Flavour Physics and CP Violation
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Why three generations of particles?
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1. Discrete Symmetries C,
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C, P, T Discrete Symmetries

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” &

e 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.
°e+—>e_,K_—>K+ @e
 Time Reversal, T unobservable: (direction of time) @‘
* Changes direction of motion of particles O\ ‘
ct—- -1

eck the mirror

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!

* Parity operator P: X » —X

- Massm P:m=m : “scalar”
- Force F (F =dp/dt); =mdi/dt  P:F=P:dg/dt =—dp/dt=—F :’vector”
- Accelerationd (d = d?x/dt?) P:d = —d?x/dt? = —d : “vector”
- Angular momentum L, S, (L = ¥x5) P: L=-%x—-p =1 : “axial vector”

* Parity: Newton’s law is invariant under P-operation (i.e. the same in the m|rror world):
F=md — —-F=-md o F=md

* Charge: Lorentz Force in the C-mirror world is invariant:
- - — C - - N -
F=gq [E + 17><B] — F = —q[—E + vx—B]

* Time: laws of physics are also invariant unchanged under T-reversal, since:
7 ax 1, fomE 7
—ma—mdt2 > —md(_t)2 & —mg
| 0y V2
e QM: Consider Schrodinger’s equation (t » —t): h— = — —
dt 2m

T
Complex conjugation of the equation is required to stay invariant: Y—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.




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:

/ \ Ga/s‘pedal Gas pe\dal / \ driver

driver\\ /ﬁ //)r/” \\\\(\\\ @w/
O it o . =g/
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

K / up’r H
Y 7 Person “R” gets in, starts, ..... What happens? Y 7

Phrased in another way: can you tell whether you are looking directly at the car or via a mirror?




Parity Violation :

Can you tell whether you are looking directly at the right-side car or via a mirror?

If No :Parity conservation, if Yes: Parity violation




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 Gas pe\d\al / \  driver

-

dri -7
river /a - T.D. Lee C.N. Yang \‘(\\ @7/

H\\ - ﬂ “I ly sy
O .

”L” E: ) [lecu
H !\ | e is

| [ e 2
ers <« arts,

\ // Pers .la rts

Phrased in another way: can you tell whether you are looking directly at the car or via a mirror?

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




Discovery of Parity Violation
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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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P violation in pion decay :

 Wu's experiment was shortly followed by another clever experiment by
L. Lederman: Look at decay n* =2 [I* v,

* Pion has spin 0, while [,v,, both have spin %
—> spin of decay products must be oppositely aligned
—> Helicity of muon could be + or — due to non-zero mass

[F nt Vs
«o-<mmmmi @ NnEmmm)p O~
Do these happen

P at the same rate?




P violation in pion decay :

 Wu's experiment was shortly followed by another clever experiment by
L. Lederman: Look at decay n* =2 [I* v,

* Pion has spin 0, while [,v,, both have spin %
—> spin of decay products must be oppositely aligned
—> Helicity of muon could be + or — due to non-zero mass

[F nt V-
«o-<mmmmi @ N O yé <— Does not happen!

X=X —r i) @ 11 —0- OK
- V5 at [V

e Ledermans result: All neutrinos are left-handed

P symmetry is maximally violated



Charge conjugation symmetry?

e C-symmetry
* The C(harge) conjugation is the operation that exchanges particles and anti-particles
(not just electric charge)

* |tis a discrete symmetry, just like P,i.e. C?2=1

[V rt vA(LH)
—o-dmmmmi @ Ny - OK

C

[r g v(LH)
—o-dmmmmi @ Ny -

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



The Weak force and C, P and CP conjugation

V- ¥ §
Intrinsic
iL_s in TT
7T+' _P, ﬂ:+' < gt
) . 4

N

e CP symmetry is parity conjugation:
(x, v,z - —x,—y,—Zz), foﬂowed by
charge conjugation: (Y — )

 CP symmetry appears to be preserved
in the weak interaction

e But in 1964 looking at kaons...



Discovery of CP-Violation with K° decays

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

WATER

K - ntn [

(fast)

K; : Long-lived is CP odd:

Ks: Short-lived is CP even:

* If CPis conserved, should not see K; — 7 n~ & K »>atan n® (slow)
OBSERVED DECAYS SCINTILLATOR
PLAN VIEW
™
484 <m* < 494 +o
T 1 —~
v dhadd 1 PO L W s S
30
i +. -
70— Kp->n'n o
James Cronin Val Fitch TARGET 20 3
— CERENKOV Effect is tiny: >
COUNTER about 2/1000 N
CP: -1 T mass, 6 494 < m*< 504 o °
il — T «
CP violating Signal: K, » n*tp=- -~ nonon J hy g
a A= Uy LAYy 5 2
.o _ M. = 498 Mel/
CP: !_i\ 11 ........... 'S 504<m*<514 110
Background: K, » n*tn n® -~ - e 1
, 3] Fgl_r"ﬂ“{ urql--J |

¥ remains undetected

0.9996 0.9997 0.9998
cos 0

0.9999 1.0000




Discovery of CP-Violation with K° decays

* Create a pure K; be~~ -

Pr——
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* If CPis conserved,

James Cronin Val Fitch &

CP violating Signal: K

Background: K
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Ks: Short-lived is CP even:

K? > ntn [ (fast)
K;: Long-lived is CP odd:

T[O remains unaetectead ~
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Alternative: Charge Asymmetry in K° decays

Nt-N~— . Nt =K% > n ety :
Measure A = - with - vs the K decay time
NT+N N™= K0 snfe v
NT—N— . . Thesis Vera Luth, CERN 1974
=| A CHARGE ASYMMETRY IN KO —- 1i* &'y
NT+N— |
0.04 -
' KS KL
A | A
002 | \ | [ |
z - BTG 1 s e e e s s o AR(e)
S ,
r;: i n ureTMe © [107%sec]  time _ | (1+¢)
w1 (1<)
+ .
— o 40x105 EVENTS CP violation in
-004 - .
+ | meson MIXINg.
P
- +Jr+

Kf decays with long lifetime decay slightly moreto e™ thanto e~




Alternative: Charge Asymmetry in K° decays

N*t-N— | Nt =K% > g ety -
Measure A = ——  with =5 . __ vsthe K° decay time
NT+N N = KY>mgTe v
Nt—=N~ . . Thesis Vera Luth, CERN 1974 Kaon has]P =0":
=| A CHARGE ASYMMETRY IN K® — 1" e®
N*+N- . | PIK®) = —|K°)
K I;Q P|KO) = —|K°)
k |
002t | \ : [ \
Two CP states: s
1 — | 2 - e e UR()
=—|IKOY —|Kk°)|=z °—— " "Fw -~ wo %
|K1> \/E |K ) |K >_ :;: +‘|‘ ° LIFETIME ¢’ Elo'msec] t|me . '(1 —+ 6) 2
1 —\11 = + N (1—¢)
|K>) = — |K°)+|K°> T 002 ]L
V2l - ' |
+ 40105 EVENTS CP violation in
-004
: ks 1 1 — meson Mixing.
Two particles: IK,) = N 2 [(1 +&)|K%) + (1 — )] K0>] g
K= [k +eli] | | Sl L |
L
1K) = [1K) + el i) S e

Kl? decays with long lifetime decay slightly moreto e™ thanto e~




Contact with Aliens | 14

Are they made of matter or anti-matter?




Contact with Aliens | 4

er or anti-matter?

Comparek > 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




Alpha experiment: does antimatter fall down?

Not
Apple Anti-Apple Anti-Apple

CPT-Symmetric Situation

Anti-Earth

See: CERN news

* News on 27 Sept 2023:

» Several thousands of antimatter hydrogen atoms were dropped in the gravitational field
* Antimatter falls “down” to earth in the same way as matter does


https://home.cern/news/press-release/physics/alpha-experiment-cern-observes-influence-gravity-antimatter

CPT Violation...

CPT symmetry implies that an antiparticle is identical to
a particle travelling backwards in time.
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2. CP violation in the Weak Force




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./ mAg’ l Note: w
LW — \/Eu L yu, W d L x3 ! U, =%(1 — )Y Wolfgang PauIiJ

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

d,>vww : b
P e e
* There is no CP violation in these massless interactions

 What happens when particles acquire mass after symmetry breaking?




di=(V?%)..d

E——)

Charged current after symmetry breaking

e After symmetry breaking the massless flavour states mix into mass states:
u; = (V95 v

- upy, WHd',

UJ

UL}’#W d,
W

qu d’
W

o
—wde
e
QVCS Il
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Vs
Tman

VCKM — Vu-l- Vd

Ly = % Verm UL Yy wtd,

WWJ

WWM’
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Flavour Changing Quark Interactions

§ - Charge: +2/3 | Charge: —1/3 Flavour changing currerlt;,-,/

Q 6 - !

> - | 7

U e d -

g 5[ | \ g Vud\\
¥ 4l U

Vekm = V.



Flavour Changing Quark Interactions

;,: 7 — | | W-—
§ . Charge: +2/3 Charge: —1/3 Flavour changing currents

2 6 %

- | f S -

é 5 :_ g Vus\

< | 3

&4l u
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2 strange
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Vekm = | Vea Ve



Flavour Changing Quark Interactions

= ' e | W=
§ - Charge: +2/3 Charge: - 1/3 Flavour changing currents
2o .
é 5 ;_ i chb\\
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2 |
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Flavour Changing Quark Interactions

= ' a , W=
§ - Charge: +2/3 Charge: —1/3 Flavour changing currents
£ Y b >
é S ;_ | gvub \
& a4l u
31
2 |-
1H
0 |
Vud Vus Vub
VCKM — Vcd Vcs ‘/cb

Via Vis Vi



Flavour Changing Quark Interactions — CP Violation

o 7T i | W=

§ E Charge: +2/3 Charge: —1/3 Flavour changing currer:c;’,z

Q b |

> °f |

P g b >

é 5 ;_ I gVub \

B ap u
3 U
2 Complex coupling

i b constants are the
1 - 9 source of CP viol.
0 w
* Particle and antiparticle interactions have Viia Ve Vi
complex conjugated coupling constants
VCKM — ‘/;d ‘/;s Vcb

* The complex coupling is a requirement to
observe CP violation Via Vis Vi
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3. How can we measure it?




How to observe CP violation?

e Consider a “matter process”: * And the “antimatter process”:
B - ntK~ B » = K*

?

Prob = |A|2 |Ael¢| — A2pl®p—id Prob = |A|2 |Ae—lq§| — A2~ 1Ppl®

* Even with complex clouplings the decay rates are expected the same?!



How to observe CP violation? A quantum interference experiment

Matter™: - 1A% = |A4]? + |4, )% +

A1Ay(etPetd + PP emi0) CO—

"Antimatter”: ~
A = A A7 = |Aq]7 + A7 +

A1A,(e51Pel0 + it e=i0)

CP Asymmetry: |A|* — |A|* = 4 AjA;sin¢gsind # 0 CP violation!




How to measure CP violation? A quantum interference experiment 23
n” 7, ,’:80005"""“"]' T |
Matter™: 6 i 1A% = |A4]? + |4, )% + % 7000 L;{ib .
A = A1 + A,e e 1A (el¢el5 + e@lqbe l5) @E}_ﬁ _Oata :
§ 5000;_ DB —=K -
A | - < 40001 .Bg—’K'ﬂ =
0 /\@ v £ 30005 et =
BS @\‘_/V ®$ B — g 20002— B 3-Body be. =
Ay | K © 1000;1 L Comb. bkg. —;
I CP operation 0552 54 56 58 6 62
- m(K ~m*) [GeV/c?]
Al — s SRR R RN AR RAAS R
A o
EO &) ‘ @®$ — §6000:— { Data 1.9 fb’! .
S V K+ § 5000:_ I:'BO—>K+JZ_ _;
Az < 4000 Wz-xq
"Antimatter”: = 30005 P
/T — Al + A2€@i¢el6 |A|2 |A1 |2 T |A2 |2 !000;_ .3-Bodybkg. _;
1A (e@l¢615 + eld)e l6) lOOOﬂv !I Comb.bkg.
0 | A R

D

CP Asymmetry: |A|? —

|A|* = 4 A1A,sin¢gsind # 0

52 54 56 58 6 62
m(K *m 7) [GeV/c?]

CP violation!



CP violation and Interference

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

[
Sl

ELECTRON
GUN

* Thought: Assuming CPT symmetry, CP violation implies a quantum arrow of time
* Quantum interference €<= arrow of time?
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4. The matter — antimatter
asymmetry

o “Trylng to describe the .
- | sizeoftheBigBang |




The Baryogenesis Puzzle — Electroweak Baryogenesis?

1. Baryon asymmetry 2. Matter - antimatter asymmetry 3. Non - reversal
° Sacha rov \/Qrvon Number Violation Vv C and CP Violation \/Thermal non-equilibrium
Conditions Adler-Bell- t Hooft, PRL V
v Jackiw 37 (1976) 8 o B I = :
All present Axial Anomaly:| |« sl s
in S.M. d, j*° #0 s . A EE
e /B B A
’ | ' | 5 ' - : ’ ' -0.05 50 100 150 :200' .‘(II)IZSC
Quantum anomaly Weak Interaction Higgs Phase Transition
e Baryogenesis from Higgs symmetry breaking?
symmetric phase broken phase
(©]
= 0@ ¢
O (0] O (%)
T>T *\ T~T, TOT,
expanding bubble (Higgs condensates)




The Baryogenesis Puzzle — Electroweak Baryogenesis?

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

<¢>=0

@ <¢>=x=0

= 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.




The Baryogenesis Puzzle — Electroweak Baryogenesis?

1. Baryon asymmetry 2. Matter - antimatter asymmetry 3. Non - reversal
e Sacharov v/ Barvon Number Violation v/ Cand CP Violation v/ Thermal non-equilibrium
Conditions Adler-Bell- | 5 [ “tHooft, PRL NI
v Jackiw 37 (1976) 8 os [ - o b im— i
A” present Axial Anoma|y; - ;!;;; ,‘,;%M —i . |
1 ° 04 :—g RN _: (E
in S.M. 8, j"° # 0 - E DI EE
03 — € i \\0‘ 3 ,\g
; - al P
B | L M e k
Quantum anomaly Weak Interaction Higgs Phase Transition




The Baryogenesis Puzzle — Electroweak Baryogenesis?

1. Baryon asymmetry 2. Matter - antimatter asymmetry 3. Non - reversal
* Sacharov v/ Barvon Number Violation X Cand CP Violation X Thermal non-equilibrium

Conditions Adler-Bell- “t Hooft, PRL v
v Jackiw 37 (1976) 8 s 3 o = _

All present Axial Anomaly: 0s ! ; :LIt\QJ@M = *

in S.M. 8,5 £0 | |- L
X N Ot 02 - \\_é

Enough? e /B B A — |

04 0.2 0.0 0.2 04 0.6 08 1.0 -0.025——— Lo Ll o

P IR R s
20 40 60 100 120 140
e

p
Quantum anomaly Weak Interaction Higgs Phase Transition

|

- X 1%t order? ;

v Sphalerons
= « SM: My < ~70 GeV
T#0 ‘ e THDM: My, ~ 125 OK
oltzmann-suppr. eight of .
i Bl}_\pp gotg:ttial barrier X CPV from CKM d
potential _T_
barrier _ .Ang 10~10
: sphalerons Esoha| (T = 0) BAU . 'ny ~
~8-13 TeV
Mep = Jou X (mF —m2)(m? — m2)(m? — m?)
5=, | (3 — m2) (m? — m2)(m3 — m3)
t IOV W2, Bioos e From CKM: Acp/T}? ~ 1072% - Too small
T e(aBeLsay 10y | 0 (non-sbelian gauge fieids + Used T, ~ 100 GeV




Alternative Explanation...

JUST MOMENTS BEFORE
THE BIG BANG
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3 Generations of particles — How do we know? 31

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? 32
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.




3 Generations of particles — How do we know?

. . CMS 35.91b™ (13 TeV)
LHC: Higgs production: 3ol Lo ATLAS ety ] 3 70} T
- PR R Background 5=13TeV, 36117 1 O [ ¢ Data 1

. . . % 600:_:2232::+Background mH=1?5_09 GeV g 60_— ] H(125) E
Loop diagram is proportional to the 2 (5B weghiedsum - 3 g O Doz
. . - 18 ek 99-22,Zy*
mass of the heaviest fermion. H - yy % o zx
g 300 i— ‘. ] 40 :— —
“000000) o 2ot - S H = 4u
(0 SRR ) e —
/ 1 1
9 00000° W, K ‘

* 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 Uel Uez U€3 V]_ d, VU,d I/’LLS Vub d
(Vu) = Uul Uuz Uu3 <V2> <5’> = (Vcd Ves I/cb> <S>
Vv, U, U, Us;/ \V3 b’ Via Vis Vin/ \b
. ( 0.82 0.55 0.15 ) 0.97446 0.22452 0.00365
'MNSP ~ | 0.37 0.57 0.70 ? Voru = ( 0.22438 0.97359 0.04214 )
0.39 0.99 0.69 0.00896 0.04133 0.99911
e
— Ao s -
/ Completely 4 ] N
| different |»
hiearchy




