener”ies ibal occur in To3i norrai
siinaiions, ibis 3y TTeiry beiyween ibe pariicies \youici
be broken. XVE, XV, anci 2° cyowmici acumire larue
Ta33e3, Takin§ ibe lorce3 ibey carry baye a yery
3boll ran8e. Ai ibe liTe ibal 3aiaT anci XYeinber§
proposeci ibeir ibeory, Mely peopie beiieyed ibeT, anci
pariicie acceieraiors \yere noi polyerlnl enou8b io
reacb ibe ener§ies ol 100 OeY reuwuireci lo prociuce
reai XY+, XV-, or 2° pariicies. Hooyeyer, oyer ibe nexi
ien years or 30, ibe oiber preciiciion3 ol ibe ibeory ai
I\yerenerfles aoreeci 30 \yell wiibexperiteni ibal, in
1979, 3aiaT anci XYeinber§ were acyarcieci ibe Nobel
Prire For pbysics, FOSeiber \yiib 8belcion 0lasboy,
ai3o ai Haryarci, \ybo baci 3uf£8esiecl siTiiar wnilieci
ibeories ol ibe eleclroinafnelic anci \yeak nwuciear
lorces. Thbe Nobel coTTiliee \ya3 3pareci ibe
eTbarrassteni ol bayinf Tacie a Tisiake by ibe
ciiscoyery in 1983 ai CEKJ1 (European Cenire [lor
luinciear Kesearcb) ol ibe ibree Tassiye pallners ol ibe
pbotOon, \yiib ibe correci preciicieci Tasszes anci oiber
propellies. Cario Kubbia, \ybo lecl ibe leaT ol seyerai
buncireci pbysicizl3 ibal Tacie ibe ciiscoyery, receiyeci
ibe WMobel Prire in 1984, alonf wjib 8iTon yan cier
Meer, ibe CElWenflneer \ybo cieyeiopeci ibe
aniiTaiier 3tOra8e 3y3ieT eTpioyeci.

The Tlourib calefory i3 ibe 3lronf nwuciear [orce,
wbicb boiciz ibe uuark3 HOfeiber in ibe proion anci
neniron, anci boicis ibe proion3 anci neniron3 KO8eiber
i3 carrieci by anoiber 3pin-1 pariicie, caiieci ibe £lunon,
\ybicb inieraciz oniy \yiib iizell" anci cyiib ibe sAnarks.
Tbe 3lron£ nuciear lNorce ba3 a curions properiy caiieci
conneTeni: ii aixyay3 binci3 pariicies lofeiber inio
coTbinailions ibal baye no coior. One cannoi baye a
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3in£le umark on ii3 o\yn because ii \youlci baye a coior
(reci, £reen, or bine). Insieaci, a reii gnark bas lo be
Joineci io a £reen anci a bive aAvark by a “31rin§” ol
£lnons (reci + £reen + bine = wbiie). 3ucb a Iripiei
consiiinies a proion or a newiron. Anoiber possibilily
i3 a pair consislinE ol a umark anci an an”~nark (reci +
aniireci, or §reen + aniifreen, or bine + anliblue =
whbiie). 3ucb coTbinaiions Take wup ibe pariicies
Knoiyn a3 Te3ons, wyybicb are unslable becaunse ibe
~na™k anci aniiavark can anniiiii eacb oiber,
prociucing eiecirons anci oiber pariicies. 3iTiiariy,
conneTepni preyenis one bayinf a 3infle £lvon on ii3
o\yn, becanse §lmons ai3o baye coior. Insieaci, one ba3s
lo baye a cofieciion ol £lnon3 \ybo3e coior3s acici up lo
iybiie. 3ucb a coiieciion [ort3 an wnslable pariicie
caiieci a §lueball.

Tbe Tlaci ibal coniineTteni iror
obseryin§ an i3oiaieci “ma”™k or £luon Ti8bi 3eeT lo
Take ibe wboie noiion or ~ma”k5 anci £luons a3
pariicies soTecybal Teiapbysical. Holyeyer, ibere i3
anoiber properiy ol ibe 3lronf nwuciear lorce, caiieci
asyTpioiic reecioT, ibal Take3 ibe concepi ol Anarks
anci £lnon3 nyeii ciellineci. Ai norTai enerfle3, ibe
slron£ nuciear orce i3 incieeci 3lron£, anci ii bincis ibe
Avarks ligbily HOfeiber. Hoiyeyer, experitenis \yiib
larfe pariicie acceieraior3 inciicaie ibal ai bl£li
enerfles ibe sironf [orce becoTe3 Tucb \yeaker, arnci
ibe pguark3s anci £luon3 bebaye aito3si like [Tree
pariicies.

Tbis liiie i3 raiber an exafferalion: ibe resniiani
ibeorie3 are noi aii ibal £rancl, nor are ibey [uiiy
mnilieci, a3 ibey cio noi inciucie £rayily. No1 are ibey
reaiiy cotpieie ibeorie3, because ibey coniain a
nutber ol paraTteiers yybose yaines cannoi be
preciicieci iroT ibe ibeory bui baye lo be cbo3sen lo Tii
in yyiib experiteni. /1eycribeiess, ibey Tay be a 3iep
lo\lyarci a coTpieie, Inily unilieci ibeory. Thbe basrc
iciea o CunT3 i3 a3 loiioyys: a3 \ya3 Teniioneci aboye,
ibe 3lron8§ nuciear orce 8el3 \yeaker ai bi§b enerfles.
On ibe oiber banci, ibe eieciroTa”neiic anci Teeak
[orces, \ybicb are noi asyTpioiicaiiy iTee, £€I1 3lronfer
ai biSb enerfle3. Ai 3oTe yery blfli ener8y, caiieci ibe
franci unilicaiion ener8y, ibese ibree [orces yyowici aii
baye ibe 3aTe 3lren8§ib anci 30 conl )usl be ciilTerenl
aspecis ol a singie lorce. Tbe CIJ1'3 ai3o preciici ibal
ai ibiz ener8y ibe ciilTerenl 3pin-14 Talier pariicies,
like sinarks anci eiecirons, cyowici ai3o aii be es3seniiaiiy
ibe 3aTe, ibus acbieyin§ anoiber uniiicaiion.

Thbe yaine ol ibe 8ranci unilicalion ener8y i3 noi
yery \yell kno\lyn, bwui ii yyouici probably baye lo be ai
leasi a ibowmsanci Tiilion Tiilion OeY. Tbe preseni
8eneraiion ol pariicie acceieraiors can cofiicie pariicies
ai enerf£les ol aboul one buncireci OeY, anci Tacbines
are pianneci ibai \youlii raise ibiz lo a leiy ibousanci
CeY. Bui a Tacbine ibal \yas ponyerlml enou8b lo
acceieraie pariicie3 lo ibe S8ranci unilicalion ener™y
\youlci baye io be a3 bi§ a3 ibe 3oiar 3ysieT - anci
iyonici be wuniikeiy lo be T[wuncie in ibe preseni
econoTic ciitaie. Tbus ii i3 iTpo3sible lo lesi Srancl
vnilieci ibeories Mireciiy in ibe laboraiory. Hoiyeyer,

preyenis one
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In3i a3 in ibe case ol ibe eleclroTa8nelic anci yyeak
unilieci ibeory, ibere are loyy-ener8y conseyuences or
ibe ibeory ibal can be lesieci.

The T03i Inlereslinf olibese i3 ibe preciiciion ibal
proions, yybicb Take up Tucb or ibe Ta33 or orciinary
Tailer, can 3ponianeounsiy ciecay inio li8bier pariicie3s
3ucb a3 aniieieciron3. Tbe reason ibi3 i3 possible i3

ibal ai ibe S8ranc! wuniricaiion ener8y ibere i3 no
esseniiai iiirrerence beiyween a uumark anci  an
aniieieciron. Tbe ibree gfAwarks insicie a proion

norTaflly cio noi baye enon8b ener8y lo cban8e inio
aniieiecirons, bui yery occasionaiiy one or ibet Tay
acanire 3uriicieni ener8y lo Take ibe Iransiiion
because ibe wunceriainiy principie Tean3 ibal ibe
ener8y or ibe yunarks insicie ibe proion cannoi be ixei
exaciiy. Tbe proion yyouici iben ciecay. Tbe probabilily
or a “ma’k §aininf auriicieni ener8y is 30 oy ibal one
i3 likeiy lo baye lo yyaii ai leasi a Tiiiion Tiiiion
Tiflion Tiliion Tifilion year3 (1 roioyped by ibirly
reros). Tbi3s i3 Tucb lon8er iban ibe liTe 3ince ibe bl
ban§, \ybicb iz a Tere len ibousancl Tiiiion years or 30
(1 rollo\yed by len reros). Tbus one Ti§bi ibink ibal
ibe po3sibiliiy or 3ponianeons proion ciecay cowuici noi
be lesieci experiteniaiiy. Hoyyeyer, one can increase
one’s cbances o cieieciiny a ciecay by ohlseryin§ a
lar§8¢ atouni or Taiier conlainin8 a yery 1lar8e
nuTber or proions. (If, rfor exaTpie, one obseryed a
nuTtber or proion3 eanai lo 1 roiioyed by ibirly-one
rero3 For a perioci or one year, one uyouici expeci,
accorciing lo ibe 3iTpiesi CCIT, lo obserye Tore iban
one proion ciecay.).

A nutber or 3ucb experitenis baye been carrieci
oui, bui none baye yieicieci cieliniie eyicience or proion
or newniron ciecay. One experiteni wu3eci ei8bi
ibousanc! lon3 or \yaier anci yyas perrorteci in ibe
Morion 8all Mine in Obio (lo ayoici oiber eyenis
laking piace, camseci by cosTic rays, ibal Ti§bi be
conruseci wyiib proion ciecay). 3ince no 3ponianeous
proion ciecay baci been obseryec WNuring ibe
experiteni, one can caicuiaie ibal ibe probable lire or
ibe proion Tu3i be £realer iban len Tiiiion Tiilion
Tiifion Tiiiion Tiiiion years (1 wiibibirly-one reros).
Tbiz i3 lon8er iban ibe lireiiTe preciicieci by ibe
3iTpiesi §ranc! wniiteci ibeory, bwui ibere are Tore
elaboraie ibeories in ybich ibe preciicieci iireiites are
lonfer. 8iill Tore 3ersiiiye experitenis imyolying
eyen lar8er “man"iNie3 or Talier wii be neecieci lo lesi
ibeT.

Eyen ibousb ii i3 yery ciirlicuii lo okserye
3ponianeon3 proion ciecay, ii Tay be ibal our yery
exiszience i3 a conseyunence or ibe reyerse process, ibe
prociuciion or proions3, or Tore 3iTpiy, or ”una™ks8,
Mot an iniiiai siinaiion in ybicb ibere yere no Tore
umarks iban aniianarks, whicb is ibe T03i naiurai \yay
lO iTa8ine ibe wuniyerse 3larlin§ oui. MaHer on ibe
earib i3 Tacie up Tainiy or proion3 anci newirons,
which in IuT are Tacie up or uyuarks. There are no
aniiproions or aniinenirons, Tacie up Mot aniiyunarks,
excepi ror a rely ibal pbyasicisi3 procivce in larSe
pariicie acceieraiors. LUe baye eyicience WoT co03Tic
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rays ibal ibe 3aTe i3 Irne ror aii ibe TaWer in owur
8alaxy: ibere are no aniiproions or aniineniron3 apari
Mot a 3Taii nutber ibal are prociuceci a3 pariicie/
aniipanicie pair3 in bi8b-ener8y cofiiizions. Ir ibere
were lar8e re§ions or aniitalier in our 8alaxy, we
yyomici expeci lo obserye lar§e unaniiiies or raiiiaiion
Mot ibe borciers beiyyeen ibe re§ions or Talier anci
aniitTaiier, yhere Tany pariicies yyouici be collicling
yyiib ibeir anii-pariicie3, annibHalin§ eacb oiber anci
£lyin8 orrbi§b-enerfy raciiaiion.

\Ye baye no ciireci eyicience a3 lo whbeiber ibe
Talier in oiber 8alaxie3 i3 Tacie mp or proion3 anci
nenirons or aniiproions anci anii-nenirons, bui ii Tn3i
be one or ibe oiber: ibere cannoi be a Tixiure in a
3inpie 8alaxy because in ibal ca3se we yyouici afain
obserye a loi of raciiaiion i o7 annibilaiions. Ve ibe-
refore beiieye ibal aii §alaxies are coTpo3seci orymarks
raiber iban aniianarks; ii 3eeT3 iTplausible ibal 30Te
8alaxies 3boulic! be Talier anci 30Te aniiTaier.

\¥by 3bowulic! ibere be 30 Tany Tore savarks iban
anNi“mank5? \¥by are ibere noi eymnai nutbers or eacb?
Ti i3 ceriainiy rorinnaie ror u3 ibal ibe nutbers are
nneynai becaunse, ir ibey baci been ibe 3aTe, neariy aii
ibe uwarks anci aniiynarks yyouici baye annibilaleci
eacb oiber in ibe eariy uniyerse anci leii a uniyerse
Miieci wiib raciiaiion bui barciiy any Taiier. Tbere
yyowmici iben baye been no §alaxies, 3iars, or pianeis on
whicb butan life counilii baye cieyeiopeci. buckiiy,
£ranci uniieci ibeories Tay proyicie an expianaiion or
yyby ibe wuniyerse 3boulc! royy coniain Tore swuarks
iban an"i“ma™k5, eyen ir ii siarieci oni wjib eynai
nutbers or eacb. A3 we baye 3een, CbIT3 alloly
umark3 lo cban8e inio aniieieciron3 ai biSb ener8y.
Tbey aizo alloly ibe reyerse processes, aniisnarks
inrning inio eiecirons, anci eiecirons anci aniieiecirons
Inrning inio aniiymarks anci ~ma”k5. Tbere yya3 a iite
in ibe yery eariy uniyerse yyben ii \ya3 30 boi ibal ibe
pariicie ener8ie3 yyouici baye been bi§b enou§b ror
ibese iransrorraiion3 HO lake piace. Bui yyby 3boulc!
ibal leaci lo Tore ~ma”k3 iban aniiunarks? Tbe reason
i3 ibal ibe lalys or pbysic3 are noi smiie ibe 3aTe ror
pariicie3 anci aniipariicies.

blp lo 1956 ii yyas beiieyedc ibal ibe lalys or
pbysic3 obeyeci eacb or ibree 3eparaie 3yTTeiries
caiieci C, P, anci T. Tbe 3yTTeiry C Teans ibal ibe
layy3 are ibe 3aTe ror pariicies anci aniipariicies. Tbhe
3yTTeiry P Teans ibal ibe iayys are ibe 3aTe ror any
3iinaiion anci ii3 Tirror iTa8e (ibe Tirror iTa8e cra
pariicie 3pinning in a ri8bi-banclecl Wireciion i3 one
3pinning in a leli-banieci liireciion). Tbe 3yTTeiry T
Teans ibal ir yon reyerse ibe ciireciion or toiion or
aii pariicies anci aniipariicies, ibe 3y3ieT 3bowulc! §o
back lo yybal ii yya3 ai eariier liTe3; in oiber ywaodsz
ibe layys are ibe 3aTe in ibe roryyarci anci backyyarci
ciireciion3 or lite. In 1956 iywo ATerican pbyasicisis,
T3nng§-Oao bee anci Cben MNin§ Yan£, 3u8feslecl ibal
ibe yyeak rorce cioe3 noi in raci obey ibe 3ytTeiry P.
In oiber yword3 ibe yyeak rorce yyomici Take ibe
nniyerse cieyeiop in a ciirrereni yyay noT ibe yyay in
wbicb ibe Tirror iTage or ibe wuniyerse yyouici
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cieyeiop. Tbe 3aTe year, a coiiea8une, Cbien-8binng
\¥n, proyeci ibeir preciiciion correci. 8be ciici ibi3 by
linin§ np ibe nuciei ol raciioaciiye aioT3 in a Tagneiic
[eM, 30 Wiai ibey \yere aii 3pinnin§ in ibe 3aTe
ciireciion, anci 3bonyed ibal ibe eiecirons cyere Siyen
oii-Tore in one ciireciion iban anoiber. The [oliolying
year, bee anci Yan§ receiyed ibe Mobel Prire lor ibeir
iciea. W \ya3 ai3o lNomn6 ibal ibe \yeak [orce ciici noi
obey ibe 3yTTeiry C. Tbal i3, ii yyouici cause a
nniyerse coTpo3eci ol aniipariicie3 lo bebaye
cliflerenily W oT our nniyerse. Heyeribeiess, ii 3eeTeci
ibal ibe \yeak [orce ciici obey ibe coTbineci 3yTTeiry
CP. Tbal i3, ibe uniyerse yyowuici cieyeiop in ibe 3aTe

\ya3 scyappeci oyiibiis anlipaiTicie! Hocyeyer, in 1964

i\vo Tore Arvericans, I. XV. Cronin anci Yai Piicb,
discoyered Wiai eyen ibe CP 3yTTeiry \ya3 noi
obeyeci in ibe ciecay ol ceriain pariicie3 caiiec! K-

Teszons3. Cronin anci Piicb eyeninaiiy receiyed ibe
blobei Prire lor ibeir \york in 1980. (A ioi ol prires
baye been alyarcieci or 3bolying ibai ibe uniyerse i3
noi a3 3itpie a3 \yveTi§bi baye ibou”bil).

There i3 a TaibeTaflical ibeoret ibal 3ay3 ibal
any ibeory ibal obey3 gawuanint Tecbanic3 anci
reiaiiyily Tu3si aicyays obey ibe coTbineci 3yTTeiry
CPT. In oiber o/ad3 ibe wuniyerse cyowmici baye lo
bebaye ibe 3aTe I one repiaceci pariicies by aniipar-
licie3, look ibe Tirror iTa8e, anci ai3o reyerseci ibe
ciireciion ol lite. Bui Cronin anci Piicb 3bo\yeclibal I
one repiace3 pariicies by aniipariicie3s anci lakes ibe
Tirror iTta8e, bwui cioe3 noi reyerse ibe ciireciion ol
liTe, iben ibe uniyerse cioes noi bebaye ibe 3aTe. Tbhe
laly3 ol pbysics3, iberellore, Tm3i cban8e I one
reyerses ibe ciireciion ol liTe - ibey cio noi obey ibe
3yTTeiry T.

Ceriainiy ibe eariy wnniyer3se cioes noi obey ibe
3yTTeiry T: a3 lite run3 Tlorcyarci ibe wuniyerse
expanci3 - IIMii ran backycarci, ibe nniyerse \youici be
coniraciin§. Anci 3ince ibere are [orce3 ibai cio noi
obey ibe 3yTTeiry T, ii loiiocys ibal a3 ibe uniyerse
expancis, ibese lorces cowmici canse Tore aniieiecirons
10 lurn inio uwark3 iban eieciron3 inio aniisnarkas.
Thben, a3 ibe wniyerse expancieci anci cooieci, ibe
aniisnarks cyowmici annibiiale \yiib ibe sinarks, bwui 3ince
ibere wouwvici be Tore Auarks iban aniipnarks, a 3taii
exce33 ol ymarks \yowmici retain. Il i3 ibe3e ibal Take
up ibe Taiier \ye see HOciay anci oui ol obicb \ye
ourseiye3 are Tacie. Tbus our yery exisience cowuici be
reSarcieci a3 a coniirraiion ol §ranci wnilieci ibeories,
3ucb ibal one cannoi preciici ibe nutbers olf “na™k5
ibai \yillbe iein ailer ibe annibilalion, or eyen \ybelner
11 cyomici be umarks or aniisnarks ibal cyowmici retain.
(Haci ii been an exce3s ol aniisvarks, booyeyer, \ye
cyovici 3iTpiy baye naTeci aniianarki3 smarks, anci
Anarks aniisnarkas.).

Cranci unilieci ibeorie3 cio noi inciucie ibe Morce ol
8rayily. Tbi3 cioe3 noi Taller loo Tucb, because
8rayily i3 3ucb a \yeak [lorce ibai ii3 elTecl3 can
usmaily be ne§lecleci oben ne are ciealin§ ojib
eieTeniary pariicies or aiot3. Holyeyer, ibe Iaci ibal
ii i3 boib 1on§ ran8e anci ai\yay3 aiiraciiye Teans ibal
ii3 elTecl3 aii acici up. 8o [lor a sulTicienliy lar8e
nuTber ol Taiier pariicies, 8rayilalional [orces can
cioTinaie oyer aii oiber [orces. Tbi3 i3 \yby ii i3
8rayily ibal cieiertines ibe eyoiniion ol ibe uniyerse.
Eyen lor o”eci3 ibe 3ire ol 3iars, ibe aiiraciiye orce
ol §rayiiy can \yin oyer aii ibe oiber iorces anci cause
ibe 3iar lo coiiap3e.
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