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Contemporary ideas on the structure of things
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part |

we can start with some history...

Spring School on Gravity & Cosmol logy / 18-20.05.2026
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The Four Elements and Duality
* Elemental Forces: Earth, Water, Fire,
and Air, governed by the sacred
center, often‘associated with the Fifth
Element or the cosmos.
* Duality: All matter was thought to exist
in-a state of dynamic balance hot and
. cold, light and dark, life and death.
T T — Matter and spirit were not separate

source: Duke U.
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The (Atomic) Theory of Anu and Parmanu

Acharya Kanad'’s Vaisheshika Sutra, a Sanskrit
text, outlines his atomic theory. According to his
theory:

*All matter is made of indivisible, indestructible
particles called Parmanu (subtle atoms).
*These Parmanu combine to form Anu (visible
atoms), which then create more complex matter.
*The combination of these atoms occurs due‘to
an unseen force, driven by motion and time.
*Atoms differ based on the properties of the
matter they create (such as taste, smell, texture).

source: facebook
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- Does something “move”?
- Is it “empty”?
- How does an electron exist?

Also

- Quantum Mechanics!

image: Phys. Rev. Lett.
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image: Phys. Rev. Lett.
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* JJ Thomson (1897): [B\
Cathode rays are bent by Cathode (-)  Anode (+) T
electric and magnetic field

—(
* Charged particles H.Jgn ( . / *;

G\

voltage Cathoderay  Charged

Magnets \ Scale on
. + plates outside
1. Compensate Electric of glass

and Magnetic

deflection: .
* Plum-pudding model of atoms:
Fr =F Positively charged
E B — matter
qE = quB ;v ="F/y q E
2. Only B-field, cycle orbit: m - The
Fe 2: Fp Electrons are much
L quB - lighter than ions of
r same charge! . Electron
|
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Scattered Particles _Most particles * Rutherford (1911)
T / are undeflected )
" - * a-particles at gold target
* Most particle pass undisturbed, few have a
“hard” collision
Bt Thin gold * Atom has substructure: small heavy nucleus
particles ™ Foil THOMSON T
: ﬁ: N
‘r'. ® \
/ o o
Circular flurescent = \. Ato‘;’ K
—___ Source of Screen - 4l N substructure
(v particles — 8 e
RUTHERFORD Q = \.
o ¥ > = \\..
. . . S - -
» Atom is basically just vacuum: —@ \\'o. .
; - L
« Atom size: ~1071%m - g
" | i ome~ 10—15 = - ! )
Nucleus size:~ 10 m scattoring

14
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* Niels Bohr, 1914:

* Calculate atomic energy levels
using semi classical method

18

* Nuclei include protons, p
* Masses of nuclei studied in chemistry (Avogadro)
* Hydrogen = 1 proton: M, = 1GeV /c? = 200 M,

* Study g/m of nuclei:

* Masses of nuclei do not scale with charge, but with
A=x2XZ
* A= mass number, Z=atomic number = nucleus charge
* What keeps heavy nuclei together?

* Chadwick 1932: Discovery of neutron, n
* Neutron has almost same mass as proton
* Neutrons act as a glue to nucleons in the nucleus

» Later we will see it is due to the gluon color force
James Chadwick

* Notation: ZMyAtom, with Z = #p, A = #(p + n)
* |sotopes: same #p , different #n
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1926

“...0 TTVPNY TOV VOPOYOVOL PEPEL TN POVADO TOV
deTikoV NAERTPLGPOV, TO OAOV de GTOPOV TOU
nEet T VOPOYOVOL GTOTEAEITAL EK TOV TTUPNVOG TOVTOU KAl

PAAIENEPTEIAZ TON MHION €VOC GPYNTIKOV NAERTPOVIOV, TEPL TOV TTLPNVA AVTOV

1N KWVOLPEVOL...”
TN KAMMENQN BOYPAQN
s “...0 VPNV TOV NAOV ATOTEAEITAL AT TEGGAPAC
M. A MEPTEXH TVPNVOC VOPOYOVOL Kol GVO 0PVNTIKO NAEKTPOVLO...”

L T R R S

“...the nucleus of hydrogen carries one unit of
positive charge, while the atom of hydrogen
consists of the nucleus and one negative electron
in orbit around it (the nucleus)...”

“...the nucleus of helium consists of four nuclei of
hydrogen and two negative electrons...”

20
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Strong nuclear force

Electromagnetic force:

generated by exchanged massless
photons

Strong nuclear force:

must be stronger then E/M inside
the nucleus
must be weaker than E/M outside
the nucleus

Electrostatic repulsion




21
Spring School on Gravity & Cosmology / 18-20.05.2026 M T.J. Mertzimekis + mertzimekis.gr + @tmertzi

- Pauli exclusion principle: i
Two fermions (p,n) cannot be at the same b e
position (strong repulsion at r—>0)

- Square well potential:

For p, a Coulomb barrier Vg exists

Can be neglected for r >>R

R can be determined by scattering (RBS)

- But what is the mediator?
Yukawa postulates the “pion”

= 22

- Yukawa:
a 11 meson generates the attraction between nucleons

- TT meson mass:
Estimated via the Heisenberg uncertainty principle

AN JRWANARS
- What does it mean?

Energy conservation can be violated if the
uncertainty principle is valid

Photons: m=0 —> infinite range
Pions: m#0 —> discrete range
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A traditional goal of nuclear physics has been the understanding of the properties of atomic
nuclei in terms of the “bare” interaction between pairs of nucleons. However, the underlying
theory of strong interactions, QCD, shows that the NN interaction is not fundamental.

The nucleon-nucleon interaction is still unknown nowadays!

The NN interaction:

* has short range (~ 1 fm = 10-15 m) <— particle scattering, size of nucleus

* is (very) attractive for distances 1-2.5 fm

* is repulsive for short distances, <0.7 fm —> solid, repulsive core; shapes the size of the
nucleus

* saturates; nucleons interact with their closest neighbors. Binding energy: 8 MeV/A

* is charge independent; Vpn=Vnn=Vpp <— deuteron

* depends on relative spin orientation of.nucleons

* has a tensor character —> departs from spherical symmetry

= H 24
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| T
Woods-Saxon

4 A=50 , * Woods Saxon Potential, 1954

a=05fm . =
R=46fm ——A—1 V(r) =

* Nuclear Radius: R = 1.25 fm x Al/3
Ais mass number, V; = 50 MeV,a = 0.5 fm

* Reid Potential, 1968, (semi-empirical) implements
repulsive core:

° VRe[d (R) = _104'63

e—HT 4ur o
— —1650.6 + 6482.2

7ur
r

o
wur ur u

in MeV withu = 0.7 fm™?

Nijmegen potential:
* De Swart, Rijken et al., 1980 - 1990
* https://arxiv.org/pdf/nucl-th/9509024.pdf
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Microscopic approach: The degrees of freedom are the nucleons (position, spin, isospin)

—

N X 24 o =4 s TZ
Tiy, DPi,y Si, tz (Z T 17' 0 g 7A) \PNN = Zp(T)X? ¢T

A
H=S Tt 2> V)
=1k 249

Parameterizations of the NN potential rely on NN scattering and the deuteron properties.
There are two classes: local and non-local
V(i,j) is not known; symmetry arguments help.

NNN terms are often neglected. In (very recent) years, this has been revised!
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General form: Gy Th, T3, D3y 025 75)
Nucleon exchange invariance:

Translational invariance:

Galilean invariance:

Rotation invariance:

Parity invariance: V( Y i) O-_iv T_i) O-_év T_é) S V( ) O-_iv T—ia O-_éa 7——2))

Time-reversal invariance: V(fF’7 O T1, ,T_é) = V<7“, 714 77j2)
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Under the symmetry considerations:

V(1,2) = Ve + Vs(o7 - (7) + Vi S12(B) + Vi (L - §) + V(L - §)?

spin-orbit interaction:

tensor operator:

scalar terms:

28

Spring School on Gravity & Cosmology / 18-20.05.2026 —BaCk—tOJUKawa— T.J. Mertzimekis * mertzimekis.gr + @tmertzi

solution:

Yukawa potential:
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The Yukawa potential function,
kmr

! .Yuk;\\\'n( r ) — _.'12 r

Vyukawa(r) — - as r — 0 (same as the Coulomb
potential).

This “unnatural” behavior of the infinitely attractive
force is corrected by the addition of a potential of an
impenetrable hard sphere (i.e. an infinitely
repulsive force), the existence of which has been
ascertained by scattering experiments p - p and p -
n.

Thus, the N-N potential takes the form:

V(r) = +o0, yix r < rc
V(r) = Vyukawa(r), yiax r > rc

Spring School on Gravity & Cosmology / 18-20.05.2026

alpha decay
Strong force

beta decay
Weak force

1990

gamma decay
Electromagn. force

Potential Strength

T

(Coulomb) m=0
m=1
m=2
mad

Distance

Répulsion

=N

)P o 1 4

1 - r(fm)
1 7w
One-pion

exchange
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Pulled
togcmo\[ﬁ\ Repelled
,Repulsive
< Coulomb

~Attractive nuclear

* Unstable nucleus
* Quantum tunneling process

O)e—f In 2/'[1/2
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BE~ A |eapTtdtal amd Tov dyKo

o%

BE~-Z2[AB efoaptdtal apvntikd antd tn duvaun Coulomb

€
d
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BE~-A23 efaptdtalapvntikd amd Ty emPAveLd

b

BE ~—(N-2)2/ A=—(A2Z)2 | A

e€aptdral and tnv acuppetplo Z-N

BE ~ §, 8=+1,0,-1 yLa e-e, e-0, 0-0

efaptatal amo to {gvyoq

- " 32

BE(Z,A) =a,A  Owos

—as A3 Emipdveix
—ac’Z2 / A3 Coulomb
— agm (A2Z)2 [ A

= 53p / A2

JUPPETPICK

Zevyog

Carl Friedrich von Weiszicker

Atomic Mass Evaluation 2022
[5.247 MeV

16.325 MeV
0.685 MeV
22.098 MeV

10.608 MeV
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Most stable nucleus

Fusion Fission

V(r) = Z,2,6%Ry

l

'
|
1
i
i
i
:

RO

vV(r)

Region of very
stable nuclides

Repulsive

Binding energy per nucleon (MeV)

DISTANCE BETWEEN NUCLEI

| I I | I [
60 80 100 120 140 160 180 200 220

Mass number (A)
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2
°

* B(A,Z)/A fits the data quite well

* It cannot explain ‘peaks’ that occur at ‘magic numbers’,
where those nuclei are strongly bound
*NorZ=2,8,20,28,50,82,126

Double magic nuclei (both N and Z are magic):

e 4He, 160, 40Ca , 48Ca , 48Ni , 208Pb

o
i~

Binding energy per nucleon [MeV]

»
°
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There are many «structure effects» in nuclei, that can not be reproduced by macroscopic approaches
like the liquid drop model.

Need for microscopic approaches, for which the fundamental ingredients are the nucleons and the
interaction between them

Nucleus = A nucleons in strong interaction

& |

The many-body problem [
lCan be solved exactly for A < 4 ;
i

|

Nucleon-Nucleon force
unknown
Different effective forces used depending on the
method chosen to solve the many-body problem

i
| For A>>10 : approximations ’
Mean Field models

| Shelrﬁodel ¢ no inert core
i ¢ not all the correlations between particles are taken into account
L

only a small number of particles are active

I ——
35
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+ Nucleons are quantum objects: only some values of
the energy are available, a discrete number of states o { ;
+ Nucleons are fermions: two nucleons can not *{_F
occupy the same quantum state: the Pauli principle.
The energy levels of the nucleons are filled from
the lowest to the highest as nucleons are added to

the nucleus. 8 MeV T 18 MeV
+ There are separate energy levels for protons and pumi- 7 vl N S——— o
neutrons. level
+ Nucleons fill every energy level in orbitals with a
definite angular momentum. 23 MeV

. : 26 MeV
+ As in atoms, many nuclear properties (angular

momentum, magnetic moment, shape, etc.) are
determined by the last occupied or unoccupied v
level. S Pl

(n) (p)

e ________|
36
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The basic assumption of the nuclear shell model is, to first order, the independent motion of each
nucleon (proton or neutron) in an average nuclear potential.

Spring School on Gravity & Cosmology / 18-20.05.2026

| ... model Hamiltonian for A independent nucleons:
[ &Y ';i A A
1 ? = :
| Hy = Z(Ti +Ui(r)) = Zho(l)
( i=1 i=1
\ 2
g | . . - - — -
\ eigenfunctions: Wa s agsstn T1s T2y s TA) = H‘ﬁaz (73)
r ’ ——— : i=1
Q; \I //' Radus rf(fm A
= | 7 eigenvalues: Ep = Z €a;
\ / i=1
... antisymmetrization:

5 % 1 - 2 - 3
lI’m ,az(rl ) ‘7'2) = ﬁ [¢a| (Tl )d)ag (7‘2) = ¢al (T2)¢(12( 1 )]
The average potential U(r) is not given explicitly. If one starts from a one- plus two-body Hamiltonian:

A 1 A
H=) Ti+3 > Vi

i=1 i,j=1

37
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The smaller the effect of Hges, the better the assumption of an average, independent field for each nucleon.

A s
H=Z[E+Ui(7‘i)]+ EZVM—

i=1 ij=1

A A
ZUi(Tz') = Zho(i) + HRrgs

i=1

... solutions for the HO potential: U(r) = ;171w2r2
u“(v') - J‘VH I‘H‘](’_m.;v Li_-l/“z(lerz) (l/ — Y'nu)/'zh)
Nuclear potential deduced from data: Laguerre polynomials
Vo
= T1+expl(r — R)/al 3 3. N=012.. major oscillator quantum number
(G )/al E=hw(2k+1+ 2) =hw(N 4+ =) 1=NN-2,..,10r0 orbital quantum number
=—WV(r<R) and V(r)=0(r > R) k=(N-1) /2 radial quantum number

n=k+1 = (N-142)/2 number of nodes of the radial wave function in the interval [0,0).

N

Dy=2 ) (2+1)=(N+1)(N+2)
{=0orl

spin projections

38
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Mayer (1949,1950) and Haxel, Jensen, Suess (1949, 1950) - the average single-nucleon potential should contain a
spin-orbit term <t
h=ho+((r)-5

. an intrinsically relativistic effect. It is automatically included in the effective potential when the single -

nucleon dynamics is described by the Dirac equation. When the nucleons are described as non-relativistic
particles, the spin-orbit term must be added to the Schrodinger equation.

AEnlj=1+1/2

AEutj:(—l/‘z

39
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Coulomb repulsion
adds 10 proton well

e T Sl potential Further splitting Muttiplicity
. ~«_ pote
|
)
|

Quantum energy from spin-orbit of states
states of potential effect \ l
well including 19 M
angular momentum ’ il 2

’

effects o

1g—

| Proton

7\ potential
/ wall

> 4 "=, Neutror Closed shells
rontia indicated by

‘magic numbers’
of nucleons
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(b)

1i2g3dds : 126

1h2/3p

1g2d3s y ‘—~P3/2—
S ~—1f2-

\f2p ~
= ~=0h9/ 22—

1d2s

Energy, Mev

A
ho |
p Y

Is : 4hw

0

Fu(les)y =l es 4205 3}](1)

1 .
Ies =2[j(j+1)-mu)-mu)]rr
0d3/2

0d5/2

0p3/2

fes -71(;‘.1)11
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» spherical nucleus: R=R,

» deformed nucleus: R=R,-
— can rotate

» Separation of laboratory system and
body-fixed (intrinsic) system

» Q =K projection of the single-particle
angular momentum onto the symmetry axis

» Rotation perpendicular to the symmetry axis
will not change the Q-quantum number
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__Nilsson Model is a single-particle model for
3/2+202)  deformed nuclei.
1/2+ [200)

5/2+ 7202] H =£+m'[(0 f(.\’: +'\‘:)+ @ S.z-']
1/2-[330]

+C--s+D-I?

V2+ )

3/2+[211)
The labelling of the Eigen-states is: Q*[Nn,A]

€ projection of the total particle angular momentum on the
1/2+ I_‘ZZOJ symmetry axis
= \// 1/2-[101] T parity of the wave function # = (—1)¥
p1/2 3/2-i01) N the principal quantum numt?cr ofll?c major oscxl}at(vr shells
n, the number of quanta associated with the wave function
moving along the z-direction
P2 A = my projection of the orbital angular momentum onto the
%) z-axis
6 —>» 2
05-04 -03-02 01 O 01 02 03 04 ’.‘ |
ki o el i SRy £y i 1 M 205 oo o= o — » 24 [4TC_
= A+ = Wgr+C-LeS+D-L* —moyr-é—, [—] ,(6,D)
Deformation zm 3V 5
shell model with H.O. potential H.¢

H 44
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Coexistence of collecti

ve and noncollective motion

i arcial D
Triaxial 95 &% superdeformed
Band Bands

I T
£ —; .A f N.L

.‘ + {

4

single-particle energy (Woods-Saxon)

_.-:1’(}_“' s>
o WY 4 SN
ND SD HD
o o% 0® o® o® o% o o® o?
quadrupole deformation

® &

o

44
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Search of electric dipole moments
(violation of the time reversal)

416.6 p/ 5- ;

2051 2115 /?-'-—_——_——m octupole deformation
143.8 67.7

Rotation a:

226Ro

45
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Spherical Symmetry: 1949 Mayer

5(" - Deformed nuclear field (spontaneous symmetry breaking)
] symmetry restoration - rotational spektra:
1952 Bohr-Mottelson

SU(3) dynamical Symmetry: 1958 Elliott

0(6)

Interacting Boson Model (IBM dynamical symmetry):

H D, 1974 Arima and lachello
A v Critical point symmetry E(5), X(5) ....
- 2000... F. lachello

46
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Spherical Transitional Deformed

N -N
Vibrator nuclei with X(5) symmetry: P=—-—"~5
N,+N,

47
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p-dripline  stable

T
@)

Deformation

28

-

50 82 126
N
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part Il

Transitional nuclei
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particles
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Evidence for quarks
@ The magnetic moments of proton and neutron are not py = eh/2m, and 0

respectively = not point-like

@ Electron-proton scattering at high g* deviates from Rutherford scattering
=> proton has substructure

@ Hadron jets are observed in e"e™ and pp collisions

@ Symmetries (patterns) in masses and properties of hadron states, “quarky”
periodic table = sub-structure

@ Stepsin R= a(e“ e — hil(lI‘OIlS)/O'(e Fem — 7 t u’) The weak interaction accounts for many decays in particle physics, e.g.
. - T u » & Valyy T > e Vel
@ Observation of c¢€ and bb bound states ey sy
Characterised by long lifetimes and small interaction cross-sections
e |
=
e G =N
Resonances
. . o yw o .tiA
Two types of weak interaction A ® s | ®
z o o = .
Charged current (CC): W* bosons ‘ I \ I l
Neutral current (NC): Z bosons |
-2 = mr “10 = o s
n (lifetime = 10" 8

49
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BARYONS
Consist of three quarks: q ( 0 0
ANTIBARYONS

. . (d )
Particle overview L

Consist of three antiquarks: ( ( /*\
uld )

(OO
matter and antimatter MESONS \

n
d )
/ \ Consist of a quark-antiquark pair: q q \k_/,/

hadrons leptons

: « @ |l . @
baryons mesons H B
electron muon positron antimuon antitau

/

Ve Vu Vi Ve Vu Vt
electron muon tau electron muon tau
neutrino neutrino neutrino antineutrino | | antineutrino | | antineutrino
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Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)

8 | . @I @ Il @

antiup anticharm antitop

9
) gluon

@ | @ I- @ |- @

strange bottom antidown | antistrange antibottom photon

1 . - -

|l @ | @

electron positron antimuon antitau Z° boson

17 MeVic 8.2 MeVi/c 22eV 0.17 Me 2 18 2 MeV/c? =80 39

Ve, . Vp |, Mt ) Ve Vi Vi w+

electron muon tau electron muon tau
neutrino neutrino neutrino antineutrino | | antineutrino | | antineutrino

W+ bosoU

. . 52

* Powell, 1947
* Go to mountain top
* Photographic emulsion

30000 i

* Observes that cosmic rays
include muons and pions w1
* m, = 140 MeV /c?

* m, = 105 MeV /c?

* A pion can decay into a muon, 10000 m
which again decays into an
electron

* The pion was Yukawa’s meson
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|
e+v+v

* Powell’s discovery of
muon and pion /

* Piondecay: m —» u+v [J

(

|

* Later discovery of Powell

* Pion and muon decays: T = u + v ‘
jae+yEWV |
|

followed by:
§
* Neutrinos: are they a bookkeeping e
device or are they real particles? }
* Very weak interaction |7
* Can penetrate 1000 lightyears thick lead plate ' U

* What is their mass? m,, # 07

o] EETER C

’
4

Vb
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» Strange: produced copiously, but decay slowly!

* Abraham Pais: They are produced with the strong
force, but they decay with the weak force.

Debris

* Also observed: K* - t* +nt + 7~ =»My~500 MeV ; it’s a meson

* 1952, Brookhaven cosmotron: new strange baryons: % (~1.2 GeV), 2 (~1.3 GeV)
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Meson Octet i ' Baryon Octet
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Terminology: upness, downness, strangeness, charm, beauty = “Flavour”
* Quarks have charge, flavor and color quantum numbers

anti-quarks  a.-:

58
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Classification of particles

Standard Model of Elementary Particles
. Le pt on: fu n da me nta | pa rticle three generations of matter interactions / force carriers

(fermions) (bosons)

* Hadron: consist of quarks - ',”' _‘" ,"l,lu

* Meson: 1 quark + 1 antiquark (7*,BY, ...) g 33:" H

* Baryon: 3 quarks (p ,n, A, ...) up ol 10p gluon higgs
* Anti-baryon: 3 anti-quarks
d S b .
« Antisymmetric wave function: obeys Pauli- down ]| strange J| botom ]| photon |
exclusion principle and Pauli-Dirac statistics e\ T
 All fundamental quarks and leptons are spin-% . 8 U T Z

4

1
electron muon tau Z boson I

* Baryons (S=1/,,3/,)

* Symmetric wave function: Bose-Einstein statistics D I-® |- ® |

w
. - - electron muon tau |
* Mesons: (S_O' 1)1 (S_O) neutrino neutrino neutrino W boson

* Force carriers: y, W, Z, g (S=1); graviton(S=2)

58
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EM (QED) Weak Propagator: él(' T BARERARERRRS|
1 H 7, ElectroWeak

e e t p 2 2 v ? 4 kll ﬁ

4 udu Miy—a® Ve 3" f'\ f | e*e"—hadrons E
\\ 5 \ A

. 1 Vertex: e \ /

Ve rtex{.) / 10? \\ ,,v \,

x 102 v ”“7/ 4

Propagator: — Wy o SLC i

e pag qle 10 ... LEPI __LEPII E

0 20 40 o0 S0 100 120 140 IM) nw ‘(Ii 220

Centre-of-mass energy (GeV)

Strong (QCD)
A’grb _ 8 9gb gbf: lgb,: green
e grb A (/’/’ &
q. & TOOOOR.
\ @, S green-
<) FAS) (@AN antihliia blue
3 st Pas) (@28 green antiblue
q .gyg gg?’ ggf gluon
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* The Lagrangian of the Standard Model includes electromagnetic, weak and strong
interactions according to the gauge field principle

* Construction of the Lagrangian: £ = L¢ree — Linteraction = £pirac — 9/*A,
* With g a coupling constant, /# a current ({0;y) and A, a force field

A. Local U(1) gauge invariance: symmetry under complex phase rotations

* Conserved quantum number: (hyper-) charge P4
* Lagrangian: L = J}(i)’“ Du - 771)11} = l/j(l'}/“ au - 7‘71)111 —q l/_}]/“ll) Au Note Spinor: Y = V2
_ . i Y3

(8, > D, = 8, +iqA,) JEm Vs

B. Local SU(2) gauge invariance: symmetry under transformations in isospin doublet space.
* Conserved quantum number: weak isospin

_ w— (Y

* lagrangian: £ = ¥(iy#D, — m)¥ = P(iy*d, — m)¥ — —LPy“r‘P b Note doublet spinors: ¥’ = (wd)
B ) . 1, i 1 1 b3 by — zb2 ]“ with 1, P4 spinors
(16, » D, =18, +igB,) ; B,= S b, = =T = (b1+ib2 —bs ) Weak
C. Local SU(3) gauge invanance. symmetry under transformations in colour triplet space

* Conserved quantum number: color b,

* Lagrangian: L = (I)(Ly“ - m)(D <I>(ly“0 — m)CD -= (Dy“/lfD Cy Note triplet spinors: @ = | Yg4

(lau - D, =109, +igs ,,) C, are 3x3 matrices -gluon flelds IQLD Yry g, P spinors Yp

0 _____|
60
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* The Lagrangian of the Standard Model includes electromagnetic, weak and strong
interactions according to the gauge field principle

* Construction of the Lagrangian: £ = Lgee — Linteraction = Lpirac — 9/*4,
* With g a coupling constant, /# a current (0;) and A, a force field

Standard Model Lagrangian:

-

iy e 9= 2 s
L= w(l}’uDﬂ - m)‘/’ = w(”’“au - m)lp - qngAll - Ej“Weak ~by — ?SIHQCD "Cu

Implements U(1), SU(2) and SU(3) symmetries simultaneous:
SU(3)color X SU(Z)I X U(l)Y

Requiring the Lagrangian to be invariant (symmetry) implies that the
EM, Weak and Strong force fields must exist and the interactions
respectively conserve charge, weak isospin, and color.

I ——
61

H 62

* Massive particles are forbidden in the SM Lagrangian

* A hypothetical mass term in the Lagrangian for the photon is not gauge
invariant under A* - AH*':

1 1
m?A,A* > m? | A, +—0,a || A* +—0Fa | # m?A, A¥
e e

* The same holds (harder to show) for the weak mediators W, Z

* However they are massive
e =>» SU(2)xU(1) symmetry is broken

The Higgs mechanism breaks the symmetry of the (electro-)weak interaction
» Works along the lines as described in previous slides; introduce a complex SU(2) doublet
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. -r. t
L =P(iy*D, —m)p + (Dup) (D*¢) —V(¢)
* Where the covariant derivatives:
U(1): px) = ¢’ (x) =e*@y(x) and SU(2): Y(x) » ¢¥'(x) = G(x)P(x)
A/l(x) N A/“(l’) — A“(X) _ l()/la(x) with G(X) = exp (éf . (;(X))
q , e ' N e
= DK =0t +iqAH B, = (:B’ G™? +i (()“(,:)(: .
= D,=10,+igB

* Electroweak Lagrangian:

+ : 1
* Higgs field is weak isospin doublet: ¢ = (i()) = \%(il i i‘(ii) Loy = \TE(?)

* With the potential: V(¢) = u?(¢T¢) + A(d)ﬂj))z where: u? <0

“Mexican Hat"

potential

O@ @@

l Im(9)
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Directly to two fundamental fermions or bosons, coupling to mass, e.g.

b Z
o]
b

Indirectly to massless particles (photons or gluons) via massive loops
Y Y

H--»- W

64
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History of the Universe
pcc® 20®

WG
¥\ 1o 0"

\ 9\\\0
1

Key: W, Z bosons  A\/\; photon
q quark & meson " galaxy
g gluon g e baryon

‘ star

€ electron X
{muon Ttau 9 fon
black

V neutrino

@M"’"‘ P hole | Particie Data Group, LBNL, © 2008. Supported by DOE and NSF \-’&Q
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get this lecture
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T.J. Mertzimekis
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