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Sakharov Conditions

‘é < \ (*) Bigi-Sanda, CP Violation, 2000

« The Universe is not empty* ! Anbaryon Myaryon nbaryon 0O ( 1 0_10)

« The Universe is almost empty* ! n,
Py g = — L —— T A"‘-—li{' ] m;
Sakharov conditions (1967) for Baryogenesis
1. Baryon number violation

2. Cand CP violation _
3. Departure from thermodynamic equilibrium (non-stationary system)

e P SR

So, if we believe to have understood CPV in the quark sector, and if it cannot account
for the observed baryon asymmetry ... what does it signify ?

A sheer accident of nature ?

What would be the consequence of a different value for the CKM phase ?

Hr




The understanding of matter-antimatter symmetry violation

is crucial if we want to move closer into the heart of the Big Bang




The Role of the CP-Violating CKM Phase

.t If the SM extensions do not violate CP (this would be rather unnatural), could
the CKM phase generate the observed baryogenesis ?

KM CP-violating asymmetries, d.,, must be proportional to the Jarlskog invariant J

dCP:J'FU'IED

where: J—Im(V V.VoV: ) A?2°np , and: IEU:(mf—mf)-(mf—mz)-(m —m2)

cs us cd f u
=(3.1£0.2)x10°® Fy = (m; —m?)-(m —mj)-(mZ - m})
1+ Since non-zero quark masses are required, CP symmetry can only be broken

where the Higgs field has already condensed to v;# 0

“t To make d., dimensionless, we divide by dimensioned parameter D = T_ at
the EW scale (T, = Tg,, ~ 100 GeV), with [D] = GeV1?

d. =9cP 10" «»~0O(10" KM CP violation probably
o "= ( ) = irrelevant for baryogenesis !
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CP Violation is a Family History of Flavour

ol

®  Discovery of strange particles (Rochester, Butler) (1946-47)
B Neutral kaons can mix (Gell-Mann, Pais) (1952)
B K_discovery (Lederman et al.) (1956)

E  Parity (P) violation: possible explanation (Lee, Yang) (1956)

B P Violation found in  decay (Wuetal.) (1957)
later: maximum P and C violation, but CP invariance

= Cabibbo-Theory (1963) -
= CP violation (CPV) discovered (Cronin, Fitch et al.) (1964)
B GIM-Mechanism (Glashow, llliopolous, Maiani) (1970)
x\ » J/y Resonance: ¢ quarks (Ting, Richter) (1974) /,
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e

CP Violation is a Family History of Flavour

g -':f-' i 2 , = o W P i i - S F'”, I j F_, -'-"-."-'"«'*.-,f A f"'ﬂ"
et .‘.-' r.#.-r'l"' EAL ‘\\*"-.'.I .:' .. .llu' "rl;t__l:.-li-'-' ai
/= CPV Phase requires 3 families (Kobayashi-Maskawa) (1973)

e Discovery of rlepton: 3 family (Perletal.) (1975)

E T resonance: b quarks (Lederman et al.) (1977)

®  Neutral B, mesons mix (ARGUS) (1987)

E {-Quark discovery (CDF) (1995)

m  v-Oscillation discovery (Super-K) (1998)

= Direct CP violation in K system (NA31, NA48, KTeV)  (1999)

= Start of B, Factories: BABAR (PEP i), Belle (KEKB) (1999) g’
=» CPVin B, system : sin(23) # 0 (BABAR, Belle) (2001) g
= Direct CPV in B, system (BABAR, Belle) (2004) |3
= Bgmesons oscillate (CDF) (2006) A | i
\ » DO mesons oscillate (BABAR & Belle) (2007) ///
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Discovery of CP violation:

V.L. Fitch R. Turlay

J.W. Cronin J.H. Christenson
©
-

PRL 13, 138 (1964)

XI Mexican Workshop on Part. and Fields, Nov 7-12, Tuxtla Gutiérrez

. Hocker: CP Violation




Evolution of working conditions (example BABAR) :
. -

- -

... 623 physicists (in 2005). BABAR: PRL 87, 091801 (2001)
Belle: PRL 87, 091802 (2001)




Symmetries

Laws of nature are symmetric with respect to mathematical

operations, that is: an observer cannot tell whether or not this
operation has occurred.
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Continuous Symmetries and Conservation Laws

In general, if U is a symmetry of the Hamiltonian H, one has: [H,U]=0 = H=U'HU

HIi") = (UF |H|Ui) = (F|UTHU] i) = (£ H i)

| ('

“* Accordingly, the Standard Model Lagrangian satisfies local gauge symmetries
(the physics must not depend on local (and global) phases that cannot be observed):

U(1) gauge transformation > Electromagnetic interaction
SU(2) gauge transformation -> Weak interaction
SU(3); gauge transformation > Strong interaction (QCD)

Conserved additive quantum numbers:
% Electric charge (processes can move charge between quantum fields, but the sum of all charges is constant)
% Similar: color charge of quarks and gluons, and the weak charge

% Quark (baryon) and lepton numbers (however, no theory for these, therefore believed to be only
approximate asymmetries) 2 evidence for lepton flavor violation in “neutrino oscillation”
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Discrete Symmetries

Discrete symmetry transformations lead to multiplicative conservation laws

The following discrete transformations are fundamental in particle physics:

# Parity P ("handedness”): In particle physics:
Reflection of space around an arbitrary center; P‘e‘> = ‘e‘>
P invariance - cannot know whether we live in this world, or in its mirror world I | =

+ Particle-antiparticle transformation C : P|n) = +|n)

Change of all additive quantum numbers (for example the i
electrical charge) in its opposite (“charge conjugation”) ‘e >‘ eL>

u
% Time reversal T : C‘d

The time arrow is reversed in the equations; C‘ﬂo _ +‘ﬂ_o>
T invariance - if a movement is allowed by a the physics law, the movement in
the opposite direction is also allowed

% Time reversal symmetry (invariance under change of time direction) does certainly not correspond to our daily experience. The
macroscopic violation of T symmetry follows from maximising thermodynamic entropy (leaving a parking spot has a larger solution space
than entering it). In the microscopic world of single particle reactions thermodynamic effects can be neglected, and T invariance is realised.
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Discrete Symmetries

Discrete symmetry transformations lead to multiplicative conservation laws

The following discrete transformations are fundamental in particle physics:

# Parity P (*handedness”): In particle physics:

These are interesting because it is not obvious whether
the laws of nature should look the same for any of these

transformations, and the answer was surprising when
these symmetries were first tested !

“ Time reversal T : C|d) :|g>
The time arrow is reversed in the equations; Cl”0> _ +|”0>
T invariance - if a movement is allowed by a the physics law, the movement in
the opposite direction is also allowed

% Time reversal symmetry (invariance under change of time direction) does certainly not correspond to our daily experience. The
macroscopic violation of T symmetry follows from maximising thermodynamic entropy (leaving a parking spot has a larger solution space
than entering it). In the microscopic world of single particle reactions thermodynamic effects can be neglected, and T invariance is realised.
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The CPT Theorem

The CPT theorem (1954): “Any Lorentz-invariant local quantum field
theory is invariant under the successive application of C,Pand T”

Proofs: G. Luders, W. Pauli (1954);
J. Schwinger (1951)
Derived from Lorentz invariance and

principle of locality

%+ Fundamental consequences:

% Relation between spin and statistics: fields with integer spin (“bosons”) commute and
fields with half-numbered spin (“fermions”) anticommute - Pauli exclusion principle

% Particles and antiparticles have equal mass and lifetime, equal magnetic moments
with opposite sign, and opposite quantum numbers

<107

Best experimental test: ‘(mKo —Mmg, )/ m,.
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P and C Violation in Weak Interaction

“* Weak interaction mediated by V-A current violates C and P

14

= Consider the collinear decay of a polarized muon: s ..,.s > € +Vv,+V,

<] P 1=
The preferred emission a " polarization W” polarization b P transformation (i.e.
direction of the light — reversing all three
left-handed electron is - v, v, directions in space)
opposite to the muon A < L SUPBBSSEQ yields constellation that
polarization. is suppressed in nature.
.JH
O enhanced ch suppressed
Similar situation for C O Shpgresses Sitioiged d

transformation (i.e.
replace all particles with
their antiparticles).

p* polarization
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Applying CP, the resulting
reaction—in which an
antimuon preferentially
emits a positron in the
same direction as the
polarization—is observed.

u* polarization
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P and C Violation in Weak Interaction

ey
[

14

The preferred emission
direction of the light
left-handed electron is
opposite to the muon A
polarization.

handedngss of the el

@)
Similar situation for C
transformation (i.e.
replace all particles with v
their antiparticles).

handedness of the pasitron:

XI Mexican Workshop on Part. and Fields, Nov 7-12, Tuxtla Gutiérrez

B. Cahn, LBL

“* Weak interaction mediated by V-A current violates C and P

= Consider the collinear decay of a polarized muon: s ..,.s > € +Vv,+V,

P transformation (i.e.
reversing all three
directions in space)
yields constellation that
is suppressed in nature.

Applying CP, the resulting
reaction—in which an
antimuon preferentially
emits a positron in the
same direction as the
polarization—is observed.
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D Violatio

CP Symmetry requires that process% and
their anti-processes have the same rates

1. Due to the CPT theorem, CP symmetry also requires T symmetry

2. CP violation would enable us to distinguish between particles and
antiparticles, ang begtween past and future in an absolute way !




Dipole moments

Can there be CP violation in the electromagnetic or neutral weak current ?

Let’'s modify the Standard Model Lagrangian to allow for CP violation through
electromagnetic and weak dipole moments:

i_ v wea \
Lep =—§€0“ 7L (@R F., + @ Z,, )

where F, and Z,, are electric and weak field strength tensors.

In the nonrelativistic limit one obtains the Pauli equation with the additional terms:

EM — & weak — = A shift in the energy of the system when
LCP - dé GE + dz 6Z applying an external electric or weak field

But.... why do these dipole moments violate CP symmetry ?
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Dipole Moments and CP Violation

[

Spin is the only explicit “direction” of an elementary particle. Hence the dipole moment

must be proportional to it ~

% The electric dipole moment is the average of a charge density distribution - polar vector
d=[d*x-p(x)- I
@ dipole
% The spin has the form of angular momentum -> axial vector S
Socrxp f P f
. ) >
% Parity transformation gives: Pd=-d, Ps=s = d=0

P invariance

—

% Time reversal transformation gives Td=d, Ts=-§ = d=0 T
T invariance :>

DDI@» DDI@
@ €

Non-vanishing electric or weak dipole moments require the
presence of a P- and T-violating (=CP-violating) interaction
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1960 1970 1980 1990 2000

1

t The Measurement of EDMs:
History of the experimental
progress
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.—

c 10-20 - neutron: e
g | electron: e

- 10-224
S -
S 10-24-
£ .
— 10-26 4
v
CICJ _
g 1 0-28_
) = _
% 30
LL 10- I | | I I

<— d(muon) < 7x1071° ecm

<4— (d(proton) < 5x10-24

<— d(neutron) < 3x10-26

<— d(electron) <1.6x10-?7

— _/
V

present experimental limits

none of this seen yet, why ?

Standard Model
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digression: CP Violation in the QCD Lagrangian

¢ It was found in 1976 that the perturbative QCD Lagrangian was missing aterm L,

194 ~ ~ 1
— o 8r L 2
perturbative QCD  P.T -violating Gluon field tensors h —- g
dual field tensor

that breaks through an axial triangle anomaly diagram the U(1), symmetry of L qcp ,
which is not observed in nature

When classical symmetries are broken on
the quantum level, it is denoted an anomaly

2

—

E[+|B, E[+|B,

2
) Relativistic invariants,

The term G G*** contained in L,qcp is CP-even, while G; G*** is P-and T-odd, since:
similar to electric field
tensors: FHVF“V F _F*

GGOCZ(

GG ;(E'a -éa) T - ;(Ea 'Ba) Gl = i 87 =

] =3

)

Maxwell equations

color electric and magnetic fields

This CP-violating term contributes to the EDM of the neutron:

™\

/ d =6-5x107"° ecm, so that @ tiny or zero ,
! y _ ®» Axion 7?77

"Strong CP (finefuning) Problem"
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The Discovery of CP Violation in KO—n*n— Decays

but rather long- and short-lived neutral states: K, and Kg

% Their observed pionic decays are: K, — (7m)o and K, > (mm)0

“ And it was believed that: CP|K)=+/K) and CP|K,)=-|K,)

Experimentally one does not observe the neutral “flavor eigenstates” K° and K°

Larger phase space of
27n decay:

= 7, /7, =580

However, Cronin, Fitch et al. discovered in 1964 the CP-violating decay:K, —» 7"z~

Measurement of opening angle of pion

tracks and their invariant mass: Water
Cerenkov

Jim Cronin

AR PLAN VIEW
L
i 1

]
| foot

[ o
Call t
Upu or /// _

L S I T R RIHR

53 eeieatial o -:-;o.0$;';0.'.'.'.';0.'ogv.'.i.%i'.,':v.?._,t o
Y

Val Fitch

57 Ft.to «=—— )
internal target Hellum Bag

Cerenkov
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The Discovery of CP Violation in KO—n*n— Decays

4+ Experimentally one does not observe the neutral “flavor eigenstates” K° and K°
but rather long- and short-lived neutral states: K, and Kg

% Their observed pionic decays are: Ky — (7z) and K, — (zzx)’ Larger phase space of
27n decay:
¥ And it was believed that: CP|K;) =+|K;) and CP|K,)=-|K,) = 7, /7, =580

However, Cronin, Fitch et al. discovered in 1964 the CP-violating decay:K, —» 7"z~

K . t Today’s most precise
Jim Cronin L > T eVents measurement of ampli-
7N\ —— DATA tude ratio:
. | MONTE-CARLO CALCULATION 4120
’ - 4110 S —
4 190 ‘g‘zA(KL—Hr;z)
0 AKs> 'z )
0
s 60 X 3
-. cve TN 50 =(2.282+0.017)x10
- pd b 1 40
: 1 30
o _ 1{ 20
Val Fitch ,_h_r'—[*—M 120
ke 1 1 D
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The KLOE experiment at the ¢ Factory DAONE
(Frascati, Italy) can detect single CP-violating decays:

e'e” »> ¢ —>K°K® andequivalently: e‘e” — ¢ —> KK,

KS DT Run Event Date
K, — A 6757 738533 Apr. 20, 99

Note that the
quantum coherence
is broken after the
decay of one of the
two K¥'s




Neutral Kaon Mixing

¢ Neutral kaons “mix” through the charged weak current, which does not conserve
strangeness, neither P nor C. Weak interaction cannot distinguish K° from K°

=+ Simple picture: they mix through common virtual states:

_— (7272')0 “\\1
K° K°
\\* (7z7m)0 /

4+ Because Am(K) = m(K,) — m(Kg) = 3.5 x10-'2 MeV > 0, a K°will change with
time into a K°and vice versa

=t These oscillations are described in QCD by AS = 2 Feynman “box” diagrams:
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Observing
K9 Mixing

The sin the K* is
transferred to the K°

The s in the K® mixes
to a s making a K°

The s is transferred
to a A% (uds baryon)

1971, Graham Thompson
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There are in Fact Four Meson Systems with Mixing

_J”:L_

Pairs of self-conjugate mesons that can be transformed to each other via flavor
changing weak interaction transitions are:

i K0>=Sd> DO>:CU> Bg>=bd> B§>=bs> / All measured

by now !

“t They have very different oscillation frequencies that can be understood
from the CKM couplings occurring in the box diagrams

S
N(T)I N,
K
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There are in Fact Four Meson Systems with Mixing

_J”:L_

Pairs of self-conjugate mesons that can be transformed to each other via flavor
changing weak interaction transitions are:

K-St D B -bd

\

0\ _|n | All measured
BS>_bS> by now !

“t They have very different oscillation frequencies that can be understood
from the CKM couplings occurring in the box diagrams

1.0

N/Ng |

mixing probability:
x ~ 50%

05

-“. L L L L L
0.0 2.0 4.0 6.0
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There are in Fact Four Meson Systems with Mixing

_J”:L_

Pairs of self-conjugate mesons that can be transformed to each other via flavor
changing weak interaction transitions are:

K-St D B -bd

\

0\ _ |k | All measured
BS>_bS> by now !

“t They have very different oscillation frequencies that can be understood
from the CKM couplings occurring in the box diagrams

T
1.0

N/Ng |

mixing probability:
= 18%

05|

0
B, —

6.0 6.0
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There are in Fact Four Meson Systems with Mixing

_J”:L_

Pairs of self-conjugate mesons that can be transformed to each other via flavor
changing weak interaction transitions are:

K0>=Sd> D0>:CU> Bg>=bd> B§>=bs> All measured

by now !

“t They have very different oscillation frequencies that can be understood
from the CKM couplings occurring in the box diagrams

I
ot ¢ for the plot
0 PO X = 15
:,:_Bs - B; ys=0.10
i 0 0 88 =0
q B, — B,
E n | mixing probability:
05 |3 .
x ~ 50%
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There are in Fact Four Meson Systems with Mixing

+t Pairs of self-conjugate mesons that can be transformed to each other via flavor
changing weak interaction transitions are:

by now !

0\ _ |k | All measured
BY) = bs)

K')=|sd)  [D°)=|cu)  |BY)=|bd)

\

“t They have very different oscillation frequencies that can be understood
from the CKM couplings occurring in the box diagrams

1.0
for the plot

xp =0.02
¥p=0
5p=0

D° - D°

mixing probability:
y ~ 2x10-6

6.0
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Three Types of CP Violation

Ty
=

.t The CP violation discovered by Cronin, Fitch et al. involves two types of CPV:

% CP Violation in mixing:

Prob(K® — K°) # Prob(K® — K°)

AN

also called:
@ CP Violation in interference of decays with and without mixing: > “indirect CPV”

Prob(K°(t) — 7" 7~) # Prob(K°(t) — 7'7")

J
++ There is another, conceptually “simpler” type of CP violation :
% CP Violation in the decay:
( _ _ ) also called:
Prob(K —» ) £ Prob(K — ) } o Iy
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“Direct” CP Violation = CP Violation in Decay

-t General signature: rate differences between CP-conjugated processes:

r(iy-Ir) = F(7)-|F)

It must involve interference of amplitudes contributing to the processes.

% To obtain interference, we need phases that change sign under CP

¥ Example: if the decay amplitudes are given by: {a1,2,¢1,2 S R}

A(l)
A7)

9
9

where: T(|i)—>|f)) « ‘A("’>_>‘f>)‘2

f)) = ae“e” +a,e™e™ ¢,

‘f>) = (a1e""1e"'¢*+aze"929""’2) g2/e4) 2

unphysical phase

and 1_“(‘7>—>‘f>) o ‘ﬂ(

We can define the following CP asymmetry A.p:

1)~ [F))

Alters sign under CP
(“weak phase”)

CP invariant
(“strong phase”)

2

i sd ) R Ud i)

2a.a,sin(6, - 6,)sin(¢, — ¢,)

1_“(‘7> —> ‘7>)+F(\i> N \f>)  a? +a’ +2a,a,c0s (6, - 6,)cos(¢, — ¢,)
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5 %
. -
Y >, Amy
- 2
~

<

sin 23 k)

Il

CP Violation in the
-------- Standard Model

sol. w/ cos 23 <0
(excl. at CL > 0.95)
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3-Generation Quark Mixing in Standard Model

e

<+ The charged weak current generates transitions between families, i.e., the

flavoured quarks are not the same as the physical quarks:

U,y y\/ijDL,j W

N

‘$
*
+*
*

ULJ.4\ »~ flavor representation
Vi N\ND

/

There are 3x3 of these

=t Since mass and flavor eigenstates are not the same - quark mixing:

d\ (Ve Ve Vi) (d
s |= Vcd Vcs Vcb °| S
b') \Ma Vs Vi) \b

Cabibbo-Kobayashi-Maskawa (CKM) matrix — 1973 (KM)
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CP Violation in the Standard Model

= )
E

What does CP or T conjugation with the Hamiltonian H ?

@ Simple exercise:

P—in\r/_qLiance
P[xp|P ' =PiP'n = PiP'=i
Px=-X, Pp=-p T -invariance

Tk=3, Tp=—p T[%p]T =TiT"n = TiT'==i

Recall:

[)?,[A) =ih = A

- The T (and CP) operations are anti-unitary, which is complex conjugation !

I Since H = H(Vj;), complex V;; would generate [T,H] = 0 > CP violation

i

“t CP conservation is: A(U, — Dj) = Z( > Ej) (up to unphysical phase)

U, — D, W U —D, e
““‘ ““‘ r. %k
||» U,- R = L_ji R Only, if: \/Ij — \/Ij
i N, AN}
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The Quark-Mixing Matrix

“ The |\/,.j|2 are transition probabilities and hence the matrix must be unitary

[/

Unitarity condition: Wwi=1 < ZVV =0,

“ The unitarity condition sets strong constraints on the V;;, which initially has 2N?2
unknowns (N is number of generations):

Number of rotation angles : 1N(N—1)
For N generations: 2
Number of phases ; %(N—1)(N—2)
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Quark Flavours in the Standard Model

ar

~¢ Quarks (as leptons) are organized in 3 generations:

= :
A = 1
L - Charge: +2/3 : Charge: -1/3
= 6 [ |
> - :
= | ™
2 5l top !
© B :
= B I
= 4] |
g |
3 - > 3 Quark generations
2
' e
| u 1
B ! -//
0 | 1

XI Mexican Workshop on Part. and Fields, Nov 7-12, Tuxtla Gutiérrez A. Hocker: CP Violation



Quark Flavours in the Standard Model

Ty

~¢ Quarks (as leptons) are organized in 3 generations:

Flavour-changing transition

by charged weak current

(boldness indicates transition
probability oc [V}])

____ Smallest couplings are
complex - CP violation

—
Al L
L - Charge: +2/3 Charge: -1/3
> 6 [
o u
= [
N [
8 0
- B
< 4|
o) B
Q =
3
2 |
1F
0 |
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The CKM Matrix in the Wolfenstein Parameterization

e

" ¥ )

+t The 3-generation CKM matrix has 4 unknowns, one of which is a phase

+t Flavor-changing transitions between families are allowed, but are small

®» \We can develop the CKM matrix elements around the small flavor-changing
transition between the 1st and the 2nd family (the Cabibbo mixing), denoted 1 ~ 0.2 :

v, V.. V, 1-2%12 y) A2 (p—in)
V=V, V., V,| = oy 1- 2212 A2 + 0(2*)
Vo Vs V% A/13(1_,0_i77) ~AX* 1

i+ Decay-rate measurements give: I'(i —> jiv) x|V,

i

E o D

Strong-interaction
form factor (taken
from theory)

0.9738+0.0003 0.2257+0.0021 0.0043+0.0003
(V]), =| 0.230+0.011  0.96+0.10  0.0416+0.0006

- _ > 0.78[95% cL]

How can we determine the CP-violating phase ?
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The CKM Matrix and the “Unitarity Triangle(s)”

++ The 9 unitarity conditions of the 3x3 generations CKM matrix: multiply
2 2 2 3 X ' / v ; Y \
Vil + Vil + V| =1 >V, =0, Vizke{1,23} v, V. V,
Vi e{u,c,t =
i { } 3 Vcd Vcs Vcb
multiplying a line with Y V.V, =0, Vizke{123]
its complex conjugate j=1 o \ \/td \/I‘S \/l‘b J

The 6 complex “Unitarity Triangles” involve different physics processes

ViV + ViV + Vil =0 T -
ViaVio +VeaVop + ViV =0 5 ]
ViV + ViV + Vi =0 O(2)+ O(4) + O(2°) =0

> O(2°)+0(2°)+0(2°)=0 1=
ViaVoo + VisVes + VoV, =0 O(1*) + O(A?) + O(1?) =0

ViVia + VisVs +VipVp =0 >
VeaVig +VeeVis + VoV =0/

relative size of CP-violating effect
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The CKM Matrix and the “Unitarity Triangle(s)”

++ The 9 unitarity conditions of the 3x3 generations CKM matrix: multiptyltimstiply

3
Vil + V[ + V| =1 DY, =0, vizke(123) V., V. V,
" j=
i {U, C,t} 3 Vcd Vcs Vcb

CKM-type CP violation is always a rare phenomenon:

1. Either the CP asymmetry is small

2. Or/and the decay rate is suppressed

ViaVub T VedVer T VgV =V @
V.V, +V.V,+VV =0 O(1)+0(1)+0(2°)=0
> O(A%)+0(2°)+0(2%)=0 =y
ViaVoo + VisVes + ViV, =0 O(1*) + O(A?) + O(1?) =0
Vi 4V, +V, s =0 =
VoaVig +VosVis + VoV =0

relative size of CP-violating effect
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The CKM Matrix and the Unitarity Triangle

A

Im

Kobayashi
-Maskawa, , N

d S b
1973 ~ *
ol | = OFE*7 [ opviolation QN
V = (Im[...] # 0) qQ q
CKM c 0 . " Varg(...)~ B

| O—]

- ’ (p.7)
V V* V V* * Vudvui)
ud ub+ cd Cb+\/td\/tb _O yOL B
II- =
(oc A2 o —AA® o« A/13) (1,0) Re

Vudvuj) + 1 + thVt; — O
Vcd ch Vcdvcz
——

phase invariant : ,(_) + 177
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The CKM Matrix and the Unitarity Triangle
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CKM Physics and CP Violation
Worldwide Experimental Facilities

XI Mexican Workshop on Part. and Fields, Nov 7-12, Tuxtla Gutiérrez A. Hocker: CP Violation



ENRNRIRNEY/
The B-Meson System

The study of CP violation, mixing and rare decays of B
mesons allows to over-determine the Unitarity Triangle (UT)

1. Relative CP-violating effects are expected to be large
2. Requires dedicated experiments

3. Goal: measure all three angles, «, S, 7, and the sides of the UT

Lo e SR B SR

4 Concentrate lecture




$'BaBar

The B, System (e*e- — Y(4S) factories)

25 T Td | * "l 1T T | | ¥ | T T T | | ” ‘,l 1 | *I | | 1|60{I)30?-0?3
B — | ‘\ |
i '; bb resonances 6.0 ﬂ (CLEO)
320; :': S.5F 7]
= [ I % 'lj( T(5S)
- } 5.0 4 i
T fnfup
Pt [ 1 ! ¢ i
T 4.5} T(6S) _
T '* 1 fﬂ(4$).i|||
b ol b 10.5 10.9 N
lo S f': " Ec.m. (GeV) .
+ = § \ R T .
® B 1 ¢ i
‘.g L ll ‘\\i *‘ *\ .’\‘ i
St - t o X 1
E-.,+ A"‘} “f},ﬁ MJM -Q—-.—;
0: TAS) ~ TES)  T(3S) | ]
9.44 10.00 10.33 10.53 10.62
9.47 10.03 10.37

Mass (GeV/c?)
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'BaBar The B, System (e*e- — Y(4S) factories)

T T the B, is also produced by the hadron machines
15 " o
T ket
o E I G
I RIS A )
T B T Rl Im
Mass (GeVic?)

B° — nr, pr, pp

b—ulv (0.17) B <> B’: Am,
B — p(o)y!B— Ky

b—clv R
b — ccs
B — D"K™ B° —» J/yK
VK., ...

(+)
B> Dy, K (0,0) (10) Re | B° - ¢k, ...
B® — DKQ, ... = 558
B° —» D*z(p)
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The Measurement of [3 (... or more precisely: sin2/3)

We need to identify the processes that involve the
CKM matrix elements that occur in the definition of 3 5= arg(— VchCZj
ViaVis

1. Thedecayb— c:

rE V*
} Jly
B° < W+ y < V.V is that what we want ? ©

Ld 3 f K

2. Like for the K°, the B° can first mix and then decay into the “CP eigenstate (?)” JAyK°

- v, Y ;
B° < t e t B° = (thVtZ )2 not bad ©
_d W b
Via Vis
2. Also the KO in the decay must mix for interference = o (Vchc*s )2 good ©
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The Golden Channel: B%,B° — J/yK®°

Relative 0 0 )2
AlB JIvK * V.V
phase: arg - _(0 _) _WO ) — | =arg > VesVoy > |=arg ( o Cb)2 = -2/
A(B® 5B > JIyK® S JIyK®) |7 (ViVia) Vi - (ViVes) (ViVs)
0 _ _
BC decay 0 o: s
o
B mixing W+ ‘o< s K% mixing
6 ° ° a d . d § o . a
» Vcchs - :
d o—o b 6 O C d (o o) S
(q/p) (39 _—c qlp
B GcCf .\§ K
d - d
BO decay o« V(c,u,t)bv(c,u,t)s

1. Clean CP phase

Single weak phase:
2. No direct CPV
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Why do you call these
Penguin diagrams?
They don'’t look like penguins!

A controversy...

I've never seen a
Feynman diagram

that looks like you ©

Mirror image of Richard Feynman

Courtesy: G. Hamel de Monchenault
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What are the Experimental Requirements ?

¢ The Observable :

I(B°(t) > J/wKy)-T(B%(t) > J I wKy)
I(B°(t) > JIwKy)+T(B%(t) > J I wKy)

Ap(t) = =sin(24)-sin(Am_t)
=% \We need to measure:

|dentify a final state that is CP eigenstate (e.g., Jy Kg)

Determine the flavour of the decaying B? (assume here it is a BO)

How can we do this if J/iy Kg can be reached by both B flavors ?

s L0 h =

If we could produce the B°BC pairs in a coherent quantum state, we could “tag”
the flavor of the decaying B from the flavor of the other B, not decaying into
a CP eigenstate - see later

5. Since the coherence is destroyed once one of the two B's decays, we need the
decay time difference between the two B’s to calculate the flavor of the tagged
B at the time when the B° decayed: t —>At

We must determine the decay time difference of the B’'s by measuring their decay vertices
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digression: Quantum Mechanics for Y(4S) — BB Decay

{e+e- — Y(4S) - B°B° } prm t proper times:
- T4S8) .
JrPC=1-- € ( """" ‘)’o‘ E+ tE(t1+t2)/2
Two pseudoscalar bosons in a P-wave o ﬁ* """""" L=1 At =t, —1,
== antisymmetric wave functon %7
t2 o
¢ initial state: flae\/icg)Jreigtciag:§s
¥(45) > B°B") < (|B°.5")| B =) ~|B. 5"} B°. =P ) 8°) = 5 (18.)+18)
(R &\lr _a , ) 1 g
~(85")[B.=P")~|BLB)[Borp)) 5 B°) - (5.~ 18.)
1+ double proper-time wave function: I
B | + e+iA,uAt/2 B ,b’* B ’_b’* _ __
‘(Y(A'S) - B85 )phys (t’At)> e iAﬂAt/Z‘ ! 5" >‘ L a*> A# = AA/IM iriﬁ“lz
- o5, )8, -5 -
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Quantum Coherence at Y(4S) —» BB Decay

0 DO
Quantum coherence (due to synchronous evolution) | °N€ B and one B
= for At = 0, the system is the superposition of: one B, andone B,

one B.,_., andone B._,

An Einstein-Podolsky-Rosen phenomenon:

The measurement of the flavor (or CP) of one meson (e.g. from its decay products)
determines the flavor (or CP) of the other meson at the same proper time (it is opposite)

For the study of time evolution, one needs to measure Af.
However, at the Y(4S):

pg = 340 MeVic = flight distance d* ~ 30 um
(By), =0.064 (beyond experimental reach)
g =0.

= Cannot perform decay-time-dependent measurements ?
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Pier Oddone’s Clever Idea (1987)

Why not produce the Y(4S) with a strong boost?

One could deduce the At from the distance between the two B vertices
along the boost axis, right? What we need is an asymmetric-energy
B Factory with luminosity of order 5x1033

10 years later exist two asymmetric B Factories :
PEP-Il at SLAC and KEKB at KEK




Pier Oddone’s Clever Idea (1987)

Why not produce the Y(4S) with a strong boost?

One could deduce the At from the distance between the two B vertices
along the boost axis, right? What we need is an asymmetric-energy
B Factory with luminosity of order 5x1033

HER LS Geve o a ] Gey o
‘ + Coherent neutral B pair production and decay (P-wave)
’ Boost of Y(4S) in lab frame : gy = 0.56

Pier Oddone,LBL (now: FNAL) Oddone & Dorfan in PEP-Il Tunnel, 2003

10 years later exist two asymmetric B Factories :
PEP-Il at SLAC and KEKB at KEK




The B Factories: PEP-2 (SLAC, USA) and KEK-B (KEK, Japan)
Stanford

Linear
Accelerator
Center

Linac

Fixed Target
Experiments

e

‘._-r;—:.-—-*'-:‘_"_ —

- Center. -
wﬂ PEPI
L A < 3 .” LIy

SLD & maRrRk 1

TR S TR 3 PEP-Il delivered [L = 500 fb-
' ' : Peak record: 1.2 10% cm-2s-1

[P - . s I
i - 2 = y oy

\-

1 T P
- e - ,...-_""""( -~
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The BABAR Detector

1.5 T solenoid [©— N, ) EMC

DIRC (PID) ‘|H| e* (3.
| 144 quartz bars T -
11000 PMTs
— !
I Drift Chamber
40 stereo layers
_.];e— (9 GeV)
Silicon Vertex Tracker
Instrumented Flux Return —— o Igyers, dOUb_I_e__?ﬁed strips
iron / RPCs (muon / neutral hadrons) | P
R\ et B
I & e
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The BABAR Detector

ﬁﬁ_

RS

% b

m_ﬁ :

A. Hocker: CP Violation
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The BABAR Detector

| —— - B
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The BABAR Detector
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Analysis Technique at the B Factories

PEP-2 (SLAC)
— =9GeV  E.+ =3.1GeV

Btag ~ 68% of events can be tagged.
T(4S) o Quality Q ~ 30.5% @ c~1-Q

(& >
e+
anti B B

I
I B T
| M
. 1
. — < > Exclusive
rec = flav, flav, CP At = tree — biag B Meson
0 0 Reconstruction
fCP — J/d)st J/TJ)KL"" Vertexing &
— Time Difference
tag - B ’ B Determination At ~ Az/c(ﬁ’y)r@s)
fBO — X€+V, XK-i-’ st—j (Az) g ~ 260 pm
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kY
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LY RV AV A e I —
HER: 8.2994 CeV, LER: 3.110 GeV " ‘\
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Discovery of CP Violation in the B System

% CP Violation due to the interference of decays 0
with and without mixing -
0
_ 2 B A

[ Prob(B°(t) > f.,) = Prob(B°(t) — f.,) } d .03 > W
-l B q/p Z:i: CP fCP &
- A (t)= F(Bo(t)—>fcp)—F(Bo(t)—>fCP) |

er I(B°(t) > fCP)+F(BO(t)_) fep ) A
- =S, sin(Am,t)-C, cos(Am,t)
with: =sin(28) and =0 forB— JyK°, ¢K°
)|
I
|\ —
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Discovery of CP Violation in the B System

e J /(r-u-. ‘"--=-._,T“-——~__ e - —~ _— V=
e — N
& CP Violation due to the interference of decays Qﬁ;'zoo
a with and without mixing . ;
Prob(B°(t) > f.,,) # Prob(B’(t) > f.,) £
, .
-] }ﬁ%‘fﬁ g 05-
: : o
B i i
= 2 -0.5 :
with: =sin(2f) and = @ ﬁt}? B=>. Jf%ﬁ%E g;é N 0 SAt [ps] .

Bl T SR () Te— !_ L

S|n(2,8)|WA 068140025 | —

e

Flrst observed by |
NA48 and KTeV
- in kaon system

R\ s R
| 5 - |
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Direct CP Violation is due to interference of decay
amplitudes with different weak and hadronic phases

Prob(B — f ) = Prob(B — f)




Discovery of CP Violation in the B System

B ———l _(’_ |HE&"‘“-‘*—E“-——;_ —s i = B _— b=
CP Violation due to the interference of decays Qﬁ;'zoo
with and without mixing . ;
Prob(B°(t) > f,,,) # Prob(B°(t) - ) £
, - _
| o 05K Nnep=-1(JyKs...) +
o AT
- & _
B 400_ ] e I T ] ]
- 2 = B > Kz
o
< L\ B 5Kt
with:  =sin(24) and =0 forB=.JdyK° ¢ = "
] =200 P A\ .
I Direct CP Violation is due to interference of decay I _‘f“-.,_. _
amplitudes with different weak and hadronic phases o
— — 0:;’_ ] . | ._ : |- i I
Prob(B — f ) # Prob(B — f) . 0.1 0 0.1
CP|WA —9.7£1.2)% AE (GeV)
% 1:1* Already seven charmless modes with evidence or h!nts forldlrect CPV !

a .
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A Standard Model Prediction for sin(24) ? How ?

Since the CKM matrix describes all CP-violating effects by a single phase, and the complete
quark-mixing matrix depends only on 4 parameters, we can constrain it (for example, using
the CP measurements in the kaon sector) and hence obtain a prediction for sin(24).

We can even overconstrain the CKM matrix by a global fit using all the available information,
and thus search for inconsistencies that would reveal the presence of new physics !
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The Global CKM Fit

¢ To determine (and then predict) the phase of the CKM matrix we need to
measure processes that involve the matrix elements V ,and V,, i.e.: pand

Vie Ve (Vo) 1-42/2 A A¥(p-in)
V=V, V. V,| < | 1-2%/2 A2 + 0(2%)
V) Vi Y, AR (1=p—in) —AX? 1

#t Some processes are already well established:
The rate of b — u transitions determine |V, |
Indirect CP Violation in the kaon system (¢) is sensitive to V,,

Neutral B, mixing determines |V,,| (reduce theory uncertainty by also using neutral B, mixing)

N =

Mixing-induced CP violation in B system determines sin(24)[arg(V,,)]

1

1t Some processes need larger data samples, now approached by the B factories:

CP-violation measurements in B® — n*n-, p*n- p*p- determine a(5.7)

Direct-CP-violation measurements in B — DK determine y = arctan(z]

2]
The rates of b — d loop transitions determine |V,|

W N

The leptonic decay B* — t*v (bd — W “tree annihilation”) determines |V,
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Flavour Physics: Theoretical Tools

The Electroweak physics to be studied is often hidden in an hadronic environment

Leptonic:

Semi-
leptonic:
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Flavour Physics: Theoretical Tools

Theoretical tools help us to extract the fundamental electroweak quantities

Example: matrix elements in meson

¥ Lattice Gauge Theory anti-meson mixing, decay constants, ...

B Chiral Perturbation Theory

, IV, from K — nlv
Low-energy effective theory, m(u,d,s) < m(p)

B Heavy Quark Effective Theory (HQET)

A V| from B — D*(¢vat zero recoll
mq > Aqcp and develop Lagrangian in (1/mg)"

B Heavy Quark Expansion

V| from B — X (vinclusive
Perturbative QCD + expansion in local operators (OPE)

E QCD Factorization (nowadays: SCET)

B — heavy+light branching fractions
Color transparency

B QCD Sum Rules

_ o, quark masses, condensates, ...
Quark hadron duality

B Flavour Symmetries

_ _ B — ©w isospin analysis, ...
Use SU(2) and SU(3) symmetries between decay amplitudes
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Parameter

Value + Error(s)

|Viea| (nueled)
[Viea| (Ke3)

097377 + 0.00027
00,2258 £ 0.0010

ol
B, 1. all charges

[Vis| (3.86 £ 0.09 + 0.47) = 10—*
Vsl (41.50 £ 0.90) x 1073
\ lexe] (2,232 £ 0.007) % 1072
Ay (0.507 £ 0.005) ps~!
Arng CDF measurement
\\ siu{?_ﬁ}[c@] 0.681 4 0.025
“.~"-.‘..I St- =061 £ 0.05
ol =0.38 £+ 0.07
0,33
Cre =0.3615%)
B, all charges Inputs to isospin &
iz
’ f,"b
i

BY — (pm)" — 37

B~ — DU
B~ — D=
B~ — D)=

G LW analysis
suts to ADS analyvsis
7 Dalitz analyses

Cxperimental likelihoods

(1.24 4 0.037 + 0.095) GeV
(163,58 £ 2.0) GeV
(493,677 £ 0.016) MeV
(3.4833 £ 0.0066) = 10712 MeV
(5.2794 % 0.0005) GeV
(5.3696 + 0.0024) GeV
(80.423 £+ 0.039) GeV
L16639 = 1075 GeV 2
(159.8 + 1.5) MeV

ag(m¥)
”ﬂc

et

Me
e MS)
fa.

B,
Io,/fi,
Bs f( Bd

0.79 + 0.02 £ 0.09
01176 + 0.0020
Caleulated from m.(m.) and o4
047 = 0.04
0.5765 £ 0.0065
(.551 £+ 0.007
(268 £ 17 £ 20) MeV
1.29 + 0.05 4+ 0.08
1.20 £ 0.02 £ 0,05
1.00 £ 0.02
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I Observable | Centralzlao

I z2la I 3g

[« o507 [~0.018 -
015]

0.807 [+0.036 -0.036] 0,807 [+0.083 0.084]

f0.2265 [+0.0008 -

(0.2265 [+0.0015 -0.0015] 0.2265 [+0.0023 «0.0023]

0.0008]
lobar .;1[:][-0.029 ) 141 [+0.097 -0.024] 141 [+0.115 -0.050]
fibar g'a":_:JH'm“ © s o000t fo.343 [+0.049 0.069]
10°%] ot (=09 -0.8] J01 (+040 0.5 (B, =argi- oo
i 01839 [+0.00089 [-0.0184 [+0.0018 -
oo 6.0 [-0.10016] Jfoz (015 o ;;\-:b‘-'\.h\'\b‘: Lo 00088) 0030] L0.0184 [+0.0027 -0.0035)
mla {meas. not i the —
L0.41 [+0.43 0.09] [[0.41 [+0.58 0.1 [ [F0.0368 [+0.0018 - [0.0368 [~0.0035 -
: 658 (0,025 i l0.0017) 0.0061) bt
oep 004] [o8s 00 (0371 L0006 - fy 501 20,033 -0.028] ull
02 (meas.notinthe [0.800 (0020 | o010 035 015 it
] Dose)___ o:zigf'“"”s' 0.925 [+0.034 -0, 528 [+0.050 -0.1
(rad) ;-gig][‘“'* T 029340
= 1 [ps '] (mseas. mot o
Eﬂd}tm.mhh 78 (005 027 1S poro 0z [ 10.63 [<0.060.12)  [0.63 [+0.188%0) 63 [+0.18 T34]
. Te[005022] [178 [0
=1
0.008 [+0. 144 fj8n, [ps”"] meas. mot |y 5y oy 5y 177 (4109 440] 413.7-5.3]

1828 [-0.111 -
0.092

o (rad) (dis. meas.)

153 [+0.55 0.1 [l

0375 [~0.017 -

pind) 0.017]

10,059 :0251) | [1077] fameas. not in
— xl mieas. § L, r
0,379 [+0.038 -0 Lh‘ fit) P4 1+08-07)

if (rad) (meas. not in the f0.464 [+=0.017 -
t 0,066

0,464 [+0.032 4 |

I (rad) (dlir. meas.)

378 [~0.017 -
0.017]

375 [+0.035 -0 [l

1,179 [+0.045 -
ey b.o7s]

2.4 [+1.41.2)

110 [+1.00 -1.10]

126, [+75. -27]

1179 [+0.092 -t |5

v rad) {nseas. not in the {1,079 [+0.047 -
t)

1,079 [+0.090 -0

1.
40,0152
Eﬁdp«h. meas)  [1E0[+0.54-0.54]

1.34 [+0.53 -0.55]

180 [+0.93 -0t |

+0.92 -0.88]
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The Unitarity Triangle from the global CKM fit
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The Unitarity Triangle from the global CKM fit
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The Unitarity Triangle from the global CKM fit
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The Unitarity Triangle from the global CKM fit
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The Unitarity Triangle from the global CKM fit
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The Unitarity Triangle from the global CKM fit
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The Unitarity Triangle from the global CKM fit

SUMMER
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The Unitarity Triangle from the global CKM fit
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The global fit shows that the Kobayashi-Maskawa
mechanism is the dominant source of CP violation
at the energy scale of the electroweak interaction

o

There is no hint for physics beyond the Standard Model
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The CKM Angles o and y

1

¢ Both angle measurements involve Cabibbo-suppressed modes and hence
require very large data samples.

| | : T
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++ Both measurements are in agreement with the expectation from the global CKM fit
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Are All Measurements Consistent ?

it Compare tree and loop diagrams:

— more sensitivity to unknown heavy fields from loop diagrams

{K}}: I e 1S
d

d*‘\‘i} KO

Diagram: Tree “Penguin’-loop diagram
CP observable: sin(2B)[J/y KO sin(2B)[¢K°]

it The penguin diagram prefers heavy virtual fields in the loop; penguin-to-tree ratio:

2
g a, In mQ-heavy
127 mi

Apenguin _ Apenguin
Q-heavy q-light

tree S
: 3 (023 )R’RJXV'<S} /
0, = AREeNE
7t GUT-inspired example for SUSY BO{ b—e g v S} KO
penguin diagram: q d.
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CP Violation in Penguin Modes
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CP Violation in Penguin Modes
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CP Violation in Penguin Modes
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CP Violation in Penguin Modes

/ Summer ‘07
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The Future of B Physics and CP Violation at the LHC

g, i s v o T

P = F g
* A e e v p o e

ALTAS and CMS concentrate
on “high-p;" discovery physics.g

Their B-physics potential relies§s
on the low-p; performance of
the Trigger systems.
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]
o
:gu

&

:_=
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LHCD is not a fixed-target exp-
eriment (looks like one). It con-
centrates on low-p; B physics.

Virtues over ATLAS & CMS:
Low-p; track trigger, particle
ID & better mass resolution
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B Physics at Tevatron and LHC

B physics at hadron colliders is complementary to the e*e~ B factories.

Strengths: High statistics; accesses the B, sensitive to very rare modes, if clean
signature; production of b baryons and B, mesons

Weaknesses: Worse tagging (no quantum coherence) and background; no rare
modes with neutrinos can be reconstructed; less efficient for =°;

M2
SPD/PS HCAL
ECAL

......
...................
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B Physics at Tevatron and LHC

Prime Measurements: (many, many more interesting measurements to be done!)

B, mixing frequency and phase:

Y d} L+ mixing frequenc;z/:

v, -,

N E Cb. ¥ ud } D-
B? - S S
~— V*
W b } J 1w mixing phase:

W+ N ~<
S } ¢ zﬂs ~ _Zargvtsvtb

-

m=p Frequency: just measured by CDF! CKM fit prediction not very precise yet (needs y)

w=p Phase: not measured yet; CKM fit prediction very precise

B, —» p*u=: FCNC (box & EW-penguin-mediated) rare decay
(BR ~ 3 -10-9; current limit (CDF) < 5.8 -10-8 at 95% CL)
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AN\ .
Conclusmns
PERNSTNE . 1o RS- e

CP Violation is required for Baryogenesis

P, C, T are good symmetries for elctromagnetic and strong interactions

C, P are maximally-, CP is (marginally) violated in weak interaction

CP violation observed in K and B system

No non-flavour CP violation found so far

All observed CP-violating phenomena are described by single CKM phase

New Physics scenarios, in particular SUSY, provide large number of CP-
violating sources appearing in leading order loops

Non-observation of beyond-SM FCNC’s and CP violation creates conflict with
O(TeV) expectation for new physics scale - “flavour problem”

Solution requires the new physics (if exists) to be minimal flavour-violating
(this is a quite natural feature of, e.g., gauge-mediated SUSY breaking models)

' -.'_ ] ¥ . ’r-.
Siumulated Higgs-boson event at CMS, CERN 5 o . a8 \
e . e O E\.




