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CP violation in the quark sector

1) Quarks: SM, CKM, UT Niels, 30’
2) Mesons: Mixing and CPV types Niels, 30’

3) B-mesons: Decays and Experiment Patrick, 60’
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Flavour physics

has a track record...

GIM mechanism in K°>uu

CP violation, K,°>nn

B0 < >B° mixing

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Guasmow, J. Iutopouros, anp L. Marant}
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetis 02139
(Received 5 March 1970)
We propose a model of weak interactions in which the currents are constructed out of four basic quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading

divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed.
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Motivation

e CP-violation (or flavour physics) is about charged

current interactions

e Interesting because:

1)

2)

3)

Standard Model:
in the heart of quark
interactions

Cosmology:

related to matter - anti-matter
asymetry

Bevond Standard Model:

measurements are sensitive to
new particles
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Personal impression:

e People think (?) it is a complicated part of the SM. Why?

1) Non-intuitive concepts?
= Imaginary phase in transition amplitude, T ~ /¢
= Different bases to express quark states, d =0.97d + 0.22s + 0.003 b
= Oscillations (mixing) of mesons: |KO> o] KO>

2) Complicated calculations? (8> )| [Jo. (OF +12f o (0 +222(29: (). ()
L 2 ﬂ%(ﬂ*gi(t)g(t))]

r(8" > 1)e<|Af {|g+(t)|2+W|g(t)|z+W

3) Many decay modes? “Beetopaipaigamma...”

— PDG reports 400+ decay modes of the B%-meson:
e [, I'v, anything (10.33 + 0.28) x 1077
* 37 VVY <4.7 x 10-5 CL=90%

— And for one decay there are often more than one decay amplitudes...

Niels Tuning (10)



CP violation in the SM Lagrangian

Focus on charged current interaction (W*): let’s trace it

Niels Tuning (11)



The Standard Model Lagrangian

LSM =L

Kinetic

L

Higgs LYukawa

° LKinetic . * Introduce the massless fermion fields
» Require local gauge invariance =» gives rise to existence of gauge bosons

b LHiggs . * Introduce Higgs potential with <¢> # 0 }

* Spontaneous symmetry breaking

Gaw = SU(3)¢ xSU(2), xU (1), — SU (3), xU (1),

The W+, W-,Z% bosons acquire a mass

® LYukawa . * Ad hoc interactions between Higgs field & fermions

Niels Tuning (12)



Fields: Notation Y=Q-Ts

Quarks: | /nteractlon rep.
. (“ (3’2’1/6)j Q! (3.2,1/6)
d'(3,2,1/6) N

~
/‘ TSU(3)C SU(2), Hypercharge Y

Under SU2:
Left handed doublets
Right hander singlets

Lha]}]ded %edr:eexratlon (=avg el.charge in multiplet)
. ul(3,1,2/3) . d' (31-1/3)
|
Leptons: v (.2,-1/2) = L'L 1,2,-1/2)
1' 1, 2,—-1/2) !
. 1y (L1-1) . (va)

interaction is independent of generation
number

i - * Note:
Scalar field: ® ¢ (1, 2, ]7/2) = (qgo Interaction representation: standard model
P




Fields: Notation

Y=Q-T;

Explicitly:

* The left handed quark doublet :

Q/i(3,2,1/6)

( r

I | |
Uy, Ug, U,

i

d',d!

« Similarly for the quark singlets:

U (3.1, 2/3)
dFlei (3’1’ _1/3)

(ur',ur',ur')R ,(c

(dd!.d)) (s

* The left handed leptons: |_'Li (]_, 2, _1/2) = [

» And similarly the (charged) singlets:

C;,Cy,

S

G,
S,

C.,C

rr r

S, S

rYrYr

e

|
e
I

v jL’(V

1

Lbb,

b,

ryfrotr

) ()t

)

R

u

{

IF'{i 1,1,-1) =e|IQ,/J|Iq,TF|{

J

b',b', b

ry MMy

L

)
)

(Y =2/3)
(Y =-3)
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I—SI\/I — I—Kinetic + I—Higgs + I—Yukawa ‘The Kinetic Part

L

.. - Fermions + gauge bosons + interactions
Kinetic Jgaud

Procedure:

Introduce the Fermion fields and demand that the theory is local gauge invariant under
SU(3)xSU(2),xU(1), transformations.

Start with the Dirac Lagrangian: L = ilﬁ(@ﬂ]/ﬂ)w

Replace: o' —> D" =0"+ IgSG: La + ingﬂTb + Ig’B#Y

Fields: G,* :8gluons
W @ weak bosons: W;, W,, W,
B* : hypercharge boson

Generators: L, : Gell-Mann matrices: Y2A, (3x3) SU(3)¢
T, : Pauli Matrices: Yo 1, (2x2) SU(2),
Y : Hypercharge: U(1),

For the remainder we only consider Electroweak: SU(2), x U(1),

Niels Tuning (15)



I—SI\/I — I—Kinetic + I—Higgs + I—Yukawa : The Kinetic Part

L ietic - 1 (0" )y — 17 (Dy )y
with w=Q\, Uy, dg, L, Iy
For example, the term with Q,;' becomes:

L yinetic (QL) = iQ—iﬂ/u DﬂQll_i

— i i i
= iQlz, (0" +2 0.6, +2 gW'7, + 2 g'B") Q.

Writing out only the weak part for the quarks: | (o _i]
— i u 2o

Ly (u,d), = |(u,d)'L7/# (8” +%g (W{‘rﬁ-W{‘r2 +W3”z'3)j(dj

L

= w4 idlyeid - ulyword! - Sdlywel -

V2 V2

————————— WH# _ W* = (IN2) W+ i W,)
L=J WH 12
dLI >g : W= (]/\/ 2) (Wl =1 WZ) Niels Tuning (16)




I—SI\/I — I—Kinetic: + I—Higgs + I‘Yukawa . The Higgs Potential

1

Liiggs = D,U¢T D ~Viiggs  Vhiges = 2 i (¢T¢) * |/1| <¢T¢)2
Symmetry +V(¢) 2;?;?:]9”3’ * Vo
1 >0: i <0:
<p>=( < ¢)>( 0 }
¢

v=- 12 )|A] ~ 246 Gev

Spontaneous Symmetry Breaking: The Higgs field adopts a non-zero vacuum expectation value

0
Procedure: . ¢" | [Rep +i3mg’ Substitute: (e 0 = Y H
Rep’ +i3m¢° V2

0

%

And rewrite the Lagrangian (tedious): | 1. Gg, :(SU(3). xSU(2), xU (1), ) = (SUB)c xU D)y )
(The other 3 Higgs fields are “eaten” by the W, Z bosons) 2. The W+’W-’ZO bosons vauire mass
3. The Higgs boson H appears

Niels Tuning (17)



Loy = Liireric + LHiggs + Lyana : The Yukawa Part

Since we have a Higgs field we can (should?) add (ad-hoc)
Interactions between ¢ and the fermions in a gauge invariant way.

doublets

The result is: / l singlet
_* Y

—Lyukawa = Yij(Wl_i ¢) e + NC

de)+ Y (Q_LgZ )uRJ +Y! ( ¢) I +h.e.

/

i, j : indices for the 3 generations!

- .. (0 1), (4
with: § = 10, ¢ :(—1 Oj(é =[_¢J

(The CP conjugate of ¢
To be manifestly invariant under SU(2) )

d U | are arbitrary complex matrices which
Y—- . Y ] Y operate in family space (3x3)
=>» Flavour physics!

Niels Tuning (18)



: The Yukawa Part

I—Kinetic + LHiggs + LYukawa

LSM

Writing the first term explicitly:

—
Ri —

+
0

); ((o
®

d

 (ug,dy

Y,

J

Niels Tuning (19)



LSM = I—Kinetic T LHiggs T LYukawa : The Yukawa Part

There are 3 Yukawa matrices (in the case of massless neutrino’s):

d u I
oo Yy

Each matrix is 3x3 complex:
27 real parameters
« 27 imaginary parameters (“‘phases”)

» many of the parameters are equivalent, since the physics described

by one set of couplings is the same as another

» It can be shown (see ref. [Nir]) that the independent parameters are:
12 real parameters
» 1 imaginary phase

»This single phase is the source of all CP violation in the Standard Model

...... Revisit later
Niels Tuning (20)



S.S.B L
I—Yukawa —> Mass : The Fermion Masses

Start with the Yukawa Lagrangian

—Lw = Yijd (ug,d)); (¢Ojd;ﬂ + Y () + Yijl("')

SSB. sne(goo)—>ﬂ

V2

After which the following mass term emerges:

1 pad Al VIR
_LYuk - _LI\/Iass dLi Mij de + U Mij uRj
TRVIEL
+ 1Ml + he
. d _ v d u _ v u | _ v |
with Mij zﬁYij . Mij zﬁYij ; Mij zﬁYij

Liiass IS CP violating in a similar way as Ly,

Niels Tuning (21)



SSB |
LYukawa > Mass : The Fermion Masses

Writing in an explicit form:

s @MY pEn M

The matrices M can always be diagonalised by unitary matrices VLf and VRf such that:

ARYIAVASYS !

diagonal (d_',S_', b_')LVLf VARV RRARRVAR B3
bl

Then the real fermion mass eigenstates are given by:
| |
dLi )IJ dLj dRi ( )u dR]
— u u
uLi B V )u L (V )u Ri

. =(V )U 1 o =(V )” 1

d',ul, 1" arethe weak interaction eigenstates
d ,u_, I arethe mass eigenstates (“physical particles”)

Niels Tuning (22)




SSE |
Lokawa — Mass| : The Fermion Masses

In terms of the mass eigenstates:

m, d m, u
—Lppass = (d,s,b)L[ m, 0s| + (u,c,t)L m, C
m, J\ b/, m )\ t),
m, e
+ (E,;,?)L[ m, 0 u + hc.
m )\ ),
—Lye = mMmiu + micc + mtt

+ mdd + mSs + mbb
+ mee + muu + mzr

In flavour space one can choose:

Weak basis: The gauge currents are diagonal in flavour space, but the flavour mass matrices are
non-diagonal

Mass basis: The fermion masses are diagonal, but some gauge currents (charged weak interactions)
are not diagonal in flavour space

In the weak basis: Ly aua = CP violating
In the mass basis: Ly... — Luass = CP conserving

=>» What happened to the charged current interactions (in Ly eiic) ? Niels Tuning (23)



LVV — LCKI\/I : The Charged Current

The charged current interaction for quarks in the interaction basis is:

g _l I +
_va+ = ﬁ u, 7* d; Wﬂ

The charged current interaction for quarks in the mass basis is:

-L. .. = =k u_l_iVLu 4 VLdeLi W;

! V2

The unitary matrix: V.,

= (VLU 'VLdT) With: Ve Ve =1

Is the Cabibbo Kobayashi Maskawa mixing matrix:

d
Ly = % (@) Ve )| 8 | 7" W,
b L
Lepton sector: similarly Vs = (VLV 'VLIT)

However, for massless neutrino’s: V ¥ = arbitrary. Choose it such that Vs = 1

= There is no mixing in the lepton sector
Niels Tuning (24)



Charged Currents

The charged current term reads:
g g _l +., 1 — — + +
ﬁduyﬂwyuu = Jec Wﬂ +Jee Wﬂ

Lec :ﬁutﬂywy_dii +
_ 9 (= ey [ g ¢ g [ ey [
\/E i 5 VAL AT 5 i \/E i 5 YW,V 5 i

Under the CP operator this gives: (Together with (x,t) -> (-x,1))

Lee —Ss 2 d WV, (1-7°)u, + —=Ur W, (1-7°)d,

V2 V2

A comparison shows that CP is conserved only if V;; = V;;"

In general the charged current term is CP violating

Niels Tuning (25)



The Standard Model Lagrangian (recap)

LSM — I—Kinetic T I—Higgs T LYukawa

o LKinetic . *Introduce the massless fermion fields
*Require local gauge invariance -> gives rise to existence of gauge bosons

=> CP Conserving

° LHiggs . *Introduce Higgs potential with <¢> # 0 Ggu =SU@)e xSU(2) xU (D), = SU(3)c xUD)q
*Spontaneous symmetry breaking The W+, W-,Z0 bosons acquire a mass

=> CP Conserving

® LYukawa . *Ad hoc interactions between Higgs field & fermions
=>» CP violating with a single phase

® LYukawa —> Lmass: « fermion weak eigenstates: } = CP-violating
- mass matrix is (3x3) non-diagonal

« fermion mass eigenstates: —
- mass matrix is (3x3) diagonal = CP-conserving!

® |,.. . inmass eigenstates: CKM — matrix =» CP violating with a single phase
Kinetic g C olat g t gNieIE)Tuning (26)



L, =L + L T L

Kinetic Higgs

Yukawa

Recap

_ ¢+
L, = YijOI (u ,d)); [(Doj dFlej +

9 I g 1
L inetic = \/EuLiyﬂw,udLi \/Eduyyw uLl T
Diagonalize Yukawa matrix Y d’
- Mass terms SI
— Quarks rotate |
- Off diagonal terms in charged current couplings b

~—Mass — (d’s’b)L[[md M H

QD'U)Q_




Ok.... We've got the CKM matrix, nhow what?

d’ Eud Vus Fuh d
"= Vea Ves Va || s
b’ . Vis Vi b

o It's unitary
— "“probabilities add up to 17:
- d'=0.97d + 0.22s + 0.003 b (0.972+0.222+0.0032=1)

e How many free parameters?

- How many real/complex?

e How do we normally visualize these parameters?

Niels Tuning (28)



What do we know about the CKM matrix?

<

=

e Magnitudes of elements have been measured over time
— Result of a large number of measurements and calculations

d Vud Vus Vub d

S' = Vcd Vcs Vcb S

b' Vy, V. V,/lDb

Vis| - My \ 0.97446 0.22452 0.00365 ) K 0.00010 0.00044 0.00012
V.| M,||=\ 022438 0.97359 0.04214 / + \ 0.00044 0.00011 0.00076
V, 0.00896 0.04133 0.99911 0.00024 0.00974 0.00003

V

ts

Magnitude of elements shown only, no information of phase

Niels Tuning (29)



What do we know about the CKM matrix?

e Magnitudes of elements have been measured over time

— Result of a large number of measurements and calculations

d l Vud Vus Vub
S = Vcd Vcs Vcb
b ' th Vt th

V.| M|V, 1 XA N
Vcd Vcs Vcb ~ )\ 1 )\2
th Vts th Ag Ag 1

d
S
b

I »sing . =sing,, »0.24

Magnitude of elements shown only, no information of phase

Niels Tuning (30)



What’s going on??

Yukawa Couplings l

-/k
- M
Couplings Masses
d s b
u - m - u . d/ -
??
C [ | - ] - C [ s ]

A\ - - A\ v\

o ??7? Edward Witten, 17 Feb 2009...

e See “From F-Theory GUT’s to the LHC" by Heckman and Vafa (arXiv:0809.3452)


http://indico.cern.ch/conferenceDisplay.py?confId=51958

What’s going on??

Yukawa Couplings |

A
- M
Couplings Masses
d s b
u - m - u . d/ -
??
C [ | - ] - C [ s ]

-+
o
O

A\ - -

o ??7? Edward Witten, 17 Feb 2009...

Higgs fields and quarks and leptons are

In this approach, the ordinary Higgs field is The picture is a little like this:
supported on the three curves, and the

alwatvef:cj'nf(;ion on K, as are the quark and P_ﬂalzter Yukawa couplings that gives masses to
epton fields Higgs onoes|l  down quarks and charged leptons come
10 from the intersection drawn. {Up quark

masses come from a similar intersection.)

In the leading approximation, only one

5 . . .
Quark and lepton masses and the CKM partlcle_of each_ type (i.e. the third
tri det ined by th | f generation particles — top, bottom, tau) get
maftrix are determined by the overiaps o SU(5) ... on afour- masses. The others have wavefunctions
these wavefunctions. dimensional slice that vanish at the intersection paint.

e See “From F-Theory GUT’s to the LHC” by Heckman and Vafa (arXiv:0809.3452)


http://indico.cern.ch/conferenceDisplay.py?confId=51958

Intermezzo: How about the leptons?

— Neutrinos have mass

- Diagonalizing Y!;doesn’ t come for free any longer

L"Y ukawa

Yiitpi & Urj + h.c.

Y“EQL3 O d, i+ Y”QLE O uR; v YIL SO [,

We now know that neutrinos also have flavour oscillations

e thus there is the equivalent of a CKM matrix for them:

— Pontecorvo-Maki-Nakagawa-Sakata matrix

U-El
= Uy

_UT].

UEE’
Uz

UT‘E.’

UEE-

Ups

UTE

Vs

d)

s')

o).

!

s

5

S

Vel [ d}-
Vcb 5}
Vis | | b}_

Niels Tuning (33)




Intermezzo: How about the leptons?

e the equivalent of the CKM matrix

— Pontecorvo-Maki-Nakagawa-Sakata matrix

-He- -Uel e Tea- -1-"1- Ef}- Via Vs Vip d}
Yyl = I{JT#-L Tpg I{JTFE, I/ vs s’ } — Vcd I’r; g Vﬂh & }
Ll i 1 U T«ra_ L _H}_ _Véd Vis Véh_ _'5}_
e a completely different hierarchy!
\ 0.82 055 0.15 } KO.97446 0.22452 0.00365 )
Uynsp = 0.37 057 0.70 Vekm = 0.22438 0.97359 0.04214

0.39 0.59 0.69

0.00896 0.04133 0.99911

Niels Tuning (34)




Intermezzo: How about the leptons?

e the equivalent of the CKM matrix

— Pontecorvo-Maki-Nakagawa-Sakata matrix

Ve U Us Ul |n Ef}- -Vud Vs Vs d}
Yyl = Upl UPQ UPEf I/o vs S!} — Vcd 1";5 Vcb S}
Ll _Uﬂ Usg U«ra_ L _H}_ _Vm Vis th_ _'5}_
Uil |Unsl®  |Ues| 2 1

e acompletely different| | ,> |UL]® |Us]® | ~ to1

o D F e SO B |

Ef*r1| |D*r2| |['“r3| 6 3 2

V3 d b_

See eg. PhD thesis R. de Adelhart Toorop Niels Tuning (35)



http://www.nikhef.nl/pub/services/newbiblio/theses.php

From 2 to 3 generations

e 2 generations: d'=0.97d + 0.22 s (6.=13°)

d’ cosd, sind, \d

S’ —sing, cosé. |\ s

e 3 generations: d'=0.97d + 0.22s + 0.003 b
Parameterization used by Particle Data Group (3 Euler angles, 1 phase):

C12 512 0 C13 0 8136_3513 1 0 0

, B .
I’CKﬂ.f — —s19 c12 0 0 _ 1 0 0 C23 523
0 0 1 —8136"‘&13 0 C13 0 —S893 (923

C19C1: S19C1: Syne 1013

12€13 12€13 13
) . '.?:5]_3 i513
—S812C23 — €12523513€ C12€23 — 512523513€ 523C13

5 .5
512823 — C12C23513€"°"®  —C19823 — S12C23513€""1  C23C13



Possible forms of 3 generation mixing matrix

- Different parametrizations! It's about phase differences!

Re-phasing V:

Parametrization

Useful relations

PI1: V. = Ri12(8) Rag(e, ¥) R}, (8))

SgSgrCa T gl T sge ca —cgs e SgSe

CgSgr o — sgcg,e*"ﬂ cgcgsco t+ 3839,5*1‘9 “gso
_38-’30 _CB’SG Co

T :sgcgsgfcgfsgcg sinf o
tan @ = |V‘ubfvcb|
tan 8’ = |Vig/Vis|

cos o = |V

V-ud
(ua c, t)L Vcd
Vid

Vud e~
Y — 2 h
(u, ¢, ) | Vea e
Vid e

V-u 5
VL‘S
Vis

V-ub
Veb
Vi

Vu.b
Vcb
Vib

d e

o

P2: V. = Rag(e) R12(8,«) 3;31(0’)

R i
Fr"' J—SBCBSGCGSGICGI sirf

3 parameters: 0,1, 0

1 phase:

2 ‘g c’ ) g% ) cos 8 = |V, 4l
—sgCo CgCa ol —|—.so-so_;e*”p —cgco-.so_;—fso-co_fe*"p ta.na’: IVig/ Veal
sgSo —cgsacgt +ca—so_fe_"p cgSa st +cc—ca_;e_"p tan o’ = |Vyp/ Vusl

P3: VvV o= 323(0) Rgq ('r, (p) 312(9) PDG T = sgcgsacas-rcg_ sin o
Ce°T . “g°T . & tan 8 = |Vys/ Vo, gl
—csscsT—sacge_l(p —3830-31— +c9co-e_"p SgC tﬂna:chbthbl
—cgCasT +3930-e_i(p —sscc-s’,——c‘gso-e_i(ﬂ!;F Ccqa C sinT = [V,
—1 .
P4z V. = Ri2(8) R31(7, ¢) Ryy (o) ) T = sgegsccosTes sinlp
cgeT CBSGST‘FSBCGE_”‘D 696037—39305_”‘? tan 8 = |V 4/ V,al
—sgcT —393031—+c9cge_’ﬂp —sgcgsT—cgsc—e_’(‘D tano = |Vig /Vipl
— s SgCT cogocT sinT = [Vig|
Ps: V. = Rai(7) Ri2(8,9) B3 (") _ T =ajegarera e sife
CgeTCL ! + -9'1'-9,,_!‘3_“0 ageT —CgeT S +-9'rc,,_.i"3_lw cos @ = |Vegs|
—Egtt . “g Sgags X tan T = |Vig /Vus|
—CcgaT ey +ers_y e ¥ —sg8T cgSTE + ere e ¥ tan 7/ = [ Veb/ Veal
P6: vV = 1?,12(-9) R23(o', w) Raq (m) . T = sgcgsgcgs.rc.r sin o
*393037+CBCT‘3_1¢ SgC€o  SgSoccT +CBSTE_1¢ tan @ = |Vye/Ves|
—cesasq——secq—efi‘p cgCo ceso—c‘,——sesq—e*iw sine = |Vig|
— o 8T —a8g Co CT tan T = |Vig/ Vil
—1 .
P7: V = Ragl(o) R12(8,v) R31 (=) T = sscgsgcgs,,—c,,— sin o
T . g —CgsT . sinf = |Vusl
—sgco-c‘,—-l-.so-s.,—e_“p cgCo 395037"‘3057—‘3_1@ tano = |Vig /Ves|
sgSecT + cgsre ¥ —cgsa —sgsosT + cgecre W tan T = |V, / V4l
P& VvV = 331(7)_312(9, w) Rog(o) . T = sgcgsgcgs.rc.r sin o
CgcT 395657_36373_1@ 3930574‘50373_1@ sind = |Vogq|
_38 cigc‘J ) cgsg ) tan o = |Vcb-r‘rVC-5‘|
—cgsT —sgCosT — sgere P —sSgSoc ST + egere ' tan T = |Viq/Viya
—1 .
FPg: vV = 831 (7) Rag(es, v) R12 (8) T = sgcgsgcgsTcT sin
_3930374‘59573_1@ —CgfosT _39573_1@ CO"E‘T\ tan & = |V.45/Ves |
S, Co CaCo S sin o = |V_..|




Wolfenstein parameterization

sin 912 = A (27)

sinfy; = AN (2.8)

sinfyze % = AN (p —in) (2.9)

where A, p and 1 are numbers of order unity. The CKM matrix then becomes O(M\?):
— 2\ A | AN} (p - ’i?;:)::
Vekm = A e, 1A ANFT ) 6V (2.10)
AN(1 — pi—im): —AN 1
3 real parameters: A, L p

1 imaginary parameter: n



Wolfenstein parameterization

sin 912 = A (27)
sinfy,y; = AN (2.8)
sinfyze % = AN(p —in) (2.9)
where A, p and 7 are numbers of order unity. The CKM matrix then becomes O(M\?):
A2 A AN} (p = m).
Verens = X a5 AXT T ) sV (2.10)
AN (1 — p-,— %T]): — AN 1

The higher order terms in the Wi olfenstein parametrization are of particular importance
for the B,-system, as we will see in chapter 4, because the phase in |V4| is only apparent

at O(A*):
—3At L 0 0

3 oo,
SV = | 14231 —2(pit m)}) — A1 4-442), 0 + O\ (2.11)
AN (p + in)" lA)C*(l — 2(p+ zfq)}) —1 A2\
3 real parameters: A, L p

1 imaginary parameter: n



Deriving the triangle interpretation

e Starting point: the 9 unitarity constraints on the CKM

matrix

V'V =

< < <

th )

(Vud Vus Vub \
Vcd Vcs Vcb
\th Vie o Vi J

(1 0 0)
010

(0)0 1,

e Pick (arbitrarily) orthogonality condition withAi,j)=(3,1)

Vi

V

ud

VoV, +V, V, =

Niels Tuning (40)



Visualizing the unitarity constraint

e Sum of three complex vectors is zero -
Form triangle when put head to tail

(Wolfenstein params to order 14)

V.V, =WxAF@1- r-ih)
Vu:)vud — Aﬂ'?) (,0 + ”7)

VCTJVCd — A/’Lz | (_/I)
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Visualizing the unitarity constraint

e Divide all sides by length of base

(pr1)

Vil = _(r4ipy
VesVea

( 0/ 0) chvcd _ 1 (1/ 0)
v — =

chd

C

e Constructed a triangle with apex (p,n)
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“The” Unitarity triangle

e We can visualize the CKM-constraints in (p,n) plane

I # % #* _
- VadVubt ¥a Yo + VgV =0
3. o
b
VudVub Lﬂj
v,V Ya Yo
A B
0 | Re




(

p

| ru d I'{uz S

7
cd
1 I.td

e We can correlate the angles f and yto CKM elements:

pearg -

*

VioVed :| = +arg [chvcd :| —alg [Vt;\/ td } =27 —arg [th ]
Vt;vtd

Fa
I Cs

-
I Ls

Lub
Veb
I'I!‘. b

1 — 1) A AN (p —in)
= -) S AN Im
AN(1-p—in) —AN 1

Va Vo f N
E—
Re
arg th\ b




The phases in the Wolfenstein parameterization

Ve 7 J* 7 JF ARV

N N 71 01 PR B 1 ol T VsV
Y = al'e | ————— :\3 — ale | ———— Y =al'e | ————— L}q — alrge | ————
o “/;' "/r * ! =] “/r "/r * I o “/r "/r # - = "/r 'L/r *

ud Vb td V¢p cdV ep csVep

Br m+arg(VyVy) —arg(VigVy) =7 +71 —arg(Vey) = —arg(Vy)
vy 7w+ arg(VgVe) —arg(VgVy) =7 —arg(Viy) — 7 = —arg(Vi)
Ber~  w+arg(ViVi) —arg(Ve Vi) =nm+arg(Vi) — 0 =arg(Vi) +

Alternatively, the Wolfenstein phase convention in the CKM-matrix elements can be
shown as:

Vi | Vias [Viple™

oxMWoltenstein = | —[Vea| — [Ves| Ve + O(N°) (2.16)
Viale™ —|Vigle™ [Vy
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“The” Unitarity triangle

1.5

1.0}

0.5

= 0.0

-0.5 :—
1.0 — Y —
i :
| Sk . il
_1 .5 i L1 1 1 I L1 11 E L1 1 | L 11 ] L1 1 1 | |
1.0 05 0.0 0.5 1.0 1.5
P

IIIIIIIIIFIII

excluded area has CL = 0.95 |:
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Quarks - Mesons

e Quarks:
u
W
Vad Vs Vap _ 1y Ao AN(p-i)\
Via Ves Vi |= -\ 1-I2 AN d,s,b
l .;t‘!' lrh Iffb A/\?)(l — ,0 - ??}) _A)\2 ].
e Mesons

— “Oscillations” important ingredient!
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CP violation in the quark sector

2) Mesons: Mixing and CPV types Niels, 30’

3) B-mesons: Decays and Experiment Patrick, 60’
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LSM = I—Kinetic + I—Higgs + LYukawa Reca p
- + |
d1 4y | P | u
D T (uL’dL)i[ odej T W
o ) ] mee——-
g T ~qr . 9 0 I
L inetic = —=U7*W, d; + dlyy\Nul—l_ d
Kinet \/E VAL \/E L L
Diagonalize Yukawa matrix Y d’ d
- Mass terms SI SV
- Quarks rotate | A
- Off diagonal terms in charged current couplings b b

u L Mass = (d’s’b)L[[md M H

W
----- _ g , |
<dsb Logy = ——= > Uy W,V (1-7°)d; + > d," WV, (1-7°)u,

Q o n O
;/
_|_
—_
|
O |
-

N —

>
——

=)

03
3
~_
——
~ O [
~_
po)

LSM — LCKM +L




CKM-matrix: where are the phases?

e Possibility 1: simply 3 ‘rotations’, and put phase on smallest:

C12 512 0 C13 0 8136_3513 1 0 0
I-‘%Kﬂ_jr = —S512 (€12 0 0 - 1 0 0 Co3 593 -
0 0 1 —sl;je"“g’” 0 C13 0 —S23 €23

€12€13 512€13 813
—512€23 — 61282351 €12€23 — 812523813 523C13

512523 — C12€2351 m —C12523 — 31262381 C23C13

e Possibility 2: parameterize according to magnitude, in O(}):

u Viud Vus Vb 1—1)\2 A AN(p
W H’-:'d i ::' s 1[{:b — )\2 A)tz

Ve Vie Vi AN(1 - . e 1
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“The” Unitarity triangle

e We can visualize the CKM-constraints in (p,n) plane

Im * * *
VaudVub* ¥d Yo + ViV =
arg(Vyp) = -v (p.M) » arg(Vy) = -p
Vu : | th
Yo
* d ¢cb
Ya Yo
‘T
0 1 Re
|Vud| |Vus, |Vub|e_ify
VCKM,Wolfenstein — _l‘/;d‘ ' |‘/cs| . |‘/cb|
Viale™  —|Vis|es |Vl



Quarks - Mesons

e Quarks:
u
W
Vad Vs Vap _ 1y Ao AN(p-i)\
Via Ves Vi |= -\ 1-I2 AN d,s,b
l .;t‘!' lrh Iffb A/\?)(l — ,0 - ??}) _A)\2 ].
e Mesons

— “Oscillations” important ingredient!

Niels Tuning (52)



Dynamics of Neutral B (or K) mesons...
Time evolution of B%and B° can be described by an effective Hamiltonian:

.0, B 0 —o\ _(a(t)
|5\P_H\P W(t)=a(t)|B >+b(t)‘B >=(b(t)j
H= A()4 ]\04 No mixing, no decay...

'
hermitian

g_| M 0 |_t T 0 No mixing, but with decays. ..
0O M 2V 0 T (i.e.: H is not Hermitian!)

. J/ o J/
' A4

hermitian hermitian

=>With decays included, probability of observing
either B® or B® must go down as time goes by:

& ) =-(a ser)y 7[5 =T >0
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Describing Mixing...
Time evolution of B® and B° can be described by an effective Hamiltonian:

i Cw_nHy T(t):a(t)‘BO>+b(t)‘§o>s(a(t)]
ot b(t)
H=(M o)_i(r o) -
0O M 200 T Where to put the mixing term?
" hemitan | hemian

H = MM, 1 I I, Nc_)w with mixing — but what is the

M, M | 2|T, T difference between M, and I';,?
hermitian hermitian

4’ ', describes B%>f«>B° via on- i /
shell states, eg. f=rn*n- 12
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Solving the Schrodinger Equation

|
b M _E M12_§F12
v (t)= i - |v(®)
M12—§F12 M —EF
Eigenvalues:

— Mass and lifetime of physical states: mass eigenstates

M — iD=\ My — il

Mjy =4l M—iT—=X| .

. / Z W IRl
notation F = \."I’ (4'1'-{1_2 - EFIEJI:ELIIE ) 1?:‘

Am = zm\/(Mlz —Ll“lz)(Ml*z —lr’;zj
- a 2 2

my+ 0 = M—RF— T —QF
Mo + %FE = M + RF — %F —+ S F AF:4S\/(M12_Lzrlzj(Ml*z_IErIZj
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Solving the Schrodinger Equation

. 0

v )= i

2

Eigenvectors:
— mass eigenstates

BH>:p\B>+q‘§>
BL>:p\B>—q‘§>

' |
M _EF M12_§F12

Ml*Z__F12 M-—T

v (t)

2

find p and ¢ by solving

( M —iT

AJx __ 2T

|P1)
| Pa)

f'v'flz—%rm Py p
M — 3T )(q = q

= p|P") —q|P")
— p|P") +q|P")

q/p=\/(l\/lfz

. i
_2F12j/(M12 _Zrlzj
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Time evolution

e With diagonal Hamiltonian, usual time evolution is obtained:

Py(t)) = e mut=atat| p(0))
PL(t)) = e met=3Tel p(0))

P = 5 (P + P ) — plP®) 4 gl P
@= %[|PH}_|PL)] Py = p|P% —q|P") B
o~
Py - L ey e i)
R % {emmut =S (p| P°) 4 g P%)) + e 480 (pl P7) — q|P°)) |

i | —

(E—zm”t T'Ht S —imy E_%T_Lt) |PD} + Zi (E—‘!'-mnt—%l_'nt . E—z'mf.f—%l_'.r_t) |PD}
p

— L (OIPY) + (;) g (8)|P%) (3.6)



Measuring B Oscillations

B’ B*
q | g, (t) }
i t M v
p 90 tvix EviX For BO, expect:

B B° , - AT ~ 0,
(v, X" v, X" —
: L ’f la/p|=1
m_’ ! g g_(t) !
. L1
5 e—F’[
> g. (t) - —=[1£cos(am-t) ]
E BO-> B _ 2
5 BO->BO
g XEA_mzl
I

proper time (ps)

Proper Time - _ _
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Prodzsa Bl iy

Compare the mesons:

e Same concept, different phenomenology:

KO

.
.o
3
o
B L . .
nn 05 L& 1Lk
Decay Time {ns| Decay Time [psh
m r= [T {cTl
K¥gystern 498 MeV Ko 0009 ns (27mm), ;- 91 ns (15m)
Eﬂ:'-r_l.':-l:em | 8655 bW Gdlbps (012 mmj
ﬂ:'-l.]'s-l:-!-:m 5180 MWV 1.517 p= (046 mmi
Bo.system 5367 MeV 1.527 ps (D446 mm)

Proba el Ry

=T +Twlf2  Amips™")

5.57 ng!
244 ps~!
0.659 ps~!
0.655 ps~!

pd

Dy Time (e

0.005
0.000
0.507
17.77

By the way,

h=6.58 1022 MeVs

PO-> PO
PO> PO
0
BS
;._ ] ——
E L :;I B B2
“ ]
e
1.4
3.7
: EIII . a 3
Ciecay Time (g
Al = ]_.l_ = ]-|'|I I ¥
OasL ps* 0L | O
Q p-:" 0.7 CLHNOS
OOE7 ps" 0 | 0068

x=Am/T": avg nr of
oscillations before decay
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Oscillations (1)

e Start with Schrodinger equation: a(t)
| | ()= ( ]
N : [_i [0 — L b(t
2 ar=impo (M=l M=l ©)
ot 9 M =3I JLY/ — (2-component state in
2 2 . PO and PP subspace)

e Find eigenvalue:

M—;F—)\ Mlg—%Fm 0
My — ity M —3iT—X |~
. _ P
e Solve eigenstates: W, =
- +
[Py = p|P") —q|P") q
|Py) = p|P") +q|P")

we find p and g by solving
( M — 5T Mw%ﬂz)(?)_)\ (P) ) q Mz —

* T P — Ax - — -
Mpy =5, M = 3T q q b ﬂy{iﬁ) —

e Eigenstates have diagonal Hamiltonian: mass eigenstates!

'—
b

b= b=
IR

= %
b
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Oscillations (2)

e Two mass eigenstates

|Pr) = p|P°% + q|P°)
|PL) = p|P") —q|P°)

e Time evolution:

Pyu(t)) = emimuat=3Tut|po(0y) || 1P = 5508 +1P)
Pp(t)) = e metmatipL(0)) || 1P = o) — 1Pl
~— _
S

1 . . . . _
‘ Po(t)> _ 5 (ezmeéPHt 1 Eszt%FLt) ‘PO) 4 % (eamHtérHt o esztéFLt) ‘pO)

e Probability for |P9> > |PO> |

e Expressin M=my+m_ and Am=my-m > Am dependence




Oscillations: summary
* P, a: [B,)=p[s")+afE’)

B,)=p|B’)-q §0>

° Am, ANl Am= 29{\/( d,p,M;;,I;; related through:

ﬂ_ Ml*z_irzzlz

Al= 4~SJ( j( > p \M,—il,/2

X,Y: mixing often quoted o 20 Al
in scaled parameters: B

F y ZF cos(Amt) = cos(A?miJ = cos( le

T

|\)|—

Time dependence (if Al~0, like for BY):

‘ B° (t)> = g+(t)‘ B°>+&g_(t)‘@> g, (t) _ pimtgTt/2 cosﬂ
_ Y with
‘BO (t)> - g+(t)‘ BO>+Epg_(t)‘ BO> g (t) — g imta-Tt/2] smﬂ
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B.% mixing (Am,)

Ny, 8" ()-N B0 5° (t)

N B0 B’ (+N B0 —B° (t)

= CcoS(Am-t)

17.7683 £ 0.0051 (stat) £ 0.0032 (

E}’E.L:I [_15_]

21400 T T
4 - B,— D;n* .
- sy Dot — 8 = B = Dot — Untageed Sioof 1deal T
i . . # i 51000 . Am,=17.768 ps™
5 0fs
r ¥ ¥ ¥ | T T T T . -'9 Q.
EHO0F e A : e 0=0. E
- - gl - S 600 3
(] i 1r g |-"Ir : - !
:E'_ !]lb|.- ] . '.-._.I. -.%. L § 400E e \ _E
A Pk By, i c o
= 1500 g ' W W] 25 o Lt UL s
: I _ ' TN ] g(_% decay time t (ps)
= 100 i ©0 2
- AT : = < = 600 B.—s D" E
/ Py LHC S Y - 3
_ 8 , o] ] 2 sook Am=17.768 ps~ 3
O i &b ] K Ge=44 fs ]
: w"""--r-... s 400p ®=0.38 :
< ]
iF . © 300F .
2 1 h - 200F- :
t s ;
LHCb, Nature Phys. 18 (2022) 1 O :
0 1 2 3 4

2104.04421 [hep-ex]

decay time t (ps)


https://arxiv.org/abs/2104.04421

Mixing - CP violation?

e NB: Just mixing is not necessarily CP violation!

e However, by studying certain decays with and without
mixing, CP violation is observed

e Next: Measuring CP violation...
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Meson Decays

e Formalism of meson oscillations:

]' ' ) . . _
‘ Po(t)> _ 5 (ezmHt%FHt i eszt%FLt) ‘P[]) i % (ezmHt%FHt B esztéFLt) ‘P[])

(PO = (1) (")

q

e~ 1t 1
|£I'i(?f)|E = 5 (C‘DEhi.ﬁFtiCDEﬂm.t)
e Subsequent: deca
| e PYO—f
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O
Notation: Define A and A P _>f

A(f)= (AITIP°)  A(f)= (FITP")
A

A(F) = (FIT|P?)

(f) = (fIT|P°)
and define the complex parameter A; (not be confused with the Wolfenstein parame-
ter A !):

(3.14)

The general expression for the time dependent decay rates, I'po_;(t) = |{f|T|P"(¢))|*.

Niels Tuning (66)



Some algebra for the decay P? > f

immt—L il q [ _impgt—1 imri—L —
(6 iyt 2FHt Te it 21_’[,35) ‘P[]) 1 2_ (6 it 2FHt S iyt QFLt) ‘P[:])
p

b | —

) -

— — —_— T~
Cooy(®) = 142 ((loe@P} (s Plo-OF)- ERAg (09 (0)

_ _ Interference
Alf) = (fITIPY) | |A(f) = (fIT|P7)
qA;
N, — 22
I pA;
PO >f PO> PO >f
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Some algebra for the decay P? > f

Ppoop(t) = A7 (lo+ (O + [APlo- (0O + 2R[Arg7 (£)g-(1)])
Ppof(t) = |Af E (lg— (O + [ 7" g4 (O + 2R[Arg (1) g~ (1)])
Ppo_p(t) = |Ay? g (lg-(OF + A Plg+(OF + 2R[Arg4.(£)g” (1)])
Ppo_p(t) = JAg*  (lop(OF + A Plo-(0)]* + 2R\ gy ()g-(1)])  (3.15)
g (t)]7 = E;H (mah %&T‘t + cos &mt)
gt (t)g_(t) = E_;t (5i11h %&Ft + 1 sin &mt)
g(t)g-(t) = E_;t <5i11h %&Ft — isin .ﬂmt) (3.16)
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The 'master equations’

—TI't ('direct’) Decay Interference

((1 +|Af]%) cnah%&ﬁf + 2R\ sillh%&rt — (1 — |Af]?) cos Amt + 23\ sin&mt)

Lpo_f(t) =

The sinh- and sin-terms are associated to the interference between the decays with and
without oscillation. Commonly, the master equations are expressed as:
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The 'master equations’

—TI't (‘direct’) Decay Interference

((1 + |)k_f|2) cnah%&ﬁf + 2R\, sinh%&]“‘t —(1-— |)t_f|2) cos Amt 4 25 sin&mt)

Lpo_f(t) =

The sinh- and sin-terms are associated to the interference between the decays with and
without oscillation. Commonly, the master equations are expressed as:

Tt 1 1
Upo_f(t) = |}1Jf|2 (1+ |)\f|2)€2 (cc:-sh iﬂrt—l—Dfsinh Eﬂft—l—Cfcos&mt—stin&mt)

p|? et 1 1
Lpo_s(t) = | Af|? . (1+ |)\f|2)7 (cosh 5&1“1‘ + D sinh Eﬂf't — 'y cos Amt + Sy sin &mt)
(3.18)

ek 2R 1— |\ 23\
P oA f= (3.19)
L+ [Agf? L4 [Agf? L+ Agl?
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Classification of CP Violating effects

1. CP violation in decay D(P"— )£ T(P°— f)
This is obviously satisfied (see Eq. (3.15)) when
A
1
1, # 1.

2. CP violation in mixing

Prob(P" — P") # Prob(P" — P")

‘E‘%l.
p

3. CP violation in interference

D(P°5%) — )(t) # T(P°r®) — £)(E)

A
I\, =S (E_f) £0
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Meson Decays

e Formalism of meson oscillations:

‘Po(t)> _ %( mimpt=3t | - szt——FLt) ) 4 2‘2 (e—imHt—%FHt_e—imLt—%FLt) P
p

e Subsequent: decay

Cpoos(t) = |A/° Q) @lg )@*m (t))

PO >f PO> PO >f

Interference

A(f) = (fIT|PY | |A(f) = (f]T|P°)

Interference




| g A
CP violation: type 3 SAr = g( Jlj) 70

D(PYp%) — f)(t) # D(P’p%) — f)(1)

Lpoiy—s — Lpoy—s

A
oplf) = L poy—p +Lpogy—y

: et 1 1
Tpo_s(t) = |Az (14 [\ (( osh AT + Dy sinh EAH + Ccos At — Sysin ;\.m.f.)
e Tt 1 1
Ppo_f(t) = [Af 2 (14 1A\f]?) ( osh EAFT + Dy sinh —Al't — C'y cos Amt 4+ Sysin Am.t)
. Q\R,\f . 1— ‘/\f|2 . 2(\_\5,\f
Ve AN TPV A
- - YA / ¢ : ;
S — . ST 1IN AN = ¢ | 1Ty A\NTY
Ppoiy—y =LUpoy—y  2C¢cos Amt — 255 cin Amt

A — _ _
cplt) = Fpoy—y +Lpoy—p  2cosh %Aﬂ + 2D, smh %Aﬂ
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Classification of CP Violating effects - Nr. 3:

Consider f=f_:

FPD[”_,.JF — FPDH’J_}}‘ - ZGf cos Amit — ESI sin Amdt
FP':'[t:I—}f + Fﬁniﬂ_}f 2 cosh %&Ft + E_D'f sinh %&Ff

idnf'p[f-:l —

If one amplitude dominates the decay, then A; = A;

—3 Ay sin Aml
cosh %&Ft + A s sinh %ﬂl"i

Acp(t) =

3. CP violation in interference

D(P°5%) — )(t) # T(P°r®) — £)(E)

A
I\, =S (E_f) £0
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Relax: BY2J/WK, simplifies...

IR 1 — A2 | 23\
D — f w — f ’Sf — 'f .
TP TP EARS TPV

P Lpoy—r — L pogy—¢ 2C ¢ cos Amt — 255 sin Amnt
Acpl\l) = = 1, ( 1
‘ Upogty—y + Upoy—y  2cosh %Aff + 2D sinh éAFf

Ad=1 AT'=0

V4

fl(_‘;p (f) = — S/\f SIn (A???f)
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A for BY — J/yKO

g 3 /K q
2 _| A s | A
(5], 223




A for BY — J/wKOs

y) — _ thth VCK cchd*
T thvtd ) Vcb}/g Mg\/cd

_ _pB

Time-dependent CP asymmetry

A, (t) =—sin 2 sin(Amt)

« Theoretically clean way to measure 3
« Clean experimental signature
« Branching fraction: O(104)
« “Large” compared to other CP modes!
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CP eigenvalue of final state J/yKO%

o CP |J/y>=+1]|]/y>
« CP |K9%> = +1 |KO>

« CP J/\|JK05> —@|J/\VKOS> (S(B)=0 > L(I/yK%)=11)

ﬂ, ]GSth\/td V K CS cd
TS \thvtd* Vcb}/g Mg\/cd

@_ZI'B Relative minus-sign between
state and CP-conjugated state:

A\gp (t) _ 1_‘I§—>f (t)_FB—>f (t) _ Im(/lf)smAmt

F§_>f (t) +FB—>f (t)
Ace (t) €3in 28 sin(amt)




Sum of 2 amplitudes: sensitivity to phase
Now also look at CP-conjugate process

o
e Investigate situation at time &, such that |A;| = |A,] :
N(BO® = f) oc |A|2 oc (1-COSd)2+Sin2(
= 1 -2cosdp+cos2p+sin2j
= 2-2cos(n/2-28)

oc 1-sin(2[3)ﬂ'
— N

N.. -N,
Bt B2 _sin(2p)

ACP:NO

B"—f

#2+2p

?—H

i)

2/ N(B_Oé f) oc (14+cosd)2+sin2¢
= 2+2cos(n/2-28)

1+cos(¢)
oc 1+sin(2pB)

sin(g)

e Directly observable result (essentially just from
counting) measure CKM phase 3 directly!

N_O _NBO—>f
A (t =7 /2Am) === =sin(2,8)
N + N—

B f B> f
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Remember!

Necessary ingredients for CP violation:
1) Two (interfering) amplitudes

2) Phase difference between amplitudes
— one CP conserving phase ( ‘strong’ phase)

— one CP violating phase ( ‘weak’ phase)

2 amplitudes
2 phases
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Remember!

ion
Vi

b

fhou,et

i CP operat

tudes

2 amp
2 phases

li
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Courtesy Daan van Eijk

Time dependent CP violation
BO tag B0 tag
o 9 3 T
& o
unmixed | oo e | B S -] unmixed
Total ramplitude Total amplitude
. CP asymmetry |t Decay Rate
- d =10 deg
|4 [ T/AM = 1.3




"The"” Unitarity triangle: consistency?!

I # * *
"1 VudVun + ¥a Yo + VaVin =0

(p-M) v v
#
T““rudvub \étd v];b
s d cb
Ya Yo -
JIT B
| Re




“The” Unitarity triangle

1.5

1.0}

0.5

= 0.0

-0.5 :—
1.0 — Y —
i :
| Sk . il
_1 .5 i L1 1 1 I L1 11 E L1 1 | L 11 ] L1 1 1 | |
1.0 05 0.0 0.5 1.0 1.5
P

IIIIIIIIIFIII

excluded area has CL = 0.95 |:
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Remember

Necessary ingredients for CP violation:
1) Two (interfering) amplitudes

2) Phase difference between amplitudes
— one CP conserving phase ( ‘strong’ phase)

— one CP violating phase ( ‘weak’ phase)

2 amplitudes
2 phases

Niels Tuning (85)



Is there time?
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Classification of CP Violating effects:
where is discovery of CP violation with kaons from 19647

1. CP violation in decay D(P"— )£ T(P°— f)
This is obviously satisfied (see Eq. (3.15)) when
A
1
1, # 1.

2. CP violation in mixing

Prob(P" — P") # Prob(P" — P")

‘E‘%l.
p

3. CP violation in interference

D(P°5%) — )(t) # T(P°r®) — £)(E)

A
I\, =S (E_f) £0
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CP eigenvalue

Remember:

- P2=1 (X2 -X 2 X)
- C=1 (y2>vy2vy)
- = CP?2 =1
CP|lf>==x]|f>

Knowing this we can evaluate the effect of CP on the KO

Mass/Lifetime eigenstates: almost CP eigenstates!
|Ky> = p| K%> +q[K>
|IK,> = p| KO> - q|K%>
( S(K)=0 2> L(nx)=0 )
|K,> (CP=+1) > =x (CP= (-1)(-1)(-1)7° =+1)
|K,> (CP=-1) — nzx (CP=(-1)(-1)(-1)(-1)=% =-1)
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CP eigenvalue

Remember:

- P2=1 (X2 -X 2 X)
- C=1 (y2>vy2vy)
- = CP?2 =1
CP|lf>==x]|f>

Knowing this we can evaluate the effect of CP on the KO

Mass/Lifetime eigenstates: almost CP eigenstates!
|[Ks> = p| K®> +q[K®>
|IK.> = p| K> - q|K®>
( S(K)=0 2> L(nx)=0 )
|K,> (CP=+1) —» zx (CP=(-1)(-1)(-1)7° =+1)
|K,> (CP=-1) — zzx (CP=(-1)(-1)(-1)(-1)'=9 = -1)
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The Cronin & Fitch experiment

Essential idea: Look for K, > nn decays
20 meters away from K° production point

Decay pions
WATER
j
Incoming K, beam REGION OF co
OBSERVED DECAYS SCINTILLATOR

FLAN VIEW e A

57 f1 TO~———

HELIUM BAG

INTERNAL
TARGET SCINTILLATOR
WATER
CERENKOY

COUNTER

Result: an excess of events at ©=0 degrees!

e CP violation, because K, (CP=-1)
changed into K; (CP=+1)

K, 2 nr decays
(CP Violation!)

y

<
»
.

*

30

NUMBER OF EVENTS

.....

K, 2 nnrx decays

0.5995 0.9997 0.9998 0.9999

.
anun®®

X e
% 0 Ob
@

* *

oy

Note scale: 99.99% of K 2rzzrx decays

are left of plot boundary
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Kaons...

e Different notation: confusing! Kp) = |K2) +e€|Ky)

Kli K21 KL! KS! K+1 K-; KO ‘I{H — ‘Ifl } TE€ ‘[fg}
Kp)=0p KU> —q W>
Ks) =D KU> +q F>

e Smaller CP violatina effects

— )7 A AN (p — in)
I’f:‘:fKﬁJ = —A 1—1)2 AN? + oV
AN my:py 1

1—p—in)
| —sA! 0 0
oV = é - 2(p+in))) | —é)\“‘(l +4A?) | 0. L O
AN (o + i) FAN(1 = 2(p +1n))) —3A%N

» But historically important!

= Concepts same as in B-system, so you have a chance to understand...
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Kaons...

e Different notation: confusing! Kp) = |K2) +€|Ry)
CP eigenstates ‘ Kp)=p If{]> —( K"

Ks) =D KU> + q F>

e Smaller CP violatina effects

— )7 A AN (p — in)
I’f:‘:fKﬁJ = —A 1—1)2 AN? + oV
AN my:py 1

1—p—in)
| —sA! 0 0
oV = é - 2(p+in))) | —é)\“‘(l +4A?) | 0. L O
AN (o + i) FAN(1 = 2(p +1n))) —3A%N

» But historically important!

= Concepts same as in B-system, so you have a chance to understand...
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Kaons...

e Different notation: confusing! Kp) = |K2) +e€|Ky)

o R KL’K-, KO Ks) = K1) + € |K)

Mass/lifetime eigenstates

Kp)=0p KU> —q W>
Ks) =D KU> + q F>

e Smaller CP violatina effects

— )7 A AN (p — in)
I’f:‘:fKﬁJ = —A 1—1)2 AN? + oV
AN (1 —p—in) —AA

1
_%,\4 0 0
5V = ( ; —2(p+in)))  —iXY(1+442) 0 ) + O(X%)
AN (p +-in) AN = 2(p +1in))) —5AN
» But historically important!

Concepts same as in B-system, so you have a chance to understand...
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Kaons...

o Different notation: confusing! ) = |K2) +e€|Ry)
K11 K21 K|_1 KS1 K+1 K- ‘I'l"ﬂ — ‘I‘i]_} + € ‘I‘iﬁ}
Flavour eigenstates ‘ I‘;L :} =D If{]> —q KO

Ks) =D KU> + q F>

e Smaller CP violatina effects

— )7 A AN (p — in)
I’f:‘:fKﬁJ = —A 1—1)2 AN? + oV
AN my:py 1

1—p—in)
| —sA! 0 0
oV = é - 2(p+in))) | —é)\“‘(l +4A?) | 0. L O
AN (o + i) FAN(1 = 2(p +1n))) —3A%N

» But historically important!

= Concepts same as in B-system, so you have a chance to understand...
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CP violation in the quark sector

3) B-mesons: Decays and Experiment Patrick, 60’
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