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R Symmetries

o Symmetry: if a set of transformations, when applied to a system,
leaves system unchanged — transformation is a symmetry of system

 Symmetries play an important role in particle physics, partly because
they are related to conservation laws

* Understanding the origin of conservation laws guides the formulation

of the quantitative description of the particle interactions: the
inverse is also true: from symmetries of the interaction->  conservation laws

o Symmetry of crystals: shape is a ‘static’ symmetry
 Dynamical symmetries: associated with motion, interaction

* Newton: spherical symmetry of gravitational law NOT exhibited in
motion of planets (orbits are elliptical !), but in the set of all possible
motions = In the equations of motion =

- underlying symmetry only indirectly exhibited



Example of a symmetry:
Translation Invariance

Lagrangian of system with n degrees of freedom
- n-coordinates; n-velocities

L=1L(q,q)i=12,.n

« Associated momenta, or momenta conjugate to the coordinates ¢

=A /a4, 1=1.n
« Dynamical equations of motion
d A dpi _ A
i~ a =02 W =g
« If Lagrangian of this system is independent of a particular coordinate g,
d
=0=>-=2=0

aJlm

* Independent of a partlcular coordinate = translation invariant = conjugate
momentum conserved 3



" Connection between Symmetries and i
Conservation Laws: Noether’'s Theorem —

 Every symmetry of nature yields a Conservation Law
 Converse is also true: every conservation law reflects an underlying

symmetry
Symmetry Conservation Law
Translation in time <— | Energy
Translation in space <—> | Momentum
Rotation <——> | Angular Momentum
Gauge Transformation | «<——> | Charge
(Electrodynamics)




Symmetry: Definition OAW_

Symmetry: is an operation, which — performed on a system — leaves
system invariant, i.e. carries it into a configuration, which is
Indistinguishable from original one

Example: operation on equilateral triangle

unchanged under clockwise rotation of 120° (R™)
unchanged under counter clockwise rotation (R")
unchanged under flip about vertical axis a (R,)

unchanged under flip about vertical axis b (R;)

unchanged under NO operation: identity (1)

unchanged under combined operation

Clockwise rotation under 240° (R* R*) = R~ ...all possible symmetry operations defined by
above operation



Set of All Symmetry Operations = GROUP

Set of all symmetry operations has following properties

- closure: If R;and R; are in the set =
product R; R; (first perform R;, then R;) is also in the set
R, R =Ry (closure is in German: * Geschlossenheit’)

- identity: element | exists, such that | R, = R, | = R, for all R,

- inverse: for every element R, — inverse, R}, exists, such that
R R1=R1R =1

- associativity: R (R; Ry) =(R; R;) R,

* Rules are defining properties of a mathematical group G

- Mapping of G ={R;, R;, R} onto the group of linear
transformations in Vectorspace = R; -> D (R,)... D are frequently

matrices .



Group Theory: Classification of symmetries QAW

Abelian Group: group elements commute: R; R; = R R,
- translation in space and time = Abelian Group

Non-Abelian Group: R;, R # R/ R
- rotations in three dimensions do not commute

Finite Groups: example ‘Triangle’: has six elements
Continuous Groups: e.g. rotations in a plane

Discrete Groups: elements labelled by index that takes only integer
values
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Most Groups in Physics =
represented by Groups of Matrices

In General: every group G can be represented by a group of matrices:
for every group element a = matrix M,
Lorentz Group: set of 4 x 4 A matrices  yM — AHxH

- transformation in 4-dimensional space

Unitary Groups U(n): collection of all unitary n x n matrices
- unitary matrix: inverse U= transpose conjugate U *

Special Unitary Groups SU(n): unitary matrices with determinant 1
- Gell-Mann’s eightfold way corresponds to representations of SU(3)

~

Real Unitary Groups O(n): orthogonal matrices: 01=0

Real Orthogonal Groups SO(n): determinant 1

- SO(3): rotational symmetry of our world, related through Noether’s theorem
to conservation of angular momentum,



Example 1: SO(3)

Rotation in 3-dimensional space can be described with orthogonal,
unimodular 3 x 3 matrices R

X' X
v'|=R y| RRT =1
Z' Z

Consider rotation about z-axis

cos® sin® O
R, =|-sin@ cos® O
0 0 1

R, can also be presented as R,(8)=¢""

J, are ‘Generators’ of the group R,
0 -i 0

with j_=|i o o|,similarly for Jx, Jy
0 00
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""\‘ ML Dl

[

o SU(2): complex, unitary, unimodular 2 x 2 matrices

a b
o Uz[c d] with a, b, c,d .... complex

* |In general: 8 parameters; however
unimodular: det U = 1; unitary: UtU =1

a b
U :(—b* a*J with |a|? + |[b]?2=1; 3 free parameters

idis
e U=e 2"

ol 3 ol 3 ol

= Pauli Matrices, transformation in spinor space

10



Spin%

Spin % : most important spin system: proton, neutron, electron, quarks

1

particle with S = %: Mg == (‘spinup’), mg =—% (‘spin down’)

states can be presented by arrow: 1 {

better notation: two-component column vector, or spinor
;;>_ L. ;_;>_ 0
22/ \0)'12 2/

. 1 . . . . .
most general case of spin 3 particle is linear combination

a 1 0
(ﬂ] =a [OJ+ yo4 [1] , a, B complex numbers

measurement of s, can only return value of +3hor—3h
|a|? is probability that measurement of s, yields + %h

|B|> is probability that measurement of s, yields —= 7
therefore: |a|?> +|B|?=1
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In quantum mechanics, each Pauli matrix represents an observable describing the spin of a spin ½ particle in the three spatial directions. Also,  iσj are the generators of rotation acting on non-relativistic particles with spin ½. The state of the particles are represented as two-component spinors. An interesting property of spin ½ particles is that they must be rotated by an angle of 4π in order to return to their original configuration.


Flavour Symmetries OAW

 Heisenberg, 1932: observed that proton and neutron (apart from
charge) are almost identical

- M, =938.28 MeV/c?; M, = 939.57 MeV/c?

- proposed to regard proton and neutron as two ‘states’ of the
same particle, the ‘nucleon’

- nucleon written as a two-component spinor

Gl ol

- by analogy to spin = ‘Isospin’
- Nucleon carries isospin %z

- | is vector not in ordinary space, but in abstract ‘isospin space’,
with 1, 1, I3

Machinery developed for Angular Momenta can be applied



C O n C e pt Of I S OS p i n ;SZF&T;LT"'ZE'REJTQ‘.?“ :

Heisenberg’s proposition: strong interactions are invariant under
solution in isospin space (analog to: electrical forces are invariant
under rotation in ordinary configuration space)

Isospin invariance is ‘Internal Symmetry’ of system

Noether’'s theorem

strong interactions is invariant under rotation in isospin space = isospin is
conserved in all strong interactions

Isospin assignment follows isospin assignment of the quarks
- uand d form doublet: U= ‘%%% d= ‘%_%>
- all other quarks carry isospin zero

Isospin formalism associated with SU(2)
- strong interactions are invariant under internal symmetry group SU(2)

13
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L pynamical Consequences of Isospin

e Two-nucleon system
- symmetric isotriplet: [11) = pp;|10) = (%)(pn+np); 1-1)=nn

- antisymmetric isosinglet: \OO) = (%)(pn —np)is the deuteron (if it were

In triplet, all three states would have to occur)

- Isosinglet state is totally insensitive to rotation in isospin space
* Nucleon-nucleon scattering
- p+po>d+rprnod+aintno>d+a
- deuteron | = O; isospin states on right side are \11},

10),
on left side pp =[11);nn=|1-1), pn = (L )(10)+00))

1-1),

- only I = 1 combination contributes (final state is pure | = 1)

O scattering amplitude in ratio 1:% :1 and cross sections (square of

amplitudes) 1:2:1, consistent with measurement
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Pions are bosons with zero spin, and they are composed of first-generation quarks. In the quark model, an “up-quark" and an anti-"down quark" make up a π+, whereas a “down quark" and an anti-"up quark" make up the π−, and these are the antiparticles of one another. The uncharged pions are combinations of an "up quark" with an anti-"up quark" or a "down quark" with an anti-"down quark", have identical quantum numbers, and hence they are only found in superpositions. The lowest-energy superposition of these is the π0, which is its own antiparticle. Together, the pions form a triplet of isospin. Each pion has isospin (I = 1) and third-component isospin equal to its charge (Iz = +1, 0 or −1).



Dynamical Consequences of Isospin:

Osterreichische Akademie
!! ( 1 : !3: !) der Wissenschaften

Four members of the A(1232) family, mass 1232 +-1 MeV/c? ,
corresponding to four charged states, four I, projections of = 1=3/2 multiplet

If isospin is good symmetry = total decay rates must be identical

Charge State of A I3 Final State Expected Rate Solution

AT (uuu) 3 prt 1 1
AT (uud) % pr® x %
nmt 1—=z i
A9 (udd) 1 pr y 3
nm? 1—y %
A~ (ddd) -3 nmw- 1 1

Ratio for decays involving a p or n in final state are the same
l1+x+y = 1-x+1-y+1
Ratio for decays involving n*, n° or n~ are the same
1+1-x = xX+1-y = y+1
Unique set of consistent solution shown in table, in agreement with
measurements

15



Extension of Isospin Concept

Eight baryons have approximately equal mass

- tempting to regard them as a supermultiplet, belonging to the same
representation of an enlarged symmetry group, in which SU(2) of
Isospin would be a subgroup

Gell-Mann found that the corresponding symmetry group is SU(3)

- octets are represented by the 8-dimensional representation of
SU(3), I.e. the baryons belonging to this octet are transformed by
the 8-dimensional representation of SU(3)

- decuplets are represented by the 10-dimensional representation of
SU(3)



s Extension of Isospin Concept

 Difficulty: no particles fall into the fundamental, 3-dimensional
representation (in contrast to nucleon) = emerging idea of quarks

» Gell-Mann: quarks: u, d, s transformed according to the 3-dimensional
representation of SU(3) which breaks down into isodoublet (u,d) and
Isosinglet (s) under SU(2)

* In this concept baryons, consisting of three quarks,
CICIQR(3) ®R(3) @R(B)Z 3®3®3=1+8+8+10 decomposed into

Irreducible representations, with which the octets and decuplets can be
identified

17



Caveat In this Hierarchy

Isospin, SU(2), symmetry is very good symmetry; mass of members of
Isospin multiplets differ by only few %

Discrepancies become very large, when including the heavier quarks in this
concept = can be traced to the bare quark masses

Quark Flavour Base Mass Effective Mass

u L 336

d 5! 340

S 95 486

C 1300 1550
b 4200 4730
t 174000 177000

Effective mass is consequence of strong interactions due to confinement
iInside hadrons

- effective mass of u, d, s, almost equal

- Effective mass of c, b, t, very different
We have no fundamental explanation for the value of the bare quark
masses 18
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Determination of ‘Bare quark mass’: is determined theoretically, based on QCD, and adjusted to reproduce experimental values (e.g. mass of particles); the effective mass is the mass the quarks acquire inside a particle due to the strong interactions with gluons and sea quarks, which make up a real particle; for light quarks these interactions contribute in very substantial ways to the effective mass


Moe 4
fey }fjiscrete symmetries

Discrete symmetry: symmetry that describes non-continuous changes

Fundamental symmetry operations in particle phys'%s:

e parity transformation (spatial inversion P)

-
-
-
1
-7
P p+
s ’
’
’
’
’

e particle-antiparticle conjugation (charge conjugation C
—

e time inversion (T)

~

According to the kind of interaction, the result of such a
transformation may describe a physical state occurring with the
same probability (“the symmetry is conserved”) or not (“the
symmetry is broken” or “violated”).

M. Jeitler
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 parity:   P ψ(r) = ψ(-r)
 P2 = 1      “unitary operator”
 a wavefunction may or may not have a well-defined parity
 parity can also be given for individual particles
 may seem counterintuitive for macroscopic “balls”
 but particles are not really “balls” but described by a wave function, which may be symmetric (eigenvalue P=1) or anti-symmetric (eigenvalue P=-1)
 parity is multiplicative quantum number 
 C-eigenvalue exists only for particles which are their own anti-particle (neutral particles, without non-zero quantum numbers)
 e.g. photon, neutral mesons
 not for baryons (baryon quantum number!)
 T-asymmetry: the obvious difference between forward and backward evolution (for example, when dropping and breaking a cup) is due to the different probability of the initial and final states, and not due to asymmetry in the interaction itself


Discrete Symmetries: Parity

Transformation on state may describe a physical state occurring with
- the same probability -> ‘symmetry is conserved’
- or not: ‘symmetry is not conserved’, ‘is broken’, ‘is violated’

Prior to 1956: ‘obvious’ that laws of physics are ambidextrous: the
mirror image of a physical process is also a perfectly possible process

Mirror symmetry (‘Parity Invariance’) considered to be ‘self-evident'.
Lee and Yang: what are the experimental proofs of this assumption ?

- ample evidence for parity invariance in electromagnetic and strong
processes

- NO evidence in weak interactions

- proposed experiment to settle the question -> result: Parity is
violated in weak interaction processes!

Nobel Prize for Lee and Yang in 1957

20



Parity

* ‘Reflection’: arbitrary choice of mirror plane — better to consider
* Inversion = reflection, followed by 180° rotation
P ... parity operator, denoting inversion

- applied to vector a P(a) = -a (‘polar’ vector) (vector in opposite
direction

- applied to cross product ¢ = a x b P(c) = c (‘axial’ vector)
(magnetic field; angular momentum
are axial vectors)

6150; Inversion: every point is carried
a through origin to diametrically opposite

+
A N
ZLJ/‘ location

21



Parity

scalar

P (a°b) = (ab)
P(aqbxc ])=-a[bxc]

pseudoscalar

P2 = |; parity group has two elements: I, P

- eigenvalues of P are +1, -1
scalar:
Pseudoscalar:
Vector (polar vector):

Pseudovector (axial vector):

Angular momentum

L=FxpP>P—o>-Fx—p=L

P(s)=s P=+1
P(p) = -p P=-1
P(v) =-v P=-1
P(a) = a P=+1

—

Hadrons are eigenstates of P and can be classified according to

their eigenvalue

P (fermion) = -P (antifermion)

P (quark) = +1, P (antiquark) = -1

P (photon) = -1 (S=1, is vector particle, represented by vector

potential)

P (composite system in ground state) = P (of product)

P is multiplicative

22



Observation of Parity Violation
by Wu and Collaborators (1957)

AW

Osterrei

ichische Akademie
senschaften

StudydecayofGO(:O —)60N +e_+‘7
[ e

polarized matter
- %0Co at 0.01 Kelvin inside solenoid
- high proportion of nuclei aligned
60Co (J=5) — 6ONi* (J=4) (similar to B-decay

- electron spin o points in direction of Co spin J
- conservation of angular momentum

- degree of %9Co alignment determined from
obServation of %NiI* y-rays

observed electron intensity:

|(9)=1—("—pj=1—1cos,9
E C

- . angle between electron (p) and spin (J)

If Parity were conserved, would expect electrons equally
frequently emitted in both directions

Under Parity, ch_anggs sign, but not Spin — expectation
value of angular distribution changes sign — if right- and
left-handed coordinate system are equivalent —>.0”.|t))’ .
possible, if distribution is uniform — Observed distribution
not uniform — Parity is violated

Ble Magnetic

Beta emission is
preferentially in

) ) Muclear
the dlr:?t’[lﬂl‘l &0 S pin
opposite the Co
nuclear spin, in
violation of
conservation
of parity.

Wu, 1957
GO —= 6O - -
Co I:}‘JI +E+ Vg
[ ]
e a"
L ]
L
k3
s )
L
M. Jeitler



Parity violation

Expenment Farity |nversion
1
1 2
1
1
]
f ]
]
EDGG } EDGG
]
]
] 2 4
] r e S
1 f:u' By L "rr_f
1 5 -
o' 1 of i i
]
]
]
Ch=served Mot Ohserved

Yiolates Parity Conservation

BETA RAYS

SPINNING
COBALT
NUCLEI

BETA RAYS
(ELECTRONS)

THIS WORLD




Wu-Ambler et al Experiment
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Published results
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By lowering the temperature of cobalt atoms to about 0.01K, Wu was able to "polarize" the nuclear spins along the direction of an applied magnetic field. The directions of the emitted electrons were then measured. Equal numbers of electrons should be emitted parallel and antiparallel to the magnetic field if parity is conserved, but they found that more electrons were emitted in the direction opposite to the magnetic field and therefore opposite to the nuclear spin. 



parity violation '

Chien-Shiung Wu

Chen Ning Yang and Tsung-Dao Lee
(Nobel prize 1957)




Parity Violation in Weak Interaction =~ 9AW.

Parity violation is feature of weak interaction
- is ‘maximally’ violated
- most dramatically revealed in the behaviour of neutrinos

‘Helicity’ of neutrinos
- particles with spin s travelling with velocity along z-axis
- value of m,/s = helicity of particle
- particle with spin %2 can have

- helicity 1 (m,=7%) (‘right-handed’)
- helicity -1 (m,=-%) (‘left-handed’)

"4 "4 / \:

| > < 1,

— —_——
S S

(a) Right-handed (b) Left-handed

Helicity of massive particle is NOT Lorentz-invariant

Helicity of massless particle, travelling with v=c, is Lorentz-invariant27



[

s Helicity of Neutrinos

 Photons can have helicity + or -, representing left and right circular
polarization

* Neutrinos are found to be always left-handed (helicity H=-1)
Antineutrinos are found to be always right-handed (helicity H= 1)

« Parity violation in weak interaction is a consequence of this fact
- Mirror image of neutrino does not exist

« Observation of neutrino helicity : == —->p +v,

- pion atrest = and v energy back-to-back, spin of pion s=0 : spin of
muon and antineutrino opposite aligned

- if muon is observed to be right-handed = vV must be right-handed

——————— e e
28



Helicity of Neutrino:
a marvellous landmark experiment

OAW

Osterreichische Akademie

der Wissenschaften

Nal counte/

Eu1 52

Photomultiplier

Electromagnet

Sm,0, ring
scatterer

Experiment carried out by Goldhaber et al in
1958

152Fy + (K-capture) e — 2Sm* + v,
1525m* emits ) 0.96 MeV y —

1) measurement of direction of y —
measurement of direction of neutrino (back-
to-back)

2) measurement of helicity of y determines
helicity of neutrino

3) helicity of y : Compton scattering in iron
(below the 152Eu source) depends on helicity
of y relative to spins of iron; scattering
changes y energy —

changing the magnetic field changes spins
of iron — changes Compton scattering —
measured via resonant absorption in Sm,0;,
-ring determines helicity of y —

helicity of neutrino H (v.,) =- 1.0 +- 0.3



Helicity of Neutrino:

a marvellous landmark experiment ==~

10?

YIELD WITH

Smgs O3 SCATTERER

llll

-

PULSE HEIGHT IN VOLTS

Count rate in Sm, O; — analyzer
as function of the polarisation
of B-field — determines helicity

T PRl of gamma — helicity of neutrino
3 BACKGROUND — "%,
@ 10° |- i <
5] ; ‘T 960 ke
L 122 kev
L. 5m|sz
r A B C ]
B e A W »

Fic. 2. R'::sonant-scattcred.-y,rays of Eu'®". Upper curve is
taken with arrangement shown in Fig. 1 with ugmagn_etued iron.
Lower curve shows nonresonant background (including natursl

background).
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Charge Conjugation
(Particle —> Antiparticle)

Classical electrodynamics
- invariant under charge in sign of all electric charges
- potential, fields reverse sign
- forces are invariant (charge factor in Lorentz law)

Elementary particle physics: generalization of ‘changing sign of charge’
- Charge conjugation C converts particle into antiparticle C‘ p> = ‘ E>

Note: charge conjugation: more precisely C\ n>=\ ﬁ>
- C changes sign of ‘internal’ quantum numbers
o charge, baryon number, lepton number, strangeness, charm,
o BUT: mass, energy, momentum, spin NOT affected
- C?2=1 > eigenvalues of C are +1, -1

Note: most particles are NOT eigenstates of C

only: particles which are their own antiparticle — photon, ©° n, ¢, ... v
C is multiplicative, conserved in electromagnetic and strong processes

31



Charge Conjugation 2 MR

« Charge Conjugation is conserved in electromagnetic and strong Inter.
« Examples

on’ = y+y : Cforn photons C=(1)" = n° — 3y forbidden; not
observed

op+pont+n +n° = energy distribution for charged pions

IS on average identical

 Mesons: quark-antiguark system
0 one can show: system of (S = Y% particle) * (antiparticle) has

- eigenstates with € (-1)' ™
- pseudoscalars: 0, S=0, C=1
- vectors: 0, S=1, C=-1

32



CP: charge- parity

Remember the culture shock: weak interactions are not P invariant
- o uT+y,
- antimuon emitted is always left-handed— v, is left-handed
( pion has s=0; muon and neutrino spins opposite)

Weak Interactions are also not invariant under C: charge-conjugated
reaction

- 7~ —> u +v, notpossibe; u" is not left-handed; always right-
handed

BUT: under combined operation of CP
- left-handed antimuon = right-handed muon
Combined operation of CP seems to be the right symmetry operation
- Pauli is happy — ‘die Welt ist wieder in Ordnung’ ......
for a few years ...... -



d)

left-handed

. right-handed
neutrino

| neutrino

In weak interactions P and C are | Charge
“maximally violated” while the riont-handed @i, coniugation
combined symmetry under CP is !

(almost) conserved.

M. Jeitler



Puzzle, Mystery, Beauty of the
neutral K-Meson System

KO and K° can be produced in strong interaction processes
- K +p > K% +n; K*n > Ko+ p:..
- Kaons are produced in states of unique strangeness
- KO (S=-1) is antiparticle of KO (S=+1)
Neutral kaons are unstable and decay through weak interaction
- Experimentally observed: two different decay times !

Only possible, if these states consist of a superposition of two
distinct states with different lifetimes

- a short-lived one, originally labeled K,
- along-lived one, originally labeled K,

KO and KO are eigenstates of the Strong Hamiltonian, but not
eigenstates of the Weak Hamiltonian

K, and K, are eigenstates of the weak Hamiltonian

35



Puzzle, Mystery, Beauty of the

WiEen

K-Meson System

e Gell-Mann and Pais (1955)

 noticed that K° ( strangeness S= +1) can turn into antiparticle K < K?,
because both particle can decay into " + 1
through second order weak interaction

d

( |
Feynman diagrams in K 3 yw ?W T
modern formulation B o
$ d
d w
,_>_T"F_+_“‘P—H*—_
K° ’s : & u A l KO
] f
__4._._¢_\ _———— — -
§ w d

« Particles, normally observed in laboratory, are linear combinations of

these two states 36
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Neutral K-System

 K’s are pseudoscalars
PIK?)=oK%)  PIK?)=K°)
olk)=[K%)  cfK?)=K’)
CP‘K°>:—‘RO> CP‘R0>:—‘KO>

 The normalized eigenstates of CP are
Ks) =) )=[K7)) Ko = () (1) +[K7))
CPK,)=|K,) CP|K,)=-|K,)

If CP is conserved in weak interactions

- K, — can decay only in CP = +1 state
- K, — can decay only in CP = -1 state

« Kaons typically decay into P [7*)=-|7") € |z")= =) )

2 7t state (CP = +1)
3« state (CP =-1)

 Conclusion:K; - 2n , K, — 3n
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21 — decay Is much faster (more energy released)

Start with K°-beam ‘ K°> :(%)Q K1>—\ K2>)

- |K;) component will decay quickly, leaving more |K,)'s

In Cronin’s memoirs

So these gentlemen, Gell-Mann and Pais, predicted that in ad-
dition to the short-lived K mesons, there should be long-lived

K mesons. They did it beautifully, elegantly and simply. | think
theirs is a paper one should read sometimes just for its pure
beauty of reasoning. It was published in the Physical Review in
1955. A very lovely thing! You get shivers up and down your spine,
especially when you find you understand it. At the time, many of

the most distinguished theoreticians thought this prediction was really baloney (‘Unsinn’).
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...... It was not baloney OAW

e 1955: Lederman and collaborators discover K, meson
1,=0.895x10"%sec
1, = 5.11x107° sec

« Note: Kjand K5 are NOT antiparticles of one another

( Kyand FO are antiparticles of one another)
K is its own antiparticle C = —1
K, is its own antiparticle C' = +1

« They differ by a tiny mass difference

m,-m, =3.48x10°eV (~10** of electron mass)
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What is a ‘Particle’ ?

Kaons are produced by strong interactions, in eigenstates of strong
Hamiltonian, in eigenstates of strangeness (k’and K°)

Kaons decay by the weak interaction, as eigenstates of CP ( K, K5)
What is the real particle ? Characterized by unique life time ?

Analogy with polarized light

- linear polarization can be regarded as superposition of left-circular
and right-circular polarization

- traversal of medium, which preferentially absorbs right-circularly
polarized light = linearly polarized light will become left-polarized

K° beams = K, beams
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The Cultural Revolution: CP violation

1964: Cronin, Fitch and collaborators observe CP violation

K, - beam: by letting the K; component decay = can produce
arbitrarily pure K, - beam; K, is a CP=-1 state; can only decay into
CP=-1 (3 pions), if CP iIs conserved

Observation:
- observed: 22700 3n-decay
45 2n-decay

Long-lived component is NOT perfect eigenstate of CP, contains a
small admixture of K;

KL )= (K2} + £[K1)) |Ks)=—=

(JK1>+5‘K2>)
1+] |2 1+]e |

measure of departure from perfect CP invariance is € €=2.24x107
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in the range 490 <m* <510 MeV. The calculated curve
is normalized to the number of events in the complete
sample.



CP-Violation

« Parity violation is treated in W.I. easily because it is maximally violated
e CP violation in contrast is a very small effect

* Inthe ‘Standard Model it was incorporated in the ‘Cabbibo-Kobayashi-
Maskawa’ (CKM) mixing matrix =

o 1973: Kobayashi, Maskawa: show how it could be incorporated, but
requiring THREE generations of quarks ! (Nobel Prize in 2008)
 Even more dramatic
- K. >7z’e+v,and (CP) 7~ +e" +v,
- If CP is good symmetry: the two decay rates are equal
- experimentally: rates differ by 1 in 3.3 x 103

 Absolute distinction between Matter and Antimatter

‘Matter’: charge produced preferentially in the decay of K !
43



Beauty Factories

CP violation occurs also in neutral B-meson system

‘B-factories’: e*e” colliders, optimized for BB - production
- constructed at SLAC (BaBar Experiment)
- contstructed at KEK (BELLE Experiment)

The precision experiments confirmed the CKM Theory = cited in the
Nobel Prize Award

HEPHY is a major partner in BELLE and

Leading partner in BELLE Il (aim for much higher sensitivity)

- one research area with challenging opportunities for project diploma,
dissertation work

o talk to C. Schwanda (BELLE Il Project Leader) or C. Fabjan
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Time Reversal and CTP Theorem

e CP is violated: what about T invariance?

* T invariance very difficult to test experimentally

- expected to be violated in W.l. = usually signal overwhelmed by
em and strong interaction

e Classic example:

electric dipole moment of elementary particle (neutron)
d points along spin S

d is vector, S is pseudovector

d # 0 = violation of P

S changes sign under T, d does not

d # 0 = violation of T
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L Neutron Electric Dipole Moment (nEDM) 9AW.
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Assume neutron is globally neutral, but has
positive and negative charge distribution
resulting in electric dipole moment

Time reversal changes spin direction, but
does not change charge distribution

— nEDM does not change

NEDM has to be parallel to spin —
Conditions only satisfied, if NEDM=0

NEDM # 0 — Time invariance is violated

Present limit nEDM< 3.102% e.cm
Standard Model (due to CP violation)
NEDM = 1032 e.cm


http://en.wikipedia.org/wiki/File:NEDM_P%26T_violation.png�

“/Measure T-violation by comparing K° — K0 and

Wil E N

KO— KO

Compare rates for neutral kaons which are created as K°
and decay as K° with the inverse process:

KO - KO

A. ?‘9@
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M. Jeitler



Direct measurement of T-violation by
CPLEAR at CERN

_ R(K"—= K" - R(K"— K%

Ar = —- = 4Rec
"7 R(K® = K" + R (K" - K% T
0.04 [ exp A1 = (6.6 £ 1.34a:. = 1.0aye.) X 1078
.03 E—AT
: EXR
Q02 ;— ‘I_ ’ _+_ “Firet direct”
= ' mengurement of
o o= | | _+__++ % + + time rever=al
0 poo +_ ____________________ '+' Tl non-invariance!
001 [ Phys.Lett. B441 (1995) 43
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Neutral kaon decay time [T4]
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