Ocwpia Yukawa

Yukawa: oTnv mpoomdOeia va egnynoei Ti¢ duvdueig peTagu n-p oTov TUphva

£pTACE OTO OUUTIEPAapa OTI n euPéAcia The duvapung e€aptdrar amé Tn pdla, m,
Tou KpdvTou. At<i/mc? = R = cAt <h/mc

H e€iowon Klein-Gordon mepiypdgel Th diddoon oTo kevo owparidiov palag m
Xwpig spin. 5
m c oY
V-t —
ot

via m=0 > kupaTikh e€iowan H/M kUpatog. W duvapiké onpeiou oTo XWwpo h
TAGTOC KUpHaTo¢ (pwToviou)

AYVowvTac To XpovoeCapTWHEVO HEPOC = OPAIPIKA CUHUETPIKA eiowan yia
oTartiko duvapikd U(r) yia r>0 kai thyh oto r=0

VU (r) = L 1 a(rza_u) mc
r? or or

VY — =0

oAokAnpwvovTag £XOUE:

U(r)= Jo_g-rik OTOV R
Arr mc
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Ocwpia Yukawa

U (r) = 490 e”""R bmov R:i
wr MC

H o1aBepd g, mpokUTTEl WG 0TABepd oAokARpwaong Kai TauTi{eTal e ThV 10XV
ONUEIOKAC TTNYAG OTO KEVTPO.

Avdhoya otov H/M éxoupe V2U(r)=0 pe Abon U(r)=Q/4mr

Oa umopouoape va oUue 0TI To g, Tng Bewpiag Yukawa maiCel To péAo Tou Q
Tou H/M = T0 HéTPO Tou “1axupol TuphvikoU opTiou".

R n eupéAcia Tou ediou

MvwpiCovrac 611 R=101° m pmopoupe va mpopAéyoupe Th pdla Tou di1addTn.

2 h h , hc ., 197MeV -fm
- S mMC=—=>mE =—=>me’ ~

~ 140
me R R 1.4fm Mev
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Ocwpia Yukawa
1935

Yukawa's meson hypothesis - nuclear force due

to exchange of particles with mass (mesons).

1937

y lepton (muon) discovered by Carl Anderson

and Seth Nedermeyer. Initially assumed to be
Yukawa's meson but it was too penetrating.

1946

Charged m meson (pion) discovered by Cecil Powell.
The prawuus g produced from m decays via

M=+ ?
r- . T _""-'%_ :
f g T
lr- _-.-I
1950
Neutral pion (°) discovered vian® = ¥ + Y. Cecil Powell
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2 KEOAON oWHATIOIOU amd KEVTPIKO OUVAHIKO

H emidpaon kevrpikoU 6uvau|Ko()_§K6nvasm| 0oTNh YWVIAKA attokAion Tou cwpaTidiou A
IgodUvapa oav HeTagopd opHnG
Eotw f(q ) To TAdTo¢ okédaong. H f(ﬁ) diveTal amé Tov yeTaoxhuariopd Fourier:

q iq-r g: 10XUg 0UCeugng Tou
F(@)gf U™ dV g

(avdAoya oTnv oTTIKA N YWVIAKA KATAVOURA TOU QWTOC amd éva eumodio ival o petaoxnuartiopog Fourier
Tou epTrodiouv)

otowe g -/ =grcosd kar  dV=r’dg¢sinddodr
via U(r) Tumou Yukawa kai h=c=1 éxoupe

£(§)=4rg[U(r) > T ridr = gog[e ™
0 qr' 0

—igr

qr
e . e dr
21g

AUTA €ivadl n éKppaon Tou
OUVAHIKOU 0TO XWpPOo Twv
oppwyv. O1 dUo TreplypadPEéC
gival 1c0duvapeg

= 1(g) =
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Mrolovikoc 01adoTng

To AdTog okédaong Tou oweiAeTal oe avraAAayn pmoloviou gival To YIVOHEVO TWV
TapayovTwy g Kdi gg, o1 omoiol Ttepiypdpouv Tn ouleugn Tou proloviou He TO
okedalopevo Kal To okeddlov owpatidio, pe Tov 6po Tou d1adoétn 1/(g° + m?)

2TV TPAyHATIKOTNTA UTIApXEl HETAWopd evépyelag E kal oppng Ap=q kai oTnv
Tiapamdvw oxéan q givar h petagopd 4-opung.

f(§)=—29 = = f(§)= "7
gl +m , , , ge+m
g-=Ap° - E
via kévTpo okédaong moAU peydAng pdalacg
-2
q° =g

H evepyoc diatopn okédaong ~|f(q)|?
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Aiaypappara Feynman

TPOKEITAI yid dlaypdppaTta apdotaong The diadikacia¢ kamoiag ahAAnAemidpaong
0 Xpovo¢ e€eAiooeTal op1{OVTIA KAl 0 XWPOC KATAKOpUPA

Ta PEAN deixvouv Th wopd Kivhong Twy cwpaTtidiwyv mou TAnaid{ouv n amopakpUvovTdl
aTmo TIC KOPUYEC
glogpXopeva ocwparidia 1goduvapouv pe e€epxopeva avriowparidia

-~
= ATelpn TaxuTnTa Quarks & Leptons >
Kivoupevo owparidio Photons W and Z WVWWWWWWA
// Gluons +000090000000000 ,
——>——  AkivnTo owparidio Particle ’
> Antiparticle <
t
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Aiaypappara e€alilwone kai oxnuartiopou

Ta owpatidia A & B ouykpoUovTal oxnuatifovrag éva evdidueoco owparidio X tou
oTh ouvéxela diaomarai ota C kai D

N\ [

AvTidpaon oTw¢ gaiveTal \ / -
\/

0TO oUOTNUA £pyacThpiwy

oc KABe Kopuyph diaThpeiTal
TO QOPTIiO
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Ailaypappara avraAhayng

‘Eva owpartidio A okeddleTar amd éva cwpaTtidio B avraAAdooovTtacg éva
evoldpeoo owparidio X kai petaoxnpatiCovral ora C kai D

A
5
A C
C
L q_B—
A b4 X
D
B D
AvTidpaon 0TTWG @aiveTal
oTo oUoThUaA gpyacThpiou
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Ailaypappara avraAhayng

TTio owpaTidio ekmépmer To X
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AuvnTika owpartidia avraAAayng

To owpaTidio X xapakTtnpiletal oa duvnTiko. MNa To xpovo Tou uttdpXxel
uttakoUel Thv apxh The apepaidtntac AE-At~h aAAd n pdla Tou diapépel amod Tn

pdla npepiac.

Ma mapadeiypa €xoupe TNV

A > q%<o "spacelike” . nAEKTpoHayvnTIkh dAAnAeTtidpacn TTou To

: c . evdidpeoo owparidio givar Y

q*=p, =(ps-p:)°
=p3+pr -2p; - P
:ZmZ'Z(E3E1'§3 51)
e- e- ~ —2E;E,(1 - cos 6)

A 4

t |via® peydho éxoupe p; <O

pavtaoTikh palal

. TomoAiTng
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AuvnTika owpartidia avraAAayng

E&aUAwaon nAekTpoviou-moliTpoviou (H/M aAAnAsmidpaon)

e+

g%>0 "timelike"

e+

\ /

VIO TO PWTOVIO IOXUEI

po=(p,+p.)?=p+p?+2p, -

=2m*+2(E.E_+p, -p.)
~ 4E°

apa €xel pada =0 = duvnTiko
MTtopouUpe va dexToUpe 0TI To duvn-

TIKO AUTO WTOVIO UpioTaTal d1aKU-
pavon othv evépyeia

AE = 2E

To duvnTIKO WTOVIO UTTOPEI va UTTAPXE! Yid XpoVIKo didoThua:

. TomoAiTng

At 2 /2E
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Aiaypappara Feynman

lMevika éxoupe digpyaoieg TnG Hopph¢ A+ B — C+ D

A ThG Hopphic A —» B+ C+ D

ABCD X
B ’
A / - Koudpk - ewTHVIO (V)
> X + AemtTévia * YKAouévio (g)
* AVTIKOUdpPK - W+ W- Z0
C * AVTIAeTTTOVIA
D

. ToimoAiTng
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Aiaypappara Feynman
[MepioTpo@ny dlAYPAUUATWY

|

= {ij@

. TomoAiTng
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Aiaypappara Feynman
[MepioTpo@ny dlAYPAUUATWYV

|

| b& YOY
D >

b

0|

ol

|
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Aiaypappara Feynman - Mevikég Id16TNTEC

2 ¢ KAOe kopuyh diaypappdTwy Feynman diatnpouvrai:
- Evépyeia - opph

- To ®oprTio

- O Bapuovikoc ApiBuoc

- O Aemtovikoc ApiOuoc

H yebon Tou quark diatnpeital oTi¢ TTapakdtw aAAnAemidpdoelg:

- Toxupécg (X=gluon)

- HAekTpopayvnTikéc (X=pwTdVIO V)

- AdBeveic pyovo otav X = Z0 kai 6x!I oThv TTEPiTTWON
X=W+HX=W-

. TomoAiTng
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Aiaypaupara Feynman - Auvaueic

HAekTpouayvnTikéc:

AoBeveic duvdpueic:

2 € KAOe popTiopEvo owparidlo

2 ¢ 0Aa T1a Quarks kai Aemtovia

Toxupéc: Movo peTall Twv Quarks
AZOENEIZ H/M I> XYPEZ
Quarks
PopTiopéva AemtTévia X
Oudétepa Aemrtovia X X

. TomoAiTng
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. TomoAiTng

HAekTpopayvnTIkEC aAANAETIOPATEIC

evdidpeoo owparidio To Y ouleuén povo pe popTiodéva ocwparidia

u u C C t t

b

1

v
\g
Y
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HAekTpopayvnTikéCc aAANAeTIdPAoEIC

electron =

At a particle ph ys'fcs\
level the interaction

/s with the quarks

Photons mediate the force between
protons and electrons.

. TomoAiTng
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. ToimoAiTng
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b

et

. TomoAiTng

HAekTpopayvnTIkEC aAANAETIOPATEIC

et *  H otaBepd a Tng HAekTpopayvnTIKAG ZeUENng civail pia
adidoTaTn ToodTNTA TOU PeTpdel TV évraon ThS (evéng.

SiSun yévedn O Aév9g NG I’:\)\EKTpOOTGTIK'r']Q evépyslag amwBnong dvo e
o€ améaTaon ion pe 1o 100dUvapo pAkog Compton mpog TNV
evEPYEIA TTOU avTiaToixei aThv pdla npepiag Tou e.

=

PWTONAEKTPIKO e 2
PAIVOUEVO 5
V(r=r.) _#/m_c _e 1
a= > = 5 = ~
. m,cC m,c~ #hc 137

H moodéTtnTa al/2 ~ e ekppdlel Tnv mBavoTnTa yid Thv
EKTTIOUTIA N aTToppOPnon evoC pWTOViou.

ecalhwon et e
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Evepyoc Aiatopn
a+tb—>c+d

n, owparidla/oyko

oéoun a
[ >

A poh ThC déounc a péoa amod Tov OYKO ToU 0TOXOU si\b\
@zna@‘_ TaxUTNTO »

—><_

, , , déopng a dx
owparidia /emipdveia /xpovo.

av Ta owpaTtidia Tou oToXoU £XOUV dldTOUN O TOTE h TBavoTnTa
KATT010 ATTO TA owUATIdId a va KTUTTAO€EI KATTol0 owHaTidlo Tou
aToxou gival on,dx = ®on,dx avTidpdoeic /xpovo
= puBpuoc avtidpdoswyv
W=0®=0on,v; /owparidio aToxou

. TomoAiTng
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Evepyoc Aiatopn

Oa TpéTel va YEVIKEUGOUKE ThV €vvold TG YEWHETPIKAC OIATOUNAG
TOU OTOXOU.

H aAAnAemtidpaon peTall déopng Kai aToXou HTTopEi va cival
ueydAng supéAciac (long range). Z' auth Thv TepimTwon dev HIAGUE
yid TO av TTETUXAUE R OXI TOV 0TOXO0 AAAQ yid TTOG0 €XOUV EKTPATIEI
aTmo Thv TpoxIid Tou¢ Ta cwpartidla The 0éoung. AUuTo To TeAeuTaio
ptopei va va e€apTtdral amod Tnv evépyeia ThG d€oUnC.

Emionc n diatopn dev civar umoOeon HOVO Tou aTOXoU adAAd Kal TRC
déoung.

Emionc mpémel va AdPpoupe Ut dyn TNV TTEPITTTWON TTOU Td
owpariola TG TEAIKAC KaTdoTaong €ival 01aopETIKA ATTO AuTd TNG
apXIKNG.

. TomoAiTng
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Evepyoc Aiatopn

MmopoUpe va eEnynooupe Ta KAaoaikd meipdpata okEdaong
opifovTac pia povadikn oxéon Hetall TNC TTAPAUETPOU
Tpookpouong, b, kai Tn¢ ywviag okédaonc, 6.

EkepdalovTac To gpaivopevo oa ouvdpTnon Tou b pmopoupe va
AVTIHETWTTIoOUUE TIC HIKPAC epPEAcIac Kal HeydAng supéAciac
duvapeicg pe Tov idlo Tpomo. INia mapdadeiypa:

Mikph eupéAcia @ 2kEdaon amo okAnph apaipa

MevdaAnc supéAciac @ Zkédaon Rutherford

. TomoAiTng
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. TomoAiTng

2 KEdaon and okAnpn owaipa

nN=x X+nh+0=1m =>x=m/2-6/2
b = R sinx = Rsin(m/2 - ©6/2) = R cos(6/2)

24



2 kédaon Rutherford

Scattering center

Attwaon Coulomb peTagl evog Papéwg aTdxoU YopTiou g, Kal evog eAagpoU
owparidiou YopTiou q; Kar KIVATIKAG evépyelag E.

H mapdpeTpoc kKpouang diveTal amd Tn oxéon

9.9,
b = > cot(6/2)

. TomoAiTng
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Aiagpopikiy Evepyoc Aiatopn
- ... ypdoeTai oav do/dS)

* ... 0uxvd eapTdTal amo Th ywvia ©

* YEWUETPIKA €ival amAo va doUle OTI
do = |b db doy| d() = |sin® d6 dy|
Kadi n 01dPopIKA evEPYOC OlATOUN Ypd@ETal

do b (db

d0  |sinol\ de

. TomoAiTng
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. TomoAiTng

.. ZKEdaon and okAnpn owaipa

b=Rcos(6/2) = j_:? = —% sin(6/2)
do _| b (dbj
dQ |sing\ dB
i stin(%)cos(%)
2sind

:R%

o = —ZdQ:ﬂRZ
15
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b= 419

2E

do
dQ

.. ZKédaon Rutherford

cot(0/2) = j_t;: -(Z?:?cscz(@/Z)
b (db
sinH(dH]|
q.q; cot(0/2)csc?(0/2)
8E°sind
[ 4:9; T
4Esin®(6/2)

2 1 :
o = Zﬂ(qlqzj j sind df —

. TomoAiTng

4E ) {sin*(0/2)
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PwrevoTnta - Luminosity £

2.uoxeTiCoupe Thv evepyo dIATOUN HE TOUC TTAPATNPOUHEVOUC
puBuoUc avd povada xpovou

dN = £ do
‘Eotw N o ap1Buoc yeyovoTwy mou mapaTtnpouvTal ava Hovada
xpovou, L éxel diaotdoeic (evepydc diatopn)!
oto LHC: £ = 1034 cm2s!

2 UVABwG Hovo n pwTeIvoTNTa Kopuphc (peak luminosity) divetai
oTh pop@h /povada xpovou.

OAokAnpwvoupe TNV WTEIVOTNTA YId TOV OUVOAIKO XpOVo TTou
KAdTmolo Treipapa oUAAEyel yeyovoTa pe oTaBepéc ouvOnkeg waTe va
kaBopiooupe TI €ido¢ avTidpdoeic Ba pmopovoape va doupe. H
oAoKANpwHEVN QWTEIVOTNTA PETPIETAI € pb!

. TomoAiTng
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H/M aAAnAenidpaocic - evepyoc diatopn

Ta diaypduparta Feynman dev eival pévo yia
va ameikoviloupe Hia diadikaoia, pag divouv
TTAnpogopia yia To Tw¢ ©a umoAoyicoupe To

MTn¢ diadikaagiag.

HTTOpOUKE vd ATOKTHSOoUUE Thv "aioBnon” Tou
TI yiveTal KoITwvTag 1o didypappa Feynman.

e+

e+

A 4

S

/

A 4

. TomoAiTng

M~ = O ~0?

M~aA3 = O~

TTpdypat 1%

30



