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Tx OepeALlwdNn MTTOTOVLX TWV XAANAETTLOPRTEWV
OL OgpeALWdELC ANANAETTLOPAXOELC

force carriers
BOSONS in-0.1,2, ...
Unified Electroweak spin = 1 Strong (color) spin =1

Mass Electric Name Mass Electric
GeV/c?  charge GeV/c?2 charge

9

gluon

Name

0 0
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Tx OepeALlwdNn MTTOTOVLX TWV XAANAETTLOPRTEWV

OL OgpeALWdELC ANANAETTLOPAXOELC

Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

Weak Electromagnetic
Interaction In jon ,-“;;'f; on
Property y (Electroweak) P
Acts on: Mass - Energy Flavor Electric Charge Color Charge
Particles experiencing: Al Quarks, Leptons Electrically Charged = Quarks, Gluons
Particles mediating: " ot%ao\ﬂmed) Wt W- z° ¥ Gluons
{016 -4 08
Strength at [ ! t 1 e
Ty o o 1 0
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ALXYPXUUXTX Feynmann 5

* AUVXHELC

e AoBevelc SUVAUELC: XOKOUVTOL Z€ OAX T KOUXPK KXL AETITOVLX
e HAEKTPOHAYVNTLKEC DUVAHELS: XOKOUVTOL Z€ KXOE (POPTLOHEVO CWHXTLOLO
* loxupEC OLVAHELC: XOKOUVTOL MOVO HETHED TWV KOUXPK

AZOENEIZ HMI IZXYPEZ
Quarks V V V
QopTiCuEVa
AeTrTOVIQ V V x
Oudérepa
AeTrTOVIQ V x x
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HAekTpOoUXYVNTLKEC AAANAETTLOp&OELC ()

photon

proton .
At a particle physics
level the interaction
oo

IS with the quarks

Photons mediate the force between
protons and electrons.
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HAekTpopaxyvnTLkEC ANANAeTTLOp&OELC (1) 7

H otaBep& o0TeVENC X OTLC NAEKTPOUKYVNTLKEC,
XAANAETTLOPARTELC ELVAL:

¢ Mix xdOLXOTOTN TTOCTOTNTX TTOV PETPAEL TNV EVvTOT TNC o0VTELENC

2
e

_Vc(r=rc)_7'“z/me(:_e2 1

—~—

(04

m c’ mc’>  he 137

* MopLOTXVEL TOV AOYO TNC NAEKTPOOTATLKNC EVEPYELKC
XTTWONONC V0 NAEKTPOVIWY O& XTTOOTNON LON PE TO UAKOC
Compton TOU NAEKTPOVLOUL TTPOC TNV EVEPYELX TTOU KVTLOTOLXEL
oTNn MATX NPEPLAC TOU NAEKTPOVLIOU

 H1oodTnTax ot''2 ~ e CLUVOEETHL PE TNV TTILOKVOTNTX EKTTOUTIAC N
XTTOPPOPNONC EVOC (PUWTOVIOU
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HAekTpopaxyvnTikEC ANANAeTTLOp&OELS (111 8

To pwTovVIo oLTEVYVUTAL HOVO HE POPTLOUEVO CWHAKTLOLO

HAekTtpopayvnrikég AMnAsmidpdosig * H LOX0DC TNG XAANAETTLOPAKONC HETAED
(POPTLOUEVWV CWUATIWV KXL QWTOVIWV:

ol e o = e?/hc ~ 1/137( n oTaBep& TN AETITAG LPNC)

v v v ¢+ PWTONAEKTPLKO (POLVOUEVO : TO TTAGTOG
TNC XANNAETTIO pXONC ElvaiL
- o ~J/ ot => gevepyOg dlxTopn: ~ & (INg TAENC)

e IKEOMXON Compton: TO TTAGTOC TNG

(a) Aidupn Téveon XAANNAETTIO pxong elval
(B) PwTOoNAEKTPIKO QaAIVOUEVO _ , , 2 ,
(v) E€alAwon moliTpoviou ~ X => EVEPYOG 5l°(T0IH1= ~ X (ZYIQ TO(E”Q)

c ¢ M o1 T }/
\{ Y \{ >kEdoxan Compton
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AoBevelc ANANAeTTLOpGTELC (1)

Betadecayn—p+e +V,
electron

neutron proton

antineutrino \

=l

Mediated by charged
W exchange

cQa

Yyyvy
// s.
cac
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AcgBevelg AANANAeTTLOp&aeELg (II) 10

Ot AgBevelc ANNNAETTOp&OELC XAAKTOULV TLC YEVTELC TWV
KOUGPK KOL TOV TUOTTO TWV AETTTOVIWYV
OAAX HECO OTNV (OLX OLKOYEVELX !

Nop&OELYHX DLXOTIKONC HETOVLIOU 0 AETITOVLK

AS = 0 (No strangeness change)

T — U +V,
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AoBevelc ANANAeTTLOp&TELC ()

Ot AgBevelc ANNNAETTOp&OELC XAAKTOULV TLC YEVTELC TWV
KOUGPK KOL TOV TUOTTO TWV AETTTOVIWYV
OAAX HECO OTNV (OLX OLKOYEVELX !

MNP &OELYHX DLXOTIONC ME XAAXYN TNC TTXPXOOEOTNTHC

AS = 1 (Strangeness changes)

u
e + w+ “’
K="+ Kt
5 O
_
/\0—>p+e'+\7‘g s wspN' u Ve
p_—dy >
> P
u, U
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AocBevelc ANNNAETTLOp&TELC (IV)

Ot AgBevelc ANNNAETTOp&OELC XAAKTOULV TLC YEVTELC TWV
KOUGPK KOL TOV TUOTTO TWV AETTTOVIWYV
OAAX HECO OTNV (OLX OLKOYEVELX !

‘OTov AVTOAAXOTOVTAL OL OLXOOTECW , ’AAXTEL KL TO (POPTLO

u d C S t b
e Ve o u V. T Vi
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AocBevelc ANNNAETTLOp&TELC (V)

Ot AgBevelc ANNNAETTOp&OELC XAAKTOULV TLC YEVTELC TWV
KOUGPK KOL TOV TUOTTO TWV AETTTOVIWYV
OAAX HECO OTNV (OLX OLKOYEVELX !

'OtV AVTRAANXOOOVTOL OL dLXdOTEC Z, dev XANXTEL TO OPTLO

1 1 ¢ C 1 (
d d 5 g b b
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AocBevelc ANNNAETTLOp&TELC (VI)

Mop&OELYHK OKEDXONC VETPLVO

o Neutrino scattering
] ff an electron
neutrino / ©
O > /o)
electron
v v
Mediated by neutral z
Z exchange
e e
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AocBevelc ANNNAETTLOp&TELC (VII)

AcOeveic Avvapelc

HAektpopoyvntikéc AvvAELC ik6upoc (Stéypoppe Feynman)

* KOuPog (oraypoupo Feynman) \/
- W,Z (m,q)
Y(Q) ,

e 2XtaBepd X0 VNG
e 2Xtafepd X0CEVENG - g
2 aw_g/47[hc, f(Q)OC 2 2

a=clamhe * f(@) x5 q°+m
q

2

2 g,
f(q)— Mag -0 |£(¢* = 0)=—>—= G107 GeV'™
M’%Z Mrzr-',z
= e Mool Gy 2
g L
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loxvpéc ANNNAeTTLOp&OELC (1)

u u
gluon
d d

Gluons hold the proton and

__ neutron together and are
responsible for the Strong force
between them.
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loxvpéc ANANAeTTLOp&OELC (1)

Quark
lines are

continuous |

T +p—>n+m°

ad + uud = udd + dd
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Virtual n*
exchange
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loxvpec ANANAeTTLOpaTELC (I1)

Ot loxupéc ANNNAeTTOp&oelc AEN cxAA&GTouv TLC YEVTELC
TWV KOUXPK

AVTOAANXTOOVTOL YAOLOVLX (gluons); AEN 0ANGTEL KGL TO NAEKTPLKO POPTLO

u 1 C C t t
d d S 3 b b
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loxvpec ANANAETTLOp&TELC (IV)

XOXPOKTNPLOTLKO TWV LOXLPWYV XAANAETTLOpXTEWYV ELVOL O
“EYKAWPBLOPOC” TWV KOUV&PK
‘000 TX XTTOUXKPOVOUHE N DUVOHLKN TOUC EVEPYELX KUEXVEL TOOO WOTE
XVTL Vo T dLaxwpioovpe dnpLovpyolpe véo CTeVyocC quark-antiquark

e — L aalh + kr
37

Y‘
T.b
¢-Dl

Ql

q q 9 q
~— @®OQ00OOO0H @QQO0O00000EH QOO0 —P

gg;j:f 9 99 99 g q 99 9 9 g

- 09 SO ®XXOe S0 S0 SO —>

hadrons

Snay




loxupEC ANANAETTLOPXOELG (V) 20

QED vs QCD

Dipole 1 electric charge
- vy carries no charge
distance
- 3 Co'or charges
Flux Tube - g carry charge

distance
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loxupeg ANNNAETTLOp&TELG (VI) 2|
OL dLXdOTEC TWV loXLPWV
AAANAETTLOPXOEWV

H dUVO LKA EVEPYELX XLEXVEL OTO
TTPOOTIOOVE VX XTTOPUGKPUVOUUE T

KOUXPK = kr

Y, g EXOUV PNdeVLKN H&Tax AAAA: g £xOULV (OPTLO => PLkpn ePBENEL,
ETTLTTAEOV KOUBOULC OTX dLXYPXUHKTO Feynman (non Abelian)

A

Ifm

ANANARRNSY

Aocvuntotikn elevbepia /‘

Y g
>NW TEEEN Aﬂ’a’a‘%} gyik
g
Pcharged EM g g Strong

CL
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loxupeg ANANAETTLOp G OELG (VII) 22

e H &Uvapun petaét U0 KovAPK Elvat oVeEEAPTNTN TOU XPWHOTOC

e To SUVOULKO pETOEL TWV KOUOPK:

Viirong ( 1) =-4/3 (a,/r) + kr <= 8ev propou e va elevBepwooupe
Ta kovapk! Ooo ta amopdkpUVOUUE TO OUVOLULKO QUEAVEL...

Avvopikod Coulomb
* OLOLXOOTEC TWV LOXUPWYV DUVEHEWYV : TX YKAOLOVLX (g), m = 0, spin = |
¢ OEPOLV “LOXLPO POPTLO’ -> XpwWHX => AEN vTTdpxouLV eAeVBep

¢ O,TL elvXt TXPpXTNPNOLHO AEN £XEL XpWHX
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loxvpec ANANAeTTLOp&OELC (VIII) 23

H d10TNTX TOL XPWHKTOC

Color

Quarks

qqq [Anti- Anvi- m- Anti-Quarks
- - Anti-Color
(colorless objects) 2l
qq Quarks carry
.. a color
confinement OW
Anti-quarks
carry an
anti-color O
Gluons carr .
3 an anti-color a color and an

anti-color charge.
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loxvpec ANANAETTLOp & TELC (IX)

OL dLdOTEC TWV loXLPpWV
AAANAETTLOPXOEWV

e TaL KOUAQPK €XOUV €va amo ta 3 ypwuoto. Ta ykKAovovia
eudavidovrat o 8 cuvduaopouc: ivat ot 8
aveéaptntol Suvatol cuvOuaouol TwV 3 XPWHATWY Kot
Twv 3 avit-xpwpatwv: (R, G, B, R(bar), G(bar), B(bar)) pe
xpwpa #0

To XpWHX (popTLO)
dLxTnpeilTot o KXOe KOUPO

H avTOAAXYN TWV YAOUOVLIWYV UTTOPEL VX
OUVOOEVETAL KOL XTTO OXAAGYT TOU
X xpu’uu'gXToc_, TWV KOU&XPK

91 > > 9 94 > > 9
b = gluon
q, > > 9, q,—>» » q,

r b
RSPt IID.GTHLE Ocooahovikn 12 lav. 2017
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>ToOep& Z0TeLENC KoL Xpovoc TwNC

o€ plax AANNNAETTLOpOXON 25

e OLLOXULPEC CANNAETTLOPXOELC CLHBXLVOUY PETRED KOUKPK
e HoTaBep& o0TeVENC TLVOEETAL : UE TO TIAKTOC I KOiL XpXX HIE
Tov Xpovo Cwnc: AE*At < h

° K' + P — ZO — /\O + 'n'o iy T= -h/r N IO_23 sec (IO_XUpr/]
ANMNAeTTLOpaaN) I « o2

¢ 30 >A0 4y — =101 sec : lem « O
=>(a./a)?=(1071°/1023%) = 100 ------ > a, = g2./4nhc

g. €lval To avtiotolo GopTio yLa TIG LoXupEeG aAANAETILOPACELG:
XpWwHo <=> LoYupo dopTtio

=Av 1o Kouapk eivat: Red, n Green, n Blue (R, G, B)

=To avtiotolyo Avtikouapk €ival avtiotowa: anti-Red, anti-Green, anti-
Blue (R(bar), G(bar), B(bar))
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BxoLlk& XoXpOKTNPLOTLKE TWV AUVXPEWV

26

(wng (sec)

loxupn AcBsvNnc HAektpo- Baputikn
LOlyVNTIKA
3100epd a,:0.1-1 G=10°GeV? 1/137 KM?/hc=0.5x10"
oUleVENG
TUTUK EVEPYOC 10 mb 10 pb 102 mb
Slatoun
TUTLKOG XPOVOG 1023 sec 108 sec 1029 sec
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