100Cuyiou oTov kKaBopiopd Tou Spih Tou TTioviou.

2 UHHETpia avaoTpoWnc Tou Xpovou T

* Me Tnv avaoTpoph Tou xpovou T éxoupe t = -t, p=-p, 7= —J . T auté 10
Aoyo o T dev éxer 1dioTIpéC 0mwe o1 C kai P. TTapoAa autd og ouvduaopod pe Thv
P, PT onpaivel 611 To aToixeio Tou mivaka (matrix element) yia Tnv avridpaon
a+b—>c+d mpémel va givai To id1o pe Thv avTidpaon c+d—>a+b. AutA n 1816TNTA
gival yvwoTh aav “apxi AemtopepoUc 1coluyiou” (detailed balance).
TTPOZOXH! auto dev onpaiver 4TI o1 evepyoi diaTopég cival ot idie¢ emeIdn TTpEmel va
UTTOAOYiOOUHE Kal TOV XWPoC Twv pdocwyv. Eidape Adn Hia epapHoyh Tou AeTTTopEPOUC

T000TNTA T P
r r -r
P -p -p ToAIK6 d1dvuopa
s (spin) -s s afoviké didvuopa
rxp
E E -E E=-0V/ or
B -B B OTwWC TO S

Av Kai Ttepipévoupe 0TI N T tapapidletal améd TiI¢ aoOeveic aAAnAemidpdaoeic dev EXOUlE

akopn mapaTtnphoel tapapiaon Tng T.
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To Geswpnua CPT

O ouvduaopoc CPT diatnpeital mdavra oc kABe TOMIKA KPAVTIKA
Oecwpia mediov.

H mapapiaon tng CPT civai 100dUvapn pe mapapiaon Tou
apeTaPpAnTou Twyv peTaoxnuatiopwy Lorentz.

H ouppeTpia CPT amaitei 671 Ta owparidia kai Ta avriowparidia
TPETEl va £Xouv Tautoonun pala, péogo xpovo CWAC, YopTio Kal
payvnTikin ITTOAIKA poTTA.

To KaAUTEPO TTEIPAUATIKO TEOT, HEXPIC OTIVHAG, Yia Th CPT eival oe
Hia akpipeia 10718,

. TomroAiTng
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Meoovia

MMeson Summary Table
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Bapuodvia
Baryon Summary Table

This SheT Table gives e name, The Guantum rimbes (whire Knosn), and the states of Darpons in the Review. Oaly the banors wich 3-
af &siar fatus are incided in the mais Barpon Summany Tabke, Due b issullices data o uncerain nberpretation, e other entries is
the short table ane not establshed o banare. The mames mith masses are of banyons that decay strongly. For &, & and = resonances, the
partial mave is indicated bry the symial Ly, 5. whene [ k& the orbital ssguler mamenaem [5 F &, ... ), (s the sogen, and T i the total
angular rmomentum. For A and T resonances, the spmiol is 1.__1_-.

il F“ ey ﬂl]:uj p'l'l LRl L} _.1 FI"I ey : P“ LR L) PI'. ey
° gy wer Lajieil) Py v | aness) &, reer |2 Py, veee Py ree
MIA80] P T L A(IRID) Sy vReR LAILSHL) 8y, TERR LT Py e Py weEe
N{IS20] Sy ™ AT D e | AL Py P | I{LEES) Py YT N
MI1535] By MUY Laimoy Py 4 A[LGTD) &y veer | I{LEE0) . e
FI| 1650] T bl IF-THL T - L2 ALl Dy veee | T[1560) w Oy,
MIIETE]  fwy T lajias)] P A1) &y vee | IILsED) O, *% b
MI1EBD|  F MUY Lamgg Py Al &, v | I{LRHD) &, wuw
MRS e W L apiamg Py ALEMY)  Fae wied D T{IEED) Py YO b
Fij1710) [ 1] o A(1930)  Dhe wed | A[LEMD) Oy veew | T[LGTD) Dy whaE an
NIIT20) Py MU LA Oy ! A[IBMY)  Fpg *ver | T{LESO) ] e
N[1903] Py W Al95Y)  Fy YR ) A[2000) * Ijirsm &, .
N{1990] Ay ™ A[HHD]  Fag ae A[zoan) Fr * Iirm)  Fu "
L psiea] ] sy - AL L™ " A[FLon) Sy R T{ITIG) Ihe LLLL] - TEEe
NiHEY D | appm) Gy ¢ AR F v | Teea) Pt L(2=0)" -
npmedl 5, Y L A[300)  H, ¢ Al o f gz sy v | DEED "
R ZL0O) Py o A[FIN) D L A[Fasa) fr (L] I{Lolg)  Fy wewr § QIEMT o
A1 ZL90) iy wer l AzIW) Fo L A|25E5) L I|La) DOy b )
LTESILE| R FU Al2400) Gy "t I{zn00) S - A . e
NIEE M ™ lajmamg B YT I2ma)  Fyy -'vIH_?ﬂJ b
M[3250) &y MU lajarsny b Ijzomy Kkt : b
Mmoo h ™t fapesny My TioEn) Ay Ct :
MET) Ky, Iy Gy * A |2Ez0) -
[ 154y ree I|zzE0) U F=TE L e
& 1260) . I|2855) " i 2:20) b
|26 " =, b
I I 1“:“:' - Ll
I{am) * waw
e
e
e
e
e
=+ -
-
-'-E e
:-:. .-; L]

TERY  Esistence & cerfain, and properties ane at eact faidy well explored.

Y Exisience an Trem wery likely 10 certain, but Turther confimation & dedrable and for
oAU mimbers, branching fractons, et ane not well defenmised.

'Y Evidence of exkRence & only fair
* Evidence of exhAence & poor




Xpeialopaore

eoo®
1 18
18 AlA
1 (gl £ A=
Hy<drogen 2 13 14 15 16 17 Helium
100794 114 1A VA WS WIA WA 4. 002602
3 Li]a =5 £ Ela (7 Ml= ofa F (10 M
Lithium | Bery lium PERIODIC TABLE OF THE ELEMENTS Boron Carbon | Nitrogen | Oxygen | Floorine INeon
£.041 0012182 10811 120107 | 1400674 ) 150004 120084022 | 20,1707
11 Ma 12 Mg 13 All14 Sif1% Fl16 517 Cl1= Ar
Scdium  |Mogmesium 3 4 a [ T a a 10 11 12 Adumimem]  Silicon Fho=sph. Sulfur Chlorine Argon
22.920770] 24.3080 IIE VE VE VIE VIIE ] pe— 15 [LI=3 26081638 | 28 (GEL | 30073761 32066 | 354527 [ 30943
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300033 40,078 | 44055010 | A7 86T L0 0415 § 5190061 |54 058049) 55 845 | sso3szoo] 586034 63 546 65,39 69,725 T2A1 7492160 TE.05 FO.004 38D
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85 4678 27 62 28, 00585 | 01,224 | 9200638 004 fog.oo721s) 10107 Jlozoosso) 10642 | 1078682 ) 112411 | 114812 | 118710 | 121.760 127 .60 12600447 121.29
EE [ Ea ET-F1 |72 Hf| 73 Taj74 W TE R=|76 7T Irf7= Pr| 7 Augan Hg|&1l TIjaz e Ei] =4 Po | 85 A | 86 Rn
Cesium EBarium Lantha- | Hafmiuvm | Tactalum | Tungsten | Fhenium | Osmium Iridinm | Platioum Sold Mereury | Thallium Liead EBiamuth | Polominm | A statine Bmndon
13200645 | 137 227 nides 178.40 | 1809470 ) 183.824 126,207 100,23 192217 | 105078 | 10e.osess | 200580 | 04,3333 207.2 0E. 05035 ) 200.052415) | 200 08713 1] |{222. D1TETD |
a7 Fr|e= Ra| 8o-10a (104 Rf{ 105 Dbi106 Sg|197  Eh|10e Hzj1x@  Mtf110  Ds|l11l
Franzium | Redivm | Actinides Ratherford] Dubpivm | Seaborg, | Bebrium | Hassum | Meitoern, Parmstads
(223 010731 1§ 225 Cocdo) (26110800 (2621144 {263 11861 | (262, 12301} (265, 13063 | (265, 1378 ] [260,271] J272]
Lanthanidz 57 L= | 58 Ce |ED Pr| &0 Md |61 Pm|&2  Sm |63 Eu |64 Gd | 66 Th)ds Doy |67 He | 68 Er[ 60  Tm |70 %h|71 Lu
serles Laothan. Cerium  [Prasecdym.| Neodym. | Prometh, | Samarivm | BEuropium | Gadolin Terbium Diyepros. | Holnium Ertium Thulivm | %¥tterbdum | Lutetiom
1389055 | 140.116 [ 14060765 144 .24 Ji1ad.913745))  150.36 151.964 15725 | 15602534 16250 | 16403062 167.26 | 16803421 17304 T
A"—":mi-!:b = Az | 90 Th |91 Fa| 92 ufoz Mp 94 Fu | 9E Am |96 om | 97 Ek | o= of | 99 Es|100 Fm| 101 Md|202  MNe|l02 Lr
seTies Actinium | Thoriwm | Protactin, | Uranium | Neprunivm | Flatonivm | Americ, Curium | Berkeliom | Califoro. Einstein. Fermiuvm | Mendelev. | Mobelium | Lawrenc.
207.027T4T| 232.038]1 [ 23103588 | 2320280 [[237.042155)) 244 064107 (24305137 2| 707 D34 ){ 247 Q702001 251 0705 70)) (252002079 (267, O05005)| (2520004271 (250, 10013 | (262.1005)
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Bapuovia

- Ta&ivéunon avdAova ye Ta spin, parity, isospin, mapadoféTnTta,
pada ...

- Bapuovia pe JP= 3*
I= | -2 -1 | -3 0 + +1 | +2 Mass 2y | Strangeness
(MeV/c?)
I=2| A JAY N AT | 1230 0
I=1 ) )2 = 1380 -1
I=-% =" =" 1530 -2
I=0 Q 1670 -3
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Bapuévia pe JP= %*

Bapuovia

Lo 3| 1| <3| 0 | d | |43 ey | Strongeness
=2 n p 940 0
I:1/0 3- TO/A 2 1190 | -1

I=} = = 1320 | -2
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Kouapk

OAa auTtd pmopoUv va egnynBouv pe éva PAcIKO GET TPIWV AVTIKEIMEVWY HE Spin
3 Ta omoia ovopdlovTal koudpk (u,d,s) Ta omoia ouvdudlovTal oc TPIASEC

Ma Ta papuévia pe JP = 3* Oa mpémel Td spin va eivar eubuypaupiopéva:

D+ M+ M =3 T D)

gtiong ol pdaleg pmopolv va e€nynBolv av BswphRoouye:

m,*my Kkai mg~m,+ 150 MeV

. TomroAiTng

Koudpk B J I I, S Q
u % %h —;— + —;— 0 +%e
d 3 zh 3 -3 0 - 3e
s 1 3h 0 0 -1 _de
Q — I3 4+ B+—5
2




-,
-
.\-\-'\.

’ 3
Bapudvia pe JP = 3*
LS
.y fuy iy o o
. . -0 . .
ddd ddu duy wwe | d-—u
f- Zml"l }:‘H. \‘
dds dus uus
d—s
- =
"o -2  “e
dss uss
' _a' T I,
L ' ' —e — ' L
-3 1 -+ \_05ss .2 +1 3
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Chamber is in a uniform magnetic field: charged particles will bend with p = p/(0.3B)

Trail of bubbles

Neutral particles
leave no tracks

Atomic electron
knocked out

Which way does
magnetic field
point?

. TomroAiTng

AvakaAuyn Ttou Q-
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Bapuévia pe JP = £*

3 kouapk pe spin (1) - (D) +z(PD=2(T 1L 1)

n ‘5 P
L ] =0 L ]
ddu duu
E'dd " Eﬂ s
us |
T\ T
A=/ (ud-du)s | = 2 =
ZD % { d + du) < dss uss
L | | -3 1
-2 -1 - 0 oL
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Kouapk

Ma Ta u, d kar s koudpk éxoupe 3x3x3=27 ouvduaopolc.
1 (singlet) + 8 (octet) + 8 (octet) + 10 (decuplet)

° - ®epUIdVIO 2 AVTICUUUETPIKA KUppaToouvdpThon

Ma va Abooupe To TPOPANpA He TN OTATIOTIKA £vag Kaivouplog “"Kpuppévoc”

Paduéc eAeuBepiag €1onxOnN, To XpWHA, To OTTOiI0 €ival TTAVTOTE AVTICUUHETPIKO.

1999), = |xpwpa), ® |xwpog,spin,yevon),

Ma ta JP = 3* Kal %* papuovia /=0 dpd To XWPIKO HEPOC TNC
KUHHATOOUVAPTNONG €ival CUHHETPIKG Kal OUVETIAYETAI OTI KAl TO Spin®yeuon
pépoc¢ Oa TpéTel va gival CUPHETPIKO.

Ma Tov ouvduaopo uuu (A ddd A sss) éxoupe HAN CUULETPIKA KATAOTAGN Yid Th
yeuan dpa Kai To spin TpETel va eival g OUPHETPIKA KaTdoTaon (111)

12



Kouapk
O1 kaTtaoTdoei¢ uuu, ddd kai sss pmopoUv va uttdpouv Hovo oTnv Kardoraon
JP= %" (decuplet) kai pag divouv Ta A, A-, -
Ma 1o uud £xoupe (uud + udu + duu) (ouueroirn) kai

spin (117 + 111 + 111) (ovuueroirn) kai pag diver To A*

+  O1 dAAec kaTaoTdoeic Tou uud dev £xouv € ekdBapn ocuppeTpia aAAd cuvdualovTal
e spin (171]) (mou emiong dev éxel {ekdBapn ouppeTpia) waTe va pag dwaouv
TEAIKA {Id OUPKETPIKA KaTdoTaon 3+ To p.

Ac pTIaloupe To TTPWTOVIO: XpelalOUaAaTe Hid GUHHETPIKA KUPAToouvdpTnon He
spin 3. Zekivdue pe spin O avTiouppeTpikA katdotaon 1)~/ 1. TTaipvoupe Tnv
avTiouppeTpikA I=0 kardoTtaon ud-du kai TTpooOéToupe éva ul Koudpk
(utdl-uldT-dTul+d]uT)uT
dUTA h KATAOTAON €ival CUHHETPIKA oTNV evaAAayn Twy 0Uo TpWTwWV Koudpk aAAd

ETITTAEOV TIPETTEI VA KAVOUHE HId KUKAIKA evaAAayh yvid va Thv KAVOUUE GUUHETPIKA
1 ++ 3 kai 2<>3

\p>:L‘ZUTa’iuT+2uTuTa’¢+2d¢uTuT—uTu¢a’T

Ji8
—uTa’Tui—dTuTui—uiquT—uia’TuT—dTU¢UT>

13



Meoovia pe J P=0- (pseudoscalars)

Quark plus anti-quark with spins 11 =0

S
0 A
K 1 K+
o ¥ ®
ds us
i m° 0 - .".-I-
.d_ n ¢ uu .ua
™ = 1//2(dd - ul)
m =0
N = 1//6@d + ui - 259 K . 1 K o
n' = 1/+/3(dd + uu +ss) si <d
I,
3 '1 -z 0 'I'% -l-l +i




Meoovia pe JP = 1- (vectors)

Quark plus anti—-quark with spins TT = 1

S
4 +
K*D. 1 K*. )
ds us
P 0 +
® w ¢ uu P ®
- / ¢ |43 ss
pY = l.l"v'r;_’{dfl - LJli} Kt— . _"l ﬂ.
w = 1/+/2(dd + ud) Sl sd
P = 55
I;
I; | :: |1 | ; -
-2 -1 -z 0 +3 +1 +2

. TomroAiTng
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Aiaypappara ponc Kouapk

«  Ta diaypdppara pon¢ pac ponBdve va avtiAngOoUpe To TI ouppaivel oe KATOIEC
aMnAemidpdoeig. Eivar oav Ta diaypdppara Feynman xwpig va €xouv Tig
aAAnAemidpdocic.

+ mX.navridpaon m +p > A™ > m + p umopei va mapaoTabei wg €ENG:

- L ||_ ., £
of o \ ! ",
rd - k) a ::1
- - e .,
. P .
Lol . - .
-
P ey . u P
-
| g
-
L~ 1
-
'L' -

. TomroAiTng
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‘Evdei€n yvia kouapk

TTapaywyn elyoug Aemttoviwv atnv aAAnAemidpaon m-C :

&+

H

YyY
2

L o

e
q
9 N
q

A A A

H evepyog diatopn givar o~[gpopTio qJ?
XPNOIHOTIOIWVTAC 0a aTOXO0 TUpAva He id10 apiBuo u Kair d KoudpkK (isoscalar target)
1626' éxel 6 mpwTovia (uud) kai 6 vetpévia (udd) > 18 u+ 18 d

via T (vd) —» ou e€alhwon oe p'y

yia ' (ud ) »> dd efalihwon oe Py

2
Zj METPRONKE

3

o(m +C > p'p) _ (3 @
o(m*+C - utyp) (_1)2

. TomroAiTng
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Bapuévia pe JP = 3*

15
Iy 10 . .
@ °® _0 = %
ddd ddu U -
- 0
dds dus T
=" o
e -2 e
dss uss
Q|-3 I,
|3 ] | ® | | | %
2 -1 —% O 355 % +1 +%
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O kpavrtikoc apiOPoc Tou XPWHATOC

Ymdpxouv Tpia pacika xpwpuara:
kokkivo r (red) - mpaoivo g (green) - kuavoUv b (blue)

TTp60Beon Twv TpIwv PaAcIKWy XpwHATWY divel AeUKS: rgb = Aguko

2.€ KABe PACIKO XpPWUA AVTIOTOIXEI TO CUUTTANPWHATIKG TOU XpWHA HE ThV
1010TnTa (Paciko xpwya) + (CUPTANPWHATIKG XpWHA) = AEUKO

Q|

. TomroAiTng
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O kpavrtikoc apiOPoc Tou XPWHATOC

o YTTGpXOUV KAt avaloyia Tpia €idn gopTiou 0T KOUAPK
KOKKIVO I (red) — mrpdoivo g (green) — kuavouv b (blue)

o K&Be KOUApK £XEI UTTOXPEWTIKA £va atTd Ta TPia auTd QopTia (XpwuaTa)
» 2€ KABE QOPTIO AVTIOTOIXEI EVA AVTIPOPTIO (CUPTTANPWHPATIKO XPWHAQ)

* 2UVUTTOPEN KOI TWV TPIWY GOPTIWV XPWHATWV (1 KAl TWV aVTIXPWHATWYV) BiVEl
AEUKO: r+g+b = Agukd (r+g+ = Aeguko)

« 270 Bapudvia Ta TPIO KOUAPK £XOUV DIAQPOPETIKO POPTIO XpWHA. 2Ta HECOVIA TO
QAVTIKOUAPK £XEI TO CUUTTANPWHMATIKO XPWHA TOU KOUAPK TTOU TO OUVODEUEIL.

« OAa Ta adpovia eivar dxpwyal

. TomroAiTng
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O kPavTikoc apiOHOC Tou XPWHATOC

red green blue

Red [ ! 0 0

Green 0] 1 0

Blue - 0] 0] 1

Cyan 0 1 1 = anti-red r

Magenta - 1 0] 1 = anti-green g

Yellow 1 1 0 = anti-blue b

White 1 1 1

Black o 0 0

Bapudvia: r+g+b = 111 = Asvko
Meoovia: r+F= 111 = Asvxé (H g+J,b+b)
[MpwTdVIO: p= (u d,) Meodvio (TT%):
NeTpovio: n= (u, dy) AvTITTIPWTOVIO:

. TomroAiTng
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O kpavrtikoc apiOPoc Tou XPWHATOC

Kat' avtioToixia pe To spin £Ta1 Kal yid To Xpwud, To Papudvio TTou amoTeAsiTal
amé Tpia Koudpk, givail color singlet state pe ouvoAikd xpwua pndév, n omoia
TEPIYPAPETAl ATO ThV EKPpaAon:

1
f(’igzbs - nbg,+ brg, ~bg.ry + g.bry— gnb)

AVTIOUHHETPIKA WE TTpo¢ Thv evaAAayn dUo oToIwVvAATIOTE Koudpk!

Ma Ta yeodvia n color singlet state diveTar amé Tnv ékppaon:

(nr+20.+8)

2 UHHETPIKA W¢ TIPOo¢ Thy evaAAayn dUo oTrolwvAaNToTE Koudpk!

. TomroAiTng
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To xpwua

To xpwya eivai yia TiI¢ 10xupéc ahAnAemidpdaeic OT1 gival To popTio yia Tov HM
H Kpavtiki Xpwpoduvapiki (QCD) n kPpavTikh Oswpia mediou Twy 1aXUpWYV
aAnAemidpdocswy “xpwpartoc” peTall Twyv KoudpK. H 1oxuph dUvapn peTagépeTal
amé 8 diavuopaTikd ykAoudvia (JP=1-) pe pndevikh pdala. Eivar 100d0vapa pe
Celyn 4q

b r
91 > > QG Q> 91
S
b = gglunn
2
q,—» —q, q—>»—"»—4q,

r b
TTpokeital yia pia gn-ApeAiavih (non-Abelian) Bswpia ou o1 31ad6TeC TNG
aAnAemidpaong éxouv "@opTio” Kal pmopoUv va aAAnAemidpdoouv peTall Toug -
avTiOeTa pe Tov NAEKTpopayvnTiopo Trou ol 81adoTe¢ (pwTovia) dev £Xouv QopTio
kai dev aAAnAemidpouv peTall Touc.

. TomroAiTng
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I"'kAouovia
TTepipévoupe 9 ouvduaopoug (r,g,b )R(r,g, ) Toug eEAC:

r
— AXPWHN KAl CULHETPIKA
rg KaTtdoTtaoh oThv evaAAayn
9
r->b->aqg.
e <(g§ +b |
bg = 0ev aAAnAemidpd
rr rr —2qgg + b
g 9 Mix \/g
rr —b
. V2

8 aAAnAemidpovra ykAouovia

. TomroAiTng
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HM aAAnAemidpaoeic

Ac mdpe yia Aiyo otic HM aAAnAemidpdocic. Ta gpopTiopéva owpaTtidia

aAnAemidpouv péow Tng avtaAAayng pwroviwy (V). H 1oxU¢ Tng aAAnAemtidpaong

diveTal amo Thv oTaBepd AETTITAC UPAC a:

a =

e’ 1

ovopdletai Kpavtiki EAekTpoduvapikh (QED)

Fhotoelectric ettect

cross section

. ToimroAiTng

Rutherford Scattering

- e
o
¥ o~ o
o e
e €

4rre,hc 137
H kpavTikn Bewpia Trediou ToU XpnoiHoTroloUKE Yid va KAVOUKE UTToAoyiopoUg

Pair Production

Compton Scattering

¥ e
o
e ag ~ ctz
— o
€ ¥

25



"Self Energy Corrections”

« 'BEoTtw 0TI £xoupe éva NAEKTPOVIO >
.

*  To nAeKTPOVIO UTTOPEI va EKTTEPYEI £va GWTOVIO TO OTToio PTTopEi va To ava-

AaTToPPOPNOEI Y o ~ o
e e e

«  To pwTdvio pmopei va petarpamei o €éva (elyog ee*

& o~ o - o~ o

e
= /f:_

L

e

4

edW n pala kai To YopTio @aivovTal diapopeTIKA (To e*
TPOTIKA va cival KovTUTEPA 0TO NAEKTPOVIO )

*  AUTd éxouv oav amoTEéAEoUa ATTEIPEC OUVEIOPOPEC OTO YopTio Kal oth padlal

. TomroAiTng
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Eravakavovikoroinon

«  To mpoépAnua Twyv ameipiopgwy AUVETAI HE TV TEXVIKA TNC €TTAVAKAVOVIKOTIOINGNG
(renormalization) J’OO 1

) , , . —9°dg =Ing|” ==

+  0Tav KAvoule Toug uttoAoyiapouc epgavifovTal o6pol q

* 6XI Kal T6oo eUKoAo = AUon amd Toug Dirac, Pauli, Kramers, Weisskopf, Bethe,
Tomonaga, Schwinger, Feynman

*  2Thv €Tavakavovikomoinon emavamnpoadiopifoupe Tn pdla Kail To YopTio OTIC
PUOIKEC TOUC TIHEC KAl ATTOPEUYOUHE TOUC ATTEIPIOHOUG.
e1adyoupe Eva dpo ~M2/(q?-M?) kai oAokAnpuwvoupe Ligxp! To M ToU Umopei va mdper oAU LEYAAES
TILEC. Zav amoTEAEaua EXOULIE OTI Lag amopévouy Lovo opiouéva (finite) uéon mou e€aorwvrar amo
T0 M Kau pidAiora mrapouvordlovrar oav EMITAEOV 6po! OTIC UALEC Kal TIC oTABEpEC oULEUENC.

*  Hag HEVOUV 0pol TG HOPYAG -
mphysical =[Mpare) * om
e

ohysical ~\@bare/* 0€ UTopEi va gival oo

To amoTéAeapa eivail 611 €xoupe “running” pdleg kar “running” ata@epég ouleugng
Tou ££ApTWVTAI ATTO TV EVEPYELd

. TomroAiTng

27



“running” goptio (a)

H 10x0¢ Tn¢ o1aBepdc ouleuénc e€apTdTal amd To NAEKTPIKO QOPTio

*2 € HeydAecC amooTdoeIC To NAEKTPOVIO
EXel wopTio e=-1,6 1019 C

*Av KoIiTaoupe o KovTd PAETToupE €va
vEPOC amod OUVNTIKA e*e e Ta et

KOVTUTEPA OTO dpXIKO NAEKTPOVIO. . Q

- AUTO AéyeTal "TtOAwon Tou Kevoy" — Q+4q
(vacuum polarization) kai givar 6Twg €va -
SINAEKTPIKO TTOU TTOAWVETAI KAl KPUPEI TO Q +80-

popTio.

*To @opTio @aiveTal va eAaTTWVETA! KAaooiKn elkova
kabwc¢ aufdvel n améotaon (XxapnAn

evépyeia) M

QED

. TomroAiTng
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“running” goptio (a)
2uvRBwc (xapnAn evépyeia - peydAn améortaon)

e’ 1
a= ~
dre,he 137
oto Z° (ueydAn evépyeid - pIkpOTEPN améoTaon)
1
a -~ —— =
128
“running” a
1/137

. TomroAiTng

-
Energy
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AvaAloiwTo BaBuidac - Gauge Invariance

H QED éxe1 kai “avaAroiwTto pabuidac” = n Bswpia cival aveédpTnTn améd

amoAuTn pdaduion (scale)

["eVIKOG JeETaOXNUATIONOC BaBuidag
NAEKTPOYIO NAEKTPOYIO
. | —
Aucdvoupe 10 dUVAUIKO TTaVTOU
kata 10 V
TO e aKivnTo TO e akivnTo
10V 10V 10V 20V
, TotkS¢C peTaoxnUaTiopds Baduida .
NAEKTPOYIO oH XnuamoHOog PaBiida NAEKTPAVIO
° | i °
Autdvoupe 10 OUVAUIKO NOVO OTN
] Mia TTAGKa kaTtd 10 V
TO € aKIvnTO TO e apyilel va
KIVEITAI

. TomroAiTng
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AvaAloiwTo BaBuidac - Gauge Invariance

AAACovTtacg To duvapiko He OIAPOPETIKO TPOTIO O€ OIAPOPETIKEG
O©¢ocic aAAalel To NAekTpIKO TTedio

To QopTIOHEVO NAEKTPOVIO KIVEITAI = ONHIOUPYEITAI HAYVNTIKO
medio

aAhayn nAekTpikoU & payvntikoU Ttediou = ewTovId

MaBnuartikd emTpETOUUE OTH PACN TOU NAEKTPOVioU vda
HeTAPAAAETAI 0 KADE onpeio Tou Xwpoxpovou

Y(x,1) 2 efxD PY(x,1)  oémou f(x,1) kdmoia Tuxdia cuvdpTnon

+ Tomkoi petaoxnpariopoi paBuidac = duvdueic & kpdvra
ToU Trediov

. TomroAiTng
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QED

H moooTnTa oV €X el UTtoAoyIaBei e Th HeyaAUTepNn akpipeia oTh owpaTidIakn
QUOIKRA €ival n HayvnTikA poTtH Tou hAekTpoviou. Eg' 6gov To hAeKTpoOVIO €ival
POPTIOHEVO owpaTidIo HE Spin £XEl HayvNTIKA poTtA. ["evikd n HayvnTIKA poTth eVOg
owpaTtidiov diveTal amd Th axéon
e
# meS
6Tou S TO Spin Tou cwyaridiou Kal g évag mapdyovTtag mou e¢apTdral
amd To spin. MNa ocwparidia pe spin 3 , g=2= p=e/2m.
Ouwc, uttoAoyiopoi Tou Aappdvouv Ut oyn pHeyaAuTepeg TACeig peyEBoug
aAAdalouv autd To amoTéAsopa.
O1 UETPACDEIG KAl 01 UTTOAOYIOHOI gival YVwWOTEG aav "g-2" piag kar £€xouv va Kdvouv
HE HIKPEC atrokAioglg amd To 2.
ouvhOWC To amoTéAeapua Tapouaid{eTal oav:
a=-9-%
2

. TomroAiTng

32



QED uwoAoyiopoi

First Higher
B order B orders B
e e e e e e
B B
e e e e

*  amo Th Oswpia éxoupe:
0,5(a/m) - 0,328478966(a/m)2+ 1,1765(a/m)3 - 0,8(a/m)*+ ...

a = 0,001 159 652 307 + 0,000 000 000 110

Teipaya:

a = 0,001 159 652 193 + 0,000 OO0 000 010

. TomroAiTng




MeTaoxnuartiopoi xpwparo¢c QCD

H QCD civai emiong Ocwpia padpidog

AC OcwpNooOUPE TO TTPWTOVIO TO OTTOI0 ATTOTEAEITAI ATTO £va KOKKIVO, £va
TTPACIVO KAl €éva HTTAE KOUdpPK.

lMevikd¢ peTaoxnuaTiopo
XPWHATOC KOKKIVO =

TTavrou

| —

Titrote dev aAAalel

. TomroAiTng
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MeTaoxnuartiopoi xpwparo¢c QCD

TOTTIKOG JETAOXNMATIONO
XPWMATOC KOKKIVO =

avTaAAayr) ykAouoviou

METATPETTEI TO TTRACIVO
' 0€ KOKKIVO KOUQPK

TOTTIKOI HETAOXNMATIOMOI XPWHATOG =2 avTiaAAayr YKAouoviwv = duvaun

. TomroAiTng
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Idi0-aAAnAenidpaocic (self interactions)

- Ta ykAouovia €xouv popTio XpwHaTto¢ dpa popouv va
aAnAemidpdaouv peTalU Toug

16 ykAouovia
8 ykAoudvia

4 ykAouovia

600 TtAnoialoupe aTo Koudpk h 1GXUC
TOU XpWwHATOoC eAATTWVETAI

HIKPA améaTaon = HeydAn evépyeia

. TomroAiTng
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Toxuc

Tou $opTiou XpwHaroc

. TomroAiTng

0.5 ¥ April 2004
‘l| [\ Theory 3 % 2\'
(IS(Q) \ Data Zz Z 3
N\ T Deep Inelastic Scattering A
0.4 I\ Y\ ete Annihilation o e
L R Hadron Collisions o 7] .
\ by Heavy Quarkonia | EJ S |
Wy
1] g » _\\ . -
VN (" A{% GskMzﬂJ\ - :“f‘:\'\-\l & H1 —incl. jet data
03l | gcp |24 MeV mm=m 04209 [1EEE == Bethke 2002
. 4 210 MeV 0.1182
O(ad)
1180 Mev 0.1155
A 0.15
0.2+
0.10
o] =)
10 20 100 .
0.1} JeT
EX% [GeV]
1
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Xpovo¢ {wng Tou m°
To pegovio n° diagmdrai oe 2y (M0 >y +v)
TTeipaparikéc xpovog wig 0.83x10-16

OewpnTIKOI UTTOAOYIOUOI E TO TPOTUTIO TWV KoudpK (Xwpic
xpwya) 7,5x10-16

Me Tnv €10aywyn Tou gopTiou XpWwHaTocg, ol uttoAoyiapoi £€dci€av
OTI 00d TTEPICOOTEPA XPWHATA UTTAPXOUV, TOGO YPhyopoTEpd
diaomtatar (TeTpaywvikn e€dpTnon). Apa av uttdpxouv Tpida
XpWHartda, T0Te 0 XpOvoC eAATTWVETAI KATA TtdpdyovTd

32=9

* = n OewpnTiKA TIPOPAEYN CUHPWVEI HE TNV TTEIPAUATIKA TIHA

. TomroAiTng

38



e*e- > adpovia / e*e- > {H-

dr

5% ALEPH o1

Run=15768  Evt=5306

Ta dvo diaypdupaTra eival Ta idia

©a pmopouoape va XpnoIHOTIOINGOUKE
AuUTEC TIC avTIOPdoeIC Yid va TTApoupE
TTANPOYOPIEC YId TO PopTio TwWV Koudpk &
XpwHa

. TomroAiTng
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e*e- > adpovia / e*e- > {H-

d U 5 C b t
(] -5 + %5 -5 +55 -5 +%3
q® *g g Y8 g 5 %9

*Méxpl Ta 3 GeV mapdyovral povo Ta u, d, s dpa TepIpEVoUpE

R:(1+i+ij:é
99 9) 3

*Méxpi Ta 11 GeV mapayovTal Ta u, d, s, ¢ dpa TepIHévoupe

R:£l+i+l+ij:%

. TomroAiTng
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e*e- > adpovia / e*e- > {H-

] T T I I L) 1 1 | ] T T 1 I ] ] I T 1 1] T I 1 ] 1 ¥ l I 1 L
1 = g ® Orsay
BT i e
— % SLAC-LBL + MARK J
o DASP 7 PLUTO
6 ﬁ+ » CLEO A TASS0
N ’ A DHHM
P
BNl | } \ § ol
4t ¥ { ' J #_n 4 4 | Al\ " }}% .“—-4; 4+.+'~’"“1
_. h% u;dfs+c N } + -t ( g +
g*M" u+rd+s+c—>33 i ¥ o B - colour factor of 3
"’; o u+d+s+c+b—-> 37
] u+d+s Mo color
% u+d+s->2  TmTTmmT——=
0. i 1 I ] ] 1 1 L 1 I [ 1 1 1 J 1 1 | [ I 1 | e I L 1 1 b | [ i 1 1 l L 1 1
0 5 10 15 20 25 30 35

0 (GeV)

R (l+i+lj:2
9 9 9

3 JIAPOPETIKA XpWHATA

. TomroAiTng




EAcUBepa kouapk

£peuva yia otaBepd owparidia e KAAoPATIKO @opTio = eEWTIKA dTouda :
oc Pppaxia amé Tn oeAfvn, o€ AdoTtn atto Ta PAON TwWv WKEAVWY

£peuva yia KAdopaTikd gopTia oc eipdparta aAa Millikan

£PEUVA OTIC KOOUIKEG AKTIVEC KAl OTOUG ETITAXUVTEC Yid owlaTidld TTou £Xouv
1/9 1 4/9 Tng 10VIOTIKAG IKAVOTNTAC TWV KAVOVIKWY owpaTIdiwy

Aev éxel PpeBei péxpr onpepa |

NiaTi;

. TomroAiTng
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“"TTepiopiopoc” Twv kouapk - confinement

O Adyoc Tou Ta Koudpk O¢ev gival eAcUBepa Kal ouvavTouvTal Hovo o€ dEOUIEC
KATAOTAOEIC qqq Kal qq éXEl vd KAVEI HE TO YEYOVOC OTI h 10XUC ThG 0TaBepdc
ouCeugng a, HEIWvVETAl He au¢avopevn Thv evépyeld Kal au¢dveral ge au¢avopevn
TNV amoéoTaon

o€ HIKPEC ATTOOTACEIG HEOA OTO 6Tav poomaBoupe va TpaPhfoupe éva
TIPWTOVIO TO d, €ivdl HIKPO Kdl Td ¢Cw TOTE TO a, audveTal Kai ol
Koudpk eivar oxedov eAeUBepa Suvdpeic TpoomaBolv vd To KPATAGOUV.

“asymptotic freedom”

. TomroAiTng
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Adpovomoinon

Ta ykAouovia sivail gav AdoTixa

TTOU €XO0UV KOUdPK 0Td dKpd TOUG

(dev uTtdpxouv eAcUBepeC AKpEC).
1 Aua Tpapnfoupe pe peydAn duvapn

<+— SOO0OO0E  SORNO0N0N00ES  MONOOONNOEe —- HTTopoUpE va ottdogoupe autd Td

9 99 99 § 9 §gq

AdoTixa aAAd tdAhi dev Ba Exoupe

_ eAelBepec dkpe
g q ¢ PEC AKPEGC

-— LN IO D O IO RO —

hadrons

. TomroAiTng

OTTWG KOPBOUME Eva JayvATN oTa 2 Kal
OEV £XOUNE ATTOMOVWHEVOUG TTOAOUG
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& ALEPH oot

nidakeg (jets)

Run=1E768  Evt=5906

e"‘

e

e

. TomroAiTng
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Charm _

adl '+ L hld T S R

’ ’ ’ n e’ e — hadrons B

* Méxpi 1o 1974 gixaue poévo Ta u, d, s quarks N " faf 2
» X710 SLAC peAeTwvTac %. - 7
e*e” > adpovia O E 5

ee 2> Uy E ]

10 1 ] | 1 ] 1 | 1 | i |

ete- = e‘e- - ete" —ptuT lcos 81 0.6 y

100 &= -
= (b) §

e . TapaTnpnBnke évag 5 . :
AETITOC OUVTOVIOUOG HE & o ; B

peydAn pdla 3,1 GeV S E

E'.+ : :

| et 1 | 1 1 1 1 1 1 |

200  ete”—ete” lcos 61 = 0.6 -

A ()

‘:é‘ 100 3 E
"G - ’ q f .

— T T -

- ! i

0 Ll 1 1 | L | ! I ! ]
3050 3090 3100 310 3120 3130

ENERGY Ecys (GeV)

. TomroAiTng

46



Charm

« 2uyxpovwce oto BNL peAeTwvrag
p+Be>e +e +X

Ppnke éva AeTtTé ouvToviopo pe pada
3,1GeV

. TomroAiTng

EVENTS /25 MeV

a0

TO -

&0

B0

40 F

242 Ewa nt5--€

SPECTROMETER

B &1 mormal cwrrend
[(1=10% curresd

O
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To mAdaro¢ Tou J/y

To TAdTo¢ Tou J/y civar HIKpOTEPO aTtd To HeETpoUpevo (S1AKPITIKA IKavoTnTa
avixveuth). To payuaTtiké TAGTo¢ civai

I ~0,067 MeV

TAdToC I x xpovog CWAC T ~ h
= peydAog xpovoc CWAHG
Mevika Ba mepipévape éva T600 Papu cwparidio va diacmdral ge miovid HEow
IoXUpwv aAAnAemidpdocswy oAU yphyopad.

véoC TUTOC Koudpk - ¢c_,m,. ~ 15 GeV

D-l-

oL V“/
o
(] 4 v la)
=
(=N
=,

L7 d W L dg
S <53 dE
u T
> _
C ka1 P xpeidletail povo apiOuod
Mp=1,87 GeV ykAouoviwv > a3
. Towmoitng Jy 7g D"+ D kavévag Tou Zweig
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Adpovia pe charm

O kpavTikoc apiBuocg Tou “charm” diatnpeitai
oTIC 1oXUpEC aAAnAsmidpdaoeic

dpa éxoupe d1aomdoei¢ KUpiwe Héow aoBevwyv
aAAnAemidpdocwy

. TomroAiTng

A

-t —++
=G decl uce R —cc

P N

E? R | ZC ++
c ddc -I'_“E; - uuac EC
— e dsc I| USCg-+
A T AN !2:3 A-‘F": AT
ddd — gdd | omd ——>.

! 0
ddls uldsoz LIS
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2710 Fermilab o 1977 o¢
aAAnAemidpdocig

p + nucleus > p* + p+ Adpovia
TapdThpnOnke o cuvtoviopog Y ota
10 GeV

b kouapk my, ~ 5 GeV

. TomroAiTng

b kouapk

d'o

d-m_@lm (cm® /GeV/nucleon)

O
~

-39

15}

o |

" a)

£+ NUCLEUS —pu s +ANT THING

R
S A A L

10

0 12 14 6

m(GeV)
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t quark
MeTtd 1o 1977 cixape:

KoL u C ?
oudpk
d S b
, e u T
AETITOVIA
V, v, v,

oTIC dpxX£C Tou '90 améd Tic akpiPeic HeTpAoEIC Twy diaotdoswy Tou Z° oto LEP
gixape evdeieigc oTi my~ 170 GeV

First order
. a/

. TomroAiTng
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AvakaAuyn Ttou t
10 1995 10 Meipduara CDF kar DO maparthpnoav yvia mpwTn gopd 10 t quark

W->e+v
A4 W2 u+v

W->qg+q

YEYOVOTQ [E: e+l+jets,
etjets, et+e+jets, utjets,
U+utjets

=2

m, = 174 + 5 GeV

Events/(10) GeVic* )]

. TomroAiTng
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TEPICTOTEPA KOUAPK |

EXoUlE 3 0IKOYEVEIEC AV Kdl 0TOV KOOHo oTTwe Tov yvwpiloupe xpelalopaoTe
uovo wa (u,d.e,v,). MNari dpwe 3 ;

dev UTtdpx el kKamolo¢ BewpnTikOC Adyog. TTeipapaTikég HeTphaelg deixvouy OTI
givar 3.

e f 000 TIEPICOOTEPOUC TPOTIOUC Yia OidaTtdon €XOULE yid TO
Z0 1600 HIKPOTEPOC cival 0 Xpovoc CWHE Tou Kal Téoo
peyaAUTtepo 1o TAdTog Tou I (T t ~ h)

& f
f=u,d,s,c,b,e,u,1,ve,v Vv,

FZO =1+ I'dd— +1 - +T  + be—

+0 .+, +T . +NT
e'e 7, TT

. TomroAiTng
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. TomroAiTng

J, N

30

25

20

15

10

Movo 3 oikoyEveleg

N, = 2.994 & o.o&

88 89 90 91 92 93 94 95
Energy, GeV
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