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C and P symmetries

Strong and electromagnetic interactions are invariant under C and P

On the other hand, the weak interaction violate both C and P
(reminder: lepton helicity).

CP is also not a perfect symmetry of the weak interaction (reminder: Ko
decays)

Kobayashi and Maskawa pointed out that the CP violation is possible
with 3 generations of quarks (extension of Cabibbo theory)

The observation of the 34 generation quarks opened the possibility to
observe the CP violation in the B mesons
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Weak interaction with 3 quark generations

The weak interaction eigenstates do not coincide with the strong

Interaction ones (flavor). Cabibbo already explained this with 2 quark
generations.

The down-type partners of the up-type quarks in the weak interaction
result from the unitary complex Cabibbo-Kobayashi-Maskawa (CKM)
matrix (this is a convention, we could rotate the up-type quarks
Instead):
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containing a non-trivial complex phase, responsible of CP violation.
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Some formalism

Consider the amplitudes for a B meson and its CP conjugate B, to
decay to the final state f and its CP conjugate f through a weak
Interaction hamiltonian H

A= <fl[HB> A= <f|H|B> A= <f|H|B> A= <f|H|B>

CP applied to initial and final states introduce a phase, so that (CP)2=1

CP|B> =e "®|B> CP|B> =e '®|B> CP|f> =e "7|f> CP|f> =e |f>

If CP is conserved, [CP,H]=0 and A; and A; have the same magnitude
and differ for an unphysical arbitrary phase
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B°-B° mixing

As we already seen in the case of the Ko, the time evolution of Bo/Be is
governed by a complex matrix H that can be written in terms of
hermitian matrices M and I
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diagonal elements conserve flavor while diagonal elements are related
to Bo - Bo flavor violating transitions
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B°-B° mixing

The light and heavy mesons are
B> =p|B’> +q|B"> B,> =p|B"> —q|B">

having mass m,, and width I',,;, and with p and g complex parameters
normalized as |p|2+|q|2=1, whose ratio is linked to the H elements
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The time evolution of pure Be and Bo states at t=0 is:
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CP violating observables

1. CP violation in decay (or “direct” CP violation)

We have CP violation if |A/A] # 1
It results from CP violating interference between various terms
contributing to the decay amplitude

This is the only possibility for CP violations in charged mesons

_ _ N N — 2
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For neutral mesons the situation is complicated by the Bo < Bo
oscillation
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CP violating observables

2. CP violation in mixing (or “indirect” CP violation)

If |p/g| # 1 CP violation results from the mass eigenstates being
different from the CP eigenstates

In semileptonic B decays it can be observed as an asymmetry in the
semi-leptonic decay

we]
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CP violating observables

3. CP violation in the interference between decays with and without
mixing

This is possible when bot Bo and Bo can decay to the same final state
which is a CP eigenstate f., and occurs when Im(As) # 0

A
f

A

_T (B () fep) =T (B (t) > f )
T (Blys(t) > o)+ T (Bl () > f )
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This asymmetry will always be present if any of the previous 2 type is
present. If |g/p|=1 it can be simplified as:

q
Ap=-L
fCp D

:25 ()LfCP> C.= 1_|)Lfcp|2
N VG " 142

a,p=S,sin(Amgt)—C, cos(Amyt) :
fcp

and also C; vanishes if |A/|=|A{
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Aside: the strong CP problem

In the SM the only source of CP violation is in the weak interaction.

Nothing prevents, in principle, from CP to be violated in the strong
Interaction. The reason of CP conservation in the strong interaction is
still not settled, this is called the “strong CP problem”

If CP Is not conserved by the strong interaction the neutron could have

an electric dipole moment (EDM).
The neutron is composed by quarks and has size of ~1 fm, that would
make us guess an electric dipole of the order of EDM,~10-13 e-cm

Experimental upper limit: EDM, <10-26 e-cm
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The CKM matrix

In the SM the CKM matrix is the only source of CP violation

d I Vud Vus Vub ] d
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b’ | -‘/td Ws -V;gb | b Vudvu*h
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It can be expressed in terms of 4 real
param. (3 angles and 1 complex phase) @

The unitarity of V. Implies that

the product of one of its columns Np-——————-
with a different one (conjugate) is O. VidVib

The important one for us is:
ViV VeV, + VgV = 0
which can be drawn as a triangle Y
In the complex plane, called the 0 p 1

“unitarity triangle” After normalizationto V_V "

cd " c¢cb
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CP violation in the B meson

The exploration of the CP violation in the B meson is done by
measurements of the sides and the angles of the unitary matrix.

The same quantity can be accessed through different processes, over-

constraining the unitary triangle, with the possibility to extract hints of
new physics

Interesting processes are of the type: b, g, g; 0or g | v
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Example: B measurement with B° - J/{ K

Three contributing processes: B mixing, B decay, K mixing

' * b VvV t V d
B mixing q o th th :tb :td
p V.,V : '
L B tb ¥ E W E W
K mixing q| . VeV
P lk VC: V .4 .
A b cb —_
A * - B
B decay YK oc Vcbvcs V{/\ c
AU’KS Vcb Vcs \s
Ves s
Vcd Vcl;k

The angle (3 of the unitary triangle is given by: f=arg

ViV
With some math: 3 A, =sin2f

Putting pieces together, 3 is measured from time-dependent asymmetry:
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B-factories

Dedicated experiments (collider + detector) designed for the precision
measurement of CP violation in the B meson

1) CP violation effects in the B meson are small - to reach the necessary
statistical significance a large number of B mesons is needed - high
luminosity colliders

2) The flavor of one B meson (B or B) at the decay to be related to the flavor of
the other — e+e- collider with center of mass energy on the peak of the Y(4S) to
obtain coherent production of BB pairs

3) Measure the time at the decay to measure
time dependent CP violation - produce the
Y(4s) with a boost in the laboratory —
asymmetric collider

4) Fully reconstruct several final states —
general purpose detectors with good PID

Pier Oddone
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Two colliders: PEP-Il and KEKB
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Two experiments:

BaBar and Belle

Typical B path length in BaBar: 250 pm (1=1.5 ps, Az=Byct=0.56-3-108-1.5-10** m)

Single vertex resolution < 80 pm
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Overview of experimental technique
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Sin 2[3 measurement

Looking for neutral B mesons decaying to CP eigenstates
JIP K, P(2S) K, J/P K, ...

The flavor of the other B meson can be tagged from the charge of the
D meson in B decays (example: B - D1t )

Distribution f, (f) of the decay rate when the tagging meson is a Bo (Bo)

—|At|/ g0 2 . 2
f+(Ar) = 21';(1 PSR [1 +2|A| + ImAsin(AmpgoAt) F 1 A cns(&mﬁnﬂr)]
The time-dependent asymmetry is (n~=-1 for J/YKg, n=+1 for I/PYK,)
f.(At)—f_(At)

= f (A (A ren2Asn(AmA

(In the following showing BaBar results, analogous from Belle exist!)
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Current value from global fit:

sin 2B = 0.71 + 0.01
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Global fit of unitarity triangle
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Direct CP violation in B decay

Direct CP violation does not involve oscillations and is expected to be
small in the SM

Can be observed as an asymmetry in the yields of a decay process,
such as Bo -, K+11-, and its charge conjugate
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D°-D° mixing
Do-Do mixing observed at the b-factories (but no evidence of CP violation)

Time-dependent comparison of “right” sign (Cabibbo favored) Do - K-1t+
with “wrong” sign (Cabibbo suppressed) Do -, K+TT-
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Today: LHCDb

Dedicated experiment for flavor physics at the LHC

B

ECAL
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Ma M5
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Direct CP violation in the D meson

First observation of CP violation in the Do by LHCb (March 2019)

Look for Do - K+K-, TT+TT-
D flavor: tagged from the 1t charge in reconstructed D*— D1t decays

The asymmetry is given by:
N(D'3()-N(D'> /)

af_N(D°—>f)+N(D0->f)

In order to cancel the effect of the asymmetries in D production, the
asymmetry difference between the K and 1 channel is extracted

AGCP:CIK+ K~ —d -

T T

B
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Ti-tag

Candidates / ( 0.1 MeV/c?)

Candidates /( 1 MeV/c?)

Direct CP violation in the D meson
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