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* Qutline:
« Abrief introduction (history ...)
 The tools (accelerators, targets, detectors ... kinematics, ...)
 The particles (hadrons, baryons, mesons ...)
 The fundamental particles (quarks, leptons)
« The forces (gravitation, nuclear forces)
 The fundamental interactions (strong and electro-weak |A)
 The Standard Model of EPP
 Physics Beyond the Standard Model (BSM)
« Spin-offs — Applications of EPP
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QUARK MODEL

Prelude

History — The “eightfold way”

When, in the 1960°s hadrons were arranged according to their electrical charge
and their strangeness, they lined up into hexagonal patterns:

baryons (w/ spin V2) mesons (wW/ spin 0)

strangeness 8 i "
939Me v s=1 ‘F‘ s T

A x
=1115MeV A EO S=-

M =1193MeV z_

1318MeV

qg=-1 g =10 charge

For the mesons, M. Gell-Mann predicted the gap would be filled by a particle he
called ,eta“ (n), which was found subsequently ...

9 JULICH

Member of the Helmholtz Association Page 3 Forschungszentrum



THE PARTICLES

Prelude

Quark Model — Hadron classification scheme

After early unsuccessful attempts, the quark model was eventually invented —
in its currently known form by Murray Gell-Mann: it is a classification scheme

for hadrons in terms of their valence quarks — the quarks and antiquarks which
give rise to the quantum numbers of the hadrons

."- i "] {
baryon ) meson

oo ©

Baryons are made Mesons are made morek prett_zisely':(
of three quarks of two quarks quark-antiquar

—

pair
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THE PARTICLES

Prelude

Quark Model — fractional charges

The quarks which make up proton, neutron and lightest mesons (pions) were
called ,up” (u) and ,down” (d) quarks; their strangest property is that they
have fractional electric charges: u (2/3) and d (-1/3) in terms of g, (reversed
electric charge for the corresponding anti-quarks)

Example: the proton

up quark
charge =
2

S

down quark

A
charge = 3

©o0 ©-@

2 2 1 —
sl s S e !
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the pion

down anti quark

Cha:gi=
? up quark
charge= +%
@ ©-@®
% + % =t
l (L)
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THE PARTICLES

Prelude

Quark Model — Strangeness

In the course of discovering new particles, some were behaving ,strange®, i.e.
although created easily in particle collisions, they decayed much more slowly
than expected — this was ascribed to a property called ,strangeness® (introduced
by Gell-Mann, Pais and Nishijima): strangeness was conserved in the production,

but not in their decay: - necessity of a new quark (s):
Example: Koo < X ) ooron
K~ a u
JT- /// 1 | : e II.. g@llr
g "-.. A -
P ‘n:?‘---..._< Lambda (A) Xi (2)
hyperon p
associated i " R & R
strangeness SR i Womeef
production Nedtron(y Sert®
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THE PARTICLES

Prelude

Quark Model — A third quark

The new ,strange” quark (flavor) has an electric charge of -1/3 e,.

With 3 quarks (u,d,s), the following 10 states comprising 3-quarks each (i.e.
baryons) can be composed (same for anti-quarks) = so called ,,multiplets“

+3 sss

+2 @ E
_strangeness* +1 uus|uds|dds
of the baryon 0 Juuu]uud]udd|ddd
(i.e. number of 0 ddd| udd| uud|uuu
strange quarks)

-1 ddsjuds|uus

-2 dss |uss

-3 sSss

dung: -2 -1 0 +1 +2
charge of the baryon
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THE PARTICLES

Prelude

GUARKS

Despite the capability of the quark model to bring order to the ,particle zoo*, its
status was still unclear (many thought is a mathematical fiction rather than real
objects) ...
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QUARK MODEL

Introduction

The genesis of quarks: Gell-Mann and Zweig

In 1964, Gell-Mann proposed that hadrons are composite particles, built from
more fundamental entities which themselves manifest an SU(3) symmetry

2 possible choices:
» 4 elementary entities w/ electric charge either 0 or 1 (non-elegant)
» scheme w/ non-integral values of the charges - quark model

(Gell-Mann’s name comes from a phase in James Joyce's book Finnegan’s Wake)

Note: the second scheme was independently proposed
by George Zweig (PostDoc at CERN) — he called the B

constituents ,aces”

Note: Murray Gell-Mann got the physics NP in 1969

.’ :
JULICH
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QUARK MODEL

Introduction

The genesis of quarks: fundamental representation of SU(3)

According to SU(3), hadrons are expected to fall into multiplets containing 1, 3, 6,
8, 10, 27 ... members (characteristic of the representations of SU(3)); the triplet,
containing 3 members, is the fundamental representation, i.e. the quarks:

Hypercharge Y=2(Q-T,)

A A

1 - S — 1

strangeness

strangeness

3 component
Vo & P

-112
0+ . -
z? of isospin
i3 oo ﬁb/ \ :

9 JULICH

Member of the Helmholtz Association Page 10 Forschungszentrum



QUARK MODEL

Introduction

The genesis of quarks: making of baryons in flavor SU(3)

First: take any two quarks, which arrange in two SU(3) multiplets having 6

symmetric and 3 anti-symmetric states:
— A = @ \$/;

IR B NV B o

3 e [ : = [ @ 6]
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QUARK MODEL

Introduction

The genesis of quarks: making of baryons in flavor SU(3)

Second: adding the third quark to the sextet (6) results in an octet (8) and a

decuplet (10):

~ P
sl \Q/ oo
3 ® (6] ¥ =
- in total: 3®3®3=(6®3)®(§®3)

Member of the Helmholtz Association
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QUARK MODEL

Introduction

The genesis of quarks: making of baryons in flavor SU(3)

The singlet (1), octet (8) and decuplet (10) states are found experimentally:

Spin J =1/2 Spin J = 3/2

9 JULICH
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QUARK MODEL

Introduction

The genesis of quarks: making of mesons in flavor SU(3)

The nine qqg-states (nonet) can be decomposed into a singlet (1) and an octet

(8):

sl & — :+<]ia

3] ® 3] = [1] & 8]
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QUARK MODEL

Introduction

The genesis of quarks: making of mesons in flavor SU(3)

They are also realized in nature and have been found experimentally:

S . KO K+ K*O K *+
. ds us
_ s =10 T wt
o ud uu 'i'dd ud
uu+dd-2ss q=1
s=-1 0
: K~ K
us ds
T T T qg=—1 g=20 ~
-1 0 A K %= &0
SpinJ=0 SpinJ =1
(pseudoscalar mesons) (vector mesons)
@) JULICH
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QUARK MODEL

Introduction

The genesis of quarks — “J/¥Y” discovery

In November 1974, the discovery of a new hadronic state was simultaneously
reported from SLAC (SPEAR) (B. Richter) and BNL (AGS) (S. Ting) (both
received the physics NP in 1976 "for their pioneering work in the discovery of a
heavy elementary particle of a new kind®); this new particle is now called the J/W

and has a rest mass of ~3.1 GeV/c2:

-0 [
5 SLAC
= 1000
— o
g a
% > . 100
&g
o
a n
(-4 i

(] A e 1 ] 1 1 L
080 10%0 1100 3110 3120
M.+, GeV Energy, GeV

pBe-collisions
decay into e*e- X
suggested name ,,J“

Member of the Helmholtz Association

e*e- collisions
decay into hadrons, I*l,...
suggested name ¥
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QUARK MODEL

Introduction

The genesis of quarks — the second 2"d-generation quark

The new particle was so heavy that it could not be made out of the known (u,d,s)
quarks, but rather a new one: it is called “charm” (“charmed”) quark (c).

The existence of a fourth quark had been speculated by a number of authors
around 1964 (J. Bjorken and S. Glashow), but its prediction is usually credited to
S. Glashow, J. lliopoulos and L. Maiani in 1970. Its charge is +2/3 e,,.

It soon became clear that the J/V¥ is a meson — a bound state of a so called
,charm quark” (c) and an ,anti-charm quark"“ (‘¢) (,charmonium®).

“Charmonium” meson

9 JULICH
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QUARK MODEL

Introduction

The genesis of quarks — charmonium

The charmonium family comprises a large variety of states (actually, the J/W is not
the ground-state):

y(4S) or hybrid
y(2D) IV
ves) |
40 - 7,(39) - Xa(2P) %,(2P) o5
~ | T T=op igsi7ﬁ‘;—m*-%°'
) 5 Iy open charm
4 s=0 3 [ yEg==rb__ D) _ __ ety _ 1 ' 5
r 2 threshold (DD)
D 9 Yo e X,(1P) D-meson = cq
. “Xa(1P) i
@ T @— a Xeol1P) |
f f s=1 =2 - 1
G Charmonium
family
oiv‘v ldvi 2{*
1 1 1

(Note: similar ... “bottomonium” (bB), see below)

Forschungszentrum
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QUARK MODEL

Introduction

The genesis of quarks — Charmed baryons

Charmed baryons are composite particles which contain at least one (possibly two
or even three) charm quarks; many of them have been discovered; they also can
be classified in SU(4) (i.e. arranged in multiplets):

9 JULICH
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QUARK MODEL

Introduction

The genesis of quarks — Charmed mesons

Charmed mesons are composite particles which contain at least one charm
quarks; many of them have been discovered; they can be classified in SU(4)
multiplets:

SpinJ=0 SpinJ =1
(pseudoscalar mesons) (vector mesons)

9 JULICH
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QUARK MODEL

Introduction

The genesis of quarks — the third-generation quarks

The “bottom” quark or b quark (also: beauty quark) is a third-generation quark
with a charge of —1/3 e,; it was first described theoretically in 1973 by physicists
Makoto Kobayashi and Toshihide Maskawa to explain CP violation (more later); it
was discovered in 1977 at Fermilab E288 (Leon M. Lederman et al.) in 400 GeV
pA collisions producing “bottomonium”: its "bare" mass is around 4.2 GeV/c? —
a bit more than four times the mass of a proton:

9 JULICH
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QUARK MODEL

Introduction

The genesis of quarks — the third-generation quarks

The baryon states, which include at least one bottom quark (“bottom baryons”)
can be arranged again in SU(4) multiplets, but not all of them have been
observed up to now:

€2 B'hh three bottom quarks
not yet discovered

J=1/2 b baryons

two bottom quarks
not yet discovered

*  no bottom quark
all discovered

9 JULICH
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QUARK MODEL

Introduction

The genesis of quarks — completing the list of quark flavors: t

The “top” quark (symbol: t, also truth quark) is the most massive of all observed
elementary particles. Like all quarks, the top quark is an elementary fermion with
spin %2; it has an electric charge of +2/3 e, and a large mass of 172 GeV/c?, which
is about the mass of a tungsten (W) atom; it was discovered in 1995 by the CDF
and D@ experiments at Fermilab; single top-quarks first produced in 2006 (DQ);

P History of the Top Quark Mass Measurements

The lifetime of the top quark is about

4 x 102 s — this is too short to create
4« - { *H TR
a strongly bound state.

g
e

Top Quark Mass (GeV/c?)
8 8
] | I l T
T — ———
»> P e

A from the EW fits

4 e'w colliders limit

A hadron colliders Wmit
= CODF Run 1

f ®  Run 1 worid average
® CDF Run 2 best measurement
® DO Run 2 best measurement
..... 1
0 1

......... | T S e WY (TS|
1990 1995 2000 2005 2010
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QUARK MODEL

Introduction

Summary: three quark generations (families)

According to our current understanding, the 6 quarks and the corresponding anti-
quarks account for all hadronic matter in our universe (no further quark family)

{ EEL

Quark Date Where g7 Comment
Mass—|2.4 Mev 1.27 GeV 171.2 GeV Vil
charge— 2/3 2/3 2/ & ~0.005 Constituents of hadrons,
: an\)\Tn i i *0-01}). most prominently, proton
spin—|15 2 14 ’ and neutrons.
nNname-— up charm top strange 1947 - ~0.2 discovered in cosmic rays
SLAC/ Discovered simultaneously
4.8 MeV 104 MeV 4.2 GeV charm 1974 ~1.5 inbothppande'e
N 1. I ]/3 1/3 I BNL collisions.
- 3 - -
4 S Fermi- Discovered in collisions of
E 2 Y2 Y2 m—— | lab o protons on nuclei
- S
O down strange bottom top 1995 FLIT::)“ ~175 Discovered in pp collisions

Note: vastly different mass; why 3 generations?

9 JULICH
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QUARK MODEL

Introduction

Summary: three quark generations (families)

The table gives the relevant properties/quantum numbers of the six quarks:

Flavor I I, S G B* T Q/e
u 1/2 1/2 0 0 0 0 +2/3
d /2  -1/2 0 0 0 0 -1/3
s 0 0 -1 0 0 0 -1/3
c 0 0 0 1 0 0 +2/3
b 0 0 0 0 -1 0 -1/3
t 0 0 0 0 0 1 +2/3

For anti-quarks all the signs are changed.

Note: quantum numbers are conserved in electromagnetic, strong interactions

Member of the Helmholtz Association
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QUARK MODEL

Constituent Quark Model (CQM)

The reality of quarks

The (non-relativistic) constituent quark model treats the substructure of hadrons
(today known to be very complex — see below) as quasi-particles, which have the
same quantum numbers (electric charge, baryon number, color, flavor, spin) as the
quarks of Quantum-Chromodynamics (QCD - theory of strong interactions).

They can be seen as the QCD quarks (the ,bare” quarks or ,current® quarks)
dressed by clouds of quark-antiquark pairs (,sea“ quarks) and gluons and are
called ,,constituent” (,,valence®) quarks:

O«
b

Member of the Helmholtz Association Page 26
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QUARK MODEL

Constituent Quark Model (CQM)

The reality of quarks — properties of constituent quarks

Their mass is of the order of 340 MeV/c? (for u and d) and 490 MeV/c? (for s);
they have spin %, i.e. they are fermions and fractional charge (1/3 e, 2/3 g).

Examples:

(Note: R,G,B (,color”) etc. will be introduced later)

9 JULICH
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QUARK MODEL

Constituent Quark Model (CQM)

The reality of quarks — achievements: magnetic moments of baryons

Historically,the prediction of baryon magnetic moments was one of the
striking successes of the quark model; they are the vector sum of the

constituent quark magnetic moments:

Quark model magnetic moment predictions and measurements

Examples: proton and neutron Particle | Praficied 1

«=e/l2Zm s

p (uud): o, =2/3 (2o, —ag) ¥ 1/3ag
n (udd): o, = 2/3 (2 ay— o) + 1/3

Member of the Helmholtz Association
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QUARK MODEL

Constituent Quark Model (CQM)

The reality of quarks — achievements: validity of SU(3): the Q-(sss) (I)

A major prediction by Gell-Mann was that a particle, an isotopic singlet with spin
= 3/2, positive parity, mass of roughly 1,700 MeV, negative charge, baryon number

+1, strangeness = -3, and stable to strong decay, should exist to complete the JP =
3/2* baryon decuplet:

-0 000

i~ @O @O\ -7,
1~ @@\ \25

E o

ko \O\\\ AN

-
0 g
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QUARK MODEL

Constituent Quark Model (CQM)

The reality of quarks — achievements: validity of SU(3): the Q-(sss) (lI)

It was therefore a major triumph for the scheme when the omega-minus, a baryon
with the mass, charge and strangeness predicted, was discovered in 1964 at BNL
by N. Samios et al. using the 80-inch bubble chamber:

Production:
- —_— +
K+ p — Q 4+ K + K
us uud SSS us ds
Decay:

1 — AQ & 2y A= p + &
SSS uss ud uss uds uds uud ud

|
(K
@) JULICH
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QUARK MODEL

Constituent Quark Model (CQM)

The reality of quarks — achievements: nucleon resonances (N*, A*, ...)

Example: The ,A-resonance” is interpreted as a flip of one of the quark spins,
which ,costs” about 200 MeV of energy:

N* : 1440, 1520, 1535, 1650, 1675, ...

N(939) A (1232) = 80 \, A :1600, 1620, 1700, 1750, ...
E | V&
S=1/2 \ S=3/2 / 7 6o}
M1 2
uud — uud = aof
dod a5’ 1 | 1|
? (1s) (1s) a 20|
o . |
¥ 4 L=0 L=0 o 12 4 16 18 2

Vs [GeV]

Higher-mass resonances (N* (I = %2), A (I = 3/2) ...) are considered as higher
guantum excitations (e.g. larger total angular momentum ...)

9 JULICH
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QUARK MODEL

Constituent Quark Model (CQM)

The reality of quarks — achievements: spin direction in quarks

Example: Ground-state neutral hyperons (A, 2) have both the quark content
(u,d,s), but different mass — why?

A (1120 MeV/c?) ¥ (1193 MeVi/c2)

- Obviously (although the total spin of both is 12), it is important which of the 2

quark-spins are parallel
@) JuLicH
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QUARK MODEL

Constituent Quark Model (CQM)

The reality of quarks — achievements: strangeness production

In the CQM, the associated strangeness production is easily understood in
terms of an ss-pair, which is produced and separated into two distinct final state

particles

proton excited proton

Example: oy .. ( ©

J 7 A hyperon
[ \ i . .
\
e - b | associated
. e - : production
V.
quark pair
creation
K

Note: A obvious question is why the u-quark is not flying away, but a qg-pair must

be produced .
@) JuLicH
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QUARK MODEL

Constituent Quark Model (CQM)

The reality of quarks — achievements: further quark bound-states

Besides mesons and baryons, there should be other hadrons

Example: tetraquark

Well understood New species

meson baryon tetraquark

B
o) 00

Mesons are made Baryons are made Tetraquarks are

of two quarks of three quarks made of four quarks |

Shown hare iz a pion, made of an up and a Shown hore & @ prodon, macke of two uos and a  This i XJS5681 whch @ madle of 80 up. down
o gk oy strange anct BONGm gk

Recently discovered; not clear yet, whether genuine 4-quark state or a di-meson

molecule; also pentaquark (5q) and di-baryon (6q).
@) JULICH
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QUARK MODEL

Constituent Quark Model (CQM)

The reality of quarks — why no observation of free quarks?

“The Missing Particles”

ve had negative results.

All searches since 1977 ha

This null result is by itself
a remarkable FACT of Nature.

- free quarks cannot be observed (quarks are ,,confined“ inside hadrons)

9 JULICH
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THE PARTICLES

That’s it for today

<

0},.
e
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A Top Quark - Antitop Quark Event from the
D-Zero Detector at Fermilab
Jet___:::_, n&u)on e,
N / . neutrino
bottom \ ¢ ol
quark A 7 W boson W
top quark v
protons antiprotons
P 9 9 9 O O O O
- uarks jets
quark w bosgn/o qhoePrk g J
— ) bottom ;
Jet ——= .‘-( ~quark @ particles
; quark .:;:] \. () antiparticles
7/ \() Jow energy () The whrandw”
7/ R fuon — are antiparticles
/11 Jet ) o each otner. T
st b
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