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The world of subatomic particles

Structure within
the Atom
Quark

Size <107 9m

Electron

Size < 1078 m

Nucleus

Size = 10714 m

e

Neutron
and
Proton
Size « 10°°m

Atom
Size « 10°'"9m

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across
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mass -
charge -

spin -

2.4 MeV/c?

U

up

2/3

4.8 MeV/c?
-1/3 d
1/2
down
0.511 MeV/c?
e
electron

<2.2 eV/c?
D
1/2 e

electron
neutrino

1.27 GeV/c?

2/3

1/2 C

charm

104 MeV/c?

-1/3

2 (e

strange

105.7 MeV/c?

- M

muon

<0.17 MeV/c?

muon
neutrino
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171.2 GeV/c?
2/3 t
1/2

top
4.2 GeV/c?
-1/3 b
1/2

bottom

1.777 GeV/c?
-1 T

tau

<15.5 MeV/c?
D
1/2 T

tau
neutrino

Periodic table of particle physics

=126 GeV/c?

gluon
91.2 GeV/c?
' 4
1
Z boson

80.4 GeV/c?
W
1

W boson




Nik|hef Leptons of the Standard Model

Matter
Particles LEPTONS
All ordinary Electron Electron neutrino
particles S| Responsible for electricity Particle with no electric
belon g to g and chemical reactions; O charge, and possibly no mass,
this group — | It has a charge of -1 billions fly through your body
” z every second
These ; Muon Muon neutrino
particles Q| A heavier relative of the Created along with muons
existed just ol electron; it lives for two- when some particles decay
- ] f"'_'r tvh‘fr &| millionths of a second
alit e v
81g Bang. “
N':';“"’ theyare ' | ), Tau neutrino
ound ¢ |',' ; neavier still, it 1s extremely r
in cosmic | unstable It was discoverad
raysand g| 'n1975
accelerators. =
Particle Mass (MeV) Q/e L,
. u Lo
0 0
0 0
-1 0 0
01 0
0 -1 0
01 0
0 -1 0
0 1
0 -1
0 1
0 -1
Table 1.1: The basic properties of the Standard Model leptons.
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Quarks of the Standard Model

n\\*

Y9,

Up | Bown | h f
Has an electric charge of as an electric charge of minus
P .
nautrons contain one
Charm Strange
A heavier relative of the up; A heavier relative of the down;
found in 1874 Q found in 1974
Particle Mass (MeV) Q/e Strangeness Charm Beauty Topness
2 2/3 0 0 0 0
-2/3 0 0
-1/3 0 0
5 1/3 0 0
1200 2/3 0 0
1200 -2/3 0 0
100 -1/3 0 0
100 1/3 0 0
174000 273 0 1
174000 -2/3 0 -1
4200 -1/3 -1 0
4200 1/3 1 0
Table 1.2: The basic properties of the quarks of the Standard Model.
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But there are more...the mesons
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Nik|hef A lot more...mesons

o —
Figure 15.1: SU(4) weight diagram showing the 16-plets for the pseudoscalar (a) and

vector mesons (b) made of the u, d, s, and ¢ quarks as a function of isospin |, charm C, and
hypercharge Y = B + S —==. The nonets of light mesons occupy the central planes to which

the cf states have been added.
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But there are more...the baryons

939MeV

M, =1115MeV
Ms=1193MeV

1318MeV

n——p;
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But there are more...the baryons

1232MeV

1385MeV

1530MeV

1672MeV
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A lot more...baryons
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Categories of particles

nw”
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Photon,

w.w, 2z’ /

Gluon,

Based on which properties do we categorise them?

Mesons \ Baryons °
( pions, ( proton,

kaons, ...) \‘/ neutron, ...) \

| Higgs | \

R ————— —

e up of Quarks

—

¢~ Fermions

cht()ns

(electron,

neutrino, ...

)
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Particle mass

A particle in the presence of an external force field, feels a force that accelerates it

—)
_ | F
) 1 { e —
_)
| a |

Atomic mass unit: 1/12 of the mass of an unbound neutral atom of 12C in its ground
state
Tu=1.660539040(20)-10%kg

Particles differ in masses by orders of magnitude

Exited states are not given by their mass but by the excitation energy (MeV above
ground state).

For particles, we use eV/c2, KeV/c2, MeV/c2, GeV/c? as mass units

@ it represents the amount of energy that it takes for a charge of a single electron to move

across an electric potential difference of one volt

Panos.Christakoglou@nikhef.nl |5
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Particle mass (cont.)

eV = J conversion

eV = Kg conversion

electron/proton mass

atomic mass

1eV=1V-1.602x107°C
J 19
=1 vl 1.602x10°7C

=1.602x10°"7J

1.602x107%J
leV/c?= =1.783x10°Kg

(2.9979x10°m/s)*

m,~0.511MeV/c*=0.911x107°Kg

m,~1GeV/c*(0.938GeV/c?)=1.783x107Kg

Tu=1.660539040(20)-107kg

Tu=0.931GeV/c?

Panos.Christakoglou@nikhef.nl
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Particle mass (cont.)

N
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The mass of a particle can be calculated by measuring at the same time its energy
and momentum or velocity

1
E*=P2C 4 mic? y=——— g
— — VI-p ¢
P=myv

Particle detectors are used for this reason

@ they are successful in measuring the mass of charged particles when these detectors are
embedded in external magnetic fields

@ this method fails for neutral particles and for particles whose lifetime is short so that
momentum and energy can not be measured — Resonances

and charge conj. Pb-Pb, 30-50%
4<p <6 GeV/e \ Sy = 2.76 TeV

Entries per 12 MeV/c?

. 1)
[} flisht line ' D reconstructed momentum

10°-
primary vertex secondarv vertex

Fit without reflections template
- S=673145

M(Kn) (GeV/c?)
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H — ZZ" — 4l signal = f(luminosity)

Events / 5 GeV

o
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Q

Vs =7 TeV _[l.dt=0.18fb'1 May 4, 2011

ATLAS Preliminary
H—zZ"'— 4l channel

[ ] Signal (mH=125'GeV)
I Background 27"’

B Background Z+jets, tt
—4— Data
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Nik|hef Orbital angular momentum

—

N

Classically orbital angular momentum is defined
by the cross product of the momentum and
position vectors

Classically L can take any value

In quantum mechanics (QM), L is quantised and
can only take discrete values

In QM, each observable can be associated with an

operator
r > r =(xi,yj,zk)
— —_ 0 A 0 A A
P—> P :(-lh—z ,~lh— J ,-ih— L):—lh \%
ox dy Z

Panos.Christakoglou@nikhef.nl 20



Nik|(hef Commutators

v~ The commutator of two elements a and b is given by

|a,b|=ab-ba

v~ For the components of the orbital angular momentum, the previous takes the form
-1 ,odd number of permutations (i,j,k)

g;=1 0 i=j, or j=k, or k=i
1l ,even number of permutations (i,j,k)

|L,L,|=LL,-L,L =ihL,
|L,L.|=L,L-LL,=ihL,
[L;,L; | =iheL,
-1 ,odd number of permutations (i,j,k)

Levi-Civita symbol gr=1 0 i=j, or j=k, or k=i
I ,even number of permutations (i,j,k)

Panos.Christakoglou@nikhef.nl pX
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Orbital angular momentum
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In quantum mechanics we can not measure all
components of angular momentum at the same time

@ We can measure its magnitude L2 and its third
component L,

Assuming that the wave function of a particle is given by |p>
it can be chosen to be the eigenfunction of L2 and L;
according to:

L2 |‘|’Im,> =l(l+ 1>h2 |‘~|’lm,>
L, |\I’1m,> =m;h |\I’1m,>

@ The quantum numbers | and m; are integers and mli
can take any value from I, -I1+1,...,0,...,I-1,1 (2I1+1)
values

Panos.Christakoglou@nikhef.nl
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Spin

—

Intrinsic angular momentum = spin
Has no classical counterpart
Even particles with zero rest mass have spin (e.g. y)

The spin operator is denoted by S and satisfies the
following

S? | Wom ) =s(s+ 1)1 |y )

S |Wem) =m0 |y,

The allowed values for s are not only integers but
also half-integers: 0, 1/2, 1, 3/2, 2, 5/2...

The allowed values for ms are (2s+1): -s, -s+1,...
0,...,s-1,s

Panos.Christakoglou@nikhef.nl 23



Nik|hef Fermions vs Bosons

Fermions Bosons
A fermion is any particle that has an odd LeP'OC';S O"kd Spin = EorielCorrier
half-integer (like 1/2, 3/2, and so forth) spin. . arficles

Baryons (qqq) ' ' ,  Mesons (qq)

@ Quarks and leptons are fermions with
spin-1/2

@ Baryons are composite particles, consisting
of three quarks (anti-baryons consist of three
anti-quarks) are fermions with spin 1/2, 3/2,

5/2,...
Bosons are those particles which have an Bosons Fermions
integer spin (0, 1, 2...).
@ All the force carrier particles are bosons w b
spin-1 - o
| | l / a
@ Mesons are composite particles consisting \ / \ A7]
a quark and an anti-quark are also meson: \ / A

with spin 0, 1, 2,... \\ / a

Panos.Christakoglou@nikhef.nl 24



Nik|hef Fermions vs Bosons

Y=Y(space)-Y(flavour)-Y(spin)

Consider a set of two particles with the same quantum numbers, including spin, but
different S;

—

—)
@ The wave function of the system is then w(r S, r ,8)=w(l,2)

If we interchange the two particles then the wave function becomes w(2,1)

@ This wave function can be symmetric or anti-symmetric wrt the initial one

N, mmetric: Bosons
‘/’(2 ]):{ V/(I,Z)“
’ -y(1,2) . . .
B <) mmesic Formions
1

The wave function of the system is then given by  w=—[y(1,2)+y(2,1) |

V2

@ y =0 for fermions!

Pauli principle
M If two particles have the same quantum numbers, they are in the same state

M If these two particles are fermions then the wave function vanishes

A system can not exist with two or more fermions in the same state

Panos.Christakoglou@nikhef.nl 25
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Spin 1/2 particles

|a|2: probability to have s;=+1/2
|B|2: probability to have s,=-1/2

Panos.Christakoglou@nikhef.nl
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Total angular momentum

~d
|
t~
o
Wl

J? Wim,) =] (+ I)h’ | Wjm,)

‘]Z |Wj’"i> ijh |Wj’"i>
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Angular momentum and spin of a system

Y9,

|S1’msl>® |5 5, mg) =|s,m)

Sz adds up m,=mg+m,,

S can be anywhere between [s1-S2| and s1+s2  s=|s,-5,|, |5 ,-5,| +1,....,5 ;+5,-1,5 ;+5,

smy= D Coi 15 umy) |somy)
m

y nl+m32

Clebsch-Gordan coefficients

Panos.Christakoglou@nikhef.nl
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Nik|hef Clebsch-Gordan coefficients

—
31.CLEBSCH-GORDAN COEFFICIENTS, SPHERICAL HARMONICS,
AND d FUNCTIONS
oot MEN 18 be undersiood over everg coefickent, g, for < 8/18 read - 5/10 Notation
Tomd 4 1) dig =[5 e~ |
Figuze 31.1: The sdgn couvention (s t W Academie Press, New Yook, 1958, abo ueed by Candon and Shactley ( The
Nerry of Atowie Spectrs, Cambeidge Univ. P o 3 1903, Rawe | Elermventery Meory of Anguiar Moventun, Wiley, New Yk, 1907
and Cohien | Tobles of e Cleduch-Cordan Coxfficsents ch can Hodewedl exce Cester, Thousand Ouks, Calif, 1974). The confficomis
beae have boen caleubted wsing compater prograss written independently b Cober and ot LBNT
—
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Clebsch-Gordan coefficients (cont.)

N

Y9,

Ay 3/2 1/2
-1/2-1/2

2/3 1/3
1/3-2/3

Panos.Christakoglou@nikhef.nl
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Isospin

Neutron and proton are quite similar apart from their charge
Heisenberg proposed that they are regarded as the two states of the same particle
@ the nucleon

Similar to the notation related to spin we can write p and n with a two component
column matrix

By direct analogy to spin we introduce isospin with coordinates in the isospin space:
D Il 3
@ they follow the same algebra as the components of spin

Strong interactions are invariant under rotations in isospin space
@ Isospin is conserved

Group theory wording:

@ Strong interactions are invariant under an internal symmetry of SU(2)

Panos.Christakoglou@nikhef.nl 3|



Nik|hef Electric charge
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A charged particle in the presence of an external electromagnetic field, feels a force

given by

— - I - -
F:q(E+—v><B)
C

The total charge of a particle is not entirely characteristic of the particle itself since in
nature only particles with integer multiples of the electron charge exist!

Three Generations

of Matter (Fermions)

mass -«

p(uud)—)qu—qe:-{-] charge -

Spin -

name -

4.8 MeV/c*

2 1
p(uud)—)qp=2><q,,+1><qd=2><( 7) +1x(- ?) =1

electron
neutrino

0.511 MeV/c

€

electron

1.27 GeV/c’

2/

) C
charm

104 MeV/c:

Y3

.S

strange

<0.17 MeV/

0
1/)V p

muon
neutrino

105.7 MeV/c

-1
7] l-‘l

muon

171.2 GeV/c?
2f3 t
Yo

top

bottom

0
1/)\IT

tau
| neutnno

91.2 GeV/c?
o =0
L

Z boson

80.4 GeV/c*
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Magnetic moment
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Y9,

Consider a particle with charge and spin contains
currents and exhibits a magnetic dipole moment

If the electric charge is distributed throughout a particle
that also spins, it produces a magnetic moment that is
given by

— 1
| p[=—1IA
C

The direction of the magnetic moment vector is
perpendicular to the plane of the loop

Consider a particle of charge g, moving with a velocity
v in a circular orbit of radius r

@ The particle revolves with a period T given by
@ and produces a current given by

@ The connection between the magnetic moment and the
orbital momentum is

1 the magnetic moment points to the direction of the angular
momentum vector

Il the ratio of p to L is (g/2mc) ~ the ratio of charge to mass

Panos.Christakoglou@nikhef.nl
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Nik|hef Magnetic moment (cont.)

The operator of the magnetic moment is connected to the angular momentum by

e - e —
- _ 7 const)= ( ) - ( ) J
u =(const) J ( )=8 e H =8 e

The parameter g measures the deviation of the magnetic moment from the simple
value (e/2mc)

eh
In atomic physics and for electrons m=me Ho=Hp= 5 Bohr magneton
m,c
. eh
In subatomic physics Ho=Hn=
2m,c
2107 g

Panos.Christakoglou@nikhef.nl
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Magnetic moment (cont.)
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The energy levels of a particle with a magnetic moment p
positioned in an external magnetic field B are obtained
from the Schrodinger equation

H |y)=E|y)

The Hamiltonian H has the form
- =2 Ho —

H=Ho+Hpug=Ho- 0 B =Ho- =" B

The spin independent Hamiltonian gives rise to the
energy Eo, given by
Hy|y)=E)|y)

Assuming that the z-axis is aligned with the magnetic field

—_ =
J B=J,B,=J,B
The energy values in the presence of a magnetic field are

E=E,-gpym;B

B+#0

Figure 5.5: Zeeman splitting of the en-

ergy levels of a subatomic particle with

spin J and ¢ factor ¢ in an external

magnetic field B. B is along the z axis,
g > 0.

Panos.Christakoglou@nikhef.nl
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Nik|[hef Particles vs antiparticles

—

2 2

‘4 (771@“)2]1/“

“Antiparticle”

Particle
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Particles vs antiparticles (cont.)

Panos.Christakoglou@nikhef.nl

37



Nik|hef

—

Particles vs antiparticles (cont.)

q
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QUARK MODEL
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Quarks

nw”

Y9,

mass -
charge -

spin -

2.4 MeV/c?

2/3

U

up

4.8 MeV/c?

-1/3

1/2

a

down

1.27 GeV/c?

2/3

1/2 C

charm

104 MeV/c?

-1/3

2

strange

171.2 GeV/c?
2/3 t
1/2

top

4.2 GeV/c?
-1/3 I
1/2

bottom

Panos.Christakoglou@nikhef.nl
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Quarks
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Y9,

Table 15.1: Additive quantum numbers of the quarks.

Q — electric charge

| — isospin

|, — isospin z-component
S — strangeness

C — charm

B — bottomness

T — topness

Hypercharge
Y=S+C+B+T+BN

Panos.Christakoglou@nikhef.nl
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Quark model

A pattern for classifying hadrons based on their quantum numbers
All mesons are made of a combination of a quark and an anti-quark

All baryons are made of a combination of three quarks

The basic representation of SU(3) is a triplet

Panos.Christakoglou@nikhef.nl

42



Nik|hef Discovery of strange particles

v~ Particles that had long life-time (typically 10-19sec)

v/ Particles with large production cross-section
(10-27cm?2)

v~ Why are these particles behaving so strange???

Panos.Christakoglou@nikhef.nl 43



Nik|hef Discovery of strange particles (cont.)

v~ Particles that had long life-time (typically 10-19sec)

v/ Particles with large production cross-section
(10-27cm?2)

v~ Why are these particles behaving so strange???

Panos.Christakoglou@nikhef.nl 44



Nik|hef Discovery of strange particles (cont.)

v~ Particles that had long life-time (typically 10-19sec)

v/ Particles with large production cross-section
(10-27cm?2)

v~ Why are these particles behaving so strange???
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Discovery of strange particles (cont.)

Particles that had long life-time (typically 10-19sec)

Particles with large production cross-section
(10-27cm?2)

Why are these particles behaving so strange???

v~ New quantum number: strangeness

v~ Conserved in the strong and
electromagnetic interactions

@ Particles with S=+1 and S=-1
produced simultaneously

v~ Not conserved in the weak
interactions

Panos.Christakoglou@nikhef.nl 46
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Mesons

—

Mesons are part of the hadron family, together with the baryons

Mesons are particles composed of a combination of a quark and an antiquark

Since they consist of an even combination of subatomic particles with spin 1/2,

mesons are bosons

Particle

Mass Charge
MeV/c?)  (e)

135.0

139.6

493.7

497.7

547.8

Mean Life
(sec)
0.84 x 10—16
2.60 x 10—8
1.24 x 10—8

Complicated

5.1 x 10719
1.0 x 10—12
4.1 x 10~13

~1.7 x 10—12

~1.5 x 10—12

N

Panos.Christakoglou@nikhef.nl
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Mesons (cont.)

v~ Consider the three lightest (anti)quarks: u(bar), d(bar), s(bar)

v~ Which mesons can one form?

-
|
oY
|
=
|

91 9. @
95 95 @
9.1 9. @

Panos.Christakoglou@nikhef.nl
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Mesons (cont.)
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Mesons (cont.)
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(some of the) Mesons in the quark model

Table 15.2: S ited ¢ quark-model assignments for some of the observed light mesons. Mesons in bold » are included in the Meson
Summary Table rave functions f and | en i t. The singlet-octet mixing angles from t iadratic an IJ linear mass
ven for the well establis ts. Th on of the 07" mesons is tentative: The light scals (O8
5, and are omitted from the
I N T T T
Con o [ i | mae [ e | eem |
BN T A T
I N I T
————
-—
Py (2350)
ag (2450)
I T R N I
t The 17+ and 273 150Spin T states mix ln particular, the K4 and Kyp are nearly equal (45”) mixtures of the K1(1270) and K1(1400).
The physical vector mesons listed under 13 Dy and 2°S; may be mixtures of IE‘IJ: and 29§ 1, or even have hybrid components.
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Nik|hef Mesons categories

—

Y9,

A meson contains a combination of a quark and an antiquark
@ The spin of a meson can be either 0 or 1

@ The orbital angular momentum and thus the total angular momentum can take many
different values

S|L{J|P~(-1)*1]JP
Pseudoscalar|0|0|0 E 0
Vector 110(1 - 1-
Scalar 0111 + 0+
Pseudovector|1]1]1 + 1+
Tensor 11112 + 2+
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—

Mesons categories (cont.)

Pseudoscalar mesons: Vector mesons:
s=0and1=0 s=1and |1 =0

for meson junkies:

http://pdqg.lbl.gov/2014/tables/rpp2014-gtab-mesons.pdf
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Nik|hef (some of the) Mesons in the quark model (cont.)

D:™
Figure 15.1: SU(4) weight diagram showing the 16-plets for the pseudoscalar (a) and
vector mesons (b) made of the u, d, s, and ¢ quarks as a function of isospin |, charm C, and

hypercharge Y = B + S —%. The nonets of light mesons occupy the central planes to which

the cf states have been added.
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—

Baryons

nw”

Y9,

Baryons are also part of the hadron family
Baryons are particles composed of a combination of three quarks

Inversely, particles consisting of three antiquarks are called anti baryons

Since they consist of an odd combination of subatomic particles with spin 1/2,

baryons are fermions

Example Baryons(qq) and AntiBaryons(qgqq)

Symbol Quark | Chg | Mass

Content GeV/c?
b | proon | wia f+efooss | 12
| b |antiproton| wud

[ oeuron | uas | o [ owwo | 12
A [ vmbos | was o [ | 12
T R R
"o | omose | sve | o [ o | 32
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Nik|hef Baryons (cont.) %

N/ e/ e/

udd s s d

uds
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Nik|hef Baryons (cont.)

(ud-du)

/\\

d
\ «/7 (ds-sd) \/5 (us-su)

dd

Panos.Christakoglou@nikhef.nl 57



Nik|hef Baryons (cont.)

Antisymmetric

Symmetric states Mixed states Mixed states
state
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Nik|(hef Strange baryons: baryon octet %

Particle Mass (MeV) Strangeness
o 938.3 0
n 939.6 0
A\ 1115.6 -1
2+ 1189.4 -1
20 1192.6 -1
2 1197 .4 -1
=0 1314.9 -2
=" 1321.3 -2

Murray Gell-Mann “The eight-fold way” in 1961
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—

Nobel prize in physics 1969

N

Y9,

qffl”;.z. The Nobel Prize in Physics 1969
Y14 Murray Gell-Mann

Share this: Kl B 2

The Nobel Prize in Physics
1969

Murray Gell-Mann

Prize share: 1/1

The Nobel Prize in Physics 1969 was awarded to Murray Gell-Mann
"for his contributions and discoveries concerning the classification
of elementary particles and their interactions”.

Photos: Copyright © The Nobel Foundation
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Baryons (cont.)

>~ (dds)

A
A\
A\
A
A\
A
‘
)
A\
A\
A
A
A\
‘
A\
— A
— 'Y
A\
A
A3
3
A
A\
A3
A
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The baryon decuplet

Nik[hef

Not all multiplets were complete...

Murray Gell-Mann

George Zweig

1232MeV

AR

e T3 L WP

1385MeV

1530MeV
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The baryon decuplet

Nik[hef

Not all multiplets were complete...

Murray Gell-Mann

George Zweig

1232MeV
1530MeV
1672MeV

1385MeV

AR

/
/
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Nik|hef The baryon decuplet: discovery of Q-baryon N

—

1232MeV Murray Gell-Mann

1385MeV

1530MeV

1672MeV
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Nik[hef Baryons (cont.)

1385MeV

1530MeV

1672MeV
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Nik|hef (some of the) Baryons in the quark model

Figure 15.4: SU(4) multiplets of baryons made of u, d, s, and ¢ quarks. (a) The 20-plet
with an SU(3) octet. (b) The 20-plet with an SU(3) decuplet.

Panos.Christakoglou@nikhef.nl 66



n\\

Nik[hef Quark model

—

Gell-Mann and Zweig (1964)

@ All multiplets can be explained if you assume that hadrons are composite particles built
from more elementary constituents: the quarks and antiquarks

1 Baryons are made of three quarks (antibaryons are made of three antiquarks)

1  Mesons are made of a quark and an antiquark combination

First quark model consisted of the three lightest quarks (and antiquarks)

down strange

1232MeV
1385MeV

1530MeV

1672MeV
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Nik|hef Problem of the quark model

XIS /ieh teHPHUIi princ':p»lme”?

§ How can a baryon like the A** (uuu sSS

Y=%¥(space)-Y(flavour)-¥Y(spin)

3 3
@ @ m Intrinsic spin: ‘ > ,+ P >=TTT symmetric

Quarks: |uuu) symmetric

3 3
Intrinsic spin: I >t >=TTT symmetric

Quarks:  |sss) symmetric

wave-functions §

,, Comes with three flavours: RED, GREEN,
§ © Applicable for quarks not leptons! 3
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EVIDENCE OF COLOUR
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—

Evidence for colour

Existence of colour via QED processes
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Evidence for colour

%

Existence of colour via QED processes

@ The first one (i.e. muon production via electron-positron scattering) is well controlled
experimental and is used as a reference
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Nik|hef

Evidence for colour (cont.)

Y9,

How can we probe colour via a QED process?

@ The second process (i.e. quark production via electron-positron scattering) can not
actually be observed in nature
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Nik|(hef Evidence for colour

Existence of colour via QED (i.e. E/M) processes

@ The first one (i.e. muon production via electron-positron scattering) is well controlled
experimental and is used as a reference

How can we probe colour via a QED process?

@ The second process (i.e. quark production via electron-positron scattering) can not
actually be observed in nature

@ These quarks do not fly free for long (i.e. they can fly as “free” within the size of a
hadron)

@ They fragment producing additional g-gbar pairs that when combined form hadrons
1 This is a QCD-type (i.e. strong interactions) process
@ The final state particles are detected as a collimated spray of hadrons =»JETS

@ Due to energy-momentum conservation, these jets emerge in a back-to-back
topology

Any difference between the cross-sections of these two processes from a naive scaling with
the square of the charge will signal the existence of additional factors
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Nik|hef Evidence for colour (cont.)

F QED process § particles that can be }
e seen in nature  }
S S——— ‘ Final state
¥ QED process § } particles that do not fly §
, SRR " free in nature ;
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—

Evidence for colour (cont.)

Y9,
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Two-jet events

TASSO experiment @ PETRA @ DESY

PATE 16-3UL-04

Ring Accelerator: ;
¥ electron-positron collisions §
¥ between 1978 and 1986 §

VERSION B8 | TRIGaER= GO0eT01d

e-e* collisions @ Vs = 13-31 GeV
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Nik|hef Two-jet events

Y9,

DELPHI experiment @ LEP @ CERN

Photon and Hadron §
|dentification !

TEE B I B e
22 W 0 8% 0 o @ [ oeem
CIDUBEC ¢ A B e B
g8 0. 9 8 09 ENDCAPS
Boort, ¢ imv¢ B¢ D¢ 0¢ B

BARREL

CENTRAL

goand

ge E'I'e-ct_ro'-Po‘sitfoA $
§ collider @ CERN §

electron-positron
§f collisions between
| 1989and2000

e-e* collisions @ Vs = 90-209 GeV
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Two-jet events: ATLAS

Run Number: 152166, Event Number: 810258
Date: 2010-03-30 14:56:29 CEST

/ Di-jet Event at 7 TeV
o’ d

I

| 25

I 5
=5

3
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Two-jet events: CMS

Y9,

CMS Experiment at the LHC, CERN
Date Recorded: 2009-12-06 07:18 GMT
Run/Event. 123596/ 6732761

Candidate Dijet Collision Event
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—

Existence of gluons: three-jet events

n\\W\

Y9,

TASSO experiment @ PETRA @ DESY
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Nik|hef Existence of gluons: five-jet events

__ 15 ET (GeV)

Run Number: 161520, Event Number: 18445417

Date: 2010-08-15 04:53:16 CEST
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Nik|hef Evidence for colour (cont.)

F QED process § particles that can be }
e o et e et seen in nature
a 2
E
§ QED process §
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Evidence for colour

R=

o(e’e*—q q —hadrons)
~ E 0?

o(e e"—>pp) :
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Evidence for colour (cont.)

Calculate the ratio of the cross-sections of the two processes

o(e’e*—q q —hadrons) &
R= ~ )0
i=1

o(e’e"—>pp’)
For three quark flavours (u,d,s) the ratio should give:

w(5)H5) (5 -5

For four quark flavours (u,d,s,c) the ratio should give:

[ 2\2 -1\? -1\? 2\2 10
(3 3
3 3 3 3 9
For five quark flavours (u,d,s,c,b) the ratio should give:
[ 2\2 -1\? -1\? 2\?2 -1\? 11
GRS R EGEEI S
3 3 3 3 3 9
For all six quark flavours (u,d,s,c,b,t) the ratio should give:
2 2 2

(2 () ()2 A G %
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—

Cross-section e-e*—uu*

n\\

%

2

0(e'e+—>p'p+)~(%)

¥ Jade

O Mark J

A Pluto

O Tasso

At around Vsnn = 10GeV — o(ee*—p-p*) ~ 0.9nb
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—

Cross-section e-e*—qqbar—hadrons

2

olee*—q q —)hadrons)rv( ?a)

At around Vsnn = 10GeV — o(e-e*—qgbar—hadrons) ~ 3.0nb
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Nik|hef Evidence for colour (cont.)

—

At ~10GeV (beyond the threshold for the b-quark creation) the ratio should be

[22—12-122 -1\ 11
r={(5) {5 (55 HF) =7
3 3 3 3 3 9
But experimentally it turns out to be
@ o(eet—ppt)~0.9nb

@ o(e-e*—qgbar—hadrons) ~ 3.0nb
d R-~3

The problem with the calculations assuming no additional quantum number persists
for all energy ranges

n

Solution: R=f Z Q7

i=1
@ where fis the number of colours

@ turns out to be 3 experimentally!!!
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Nik|hef Evidence for colour (cont.)

No color

40
0 (GeV)

Fig. 113 Ratio R of (11.6) as a function of the total e e* center-of-mass energy. (The sharp peaks correspond to the production of narrow
1 resonances just below or near the flavor thresholds.)
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Nik|hef Evidence for colour (cont.)

ki

s
" e

“§ -
u+td+s+c
)

No color

40
0 (GeV)

Fig. 113 Ratio R of (11.6) as a function of the total e e* center-of-mass energy. (The sharp peaks correspond to the production of narrow
1 resonances just below or near the flavor thresholds.)
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Nik|hef Evidence for colour (cont.)

® Orsay

@ Frascati 0 CELLO

@ Novosibirsk X JADE

x SLAC-LBL + MARK J

© DASP v PLUTO

H‘ » CLEO A TASSO
A DHHM

e \
ﬂﬁ*wm | b S\ | J “‘S*u

+

“§ -
u+td+s+c
)

utd+s+c+b

0 (GeV)
Fig. 113 Ratio R of (11.6) as a function of the total e e* center-of-mass energy. (The sharp peaks correspond to the production of narrow
1 resonances just below or near the flavor thresholds.)
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Nik|hef Particle interactions
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—

Particles and interactions: weak interactions

Responsible for 3-decay
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Nik|hef Particles and interactions: weak interactions

—

Mediated by the W and Z bosons which are massive
Acts on leptons but also quarks (and hadrons)
Changes the flavour of quarks

@ Long lived decaying particles ~10-19sec
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—

Particles and interactions: electromagnetic interactions

Mediated by the photon (y)

Stronger than the weak interaction

Acts on leptons and quarks (and hadrons)

Panos.Christakoglou@nikhef.nl
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Particles and interactions: strong interactions

quark-gluon vertex 3-gluon vertex

N

Mediated by the gluon (9)
Strongest interaction in the standard model
Acts on gluons and quarks (and hadrons)

Responsible for binding composite particles made of quarks and gluons (e.g.
protons)
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Nik|hef Particles and interactions: strong interactions (jets)
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Nik|hef Particles and interactions

Table 5.2: INTERACTIONS AND SUBATOMIC PARTICLES. Entries not in
parentheses are for particles that exist free in nature. The particles
in parentheses are permanently confined.

Particle Type Weak  Electromagnetic  Hadronic

Photon Gauge boson No Yes No
w=, Z0 Gauge bosons Yes Yes No
(Gluon) Gauge boson No No Yes
Leptons

Neutrino  Fermion

Electron Fermion

Muon Fermion

Tau Fermion
Hadrons

Mesons Bosons

Baryons Fermions

(Quarks) Fermions
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Particle interactions

Weak interactions, mediated by the massive W* and Z° bosons

@ The weak force acts on leptons but also quarks (and thus hadrons) and can change the
flavour of quarks

@ The decay of particles through the weak force takes anything between 10-13 sec and
several minutes

Electromagnetic interactions, mediated by the massless photon (y)
@ The electromagnetic force acts on leptons and quarks (and thus hadrons)

@ A typical decay lifetime is about 10-16 sec

Strong interactions, mediated by the eight gluons (g)
@ ltis the strongest interaction in the standard model

@ The strong force acts on gluons and quarks (and thus hadrons) and is responsible for
binding composite particles made of quarks and gluons (e.g. protons)

@ A typical decay lifetime is about 10-23 sec
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Nik|hef Deciding on the type of interaction

Deciding which interaction is responsible about a given decay of the formA— B + C
among the three available is not straightforward unless we know the lifetime of the
decay.

"standard candles" to help us decide which force is involved:

@ If an interaction involves neutrinos, then it's the weak force that is responsible

@ If an interaction involves photons, then the responsible force is the electromagnetic

@ If there is any (quark)flavour changing process, then it's the weak force that is
responsible
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Conservation laws

Y9,

Kinematic constrains: Conservation of energy, momentum and angular
momentum

@ As an example a particle cannot decay spontaneously into particles heavier than itself

Conservation of electric charge: All three interactions conserve electric charge

Conservation of colour: Both the weak and the electromagnetic forces do not feel
the colour. It's only the strong interactions that can affect it and in these interactions
colour is always conserved.

Conservation of baryon number: In any interaction the baryon number (i.e. +1 for
baryons and -1 for antibaryons) is conserved

Conservation of lepton number: Leptons do not feel the strong force so the lepton
number is conserved by construction. In both the weak and the electromagnetic
interactions, the individual lepton numbers i.e. electron, muon and tau lepton
numbers are conserved.

Conservation of quark flavour: E/M and strong interactions do not change quark
flavour but weak interactions can
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Nik|hef Particle decays

—

Consider a number of independent particles, each having probability A to decay

The number of decayed particle within dt is given by

dN=-A\N(t)dt Half-life, t1/2
N(t) t .
NdN = | -\dt Mean life
I
. J; og N(r) /(Lifetime)
N(t)=N,e™ -

Decay half life (t12): the time it takes for half of
the sample of particles to decay

Mean lifetime (1): The average time a particle
exists before decaying
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Particle decays (cont.)

The wave function of a particle at rest is given by

Y(t)=y(0)e™"
If the energy is real the probability of finding the particle is not time-dependent

w(D)]*=y(0)|*

Allow the particle to decay, one has to introduce an imaginary part to the energy,
such that
r
E=E,-i—
2

The probability of finding the particle becomes then
[w(2)]*= |y(0)]*e™™"

which agrees with the decay law for

I'=Ah

The wave function is then given by

y(t)=y(0)e ™ e
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Nik|hef Particle decays (cont.)

—

N

The probability density of finding a particle with energy E is given by

h’ ly(0)|?
2n  (E-E,)*+(I'/2)*

P(E)=(const)

"P(E)dE =1—>(const)=
J:oo hZ |w(0)| 2

I 1
P(E)= ¥ 2
2% (E-E))“+(172)

The energy of a decaying particle is not sharp but has a width = natural line width

The shape is called Breit-Wigner

[ is the full width half maximum (FWHM) tI'=h
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Nik|hef Particle decays (cont.)

—

n\\

Y9,

Mass Decay Energy Lifetime

Particle (MeV/c2) Main Decays (MeV) (sec)
106 eV 105 2.2 x 1076
140 pv 34 2.6 x 1078
135 vy 135 8.7 x 10—17
549 549 6.3 x 10—19

4.3 x 1024
0.90 x 10°
2.6 x 10710
6 x 10—24
9.2 x 1013
4.3 x 10~ 13
6 x 1022

Strong interactions: ~10-23 s
E/M interactions: ~10-18 s

Weak interactions: ~10-10 s
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Backup
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Nuclei

Complicated structures

In the 30's it was well established that the electric charge Q and the mass M are
characterised by two integers, Z and A:

O=Ze M~ Am,
The nuclear charge Z was determined by
@ the a-particle scattering experiment of Rutherford
@ X-ray scattering
@ the energy of characteristic X-rays
The nuclear charge Z is identical to the chemically determined atomic number
The mass A was determined from mass spectroscopy

@ A given element can have nuclei with different values of A
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Nik[hef Nuclei (cont.) JNE:

The ground state of any nuclear species is characterised by two integer numbers: A
and Z

The understanding of this relationship was rather unclear until the discovery of the
Neutron by Chadwick in 1932

@ Anucleus (A,Z) is composed of Z protons and N = A - Z neutrons

@ neutrons and protons are about of the same mass therefore the mass of the nucleus is A
times the mass of the proton

@ The mass number A is the sum of the number of protons and neutrons and is also called
the baryon number

The charge is completely due to the protons so Z
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Nuclei (cont.)

—

Nuclide: a particular nuclear species with a given
number of protons and neutrons,

Isotopes: are nuclides with the same number of
protons (same Z)

Isotones: are nuclides with the same number of
neutrons (same N)

Isobars: are nuclides with the same total number of
nucleons A

A particular nuclide is characterised as (A,Z) or as
X SHe

Stable nuclide, characterised by N =A-Zand Z

only exist in a small band in the N-Z plane:

@ The curve initially starts at 45° for nuclides with equal
number of protons and neutrons

@ Then the nuclides become neutron rich

At the mass number A = 1 nuclear and particle

physics meet.

@Dt is temping to consider the nucleons (protons and
neutrons) as the two building blocks of heavier nuclides.

@However there are more A = 1 hadrons.

N
|
<
I
2,

-
“
£
E
=
z
=
e
E
v
=

40 60
Proton Number, Z

Figure 5.20: Plot of the stable nuclides. Each
stable nuclide is indicated as a square in this
N — Z plot. The solid line would correspond to
nuclides with equal proton and neutron num-
bers. (After D.L. Livesey, Atomic and Nuclear

Physics, Blaisdell, Waltham, MA, 1966.)
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Nik|hef Excited states of nuclides and baryons

The study of different nuclear and particle states is performed within the field of
nuclear and particle spectroscopy

As an example, the nuclide %8Fe with a natural abundance of 0.31%

@ Its energy levels can be investigated with the setup below

Bending magnet

Accelerator Beam - transport

T

8Fe Target
i\ ~ Transmission

Magnetic spectrometer

Proton detector \&:
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Nik|hef Excited states of nuclides and baryons (cont.)

—

N

Y9,

Bending magnet

P~ - S8Fe Target

— \*
Vo~ Transmission

.

Proton detector

An accelerator produces a proton beam with a well defined energy
The beam is transported to a scattering centre where it hits a thin target
The target consist of an iron foil enriched with the nuclide under study

The transmission through the foil can be studied as a function of the energy of the
incoming proton

The beam scatters off the target and changes its direction and energy (transition
indicated as p = p”)

If the kinetic energy of the incoming proton is Ep and the outgoing is Ep’, then the
nucleus received an enerav AE = Ep - Ep’
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Nik|hef Excited states of nuclides and baryons (cont.)

45
-l

T

20
Excitation Encrgy 1n Fe® . Mey

TARGET Fez Oy (Fe™ ENRICHED 75.1%)
INCIDENT PROTON 7.035 Mev

LAB ANGLE 130°

EXPOSURE 1000 uc

SPECTROGRAPH FIELD 6845 GAUSS

m Strip
A

A

l

k)
m

e Ot
Ele i a0
Distonce Along Plate - cm

Number of Protons per Half m

T

Figure 5.33: Spectrum of protons scattered from enriched °%Fe (75.1%) target. The detector
consists of photographic plates so that many lines can be observed simultaneously. [From A.
Sperduto and W. W. Buechner, Phys. Rev. 134, B142 (1964).] Since the target still contains

number A.

Panos.Christakoglou@nikhef.nl




Nik|hef Excited states of nuclides and baryons (cont.)
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Figure 5.37: Ground state and excited states of the nuclide **Fe and of the nucleon (neutron and
proton). The region above the nuclear ground state in Fig. 5.36 has been enlarged by a factor of
about 5000. The spectrum of the nucleon in Fig. 5.36 has been magnified about 40 times. The
nuclear states have widths of the order of €V or less and consequently can be observed separately.
The excited particle states or resonances, on the other hand, have widths of the order of a few
hundred MeV'; they overlap and are often very difficult to find. It is likely that many additional
levels exist.
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