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CERN

Pusunka Ha efieMeHTapHUTe YaCTuuu

OnuTBa ce Ja OTOroBOpM Ha Ha ABa dyHOamMeHTanHM Bbhpoca

-Kou ca enemeHTapHuUTe cbCTaBsALWM HA MaTepuaTa?

-Koun ca qoyHOameHTanHuTe CUnm KOHTponupaLiu
TAXHOTO noBeaeHue ?
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CTpykTypa Ha MaTepusiTa
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CERN

EanHuum BbB donsnkaTa Ha enemMeHTapHUTE YacTULN

Enerqgy
1 electron-Volt (eV):

the energy of a particlewith electric charge = |¢,
initially at rest, after acceleration by a difference

of electrostatic potential = 1 Volt
(e=1.60x10-°C)

leV=160x10-1]

Multiples:
1keV =103 eV : 1MeV =10% eV
1GeV =10%eV: 1TeV =102 ev

Energy of aprotonintheLHC :

7TeV=112x10"°J
(the same energy of a body of mass=1 mg moving at speed =1.5m/s)
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Maca, pa3cTosiHue, eHeprusi, Temneparypa

These are related quantities
In particle physics the unit of energy is the electron volt.
1 electron volt (V) = Energy gained by an electran in passing through a
voltage difference of 1Y

E=mc? ¢=3.108m/s speed of light

E=kT k=104 eV K Bolzmann's constant
E=hcfA h=4.10-15 eV s Planck’s constant
Mass of electron 0.5 milion eV (Mey)

Mass of proton 1 Giga eV (GeV)

1 eV ~10,000 K 1 GeV ~ 1 femtomefre (fm) = 10-"*m

General Relativity depends on ¢ and G (Newton's constant), QM depends on
. Natural unit of length 1s given by is called Flandk length ~ 103 m

VEG /¢’
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PyHOAaAMEHTalnHN CbCTaBALUN
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1894 — 1897: OTKpUTUE Ha eneKkTpoHa

Study of “cathoderays’: electric current in
tubesat very low gas pressure (“glow discharge’)

M easurement of the electron mass: m_» M ,/1836 =

“Could anything at first sight seem more impractical than a body J.J. Thomson
which is so small that its massis an insignificant fraction of the
mass of an atom of hydrogen?” (J.J. Thomson)

mmm) ATOMS ARE NOT ELEMENTARY

Thomson’s atomic moddi:

§ Electrically charged sphere

§ Radius ~ 108 cm

§ Positive eectric charge

§ Electrons with negative electric charge embedded in the sphere
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1896: EcTecTBeHa paanoakTUBHOCT

1909 - 13: Rutherford’s scattering experiments
3 Discovery of the atomic nucleus

Henri Becquer €
fluor escent
SCreen
a - particles
radioactive
Ernest Rutherford source\ /\/
m— _ 0>
\\
tar get \ Detector

(very thin Gold foil) (human eye)

a - particles: nuclel of Helium atoms spontaneously emitted by heavy radioactive isotopes
Typical a —particle velocity » 0.05¢c (c: speed of light)
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Onutn Ha Puraobpdopa - ovakBaHUA

a —atom scattering at low energiesisdominated by Coulomb interaction

a - particle
/_fh“‘a
/’ Atom: spherical distribution
: of electric charges
impact |t T a s
parameter v ______ ( _____ T IR
\\ &
\RM f__’___/

For Thomson’s atomic model
the electric charge “seen” by the
a — particleiszero, independent
of Impact parameter

P no significant scattering at large angles is expected

L. Litov dusnka Ha enemMeHTapHUTE YacTuLm Sofia, April 2009
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Onntn Ha Pbabpdopa - pesyntatu

significant scattering of a — particles at large angles, consistent
with scattering expected for a sphere of radius» few x 10-13 cm
and electric charge = Ze, with Z = 79 (atomic number of gold)
and e = |charge of the electron|

mmm) an atom consists of
a positively charged nucleus
surrounded by a cloud of eectrons

Nuclear radius» 1013 cm » 105 x atomic radius

M ass of the nucleus » mass of the atom
(to afraction of 1%o )
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OTKpUTUE Ha HEeyTpPOHa

Neutron: a particlewith mass » proton mass
but with zero electric charge (Chadwick, 1932)
Solution to the nuclear structure problem:
Nucleus with atomic number Z and mass number A:
a bound system of Z protonsand (A —Z) neutrons

Nitrogen anomaly: no problem if neutron spin = %h Nl
Nitrogen nucleus (A = 14, Z = 7): 7 protons, 7 neutrons = 14 spin % partlcles]am%ChadW'Ck
b total spin hasinteger value

Neutron sour cein Chadwick’s experiments: a 219Po radioactive source

(5MeV a —particles) mixed with Beryllium powder P emission of

electrically neutral radiation capable of traversing several centimetresof Pb:
“He, + 9Be, ® °Cy + neutron

a - particle

L. Litov du3nka Ha enemMeHTapHUTE YacTULM Sofia, April 2009



CERN

[TpnHumn Ha [Naynu

In Quantum M echanicsthe electron orbitsaround the nucleus are * quantized”:
only some specific orbits (characterized by integer quantum numbers) are possible.

2.2
Rn _ 4prercl):2 n » 0.53" 10-10n2 [m] [m = memp/(me + mp) }

n=1 2, ......
4

B me 13.6

—_— )) -

" 2(4pe,)?h’n’ n

[eV]

In atomswith Z > 2 only two electronsare found in the inner most orbit - WHY ?

ANSWER (Pauli, 1925): two electrons (spin = %) can never be
In the same physical state

Hydrogen (Z =1) Helium (Z = 2) Lithium (Z = 3)

L owest :
energy Wolfgang Pauli
state

Pauli’ s exclusion principle appliesto all particleswith half-integer spin

(cLoIL!tectiver named Fer mions)
. LIitov
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AHTUMaTEPUd

Discovered “theoretically” by P.A.M. Dirac (1928)
Dirac’ s equation: arelativistic wave equation for the electron

o P.A.M. Dirac
Two surprising results:

§ Motion of an electron in an electromagnetic field:
presence of aterm describing (for slow electrons) the
potential energy of a magnetic dipole moment in a magnetic field
P existenceof an intrinsic electron magnetic dipole moment oppositeto spin

4 €lectron spin

-l >
() m, = eh »5.79" 10" ° [eV/T]

electron m
magnetic dipole €
moment m,

§ For each solution of Dirac's equation with electron energy E >0
thereisanother solution with E <O

What isthe physical meaning of these “ negative energy” solutions ?
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EkcnepuMeHTanHo HabnwaeHMe Ha aHTMMaTepus

(C.D. Anderson, 1932)
&

M easur e particle momentum and sign of electric charge from Carl D. Anderson
magnetic curvature

Detector: a Wilson cloud — chamber (visual detector based on a gas
volume containing vapour close to saturation) in a magnetic field,

exposed to cosmic rays mmmm) D1 Ojection of the particletrajectory in a plane
I I , | . . :
Lorentzforce f =ev’ B perpendicular tc:)L(B)lsa(gcl\e//
Circleradiusfor electric charge|el: R[m] = p“[ € C]
P. : momentum component perpendicular 3B [T]
to magnetic field direction
NOTE: impossible to distinguish between N\ €
positively and negatively charged
particles going in opposite directions / +e

P need an independent deter mination of
the particle direction of motion
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Experimental confirmation of antimatter

Cosmic-ray “ shower”
L. Litov CaRtANiRg-Severalfe Gchals Sofia, April 2009
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HeyTpuHo

December 1930: public letter sent by W. Pauli to a physics meeting in Tiibingen

Ziirich, Dec. 4, 1930
Dear Radioactive Ladies and Gentlemen,
...because of the “wrong” statistics of the N and 6Li nuclel and the continuous b-spectrum,
| have hit upon a desperate remedy to save the law of conservation of energy. Namely,
the possibility that there could exist in the nucle electrically neutral particles, that | wish
to call neutrons, which have spin 42 and obey the exclusion principle..... The mass of the
neutrons should be of the same order of magnitude as the electron mass and in any event
not larger than 0.01 proton masses. The continuous b-spectrum would then become
understandabl e by the assumption that in b-decay a neutron is emitted in addition to the
electron such that the sum of the energies of the neutron and electron is constant.
....... For the moment, however, | do not dare to publish anything on thisidea......
So, dear Radioactives, examine and judge it. Unfortunately | cannot appear in Tiibingen
personally, since | am indispensable here in Ziirich because of aball on the night of
6/7 December. ....

W. Pauli

L. Litov dusnka Ha enemMeHTapHUTE YacTuLm Sofia, April 2009




CERN

Teopua Ha b- pasnaga (V-A mogen)

b-decay: n® p+e +n
b*decay: p® n+e'+n (eg., ¥Os® “N,+e"+n)
n: the particle proposed by Pauli
(named “neutrino” by Fermi) _
n: itsantiparticle (antineutrino) (E. Fermi, 1932-33)

Fermi’stheory: a point interaction among four spin % particles, using
the mathematical formalism of creation and annihilation
operatorsinvented by Jordan
b particlesemitted in b —decay need not exist before emission —
they are“created” at theinstant of decay

Enrico Fermi

Prediction of b —decay rates and electron ener gy spectra as a function of
only one parameter: Fermi coupling constant G (determined from experiments)

Energy spectrum dependence on neutrino mass m
(from Fermi’ s original article, published in German
on Zeitschrift fir Physik, following reection of the
English version by Nature)

M easurable distortionsfor m> 0 near the end-point m\
(E,: max. allowed electron energy)

M -

&n
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HabnogeHne Ha HeYyTPUHOTO

E =
Y
ﬁ+ p ® e+ +nN ﬂﬂ‘tl“lﬂlfil"i';"?ﬂ" resctor
-/ @ Uiauia
§ detect 0.5 MeV graysfrome'e® gg N o senatan
(t = O) hil::n:r::tr:is F.r;
§ neutron “thermalization” followed /l
by capturein Cd nuclei P emission
of delayed g-rays (average delay ~30 ns) . @ Hg0 + CdCiy
atter 7.6 em [target)
| | migdaration Annihiiation
Annituilatian
e Al Gamma rays @ Liguid
= = o scintillation
: f . detector
=5 (Reines, Cowan 1953)
+
C(Z:ICI Event rate at the Savannah River
. nuclear power plant:
3.0 £+ 0.2 events/ hour
IS (aefter subracting event rate measured

== |_iquid scintillator with reactor OFF )

In agreement with expectations
YHUTE YacTuum Sofia, April 2009
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1947: OTKpUTNE Ha P-ME30H

_ - Four events showing the decay of a p*
Observation of thep*® nt ® e* decay chainint  comingtorestin nuclear emulsion

exposed to cosmic rays at high altitudes

In all eventsthe muon hasafixed kinetic energy

(4.1 MeV, corresponding to arange of ~600 nm in
nuclear emulsion) b two-body decay

m, = 139.57 MeV/c? ; spin =0
Dominant decay mode: p* ® nt+n

(and p~-® M +n)

Mean lifeat rest: t,=2.6x 10°®s=26 ns

A neutral p —meson (p°) also exists.
m (p°) = 134. 98 M eV /c?
Decay: p°® g+ g, meanlife=84x101's

P —mesons are the most copiously produced

particlesin proton — proton and proton — nucleus
collisons at high energies

L. Litov
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3ana3Ballin ce KBaHTOBU Yuncna

Possible proton decay modes (allowed by all known conservation laws. energy — momentm,
electric charge, angular momentum):

p ® po+e+ .
p® p°+nt Why isthefreeproton stable?
p®p"+n

No proton decay ever observed —the proton isSTABLE
Limit on the proton mean life: t,) > 1.6 x 10% years
| nvent a new quantum number : “Baryonic Number” B
B = 1 for proton, neutron
B =-1 for antiproton, antineutron
B= 0 for €, n¥, neutrinos, mesons, photons
Require conservation of baryonic number in all particle processes.

(o) (o)
a B =a B;
i f

(1 :initial state particle; f: final state particle)

L. Litov dusnka Ha enemMeHTapHUTE YacTuLm Sofia, April 2009
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CTpaHHOCT

Late 1940's. discovery of avariety of heavier mesons (K — mesons) and baryons
(“hyperons’) —studied in detail in the 1950’s at the new high-energy
proton synchrotrons (the 3 GeV “cosmotron” at the Brookhaven
National Lab and the 6 GeV Bevatron at Berkeley)

M ass values

M esons (spin = 0): m(K*) =493.68 MeV/c?2 ; m(K’) =497.67 MeV/c?

Hyperons (spin = %): m(L) = 1115.7 MeV/c? ; m(S) = 1189.4 MeV/c?
m(X°) = 1314.8 MeV/c%; m(X =) = 1321.3 M eV/c?

Properties

§ Abundant production in proton — nucleus, p — nucleus collisions

8 Production cross-section typical of strong interactions (s > 10?7 cm?)

§ Production in pairs(example: p~+p® K°+L ; K7+p® X~ +K™)

§ Decaying to lighter particleswith mean life values 108 — 1019 s (as expected
for a weak decay)

Examples of decay modes

KE® p*p°; K*® p*p'p~; KZ® p*p°p°; K°® p'p~ ;K°® p°p°; ...
L®pp ; L®NP°;S"® pp°;S*™® np" ;S ® np™ ;...

X" ® Lp ; X°® Lp°
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CTpaHHOCT

(Gell-Mann, Nakano, Nishijima, 1953) as=as,
§ conserved In strong interaction processes: i f

§ not conserved in weak decays: = = é S/|=1
f

S=+1: K", K°; S=—1:L,S",S°; S=-2:X° X"; S=0: all other particles
(and opposite strangeness —S for the corresponding antiparticles)

N p°® ete g
Exampleof aK ~ stopping
in liquid hydrogen:

K= +p ® L +p°
(strangeness conserving)
followed by the decay

L® p+p-~
(strangeness violation)

i L isproduced in A
and decaysin B

L. Litov dusnka Ha
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OTKpuTHUE Ha aHTUNPOTOHA

)

i

Tep=s K* el T 77
I-a‘l!'ap-*"l'["ip "

L K- ep o a®.91°

“"'*F 2]
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J1enToOHHO Yuncno

A puzzle of the late 1950’'s. the absence of m® e g decays

Experimental limit: <1 in 10° m® e'nn decays

A possible solution: existence of a new, conserved “ muonic” quantum number
distinguishing muons from electrons

Toallow ni® € n n decays, nmust have“muonic’” quantum number
butnotn b inm decay the n is not theantiparticleof n

b two distinct neutrinos (n,, n,) in the decay n® e n,n,
c + c - =
Conseguencefor p — m_efon decays. P*® nfny, ; p® MMy,
to conserve the “muonic” quantum number
High energy proton accelerators: intense sour ces of p* — mesons P ng,, N,
Experimental method Ny Niy
) . ------------- >
proton p decay region
beam
Shielding Neutrino
tar get to stop all other particles, detector

including mfrom p decay
If n,t ng, nyinteractionsproduce nT and not €~ (example: n,+n ® nT +p)
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KBapkoB Moaer 7

Late 1950's—early 1960’'s. discovery of many strongly interacting particles

at the high energy proton accelerators (Berkeley Bevatron, BNL AGS, CERN PS),
all with very short mean life times (10720 — 10723 s, typical of strong decays)

b catalog of > 100 strongly interacting particles (collectively named “ hadrons’)

ARE HADRONSELEMENTARY PARTICLES?
1964 (Gell-Mann, Zweig): Hadron classification into “families’;
observation that all hadrons could be built from three spin %
“building blocks’ (named “quarks’ by Gell-Mann):

u d S
(ElIJergzittrsji:elc;]arge +2/3 -1/3 -1/3
Baryonic number 1/3 1/3 1/3
Strangeness 0 0] -1

and threeantiquarks (u, d, s) with opposite electric charge
antt opposite bar yoftiemamiserranckstrangeness Sofia, April 2009
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KBapkoB Moaer

Mesons. quark —antiquark pairs
Examples of non-strange mesons:

p*oud : p °ud ; p°° (dd - um)/~?2
Examplesof strange mesons. B
K °oso ; K°2sd ; K'°su ; K°°sd

Baryons: three quarksbound together

Antibaryons: three antiquarks bound together
Examples of non-strange baryons:

proton ° uud ; neutron ° udd

Examplesof strangeness —1 baryons.
S*osuu ; S°°sud ; S °sdd
Examplesof strangeness —2 baryons.

X°0% ssy : X © sod

L. Litov dusnka Ha enemMeHTapHUTE YacTuLm Sofia, April 2009
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A success of the static quark model

The“decuplet” of spin % baryons

Strangeness Mass (MeV/c ?)
0 N**+ N** N*° N*~ 1232
uuu uud udd dad
-1 S S*° S~ 1384
suu sud sdd
—2 X*° X*~ 1533
Ssu sd
-3 W~ 1672 (predicted)
SSS

with total angular momentum=3/2 b

Pauli’s exclusion principlerequiresthat the three quarks
Cbhtﬁot be | dentl Cal dunsnka Ha enemMeHTapHUTE YacTuum Sofia, April 2009

W the bound state of three s—quarkswith the Iowisgnf
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A success of the static quark model

Thefirst W~ event (observed in the 2 m liquid hydrogen bubble chamber
using a5 GeV/c K~ beam from the 30 GeV AGYS)

Chain of eventsin the picture:
K-+p® W +K"+K?°
(strangeness conserving)
W-® X°+p-~
(DS =1 weak decay)

X°® p°+L
(DS =1 weak decay)

L® p~+p
(DS = 1 weak decay)

p°® g+ g (electromagnetic decay)
with both g—rays converting to an €'e~ in liquid hydrogen
(very lucky event, because the mean free path for g® €e*e~ inliquid hydrogen is ~10 m)

W mass measured from thisevent = 1686 + 12 M eV/c?

L. Litov dusnka Ha enemMeHTapHUTE YacTuLm Sofia, April 2009
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[1n00KO HEenacTUYHO pa3cenBaHe

Electron — proton scattering using a 20 GeV electron beam from the
Stanford two —mile Linear Accelerator (1968 — 69).

The modern version of Rutherford’soriginal experiment:
resolving power » wavelength associated with 20 GeV electron » 10" 1° cm

Three magnetic spectrometersto detect the scattered electron:

§ 20 GeV spectrometer (to study elastic scatteringe” + p® € +p)

§ 8 GeV spectrometer (to study inelastic scatteringe” + p ® e + hadrons)
§ 1.6 GeV spectrometer (to study extremely inelastic collisions) erecion

L. Litov du3nka Ha enemMeHTapHUTE YacTULM Sofia, April 2009
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[1Hn00KO HeenacTu4yHO pa3cenBaHe

Electron elastic scattering from a point-like charge |g| at high energies:
differential cross-section in the collision centre-of-mass (M ott’ s for mula)

ds _ a’(hc)? cos®(q/2)

dw

8E°?

(2> 57)
- p M - —»
sin“(q/2) hc 137
Scattering from an extended charge distribution: multiply s,, by a“form factor”:
ds .
— =F(Q%s,
dw

F(1Q2) \

\
\
107 \,
\
\
N,
o N\ ELASTIC
E ™\, SCAT TERING
o~
I
e

o

"‘-\.\\ b

| 1 ] I
(4] [ 2 3 4

L Litov |Q? (GeV?d)

1
5

1
6

IQ|=h/D: massof the exchanged virtual photon
D: linear size of target region contributing to scattering
Increasing |Q| P decreasing target electric charge

F (|IQ?4) =1for apoint-like particle
P theproton isnot a point-like particle

dur3nka Ha enemMeHTapHUTE YacTULm Sofia, April 2009
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CERN

[1bn00KO HEenacTUYHO pa3cenBaHe

T T TTITT]

I T TTTTT]

| F(o)
-\

Q% (Gev?)

T T [
g1

*— W2 GeV
- - W= 3 GeV

s ——We=35 GeV |

N ELASTIC
“\_SGAT TERING

N
I
I

L. Litov

dunsuka Ha efieMeHTapHunTe 4Yactmnumn

scattered electron

/ (E¢.p)
~ q

incident electron

(Ee.P)
Q incident proton
Hadrons (Ep.—P)
(mesons, baryons) > >
Total hadronicenergy : W2 = éaeé g éaeé {)Ig
i 1] i (%]

For deeply inélastic collisions,

the cross-section depends only weakly
on |Q?|, suggesting a collision

with a POINT-L IKE object

Sofia, April 2009
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[lapToOHEH Mmoaen

Deep inelastic electron — proton collisions are elastic collisons with point-like,
electrically charged, spin Y4 constituents of the proton carrying a fraction x of the
Incident proton momentum

Each constituent typeisdescribed by itselectric chargeg (unitsof |el)
and by its x distribution (dN; /dx) (“structure function”)

If these constituentsaretheu and d quarks, then deep inelastic e —p collisions
provide infor mation on a particular combination of structure functions:
N @ N N
ged_g :eu2d U edZd g
edx g, dx dx
Comparison with n_—pand n,—p deep inelastic collisionsat high energies

under the assumption that these collisions ar e also elastic scatterings on quarks
n,+P® nT+hadrons: n,+d® nT+u (dependsondN,/ dx)

n,+p® nt+hadrons: n,+u® nT+d (dependsondN,/dx)

(Neutrino inter actions do not depend on electric charge)

All experimental resultson deep inelastice—p , n,—p, N,— P
collisions are consistent with e2=4/9and ef=1/9
ity the proton eorrstiterentsiar ethe quarks R
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LiBaT

Problem with
J=3/2 barion D"P u- u- u-

It has symmetric wave function, but it is a fermion
Contradiction with Pauli exclusion principle —

the wave function should be antisymmetric

The way out - new quantum number — colour
N.=3 g2 , a=1,2,3

Then D™ :%eab@’ua - Uy - Uy -
In general case 1 1

B:_eabg > — ab -
76 JeNe e M \@d |, q, >

L. Litov dusnka Ha enemMeHTapHUTE YacTuLm Sofia, April 2009
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EKcnepuMeHTarnHa NpoBEPKa Ha XunortesaTta 3a LBAT g5

CERN

Two beams circulating in opposite directionsin the same magnetic ring

and colliding head-on |
e e

Eaen)> <(EE
E’p E’_p

A two-step process. €' +e ® virtual photon ® f + f
f . any electrically charged elementary spin %4 particle (m, quark)
(excluding ee™ elastic scattering)
Virtual photon energy — momentum : E = 2E ,p;=0b Q?=E/-pfc?=4E?

222
Cross- section for e'e® f f : S = 2pa h"c efzb(3- b)
a = e?/(hc) » 1/137 3Q2
& : electric chargeof particlef (unitsie|) _ -
b = vic of outgoing particle f (formula precisely verified for e'e ® ntnt)

Assumption: e'e"® quark (gq) + antiquark (q)® hadrons
P at energiesE >>mc* (for = u,d,s)b» 1:

Ro S (e*? ® hac+1rons) .
L. Lit s(ee® mm)

1 1 2
-4+ =
9 9 3 y April 2009

4
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Stanford e*e- collider SPEAR (1974 —75):

F
- | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1
R E .Jrlllllj ||'|'I il
= )
v2s)
E ' LARK | 1 T WL
5 E * OMARK [ LLW
= O MARK 1
N B CRYSTAL Ball
E & TAsp . MUY
EI': 4= W [T ' I .I ' 1 I |I I
: 2l il . u'llli!. il
3 b ||| || 1!' -
= T =
: { 4' ; AL =
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S§For Q<3.6GeV R» 2.If each quark existsin threedifferent states, R » 2
Isconsistent with 3 x (2/3). This would solve the W~ problem.

§ Between 3 and 4.5 GeV, the peaks and structures are dueto the production
of quark-antiquark bound states and resonances of a fourth quark (“charm”, c)
of electric charge +2/3

§ Above 4.6 GeV R» 4.3. Expect R» 2 (fromu, d,s) +3x(4/9) =3.3fromthe
addition of thec quark alone. So the data suggest pair production of an additional
elementary spin Y4 particle with electric charge =1 (later identified asthet —lepton
(no strong inter action) with mass» 1777 MeV/c?).
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