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Introducing the lecturers

Lecturer:
e Marcel Merk

Research (theoretical):

- Why a matter-vs-antimatter asymmetry in nature?
- Why do we have three generations of particles?

Tutors:

e Silvia Ferreres
* Miriam Lucio Martinez

Research (experimental):

- Detector technology at the Large Hadron Collider.
- Measurements of CP violation rare decays




LOST PR@ME RTY

"Sorry Doc, we had a load of Anti-
Matter around 13 billion years ago,
but it got lost when we moved"




Flavour Physics and CP Violation

“Day and Night”, Escher, 1938




Flavour Physics and CP Violation 2

Contents per Week:

1. CP Violation o L ko S A0 \
a) Discrete Symmetries T e S [ 122
b) CP Violation in the Standard Model “” “’(ﬂ;fch”“’};:z’L**’_ YR 1
c) Jarlskog Invariant and Baryogenesis W A

2. B-Mixing

a) CP violation and Interference
b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality




Flavour Physics and CP Violation

Contents per Week: Don’t be afraid to ask questions...
1. CP Violation

a) Discrete Symmetries " JUST OME SIMPLE |

e OUESTION.
b) CP Violation in the Standard Model WHY DONT YOU DO A
c) Jarlskog Invariant and Baryogenesis PARTIAL URETHRO-
HEPHROSTOMY

2. B-Mixing -

a) CP violation and Interference
b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality
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Symmetry and non-Observables

T.D.Lee: “The root to all symmetry principles lies in the assumption that it is
impossible to observe certain basic quantities; the non-observables”

There are four main types of symmetry:
e Permutation symmetry:
Bose-Einstein and Fermi-Dirac Statistics
e Continuous space-time symmetries:
translation, rotation, velocity, acceleration,...
e Discrete symmetries:
space inversion, time reversal, charge conjugation,...
e Unitary symmetries: gauge invariances:
U,(charge), SU,(isospin), SU5(color),...

= If a quantity is fundamentally non-observable it is related to an exact symmetry

= If it could in principle be observed by an improved measurement; the symmetry is said to be broken

Noether Theorem: symmetry <:> conservation law



Symmetry and non-observables

Non-observables

Symmetry Transformations

Conservation Laws or Selection Rule

Difference between identical particles

Permutation

B.-E. or F.-D. statistics

Absolute spatial position

Space translation: # = 7 + A

momentum

Absolute time

Time translation: t >t + T

energy

Absolute spatial direction

Rotation: 7 — 7'

angular momentum

Absolute velocity

Lorentz transformation

generators of the Lorentz group

Absolute right (or left) r - —7 parity

Absolute sign of electric charge e > —e charge conjugation
Relative phase between states of P — ¥y charge

different charge Q

Relative phase between states of P — ey baryon number
different baryon number B

Relative phase between states of P — efly lepton number

different lepton number L

Difference between different coherent
mixture of p and n states

()-v()

isospin




C, P, T Symmetries :

* Parity, P: unobservable: (absolute handedness)

» Reflects a system through the origin.
Converts right-handed to left-handed. -

« X> —X ,P - —p (vectors)but L =% X P (axial vectors)

 Charge Conjugation, C: unobservable: (absolute charge)
* Turns internal charges to opposite sign.
cet—se , K oK' @6

e Time Reversal, T: unobservable: (direction of time) \ O‘
* Changes direction of motion of particles Q!
« to—t

e CPT Theorem:

* Allinteractions are invariant under combined C, P and T operation
* A particle is an antiparticle travelling backward in time
* Implies e.g. particle and anti-particle have equal masses and lifetimes




Classical Mirror Worlds — |Invariant!

e Parity: X » —X

- Massm Pm=m : scalar
- Force F (F = dp/dt) PF =Pdp/dt = —dp/dt = —F : vector
- Accelerationd (d = d?x/dt?) Pd=—d?x/dt? = —d : vector
- Angular momentum L, S, (L = ¥x5) PL=-%¥x-p=1L : axial vector

* Parity: Newton’s law is invariant under P-operation (i.e. the same in the mirror world):
P
F=ma — —-F=—-ma & F=mda

* Charge: Lorentz Force in the C-mirror world is invariant:
- - - C - - > —
F=gq [E + ﬁxB] — F = —q[—E + vx—B]

* Time: laws of physics are also invariant unchanged under T-reversal, since:

= - d?x T - d?x - .

F=ma=m — > F—md(_t)2 = F=ma
L 0p VR
* QM: Consider Schrodinger’s equation (t - —t): ih— = ———
ot 2m

T
Complex conjugation is required to stay invariant: ¢_>¢*



C-, P-, T- Symmetry

* Classical Theory is invariant under C, P, T operations; i.e. they conserve
C, P, T symmetry

* Newton mechanics, Maxwell electrodynamics.

e Suppose we watch some physical event. Can we determine
unambiguously whether:

* We are watching the event where all charges are reversed or not?

* We are watching the event in a mirror or not?

* Macroscopic biological asymmetries are considered accidents of evolution rather than
fundamental asymmetry in the laws of physics.

 We are watching the event in a film running backwards or not?

* The arrow of time is due to thermodynamics: i.e. the realization of a macroscopic final
state is statistically more probable than the initial state



Macroscopic time reversal  (TD. Lee)

At each crossing: 50% - 50% choice to go left or right
» After many decisions: reverse the velocity of the final state and return

* Do we end up with the initial state?
14



Macroscopic time reversal  (TD. Lee)

Very unlikely!

At each crossing: 50% - 50% choice to go left or right
» After many decisions: reverse the velocity of the final state and return

* Do we end up with the initial state?
15



Macroscopic time reversal
" Whal's +Hhie mesd?
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T\r\isu why we dont teadn owr children
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C, P operations and Dirac theory (QED)

+1/2, -1/2 helicity

(P solutions for the particle
1/J — ¢3 Antimatter!
y +1/2, -1/2 helicity solutions
4

for the antiparticle

* Implementation of P and C operators in Dirac theory:
P: Y-y =yPP(-%t) C: Y-y =iy (i,t)
( |(iy%a, — iyilaxi) —m|p(x,t) =0 ) ( Elect. ¢ = |y#(id, + ed,) — m]lp =0 )
YO (iy°dy + iy'oy,) —m|y'(—%,t) =0 Posit. ' = |yH(id, — eAH) m|y' =0

* QED (Dirac theory) is symmetric under C, P conjugation. Reversing electric charges
keeps electrodynamics invariant. See lecture notes for more details.



C, P operations and Dirac theory (QED)

2 L

o~ O O

o~
co o |
~.
\/
~<
w
[l
—
|
o !,oco
—_ o oo
oo R
|
co o
\/

OO R O

|
OHOO
|
HOOO
~_  —

~<

[uxy

[l
~—
|
HOOO

|
OHOO
SO = O
S OO M-

0
0
2
) V - O
—1

* Implementation of P and C operators in Dirac theory:
P: Y-y =yPP(-%t) C: Y-y =iy (i,t)
( [(iv°00 — iy'0y,) —m|p(x,t) = 0 ) ( Elect. yp = [y#(id, + eA,) — m]¢ =0 )
yO[(iy°a, + iy‘(?xi) —m|yY'(=%,t) =0 Posit. ' : [y“(u? — eAH) m|y' =0

* QED (Dirac theory) is symmetric under C, P conjugation. Reversing electric charges
keeps electrodynamics invariant. See lecture notes for more details.



C, P operations and Dirac theory (QED)
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* |n Dirac equation: [(iyoao — iyiaxi) — m]l/)(f, t)=0

o O = O
I
—
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* Implementation of P operator in Dirac: X = —X ; 0x; » —0x;
P:y->yY =yY(—xt) :(iyoao + iyiaxi) — m:llj(—f, t) =0 Does not work!
Instead: ¥ = " = yOP(=x,t) [(iy°d, + iy'oy,) —m|y’yY(—%,t) =0
YO (iy°dy — iy'oy,) —m|y'(—%,t) =0 oK
* Implementation of C operatorin Dirac: C :q—=>—q ; Y -y’ =iy?yY*(it)
Y [y“(iaﬂ — qAH) —m|y =0 T/ [y”*(—iaﬂ + un) —mliy?y*=0
Y’ [y”(iaﬂ -+ qAﬂ) — m]*lp’ =0 Y iy? [y”(iaﬂ + un) — m]l/)* =0 ok




Parity Violation

5

Before 1956 physicists were convinced that the laws of nature were left-right symmetric. |§
Strange?

A “gedanken” experiment: consider two perfectly mirror symmetric cars:

/ \ Ga/s‘pedal Gas pe\d\al / \  driver

driver\\ /ﬁ ///)r/ \\\\(\\\ @w/
s . wen , -0/
H \Q ﬂ L” and “R” are fully symmetric, H Q ﬂ
“p Each nut, bolt, molecule etc. “R”
However the engine is a black box
H ﬂ Person “L” gets in, starts, ..... 60 km/h H ﬂ
N J N J

\ 7 Person “R” gets in, starts, ..... What happens? \ 7

What happens in case the ignition mechanism uses, say, Co®® 3 decay?




Parity Violation

Before 1956 physicists were convinced that the laws of nature were left-right symmetric.
Strange?

A “gedanken” experiment: consider two perfectly mirror symmetric cars:

/ \ Gas pedal
- T.D. Lee C.N. Yang Tl

driver\\/ //\‘// \\\(\ @w/
- T~ /

o" LII
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Pers

What happens in case the ignition mechanism uses, say, Co®® 3 decay?




Discovery of Parity Violation

Mirror plane
|

89Co - SNi + e™ + v,

S: 5

Original
arrangement

Preferred direction
of beta ray emision

2o

Cobalt-60
nuclei

Direction of electron
flow through the
solenoid coils

Mirror-reversed
arrangement

Predicted direction
of beta emission if
parity were conserved

B-field

Observed direction
of beta emission in
mirror-reversed
arrangement

Scintillator (for
measurement of
gamma ray
polarization)

Dewar

Scintillato\rr

00000000000000000044000

P

liquid helium

Photomultiplier

Light pipe

CeMg-nitrate + *°Co specimen

Solenoid (for specimen
polarization)

Scintillator (for
{ measurement of
gamma ray
polarization)

Magnet (for cooling by
adiabatic demagnetization)

liquid nitrogen

Is physics is parity
invariant?

Only if electron decay
rate is symmetric wrt
spin direction!

Spin is pseudoscalar, P: S-S
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So P is violated, what’s next?

 Wu's experiment was shortly followed by another clever experiment by
L. Lederman: Look at decay ©* 2 p* v,

* Pion has spin 0, u,v, both have spin %
—> spin of decay products must be oppositely aligned
—> Helicity of muon is same as that of neutrino.

ut 7t v,
«o-<mmmmi @ 1= O ?é

—o-<mmumi @ N - OK

e Ledermans result: All neutrinos are left-handed and all anti-neutrinos
are right-handed



Charge conjugation symmetry?

* Introducing C-symmetry

 The C(harge) conjugation is the operation which exchanges particles and
anti-particles (not just electric charge)

* Itis a discrete symmetry, just like P, i.e. C*=1

u nt v,(LH) OK
—o-dmmmmi @ Ny -

—f—»—_n © " O

* C symmetry is broken by the weak interaction
e Just like P



Weak Force breaks C and P, is CP really OK?

 Weak interaction breaks C and P
symmetry maximally!

* Nature is left-handed for matter and right-
handed for antimatter.

* Despite maximal violation of C and P,
p combined CP seems conserved.

* |Is combined CP really exactly conserved?




The Weak force and CP violation

* Combined C + P = CP symmetry?

« CP symmetry is parity conjugation:

Vi ut (x,y,z > —x,—y,—2)
Intrinsic ﬁ* followed by charge conjugation:
spin R
- (Y =)
+ P _+L C
TC — U —p  T(
’ ‘ '  CP symmetry appears to be preserved
4 in the weak interaction
i < 4
LL"‘ V v e But in 1964, Christenson, Cronin, Fitch

\C_PM/' H and Turlay observed CP violation in

decays of neutral kaons...



Discovery of CP-Violation with K° decays

* Create a pure K; beam (“wait” for K to decay)

WATER

K? > ntm™ (fast)
K; : Long-lived is CP odd:

Ks: Short-lived is CP even:

* If CPis conserved, should not see K; — 7 n~ & K; > ntn~n®  (slow)
OBSERVED DECAYS SCINTILLATOR
PLAN VIEW /
—
| ft
484 <m* < 494 40
o ol —
=y okl ) I VS W s N
30
| + . —
| e KL »m'n 0
James Cronin Val Fitch TARGET 20 Z
— - WATER . . w
CERENKOV Effect is tiny: >
COUNTER about 2/1000 "
........... mass, 9 494 <m*< 504 o O
............ N
........ «
Signa: K, > o'~ 7 T o J M E:
J L s T Ve Ton DS Ll o T PO
MKS == 498 MeV
........... 504<m*<514 '
Background: K, » n*tn n® -~ - ey 1
> §] FgLr"IL”, Lqu‘--J |

0.9996 0.9997 0.9998 0.9999 1.0000
cos 0




Discovery of CP-Violation with K° decays

* Create a pure K; be~~ -

Pr——

THE MIRROR DD RO S€€M T

* If CPis conserved,

James Cronin . Val Fitch .

Signal: K - &

Background: K

imtd?) L n IV a Alaaada)

B OPERATING PROPERL\Y.

Lrpn

Ks: Short-lived is CP even:

K? > ntm™ (fast)
K;: Long-lived is CP odd:

K) »ntn n®  (slow)
484 < m* < 494 410
PN [ .
g ikl 1 L W s N
30
K, »ntn~ 0
20 &
Effect is tiny: >
about 2/1000 N
494 <m*< 504 o O
g m | o8
n (1 N — P
A~ ] UYLy o 2
504<m*< 514 T1'°
|
ﬁwﬂguﬂu o 0 1 a2 M P
996 0.9997 0.9998 0.99939 1.,0000
cos 0




Alternative: Charge Asymmetry in K° decays

Nt-N— | Nt =K% > netv -
Measure A = - with e " vsthe K° decay time
N*+N - 0 +o=
t N~ = KY->n"e v
NT—=N~ | 4 CHARGE ASYMMETRY N KO o €y Thesis Vera Luth, CERN 1974
NtT+N— -
0.04 -
' KS KL
\ ' \
002} | \ - ( \
:’z: o . : | | ++1_+++1-+ ' : : : } : :: { —'*—: ; ' I__+J'__-—_4:-_-i-_ - 4%(5)
z 10 20 30 o
S i ++ uretme v [107sec]  time B ‘ (1+4+¢)
z ) 1» + (1 —¢)
_ . |
— v 404108 EVENTS CP violation in
-004
+ 1 1 — meson mixing.
K,) = (1+8)IK°) + (1- )| K°)
006 |- ]L 1 \/2\/1+|8|2 [ L ]
h ety L _
. +++ mte v




Contact with Aliens | 20

Comparelk) > mEe=7 to KLO‘ > m et

Compare the charge of the most abundantly produced electron with
that of the electrons in your body:
If opposite: If equal: anti-matter




CPT Violation...

CPT symmetry implies that an antiparticle is identical to
a particle travelling backwards in time.



CPT is conserved, but does anti-matter fall down?

CPT-Symmetric Situation
Apple Anti-Apple

Anti-Earth

Not
Anti-Apple




Flavour Physics and CP Violation

Contents per Week:

1. CP Violation

m) a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Mixing
a) CP violation and Interference
b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality




Flavour Physics and CP Violation

Contents per Week:

1. CP Violation
. . Forceful'Spices
a) Discrete Symmetries —
=) b) CP Violation in the Standard Model . > B2 23
0 ® e .o = ; A,

c) Jarlskog Invariant and Baryogenesis ;
2. B-Mixing || R\
a) CP violation and Interference
b) B-mixing and time dependent CP violation

c) Experimental Aspects: LHC vs B-factory

3. B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality




Weak interaction in three Flavour Generations

* Weak Interaction is 100% parity violating.
* Wolfgang Pauli: “I cannot believe God is a weak left-hander.”

* Implement an SU(2), symmetry for massless particles: —
_ i / uw A’ | "
LW o \/Eu L y”’ W d L X3! Wolfgang PauIiJ

* Flavour universality: identical interactions in three generations.
* |n fact: how to distinguish a massless d'quark from s'quark?

d’ s’ b
 There is no CP violation in these massless interactions
* What happens when particles acquire mass?



Spontaneous Symmetry Breaking—> Origin of Mass

- ) Tod_ay = 14 hillion years
* Yukawa couplings to massless particles: L o -

Acceleration \—— 11 billion years
Dark energy dominate o RN,

-
Solar system forms\ # == o)

— — + _— — 0 :
L = Yd u’ d’ ( ¢ ) d’ + Yu u’ d’ ( ¢_ ) u’ Star formation peak \EEES ‘3 bilfion years -
Y Y ( 2 l)L ¢O ]R t ( L l)L (]5 JR Galaxy formation era\ \ . . :
Earliest visible galaxies' - 700 milljon years

e Yukawa interaction is not flavour universal!

. . ] . Recombination Atoms form =
- Unknown origin of Yukawa matrix acting Relic adiaton decouples (v

“:7

on generations “i” and

'7” Matter domin

e SSB: B-E-H Mechanism:

Quark-hadron transition
Protons and neutrons form.cu

ot 0
N ( ) Electroweak transition
A / Electromagnetic and weak nuclear -
¢ 0 U / 2 forces first differentiate
Supersymmetry breaking ~

Axions etc.?

P , =» Massive W- and

Grand unification transition F— A
Robert Brout ' Z- bosons Electroweak and strong nuclear e

forces differentiate
Inflation

Quantum gravity wall
Spacetime description breaks down




* Yukawa couplings to massless particles (Weinberg):

LY — Yljl (LT{’d_{)L (v/(ifi) ],R + YLI}L (J{'J{)L (v/(;/z) u]"R

e Yukawa interaction is not flavour universal!

- Unknown origin of Yukawa matrix acting

on generations “i” and

m“:7’
J

=>» Massive
fermions

e SSB: B-E-H Mechanism:
L NN _)( 0 )
ol o) oz

=» Massive W- and
Z- bosons

L
842 .
¥
B ted gy ! 5
P y U i il ’
7 0 B
¢ i ¥
) 4 Yy’ “
- s o \
.
o B !

Robert Brout Peter Higgs

Today 14 hillion years
Life on earth - »

Acceleration — 11 hillion years

L s S

5 i

Recombination Atoms form
Relic radiation decouples (CAMR) =

Matter domin

Quark-hadron transition
Protons and neutrons form.cu

Electroweak transition

Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking
Axions etc.?
Grand unification transition =

Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall

Spacetime description breaks down \/ AT 4



- ) Today oy 14 billipn years
* Yukawa couplings to massless particles: Life an carth .

Acceleration - 11 hillion years
Dark energy dominate s aaat s g

d — 5 u U/\/— p Solarsvste.m form '.‘ s oo .'9 | ‘ 
(ul" dl)L (v/\/—) + Y (ul’ d ) ( ) jR Star formatmn. peak &= ‘3bllﬁonyear§:'

700 milljon years

. Diagonalize Yl-j '
d
= (V")ju) and d; = (V )U d;
% mass and flavour eigenstates

Recombination Atoms form
Relic radiation decouples (CAMR)

Matter domin

* Mass terms: M;; =Y;; v/\/z
Quark-hadron transition

LY N £H — md dL dR + mu uL uR PhySical partides Protons and neutrons forr..u

Electroweak transition
Electromagnetic and weak nuclear

o TOp quark maSS: mtop — 1.0 v/,\/i forces first differentiate

Supersymmetry breaking

* To first order Higgs couples only to top with Ll oL
coupling strength 1.0 !  omacana s e
e Very flavour non-universal Nliahon

Quantum gravity wall
Spacetime description breaks down




Flavour Puzzle: particle masses? Origin Yukawa couplings? 28

 Weak interaction flavour universal

* Higgs interaction almost purely 3" generation

o O

e W T
m, = 0.5 MeV m, = 0.5 MeV m; = 1.8 GeV

S @ top-Yukawa = 1.0 ?!
t

m, =22MeV  m.=13GeV m, = 173 G

d S b
my = 4.7 MeV mg = 96 MeV my = 4.2 Ge



The Weak Interaction = Flavour Mixing

Ly =2y, y, WHd', * No CP violation

. 4 14 -I-
Redefine: u; = (V*);;u; and: d; = (Vd)l,jdl- , such that: Vg = (V”V‘”)ij



The Weak Interaction = Flavour Mixing

(Interaction basis) (Mass basis)

Ly, = %u'L Yy WH d’; — Ly = % Verm U Yu WH

L] T

L] , — L] , — d . — d
Redefine: u; = (V*);;u; and: d; = (V )ijdl-,such that: Vg = (V“V 1L)l,j
Generation structure of weak interaction, now includes CP violation.

e, T -
o e e

’ >VC\S/WW ’ >V(':?/\/\/\/M

C w+ C w+ C w+
‘ ¢ } >thwmm ’ >Vt€/v\/w
- w+ t W+ t W

QL S
N
Q.




The Weak Interaction = Flavour Mixing

(Interaction basis) (Mass basis)

g —
Ly = ﬁu,L Yy WHd', —_— + Ly = N Vekm ur vy WH d,
Redefine: u; = (V%) u; and: d; = (Vd)ijdl- , such that: Vepy = (V“V‘”)ij
Generation structure of weak interaction, now includes CP violation.

Convention: instead, we do as if: u; = u; and d;i = (Vegm)ij d;

! S’>\vav b,>«/vwx
u >’VVVI\?er C w+ t wr

|d,> = Vua |d) + Vis |S> + Vup |b>
|S,> = Vea |d> + Vs |S> + Vep |b>
|b') = Vig |d) + Vis |S) + Vip |D)




How about leptons?

Ly = ivéL y, Whe', * No CP violation

. 14 1A -I-
Redefine: v;" = (UY);; v; and: [; = (Ul)l,jli,such that: Uyys = (UVU”)U



How about leptons?

(Interaction basis)

g

LW — EV,L ]/'u Wﬂ e,L
Redefine: v; = (U);; v; and: [; = (Ud) ll,such that: Uyyg =

(Mass basis)

— Ly = \/i— Umns Vi Vu W#e,

(v ver),

Generation structure of weak mteractlon now includes CP violation.

e Ue:

|

€ Ues
>

u

V
u

Yu
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;
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V1

T Vi1
Ve W+
T U

+
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How about leptons?

(Interaction basis) (Mass basis)

LW — %VIL ]/'u WH e,L —_— LW — % UMNS VL y[l, wH €L

.I.

H L] — L] — d L] — d
Redefine: v; = (U);; v; and: [j = (U )ijll-,such that: Uyys = (U*U T)ij
Generation structure of weak interaction, now includes CP violation.

Convention: instead we do as if: v;,3 = (Uyns)ij Ve and ;' =1;

For neutrinos we label the mass eigenstates as: 1, 2, 3instead of e, u, 7

) ﬂ>wvvm T>vvww
e ey e

|V1> = Ueg |Ve) + Uul |Vu> + Urq |VT>
[Va) = Ueap |ve) + Uuz |Vu) + Upz |vr)
|V3> — UeB |Ve> + U/.LS |Vu> + U‘L‘3 |VT)




Food for thought: which states mix?

o (U . u . «“ _ s N
Quarks: (d,) = (Vudd Ve s Vo b) ; We say “the down-type quarks mix”.

e Leptons: (V1) = (Yer Vet Un1 Vi + Ur1 V7Y . \we say “the neutrinos mix.”
e e

* Why the “down-types” in one case and the “up-types” in another?

e Answer: it is convention! Both mix individually (in an unknown way).
* The interaction is always: Ly, = % Vekm uy, v, WH A,
* i.e up and down-type combined!

* Paradox question: does this mean neutrino mixing is unphysical??



Flavour Changing Quark Interactions
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Flavour Changing Quark Interactions
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Flavour Changing Quark Interactions
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Flavour Changing Quark Interactions
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Flavour Changing Quark Interactions — CP Violation

= s . W=

2 | Charge+23 | Charge:—1/3 Flavour changing C“”e”jf/’

v 6 [ i

z B :

~ o0 g b >

g 5| | gVup \\

&4l u
31 U
2 - Complex coupling

- b constants are the
1 source of CP viol.
0 [ W+
. . . V, Vs Vi
* Particles and antiparticles have complex ud — Tus - Tub
Vekm = | Vea Ves Vo

conjugated coupling constants
Via Vis Vi



The CKM matrix Vi - 3 Generations

* Wolfenstein parametrization: Vegp =

1-1/, 22 y) AA3(p —in) \ \ |
A 1-1/, 22 AA? nw |
o - /2 Lincoln Wolfenstein
A23(1—p —in) —A2? 1
=>» 1 complex degree of freedom * It follows from unitarity:

=>» CP violating phase VCJFKM Vern = 1




The CKM matrix and unitarity triangle

 The CKM is a mixing matrix, ie. a complex rotation in 3x3 flavour space
* This implies that the matrix is unitary: VCTKM Vekm =1

V{Lk V: Vt*d Vud Vus Vub 1 O 0
Vu*s VCE Vt’; Vea| Yes Vo =L o Triangle in the complex plane:
Via|l Vis Vip 5 PIEXP '

AR 0 1

 There are 9 orthonormality equations
« Example: V,,Viya + VepVea + VipVig = 0
~ A3 (p + in)

* Wolfenstein parametrization:

1 .
1-52° A AP —in) VipVea
~ A% - =1

Vekm = -2 ey AN?
2
A1 —p—in) —Ar? 1



The CKM matrix and unitarity triangle

 The CKM is a mixing matrix, ie. a complex rotation in 3x3 flavour space
* This implies that the matrix is unitary: VCTKM Vekm =1

V{Lk V: Vt*d Vud Vus Vub 1 O 0
Vu*s VCE Vt’; Vea| Yes Vo =L o Triangle in the complex plane:
) Via|l Vis Vip 5 PIEXP '

Vb Ver Vi 0 1
(o) .
* There are 9 orthonormality equations VibVua Vt*thd
* Example: VypVua + VepVea + VepVia = 0 VerVea cbcd |
~ —(p +in) ~—(1=p—in)

* Wolfenstein parametrization:

1
—_ 2 3 —_7 *
1 2/1 A A (p —in) (0,0 VebVea _ 1 (1,0)
Vekm = ~2 1 — 1 22 AN2 Vc*b Vcd
2 Renormalize horizontal scale to 1

A1 —p—in) —Ar? 1



The CKM matrix and unitarity triangle

* CKM in terms of phases:

[Vial Vs [Vuple™ vt v B
Vekm = —IVeal |Ves| V.| ckm VckM =
|th|e_i'8 —|VtS|eiBS Vi | Triangle in the complex plane:

(p,n)

a=m—[F—y

 There are 9 orthonormality equations
9 complex numbers: 9 real + 9 imaginary
5 unobservable relative quark phases: y; — e®in;
e 18-9-5 =4 degrees of freedom

* Wolfenstein parametrization:

1
1—5/12 A A3 (p —in)

(0,0) (1,0)
Verm = ~2 1152 A2

2 * There are 4 degrees of freedom:
A1 —p—in) —Ar? 1 * 3real (Euler angles) and one phase



The CKM matrix and unitarity triangle

* CKM in terms of phases:

—i Triangle in the complex plane:

Vil Vsl Vuple W\ ot

Vekm = —IVeal |Ves| V.| ckM YCKkM
Vigle P —|Vs|etPs Vel )

0.6

T T I T \ I T T T
: Koz
fi r
EK Summer 18
0.5

sol..w/\cos 26 <0

(excl, at CL > 0.95)
0.4

Illlllllllllllw
excluded area has CL > 0.95|
=2
> ]
3
>
3

=y o
0.1 : 5
* Wolfenstein parametrization: 00 e e B s
1 1/12 A AN3 N "
) (o —imn) e CP Violation:
Ve = 2 1 _ 1/12 A2 > Ngn-zero unitary phases
2 » Triangle surface # 0

AP —p—in) —Ar? 1 % Jarlskog invariant “J”



The CKM matrix Vi - 3 Generations

* Wolfenstein parametrization: Vegp =

1-1/, 22 y) AA3(p —in) \ \ |
~2 1-1/, 22 AA? -~ ~,
2 Lincoln Wolfenstein
A23(1—p —in) —A2? 1

=>» 1 CP violating phase




The CKM matrix Vi kg - 3 vs 2 Generations

Vekm:

d S
(- Vizs
C Vcﬂ

1 free variable =
8 (4 complex)
* Wolfenstein parametrization: Vg = Vekm = I
1-— 1/2 A? A A3 (p —in) 1— 1/2 22 2
— 1-1/, 22 AQ? _2 1-1/, 12
A23(1 —p —in) —AA? 1
=» 1 CP violating phase =» No CP violation

* 3 generations is the minimal particle content to generate CP violation (In Standard Model).



3 Generations of particles — How do we know? 43

LEP: The heavy Z boson decays into 3 light neutrino types.

LEP @ CERN:
1989-2000

Krachten

Leptonen

* No additional weakly interacting light fermion generations.




3 Generations of particles — How do we know?
LEP: The heavy Z boson decays into 3 light neutrino types.

4 neutrinos

3 neutrinos
2 neutrinos

Number of events

Krachten

Collision Energy (GeV)

Leptonen

* No additional weakly interacting light fermion generations.

44




3 Generations of particles — How do we know?

. . CMS 35.91b (13 TeV)
. . 3 ol o ATLAS Primrand 3 7o T AR e
LHC: Higgs production: ol T ATLAS Ry 3 7 P
: : . g ook gmavBwamnd  m-imGo 4 o gl T
Loop diagram is proportional to the A (1458 weighedsum - 3 5 L =z
. . - 1 % =nb 99-2Z,Zy"

mass of the heaviest fermion. H - yy g % 2
3005— o0 40F _

H - 4u

30}

20F

|
ny

N
(=]
TT T TTLTT 1T

10F

g
/

Eweight itte
nN
o

* Top is the heaviest fermion flavour.
» 3 Flavour generations




How about leptons?

* Equivalent of CKM-Matrix Vg for leptons is PMINS-Matrix
* Pontecorvo-Maki-Nakagawa-Sakata matrix: Upypns

* Neutrinos: Upyns

e Quarks: Vegpy

Ve Upr Upgy Upgs V1 d’ Vua Vus Vup d
(Vu) =|\Uun Uy Ug <V2> <5’> — (Vcd Ves I/cb> <S>
Vv, U, U, Us;/ \V3 b’ Via Vis Vin/ \b
- 0.820.55 0.15 0.97446 0.22452 0.00365
‘MNsP o037 0.57 0.70 ? Veram = (0.22438 0.97359 0.04214)
0.39 0.59 0.69 0.00896 0.04133 0.99911
e
V3 d S b .
/ Completely y l N
| different |»
hiearchy
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Flavour Physics and CP Violation

Contents per Week:

1. CP Violation
. . Forceful'Spices
a) Discrete Symmetries —
=) b) CP Violation in the Standard Model . > B2 23
0 ® e .o = ; A,

c) Jarlskog Invariant and Baryogenesis ;
2. B-Mixing || R\
a) CP violation and Interference
b) B-mixing and time dependent CP violation

c) Experimental Aspects: LHC vs B-factory

3. B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality
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How large is CP violation?

0.7 T T T T T T | T T T I T T T T T T T T T T T T

e Large CP violation requires large mixing
and large phases in the CKM matrix.

 Surface of unitarity triangle
e Jarlskog invariant: J =3 x107° .

0.6

0.5

0.4

| excluded area has CL > 0.95

0.3

III|IIII|IIII|}/.I}/IIII

0.2

* CP violation also requires three generations - ,
with non-zero quark masses ol ¢y
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8
- In fact, different masses are required:
"MgFMg ; MgFMy ;, My FMg

-
o

* Jarlskog criterion (1987) for amount of CP violation:
- det[M, My, MgMy] = 2] (m? — m2)(mZ — mZ)(m}; — mf)
X (mg —m?2)(mZ —m3)(m3 — mi)

Mij = Yl] U/\/Z




SU(2)

 \W interaction flavour universal
u'y Yu wkd',

LW=

9

V2

Today 14 hillion years
Life on earth @ : @

Acceleration e > 11 hillion years
Dark energy dominate e A

Solar system forms\ = 1= e @ L

Star formation peak \CR 3 hilfion years _
Galaxy formation era\ \ o '

Earliest visible galaxies - 700 miII.ion years

(2\)

‘J
Matter domination 5,000 years

S S
Recombination Atoms form = ) 00@0 years .5,

Relic radiation decouples (CMB)\ (¢

D

Onset of gravitational collapse

Nucleosynthesis — 3 minutes
Light elements created - D, He, Li ’

Nuclear fusion begins —— 0.01 secvon‘ds

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate ALN Quarks

Supersymmetry breaking

Axions etc.? Krachten

Grand unification transition : @
Electroweak and strong nuclear 20 -$3
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

Leptonen

Y




SU(2) = Higgs vev

 \W interaction flavour universal

LW = %u'L ]/H WH d’L

* Higgs interaction not flavour universal

Ly =Y (widi), () djr

+Y5 (ui di), ()

Today — 14 billion years
Life on earth £

Acceleration — 11 hillion years
Dark energy dominate e -t

Solar system forms\ = 1= e @ L

Star formation peak \CEEa 3 hilfion years _
Galaxy formation era\ \ o '

Earliest visible galaxies - 700 miII.ion years

Recombination Atoms form
Relic radiation decouples (CAMR) JoN|

Matter domin(

Onset of gravita

Quark-hadron transition
Protons and neutrons form.cu

Electroweak transition
Electromagnetic and weak nuclear [
forces first differentiate '

upersymmetry

Axions etc.? Krachten

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down




SU(2) = Higgs vev = Origin of Mass

 \W interaction flavour universal

LW = %u'L ]/H WH d’L

* Higgs interaction not flavour universal
LH — Yl? (LT{’CT{)L (3) d]’R + YZ}L (lZ’CT{)L (g) u]"R

e Mass vs Interaction states:

u; = (V45 u; d

e Amount of CP violation:
det[M M, , M M| = 2i] (m?

(= (V%) d;

ij J

—mg)(mg —mg)(m;,
X (mg —m2)(mZ —m3)(m5 — mi)

—m;)

Today — 14 billion years
Life on earth £

Acceleration - 11 hillion years
Dark energy dominate e -t

Solar system forms\ #8EE i O,
Star formation peak &8 3 hilfion years _
Galaxy formation era\ \ :

Earliest visible galaxies 700 million years
L

Recombination Atoms form
Relic radiation decouples (CAMR) JoN|

Matter domin
Onset of gravita

Quark-hadron transition
Protons and neutrons form.cu

P - - ot
p . Tt —" —

Electroweak transition
Electromagnetic and weak nuclear [ %+ .
forces first differentiate Quarks
Supersymmetry breaking

Axions etc.? Krachten

Grand unification transition
Electroweak and strong nuclear N
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

Leptonen




SU(2) = Higgs vev = Origin of Mass = Origin of CP violation34

 \W interaction flavour universal

Ly = %uLqu d'y

* Higgs interaction not flavour universal

=Y (widi), G) 4

+Yif (updi), (0) wr

* Mass vs Interaction states:

u; = (V%) y;

e Amount of CP violation:
det[M M, , M M| =2i] (m? -

X (mg

m¢) (m;

- m$)(m$ — mg)(mg — mjp)

= (Vd)u j

—mg)(mg;, —mg)

* Does the Standard Model include CP violation
before symmetry breaking?

* |s CP violation perhaps an emergent phenomenon?

Today : 14 hillion years

Life on earth *

Acceleration -
Dark energy dominate

Solar system forms\ #8EE o O
Star formation peak &8 3 hilfion years _
Galaxy formation era\ \ :

Earliest visible galaxies 700 million years
L

Recombination Atoms form
Relic radiation decouples (CAMR) N

Quark-hadron transition }
Protons and neutrons form.cu

Electroweak transition
Electromagnetic and weak nuclear [ %~
forces first differentiate K

Supersymmetry breaking

Axions etc.?

—_. g
Grand unification transition
Electroweak and strong nuclear AR
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

11 billion years

Krachten



The Baryogenesis Puzzle — Electroweak Baryogenesis?

Baryon asymmetry Matter - antimatter asymmetry Non - reversal
e Sacharov v/ Baryon Number Violation v/ C and CP Violation v/ Thermal non-equilibrium
Conditions Adler-Bell- | , [ “tHooft, PRL S vl
\/ Jackiw 37 (1976) 8 o Y AmdA \ i
All present Axial Anomaly:| | o | o |
in S.M. 8, jH° # 0 5o

i
03 By |
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Quantum anomaly Weak Interaction Higgs Phase Transition

e Baryogenesis from Higgs symmetry breaking?

symmetric phase broken phase

= 0@ ¢
OOO

7>T \ T~T, T<T,

expanding bubble (Higgs condensates)




The Baryogenesis Puzzle — Electroweak Baryogenesis?

Baryon asymmetry Matter - antimatter asymmetry Non - reversal
e Sacharov \/Qrvon Number Violation X C and CP Violation X Thermal non-equilibrium
Conditions Adler-Bell- | 5 [ “tHooft, PRL ey et I I §
/ Jackiw 37 (1976) 8 06 % . Amc,A 4 eK\ N
All present Axial Anomaly:| | e ‘ B
in S.M. 8, jH° # 0 - : :
X Not 0.2 I
Enough? W /B, BT~
0.4 0.2 0.0 0.2 : 0.4 0.6 0.8 1.0 -0.025— ‘210' - '4'0‘ - '6'0‘ - ‘alo - 100 . 120 - 'di?o‘
Quantum anomaly Weak Interaction Higgs Phase Transition
1 order? ;
v Sphalerons ‘ X
: = * SM: My < ~70 GeV
T#0 ‘ e THDM: My ~ 125 OK
oltzmann-suppr. height of : H
i Blﬁ_\pp potgntial barrier X CPV from CKM
potential _T_
barrier sphalerons - BAU: ﬂ 10_10
: sohal (T 0) ny
~8-13 TeV
- | ~ Acp = Jony X (mZ — m2)(m? — m2)(m, — m?)
= 2 2
g X(mb — mg)(mg — md)(md mb)

t l_o\———/' W, @ios e From CKM: Acp/T}? ~ 1072% - Too small
exp. suppr. tunneling: — -
S(ABLA0)-10-15¢ T'=0" (non-abelian gauge fields) e UsedT, ~ 100 GeV




The Baryogenesis Puzzle — Electroweak Baryogenesis?

Expanding bubbles of broken phase Baryon production in
In a medium of symmetric phase front of bubble wall

<¢>=0

@ <¢>=x0 s <¢>=0

Bubble Wall —>

= Was the phase transition in the early > 4 If new physics is abundant in thermal
universe of 1°t order? plasma of early universe:

=>» Higgs potential? =» Likely to be of TeV energy scale.




Alternative Explanation...
THE BIG BANG
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