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[I. The CKM matrix and neutral meson mixing

» Brief summary of the previous lecture
» Properties of the CKM matrix & CKM fits

> Some properties of the CKM matrix
» How to measure the CKM elements

> Status of CKM fits
» CP violation and neutral meson mixing

> CP symmetry and neutral meson mixing
> The DF=2 amplitude
> Time evolution and time-dependent asymmetries
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» Brief summary of the previous lecture

Zom = Lguee @ W) T L (0, 4, W)

gauge

» Two fundamental (gauge) symmetries:
~ the color symmetry (— strong interactions)
~ the electro-weak symmetry

» Three sets of Fundamental Constituents:
= 3 generations (flavors) of quarks & leptons

» A peculiar symmetry-breaking sector
non-trivial Higgs vacuum expectation value
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» Brief summary of the previous lecture

Zon = Lgge @ W) T L (0, 4, W)

gauge

3 identical replica of the basic fermion family Y Y v iD v
lv =0,,u,d, L, e,] = large flavor-degeneracy. VLS T i
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» Brief summary of the previous lecture

Zon = Lgge @ W) T L (0, 4, W)

gauge

3 identical replica of the basic fermion family Y Y v iD v
lv =0,,u,d, L, e,] = large flavor-degeneracy. VLS T i

FERMIONS
Within the SM the flavor-degeneracy is broken _ First . Second  Third
only by the Yukawa interaction. ———
In the quark sector this 1s of the form i o
O,'Y le de ¢ +he — d' M D’k de + ... o . quark“"“?.““a”‘
_ . : : : 10° o Tau
QLZ YUlk uRk OC + h.c. — Z/TLZ MUlk Z/le + ... o .°Strange quark

Muon

Down quark

107
Up quark

107°

Mass (giga-electron-volts)

Electron
10
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» Brief summary of the previous lecture

Zon = Lgge @ W) T L (0, 4, W)

gauge

3 identical replica of the basic fermion family
lv =0,,u,d, L, e,] = large flavor-degeneracy.

Within the SM the flavor-degeneracy is broken
only by the Yukawa interaction.
In the quark sector this 1s of the form

QLi YDidek O +hc — C?Li MDik de + ...

QLi YUikuRk OC + h.c. > ZILi MUik Z/le + ...

We can diagonalize only one the two mass
matrices without “disturbing” weak interactions:

M, = diag(m,,m_,m,) M, =V xdiag(m m_,m)

Mass (giga-electron-volts)

CERN Summer Student Lectures 2017

Loy LV iD Vi

FERMIONS
First Second Third
Generation Generation Generation
Top iuark

10°

10° Bottom quark
Charm quark
10° 0' =0
°Strange quark
10-1 -
Muon
Down quark
S
° Up quark
107
Electron
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» Brief summary of the previous lecture

M, = diag(m,,m_,m,) M, =V"'xdiag(m_ ,m_,m)— diag(m ,m_,m)

To diagonalize also the second mass matrix we need to rotate separately u; & d;
(non gauge-invariant basis) — V appears in charged-current gauge interactions:

g 1L u' dk
gauge - \/E Wu J w
Vik
. = ' = i k
Jo = ultyhdl — ul Vyyhd; 4
Several equivalent parameterizations - Cabibbo-Kobayashi-Maskawa
[unobservable phases] in terms of (CKM) mixing matrix
° 3 real parameters [ 1
(rotational angles) V Vus V b
i VCKM - Vcd Vcs Vcb V V+ =1
® | complex phase
(source of CP violation) th st Vﬂ,
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» Brief summary of the previous lecture

[ M, = diag(m,,m_,m,) M, =V'xdiag(m_ ,m_,m) }

To diagonalize also the second mass matrix we need to rotate separately u; & d;
(non gauge-invariant basis) — V appears in charged-current gauge interactions:

g 1l U’ dk
gauge - \/5 WH JW
Vik
=t ytd) — gt Vyytd /4
: L 4 . )
Several equivalent parameterizations The SM quark flavor sector is
[unobservable phases] in terms of described by 10 observable parameters
[6 quark masses, 3+1 CKM parameters]
® 3 real parameters \_ Y,
(mtatlof:al angles) » The rotations on the right-handed
» 1 complex phase N B Sectorarenot observable

* Neutral currents remain flavor

(source of CP violation) .
diagonal
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Properties of the CKM matrix & CKM fits
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~Some properties of the CKM matrix

V V V
ud us ub VgKM VCKM — 7
VCKM - Vcd VCS Vcb ‘
I th VIS th |

6 “triangular” relations:

(V' P)igi =(V )iy Vi V)i Vot (V)i V3=10
* 3 real parameters
(rotational angles)
+
® |1 complex phase
(source of CP violation)

N.B.: The elements of the CKM matrix are complex.

Many phases are not observables since they can be eliminated by
phase-redefinitions of the fields (e.g. u — ¢* u ), but one (physical)
phase survive — CP violation




G. Isidori — Flavor Physics and CP violation CERN Summer Student Lectures 2017

~Some properties of the CKM matrix

V V V
ud us ub V gKM VCKM — 7
VCKM - Vcd VCS Vcb ‘
th VtS th

6 “triangular” relations:

(V' P)igi =(V )iy Vi V)i Vot (V)i V3=10
® 3 real parameters
(rotational angles)
+ E.g. for i=b and j=d we get

® 1 complex phase % o w0
(source of CP violation) Vio Via T Ve Vea ™ Viy Via =0
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~Some properties of the CKM matrix

V V V
ud us ub V gKM VCKM — 7
VCKM - Vcd VCS Vcb ‘
th VIS th

6 “triangular” relations:

(V' P)igi =(V )iy Vi V)i Vot (V)i V3=10
® 3 real parameters
(rotational angles)
_|_
® 1 complex phase
(source of CP violation)

Im

Re

the area of these triangles is:
@ always the same
@ phase-convention independent
@ zero in absence of CP violation
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~Some properties of the CKM matrix

V V V N
ud us ub VCKM VCKM =]
VCKM - Vcd VCS Vcb ‘
Vfd VtS Vfb

6 “triangular” relations:

Experimental indication ‘ ( t V)i;éj =( V+)i1 Vlj +( V+)i2 sz +( V+)i3 V3j -0

of a strongly hierarchical

structure:
- 4 \
1322 A 0 - o

Y 1-02/2 0 +00%)  Vexm~| B -

0 0 . \ -/

Wolfenstein, '83

U

A=0.22




G. Isidori — Flavor Physics and CP violation

~Some properties of the CKM matrix

CKM

v

Vud

Vcd

td

us

v

cS

ts

Experimental indication
of a strongly hierarchical

structure:

1-02/2

U

- A

| AL(1-p-in)

A=0.22

A
1-0%/2

AN

Vub

Vcb
%

'
A (p-in)

AN

th

1

Wolfenstein, '83

A, |ptim| = O(1)

+0O(\Y
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6 “triangular” relations:

VCKM =

(VWi =V iy Vi + (V)i Vot (Vi3 V3= 0

/--_\
E [ -
..-/

\

mixing 1-2 — O(\)
mixing 2-3 — O(\?)
mixing 1-3 — O(\°)
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~Some properties of the CKM matrix

2 A % N
ud us ub 1% 1% — 7
V — V V V CKM CKM
CKM cd cs ch ‘
I th VtS th |
The b — d triangle:
Experimental indication * * 1o
of a strongly hierarchical ‘ Vi Vua ™ Ve Vea ™ Vip Via =0
structure:
) } 3¢ AN U-p-in)
1-0%/2 A AN (p-in) AN (p+in) p-1n
~ -k 1222 AWM
-
AN (1-p-in)  -AN? 1 -AN?

Wolfenstein, '83
sizes of the same order in A

only the 3-1 triangles have all }

A=022 | A, |ptin = O(1)
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~Some properties of the CKM matrix

CKM

v

Vud
Vcd

td

v

Experimental indication
of a strongly hierarchical

structure:

1-0%/2

U

- A

| AV(1-p-in)

A

1-0%/2

us

cS

ts

AN

Vub

Vcb
%

th

\

AN (p-in)
AN

1
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+ _
VCKM VCKM =1

\

The b — d triangle:
Vib Via T Ver Vea T Vip Via =0

n A (P, M)
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~ How to measure the CKM elements

The simplest way to determine
the various elements of the CKM

14 V 14 ..
ud s ub matrix is by means of processes
V = ' -
CKM v, V.V, medlgted by charged-current
amplitudes
14 V
td s tb

= i \J . Mgk
gauge—) £ WH ML Vsz dL + h.c.

Ny
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~ How to measure the CKM elements

The simplest way to determine

the various elements of the CKM
V V V e
ud s ub matrix is by means of processes
Vierrr = v, V. V., medigted by charged-current
amplitudes
V V
td IAY tb

e%auge—) % WH ﬁLi Vik'deLk + h.c.

Actually we never observe free quarks, but we are able to compute
semi-leptonic weak decays (P decays) of the hadrons

2
_ 8 o
%f o 2MW2 VMS ML Y SL eL yu vL

"\

G
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~ How to measure the CKM elements

The simplest way to determine
the various elements of the CKM

14 V 14 ..
ud s ub matrix is by means of processes
V = ' -
CKM v, V.V, medlgted by charged-current
amplitudes
14 V
td s tb

e%auge—) % WH ﬁLi Vik'deLk + h.c.

Actually we never observe free quarks, but we are able to compute
semi-leptonic weak decays (P decays) of the hadrons

2
_ 8 o
%f o 2MW2 VMS ML Y SL eL yu vL

G
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Nuclear B decay K— nlv

L-\ !4.

G/ud) (V us Vub
Vcd Vc

I

CKM S cb

Vl‘d Vl‘S Vl‘b

Excellent determination (error ~ 0.1%)
Very good determination (error ~ 0.5%)

CERN Summer Student Lectures 2017

The simplest way to determine
the various elements of the CKM
matrix 1s by means of processes
mediated by charged-current
amplitudes

= Vi
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Nuclear B decay K— nlv
N \

ud | s WY pf D — ulv
CKM cd Y es WV cpf® b —clv

V Bt — bl

S
Y
~

~
|
S
Y
S

Y
S

c — sl
vtd—c+l N

Excellent determination (error ~ 0.1%)
Very good determination (error ~ 0.5%)
Good determination (error ~ 2 %)
Sizable error (5-15 %)

Not competitive with unitarity constraints

CERN Summer Student Lectures 2017

The simplest way to determine
the various elements of the CKM
matrix 1s by means of processes
mediated by charged-current
amplitudes

Vil
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Nuclear B decay K— nlv
A
V.1V, ) > b — ulv
VCKM - VCd/HV (V. J b—clv

V

Y
=

th —» { — blv

c — sl
vtd—c+l N

Excellent determination (error ~ 0.1%)
Very good determination (error ~ 0.5%)
Good determination (error ~ 2 %)

Sizable error (5-15 %)

Not competitive with unitarity constraints

Also the phase y = arg(V,;,) can
be obtained by (quasi-) tree-level
processes, such as

B-DMD)+K — f+K :

CERN Summer Student Lectures 2017

The simplest way to determine
the various elements of the CKM
matrix 1s by means of processes
mediated by charged-current
amplitudes

Vil
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~ How to measure the CKM elements

The only two CKM elements we cannot access via (tree-level) charged-current

processes are V, & V.,

\{

Loop-induced amplitudes:
(neutral-meson mixing)

As we will see 1n the second part of today's lecture, these amplitudes
are dominated by the top-quark contribution: [ A ~ mt2 th* Vi 1
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~ Present status of CKM fits

At present, measurements of sides and angels of the CKM unitarity triangle show
a remarkable success of the SM:

R {177
VCKZW - Vcd Vcs Vcb 0.5:—
td Vts th i Vib
| | | | = v [
0- [~
1-0%/2 A AM(p-in) ;
-0.5_—
- A 102 AN i
AN (1-p-in)  -AN2 1 T
o I T T T TN T AT N U | PR TR T T
B B -1 0.5 0.5 1

ol
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~ Present status of CKM fits

At present, measurements of sides and angels of the CKM unitarity triangle show
a remarkable success of the SM:

=

[ UTpi¢
vy v v T
V = -
CKM Vcd Vcs Vcb 0.5
td Vts th B Vip
] | = veb
0

1-0%/2 A AN (p-in)

N 1-022 AN

AN(1-p-in)  -AN? 1 st
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~ Present status of CKM fits

At present, measurements of sides and angels of the CKM unitarity triangle show
a remarkable success of the SM:

= [
[ ‘I\ 1 . S
VCK]\I - Vcd Vcs Vcb 0.5
1 td Vts Vz‘b ]

1-0%/2 A AM(p-in)

N 1-022 AN

AN (1-p-in) -AN? 1 -1
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~ Present status of CKM fits

CERN Summer Student Lectures 2017

At present, measurements of sides and angels of the CKM unitarity triangle show
a remarkable success of the SM (redundant and consistent determination of

various CKM elements).

1-0%/2

- A

I

1-0%/2

ud

A

AN(1-p-in)  -AN°

I
I

AN (p-in)

~cs

- 4

ts

%

us -

AN

1

tb

Vcb

LII

G
!
—
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CP violation and neutral meson mixing
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~ CP symmetry and neutral meson mixing

The lightest bound states (mesons) composed by a quark-antiquark pair of same
charge but different flavor form a very interesting systems: a pair of pseudo-scalar
mesons with

» tiny mass difference (due to 2" order weak interactions)

* mass eigenstates different from flavor eigenstates

Four systems of this type: K= |sd>, B4 = |bd>, B, =|bs>, D=|cs>

The interesting time-evolution of these systems has allowed to discover the
phenomenon of CP violation in fundamental interactions (so far observed both

in the K0-KY and in the B-B, systems).

¢IT8

Mgy = 5.279 GeV AMpg, = 3.4x10-13 GeV
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~ CP symmetry and neutral meson mixing

The effective Hamiltonian describing the ground state (i.e. the mass matrix) of
these systems has a relatively simple structure:

. d ?0 _ | Mg My, ?0
dt | B’ M," My | | B

» A general theorem of QFT (the CPT theorem) implies M;; = M,, = M, = real

M, = Mgy =5.279 GeV M, |= AMgy=3.4x10-13 GeV
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~ CP symmetry and neutral meson mixing

The effective Hamiltonian describing the ground state (i.e. the mass matrix) of
these systems has a relatively simple structure:

. d ?0 _ | Mg My, ’30
dt | B’ M," M, | | B

» A general theorem of QFT (the CPT theorem) implies M;; = M,, = M, = real

o [f CPis a good symmetry | A(matter—antimatter) = A(antimatter—matter) |
then M12 — MZl — M12 = real

The complex CKM (<> complex
Yukawa couplings) induce CPV

M, = Mgy =5.279 GeV M, |= AMgy=3.4x10-13 GeV



G. Isidori — Flavor Physics and CP violation CERN Summer Student Lectures 2017

»The AF=2 amplitude

Voo Vqa d | |
> Highly-suppressed amplitude
q |AN\N1 q' potentially very sensitive to
AAAAN < contributions beyond the SM
Vi Vgu' b

~ No SM tree-level contribution
= Strong suppression within the SM because of CKM hierarchy
= Calculable with good accuracy [«> top-quark dominance]

~ Measurable with good accuracy [« time evolution of the neutral meson
system ]
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»The AF=2 amplitude

The reason why the amplitude 1s
qu* Voo d Sgrrll:i?ste.d by the top—quark |
ution (hence is calculable with
high precision) can be somehow
understood even without performing a
complete QFT calculation:

AAF=2 B 2q,q‘=u,c,t (qu*qu) (Vq'b*vq'd) Aq-q

4 mg mg'
g qa-q
167[ mW mW
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»The AF=2 amplitude

The reason why the amplitude is
dominated by the top-quark
contribution (hence is calculable with
high precision) can be somehow
understood even without performing a
complete QFT calculation:

AAF=2 B 2q,q‘=u,c,t (qu*qu) (Vq'b*vq'd) Aq-q

Vub*Vud - - th*th - Vcb*VCd [CKM unitarity]

A = Ze i Vap Ve [ Ve Ve (AA) + Ve Vea (A A ]

g Mg Mg

A "~ -
1 67[ mW mW
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»The AF=2 amplitude

The reason why the amplitude is
dominated by the top-quark
contribution (hence is calculable with
high precision) can be somehow
understood even without performing a
d G2(V, V)2 b complete QFT calculation:

AAF=2 B 2q,q‘=u,c,t (qu*qu) (Vq'b*vq'd) Aq-q

Vub*Vud - - th*th - Vcb*VCd [CKM unitarity]

A = Ze i Vap Ve [ Ve Ve (AA) + Ve Vea (A A ]
4 m, m l
Aqq‘ ~ g2 ) Const. + —d 2q
A AF=2 (th th)2 7 4

167 mw

since m¢ >> my ¢
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~ Time evolution and time-dependent CP asymmetries

Taking into account that the heavy quarks

418 , B’ inside the mesons decay,
1 dt | B = [M-1172] B we can describe the time evolution of

the neutral mesons in full generality
by means of a non-Hermitian Hamiltonian

M, M, Mass eigenstates:
Mi2" My B,) =plB°) + q|B")  |B,) =p|B") + q|B)
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~ Time evolution and time-dependent CP asymmetries

Taking into account that the heavy quarks

418 , B’ inside the mesons decay,
1 dt | B = [M-1172] B we can describe the time evolution of

the neutral mesons in full generality
by means of a non-Hermitian Hamiltonian

M, M, Mass eigenstates:
B,) =p|B’) + q|B")  |B,) =p|B’) + q|B")

* 2

V .
—> Z =arg(M,) = —= tjz = e
77
Large CPV phase

(in the standard CKM phase convention)
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The study of time-dependent decays of neutral B into CP eigenstates
1s a a marvelous tool to extract CPV phases in a clean way:

q/p Y
[t=0] BY > B0 / > 1 [t]

N v 7

N CPlf) =n, /)

e —
v = 4 ﬁ Phase-convention independent
/ p A quantity [ — observable]
N J
If | kf | = 1(@.e.if4 y is dominated by a single weak phase) then :

—I' ¢

C(Bt)» floce * :l—nflm(kf)sin(Ath): [ Im(r) #0 < CP ]

F(B%(1)> f)oce *

_1 —I—nflm(kf) sin(Ath)_
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The study of time-dependent decays of neutral B into CP eigenstates
1s a a marvelous tool to extract CPV phases in a clean way:

q/p Y
[t=0] BY > B0 / > 1 [t]

N v 7

~ CP|f) = TN, 7

e —
v = 4 ﬁ Phase-convention independent
/ p A quantity [ — observable]
N J
If | Xf | = 1(@.e.if4 y is dominated by a single weak phase) then :

F(B%(1)> f)oce *

l—nf Im(2) sin(Ath)] [ Im(2) #0 — CP ]

Key points to successfully use this method:

» [EXP]: flavor tagging and time-dependent resolution are essential ingredients

» [TH]: identify final states such that A4 ’ is dominated by a single weak phase



G. Isidori — Flavor Physics and CP violation CERN Summer Student Lectures 2017

[ A few words about flavor tagging: B factories vs. hadron colliders ]

B factories: »clean environment [ 6(B) /o(bkg) ~ 0.3 ]

» coherent quantum state for neutral B

et +e — W4S) - B B s“easy” and clean flavor tag from the decay
of the opposite meson (e.g. b — c e v)

*low stat. [ ~ 10° B pairs / 100 fb™' ]
Hadron colliders:

g
b o dirty environment [ 6(B) /o(bkg) < 0.01 ]
» incoherent quantum state
N?

g

q b > high stat. [ ~ 10"? B pairs / 1 fb™' ]

< » all hadrons with b-quarks produced
q b
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[ A few words about flavor tagging: B factories vs. hadron colliders ]

K+

Same side
Signal B
proton Primary vertex \.Opposite B
Negative lepton
Opposite side taggers (&)
from b-quark

proton  Vertex-charge
tagger from

inclusive vertex

Opposite kaon
tagger

Positive leptons
from b-c-l cascade

S. Benson, 2013
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[ When 1s 4 ’ dominated by a single weak phase? ]

| By)— | vKy) [ b+d — ccs+d |
b c
/4
S C

real O(\?) real O(og A?) O(og A°)
| |

dominant lamplitude pollution <1 %

Im(kf) = sin(2p)

(from the mixing)

extremely precise .
constraint in the p—m plane mp Golden channel for B factories
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BaBar’s final resul}t

Raw Asymmetry Events/ (0.4 ps) Raw Asymmetry Events/ (0.4 ps)
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extremely precise
constraint in the p— plane:

.\

T
[
=)
L

|

0.5

Illlllll

| ~
-0.5/
.1-—
o PE AT T I W
-1 0.5 0 0.5 1
P



G. Isidori — Flavor Physics and CP violation CERN Summer Student Lectures 2017

~Today's summary

At present, measurements of sides and angels of the CKM unitarity triangle show
a remarkable success of the SM (redundant and consistent determination of
various CKM elements):

1.5 I | | | | | | | | 1 Il I Ii I | | | | | | | I I I I
exchuded ares has CL= 0.85 . 1
i : 5 :
. ¥ o i
1.0 — % A & A —
R o I'I']d Mg _
- sin 2B -
05 —
. €k i
15 0.0 f=rreeereee e -
L« i
-05 =
-1.0 — Y € ]
B sol wiees 2f=0 -
= ICHEF 18 ] fexcl at CL = 0.95)
_1-5 | | | | | | | | | ] 1 1 | | | | | | | | | | 1 1 | | | | | |

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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