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CP IS the discrete symmetry which takes a particle to an antipart
with reversed “charges’.
Universe was born with equal amounts of matter and antimatter
Al evidence Indicates that the universe is made up of matter along

Origin of CP violation not understood.

to explain the baryon asymmetry.

CP violation has been observed in K meson and B meson deca
recently even in the D meson decays.




Baryon Asymmetry

All evidence
In the lab. pc
N




Particle

CP|f(p.2)) =| F(=P.-2))

Momentum Helicity

If we sum over momenta and helicities, their
reversal under CP won’t matter. So, basically —

CP(Process) = (Same process with
every particle replaced by its antiparticle)

For example —

Bt =D - B~ =D

If these two processes have different rates,
the difference is a violation of CP invariance.




Dynamic generation of Baryon asymmetry of the Universe

Startmg with'equal numbers of X (matter) and X (antimatter) particles,
Baryon number violation in X decay would be exactly cancelled by an
opposite sign baryon number violation in X decay if CP or C were
conserved. Let X and X decay with branching fractions

fi=BX —Yi(AB)) le =B(X - Y,(-A B))

[he netbaryon number resulting from these decays is

By ~ X B(X®S V(A Bi)) . A B; +2; B(X >Y; (-A Bi)) (-A B))
Nzi(fi 'fi)ABi




number violation alone is not sufficient to
the asymmetry.
€ncen the partial widths can be generdigc
> and CP violation.
2 Smaller symmetry violation, 1.e., CP violateril




CPV in Standard Model

onll SE CPV due to complex Yukawa couplings

Yukawa interactions— mass terms

ct of Unitary matrix diagonalizing the mass matrices is the

Within the SM the flavour changing weak interactions are described in terms
of the weak current coupled to the W boson:

Lint = — 52 (TWE + THW,))

For quark
T# = 2oy Veadij = 1i [ J

transitions

3 (1—5)Vijdy —

CPV arises in SM. due to the
complex phase in the (CKM)
relates the weak eigenstates
ds,b’) to their mass
c1genstates:

Elements describe charged-current

couplings.



Vuqu$ + V V + thVtS =0

|Vcd ’ + Vcs ’ + Vcbl2 = 1 Vuqub + Vcdvcb + thvtb = O
2 2 2 _ * * *

|th + Vts + thl - 1 Vusvub + Vcsvcb + Vtsvtb - O
2 2 2 _ * * * -

ud + Vcd + th o 1 Vudvcd + Vusvcs + Vuchb o 0
2 2 2 * * *

us T Vcs T Vts - 1 Vudvtd T Vusvts T Vuthb - 0
2 2 > S * * *

w T Vcb T th =1 Vcdvtd ¥ Vcsvts * Vcbvtb =0

Unitarity triangles

Vv, V +V_ V +VV'=0
td ts _
5
A A A unsquashed
/\
Vudvub + Vcdvcb + thvth =0
A° A° A

VvV~ +VV +VV =0

us ub ////\
A A? A?




General NxN matrix parameters

Remaining parameters N(N-1)(N-2)/2 physical phases




Lagrangian insensitive to phases of left-handed fields:
possible redefinition:

iy, — Etfﬁ(ﬂ}uL cr, — Eié(C]cL tL -} E’Eq}{t}tL
dr, — e®ld)d;  sp — e®8)sp by — 90y

®(q): real numbers

e~ 0 0
0 e 0
0 0 el

5 unobservable phase differences.




Diagonal elements of CKM matrix are close to one.
Only small of diagonal contributions.
Mixing between quark families is “CKM suppressed”.




Heirarchy in Quark Mixing

Wolfenstein parametrization, A = sinf_

b,
o
1—-1x2 A AN (p—in)
= — a2 AN? + O (A
y lAHﬂil —p—in) —AN 1

O




CKNM matrix has to be Unitarv. “The unitarity tri-

angle (UT)":
’%, ‘;:[, + Vea V;E + Via) ;;3 =0

—V*V _VVy VAV,
= arq (% 3=arg # Y =argq %
I H'IJI.HH' I:H:-I’fﬂ* I".r'h -f'hlr

o, 3, ~v independent of the parametrization
Are physical quantities that can be measured

o, i3, v nonzero = CPV

0.0)

Sides can indirectly measure the angles
BUT involves large hadronic uncertainities

CP violating asymmetries can directly measure these angles cleanly.







Non zero values of the phases;n #0  CPV

D0 €
O |

to measure CPV

In B mesons.
-require large number of B mesocn:s




(Lab. system)

Upsilon(4S)




C
free of hadronic uncertainties

* Phases are observable

“ The different ways in which the interference terms appear,
result in the following




Question: how do we measure this phase?”
Phases-elusive, only relative phases are observable

through interference terms in modes to which two dif-
ferent amplitudes (with distinet phases) contribute.

—_—

The different ways in which the interference terms appear, result
in the following categories of CPV




Direct CPV This will happen for decay amplitudes
with two or more weak contributions,
= A1 1 Ayei2e™
— AjeT 910 . Ayemi026002

AP — AP
AP + A7

B —2A1Assin(Ag) sin(Ad)
A% 4 A3+ 2A, A5 cos(A) cos(AD)

Asymmetry is nonvanishing if A¢ = ¢y — & = 0 and
.35:{52—5175”

(4)




e CPV due to INTERFERENCE BETWEEN DECAYS WITH AND WITH-
OUT MIXING
Neutral B mesons can mix (induced by the box diagrams)
Final states f into which both B and B can decay, interfering amplitudes

are provided by

B >f
=BV f \. BD_/

-B— BO, f

‘Similarly for other
neutral mesons




The decay rate varies as a function of time
L(B°(t) — f) =

_re [[AP+ A2 |47 — A7 e LAY
e [ : S———cos(AMt) Im(p A)sm(a.Mt)

Golden ) P -
where, * = ¢~ 27 |
L] I.]‘

=]

In B—H;;KS, the decay amplitude dominated by only one tree amplitude
with a real CKM element, = 3 _ 4 _ acp = sin(28) sin(AMt)
Asymmetry completely free of hadronic uncertainitiest




Resulting Picture

_1_5_|||||||||||||||||||
-1.0 -0.5 0.0 0.5

Consistency, KM. - - There is room for NP

mechanism confirmed




