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Elementary particles

Classification of particles

* Lepton: fundamental particle
* Hadron: consist of quarks

* Fermion: particle with half-integer spin.
» All fundamental quarks and leptons are spin-%

* Boson: particle with integer spin
(S=0)
* Force carriers: y, W, Z, g (S=1); graviton(S=2)

* \Wave equations:
* Spin-0: Klein-Gordon
* Spin-%: Dirac
* Spin-1: Maxwell

* Gauge lnvariance:
 EM: U(1), Weak SU(2), Strong SU(3)

Standard Model of Elementary Particles

three generations of matter

interactions / force carriers
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Lecture 4: “Symmetries”

* Gauge Symmetries: Standard Model
* Symmetry Breaking: Higgs Mechanism
* Discrete Symmetries

Griffiths 9.7, PP1 Lect 9

Griffiths 10.7-9, PP1 Lect 11

Griffiths chapter 4




Symmetry and non-observables

T.D.Lee: “The root to all symmetry principles lies in the assumption that it is
impossible to observe certain basic quantities; the non-observables”

There are four main types of symmetry:
e Permutation symmetry:
Bose-Einstein and Fermi-Dirac Statistics
e Continuous space-time symmetries:
translation, rotation, velocity, acceleration,...
e Discrete symmetries:
space inversion, time reversal, charge conjugation,...
e Unitary symmetries: gauge invariances:
U,(charge), SU,(isospin), SU;(color),...

= If a quantity is fundamentally non-observable it is related to an exact symmetry

= If it could in principle be observed by an improved measurement; the symmetry is said to be broken

Noether Theorem: symmetry <:> conservation law



Symmetry and non-observables

Non-observables

Symmetry Transformations

Conservation Laws or Selection Rule

Difference between identical particles

Permutation

B.-E. or F.-D. statistics

Absolute spatial position

Space translation: # > 7 + A

momentum

Absolute time

Time translation: t >t + T

energy

Absolute spatial direction

Rotation: 7 — 7'

angular momentum

Absolute velocity

Lorentz transformation

generators of the Lorentz group

Absolute right (or left) r— —7 parity

Absolute sign of electric charge e > —e charge conjugation
Relative phase between states of P — efy charge

different charge Q

Relative phase between states of P — ey baryon number
different baryon number B

Relative phase between states of P — efly lepton number

different lepton number L

Difference between different coherent
mixture of p and n states

G)-v()

isospin




Symmetry and non-observables: example

e Simple example: potential energy V between two charged particles:

Absolute position is a non-observable:
The interaction is independent on the choice
of the origin O.

Symmetry:
V'is invariant under arbitrary
space translations:

fi—m+d o i+d
Consequently: | Total momentum is conserved:
— — d — —
V =V (r1 —72) dt(p1+p2)—F1+F2 <V1+V2>V=0

Ptot



Lecture 4: “Symmetries”

Part 1
Gauge Symmetries in
The Standard Model



Standard Model

* 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, J# a current (0;3) and A, a force field

A. Local U(1) gauge invariance: symmetry under complex phase rotations
* Conserved quantum number: (hyper-) charge

» Lagrangian: £ = Y(iy#D, — m)y = P(iy#d, —m)yp — qyy*Y A,
Jgm

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

* Lagrangian: £ = P(iy#D, —m)¥ = P(iyH9, — m)¥ — %@y”f‘l’ 1_9)#

u
]Weak

C. Local SU(3) gauge invariance: symmetry under transformations in colour triplet space
e Conserved guantum number: color

* Lagrangian: £ = ®(iy#D, —m)® = ®(iy*9, — m)®d — %CT)]/”/TCD Cy

-

m
Jocp



Standard Model

* 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, J# a current (0;3) and A, a force field

Standard Model Lagrangian:

-

—. —. 9 9 S
L= ‘/’(WMDM ~ m)l/’ = ‘/’(Wﬂau - m)‘p - qngAM ~ Elxlfveakbu ~ 751560 Cu

Implements U(1), SU(2) and SU(3) symmetries simultaneous

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.



Electromagnetism and Weak force

e U(1) gauge transformations require that the laws of physics (i.e. the Lagrangian) is

invariant under: _
Yx) - P'(x) = ezqa(x)lp(x) Electromagnetic field

AM(X) — A,'u(x) — A,U,(x) . %a‘ua(x) gauge transformation

_ u
* This leads to the interaction: Ly = _]uAH with Ju = qlpyﬂl/J A “’W”<
/

e SU(2) gauge transformations require that the laws of physics (i.e. the Lagrangian) is
invariant under:

Lp(x) — g’ (x) — eig%?'a(x)lp(x) With doublets ¥ = (3;) and ¥ = (Y, , ¥q)
* This leads to the interaction: Ly = —f#l_;“ with ]:L = % ‘TJnyLP

. 1 L
Weak Isospin: T; = ETi T = Tq, Ty, T3 are the Pauli matrices: 7, = (g (1)) , Ty = ((l) Ol) , T3 = ((1) 2)



The weak force

* The weak interaction includes charged (J; and J£) and neutral (J;}) currents

* |t turns out the following charge current fields are realized in Nature:

: WMJ—r = \%(b}l ¥ ib2) andZ, = b} (see exercise)
* The charged current becomes 0 1 0 0
1 — . 1 . + — - —
. ]:f = \/—ELIJyﬂTiLP with 7% = E(Tl +i1,) T = (0 0) T = (1 0)

L : 1
Charge raising interaction: ! = Wi VY, ewwv< Ji = N iy, d u
W+

d
v Ve 3 1

1
— ey, B _
2+/2 Ju = VVue u
W_ W\,\M< 2\/3/— MIW\I\<
* The neutral current is: ¢ d

1~ . 1 .
« J3 = ELP]/HT?’LP with 7% = ~ (11 £ iTy) ; M\,\,\,< f
f

Charge lowering interaction: Ji =



Exercise — 20 : Charge Current

by Fib]
”\/; £ leads to the charged current:

+ U= o —~ T
L=-WHHE =W J#" with J** = Z®y,t*Wand J*~ = S Py, 7"¥

e Show that the definition Wf =



Electroweak unification

* A strange phenomenon for the neutral current
* The SU(2) gauge field bﬁ and and the U(1) gauge field A, are not physical
* The physical fields are: v, = A, cos8y, + b;sinby (“mixing”)
Z, = —A,sinBy, + bj cos Oy

* The electromagnetic and weak interaction are linear combinations of the U(1) and
SU(2) symmetries
* We speak of a unified electroweak force

* The U(1) symmetry is related to the quantity "hypercharge” Y
* The charge of a particle is given by the relation: Q = T3 + %Y

* The Standard Model of interactions implements the symmetry:
SU(3)colorXSU(2) XU (1)y

* Mystery 1: How do gauge bosons and fermions acquire a mass
 Mystery 2: The weak interaction is only left-handed




Lecture 4: "Symmetries”

Part 2
Electroweak Symmetry Breaking
The Higgs Mechanism



Symmetry breaking

* Massive particles are forbidden in the SM Lagrangian

* A hypothetical mass term in the Lagrangian for the photon is not gauge
invariant:

24, A% > m? L5 uy Lo 24, AH
m°4,A" - m AH+E LA +E a)+mA,
* The same holds (harder to show) for the weak mediators W, Z

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

* We will give an example how mass terms can be generated without
destroying the symmetry of the Lagrangian



The idea of symmetry breaking with a new field ¢

* Add a new field ¢ to the Lagrangian Case A) ,
 Chose a scalar field (S = 0) pe >0
* Include a potential V(¢):

1 1 1 1
L=>(3:0)" ~V($) =5 (3:0)" —52¢* — 7 19"

N J
~ %ﬁ/
Massive Klein-Gordon Interaction
term (Spin 0, mass =u)  term

* The vacuum (lowest energy state) has ¢ = 0
* This means no-field in the vacuum.

* The Lagrangian describes a new particlewithS =0andm = u



The idea of symmetry breaking with a new field ¢

* Add a new field ¢ to the Lagrangian Case B)
* Chose a scalar field (S = 0) ,uz < 0:
* Include a potential V(¢):

1 1 1 1
L=>(3:0)" ~V($) =5 (3:0)" —52¢* — 7 19"

\ v _/ %ﬁ/

Massive Klein-Gordon Interaction
term (Spin 0, mass =u)  term

* The particle has imaginary mass? u? < 0

2
* The Lagrangian has a minimum for ¢, = /—“7 =vor u* =—-Alv

* The lowest energy (vacuum) includes a field with value v



Exercise — 21 : Symmetry breaking

1 Case B)
4 ¢ u? < 0:

1 1
£=-0.9) —V($) = (0.9)° —u 22 —

* Redefine coordinates:n = ¢ — v
* Exercise: re-write the Lagrangian in ¢ and v to show:

1 1 1
_ Lon) _ A1r2n2 3 T a4 94
L(n) Z(Oﬂn)(a n) — Av“n® — Avn 4/'177 4/112

1 .
* Ignore the constant term lev4 and neglect higher order n3:

1
L) =3 (8,m)(@#n) — Ww?n?

* This describes a new scalar field n with a mass = m,7 w? = m, = V2Av? (= —2u?)

* Price to pay: Lagrangian is no longer symmetric under n — —n in the new field.



The idea of symmetry breaking with a new field ¢

1 1 1
£=2(0,0) —V(@®) =5 (0.0) —5u29? —gagr (B 5 o

* Redefine coordinates:n = ¢ — v

Conclusion:

* The symmetry of the Lagrangian by adding a
symmetric potential ¢ has not been destroyed

 The vacuum is no longer in a symmetric position

The real case includes a complex field ¢

* This describes a new scalar field n with a mass = m,7 w? = m, = V2Av? (= —2u?)

* Price to pay: Lagrangian is no longer symmetric under n — —n in the new field.



Symmetry breaking with a complex field ¢

* Introduce a complex scalar field: ¢ = % (p1 +icpy)

» The Lagrangian termis: £ = (8,¢) (0*}) —V($) , with V(p) = u2(¢p*¢) + 1 (¢*¢)?

e Lagrangian: Case A)
L(p1, ¢2) = % (0Hq51)2 +% (8 )2
_‘.U (¢1 + ¢35 )——/1(¢1 + @3 2)?

* Lagrangian:

L #2) = 5 (0u001)" - ;K@D +\§ (0u0p2)" — 1 (4D

Particle ¢»1, mass u Particle ¢, mass u

+ interaction terms




Symmetry breaking with a complex field ¢

* Introduce a complex scalar field: ¢ = % (p1 +icpy)

» The Lagrangian termis: £ = (8,¢) (0*}) —V($) , with V(p) = u2(¢p*¢) + 1 (¢*¢)?

e Lagrangian: Case B)
L(p1, P2) = % (0Hq51)2 +% (8 )2
_‘.U (¢1 + ¢35 )——/1(¢1 + ¢35 2)?

TRYA()]

 We now have a whole circle "
“. o)
| b J S of vacua to chose from:
= o M ez [ Y
E :' = =7 | >
) .' \/¢1 + ¢2 yl E q)l
circle of vacua |
2 I NE

-~
‘e 4
-~ .
~y .
.....
---------

* Symmetry breaking: chose [1]: ¢pg = % (v+n+ié)



Symmetry breaking with a complex field ¢

* Redefine coordinates:n = ¢, — v

, E=¢2, o=@ +iD)

* Exercise: rewrite the Lagrangian ignoring constant terms and higher order terms:

L =é (aun)z — (/1172)17/2 + \% (aﬂg)z —0- 17/2 + higher order terms
Y

massive scalar particle 4 massless scalar particle ¢

..............
. ~
. -
. .
o" M

 The Lagrangian is still symmetric

Case B)

TRYA()]

e The vacuum is no longer
| 0, 4G symmetric
[2]¢ [1] We have a massive scalar and a

(I)l N massless scalar

circle of vacua e The latteris called a
Goldstone boson.

-
‘e *
- .
~, .
.....
---------

* Symmetry breaking: chose [1]: ¢pg = % (v+n+ié)




Higgs Mechanism

* 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
* Details beyond the scope these lectures, idea as follows:

* Electroweak Lagrangian: £ =y(iy*D, —m)yp + (Dﬂqb)T(D”qS) — V()
* Where the covariant derivatives:
U(1): () - 9’ (x) = e4*™y(x) and SU(2): p(x) = ' (x) = G(x)P(x)
AR (x) = A (x) = AM(x) — laﬂa(x) with G(x) = exp (%f' - c?(x))
L b i B = GB,G +1 (,6)67"
= Dy,=10,+igB,

* Higgs field is weak isospin doublet: ¢ = (2;) = %(zl j: ﬁj) ; $o = i(g)

» With the potential: V(¢p) = u?(¢pT¢) + ,1((1,1‘4))2 where: u? <0



Higgs Mechanism : Resulting phenomenology

* The Higgs mechanism breaks the symmetry of the (electro-)weak interaction
* The Higgs choses a preferred direction in weak isospin space
* One massive Higgs scalar field remains — due to field excitations around v; the earlier n term

* Three massless Goldstone bosons appear, but they are re-written as massterms for the gauge
fields of the broken symmetry.

« The Wt , W~,Z° bosons acquire mass. V=W/Zz
* The photon remains massless __h_ﬁ
V=W/Z
* Higgs and fermions:

 The SM allows to couple the Higgs field to fermions isospin doublets: f
* The vacuum expectation value of the Higgs gives rise the fermion masses h

1 : . 1
* Massterm: my = Y¢ "5V where Y; is a particle constant.
* For the top quark: Y =1 ?!

— |

* Mass eigenstates and interaction eigenstates:
* The Higgs and the W boson do not agree on the “generation” eigenstates, see lecture 2.
* The Higgs couplings give rise to the CKM elements



Exercise — 22 : Mass of the proton

Besides giving mass to the weak vector bosons, it was briefly flashed that the
same Higgs mechanism is responsible for giving mass to the fermion masses in
the Standard Model, through ad-hoc Yukawa couplings. The mass of a 'naked'
qguark can be estimated through models of soft QCD, where it enters as a
parameter for e.g. the binding energy of a meson. For up and down, they are
found to be roughly 2 resp. 5 MeV/c.

a) What fraction of the proton mass is due to the Higgs mass of the
constituent quarks?

b) Can you find out where the other part of the proton mass comes from?



* See also:
* https://en.wikipedia.org/wiki/Mathematical _formulation_of the_ Standard Model



Lecture 4: "Symmetries”

Part 3
Discrete Symmetries



Discrete Symmetries

* Is nature invariant if we look at it through a mirror?




Discrete C, P, ' Symmetries

* Parity, P: unobservable: (absolute handedness)

» Reflects a system through the origin.
Converts right-handed to left-handed.
« X> —X ,P - —p (vectors)but L =% X P (axial vectors)

 Charge Conjugation, C: unobservable: (absolute charge)
* Turns internal charges to opposite sign.
cetse , K oK' @G

 Time Reversal, T: unobservable: (direction of time) \ O‘
* Changes direction of motion of particles [+ I
« to —t

e CPT Theorem:

 All interactions are invariant under combined C, P and T operation
* A particle is an antiparticle travelling backward in time
* Implies e.g. particle and anti-particle have equal masses and lifetimes




Parity: Helicity and Chirality

4
* Parity image A P2
e L=#xp > —rx—p=L 2
. a |
 Same for spin S |
p————
. . . . . l //
* Helicity: spin projection on momentum L7
eA=dp - o-—p=-1 :
e The mirror of left-handed = right-
handed
* Chirality:
* If you, as observer overtake the
electron, it changes from left handed to v v
. - ——
right-handed
* How is it for a neutrino — zero mass? s S
* You cannot overtake it.
e . S {a) Right-handed {b) Left-handed
* Chirality is the helicity in the relativistic

limit: m—> 0 ; v-oc



Exercise — 23 : Parity

a) Find the eigenvalue of the parity operator P, for the function
y(x) = 10x> + 3x3

b) (Optional for die-hards only — not required)
Find an expression for the parity of the Y;,,, functions. Show that the
parity is (—1)! . This means that if a state has orbital angular

momentum, there is an additional factor of (—1)! to the Parity
eigenvalue!

c) [Griffiths 4.37 a)] Explain why the decay n — mm is forbidden for both
strong and electromagnetic interactions.



Exercise — 24 : Helicity vs Chirality

d)

Write out the chirality operator y° in the Dirac-Pauli representation.

The helicity operator is defined as A = ¢ - p . Show that helicity operator
and the chirality operator have the same effect on a spinor solution, i.e.

5 == 5 - . ” ~ - . ! — I ° (1) = . (2) =
Yy =y g-p O A o-p L AP with: y (0),)( (1)
E+m E+m

in the relativistic limit where E > m

Show explicitly that for a Dirac spinor: Wolfgang Pauli
Yy*yY = Y v*Y; + Yry*r making use of Y = Y; + Yy and the
projection operators: Y; = %(1 —y>)and Py = %(1 + 7°)

Explain why the weak interaction is called left-handed.

“I cannot believe God is a weak left-hander.”




The weak interaction for particles is “left-handed”

* Look at the weak pion decay: m~ — u~ v, in the pion:

Spin =% Spin=0 Spin =%
T
- =
S S
Fig. 410 Decay of r~ at rest.

« Compare to the decay: ¥ — u*v and measure the spin of the muon:
 tt — utv : anti-muon spin was found left-handed: neutrino is also left handed
e T~ — W~ v : muon spin was found right: handed: anti-neutrino is also right handed

 Since neutrino’s are ultra-relativistic (m = 0): neutrino’s are always left-handed

anti-neutrino’s are always right handed

=>» The weak interaction maximally violates parity symmetry!



Classical Mirror Worlds — |nvariant!

* ParityP:x > —x,p - —p
- Massm Pm=m : scalar
- Force I (F = dp/dt) PF=Pdp/dt=—dp/dt = —F : vector
- Accelerationa (a = d?x/dt?) Pd=—d*x/dt? = —a : vector
- Angular momentum L S,f (Z = XXP) PL=—-%X —p = L : axial vector
e Parity: Newton’s law is invariant under P-operation (i.e. the same in the mirror world):
- N P - > - —
F=ma — —F=—-ma & F=ma

e Charge: Lorentz Force in the C-mirror world is invariant:

F=gq [E + ﬁxﬁ] L F= —q[—ﬁ + 13><—§]

* Time: laws of physics are also invariant unchanged under T-reversal, since:

> S azx T > d?x > —
F—ma—mdt2 > F—md(_t)2 & F=ma
h%
° : i ' ’ i —t): h—=——V?
QM: Consider Schrodinger’s equation (t = —t): ot om Y

T
Complex conjugation is required to stay invariant: Y—"



C-, P-, T- Symmetry

* Classical Theory is invariant under C, P, T operations; i.e. they conserve
C, P, T symmetry

* Newton mechanics, Maxwell electrodynamics.

e Suppose we watch some physical event. Can we determine
unambiguously whether:

* We are watching the event where all charges are reversed or not?

 We are watching the event in a mirror or not?

* Macroscopic biological asymmetries are considered accidents of evolution rather than
fundamental asymmetry in the laws of physics.

* We are watching the event in a film running backwards or not?

* The arrow of time is due to thermodynamics: i.e. the realization of a macroscopic final
state is statistically more probable than the initial state



Macroscopic time reversal (1. Lee)

* At each crossing: 50% - 50% choice to go left or right
» After many decisions: reverse the velocity of the final state and return

* Do we end up with the initial state?
36



Macroscopic time reversal (1. Lee)

Very unlikely!

* At each crossing: 50% - 50% choice to go left or right
» After many decisions: reverse the velocity of the final state and return

* Do we end up with the initial state?
37



Macroscopic time reversal
" What's +his mesd?

En\'rOP‘.o‘-\

./

Let me 9uess...

L

Enteopy!

' .

T\r\isu why we dont teadn owr children
aoout enh-opg unh] mudh later...




Parity Violation

Before 1956 physicists were convinced that the laws of nature
were left-right symmetric. Strange?

A “gedanken” experiment: consider two perfectly mirror symmetric cars:

/ \ Gas pedal Gas pedal / \ driver

driver\\ /ﬁ //\i// \\\(\\ @w/
s wer e . -0/
H \Q ﬂ L” and “R” are fully symmetric, H Q ﬂ
g Each nut, bolt, molecule etc. “R”
However the engine is a black box
H ﬂ Person “L” gets in, starts, ..... 60 km/h H ﬂ
N J N J

Y 7 Person “R” gets in, starts, ..... What happens? \ 7

What happens in case the ignition mechanism uses, say, Co®® 3 decay?




The weak interaction is left handed

e Look again at pion decay

Fig. 4.10 Decay of 7~ at rest.

* Both Parity P as well as charge
conjugation C symmetry are
violated

* But happens if we do both: CP?

—~t— O o1 3 a v, & O
=

I S—— —_—

+ -
e 4 .
L‘\ R' R y



Weak Force breaks C and P, is CP really OK?

e \Weak interaction breaks C and P
symmetry maximally!

e Nature is left-handed for matter and right-
handed for antimatter.

* Despite maximal violation of C and P,
combined CP seemed conserved...

e Butin 1964, Christenson, Cronin, Fitch and
Turlay observed CP violation in decays of
neutral kaons!




Discovery of CP-Violation with Kaons

* Create a pure K; beam (“wait” for K to decay)

* If CPis conserved, should not see K; » wtm~ ares
e
REGION OF
OBSERVED DECAYS SCINTILLATOR

PLAN VIEW

James Cronin Val Fitch

INTERNAL HELIUM BAG
TARGET

K? > ntm™ (fast)
K;: Long-lived is CP odd:

Ks: Short-lived is CP even:

CERENROV
S | mass, 0

CPV Signal: K, » n*n~

Expected Background: K; —» ntn—n° i

»

0.9996 0.9997 0.9998 0.9999 1.0000
cos O

K > ntn n® (slow)
484 <m* < 494 1o
T 1 —~
v dhadd 1 PO L W s S
30
K, > ntm” "
20 %
Effect is tiny: >
about 2/1000 N
494 <m*< 504 o O
@
w
n (1 N J] LT s
e S Ll iR T P
504<m*< 514 o
gy | &
fgwﬂ‘{uﬂu T




Discovery of CP-Violation with Kaons

* Create a pure K; be~— [“rmis? £ne 17 dn Amnme

Pr——

e If CPis conserved,

James Cronin . Val Fitch -

CPV Signal: K; —

Expected Backgre

THE MIRRIR DiD NI S&££€M O
B OPERATING PROPERL\Y.

K? > ntm™ (fast)
K; : Long-lived is CP odd:

Ks: Short-lived is CP even:

K) - ntnn®  (slow)
484 < m* < 494 410
PN [ .
g ikl 1 L W s N
30
K, »ntn~ "
-
20 &
Effect is tiny: >
about 2/1000 N
494 <m*< 504 o O
PR
n (1 N J P
A~ ] UYLy o 2
504<m*<514 10
|
ﬁwﬂguﬂu o 0 1 a2 M P
996 0.9997 0.9998 09999 1,0000

cos O




Alternative: Charge Asymmetry in K° decays

Nt-N" . Nt =K% > nmgetvy :
Measure A= ——— with =~ =~ —_ "7 © " vsthe K° decay time
NT+N N~ =K->nTe v

A CHARGE. ASYMMETRY IN KO v 1 ey Thesis Vera Luth, CERN 1974 | | <

0.04 -

KS KL
\ \
002 | | [ \
2
rz: t t t t +++++-*:+ ' } : } : } :: 7 ! t ' " ' ____-_-f_ N 4%(8) — (1 + 6)
2z 0 . tw T 30 (1—¢)
.:;: i ++ LFETIME ' [10™sec]
= | J[ ¥ K° — m~e™v happens a bit
+ | (¢) morethan K0 - wfe v
+ 40108 EVENTS
-004 . 1 1 o
! IK,) = [(1 + &K% + (1 — ¢ K0>] CP violation in
v 2 . .
PRI V21 +]el I L meson mixing.
- tt ntte v




Contact with Aliens | 17

Comparek) > mEe=7 to K'LO‘ > m ety

Compare the charge of the most abundantly produced electron with
that of the electrons in your body:
If opposite: If equal: anti-matter




CP Violation & B-mesons

3000

e Example: B - K*n
* Two quantum amplitudes

(Feynman diagrams)

* Interference gives rise to CP

violation

* Requires “strong” and “weak”

phases

)

2 GeVic?
m w
S b
8 3
[ |

g
i

vents { ( 0.0,

LHCb

\'s =7 TeV Data

B°/B° > K*m~

5 51 52

OM

Ty

P | - P P
5.4 5.5 5.6 5.7 ;.8
K’ invariant mass (GeV/c?)

GeVic?)

Events / (0.02
- N
& =
S 3
LI rrri LI LI

III§II

500

LHCb
Preliminary
\s =7 TeV Data

B°/B° - K—m*

e T

| P L
53 54 55 56 57
K=" invariant mass (GeV/c

;).8

A=A+ AetPel
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CP Violation is a hot topic at the LHCb experiment

2001 2004 2013 2020

Beauty particles:Time- Beauty particles: Time- Beauty-strange particles: Beauty-strange particles:
dependent CP violation integrated CP violation in Time-integrated CP Time-dependent CP

in B meson decays B° meson decays violation in B? meson violation in B? meson

BaBar and Belle BaBar and Belle decays decays
collaborations collaborations LHCb collaboration LHCb collaboration

1964

Strange particles: CP 1999, 2001 2012 2019

violation in K meson Strange particles: CP Beauty particles: Charm particles: CP
decays violation in decay CP violation in B* violation in D°

J. W. Cronin, V. L. Fitch KTeV and NA4S8 meson decays meson decays
etal. collaborations LHCb collaboration LHCDb collaboration




CPT Violation...

CPT symmetry implies that an antiparticle is identical to
a particle travelling backwards in time.



Symmetry breaking in the early universe

. . Today — 14 hillion years
* Higgs mechanism generates mass Life on earth\ ‘) .
Acceleration \— 11 hillion years
e For the Weak bOSOﬂS Dark energy dominate L a e ‘®
. Solar system forms\ S8 w8
* For the fermions Star formation peak \&® ~3bilfion years _
. . . Galaxy formation era\ y ‘-
¢ HIggS C0up|lngS |ead tO CKM COUphngS Earliest visible galaxies - 706 mill'ionyear,s

e 3 generations allow for CP violation

: : 2 >Q)
Recombination Atoms form \——4=14 m years D

Relic radiation decouples (CMB) Q 22 =2
 Can it explain the matter anti-matter asymmetry? Matter domination sfooovgars

Onset of gravitational collapse

4 . I . : e
SO fa r-no: Nucleosynthesis 3 minutes
Light elements created - D, He, Li | =« = &

0.7 T — T T T T T T T T Nuclear fusion begins —— 0.01 seconds

- ' p Amy & Am, £ = o
08 =2 y My Wiier 16 Quark-hadron transition

=8 - Protons and neutrons formed
03 :_g S'n 2ﬁ sol. w/ cos 28 <0 _:

C 3 = (exclalCL>095) E
04 3 — Electroweak transition 7

1= ol 3 = Electromagnetic and weak nuclear

03 - o forces first differentiate

- o 3 - Supersymmetry breaking
0.2 — Axions etc.?
0.1 \ Grand unification transition

y p " Electroweak and strong nuclear Ry
0.0 N . = I . . ol - 3 forces differentiate
0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 : Inflation
P Quantum gravity wall

Spacetime description breaks down



Exercise — 25 : Bilinear Covariants

* What is the reason that gamma matrices cannot be Lorentz 4-vectors?

* The space-time dependence is included by combining the wave function ¥ (t, x) with
the gamma matrices y*. Show explicitly that each of the following so-called bilinear
covariants no longer carry Dirac spinor indices:

S, Vipytp, T:porVy, A:dySy, PidySp where ohV = - (yhyY —yVyH)

* How many Lorentz indices does each of these combinations have?

Can you think of additional independent forms that contract two Dirac spinors into an
object without Dirac indices? These bilinear combinations are generally called currents
as they are the most general form in which currents can occur.

Explain the names of these currents:

S = Scalar, V = Vector, T = Tensor, A = Axial vector, P = Pseudo-scalar

The most general type of interaction will be of the form represents : 7
S,PV,AT

M =G 2 Cij(lleilp’)(IEsz/)’) where Operator O; represents S,P,V, A, T
ij ¥

|
<




Exercise — 26 : Symmetries

i,
V.

Vi.

Vi

What do you think is the difference between an exact and a broken
symmetry?

Can you explain the name spontaneous symmetry breaking means?

Which symmetry is involved in the gauge theories below? Which of
these gauge symmetries are exact? Why/Why not?

U1l(Q) symmetry

SU2(u-d-flavour) symmetry

SU3(u-d-s-flavour) symmetry

SU6(u-d-s-c-b-t) symmetry

SU3(colour) symmetry

SU5(Grand unified) symmetry

I. SuperSymmetry



