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Interactions
Masses and lifetimes of elementary particles
Quarks: flavors and color

Conservation laws and quantum numbers:
baryon number and lepton numbers
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* Elementary particles — a lot(~1000) and various(Z0o0):
http://pdg.Ibl.gov/

various masses,

various lifetimes (they can decay !),
various electric charges,

various types of interactions,
various groups (multiplets), etc

Elementary particles can be compound (eg. proton) !
the simplest particles — fundamental particles
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Particles of matter
and particles of forces

Today we will mainly focus on the matter
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Interactions
At macro and micro scales:

- graV|tat|on — acts between all massive particles, only attraction,
\esponsmle for Sun system, large astronomical objects, etc.

- electromagnetism (e-m, el-mag) — electric charge of both signs,
attraction and repulssion, atoms ...

In microworld n addition there are interactions:

- strong (nuclear) - bounding nucleons in nuclei (pions exchange)
range 10°m

strong fundamental (color) - between quarks (gluons exchange),
range 10> m

-- weak (nuclear), eg. neutron decay, range smaller than for strong
(pointlike interaction)

weak fundamental between quarks and leptons (exchange of
gauge boson W/Z ), range 101 m
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Range of Interactions  c=#n=1

Interaction in microworld = emission and absorption of
bosons (photon, W/Z, gluons..) — exchange of particles
_‘_

m Range (Heisenberg, Yukawa) is related to the mass of
exchanged particle (carrier of interaction)

o

- gravitation and el-mag have an infinite range —
graviton mass? photon mass =0
- color (strong) int. : range — proton radius 10> m
(despite of zero mass of gluons, confinement!)
- weak int. range 10'® m, related to the mass of bosons
W/Z ~80-90 GeV
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Strength of interactions

gravitation and el-mag are very different -
gravitation Is very weak (gravitation between
0 protons 103 times weaker than el-mag)

Strength’s hierarchy at low* energies:

SIECUHOMAGRF=AEAKE= 0 licVitclieNn
* low energies: 1 GeV up to 100 GeV
In the Standard Model — no gravitation!
Parameter of strength of an elementary action

— coupling constant
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Fundamental particles
In the Standard Model

m Particles like proton p and neutron n are bound
states of quarks. Fundamental particles of matter, ie
guarks and leptons, have no inner structure

m Carriers of interactions: W+W- Z, Y and gluons -
fundamental particles

°number of particles
March 2016

m Physics of elementary particles
describes the fundamental level down to 10-*®m and
energies up to 13 TeV

- Standard Model
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Fundamental particles

-----------

Leptons
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Properties of elementary
particles
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Masses

E = mc?, mass unit = eV/c?- we usually neglect c?(c=1)

= Neutrino ~ 0 ?
Electron ~ 0.5 MeV
Pions (quarks and antiquarks u,d) ~140 MeV
Proton, neutron (uud, ddu) ~ 1 GeV
(highest mass ~172 GeV)
= Origin of mass ? — BEH mechanism! (2012)

* |s mass of a particle = sum of constituents’ masses ?
Not always - it is not so for nucleons, pions

as their masses are coming from strong interaction
m = E / ¢? (masses of u,d quarks negligible)
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Masses of quarks and leptons

u- C t
3 MeV 1.25 GeV 172 GeV ELEMENTARY
g < b PARTICLES

7 MeV 150 MeV * 4.5 GeV

Leptons

Ve v, V.
<5.10° MeV <0.27 MeV <31 MeV
e o T
0.511 MeV 105.7 MeV 1.78 GeV

Force Carriers
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Decays
Decay of particles — spontaneous transformation

of one particle into others // :
— - ) )

Eg. neutron decay ([ decay) L
neutron — proton electron plus ©?

(lifetime of neutronu 886 s = 14,8 min)

1914 J. Chadwick: in B decay RaB (?*4Pb) continuous
electron energy spectrum - this can not be decay Into

two particles (energy-momentum conservation)
1927J. Ellis confirms this finding..

N. Bohr — maybe energy Is not conserved?
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Beta decay 1930

This experimental energy spectrum is
| from G.J. Neary, Proc. Phys. Soc.

Energy spectrum of beta | (London), A175, 71 (1940).
decay electrons from 2" 3i

A=
HH\-\.

Intensity

Expected 2-body decay

I
0.2 0.4 0.6 0.8 1.0 1.2

Kinetic energy, MeV

® Problem: nucleus (A,Z) thought to be A protons + (A-Z) electrons

@ Beta decay: (A,Z) — (A, Z+1) + e- (two body decay, monoenergetic e-)

A. Mirizzi talk at DESY
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Absabri Tt

. Orfener Orief an dis FTunpe der Radicaktiven beol der
l I I Gsuvereins-Tegarg su Tabingen.

4th December 1930

Dear Radioactive Ladies and Gentlemen,

As the bearer of these hines, to whom | graciously ask you to listen, will explain to you in
more detail, how because of the "wrong” statistics of the N and 8Li nuclei and the
continuous beta spectrum, | have hit upon a desperate remedy to save the "exchange
theorem” of statistics and the law of conservation of energy. Namely, the possibility that
there could exist in the nuclei electnically neutral particles, that | wish to call neutrons, which
have spin and obey the exclusion principle and which further differ from hght quanta in that
they do not travel with the velocity of light. The mass of theneutrons 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 beta spectrum would then become understandable by the
assumption that in beta decay a neutron is emitted in addition to the electron such that the
sum of the energies of the l@utﬂn and the electron is constant...

From now on, every solution fo the issue must be d:scussed Thus, dear radfoacrrve people,
Iookand;udge fortunately | will not be able ppear in Tabingen personally, beca

Your humble servant,
W. Pauli

Pauli also left in his diaries: "Today I have done something which no theoretical
physicist should ever do in his life: I have predicted something which shall never
be detected experimentally."




Chadwick discovers neutron (1932):

- Mass of neutron similar to mass of proton: not Pauli's particle!

- Fermi intfroduces name “neufrino” (v,.), which is different fo neutron,
and beta decay is decay of neutron:
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Particle decay

Probability to survive (before decaying)

Tt = the mean lifetime (lifetime) of the particle (at rest)
(reduction e-times , e = 2,7)

(half lifetime if reduction 2-times)

¢ the Lorentz factor

Decayrate '=1/7
total, if various decay modes (channels), I = X[
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Lifetime of particles

L{ifetime of the particles — exponential decay

|
Lifetime (1)  Universe 13,7 mid years
- stable particles (the most stable):
electron: T> 4.6 10%° y i proton: T > 10y
- short lived: ~10%s
- long lived : 10°-108s
(eg. mion 2 10° s, charged pions 2.6 102 s)

Probablility of decay small means lifetime long
and vise versa (strong int. -> short lifetime)
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Production of particles

=_|n collision of particles two, three,... N
barticles can be produced — In agreement
with energy and momentum conservation

.....

= ;
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Production of particles

. ﬂmollision of particles two, three,... N
particles maybe be produced — in agreement
with energy and momentum conservation

X

= However energy of collision can be transfered
totally into a rest energy of one particle
zgodnie z E=mc? - resonanse production :

> ‘ <
discovery of many particles
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Number of events in e+e- collision
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10 10°
energy of collision (GeV)

Resonances:
collision energy (GeV) = mass of particle AE At= 7/2

width of resonance line I =1/t (in a half of height)
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Types (flavors) of quarks

M. Krawcz yk, AFZ Particles and Universe Lecture 3
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Ordinary matter and ordinary quarks

Life, "2 the iniverse , b everyhay
Stable (ordinany) matter

up-quark (charge +2/3)

down-quark (charge -1/3)
electron  (charge -1)

neutrine (no charge and« zer mess
F. Close
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Ordinary quarks u (up) 1 d (down)
H atom

The most populated quarks (not to scale!)

In the most populated elementary |
particles a miracle

of
neutrality

electron

balances

from F. Close

lecture at CERN M ctom (nc'l' fvSCCdZ.)

M. Krawczyk, AFZ Particles and Universe Lecture 3

hint of unificatjon



Mass difference of quarks u and d

m Proton (uud) | neutron (ddu)
Masses: m =938.3 MeV , m,=939.6 MeV,

— difference of mass for quarks ol anE u;

other measurements tell us

Massierl; a=—1ewWVIeVa(lIghEqUaIKs)

m Neutron decay (fundamental level) =2

decay of quark d to quark u
(+ electron + antineutrino el.)
Quark d heavier and decays to a lighter quark u ..
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Proton Is stable, while neutron not,
- very good for us:

N
- Sun (neutron decay)
[]

Water exists (proton)

Neutron decayn — pe v,

and p— netv,

However question - why proton Is stable...?
What about other decays of proton?
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Isospin (u,d)

-J‘%Ieisenberg — 1932 (symmetry of nuclear int.)
= |sotopic spin (p,n dublet) -2 states of nucleon

= formalism like for spin %2 (two states + Y2)

= SO, Isospin ¥z for nucleon | = 1/2, I;= + 1/2
= for pions - 3 states (triplet)

Isospinl=1,1,= 1,0, -1
S0, p =uud, n =ddu

nm=ud mw=d u n°=uu-dd
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Relation
electric charge <—>Isospin?
|

-
Electric charge Q

Q=1+%2Y

Y — hypercharge
L tY3: S+B (see below)
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Strange particle

Stfe‘ﬂﬂge particles were
discovered In cosmic rays
~ 1950 r

later
In laboratory
- first K (kaon)
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Strange particles

|
= Life time longer than

for ,similar” particles
= produced In pairs Iin
collision of nucleons

To describe new ,category” of particles
new quantum number S (strangeness)
has been introduced
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Strangeness
Strange particle S # O; observed S =1,2,3;-1.-2,-3

| nucleons= proton, neutron S=0

| pions S=0
For a system of particles stangeness adds (additivity);
IN processes with nucleons, pions it is conserved:

S initial = S _final.

On fundamental level: guarks (S =-1).

The lightest elementary particle contains one
strange quark - kaon K (mass 500 MeV):

K*=u's, K~ = us, K°=ds; A(1116 MeV)=uds
— mass s quark ~150 MeV
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n? ﬂ v+ veg_ﬂ . @; ..and many
Ko 5~ =0 " more!

In 60-ties XX (multiplets)
Gell-Mann and Zweig:
quark hypothesis g g (mesons)

ggq (baryons)

M. Krawczyk, AFZ Particles and Universe Lecture 3 29



Quark diagrams

Octet mesons K, m i n
masses—500 MeV

strangeness S

/\/ ul
\/\ (singlet)

Isospin I: -1, —12, 0,

M. Krawczyk, AFZ Particles and Universe Lecture 3
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Masses 140- 500 MeV
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Quarks Model:
guarks — fundamental
representation of SU(3)_flavor

quark diagrams

d u 3x3x3=1+8+8+10

3x 3 =1+38

quarks s / \ antiquarks

C |
O |
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Heavy flavors

Other phenomena - a need to introduce other flavors
| (additive quantum numbers):

1974 (charm) C - quark c
1977 (beauty, bottom) B* - quark b
1995 (true, top) T* - quark t

Particle J/Yy mass 3 GeV. In collision e+e- very narrow resonans.
Why so narrow ? Does contain new type of quarks ? Charmonium
JIY = ¢ ¢ (C=0). There are charmed particles with C=%1, D*=c¢ d.
Mass of c quark — 1.5 GeV (half of mass J/ ).

http.//capp.iit. eo%ep/bquarkfound htm/
Particle 'Y (9.5 GeV) - bound state b b (B*=0) -bottonium. Particles
with B*20 exist . Quark b mass ~ 4.5 GeV

= Quark masst~ 172 GeV - there are no bound state.
M. Krawczyk, AFZ Particles and Universe Lecture 3 37



Particle Data Group nttp:pda.bl.govs

CHARMED MESONS
(C= +1)

Dt =cd, D = co, DY =cu, D~ =7©d. similarly for D*'s

CHARMED, STRANGE MESONS
(C=S= +1)

BOTTOM MESONS
(B = +1)

Bt = ub, B® = db, B® = db, B~ =1b, similarly for B*'s

BOTTOM, CHARMED MESONS
(B = C = +1)

+_ F op = - 1
B.: = cb, E.: —=Tb, similarly for E‘CS
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Baryons...

BOTTOM BARYONS
(B=-1)

,ﬂg = udb, _:'E', =ush, =, =dsb, 2 =ssb

etc

Particle Data Group 39
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u.d,s +c,b,t

r Multiplets with quarks uds —
mass of these particles close
(differences below 1 GeV)
= Multiplets with udsc ?, udscb ?
differences larger
symmetry broken...
= Quarkt too heavy to make a bound state
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Carriers of flavors are quarks

M. Krawczyk, AFZ Particles and Universe Lecture 3

In this table
quarks and leptons
are in doublets

Why?

This is dictated

by weak interaction
eg. in beta decay :
d 2 u,

neutrino - e

41



Exotics (not g gbar, qgq)

htto.//www.wired.com/2014/09/tetraquark-quantum-feud/

|
— |-
= New type of
hadrons

= X(3872)
= Zc(3900)
= Y(4140)
four-quark system
ccd u
tetraquark

M. Krawczyk, AFZ Particles and Universe Lecture 3
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http://en.wikipedia.org/wiki/X(3872)
http://en.wikipedia.org/wiki/X(3872)
http://en.wikipedia.org/wiki/X(3872)
http://en.wikipedia.org/wiki/X(3872)
http://en.wikipedia.org/wiki/Zc(3900)
http://en.wikipedia.org/wiki/Y(4140)
http://en.wikipedia.org/wiki/Tetraquark

N .
Conservation laws and
other quantum numbers

M. Krawczyk, AFZ Particles and Universe Lecture 3
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Energy-momentum conservation

= In any process (collision, decay) a total energy :
| energy_final = energy_Initial

For free particles (3-momentum p, m- mass at rest )

In relativistic theory 4-vector (E, p) is conserved (c=1)
m Particle with mass m has at rest energy E=mc?
and massive particles have more chances to decay

m Energy, momentum and angular momentum are
conserved
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Charge conservation
m Electric charge is conserved in Nature

that why eqg. proton can not decay into electron (plus antyneutrino)

|
m Charge of elementary particles — only In

definite portions (quanta) — charge
guantisation (charge quantum number)

m If In some units el. charge of electron = -1,
than el. charge of protonu = +1,

(then for v quark = 2/3, for d quark -1/3!)

m Observed elementary particles have el. charge
multiplicative of el. charge of electron —

son=20,1,2...or -1,-2,..(n = 0 neutral particle)
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Baryonic quantum number B

m Proton decay Is not forbidden by el. charge
conservation, nor energy conservation

—{— p — e+ neutrino el. — so what wrong?
Seems that p and leptons are not ,relatives”

m New idea: Stuckelberg (1938r)
New guantum number to count nucleons (conserved)

m Tests of this hypothesis:

eg.lack of neutron decay - e-e+?
(baryon, z greckiego ciezki)

New (additive) guantum number: baryonic B
proton=+1,neutron=+1 ( p, n=-1); baryons B # 0
B Is conserved In Nature
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Hadrons = bound states of quarks

Baryons (B=0)
3 quarks

Hadrons

Mesons (B=0)
guark-antiguarks

np. piony mezon - posreadni
M. Krawczyk, AFZ Particles and Universe Lecture 3 47
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Quantum numbers of quarks cd.

. Baryonic guantum number B for p, n = +1

Quarks have B = 1/3, antiquarks = - 1/3

m Electric charge for p = +1 and for n=0
EILE g=2/3 lub-1/3
antiquarks q =-2/3 lub 1/3

np.. u =2/3, d=-1/3

« Flavor quantum numbers
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Color — new quantum number

flavor (u,d,s...) — classification/structure of particles
color— dynamics of interaction between quarks

m all quarks in 3 color states
m gluons — double color (color and anticolor ,

eg. gluon red- antiblue), 8 different gluons

m photon ,feels” el. charge (— quantum
electrodynamics), gluon — color (color charge)

(— quantum chromodynamics)

m Free color charge is not observed, there are no free
guarks, they are confined permanently ...
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Confinement of color ?!

Quarks and gluons are colored, but hadrons
are ,white”. Since they are of types

(qqa) 1 (9 a)
N.=3 Is needed to make these combinations
(hadrons) colorless (color singlet)
3x3x3=1+8+8+10  3x 3=1+8

Confinement — new phenomenon leading to

the end of a ladder :

molecule —atom —nucleus— nucleon— quark?
Possibly...
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Electron quantum number L

m In many processes electron is accompanied by
neutrino (or antineutrino) eg. neutron decay

m Electron number (additive): electron e = +1,
electron neutrino v, = +1
m For their antiparticles = -1; other particles =0
If electron quantum number Is conserved B
neutron decay must be: n— pe- v,
m , Crossing reaction” exists: Ve N — pe-
Observation of crossing process v.p — nhe+

-a discovery of electron (anti)neutrino v,
Covan, Reines’1956 (Nobel 1995)

Before neutrino it was only hypothesis (Pauli 1930)
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Muon and taon quantum number

Massive copies of electron and el. neutrino v,
MUON (1937 - ,Who ordered that?” |. Rabi ),
taon (1975, M. Perl, Nobel 1995)

and their neutrinos

Vpl 1962, Schwartz, L. Lederman, J. Steinberger (Nobel 1988)

V. 2000

LEPTONS: (/epfon - ,lekki’)
electron, mion, taon and their neutrinos

Similarly to L_ one introduces
muon L and taon L _quantum number
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Lepton quantum number L

Lepton quantum number = sum over
individual guantum numbers

L=l + L +L,

L — conserved in Nature...

M. Krawczyk, AFZ Particles and Universe Lecture 3
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Standard Model
<

‘— Quarks
Quarks (all) :
Baryonic number B=1/3 e V4 ¥
Leptons (all) : .

Leptonic number L =1 I

electron neutrino Muon neutring tau neutrino

Antiquark s B =-1/3

Antileptons L=-1 Individual quantum numbers
for electron, muon and taon

and for quarks (flavors)
M. Krawczyk, AFZ Particles and Universe Lecture 3 54
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