Flavour Physics and CP Violation

Marcel Merk
Bormio pre-conference Lecture, 20-1-20109.
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Flavour Puzzles:
Why no antimatter particles?
Why three generations?

Why these particle masses?




The Antimatter Mystery

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
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Flavour Physics and CP Violation

Contents:
1. CP Violation

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

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

3. Rare B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality
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Flavour Physics and CP Violation 2

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

a) Discrete Symmetries " JUST OME SIMPLE |

b) CP Violation in the Standard Model OUESTIOH.

) iolation in the Standard Mode WHY DON'T YOU DO A

c) Jarlskog Invariant and Baryogenesis PARTIAL URETHRO-

HEPHROSTOMY
: AD MODUM HAYES -

2. B-Physics  BUSKOWSKI?

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

3. Rare B-Decays
a) Effective Hamiltonian
b) Lepton Flavour Non-Universality
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C, P, T Symmetries 3
* Parity, P: unobservable: (absolute handedness) .
° Charge Conjugation, (. unobservable: (absolute charge)

» Reflects a system through the origin.
* Turns internal charges to opposite sign. @ e

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

Converts right-handed to left-handed.
cet»e , K- >K*

 Time Reversal, T: unobservable: (direction of time) \ O‘
* Changes direction of motion of particles [+ I
ct—-—1

e CPT Theorem:

 All interactions 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 — |nvariant!

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? = —a : vector
- Angular momentum L, S,J (L = ¥xp) PL=-XxX-p=1 : axial vector
e Parity: Newton’s law is invariant under P-operation (i.e. the same in the mirror world):
- N P - > - —
F=ma — —F=—-ma & F=ma

e Charge: Lorentz Force in the C-mirror world is invariant:
- - - C - - —
F=gq [E + ﬁxB] — F = —q[—E + 13><—B]

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

- - dazx T = d?x = —
F—ma—mdt2 > F—md(_t)2 = F=ma
| . | oY V4
e QM: Consider Schrodinger’s equation (t - —t): Ih—= ———
ot 2m

T
Complex conjugation is required to stay invariant: P—Y*



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 (1. 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?
11



Macroscopic time reversal (1. 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?
12



Macroscopic time reversal
" What's +his mesd?

En\'rOP‘.o‘-\

./

Let me 9uess...

L

Enteopy!

' .

T\r\isu why we dont teadn owr children
aoout enh-opg unh] mudh later...




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:

/ \ Gas pedal Gas pedal / \ driver

driver\\ /ﬁ //\i// \\\(\\ @w/
s wer e . -0/
H \Q ﬂ L” and “R” are fully symmetric, H Q ﬂ
g 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

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

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




Parity Violation 7

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 Gas pedal .
/ \ o P T.D. Lee C.N. Yang p\\ / \  driver

driver\\/ /}/// e w/
0 4 ™
O ca OV
Hc
H ﬂ Pers H ﬂ
N 7 Pers N 7
/ /

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




Discovery of Parity Violation

99Co —o8 Ni = e~ + Ve + 27

Original
arrangement

Preferred direction
of beta ray emision

Cobalt-60
nuclei

Direction of electron
flow through the
solenoid coils

Scintillator (for
measurement of
gamma ray
polarization)

Dewar

Scintillato\rr

0000000000000000004d000

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

Mirror plane

Mirror-reversed
arrangement

Predicted direction
of beta emission if
parity were conserved

B-field

Observed direction
of beta emission in
mirror-reversed
arrangement

Is physics is parity
invariant?

Only if electron decay
rate is symmetric wrt
spin direction!

Spin is pseudoscalar, P: S-S

Parity

=

v

ﬁ

A |
|
I
60, 60, ;. N . H
Co O 7§L NO | %O -"NiO
(8=5) (5=4) I (8=5) (S=4)
I
i I
— I -
A% | e
Symmetric?
120} B ASYMMETRY (AT PULSE =
= HEIGHT 10V)
S H| EXCHANGE _|
wle Lo} GASl IN
- W
= | o
ol 1.00F e Camn
z|o =
—|Z
2| 090 m
I
(&) = —
V 080/ More electrons emitted opposite the S direction
Not qquql 9 Parity violatign!

10 2 14 16

TIME IN MlNUTES
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* |In Dirac theory particles are represented as spinors

Y1 +1/2, -1/2 helicity
wz solutions for the particle
Y = U Antimatter!
l/) +1/2, -1/2 helicity solutions
4

for the antiparticle

* Implementation of P and C operators in Dirac theory:
P: Y-y =y P(-%1) C: Y-y =iy’ P (3t)
( 10r%00 = y'0, ) =m|yp(%,0) = 0 ) (kv [y (id, + ed,) —mly = 0 )
yOl(iv°0 + iy'dy,) — mly'(—%,t) = 0 Posit. ' = |y#(id, —eA,) —m|y' =0

 QED (Dirac theory) is symmetric under CP conjugation.
Reversing electric charges keeps electrodynamics invariant.



L L

10 0 0 0 0 0 1 0 0 0 —i 0 0 1 0
s (o1 0 o . o o 10 , o 0 i o . [0 o0 0 -1
=10 o0 =1 o0 V"= lo =100 Y“lo io0o o]0 Y7l=1 00 o
00 0 -1 1 0 0 0 i 00 0 0 1.0 0

* Implementation of P and C operators in Dirac theory:
P: Y-y =y P(-%1) C: Y-y =iy’ P (3t)
( [(Woao — i)/liaxi) — m]zp(—f, t) =20 ) ( Elect. Y : [y”(i@u + eA”) — m]l/) =0 )
]/O[(i)/oao + i)/‘axi) — m]z/)’(—f, t)y=20 Posit. ¢’ : [y”(i@u — eAﬂ) — m]l/J' =0

 QED (Dirac theory) is symmetric under CP conjugation.
Reversing electric charges keeps electrodynamics invariant.



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,
combined CP seemed conserved...

e Butin 1964, Christenson, Cronin, Fitch
and Turlay observed CP violation in
decays of neutral kaons!




Discovery of CP-Violation

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

K? > ntm™

(fast)

K;: Long-lived is CP odd:

Ks: Short-lived is CP even:

* If CPis conserved, should not see K; » wtm~ waten K > ntn n® (slow)
OUNTER
REGION OF
OBSERVED DECAYS
PLAN VIEW
484 <m* < 494 t10
it —~
v dhadd 1 PO L W s S
30
James Cronin Val Fitch 57 f1 Too————ji 20 z
——— TARGET e SCINTILLATOR Effect is tiny: E
WATER about 2/1000
CCEORUEI\TTKE%V mass e 494 < m*< 504 0 lCI;
Signal: K N i Y :
. L >atg- T n (1 0N =
a e S Ll iR T P
........... 504<m*<514 '
Background: ¥, > ntr°n®* -~/ ™ ey o e oL
R §) FAL" e 0 1 i T o)

0.9996 0.9997 0.9998
cos O

0.9999 1.0000




Discovery of CP-Violation Kg: Short-lived is CP even:

® C t K b v U L)) £ TV A Aaaa) Klo - 7T+7T_ (faSt)
reate a pure K be~" — | K;: Long-lived is CP odd:
e If CPis COnserved, THE MIRRIR DD NIT S€€M T KZO -t n’ (SlOW)
BE OPERATING PROPERLY.
1 484 <m* < 494 110
ol
A YR U Y
30
A K, »>ntm™ "
James Cronin . Val Fitch - g 20 g
. s Effect is tiny: 2
: ',“ about 2/1000 N
s- {&5 E 494 < m*< 504 0 ;
Signal: K? -« ! S I H ) N 2
;' s A~ UYLy o 2
' E
a 2
=X = 504<m*< 514 1
Background: K n
Egl_r"jl‘; = i 1 i el S

996 0.9997 0.9998 0.9999 1.0000
~ cos O




Alternative: Charge Asymmetry in K° decays

Nt—N~— Nt =K% 5 g=etv

vs the K decay time

Measure A = L — L
N N~ = K%->n"e

Thesis Vera Luth, CERN 1974

CHARGE ASYMMETRY IN KO — m° e'v

]

11 AR(e)

@ +e)

LFETIME ' [10™sec]

(N*-N")/(N"+N")

2

(1—e¢)

40x10% EVENTS

CP violation in
meson mixing.

1 _
Ky) = (1+2)IK°) + (1= )| KO

1 1
\/7\/1+|8|2[ |—> .
ety




Contact with Aliens | 13

Comparek) > mEe=7 to K'LO‘ > m ety

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.
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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:
_ 9 /
£W—EULYMW‘U'CIL X3!

LA |
Wolfgang PauIiJ

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

d’' s’ b

u W
* 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 a

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 \EEe ‘3 bilfion years -
Y Y ( 2 l)L ¢° JR Y ( v’ l)L ¢ JR Galaxy formation era\ y . )
Earliest visible galaxies' - 700 milljon years

e Yukawa interaction is not flavour universal!

Recombination Atoms form

- Unknown origin of Yukawa matrix acting Rolic radiation decoupls ieuml o

(“:7

on generations “i” and

! 7’ 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 -
¢ O 17 / 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 R

forces differentiate
Inflation

Quantum gravity wall
Spacetime description breaks down




- Unknown origin of Yukawa matrix acting

(“:7

on generations “i” and

(“"-J
J

e SSB: B-E-H Mechanism:

.
Robert Brout iS B Peter Higgs

* Yukawa couplings to massless particles (Weinberg):
_—vd (..1 I 0 / AT
Ly = Yij (ui' di)L (v/\/i) de T Yl? (ui' di)L (

e Yukawa interaction is not flavour universal!

=>» Massive
fermions

” (v /(1/5)

=» Massive W- and
Z- bosons

Today 14 hillion years
Life on earth - @

Acceleration — 11 hillion years

L s S

5 i

Recombination Atoms form
Relic radiation decouples (CAMRY =

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



Spontaneous Symmetry Breaking—> Origin of Mass

: . Today == 14 billion years
* Yukawa couplings to massless particles: Lie on eart G

Acceleration \— 11 hillion years —
Dark energy dominate s R ROy
- ¢

— — Solar system forms\ ® == e |
LY — Yl‘C]l (u{' d{)L (v/cz/i) d],R + Yu (ul'd ) (‘U/\/_) ]"R stalrfor‘:n;tion.peak e ,3bilr|onyea|-§:;

700 milljon years

* Diagonalize Yl-j ;

u; = (Vu)l] i and d; = (Vd)l] ]'

— mass and flavour eigenstates

Recombination Atoms form
Relic radiation decouples (CAMRY

Matter domin

* Mass terms: M;; =Y;; v/N2
Quark-hadron transition

LY - l:H = md dL dR _l_ mu uL uR Physica| partides Protons and neutrons forr.cu

Electroweak transition
Electromagnetic and weak nuclear

o Top quark maSS: mtop — 1.0 U/\/E forces first differentiate

Supersymmetry breaking

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

Quantum gravity wall
Spacetime description breaks down






The Weak Interaction = Flavour Mixing

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

: / / T
Redefine: u; = (V¥);; u; and: d; = (Vd)ijdi,such that: Vegy = (V”V‘”)ij



The Weak Interaction = Flavour Mixing

(Interaction basis) (Mass basis)

/ / _ 9
LW= %uLy.uWMdL el LW_\/_EVCKMU'L '}/”WﬂdL

Redefine: u; = (V*);j u; and: d; = (Vd)jjdi , such that: Vegy = (V”V‘”)ij
Generation structure of weak interaction, now includes CP violation.

’ u } >Vu;vvvw
w+ u w+

S

QL S
NS
Q

C W C

b Vb
|
Ves b Ve
d V., S V.. b Vip




Flavour Changing Quark Interactions

—
o
~
e
>
[
2
L
(%]
(7]
(o]
S
N
=
00
9

Charge: +2/3

Charge: —1/3

bottom

strange

Flavour changing curre

d

.

r]rt;—/f

VoM =

g Vud

X

W

U



Flavour Changing Quark Interactions

log,o( mass [MeV/c?] )

Charge:+2/3 | Charge:=1/3

bottom

charm

strange

T

Flavour changing currenrt;JJJ
S _

VoM =

g Vs

Vud
Ved

X

VUS
Ves

W

U



Flavour Changing Quark Interactions
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Charge: +2/3

Charge: —1/3

bottom

strange

Flavour changing curre
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Flavour Changing Quark Interactions

=i e | W
§ . Charge: +2/3 Charge: —1/3 Flavour changing currents
2 6| s
= T i b >
é 5 ;_ : gvub \
g a4l u
3
2 b
1
0 -
Vud Vus Vub
Vekm = | Vea Ves Ve

‘/td, V;fs V;Sb



Flavour Changing Quark Interactions — CP Violation

-~ [/ — | W=

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

o 6| |

> B !

= | b >

i 5| ' N

g a4l u
3 u
2 | Complex coupling

- b constants are the
1 source of CP viol.
0 - i W+
. . . V, V, V,
* Particles and antiparticles have complex ud - fus - fub
Vekm = | Vea Ves Ve

conjugated coupling constants
Viae Vis Vi



The CKM matrix Vi - 3 Generations

* Wolfenstein parametrization: Vg =

1-1/,22 yl A3 (p — in)
—2 1-1/,22 A2

AA3(1 —p —in) —A1? 1

AR

Lincoln Wolfenstein

=» 1 CP violating phase




The CKM matrix Vi g - 3 vs 2 Generations

* Wolfenstein parametrization: Vg =

1-1/,22 yl A3 (p — in)
—2 1-1/,22 A2
AA3(1 —p —in) —A1? 1

=» 1 CP violating phase

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

Vekm:

d S
(- Vizs
C Vcﬁ

(

VCKM =

1-1/,22 A
—A 1_1/212

=» No CP violation

|



The CKM matrix Vi - 3 Generations

* Wolfenstein parametrization: Vg =

|Vud|
_lvcdl
Viale

Vs |
Vsl

_lvtsleiﬁs

|Vub|e_iy
|Vcb|
Vbl

Unitarity: VCKMVC-'I-KM =1

has CL>0.95] ]

| excluded area

III|IIII|IIII|)/'/}/IIII

0.3

0.2

0.1

T I T T T T T I T
Am
v Amy ; g

0.0 1 1 1 I 1 1 1

-0.4 -0.2

0.0

0.2 0.4 0.6

p

CP violation:
=» Surface #= 0
=» Non-zero CP-phases.
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27

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
* Jarlskog invariant: J =3 x107° =

0.6

0.5

0.4

| excluded area has CL >

0.3

”'|””|""|}/.J/""
has CL > 0.95|

0.2

* CP violation also requires three generations o |
with non-zero quark masses - A

-0.4 -0.2
- In fact, different masses are required:
"My FMmMg ; MgFMy ; Mp F Mg

* Jarlskog criterion (1987) for amount of CP violation:
- det[M, M, MgMj] = 2i ] (mf —m&)(mZ — m§)(mf — mf)
X (mg —m2)(mZ —m3)(m5 — m)

Mij = Yl] U/\/E




SU(2)

. . . Today — 14 hillion years
* W interaction flavour universal ieoncartt\ g . w
g u hoqgerion S lien e
£W — _Zu L ]/ﬂ We d L Solar system forms\ S8R o 8 :

v Star formation peak &8 3 hilfion years _
Galaxy formation era\ \ '
Earliest visible galaxies - 700 miII.ion years

(2\)

Q
Matter domination 5,000 years

S X e
Recombination Atoms form ) 00@0 years @,

Relic radiation decouples (CMB)\ (¢

D

Onset of gravitational collapse

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

Nuclear fusion begins 0.0 secvon_ds :

Quark-hadron transition
Protons and neutrons formed

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




SU(2) = Higgs vev

 \W interaction flavour universal Life on eart\ ) 2

g Acceleration 1 bjliion years

Ly = ﬁu,L Yu whd', — =

* Higgs interaction not flavour universal
—vd (.1 7 0 / u (.1 ! 1% /

LH - Yl] (ul’ dl)L (v) d]R + Lj (ul’ dl)L (O) u]R Recombination Atoms form

Relic radiation decouples (CMRY L

Matter domin(

Onset of gravita

3 hilfion years _

700 miII.ion years

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




SU(2) = Higgs vev = Origin of Mass

. . . Today — 14 hillion years
 \W interaction flavour universal Lite on eart ) .
g , u d’ Ac%elkerat(!%l N\ — 11 hillion years@
Ly = muivaWhd, son uon e
\/E K Starfor‘:nation peak \Eha 3 hilfion years
e Higgs interaction not flavour universal R
vd (.1 g7 0 / u (.1 g/ v /
LH — Yl] (ui’ di)L (v) d]R + Yl] (ui’ di)L (O) ujR Re%olmbgnati%n Aoms fom |
e Mass vs Interaction states: Matter domin
Onset of gravita
P uy,. ’ o d ’
up=V"y; d; = (V4),, dj

e Amount of CP violation:

det[MuM;[ ,MdM;lr] =2iJ (mf —m2)(m?% —m2)(m2 —m$)
Electroweak transition

X (ml?) _ mg)(mg _ mczl)(mczl — m}%) Electromagnetic and weak nuclear £

forces first differentiate

Quark-hadron transition
Protons and neutrons form.cu

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear =
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down




SU(2) = Higgs vev = Origin of Mass = Origin of CP violation2s

 \W interaction flavour universal

Ly = %ULVM wkd',

* Higgs interaction not flavour universal

+ Y (ul,d) (0) Up

* Mass vs Interaction states:

u; = (V%) s

e Amount of CP violation:

det[M M)}, MgMT] = 2 i ] (m? —
X (mg —

m¢)(mg
m3)(m3

=), 4

—m)(mi; —my)
—mg)(mg —mj)

e 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 - 11 hillion years
Dark energy dominate e e g

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

Earliest visible galaxies 700 million years
L

Recombination Atoms form
Relic radiation decouples (CAMRY N

Quark-hadron transition }
Protons and neutrons form.cu

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

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear AR
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down




The Baryogenesis Puzzle — Electroweak Baryogenesis?

e Sacharov v Baryon Number Violation ¢/ Cand CP Violation ¢/ Thermal non-equilibrium
Conditions Adler-Bell- | 5 [ t Hooft, PRL S ——
Jackiw 37 (1976) 8 wE o
VAl present Axial Anomaly: |
in S.M. 9, j*° # 0

'
'
€ :

| I
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

o L b L s e |
e 50 50 100 150 200 (I) 250

P ‘
Quantum anomaly Weak Interaction Higgs Phase Transition

e Baryogenesis from Higgs symmetry breaking?

symmetric phase broken phase

=)

7'>7'C

()

0,0,
N
\

T=~T, T<T

c

expanding bubble (Higgs condensates)




The Baryogenesis Puzzle — Electroweak Baryogenesis?

° Sacha rov It/ Baryon Number Violation ¥ Cand CP Violation 030( Thermal non- egumbrlum
Conditions Adler-Bell- | 5 [tHooft, PRL S — " ;
v Jackiw 37 (1976) 8 05 Y A% I

All present Axial Anomaly: '

A, "% #0

0.3

in S.M.
¥Not Enough?

V(9) / (100 GeV)*
o

€ E

0.2

0.1

< |
00 ..., -
-0.4 02 0.0 02 0.4

. PRSI IR RS R s L A
0'020 20 40 60 80 100 120

di?OA

R 15t order? ;

p
Quantum anomaly Weak Interaction Higgs Phase Transition

|

v/ Sphalerons

E 4 °* SM: M, < ~70 GeV
T#0 ehto e THDM: M, ~ 125 OK
oz S % CPV from CKM .
potential
barrier | _ Ang ~ 1010
_ sphalerons o (T =0) BAU: m, 0
FEE ) || agp = Jim X (mE — m2)(m2 — m2)(mE — m)
AB=N, 1 . x(mp —mZ)(m2 —mj)(mg — m¢)
t lo\———/' W, Bigss e From CKM: Agp /T2 =~ 1072% - Too small
exgiAs;EE;o;:noe-:g?i r=0 (non-abelian gauge fields) e Used Tc ~ 100 GeV




The Baryogenesis Puzzle — Electroweak Baryogenesis?

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

0> =0

@ <o>=0 s <¢>=0

Bubble Wall —>

=>» Was the phase transition in the early => If new physics is abundant in thermal
universe of 15t order? plasma of early universe:

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




Alternative Explanation...

JUST MOMENTS BEFORE
THE BIG BANG




Flavour Physics and CP Violation

Contents:
1. CP Violation

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

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

3. Rare B-Decays
a) Effective Hamiltonian

b) Lepton Flavour Non-Universality o 'i"T;}'z':ﬂ’,:‘:h‘?;f::;?
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* Quantum process with two amplitudes A; and A,:
* Eg: A, =B° > J/Y K,and A, = B® - B0 = J /Y K,

5

=

o o

. Raw Asymmetry Events/ (0.4 ps)

=R =)

B oo v s

. | ®)3
| AT S
W e
.

ng = Nypks = —1 3

' ' time-

|A1] = 1411, |42] =14,],
but |A1 +A2| * |A1 +A2|

QUANTUM juncrion
OTH




* Quantum process with two amplitudes A; and A,:
* Eg: A, =B° > J/Y K,and A, = B® - B0 = J /Y K,

5

=

A 1 I/ A 2 I/
. Vie ; L Vawet b Vi
0

A=A+ AetPe? A=A+ Ae Pl
A% = |A11% + |A5]? + A1 A, (e'e'® + e Pe™10)

A A7 = |Aq? + |45 +A1A2(e_i¢ei5 + ei¢e_i5)

A—Al? =4A4,A,sin¢sind

o o

. Raw Asymmetry Events/ (0.4 ps)
B oo v s

=R =)

w = MKy = ?1_

+

= AL .
Al / A, | J/é
o /‘\A;ﬁ’v T T | R
Y Ks* %/V >

|A1] = 1411, |42] =14,],
but |A1 +A2| * |A1 +A2|

Bl [

llllll/{ll llJllll (N - I L1 Il |

3
?

e CP violation is a pure
quantum interference

effect.

— v a0’ M




Intermezzo: CP violation and Interference

* Feynman: “In the end all quantum phenomena are
manifestations of the double slit experiment.”

\
MmAsK |2

4

.’4’

‘ P2

/

- 2L
gy B g 7 —
Sl R heeseas]] s ws mmen we
= R
ELECTRON Ez
GUN
WALL BACKSTOP
F:z=l‘*"|+‘i"zl2

* Assuming CPT, symmetry, CP violation implies a quantum arrow of time

* Quantum interference €< -2 arrow of time?



Three types of observable CP violation

a) “indir ECiiCP ViOIatiin: 1964 (CCFT) Interfere dispersive and absorptive:
* Prob(K°- K?) = Prob (K° - K°) My

|e|=(2.228 + 0.011) x 103 (PDG) > | KO ) KO
* Also called: CPV in mixing —§F12

b) “direct” CP violation: 1999 (NA48 & KTeV):

* Decayrates['(K? » ntn™) # F(F > atnT)
Re(€’/€) = (1.65+0.26) x 103  (PDG) >

* Also called: CPV in decay

Interfere Isospin amplitudes:

A= ao(K—nm) + A2(K—nm)

c) “mixing induced” CP violation: 2001

(Belle & Babar): Interfere direct and mixed:
* Also: CPV in interference of mixing and decay > B > Ji / ¢ K
/ S

sin 2P =0.682 + 0.019 (PDG) \
B
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Three types of observable CP violation

a) “indirect” CP Violation: 1964 (CCFT)
* Prob(K%— K9) = Prob (K9 —» K©)

|e|=(2.228 +0.011 ) x 10°3 (PDG)
* Also called: CPV in mixing

Interfere dispersive and absorptive:

All CP violation processes result from quantum
interference including three generations of fermions.

c) “mixing induced” CP violation: 2001
(Belle & Babar):

* Also: CPV in interference of mixing and decay
sin 23 =0.682 +0.019 (PDG)

Interfere direct and mixed:

B > J/Y K

N

B
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Grappa analogy: Three types of Flavour Violation...

1. “In Mixing” 2. “Direct” 3. “Mixing induced”

(interference of 1. and 2.)

(Mirtilli) (Braulio)

= Interference experiments lead to interesting effects!
(Constructive or destructive??)



Type-1: CP violation in mixing: as; (By) en ag; (B;)

* Interfere dispersive and absorptive amplitudes (“indirect”):

— Losptu—y

1 0
= ag(Bs)

Csoop; ity + Taoopiu-) 2

[go_p=—p+
dq - ( B S —-D S ,Ll )
meas —
0001+ o
d —~ LHCb |
< >B?S) - DE ))HX
O / -------- eory X
_________ World average
001
002+ o
HFELAV B factory
1 I |
2002  -001 0 0.01 )2

Agi(B)

CP violation in mixing
does not happen in Bg
and BY mesons:

* B — B goes at same
rateas B - B

e Contrary to € in kaons.




Type-2: CP violation in decay: B - Km and B - Kn

* Interfere two decay amplitudes (“direct”):

IV ual Vsl Vuple™ B Y
_lvcdl |Vcs| |Vcb| Bo b ~ VJb
Vigle ™ —|V|eths Vipl d -
4000; LHCb Q :
= () = (b) |
- 3 T e Quarks from three
~ ook, ] 1 B-abody generations
N& E_ . . E_ —6_ Comb. bkg Involved
Bg — KT[ Z’woof— B > K'm ;—\‘} B - K~m*
S g _?J ~— | |arge interference
B? - Kn Sl @ 1 @ S
N - * Large CP violation!
(&S] F - / .
First observation of CP 2o} O ot~ 0 . - * Contraryto €' in
: SR R \MBS - K LA By —» K™m* the kaon system
violation in B, decays 100 |

o ot EERER SVl B » TN, | P halfi | Al A e e ""_ b Bt T e e Ry
51 52 53 54 55 56 57 51 52 53 54 55 56 57 58
K*" invariant mass [GeV/c?] K 7+ invariant mass [GeV/c?]



A story on darts and penguins

John Ellis




Type-3: CP violation in interference of mixing and decay

e Interfere direct with mixed §400_ 5 (a)_EI .
decay (“mixing induced”): St 3 Decay-time
£ 200 H dependent
Acp(t) = [ (8) — T () - ] CP violation
[ () + T (L) Eg;; )::
z o
Interfere direct and mixed 2 0-22_ --:;|
B o 20.42— .
BO\. /:1/1/1 Ky ‘ |
26\, |
e BO b ! '| ! | T T T T T 'g
2 : I LHCb E
= | /’\5
>§ © .
Vual Vsl |Vub|e_iy -—i; 0 - N : _74/ é
_lvcdl |Vcs| |Vcb| a _8; 3 N — E
Viale ™ —|V|etbs Vbl ERbes E
5 —0.3F E
2 _04FE - M-
10 15
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Flavor Oscillations

» Quantum mechanics with B9 and B° b Vio \A q
states: “What is a particle?” =5 a=ton 0
* Particle — antiparticle transitions B® & B i G=ig.i - F
mesons happen spontaneously. Vi V.,

* Time evolution of B® and B? described by an effective Hamiltonian

¢ _
i ¥ = HY - @) =a@®)|B®) +b@®)|B°) = (Zgg)

Ly (M Mlz) i (T rlz)
) ) ale ¢
L/ | J J

Hermijan Mass-matrix Hermitean Decay-matrix
/ My, g M, describes B < BO via off-shell states, - - ___ )/- Mis \
0 e.g. the weak box diagram (“dispersive”)
. 0 _0 .
‘/(_f ____________ [',, describes B” <& f < B via on-shell )\ - /

2 e states, e.g. f = m ™ (“absorptive”) 2 112




Solving the Schrédinger Equation

0 B 2
la‘/’(t)— M_ir

Eigenvectors:

1By (t)) = |.BH>C. /

|B,(t)) = |BL>

By , B; : Mass eigenstates

|By) = p|B°) + q| B®
1B, ) = p|B°) — q| B®

B®, BO : Flavour eigenstates

From the eigenvalue calculation:

i i
q/p = — (Mikz - Erfz)/(Mu - EF12
\

)

Solution: (a and B are initial conditions):

= Y(t) = a|By(t)) + B|BL())

l

l" -
zi

=

my =Mi%Am Masses
I‘ =T+ ;A[‘ Lifetimes

weak
Am and AT follow from the"Hamiltonian:

I I
Am = 2 ER\/(MQ — §F12) (Mfz - Erfz)

} [
Al'= 4 3\/(1\’112 — §F12> (Mikz - §F1*2>

Examples

B0 Al' = 0

BY: AT/Am <« 0 ,|q/p| =1
KO: AT/Am =1 ,|q/p| — 1= 1073

q/pl =1




B Oscillation Amplitudes

For an initially produced B or a B9 it then follows: using: ||B%) = %QBH) + |BLY)
— 1
BY) = —(|By) — |B
o) |5°) = 5 (B) — 1B,)
q =0
W) = 9. (D1B°) + - g-(0)| BY) gt 4 goivt

| For B?, expect:

B0) = 0. 0] B) + - (0)18°) |
AT'~0, i

—imt ,-T't/2 Amt

g+(t) =e e COST | i e—%iAmt + e+%iAmt
. Amt g = e Me 2
g_(t) = p—imto=Tt/2 i oip— 2

2

69



B° Oscillations

Calculate:

0 0
ﬁ* B f B (B(D)|BO)I?
+ = L _
O v, x* 9-O Craxt (BoBY?
B 0
q + - + - r———s—-——=—=-=-= I
—g_(t) v X [Ty X For B?, expect: |
k_/ 9+ 7 ar~0, |q/pl=1!
BO L B ‘
| N7
5| |gJ_r (t)| = |1 + cos(Am - t)]
5| % BY meson o8 B meson
| e | . \ Flavour Oscillations!
Sl I \% v
0.4 |
: 0.4 b . gb e qd,s . d S
N 0.2ﬂ WY W
R S T SR A 0 —— ] e b

proper time (ps)

Decay Proper Time (ps) —




p———

So far, so good...?







Observing CP Violation

* It’s all about imaginary numbers...

OOk, THATS A TRICKY ONE. IMAGINARY ) YOU KNOW,
NOJ REE TO USE CALQULUS m P’ ELEVENTEEN,
AND IMAGINARY NUMBERS 4 THIRTY-TWEINE,
FOR THIS. AL THOE,
ITS AUTTLE

TS ING

. o a——

TR ewe aad Maeia \1'¢<00




B Decays to common final states: CP eigenstates

m

]/l/J K

BO

Instead of:

B® > J /Y K
+

B® —» B% > J /) K,

W—) 1= 7, X+



B Decays to common final states: CP eigenstates

|
W v Bk || BO U/ P N
+ | + — q
|
|

B° J/Y K _ — BO J/Y K
Lg_®) BB 1wk, || BO - B - J/pK,
~el DO
B ., €CPd B
o I/ ' — T/
B® > /YK, : Ar|vs Bk A, ;
BOB wt V. 5 | ﬁb w- V. )
+ d Bl " | t d —— _ K°
| d
— q — | —
B° > BY > J/YKs; : — Af . | |B°>B%> /YK, BAf _
29/'/4 " q N
— qu qu — Veb ‘ | qu qu Vb ’
b > =ron > d b q:t,%,u g ——d _
0 _ob W= Ve S | no W W 0" W Ve 5
B W o W B . - 3 —ol B_ - f J . KO
d - V*q < V < b d I d - \7* < V < b d
qd ab I qd gb



B Decays to common final states: CP eigenstates

B® > ]/ K - | B - J /W K, ©
T/ _
—_— 0 * ¢ I - T~ ¢
Ar = {f1B%) e || Ar = (fIB°) 6}4
T | el SO _ W VA
=1L T - K° | Azgﬁ ar - _ K°
P Ay — 4 q Ay d
1=1/2 |

* Calculate the decay rate of a B-meson into a final state f: T(g)-p) = (fIB°())|?

* From solving Schrodinger’s equation we already had:

B°®) = g4 (OIB) + 7 9-(0)| BY) | emiont 4 giont

Bo0) = £.(0| B%) + £ 9-(01°)

with: w4 =mi—éf‘i , My =Mi%Am B =Fi%AF



B Decays to common final states: CP eigenstates

e Calcul

* From

f: Tew-p = KFIBY(O)HI?
just expand by

taking the square...

plwit + p~lw-t




Master formula for neutral B decays

* Just by (tediously) writing it out...

e—I"t

2 2
Ls-p) (@) = |4f] (1+|/1f| ) >

Al't ATt .
(cosh T + Df sth + Cf cos Amt — Sf sin Am t)

2 q 2 2 e—Ft
M@ = |4 |2 (1+1417) 5
ATt ATt |
(coshT + Dr sth — Cy cosAmt + 5y sin Am t)
2 (93
with: D, = 29%/1f2 , Cf= 1_|Af|2 , S = z‘ﬁfz )
1+|2y| 14|25 1+|5| am
* Coefficients D¢, Cr and S¢ are measured by experiment , Ver
. A _ w- Vi .
=>» Measurement of CKM parameters via: A; = Py y < KO

q Af



How does it give CP violation?

Lo | Yo Aep(9+(0 4 29-(0)
p i q Afcp g+(t) —
BO fCP /lfCP EAf
Q [ e
BO
CP g-(t)

e—i(m—Am/Z)t e—I‘t/Z + e—i(m+Am/2)t e—I‘t/Z

2

Amt

COS——
2

— e~imt ,-Tt/2

e—i(m—Am/Z)t e—Ft/Z . e—i(m+Am/2)t e—Ft/Z

2

~ Amt
sin >

— e—lmt e—Ft/Zi

=B Afep _ 1
quCP

fcp ;{fcp

For neutral B mesons, g_ has a
90° (=i) phase difference wrt. g,




Interfering Amplitudes

t = t Amplitude

Ar (94O + 29-(D))

_ 1
- fcp Afcp (g+(t) +ig—(t))

. Amt
g = e —imt e—Ft/Z COST
. Amt
g_ = pimt ,=Tt/2 SIHT




Interfering Amplitudes

t = t Amplitude | Amt
g, = e-imt ,—Tt/2 g
Ar(ay + ay e7 10w eim/2) ' :
BO - fCP fCP 1 2
50 a ‘i Him/2 g_ = e imt g~Tt/2j sin—Amt
BO N fep Afcp(al +a,e""we ) B 2
AfCP — g fcp — e~ Pweak (CKM)



Interfering Amplitudes: CP violation!

t = t Amplitude | F -
g = e~imt o= t/2 cOS >
B° - fcp Af (940 + 2g-())
Bo 7 1 g_ = e"imt g=Tt/2j gin Amt
B® - fer Afcp | 9+ () + 79- (t) - >
q _f CP —i
A — — e Ldweak (CKM)
fcp p Afcp
g-(t) : 9_(®) 1
Ag-(t) g+(t) + 1g_(¢t) = - (t) R g. () + 5 9- (t)
Dwea ' Pweak t
< CP-Violation =2
v g4+(t) 5 g+(t)
im‘ 5 —
e B” - fcp BO > frp




Interfering Amplitudes: time dependent CP violation!

t = t Amplitude
. . Amt Amt
—imt ,—il't/2 . .
BO N fCP Afcp e e (cos > + i A sin " )
— _ . . Amt 1 Amt
B® = fep As,, e imtemirt/2 (COST + 1 - sin T)

Amt/2 =0 Amt/2 = /4 Amt/2 =m/2 Amt/2 = 3n/4
)
No CP‘1 =» Decay-Time Dependent CP Asymmetry! v




From Amplitude to Decay rate

t = t Amplitude
. . Amt Amt
— — 1" 2 . .
RO S fop Af., e e t/ (COST+ i A smT)
— — . . Amt 1 Amt
B® - fep As,, e imtemirt/2 (cos—2 +1 o sin—— )_
qd “fcp —i
A — e Ldweak
fcp p Afcp
* Decay rate is the square of the amplitude (work it out):
0 . Amt | .o %‘2 (1-1112) 3D
B® = fep ‘cos —tidsin— <1+ D cos Amt (1+M|2)smAmt
— Amt | .1 . Amt|? (1-1112) 230 .
BO - f.p : ‘cos o+ sin— ‘ o<1 ) cosAmt + i) sin Amt



Time Dependent CP violation

A —
: fcp
t = t Amplitude P Ace

. . Amt . Amt
RO S fop Af,, e MteiIt/2 (COST + i e~ Pweak sin T)
— _ . . Amt . Amt

0 —imt ,—il't/2 , W .
B = fep As,, e"imtemirt/ (COST+le+l¢ “ek sin— )

Decay Amplitudes

Im Im
19F 197
0sr ," ‘t‘ 0sk
'l )
Row[ . ' K i
L llllllllll r L L L L 1 1L L i 1 — 1 Rc L 1 1 1 1 1 1 1 1 1 - L L 1 L 1 " ) L .— 1 Rc
-1 -5 A 0.5 0 -9 -5 05 10

.' i i
s usp -05F

10 10



Time Dependent CP violation

t = t Decay Rate P Afcp
B S fop < e Tt[1+ sin ¢, eqr Sin Amt]
B S fop o € ' [1— singyeqx Sin Amt]

Decay Amplitudes

Decay Rates

Im Im
107 10
0sr ," ‘t‘ 0sk
S *
i
Row | , i
[ llllllllll ‘nnnnlnnn.F Re |l.‘.|l.l.‘....|....—|Rc
-19 05 A 0.5 0 -1 05 05 10
" i
S oS 05




Where were we?

“Mr. Osborne, may I be excused?
My brain is full”
87



Time Dependent CP Asymmetry

t = t Decay Rate P Arcp
B S fop x e Tt [1+ sin @, eqr sSin Amt]
BO - fep x e Tt [1— sin ¢y eqx Sin Amt]

r (ﬁ - fcp) —T'(B° > fcp)

Acp = —— = —SIN QPpqr SiNAmt
0 0
F(B —>fcp) +I'(B? - fcp)
~ = ' ' n 1.0 T T T
@ - @ (@) -
< — _ i Im A =0.75
3400: ] 0.8,
2 200l- — ]
B : 508
= E 8 04
- _ = —

g 0'(2)3 N 0.2
3 0ok W —

02 =
< 04E | R B °

Proper Lifetimes




/'{ - _QA]/llJKS
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|Vud| |Vus|
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|
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=
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|Vub|e_iy
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Vil Y

<

V:b Vcd

* Similarly with this method of time dependent CP violation:

O > J/YKs - 2B
Bs = J/Y ¢ - 20

U

)

BY > atn™ - 28+ 2y
B

- K*K~ > 2B:+2y ; BY->DJK* - 28+ y

=>» B, physics is mainly done at the LHC ...






How are you doing?

y
5

A" e




How are you doing?




LHC

Measure:

B; » (Bs ») Dy K*
B; = (B; =) Dy K*




B, —» D K : Quantum Interference Experiment @ LHCb

Measure:
B; » (Bs ») Dy K*
B; = (B; =) Dy K*

Repeat for D} K~

2) Measure decay
rate as function
of decay-time

1) Determine whether
B, or B at production




B, —» D K : Quantum Interference Experiment @ LHCb

LHC

Measure:

1) Determine whether

B; or B, at production

B; » (Bs ») Dy K*
B; = (B; =) Dy K*

Repeat for D} K~

|Vud|
|Vcd|
Viqle P

2) Measure decay
rate as function
of decay-time

|Vus| |Vub|e_iy
|Vcsl |Vcb|
—|VisletPs [Vip|



[U—

An interference pattern:

| B, > D;K*

05 1 15 2 25 3 35 4
Decay time (ps)



B, —» D K : Quantum Interference Experiment @ LHCb

/

CP-mirror

“slit A”: ‘ B, » DK~

An interference pattern:

%1.2'5
~ || Bs—DiK*
S _
0.6 |

0 05 1 15 2 25 3 35 4
Decay time (ps)

Time dependent CP violation!
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The LHCb Detector? dJH. 58
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B, Physics at LHCb

~7 mm
- y 3
350 fs

Physics Requirements:

B, > D7K*

Detector Requirements:

* Vertex reconstruction

* Momentum and mass reconstruction
* Particle identification (m, K, u, e, y) g
* Trigger (Online reconstruction)

O (8)

e Signal selection and background suppression

* Flavour tagging: B or B at production

.m%ytimgmeasuremmt\

M Tew al
Side View ECAL HCAL
SPD/PS
Magnet RICH2 pp
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B Physics at LHCb - Vertex reconstruction
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RICH2 pi M2 _

-




S S
Double Gahs\sian fit

200

rl' Lo

300
[1s]

RICH2 pfj




B, Physics at LHCDb

~7 mm
- ] K
350 fs

Side View ECAL HCAL
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B Physics at LHCb — momentum and mass determination e
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B, > D7K*

- mg = 5.37 GeV/c?
i s — 2
20001 og, = 13.8 MeV/c
: =
15001 &
1000
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- (TB = 24.0 MeV/c®
>00F u i
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B Physics at LHCDb

~7 mm
- y 3
350 fs

7| /IIRICH]1
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Side View

T1

T2

ECAL
SPD/PS

RICH2Z pq1

j i

0o

HCAL




B Physics at LHCb — Particle Identification with RICH
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B Physics at LHCb — Particle Identification with RICH

~ Kaon identification performance 1 /
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B Physics at LHCDb
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350 fs
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B, Physics at LHCb — Trigger/Tag with Calorimeters and Muoness
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B, Physics at LHCb — Trlgger/Tag W|th Calorlmeters and IVIuon63
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Identification of y, e, u:
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* Triggering SPD/PS Ve
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Measuring B, - B, Oscillations (Self tagging By —» Dgm) ¢4

Proper-time dependent decay rate:

Perfect reconstruction

Experimental Situation:
|deal measurement (no dilutions)

Proper time (ps)
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Measuring B, - B, Oscillations

Experimental Situation:
ldeal measurement (no dilutions)
+ Realistic flavour tagging dilution

1000 [I

800 |-

600

Events

400

200

Proper-time dependent decay rate:

Perfect reconstruction
+ flavour tagging

1 2 3 4 5
Proper time (ps)
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Measuring B, - B, Oscillations

Experimental Situation:

ldeal measurement (no dilutions)
+ Realistic flavour tagging dilution
+ Realistic decay time resolution

1000 [

800 |-

Events

400 |

200

Proper-time dependent decay rate:

600 |

Perfect reconstruction
+ flavour tagging

Proper time (ps)
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Measuring B, - B, Oscillations

Proper-time dependent decay rate:

: Perfect reconstruction
1000 I + flavour tagging

+ background

800

2 600
Experimental Situation: L%
ldeal measurement (no dilutions) 400
+ Realistic flavour tagging dilution
+ Realistic decay time resolution 200
+ Background events

0
0 1 2 3 4 5

Proper time (ps)
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Measuring B, - B, Oscillations

Proper-time dependent decay rate:

: Perfect reconstruction
1000 : + flavour tagging

200 J\" + background
| + acceptance

600 [l [

2
Experimental Situation: L% ]
ldeal measurement (no dilutions) 400 H
+ Realistic flavour tagging dilution '
+ Realistic decay time resolution 200 |
+ Background events '

+ Trigger and selection acceptance ol

Proper time (ps)
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Meson mixing in LHCb: does is actually work?

B - D rt

IBO — B9 mixing I

Phys.Lett.B719 (2013) 318
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Meson mixing in LHCb: does is actually work?

| RO 0 mixing | ixing | 1 D% - DO mixi
| B® — B" mixing | | BS — BY mixing | DY — D" mixing
0 +. - ’—
— — PRL.110 (2013) 101802
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B meson production in e*e™ Collisions

e Electron-Positron collider:
ete™ - Y(4s) - B°BO

— Only 4S resonance or higher produces B meson pair

— Low B production cross-section: ~1 nb

— Clean environment, coherent B°B? production

25."'l il |
I
2. F |
a20f Babar, Belle 'S .
Pt I l': (@)
g | i >
Ea o
a0 e
Tiop 2 o ;
w PHL gy ' .
O N U B T : ]
o | e AT RV e 7R D
LIS 1S  Y6S)  NES

944 946 10.0010.02 1034 1037 1054 10.58 10.62
3
Mass (GeV/c)




Y(4S) : Coherent B - B production

1 F IAI T Incoherent
— — At t=0 .
» BYBO system evolves coherently until one B decays 07 E po -
(EPR!) 5B :
05 [ -

. . T 1 -\ T - —_——\ - -
(B9%) () = o2 = [BO(R) BO(=K)) — [BO(=R) B°(K)) 5 - -

. 0 i T R l"r-g(ps):

* The first decay of the two B’s “starts the clock”.

* Instead of flavour tag at production, B mesons have opposite 1 FatAt=0 | COherer_‘t
flavour at the time the first meson decays. 075 - RO E

« Work with At | - BO .

e Half of the time the signal B decays first (At < 0) 0.5 E

* Coherent production improves flavour tagging performance 025 E

o k .

-8 - 0 At(p) 8



Y(4S) : Coherent B - B production (Babar & Belle)

Belle Il @ Super KEKB Flavour tagging of other B
E_=7GeV ; E,- =4GeV (can be 100% pure)
_|_

J5 = 10.57 GeV ¢

(By) = (.28 KT

Privas) = 0. Ltag ./ Exclusive B meson

Brag Reconstruction
Y (4S) | T (no backgrounds from

€ J/ M+ underlying event)

Coherent

(& > =
e+
anti B Brec
e QOOC
B

vy
S

N
N
+
—
|m =
o D—
TI"_
-

At = lrec — ttag

lIlIIlllIIIlllIIlIl

Vertexing and time reconstruction

At = AZ/C ﬂyy(4_5) ’ ((AZ> ~ 130 ,le) -8 _ 0 At(p) 8
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+ Raw Asymmetry Events/ (0.4 ps)
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Acp(t) = sin2f sin Amt

Babar: sin 23 = 0.657 + 0.036 (stat) + 0.012 (syst)
Belle: sin 28 = 0.670 + 0.029 (stat) + 0.013 (syst)




Babar & Belle




Compare LHC with B-factory for B® - J /¢ K.

* Decay-time dependent g 3
CP violation: 2 ok E
A (t) _ FE—)f(t) _ FB—)f(t) i - ]
cP — A =
FRIORIVION pa E
2 = -
| Interfere direct and mixed | 5025 E
04 =
B’ > 1/ K : ,
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B = | E
*g | L LHCb :
= | /’\5
> . —
i op! S
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Design your own B-meson CP Violation Experiment

* Which type of machine would you use?
« ete” orpp, pp or pp collider or fixed target? Why?

* At which energy do you want to run this machine?

* You will measure CP asymmetry in B, » DF K Twith BR=10*
* Estimate how many collisions you need for a precision of y=1°

* You measure B; » DFK* and B; - D K*
* How do you determine the flavour of the B, at production?

* Are there intrinsic limits to this precision?
 How would you calibrate the wrong tag fraction?

* There is a potential large background from another B.-decay.
* Do you know which it could be?
* With which detector technology would you remove this background?

* What is the formula to reconstruct the B; meson decay time in an event in
observable quantities?

* Which subdetectors would you require to measure it?




Design your own B-meson CP Violation Experiment

* Which type of machine would you use?
« ete” orpp, pp or pp collider or fixed target? Why?
* At which energy do you want to run this machine?

e Points to consider:

« ete” at Y(4S5): electromagnetic production, clean, no B, coherent production:
B only time dependent CPV, requires asymmetric beams, good flavor tagging.

« ete™ at Y(5S5): B, lower cross section, no resolution for time dependent CPV.
« eTe™ at Z-peak. Weak production, not coherent, interesting...?

* pp collisions: Strong production and lots of stat’s, “messy” events, large
backgrounds requiring excellent detectors.

* Fixed target vs collider: low cross section vs long decay distance.
* b-quark cross section increases with high energy

* pp vs pp: “colour drag” asymmetry. Extra cross check for pp.




Design your own B-meson CP Violation Experiment

You will measure CP asymmetry in By = D K+ with BR=104.

* Estimate how many collisions you need for a precision of y=1°
* B; mesons: Let’s assume pp collisions at LHC using LHCb

For ~1% measurement precision (0.01) on asymmetry:

« Number of perfectly measured By = D K events: = N~ 10.000

* Fraction of collisions that produce b-quarks: = ~1in 100

* Fraction of events where B; meson is produced from b-quark: = 1in 10

* Fraction of B that decay into B, — DSJ_rKJ—r channel = 1in 5000 (BR=2x10%)

=>» So in total ~ 10.000 x 100 x 10 x 5000 = 5 x 10%° perfectly reconstructed events required

* Next, assumed measured by the LHCb experiment:

e Acceptance x Reconstruction (background, resolution): = 1in40
e Trigger: = 1in3
* Tagging Power: " 4% > 1in 25

In total 5 x 101°x 40 x 3 x 25 = 1.5 x 10*pp collisions must be collected
Assume ~10 MHz collisions, 3 x 10° s/year running time: ~ 5 years of running.




Design your own B-meson CP Violation Experiment

* You measure B, » DFK* and B, » D K*
* How do you determine the flavour of the B, at production?
e Opposite side tag:
» charge of lepton from b-decay, charge of kaon from b-decay, vertex charge.
 Same side tag: “closest” kaon in the color string.
e Are there intrinsic limits to this precision?
* B-mixing of neutral B:
e Charged B, B~ =perfect, Bg= ok-ish, B = no information
 How would you calibrate the wrong tag fraction?
e Use B, » Dymtand B, » D¥m~  Mixing asymmetry has amplitude 1 = calibrate.

~

~ T
Primary vertex $
bt




Design your own B-meson CP Violation Experiment

* There is a potential large background from another B;-decay.
* Do you know which it could be?
* B - Dt
* With which detector technology would you remove this background?
* 1 — K seperation using RICH particle identification

* What is the formula to reconstruct the B; meson decay time in an
event in observable quantities?

e t=md/p
* Which subdetectors would you require to measure it?
e d — Vertex detector 47 um 14dpm o,

* p — Magnet Tracker
* m —> B meson mass

Decay time resolution =40 fs




Decay time dependent CP violation

*B° > /Y Ksand BY - [/ ¢
FE(S)ef(t) - FB(S)—>f(t)
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Decay time dependent CP violation

* Hadronic decay modes (LHCbD):

Note:a = m— (B + )

Asymmetry

B
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CKM triangle: putting all measurements together

- CKMfitter prediction UTfit prediction

22.7 0.7 23.7 11 23.8+1.4
y 70.0 4.2 65.3 +10 . 65.8 + 2.2
a 93.1+5.6 92.1+15 90.1+2.2
0.7 C | | L I B L L B L
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 CKM: Flavour changing * SM does not have

. ‘¥
% A

charged currents Flavour changing >l<
RAVAN neutral currents
o~ ® O

T

@ @

* Neutral currents are possible
via higher order processes:

: Flavour Oscillation
Decay via
“« Y L ” via “Box diagram”:
Penguin diagram”: d
B->K'utu- Bs = B;
Z boson w
0O—
uct A u,c,t
B meson K* meson @
w




A story on darts and penguins 81

John Ellis




B-decays and effective couplings

e Beta decay: “charged current”: ”
GF GF B 92 g/
d > - - - -
€ \/i 8Mﬁ/ d ~ €
_ W
n->pe v, 9
176 176
e Rare B decay: “Flavour changing neutral current”: )
S
W

, : / i b M
Z
B® > K*u*tu~ \ Eff Hamiltonian: 0 7\\'\<
:7_[ —_—

Effective Operators O; with Wilson coefficients C; predicted by the Standard Model.




Strong Interaction causes trouble

. . §< W .
* Semileptonic decays W booS e
b — c(u) :

- Factorization! i B9 O%@fomw)

GF _ _ Y
Hesr = NG Vep [l v*(1 —ys) uy ] [D+|C yP(1 —ys) b|BY d

- -

Dirac spinors hadronic ME

S
 JHHadronic decays g K
L |44 u W
- Factorization? & b c
b a C :

Factorizable QCD: Non-Factorizable QCD: By O




Solution: Effective couplings

e Operator Product Expansion:

- Integrate out heavy fields
- Separate perturbative Wilson coefficients C; from non-perturbative local operators 0;

— g s
Hsm H et ﬁ/“
W u 0>
; %ﬁ . > b W c

H sy H g5
S S
> !
w u O1.2
b-+— - b S+ —C
Gr )
Hets = —= Vs Vep [C101 + C,0,]

V2



Rare B-decays and effective couplings: b = sqq

T -

(a) Current— current (b) Current—current
operator O operator Os
q q
g
03 o 06
b W S

(c) QCD penguin op-
erators O3_g

oot -

u,c,t
) EW penguin op- EW penguin op-
erators O7_10 erators O7_10




Rare B-decays and effective couplings: b - slt1~

07v Ogq
v/Z g
‘ b % i s b * g S

b %% S b W S O?fy OgG
(f) Electromagnetic (g) Chromomagnetic (d) (e)
penguin  operator penguin  operator
077 OSG

14 14

/2

Ogy = O10a ‘

b w s “Ogy_104

(h) Semi- (f)
leptonic operators
Ogv—104



Rare B-decays and effective couplings: b = su™u~

* Effective 4-fermion coupling:

10
Gr )
= thVtS; c,0;

e Standard Model diagrams:

Hepr = —

Photon penguin:

b

Vector, Axial vector:

 Beyond Standard Model:

W/ ?

Wu%

Z/y/?

* Experimental test: Compare calculable C, coefficients to experimental data

- Sensitivity for NP in Wilson coefficients C,, C,, Cy,
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B-decays and lepton universality

. b — ¢ l v charged current: “Allowed” - large decay rates

¢ B - Dtv
RD —_
/ B - Duv
B - D*tv
B - D*uv

Rp+ =

/?\
<
=

v/ vy

* b - sl*l™ neutral current: “Forbidden” = rare decays

B B+ — K+,u+,u_

— {/\V ~ B* > K*tete-
b \’\_\<
u/e”

_ B> K"utyu”

* —_—

BY - K*0pte—




RD and RD*

e b-oclv allowed
charged current

BR(B - D™1v)

() =
R(D ) BR(B —» D™ )

~ 40 deviation

R(D*)

0.45

0.4

0.35

0.3

0.25

0.2

Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, PRL120,171802(2018)

D Average

' I
BaBar, PRL109,101802(2012)

Ay = 1.0 contours
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Branching fractions of Rare Decays: b —» s u*u~
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 Branching fractions related to b — s u™ u~transition consistently lower than predicted.



Variable P.in B® - K*0u*tu~

77?'\<

e Study angular distribution of
final state particles

S
=
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Global Fitof b » s u™u~ 9

10 Altmannshofer et al., arXiv:1704.05435
H — ﬁ V C;0
eff — \/E CKM LYl
=1

* Semileptonic Penguin operators:
09’ 010

e Good fit for: C&'* = —C{f =~ —1
* New effective V — A contribution
 Suppressed b = s utu~ penguin

Re CY,

—— LFU observables
----- b — sup global fit

S all
W 0 flavio vo.21 ——-all, fivefold non-FF hadr. uncert.
b + I I 1 = I 1
U 20 -15 -10 -05 00 05 10 15
'y;?"‘-< Re C¥
Note: Suppressed # Depressed ,Ll_

penguin penguin Significance: 4-6 o




Contradicting universality effects?
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Universality?

Asanas with Props | -~Indian Yoga

The ancient yogis used logs of wood, stones, and ropes to help them practice asanas
effectively. Extending this principle, Yogacharya lyengar invented props which allow
asanas to be held easily and for a longer duration, without strain.

YOGACHARYA IYENGAR IN SETUBANDHA SARVANGASANA
This version of the posture requires considerable strength in the neck, shoulders, and back, requiring years
of practice lo achieve. It should not be attempted without supervision

Russian Yoga...



Flavour Physics at high mass: GGL model

Totll?y \ — 14 hillion years
ife on eart .
* Effective New Physics operators point at left- Acgaloraton = JLoliionyeis. o
. olar system forms\ #aiie s mee o g E
handed vector coupling ——

Galaxy formation era\ \
Earliest visible galaxies - 700 miII’ion years

* New physics occurs above weak scale (~TeV)
« Before EWSB: physics that is invariant under R L
SU(3)c x SU(2), x U(1)y
e Operates on massless interaction states

* 3 generation is special (eg. Y;op = 1) Quark-hadron transiton ===

Protons and neutrons forr.cu »

* Glashow, Guagdagnoli, Lane (GGL) model: e
Operator for NP in 3" generation: Supersymmety reaking (5
— —_ Axions etc.? ‘

!/ !

* G (b,L Yu b L) (T,L yﬂ TL) Grand unification transition |
ectroweak and strong nuclear

forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down



Where does GGL operator come from?

Totll?y \ — 14 hillion years
ife on eart .
e Glashow, Guagdagnoli, Lane (GGL) model: Ao L blllon yoars. -
olar system forms\ ® e - @ .
operator for NP: ——

Galaxy formation era\ \

¢ G (b ’L )/M b,L) (T’L 'yﬂ TL) Earliest visible galaxies - 706 miII’ion years

* Relate massive particles to massless states: Recombination aurs o (o
Relic radiation decouples (CRRY
* by =V d+Vhs+ Vb and | Ve = (viv4),
c1,=Vse+ Vo u+ Vit Vans = (VVV'T),,
 CKM Hierarchy suggests: _
V=V =1 and Vi <Vg «1 Qe padron ransion (==

Electroweak transition

* GGL operator becomes: T
d *(l 1. — Electrofrirpl;gni%gg;]r:g lvgeak nuclear | 2
* G [V33 V32 |V32|2] (bL VMSL)(MLV“ML) R

Supersymmetry breaking

* Large effect in 3" generation, small effect in - “*:’“s‘f:?"'t_ —
. rana unirication transition
2" generation pe e ks
Inflation

Quantum gravity wall
Spacetime description breaks down




GGL operator — more general

. T ot{ay N 14 billipn years
* Allow effective operators that are SU(2) x U(1) ae e
. . ! ! Dark energy dominate" e e o
Invariant; Q' = (t ) and L' = (VT> Solarsviytemform Qb ®
. b’ T Star formation peak \&® 3 hilfion years _
* Singlet neutral current: Galaxy formation era\ y ~

Earliest visible galaxies - 700 million years
L

+ 087 = Gs (Q7, v, Q) (WLy*LY)
Recombination Atoms form

* Triplet neutral current + two charged currents: B e
o O,IIYP — GT (TL ]/'u ngi) (17[, yﬂ O'IL’L) Matterdomin( ::

Onset of gravita

* These operators with CKM hierarchy “naturally”
give simultaneous explanation of: Quark-hadron transition |

Protons and neutrons form.cu

* Rp, Rp~, charged current, 3™ generation
Electroweak transition
* > large effect

Supersymmetry breaking

* Ry ,Ri+, b = s u*u~,neutral current, 2" generation
e - small effect Grand unification transition ==

Electroweak and strong nuclear
forces differentiate

Axions etc.?

Inflation

Quantum gravity wall
Spacetime description breaks down




What could it be?

99

 LFNU is currently a hot topic, many theory papers, see eg. arXiv:1706.07808 for overview.

e New gauge bosons ¢ * LeptoQuarks . .
Z', W’ 7
~ ) b
b - S
B° ) ) K B°
d d d

* Best Single LQ model:
* Vector LQ U1(3,1,2/3)
* Scale of NP should be ~1.5 TeV
* Possible UV completions:
e Pati-Salam models SU(4)
* Lepton€<—>4-th color
e SU(5) GUT
e 4321 model
* S;&5S; etc, etc.

* Shine light on flavour puzzles?!

Oh my gosh....
)

g . /1‘ %
ba A

.
I'm so FREAKING exciten!!!

EXCITED FACE
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Conclusions & Outlook

Hiags field
(
Vi | Ve

elu|T]

Leptonen

Krachten

Al

Wig

Nik|[hef

7\

| *LHCb—=>Upgradel—>Upgrade?

e Why 3? = no antimatter?

e Non Universality =2 why 3?

e EWSB super interesting

e Flavour probes deeply into
guantum (CP, rare decays)

e Belle2,

f*\ ¥
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Thank You & Enjoy the Conference

Don’t be afraid to ask questions...

I you mated

a Bullclog’
and

a Shitzu

L (DA Could it

w e called

A - Bullshit?
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3 Generations of fundamental particles — How do we know? 2

4 neutrinos
3 neutrinos

\2 neutrinos

MR PR PR P T S R

Number of events

/ decays into 3 light neutrino ‘\
generations TR % 95 9

* Precisely three Collision Energy (GeV)




3 Generations of fundamental particles — How do we know? 3

2 weights / GeV

E weights - fitted bkg

LHC:

35.9fb™ (13 TeV)

| L L L DL _IIII|IIII|IIII| IIIIIIIIIIII |IIII|IIII|IIII|IIII_
ATLAS Preliminary — - i
fs=13TeV, 36.1 fo" 1
m,=125.09 GeV 3

In(1+S/B) weighted sum

600~ — Signal + Background

[ | H(125) 7
[ ] qg—2zZ,zv* i
B 992z, zy*

B z+x

500[®

Events / 2 GeV

400

H - yy

300
200

100

40F

20f

roc b b e b b b b

—20F

+ Data

H -4y

"

80 90 100 110 120 130 140 150 160 170

m,, (GeV)

Higgs production:

* Loop diagram is proportional to
the mass of the heaviest fermion




LHCb: Future sensitivity for CP violation
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Very Rare Decays

B'2>u 4G
F
S0 u+[l— Heﬁ' — —W VCKM Zcioi
B/!2uu ;
— SM —| SM u
BYs BY— ptyu” oM BY— it~
SM: CKM and helicity b wt b i b - ut
suppressed: very small B.R. 0 W 70
: : BY B! t B’ ¢ v
—> Axial vector coupling C,, | s s - s
i s ’ s
NP NP NP
NP: Sensitive to new particles b H b f b K
via additional (C,,, C,, C,) A O A0
couplings.
> eg.: Z', (pseudo-)scalars, ... Cyo Cs Co
q M q I q 0
2 4 ;21, 7 |2 / 2mu /N2
BR |‘/tb‘/tQ| (1_ M2 )’CS—CS‘ + |(CP—CP)+ ) (ClO_Clo)l
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Very Rare Decays
W LHCb experiment
q‘) Run: 101412 Event: 8681643

Date: 8 Sep 2011 Time: 16:04:18

Multivariate technique to
suppress Backgrounds.

* Detached vertex

* Muon identification



Very Rare Decays

BF(B’ — pu’)

PRL 118 (2017) 191801

% 3sF

0 - > -

B cb@'f>’l1+ll 2 a0

2 o5k

* Very strongly = 7k

suppressed in the SM % 20 F

* High sensitivity for 3 I5F

physics beyond SM 5 10%

* Hot topic for LHCb sE
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S. Fajfer, ICHEP2018

Low energy flavor constraints at scale p=m,

Me Lagrangian at sm

4 —_
ﬁﬂavor ConStrainS\
\ /

\@UV complete theory of NP




S. Fajfer, ICHEP2018

Models at TeV scale explaining both B anomalies

Scalar LQ as pseudo-Nambu-Goldstone boson Vector resonances (from techni-fermions)
Gripaios et al, 1010.3962, Barbieri et al.,1506.09201, Buttazzo et al.
Gripaios et al., 1412.1791, 1604.03940,

Marzocca 1803.10972... Barbieri et al., 1611.04930

Blanke & Crivellin, 1801.07256, ...

Models with scalar LQs

Gauge bosons

Hiller & Schmaltz, 1408.1627,

Becirevic et al. 1608.08501, SF and Kosnik, Greljo et al., 1804.04642
1511.06024, Becirevic et al., 1503.09024, Cline, Camalich, 1706.08510
Dorsner et al, 1706.07779, Calibbi et al.,1709.00692
Cox et al., 1612.03923, Assad et al., 1708.06350
Crivellin et al.,1703.09226... Di Luzio et al.,1708.08450

Bordone et al.,1712.01368, 1805.09328...

W’, Z" in warped space

Megias et al.,1707.08014



How could we probe the EW phase transition?

Gene\)/_a T

Circles! Triangles!




