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OCHOBHOE AOCTMXEHME KAQCCHMYECKOM AOU3UKM —
NOCTPOEHUNE DAEKTPOMATHUTHOTO U
OABMTALUMOHHOIO B3AMMOAEMCTBUM

CO3A0HME KBAOHTOBOU MEXAHUKM M HOKOMAEHME
MHJOOPMALMKM O CUABHOM M CAQDOM
B3AUMOAEMCTBUAX AOAO ODLLIMPHbBIM MATEPUMAA HO
OCHOBE KOTOPOIroO MOXXHO MbITATbCH CTPOUTb ODLLLYIO
TEOPUIO B3AMMOAEMNCTBUM.




b 1ICpBOU JICKOUH MbI ITPHUIIJIN K TOMY, 9TO
[JIABHOE 3TO HAKMCaTh MPABUIIbHO
JlarpanxxuaH

HpI/IHI_II/IH HAaUMCHBIIICTO ,HCfICTBHH ITO3BOJIACT JICTKO COITIaCOBATH
TCOPHUIO C ITPUHITUIIOM OTHOCHUTCIBbHOCTH.

MBI onucany peaSTHBUCTCKYIO MEXaHUKY HEB3aHMMOICHCTBYIOIINIX
gacTull. B 3TOM cirydae MBI JOJDKHEI B3STh JIarpaH)KHaH B BUIC
(JI.A.JIangay, E.M.JIndmun « Teopus momas»):
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N3 sToro narpan;xkvaHa ObLUIM ITOJYUYCHBI YPaBHCHUS ABUKCHHUS
HEB3aMMO/JICUCTBYOIIUX YAaCTULL B PEJIITUBUCTCKOM BHUJIE.

BzanmMopaencTeue 4acTull Apyr ¢ APYyroM MOKHO ONHCHIBATh C
IIOMOIIbIO CHUJIOBOIO 110JIs. T.e. BMECTO TOT0, YTOOBI TOBOPUTH O TOM,
YTO OJIHA YaCTHUIIA JICMCTBYET HA APYTYI0, OyJIeM CUUTaTh, YTO
JacTHIa CO3/1a€T BOKPYT ce0s MoJie, a Ha BCAKYIO APYTYIO YaCTUILY B
e JTOM IIOJIE JICMCTBYET HEKOTOPAs CHUJIA. 4



Jlarpan>xuaH i 3apsjaa, ABUKYILETOCs B
3JIEKTPOMArHUTHOM I10JIE:
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31ech 100aBWIICS WICH, OIMMCHIBAIOIINI B3aUMOICHCTBHE
3aps/ia C IMOJIEM.

[1omHbIN K€ JarpaH ) KuaH J0JIKEH COAEPKATh YJICH,
COOTBETCTBYIOIIMU SHEPTUU CAMOTO IOJIS.
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Teopema Herep (Omunu Herep)
1918 .

CdhopmynupoBaiia TeopeMy s (PU3UUECKON CUCTEMBI,
yPaBHEHUS JBUKECHHUSI KOTOPOM UMEIOT (POPMY CUCTEMBI
nuddepeHnnaabHbIX YPaBHEHUH, IMOJIy4aeMbIX U3
BapHALIMOHHOTO IIPHUHIIMIIA MEXaHHUKHU.

KaxxgoMy HenIpepbIBHO 3aBUCSIIIEMY OT OJHOIO mapaMeTpa
HDCO6D330BEIHI/IIO, OCTAaBJISIOIICMY MHBAPUAHTHBIM JICHCTBHUE
COOTBCTCTBYCT 3dKOH COXPAHCHMA.

IlepenaeM K KBAHTOBOM MEXAHUKE



EAnHbIN Noaxoa K ONMCAaHUIO BCEX

B3aMMOAENCTBUM

Haunydiei oTnpaBHONM TOYKOM SBJISIETCS MPOU3BOJI B BHIOOPE
(ba3bl BOJTHOBOM (PYHKIIMH

Paccmorpum noste, W (x), onuceIBarolee JarpamKuan
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MudpuruszemaapHole
IpeoOpa3oBaHs

OObIMHO PACCMATPMBAIOT OECKOHEYHO MAOAbBIE
KOAMOPOBOYHbIE NPEOOPA3OBAHMS
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¥ — MOEeT MMEeTb HECKO/IbKO KOMMOHEHT, Hanpumep
3NEKTPOHHOE
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Kak npm KOAMBPOBOYHOM NPEODPA30BAHMM DYAET
I'IpeO6pCIBOBbIBCITbC9I AQTPAHXMAH?S
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['2100aapHas KaAMOpPOBOYHAS IHBAPUAHTHOCTD

Tenepb BCMOMHMM, 4YTO @ - const B cnydae r71006a1bHOT0 NMpeobpa3oBaHUA
08 = —ad,J! — (0,a)J*

TakrM 06pa3oM: ryiob6asibHasA KaJIMOPOBOYHASI MHBAPUAHTHOCTh
JlarpaHKvaHa

0L =0
* (TK. d,a = 0) s3KBUBaJIEeHTHA COXpaHEHHIO TOKa
c 9,J¢=0
e B ciyyae JUPaKOBCKOTO 3JIEKTPOHHOrO ToKa [ = YyHly

CoxpaHeHHe TOKd 3KBHUBAJIEHTHO 3dKOHY COXPpaHEHHAd 3apd/ia

o [d3xd, JH = %fd?’]o(f, t) = 0, nIpu ycJOBUH

o [d3xV-J(x,t)=0



/lokaabpHasA KaAMOpOBOYHAS UHBAPMAHTHOCTD

* PaccmotpuMm Tenepsb soKanbHbie Ul - KaIMOPOBOYHbBIE
npeob6pa3oBaHud, T.e. @ = a(x,t)

08 = —ad,J* — (0,a)J*

* PaccMOTpUM AUPaKOBCKMM 3JIEKTPOHHBIN TOK [JH = WYyHY

)

* MbI 3HaeM, YTO JJis 3TOTo ciaydas d,/* = 0

* 08 = —(0,a)/", T.e narpaHKMaH He MHBAPMaHTEH
OTHOCUTENIbHO SI0Ka/IbHbIX KaIMbpPOBOYHbIX Npeobpa3oBaHNA



BoccraHoBaeHre MHBapUaHTHOCTU
08 = —(0,a)J*

OnHaKo 3Ty HHBAPHUAHTHOCTHh MOKHO BOCCTAaHOBHUTbD J100aBKOM

YyjIeHa TUIIAa B3auMOACUCTBUS &; = —ef MA“

€ — KOHCTaHTa B3auMOJICCTBUA

A - BeKTOpHOE MoJjIe, KOTOpoe nmpeodpa3yeTcs mpu
peoOpa3oBaHUSIX i

P>y = el
Y>>y = e iey
Al - A =AM — = gl g
e
g, = —e] A¥ = —eJ A + ], 0 0

B stom ciiyuae (£, + £;) = 0



Taxas cymma (8, + £;) = 0 y»Ke nHBapuaHTHa

DaKTUYECKU Mbl OTOXKAECTBUIN B3aUMOAENCTBUE C
3NEKTPOMArHUTHbIM NOJIEM C NPOU3BOAHOMN BONHOBOM ¢ha3bl,
KoTopaa HabupaeTcs nNpu ABUKEHUN BAO/Ib TPAEKTOPUMN.

Y106bI NONIYYNTb NONHbIN NArpaHKMaH 3NEKTPOANHAMUKM
HYXHO 0006aBUTb KaZIMOPOBOYHO MHBAPUAHTHbIN YNEH,

ONMCbIBalOLWMM cCamMo none o= _leFw
2 Fu

[ne Fy, = d,4A,-9,A, nna poToHa C HyN1€BOM Maccou



ECAn ©bl QOOTOH MMEA MACCY, TO HOAO AODABUTH
MACCOBbIN YAEH

1 2
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NTAK MOAHbIM TOMUMABTOHMAOH B KBOHTOBOM
DAEKTPOAMHAMMKE

1
Logp = ¥ (i*Dy —m) ¥ — L F, F*
KOBAPMHTHAA NMPOOM3BOAHOA
D, W =(a, +ieA) ¥



Codyc JIu

* Codyc JIu 3aHuMacs IpUMEHEHUEM TEOPUHU T'PYMIT K
MHTETPUPOBAHUIO JTU(PepeHIIMAIbHBIX YpaBHEHUNH. OH
CBSI3aJ1 COOTHOIIIEHUE MEXKY CUMMETPUEN U COXPAHEHUEM C
TeOpHel KAHOHUYECKUX npeoOpazoBaHuil. C Kaxxa0ou
OJTHONIAPAMETPUYECKOHU TTOATPYIINOU IPYIIIbI CBA3aH HEKUM
IIEPBBIA UHTETPAT UCCIEAYEMOU MEXAHUYECKOHU CUCTEMBIL.
DTOT UHTETPAT COBNAIACT C MPOU3BOISIIICH 3aJaHHBIX
npeoOpa3oBaHuUi, T.€. UX T€HEPaTOPOM (B pACCMOTPEHHOM
clIydac 3TO @)



DertHMaHOBCKME AVlarpaM MBI

e.g. electromagnetism :

photon exchange between electrically charged particles

anti—-electron electron

(positron) /f

Feynman
Diagram

/ﬁ anti—-electron
(positron)

electron



Pagnyc agevicreusa n macca GOTOHa

OcHoBHast mpodJieMa il APYTrUX MmoJieid — paauyc
NEUCTBUS, KOTOPbIN 3aBUCHUT OT MACChl KBAHTA

IlycTh yacTuIa U3J1y4aeT KBAHT Macco M, a cama
O0CTAETCH B TOM K€ COCTOSIHUH € -> e+y,

TAKOH MPOIEeCC MPUBOAUT K HAPYIICHHIO 3aKOHA
COXpaHEeHHUs JHEPruM HA BeJuunny AE=mc?

U3 cooTHOmIeHNsI HeompeaejadeHHocTH AEAt =h 310
BO3MOYKHO €CJIM 3TOT KBAHT MOIJIOTUTCH 3a Bpemst At =

h/mc?

Ec/H KBaHT JIBMKETCHA CO CKOPOCTHIO CBETA, TO OH
nmpoiigeT 3a 310 BpeMms r= h/mc

Taxkum 00pa3zoM OECKOHEUHBIN pagnuycC IEUCTBUSA
BO3MOKEH TOJIBKO B CIy4ae HYJIEBOM MAacChl OOMEHHOTO
KBAHTAa

~



[MTona AHra - Mmnnnca

AHr n Munnc npegnoxnMnm nepeHecTn BCHO 3Ty NAEO0N0MMI0 Ha
nokanbHble SU(2) (4-napameTpuyeckmne) KanimbpoBoYHbIE
npeobpa3oBaHUSA, KOTOPble COOTBETCTBYIOT M30OTOMUYECKOMY CMUHY
N MOCTPOUTb TEOPUIO aHANOTNYHO 3/IEKTPOANHAMMKE

B TakoM Teopunmn BO3HUKAOT 6H€3MaccoBble BEKTOPHbIE KBAHTbI —
6030HbI C anekTpuyeckmumm 3apagamum +1, 0, Ho 6eamaccosbie, a
ocTajibHble (cnnbHble 1 cnabblie) B3anmoaencrems
KopoTKoaencTeywolme!

Bbixoa: ¢pa3osbiv nepexoa. Mpn pacnpocTpaHeHnn B
CBEPXNPOBOAHUKE 3/IEKTPOMArHUTHOE B3auMoAeNCTBUE
CTAaHOBUTCA KOPOTKOAENCTBYOWMM — 3pPeKT MencHepa!

OnucaHune: Teopua MmMH3bypra-/laHgay ana onncaHna a3osbix
nepexoaos 2-ro poaa



CrioHTaHHOE HapyIlleHye CUMMeTPUNA

: , B h? 2ie
F=Fo+({G+m|[(v-54)"

+ 5 19lt}av, (1)

2
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Teopus ¢pa3oBbIx Hepexoa0B
I'muasOypra - Aanpay



//upload.wikimedia.org/wikipedia/commons/4/44/Mecanismo_de_Higgs_PH.png

*EHi'ggs = (Bp‘:'b)_l_(ﬂqu) + ?n‘i’_l_‘i’ o }"{‘IJ_F‘:&J)E-

DP— — E;IP_ —_— .E:gTﬂ _L-L]_i NHBAPDHAHTHASA IIPOU3BOAHANA

¢ — moue Xurrca,
M U A — MOJOKHUTEJNbHbIE IEHCTBUTEIbHbIE YHCJIA

T, — reneparop KaJuOPOBOYHON I'PYIIIbI,
A%u — xaanOGpoBOYHBIE I0JIS1, KOTOPbIE JOIKHBI CO31aBaTh yepes

XMITCOBCKHMI MEXaHU3M MACCY.



* KaAmbOpoBOYHAI CUMMETPUA —> 3AKOH COXPAHEHMS
COOTBETCTBYIOLLLETO KBAHTOBOTO YNCAQ +
B3AMMOAENCTBME

Kakue ectp CUMMeTpUN



Conservation Laws

4 N

b "



* MbITAaACb CUCTEMATUIUPOBATL OTKPbLITbIE A0 1964 r.
aApPOHbI, M. TeAA-MaHH (Gell-Mann) u LUseur
(Zweig) BbICKA3AAU MPEANOAOXEHUE, YTO BCE
AAPOHbI COCTOST U3 TPEX PA3AUYHBIX KBAPKOB
UAU COOTBETCTBYIOLLUX AHTUKBAPKOB (.



KBapku 1 aHTHUKBApKH I'PYIIUPYIOTCS 100 1o 2, 1100 mo 3
YaCTHIIBI, 00pa3ys COCTaBHBIC YaCTUIIbI, HA3BAHHBIC AOPOHAMU.

AJIpOHDI

o

bapHoHbI

3 KBapka

~ e~ N

HyxkJ10HbI I'mneponbl
p, N m>m

HYKJI

O0a1af0T CUIBHBIM B3aMMOJICHCTBHEM
HecTabuiabHEI (KpoMme p)

AHTHBENIeCTBO:
3 aHTHUKBapKa

N

Me30HBI

KBapK + aHTUKBapK

O0nagarT CUIIbHBIM (CBSI3b
MEXy HYKJIOHAMH) U
C1a0bIM B3aMMOJICHCTBHEM

24



KBapku 1 1x xapaKTepuUCTUKU

Xapaxmepucmurxu Keapkros
J1J11 BeceX KBApKOB: CNUH S = 14, bapuoHHbiil 3apad B =1/3

Ob6o3Ha4yeHue SNeKTp.

CrpaHHOCTbL S Wapm C Kpacotab WcruHat

(apomar) kBapka 3apsag Q

7 2 0 0 0 0
3
d 1 0 0 0 0
3
s _1 -1 0 0 0
3
2
c - 0 +1 0 0
3
b 2 0 0 +1 0
3
1
t i 0 0 0 +1
3




Baryons

(with spin %)

Strange Baryons

Hadrons

Mesons

S=-2
(with spin 0)

2 Sigma, A Lamda, 2 Xi

Kaon mesons are
counterparts of pions with
s rather than d quark



OuapoBaHHbIE OapVOHBL




Kaaccudukanms KkBapKkoB

Ha3BaHHe 3apAan Macca

I'IepBoe NOKoNMeHue

HUKHUIA down -1/3 |~ 4 MaB/c?

BERXHUNA up +2/3 |~ 6 MaB/c?
Bropoe nokonenue

CTPAHHLIN strahge -1/3  [150 MaB/c?

0MapoBaHHLIW | chanm +2/3  |1.5 M3Bic?

TpeTbe NOKONMeHue

npenecTHeill | beauty (bottors) [-1/3 | 4.5 MaB/c?

WCTUHHEIH truth (top) +2/3  |171 M3Bic?




[Tpobaemsl

Kaaccudoukaumio o6baCHUAU
Kak KBaApku B3AUMOAEUCTBYIOT BHYTPM GAPOHOB?

[Mpe ANOAOXUAU, HTO HUKAK, A BCE UX NAPAMETPbI
(Hanpumep, MArHUTHbIE MOMEHTDI), KAK 3apsAbl U
CMUHbI AAAUTUBHO CKAGAbIBatoTcalll

MoyeMmy He BbIAeTAIOT (KOHPAUHMEHT)?



Confinement

« Strong force very strong !

e Quarks bound cannot break free
o No free quarks

« All particles observed have no net colour

o . O

® gJuarks quarks O

/ 1 /
Y . Cr Y

Electric charge has one type +, and its opposite -

Colour charge comes in three types: red, green, blue
and their opposites: anti-red,anti-green anti-blue

Baryon: | o (Meson: |

eg proton (uud)
neutron (udd) @ %

O -

eg plions
(ad, du, uu/dd)




Kaaccudukanmsa KBapKkoB

IllecTs «apOMAaTOB» KBapKOB

d ) d ) l d
u- d- Crpau=ent O4apoeasHes! b- t-
[KEapK KBapK KBapK KBapK apK KBapK

iy ddldgd 4V 4 b b b Ll bl

uJ



/lerITOHBI



Tpn cemencrTBa
PyHOAMEHTalbHbIX
YyacTuL BellecTBa

CemencTBo 2 CemencTBo 3
Yactuua Macca, MaB YHactuua Macca, MaB
3apsag apsg
MiooH 0,11 TaoH 1,9
-1 -1
MiooHHOe 0,0003 TaoHHOe <0,033
HEUTPUHO 0 HEUTPUHO 0
C - KBapK 1,6 T - KBapK 189,0
+ 2/3 + 2/3
S - KBapkK 0,16 B - KBapk 5,2
—1/3 -1/3




Macca—? |:

3apsn
CNWH

Tpwn nokoneHns
maTepun (PepMnoHSLI)

Ha3BaHwWe-| B

J1enToH.I

<2,23B

s Ve

3/1eK TPOHHOE
HeWTpuH

<0.17 MsB

R W
ya‘N’F[
MIQOHHO
0 Hen T puH

<15,5 M3B

g 4
v Vi
~_Tay

- HENTPUHY

0,511 M3B
-1
L6

31€KT pOoH

105,7 M3B

1,777 3B

= ]_

Tay

B030HbI (NepeHoCYMKN B3auMoaencTBUSA)


http://fastpic.ru/

What does the Standard Model
describe?

SM describes matter — force
interactions;

- 12 types of matter particle
(fermion)

— 3 forces, mediated by force
carrying particle (boson)

We use the SM to predict
experimental observations

space
»

boson

Quarks (3 generations)

fermion

* time



Kabdn000o Kabasamu Mackasa maTpuna

Via Vs Vil | |d) d')
Vo Vs V| |18} = |I)
Ve Vis V| |IB)] LIV

CneBa mbl Bugnm CKM-maTpuuy BMecTe ¢ BEKTOPOM CUMBbHbIX
COOCTBEHHbIX COCTOSSHUU KBAapPKOB, a cripaBa umeem cnabble
cobcTBeHHble cocToAHUA KBapkoB. CKM maTtpuua onucbiBaeT
BEepOATHOCTb Nnepexoaa oT OAHOro KBapkKa g K ApyromMy KBapky q' ..

BenunuynHbl 3Ha4YeHU B MaTpuLe ObININ YCTaHOBJEHbI
3KCNepMUMeHTanbLHO 1 paBHbI MPUbSIU3UMESIbHO:

CKM-maTpuua ooBOSIbHO OfIM3Ka K eAMHUYHON MaTpuLe.
0,9753 0,221 0,003
0,221 0,9747 0,040 |.
: 0,009 0,039 0,9991 :




CKM Matrix

The CKM matrix can be written in many forms:
1) In terms of three angles and phase:

' —io

d C2Ci3 31213 S 0
' i 10

S' |5 —S12Cp3 —C1S235138 °  CppCr3 — 5195235136 Sp3Ci3 || S
' 10 io

b S12S23 —C12C23S13€ ° —CppSp3 — S19C23S13€ 1 CpsCiz A\ D

The four real parameters are d, q,,, q,3, and q,3.
Here s=sin, c=cos, and the numbers refer to the quark generations, e.g. s;,=Sing;..

2) In terms of coupling to charge 2/3 quarks (best for illustrating physics!)
—d'- Vud Vus Vub d

S'"| | Ved Ves Veb S
-b'_ B th Vts th JL b d

3) In terms of the sine of the Cabibbo angle (q,,).

: : “Wolfenstein” representaton
This representation uses the fact that s,,>>s,;>>s,,.

d’ 1882 /2 A AP (p—in)\d
s’ |= .y 1- 412 AX? S
b | | APA-p—in) —AX 1 b

Here I=sinq,,, and A, r, h are all real and approximately one.
This representation is very good for relating CP violation to specific decay rates.



Weak Interaction, SM picture

The W and Z boson do not couple to the same quark
states as the strong and Electromagnetic Interaction

We call the the quark states that couple to the strong
and EM interactions the
Mass Eigenstates

The Weak Interaction couples with the weak
Eigenstates:

e Leptons: (ej (“j (T)

t=t

d’, s"and b’ - u C t
are not Quarks - (d’) [S'j [br]

d, sand b




Constructing the Standard Model

Ly = Lem + Lweak + Lstrone

EM force Weak force Strong force

Electric charge (1) | |Weak charge (2) || Colour charge (3)

Massless photon Massive W2 g massless gluons

Coupling g Coupling g, Coupling g.




Constructing the Standard Model

SM is a field theory. Describe force - matter interactions
by Lagrangians

L = -1/4F  Fwv +¥(iyD, —-m)¥

7 - _

Field strength —
of force field F

b

Boson-farmion Farmion mass

intaeraction, fermion
maovemant

Lagrangian L cbeys local gauge invariance
Doesn't change as a function of space and time: '@ g-@butig

Consequence that bosons must be massless

Each force described by L of similar form (details of F. D, Y vary)




Constructing the Standard Model

Lsm = Lem + Lweak + Lstrong + Laigas

Bosons are massless in SM theory

Intreduce Higgs field (m,,. value of Higgs potential v):

Couples to particles to give mass (amount ~ coupling strength)

Keeps Lagrangian invariant

Consequences:

Unifies weak and electromagnetic

forces
Massive Z is mixture of massless
am + weak bosons

Relates Mw, Mz and weak,
electromagnetic couplings:
fan by =0w/d

r"'ll'.n.r = I'-.I'IE COs B,
(M good at predicting relations)




QED, QCD and QFD

1

. —7 U — U u
QED:  L=y(iy"o, ~my +eyy Ay - F R,
m=electron mass electron-y A,=photon field (1)
y=electron spinor interaction F,=0,A0A,
CD L_— - u5 = u;\v Ga 1GaGUV
Q . _qjk(ly u_m)qjk+g(qjky aqjk) u _Z uwa
m=quark mass quark-gluon gluon-gluon
j=color (1,2,3) interaction interaction
k=quark type (1-6) (3g and 4g)
g=quark spinor

B 1 1
QFD: L=w17”Dﬂw+—Z EWE”V—ZGWG“V + (D ,p)(D*p) -V (p)

Fermions interaction Gauge particles Higgs field




Feynman Diagrams

 Here is neutron decay

u -
neutron ( d = -




Particle interactions

« Some basic standard model vertices:

STRONG
d, s, b
quark
gluon

u,c, t
electron, \
O / E >T/\/\/\
neutrino M Ve W Vx
([ ([ J



Quark Jets

Don’'t observe free quarks

Quarks form into composite
states of two quarks (mesons)
or three quarks (baryons)

In particle detectors often
see showers of these
particles — jets of mesons and
baryons

Jet of particles seen in tracking
System of detector

Jet of mesons &
Baryons
Produced from
one initial high
Energy quark
Or anti-quark




DELPHI
experime

nt @ LEP

-

physics experi

A typical modern particle

Tracking Electromagnetic
chamber  calarireter

-7 DELPHI Interactive Analysls TN :
ol Beew 855627 pug: 26154 BA5 - 25-hmg-lesy |3 o
e .
2 =S TTO - :
=
=)
A=)
=)
VoA
X
i
\
By
\
a
=Y
=1
R

ralorimeter charnber

P ...Cutermost Layer

Innerrnost Layer...



CxeMa geTekTopa 4451 OOHapy>KeHIsI U-KBapKa.

B ombITa mponcxoaut pazaokeHue u-ksapka Ha W-0030H 1 b-kBapk.
W-0030H pacriagaercst Ha MIOOH (4€TeKTUPYeTCs B TOUYKe 1) 1 HeTPUHO
(Touka BbIXOgA — 2);

b-KBapk Ipon3BOAUT OAVH U3 IIOTOKOB IIPOYNX YacTuil (3),

APYTOJ TaKOJ HOTOK BO3HIMKAeT B MOMEHT BO3HUKHOBEHIISI U-KBapKa
(maaocrpanusa DZero Collaboration).




Some Key Points

Forces are due to exchange of the fundamental
force carrying bosons
* Photon,gluon,W*,W-,Z° (and presumably graviton)

Know the fundamental particles
o Three generations of quarks and leptons

Don’t observe free quarks
o Confined in colourless hadrons

Added some more conservation laws

o Energy, momentum, electric charge
o Baryon number, lepton number

Particle interactions can be written as Feynman

diagrams

o Know the basic vertices, and conservation laws to see whether or not a
reaction will occur.



Searching for a Grand Unified Theory

015 Forces Merge at High Energies
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- Electroweak theory well established in SM
o Electromagnetic and weak forces are part of same theory
o Unify at high energy

« 77 Unifies with strong force also at high energy 7?
B ...... then maybe eventually combine gravity also......



the Universe

1. Planck Ero Era of Nucleosynthesis

5
2. GUT Era 6. Era of Nuclei
3. Electroweak Era 7. Era of Atoms
8

4. Particle Era Era of Galaxies — Now!
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Particle Physics Glossary

Fermion: Yz integer spin particle

Quarks: fundamental fermions which come in six types up, down, strange,
charm, top, bottom have fractional electrical charge and colour charge

Leptons: fundamental fermions which come in six types eleciron, muon, tau (with
electric charge) and electron neutrino, muon nevutrino, tau neutrino

Generations: quarks and leptons come in three generations. Each generation
looks like the previous but heavier.

Boson: integer spin particle.
Electromagnetic force: carried by photon, interacts with charged particles

Strong Force: carried by gluon, interacts with colour charged particles - the
quarks. Joins quarks intfo hadrons

Weak Force: carried by Z0,W+,W-, responsible for nuclear Beta decay
Hadron: composite particle made of quarks

Meson: type of hadron containing 2 quarks (one quark, one anti-quark)
Pions: the most common mesons (Kaons -- meson with s quark)

Baryon: type of hadron containing 3 quarks

Anti-matter: particles with same mass and opposite charge






