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Symmetries

A Concept of symmetry is fundamental in our
understanding of physical phenomena.

A Symmetry is important hint to guess the
Nature laws: invariance of the Nature
under some transformation means that law
equation should be also invariant under the
transformation.

A Invariance under transformation
Y conservation law

A Logical problem: exact symmetries means
Impossibility to find out corresponding
transformation.

A Symmetry breaking helps!




Discrete Symmetries

P: parity or space reflection
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P violation in macro world

A Biological objects  are not invariant Tac wesoe op ot Seer o
under mirror reflection! Humans as
well.

A Sugar has a rotation direction:
sugar solution polarizes light!

A Screws are left (to be convenient
for screwing with right hand)

The existence of non invariant objects
does not contradict to the
conservation law, but invariance
means that the probability to
construct by means of physical
processes both object and its mirror
Image are equal!

Why they are not equal???




R U T TSI
Def lona tol on

A You can not explain
t he notati on
and orighto t
friend sending
iInformation only.

A You need to show
the species of

wh at iSW”u
what | s rir ght o

AThe definitions of ol eft
matter of agreement between physicists!




e
P conservation

A Invariance of the Nature under mirror reflection
IS trivial and automatic in classical and/or non -
relativistic theory.

A Inrelativistic quantum mechanics new particles
can be produced: atb - a+b+c. Introduce
Internal parity for particles P( y)=° y some are
measured, some are defined (e.g. for fermions)

A Check the parity conservation (Tanner):
p+ 19|: _ 20Ne* _ 160 + a ’)
A J’P(ZONe*)ZlJ’; J P(160)=0+; J P(a):0+ JP(lGO a)=0+’ 1-,2*
Y evidence for this chain means parity violation! It was
not observed
A Parity iIs measured to conserve in strong and EM
Interactions at a very high level of accuracy!




Parity violation innweak decays

A g-t paradox: two particles discovered
q~- p'p° and t*- p'pp
A With the same mass (~
A With the same lifetime

A Dalitz demonstrated:

A g- ptpt:Jd P=0*1-,2* ... (Youdo
not need to be Dalitz to show this)

A t*- p*p*p- more complicated: P=(1)"
(-1)(-1D" =(-1) &+ = angular
momentum p*p*; I. = -0 (p*p)p;

|.& | . seems to be =0 from Dalitz plot

A If parity conserved  g-t should be two
different particles

A Why the lifetime is the same in this
case?

0.3% accuracy)
(~5% accuracy)
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Parity violation iniweak decays

A Lee & Yang found that there
IS N0 experimental evidence
for P conservation in weak
decays.

A Suggest P violation and
postulate g and t the same
particles K *

A Weak Lagrangian consists of
both Scalar and Pseudoscalar
parts

A Suggest experiment to check
the hypothesis:

Angular momentum L is pseudovector; momentum P is true vector
If P - conserved any processes can not depend on (pseudo) - scalar
product ( LP)



C.Wu experiment

A Cd® nuclei spin aligned b decay to Ni* ©°

A Matrix element of the decay can not
depend on the angle between Co 9% spin and
electron momentum if P conserved
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Charge conjugation

A loffe, Okun & Rudik (1956): the way
of P - violation suggested by Lee - Yang
leads to C - violation.

A Landau (1956): C & P are violated but
CP is conserved Y restore matter -
antimatter symmetry.

A Again: no way to explain your friend
(from another civilization) what is
omatter o6 and what |
well as what 1 s ori
phone; you nee to send something by
parcel service

A Both charge and helicity are the
matter of agreement




Identical picture

Parity mirror

positive->negative

Charge mirror



K?-K° mixing

A KO is a particle with S= - 1 (strangeness is conserved in
strong and EM process) K 9, KO
A There is interaction (weak) that allow DS=1 transitions

A Gell- Mann & Pais (1952): C(P) - conservation + DS=1
(and hence DS=2) lead to K °- K® mixing and existing of
two combinations

K7 = l[K“ +[K%)]=|K3) =089x10™s

K8)=— SLK) =Kl K}) r=0.53x107s

with different lifetime!

A CP=+1 state (K ) has more favorable decay mode ( p P
decays fast (short lifetime)

A CP= 1 state (K |) has difficulty to decay (suppressed
mode - p p)pthree order of magnitude larger lifetime
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Observation of CP violation in K

A 1964 Kronin, Fitch, Cristenson &
Turlay

A The effect was small (K - p pabout 2
part in 1000) but non - zero!

einriaronCCoronkoY J.Kronin i Nobel prize
PLAN VIEW Magnet 1980, member of Russian
& 7 Academy of Science 2006
K; %666;6@% o - Spark Chamber
Magnet
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internal target Scintillator.

Water
Cerenkov

Why do we care about 0.1% discrepancies
for W bosons and strange quarks?



A Why are we here??

A Observations tell us
that the visible universe
IS almost entirely made
of matter é

Aéhowever, cost e
us that the universe would |
be completely empty of
both matter (stars, planets, people) and antimatter
If CP were an exact symmetry of Nature!



CP violation for cosmology

matter C

Need this + baryon number

nonconservation + thermal nonequilibrium
-

A.Sakharov 1968

=
all matter

no_antimatter

matter - antimatter
symmetric



ldentify mechanism

A Two ideas:

E
T
A CP violating amplitude in K °- KO mixing: )OOO(\?\/\)LE
KO(CP= 1)- K°(CP=+1) Y K, is nota pure (a)Kaon Mixing
CP eigen state

[—

CP violating amplitude in K © decay
A How to resolve two possibilities?
A Compare K- p'p- and K- p°p°:
In the first case
SEEEE: gogoijl?;\)((ﬁi: EOEO; " (d) Direct CP Violation
A Indirect CP violation dominates!

A Direct CP violation was observed in 1999 only!
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How to incorporate CP in OFT

CP operator: o c h a rgqg g*das to be complex

g* e
_‘/JI | —( mcllrlror

JA

A Complex phase tends to cancel out in rate
calculations: ~A 2

A Need process with two contributions:
A+B (matter) vs A+B (anti - matter)
At least one amplitude with CP phase

In any case look how to introduce complex charges



Flavor mixing

A Problem: Different weak Z:
charges for leptons and quarks: - Gg </~

dA u SA U 7 e

G,° 0.98G- GO 0.2G 1

A Cabibbo solution: d G%\
di=ad + bs o —

A Unitarity: S T

LA
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P with two guark generations
Fourth ¢ - quark is predicted g
to explain K 9- >l cancellation a

Incorporate CP violation by
making complex?
Not helpful:

A 2*2 matrix = 8 real
parameters 0 4 unitarity
conditions o 3 free quark _
phases =1 0 Cabibbo angle SO

2*2 matrix is REAL! 0 not
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KobayashrMaskawa idea

A Try 3*3 matrix: 18
parameters - 9 unitarity
conditions 0 5 free quark
phases = 4 = 3 Eller angles +
1 complex phase

A This may be helpful!

Next we consider o G-plet model, another interesting model of CP.riclation.
Suppose that 6.plet with charges (Q, Q. Q, Q0—1,0-1,Q ~1) is decomposed nto
SU.ax(2) multiplets as 24+2+2 and 141+1+414141 for left and right com.
ponents, respectively. Just as the case of (A,C), we have a similar expreasion
for the charged weak current with 2 3x 3 instead of 2x 2 unitary matrix in Eq,
(6), As was pointed out, in this case we cannot absorb all phases of matrix
elements into the phase convention and can tuke, for example, the following
expreasion:

| 208 0, —sin f, c03 @, - g%in 0, sin §,
( gin 0, cos 0, cos 0, cos §; cos 0, —=in Oy 2in O cos J, cos 6, 5in O:+ sin §, cos B |

sind, sind, cozd, sin 0, cos §,+cos B, sin B’ cos @, 8in O, 5in 8, ~ cos 6, sin 6™ |
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Unitarity. of CKM matrix

A 1974 charm (4 ™) quark discovered
A 1978 beauty/bottom (5 ™) quark discovered

A 1988V V.V, measured:

A Unitarity triangle is not squashed Y CKM matrix
IS really complex!

x
ViV + VeVer + VgV =0

u

phase _,
of V,




Do we have a Theory for CP now?

A We have explained our observations
of CP violating processes quite simply
by just replacing the weak coupling
constants in quark sector with complex
numbers and assuming that they are
complex- conjugated in a CP mirror.

ABut we really dondot know why
are three families and why the quark

flavor mixing couplings should be

complex: CP is explain by CKM, how to explain CKM?

A The only prediction of CKM model is that there is
just one phase that describes all possible CP - violating
phenomena.




