Particle Physics II — CP violation
(also known as “Physics of Anti-matter”)

Lecture 2

N. Tuning
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Plan

1) Mon 2 Feb: Anti-matter + SM
2) Wed 4 Feb: CKM matrix + Unitarity Triangle
3) Mon 9 Feb: Mixing + Master eqgs. + B—JyK,
4) Wed 11 Feb: CP violation in B, decays (I)
5) Mon 16 Feb: CP violation in B, decays (II)
6) Wed 18 Feb: CP violation in K decays + Overview
7) Mon 23 Feb: Exam on part 1 (CP violation)
» Final Mark:

>

if (mark > 5.5) mark = max(exam, 0.8*exam + 0.2*homework)

else mark = exam

In parallel: Lectures on Flavour Physics by prof.dr. R. Fleischer

Tuesday + Thrusday
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Plan

e 2 X 45 min
1) Keep track
of room!

Periode SEM2 - Hoorcollege

(Aanwezigheid verplicht)

Groep Blokweken Dag Tijd Gebouw Zaal
6 7 8 9 10 11 12 13 14 15 16 17 18
1| 000000000000 Maandag 09.00 - 10.45 MIN 205
1| 0DE 0 EEEEE000D0O0 Maandag 09.00 - 10.45 MIN 023
1| 00EO0O0000O0O0OO0O0Oo0Oao Maandag 09.00 - 10.45 BBG 023
i, 000o0oo0oooeE0O0O00oao Maandag 09.00 - 10.45 MIN 012
1 B EEEEENEOEOOODO Woensdag 09.00 - 10.45 MIN 025
1, 000000 O0=mOoO0O0O0OaOo Woensdag 09.00 - 10.45 BBG 061
Periode SEM2 - Werkcollege (Aanwezigheid verplicht)
Groep Blokweken Dag Tijd Gebouw Zaal
6 7 8 0 10 11 12 13 14 15 16 17 18
1 E000000O0O0O00O000Oa0n Maandag 11.00 - 12.45 MIN 205
1| O ED0OEEDOEEBEODODODOAO Maandag 11.00 - 12.45 MIN 023
1, 00E 0000000 00n0aon Maandag 11.00 - 12.45 BBG 007
1| 000000 O0O0&@0O00OoaQ Maandag 11.00 - 12.45 MIN 012
1 B EEEEMOEOEEOOAO Woensdag 11.00 - 12.45 MIN 025
1| 0000000800000 Woensdag 11.00 - 12.45 BBG 061

1) Monday + Wednesday:

. Start:
] End:

9:00 =2 9:15
11:00

=  Werkcollege: 11:00 -7
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Recap: Motivation

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

e Interesting because:

1) Standard Model:
in the heart of quark
interactions

2) Cosmology:
related to matter - anti-matter
asymetry

3) Beyond Standard Model:
measurements are sensitive to
new particles
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Recap: Anti matter

e Dirac equation (1928) Hvy = (a-p+ Bm) o

— Find linear equation to avoid negative energies

— and that is relativistically correct

0

with : +* = (3, a) = Dirac y—matrices

!

(i 8, — m)

> Predict existence of anti-matter
e Positron discovered (1932)

e Anti matter research at CERN very active
— 1980: 270 GeV anti protons for SppS
- 1995: 9 anti hydrogen atoms detected
— 2014: anti hydrogen beam

" detection of 80 antihydrogen atoms 2.7 metres downstream of their production™

» Test CPT invariance: measure hyperfine structure and gravity

Niels Tuning (6)



Recap: Cand P

e C and P maximally violated in weak decays
- Wu experiment with 6°Co
- Ledermann experiment with pion decay

> Neutrino 's are lefthanded!

e C and P conserved in strong and EM interactions
— C and P conserved quantitites

» C and P eigenvalues of particles

“Intrlnsm
e Combined CP conserved? Q’J 5 T?
TU ‘ —> T . —C’ TC‘
S
[ L
“ V A\Y%

\/ M Niels Tuning (7)



Recap: SM Lagrangian

e C and P violation in weak interaction

e How is weak (charged) interaction described in SM?

LSM — I—Kinetic T I—Higgs + L1(ukawa
W-

d_< Ly 110", ) —> 17D, )y
I

u with w=Q}, uy, dy, L, Iy
L ~ 9 0 wed a4
Kinetic_ﬁ TVARAALY ﬁ L/ VWV, U T
Ly = Y., d)) (gpo)déﬁ...
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LSM — I—Kinetic T I—Higgs + LYukawa Reca p
- + |
dod qny | @ | u
Ly = Yy (U, dy); ( 0] de; + W
o ) | =====-
g g T |
I—ineic: |7/ﬂ\Nd|+ dly#\/\/ul_'_ d
Kinet \E L Li f Li Li
Diagonalize Yukawa matrix Y;; d’ d
- Mass terms SI SV
- Quarks rotate | CKM
- Off diagonal terms in charged current couplings b b

—_— = — md
u _LMass - (d’s’b)L[[

W <
_____ Lewn = "W,V (1-
b CKM xﬁ |7/ IJ( 7/)

m, H;] + (u,c,t)L[[mu m, mHl(::] ...
N R

+% J7/"W+V (1 y )u.+...

LSM — LCKM + LHiggs T LMass




CKM matrix

d ~(m, u /dl d
1w ][4

b ), m ) (t), S | =>Vem | S
d. -

e CKM matrix: rotates quarks between different bases

e Describes charged current coupling of quarks (mass
eigenstates)

e NB: weak interaction responsible for P violation

» What are the properties of the CKM matrix?

» What are the implications for CP violation?
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Ok.... We've got the CKM matrix, now what?

d’ Vid Vus Vi d
"= Vi Ves Vu s
b’ Via 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?
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How do you measure those numbers?

e Magnitudes are typically determined from ratio of decay
rates

II.
Re .

e Example 1 - Measurement of V4 Vid Vus Vi
- Compare decay rates of neutron Ef"f 1“ EE"‘E’
decay and muon decay td  Vis  Vib

- Ratio proportional to V 42
~ |V 4l = 0.97425 £ 0.00022

- V4 Of order 1
V v
u - Vi

Niels Tuning (12)




How do you measure those numbers?

II.
Re .

e Example 2 - Measurement of V. Vad Vust Vi
— Compare decay rates of Ef"f 1“ EE"‘E’
semileptonic K- decay and td  Vis  Vib
muon decay
- Ratio proportional to V2
- |V, = 0.2252 £ 0.0009
- Vs =sin(6,)
vV Vv
—[ 8 ' uq .0 n = v
K { u a }TE !

dx_ 1927 Tm

dr(K® > 7'ev))  G2mS 2\
(K> x'ev,) _Gimg |Vus|2f(q2)2(xi—4m—§j " 2E_

K K




How do you measure those numbers?

— Compare decay rates of

Vud  Vaus }-ub‘

e Example 3 - Measurement of V, (
Ved  Ves {FE“.E;-,:

B® - D*Il*v and muon decay Via Vs Vi
— Ratio proportional to V2
- V4l = 0.0406 = 0.0013

- V, is of order sin(6.)? [= 0.0484]

= S |

BO{E W
o =Uu,C
m?2
C=m—§
_— 2,5 IRV i
dx 1927 1-X 1-X m,




How do you measure those numbers?

e Example 4 - Measurement of V Vid  Vas 'i«ub
- Compare decay rates of i:,f’d :;r ’ Lf:'b
BO > D*I*v and B 3> nl*v bd  Tis o Ttb

- Ratio proportional to (V,p/Vp?
~ [V/Veol = 0.090 % 0.025
-V, is of order sin(0.)3 [= 0.01]

Sm— ) L

b T
d

BO{E

2

Th—ulv,) Vol [ f(MZ/m?)

Ch—clv) M7 F(mi/m)




How do you measure those numbers?

e Example 5 - Measurement of V_, Vad Vus Vb
— Measure charm in DIS with neutrinos a.EE‘?T' Lfs Lf'b
el Vis Tf'fb

— Rate proportional to V42
~ |V4| = 0.230 £ 0.011
- V, is of order sin(6.) [= 0.23]




How do you measure those numbers?

Ved Vs }J;b

r r e “
Via  Vis =’T, thr
‘an?

e Example 6 - Measurement of V,, Vid Vus Vi
- Very recent measurement: March ‘09!

— Single top production at Tevatron
- CDF+DO: |Vl = 0.88 = 0.07




How do you measure those numbers?

e Example 7 — Measurement of Vg, Vis Vid Vaus Vi
— Cannot be measured from top-decay... ( : ; )
- Indirect from loop diagram Tttt
- V! recent measurement: March '06
- |Vl = 0.0084 + 0.0006

V.| = 0.0387 + 0.0021

u, c,t Vts
> Ratio of frequencies for B and B,
w W 2 2
B Ams _ mBs stBBs ’Vts‘ Bs 52 ’Vts‘
. —— . b o 2 2
Vi T, € Am, my, f5 Bg, td‘ ’th‘
w Vts
VAT 5
_ Vi, ~ A2
et [ Vg ~23 > Am, ~ (1A2)Am, ~ 25 Am,

Vis w* ¢ =1.210 *2-947 from lattice QCD



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

dl
SI
bl

Vud Vus Vub

— Vcd Vcs Vcb

th Vt th

V.| N, 0.97419 0.2257  0.00359
V| V| [=] 02256 097334 0.0415

YARRY, 0.00874 0.0407  0.999133
ts th

d
S
b

0.00022 0.0010  0.00016

+ | 0.0010 0.00023 0.0011

0.00037 0.0010  0.000044

Magnitude of elements shown only, no information of phase
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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,/\Db

V.| M| N, 1 X\
Vol IV Mll= | A 1 N A=sing, =sing, ~0.23
th Vts th /\3 /\2 1

Magnitude of elements shown only, no information of phase
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Approximately diagonal form

e Values are strongly ranked:

— Transition within generation favored

Transition from 1st to 2"d generation suppressed by cos(6.)

Transition from 2"d to 374 generation suppressed bu cos?(0.)

Transition from 1st to 37 generation suppressed by cos3(0,)

CKM magnitudes
d s b Why the ranking?
~ ) We don’t know (yet)!
(Ha -
If you figure this out,
o . e you will win the nobel
. prize
t - =
\_ A3 A2 '

A=sin(6.)=0.23
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Intermezzo: How about the leptons?

e We now know that neutrinos also have flavour oscillations
— Neutrinos have mass

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

L"Y ukawa

Yiitpi & Urj + h.c.

Y“EQ (;)d +Y“Q ou +YIL @?ﬁlf
Li Li Rj Rj

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

— Pontecorvo-Maki-Nakagawa-Sakata matrix

U-El
= |U

pl

_UT].

UE‘E.’
U

L2

UT‘E.’

UEE-

Upa
UTE

Vs

d)

s’

o).

-

s

o

5

Vel [ d}-
Vcb 5}
Vin | | b}_
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Intermezzo: How about the leptons?

e the equivalent of the CKM matrix

— Pontecorvo-Maki-Nakagawa-Sakata matrix

Ve U U Uesl| |4 ﬂ’-‘r}- Ve Vus Vs ﬁ’-}
Yyl = Uf-*l UP? UPEP [ Vs S;} — Vcd 1";5 Vcb S}
Ll _Uﬂ Usa UTE._ | V3 _H}_ _th Vi Vth_ _'5}_
e a completely different hierarchy!
0.85 0.53 0 0.97428 0.2253  0.00347
Uminsp ™ 037 0.60 0.71 Verayr = | 0.2252 0 0.97345 0.0410
037 0.60 —-0.71 0.00862 0.0403  0.999152
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Intermezzo: How about the leptons?

e the equivalent of the CKM matrix

— Pontecorvo-Maki-Nakagawa-Sakata matrix

e a completely different

U-E! 1 UE‘}I
U.ﬂl UP?

LV _UT]. UT‘E.’ UTE_

UEE
Upa

Vs

o2
[”Iel |2
E”'T’T].|

2

See eg. PhD thesis R. de Adelhart Toorop

- df }- -Vud I’ru . Vﬂb- - d}-
S;} — Vcd I"Ls V,ﬂb 5}
i H}_ _I"rtd I"Es Vi:h_ I b}-

|DT62|2 |[,=T€_3|2 2 1 0
el 10 )= ¢ 1 3
|C’T*r2| |DTT3| = 3 5

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

Intermezzo: what does the size tell us?

H.Murayama, 6 Jan 2014, arXiv:1401.0966

= Neutrino mixing due to "anarchy ":

= " quite typical of the ones obtained by

randomly drawing a mixing matrix from an

o
o % #
«

unbiased distribution of unitary 3x3 matrices ’

0.2 0.4

0.6
sin220

0.8 1

and found that it is 47% probable [21]! So we learned indeed that the neutrino masses
and mixings do not require any deeper symmetries or new quantum numbers. On the
other hand, quarks clearly do need additional input, which is yet to be understood.

Harrison, Perkins, Scott,
Phys.Lett. B530 (2002) 167,

hep-ph/0202074

= Neutrino mixing due to
underlying symmetry:

-

e s
Sled-Ee o

n

=

S-S

" Vo

= diag (m?, m3,

Fo -
U,=10 1
3 0

ie. U/ MAU, = diag (m2, m2, m2) and USM2U,

/3

1
2
0
1
2

2

lepton mixing matrix (or MNS matrix) U = (.-"Y; U, is given hy:

179

1
2
0
1
2

e Sl Sl

Uy
0 —
1
0

/3

1

2
0
1

2

|

151

1t
-

-
ST e S

(4)

m3), so that the



http://arxiv.org/pdf/1401.0966.pdf
http://arxiv.org/abs/hep-ph/0202074
http://arxiv.org/abs/hep-ph/0202074
http://arxiv.org/abs/hep-ph/0202074
http://arxiv.org/abs/hep-ph/0202074

Back to business: quarks

We discussed magnitude.

Next is the imaginary part !
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Quark field re-phasing

Under a quark phase transformation:

14, 2
and a simultaneous rephasing of the CKM matrix:
e_¢u Vud Vus Vub e_¢d
V — N V, V. V, e % or Vaj —> eXp(i (¢J _¢a ))Vaj
e_ﬂ th Vts th e_%

the charged current  J&¢

=u,;7*V;d; s left invariant.

Degrees of freedom in Vg, In
Number of real parameters:

Number of constraints (VV7 = 1):
Total degrees of freedom:

Number of Euler angles:
Number of CP phases:

Number of imaginary parameters:

Number of relative quark phases:

N generations

(N-1)2
N (N-1) / 2
(N-1) (N-2) / 2

2 generations:

V. cosd sind@
KM 1 _sin@ cosé

No CP violation in SM!
This is the reason
Kobayashi and Maskawa
first suggested a 3™
family of fermions!
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First some history...
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Cabibbos theory successfully correlated many decay rates

e There was however one major exception which Cabibbo
could not describe: KO > ut

— Observed rate much lower than expected from Cabibbos rate
correlations (expected rate o g8sin?0.cos?4,)

d s
Cosg, ¢ ® Sing,
. u .

w w
| 4

,ll+ /l Niels Tuning (29)



The Cabibbo-GIM mechanism

e Solution to KO decay problem in 1970 by Glashow,
Iliopoulos and Maiani = postulate existence of 4th quark

- Two ‘up-type’ quarks decay into rotated ‘down-type’ states

— Appealing symmetry between generations

d’=cos(4_.)d+sin(4_.)s s’=-sin(4_.)d+cos(6éc)s

d'y (cosf, sing, \d
s') |-sing, coso, s
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The Cabibbo-GIM mechanism

Phys.Rev.D2,1285,1970

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Grasmow, J. Iuiopouros, axp L. Marastf
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuselts 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 seleetion rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed.

splitting, beginning at order G(GA2), as well as con-
tributions to such unobserved decay modes as Kz —
ut4u—, K+ — xt4I14-1, etc., involving neutral lepton

We wish to propose a simple model in which the
divergences are properly ordered. Our model is founded
in a quark model, but one involving four, not three,
fundamental fermions; the weak interactions are medi-

new quantum number @ for charm.
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The Cabibbo-GIM mechanism

e How does it solve the KO > u*u- problem?

— Second decay amplitude added that is almost identical to original
one, but has relative minus sign - Almost fully destructive
interference

— Cancellation not perfect because u, c mass different

d S d 5
cosd, ¢ 0i+sing, : % -Sing.$ » cOs0,

+ +
lu lu ﬂ Nield Tuning (32)



Quark field re-phasing

Under a quark phase transformation:

14, 2
and a simultaneous rephasing of the CKM matrix:
e_¢u Vud Vus Vub e_¢d
V — N V, V. V, e % or Vaj —> eXp(i (¢J _¢a ))Vaj
e_ﬂ th Vts th e_%
In other words: Vid Vus Vuw\ /d
(w, ¢, ), | Vea Ves Vo | | 8]
Véd Ws Wb b L

Vud € Vs Vi d e'
(, ¢, ) | Veae™™ Vs Ve $
Vid et Vis  Va b L
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Quark field re-phasing

Under a quark phase transformation:

14, 2
and a simultaneous rephasing of the CKM matrix:
e_¢u Vud Vus Vub e_¢d
V — N V, V. V, e % or Vaj —> eXp(i (¢J _¢a ))Vaj
e_ﬂ th Vts th e_%

the charged current  J&¢

=u,;7*V;d; s left invariant.

Degrees of freedom in Vg, In
Number of real parameters:

Number of constraints (VV7 = 1):
Total degrees of freedom:

Number of Euler angles:
Number of CP phases:

Number of imaginary parameters:

Number of relative quark phases:

N generations

(N-1)2
N (N-1) / 2
(N-1) (N-2) / 2

2 generations:

V. cosd sind@
KM 1 _sin@ cosé

No CP violation in SM!
This is the reason
Kobayashi and Maskawa
first suggested a 3™
family of fermions!
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Intermezzo: Kobayashi & Maskawa

Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

1
il

CP-Violation in the Renormalizable Theory
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

CP-Violation in the Renormalizable Theory of Weak Interaction 657

Next we consider a 6-plet model, another interesting model of CP-violation.
Suppose that 6-plet with charges (Q, Q,Q,Q—1,Q—1, Q0 —1) is decomposed into
SUyear (2) multiplets as 2+2+2 and 1+1+1+1+1+1 for left and right com-
ponents, respectively. Just as the case have a similar expression
for the charged weak current with € 3 x 3 instead of 2x 2 dnitary matrix in Eq.
(56). As was pointed out, in _this case we cannol absorb all phases of matrix

elements into the phase convention and can take, for example, the following
expression:
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Timeline:

e Timeline:

Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

- Sep 1972: Kobayashi & Maskawa predict 3 generations
- Nov 1974: Richter, Ting discover 1/y: fill 279 generation

— July 1977: Ledermann discovers Y: discovery of 3 generation
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From 2 to 3 generations

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

d'y (cosé, sing, \d
s') |-sin@, cosd, )\ s

e 3 generations: d'=0.97d + 0.22s + 0.003 b

d’ Vid Vus  Vup d
g 4 p— -Er; s ﬂl -Er;,:'_' = -Er'fl:-:fi. g
b’ Via Wis Vi b

e NB: probabilities have to add up to 1: 0.972+0.222+0.0032=1
- =>» “Unitarity” !
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From 2 to 3 generations

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

d’ coséd., sing, \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 8138_3513 1 0 0
; B .
I’CKM — —S512 (€12 0 0 _ 1 0 0 C23 523
0 0 1 —8136?’{)13 0 C13 0 —S93 (923
— 384
C12C13 $12C13 s1ze” "3
_ . 1013 1013
—812C23 — €12523513€ C12€C23 — S512523513€ 523C13

5 .5
$12593 — C12C23513€"1®  —C19593 — S512C23513€" " C23C13



Possible forms of 3 generation mixing matrix

e ‘General’ 4-parameter form (Particle Data Group) with
three rotations 645,043,053 and one complex phase ;5

— o 1 0 0 Cis 0 e Sa|(Cp, S, O
C12 B COS(elz), 512 B SIn(e]_Z) etc 0 Cpy Sy 0 1 0 =S, Cp 0
0 —Sy;  Cy —e' Si3 0 Cis 0 0 1) 0 e

sy,

C 12 C 13 L S 12 C 13 e S 13 € e
V = | —sy5C5,—c ezﬁl? L CeyoC 6351‘3’ Serer Cor o
L= 12623 ~¢125923°¢ 13 """" 12923 7%12523°13° g §93¢13
125237 €¢12%23° 13‘5 13 1252379126237 13E """""" 1 3’ 2313

e Another form (Kobayashl & Maskawa’s origlnal)
— Different but equivalent

/ . e e o«
d (_,1 5 13 ,,,,,,,, S 1°3 d
s/ =] s 1Co €1 C9Cq—355 5-3 6“5 C1CoSqTS59Cye " 5
! S1S9 CyS9C3+Cy 53{6"15 €y SySg—Cyege

e Physics is independent of choice of parameterization!
— But for any choice there will be complex-valued elements
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Possible forms of 3 generation mixing matrix

- Different parametrizations! It's about phase differences!

Parametrization

Useful relations

P1: V= R12(8) Rag(o,v) R}, (8)
—ig _ —1
3938’c6+c9c8’e 3968;60 6938"6 393‘,

T = SQCQSch

o sg_cg siry

. . tan® = |V, p/ Vepl
csse"cg—sscg!e_"" cscg"cg —|—3939’e_"¥’ cgSa tanS’:|th,’Vts|
_38’36 —ca’sg Co cos o = |ng|
P2: V = Raz(o) R12(8,%) R, (a') T =s2¢c s0cas re_rsiy
3 23 KM e-e [ - 4
R h 1 Vl “g ‘8%’ . = . cos @ = |V, 4]
e p aSI ng n —Sgco CgCoCat + Scsafe_l(to —CgCo gt + So'co.!e_-](‘p tﬂ.no'; = |Vig / Veal
sg8c —cgSacg! + cc—sa_fe_"p cgSo st + CG-CGJE_"‘p tan o’ = |V, / Vusl|
Vud Vus Vub d Pa: Vo= 323(0) Rz (7, ) R12(8) PDG T = SBCBSGCO’S‘TCE sin ks
e “gcT . 8T . T tan 8 = |Vys/ Vi gl
(u: C, t)L Vea Ves Ve s 5 —€gSo ST — SgfoeT ¥ —sgsgsr tcgeaeT ¥ socr tano = |Vep /Vip|
Vi Vie Vi) \b —cgeasr +ogeas I —agoass — cgrac™i¥ cocs tin 7 = Vay)
3 L
-1 .
P4: V. = Ri12(8) R31(7. %) Rgy (o) ) T = sgegsocasTes sinle
cpeT c93037+39cge_’? cscgs.r—sgsae_’ﬁp tan 8 = |V.g/Vyal
—8 Cq —8 858+ +c, e ¥ —8,_ Co8y — C, 85 ¥ tano = |Vig /Vipl
[ ] [} [} [} . — v
- — s S cr egcr sinT = |Vigl
P5: vV =

Vud e~ Vus Vb d e
(ua c, t)L Vcd e—iq.’) I/cs I/cb S
Vige " Vi Vg b

3 parameters: 0,1, 0
1 phase: 0

= Rgi(v) Ri2(0,%) R ()

c'gc‘,—c‘r; —+ ST g e ¥

_ —ig
SgCT CoCTS Lt —|—s.,—cq_;e
—SgC s . Cg SgS s X
— — 1 — —1g
CBSTCT, —|—c‘;—s‘r;e 3937— ce.s‘q—s‘r; —|—Cq—c7_;e

P6: V. = R12(8) Raa(o, ¥) Ra1(7) .
—sgsc-s.,——fcgc,,—e*”p SgCa SgSo T +6837671(p

T = sgcgs:;—c‘;—s‘r; L) sir] ¢
cos @ = |Ves|
tan T = |Vig /Vus|
tan v/ = |Vop/Veal
TJ =s,c so-cz.s‘,—c,,—sinrp

8- o

tan @ = |Vys /Ves|
—cssc-s.,——ssc,,—e_"p cgCo csso-c,,——sss.,—e_"p sino = | Vig|
—Cg ST —Sg CgCT tan T = |Vig/ Vil
—1 .
P7: V = Rag(o) R12(8, v) RB] (m) T = sgcgsgcgs.rc.r sin o
‘T . ‘9 TcecT . sin® = |Vys|
_3950574‘30’37‘371(9 cyCa 380037"‘30"37—‘37”‘? tan o = |Vig /Ves|
fgfo T + cosre ¥ —cgfa —HSgSo ST + cogere ¥ tan 7 = |V / Vi al
Ps: V. = Rgy(v) Ri12(9, ) Raa(s) . T = spcrsocosrersinfp
CgeT SgCocT — sgssre ¥ 393067+Co'3'r‘3_1¢ sinf@ = |[Vogq|
—dg Cgto Cg S tan o = |V, /Ves|
—cgST —SgCosT — sgere ¥ —sgscarT + egeqre ¥ tan T = |Vig/ Vg
Pg:

V = Rg1(7) Ras(o, ») R, (8)

7.99.so-sq—+c9cq—e_i{p 7c9.sc,-.s-,—759cq—e_“p

Cog S
CpCo S

. Co

a

= sgcgsgcgs.rc.r sin

tan 8@ = |V,ogq/Ves |

sino = |V.p|




Quark field re-phasing

Under a quark phase transformation:

14, 2
and a simultaneous rephasing of the CKM matrix:
e_¢u Vud Vus Vub e_¢d
V — N V, V. V, e % or Vaj —> eXp(i (¢J _¢a ))Vaj
e_ﬂ th Vts th e_%

the charged current  J&¢

=u,;7*V;d; s left invariant.

Degrees of freedom in Vg, In
Number of real parameters:

Number of constraints (VV7 = 1):
Total degrees of freedom:

Number of Euler angles:
Number of CP phases:

Number of imaginary parameters:

Number of relative quark phases:

N generations

(N-1)2
N (N-1) / 2
(N-1) (N-2) / 2

2 generations:

V. cosd sind@
KM 1 _sin@ cosé

No CP violation in SM!
This is the reason
Kobayashi and Maskawa
first suggested a 3™
family of fermions!
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Cabibbos theory successfully correlated many decay rates

e Cabibbos theory successfully correlated many decay
rates by counting the number of cos6. and sin6. terms in
their decay diagram

— < =<

Vi u u
g g CoS O gsiné.

4

F(,u_ —>e‘1_/evﬂ) oc g purely leptonic N 5

F(n—> pe‘f/e)oc g*cos’d. semi-leptonic, AS=0 > 1 = |Z:AI
i

F(AO — pe‘lje)oc g*sin®0. semi-leptonic, AS=1 -

Niels Tuning (42)



Wolfenstein parameterization

sin 912 = A (27)

sinfy; = AN (2.8)

sin@yze % = AN (p —in) (2.9)

where A, p and 1 are numbers of order unity. The CKM matrix then becomes O(A?):
% A ANpe )
Vekv = —A ., 1 %)\2 AT LSy (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; = AN (2.8)
sinfyze % = AN(p —in) (2.9)
where A, p and 77 are numbers of order unity. The CKM matlix then becomes OQ(A?):
— A2 A AN} (p = ’w;»)
TJXCKI,J — —/\ JOTTIOR 1— %AE A)\ et + 51’; (210)
AN (1 — p-,— m) —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 |V is only apparent

at O(A\*):
—3A L 0 0

8 oo,
SV = | 1A42X°(1 —2(pit i?;)}) — A1 4442), 0 +O(\%)  (2.11)
LAN (p + in)* lAX‘(I —2(p:F w)l-) —5AZN
3 real parameters: A, L p

1 imaginary parameter: n



Exploit apparent ranking for a convenient parameterization

e Given current experimental precision on CKM element values,
we usually drop A% and A°> terms as well

- Effect of order 0.2%...

4 22 A
1-— A Mg(p—in)

(d" 2 : (d)
s | = ) 1—% AL° S
Kb’/L M?’(l_p_”?) _Mz 1 \b/L

\ J

e Deviation of ranking of 1st and 2"d generation (A vs A2)
parameterized in A parameter

e Deviation of ranking between 1st and 3" generation,
parameterized through |p-in|

e Complex phase parameterized in arg(p-in)
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~1995 What do we know about A, A, p and n?

e Fit all known V;; values to Wolfenstein parameterization
and extract A, A, p and n

0.97428 0.2253  0.00347 0.00015 0.0007  0.00016
Vornw = | 0.2252 0.97345 0.0410 + [ 0.0007 0.00016 0.0011
0.00862 0.0403  0.999152 0.00026 0.0011  0.000045

e Results for A and A most precise (but don't tell us much
about CPV)

- A=0.83,2=0.227

e Results for p,n are usually shown in
complex plane of p-in for easier interpretation
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Deriving the triangle interpretation

e Starting point: the 9 unitarity constraints on the CKM
matrix

/V *ud V *cd V *td | /Vud Vus Vub \ / 1 O O\
V +V = V *us V *cs V *ts Vcd Vcs Vcb = O 1 O
\V *ub \ *cb Vv *tb ) \th Vi Vg } KO 0 1 J

e Pick (arbitrarily) orthogonality condition with/i,j)=(3,1)

u
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Deriving the triangle interpretation

e Starting point: the 9 unitarity constraints on the CKM
matrix

- 3 orthogonality relations

/V *ud V *cd V *td | /Vud Vus Vub \ /1 O O\
V +V = V *us V *cs V *ts Vcd Vcs Vcb =
\V *ub \ *cb Vv *tb ) \th Vts th )

e Pick (arbitrarily) orthogonality condition with (i,j)=(3,1)
V.V, +V V., +V,V, =
Vudvub +Vcdvc VdV R O
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Deriving the triangle interpretation

e Starting point: the 9 unitarity constraints on the CKM
matrix

/V *ud V *cd V *td | /Vud Vus Vub \ / 1 O O\
V +V = V *us V *cs V *ts Vcd Vcs Vcb = O 1 O
\V *ub \ *cb Vv *tb ) \th Vi Vg } KO 0 1 J

e Pick (arbitrarily) orthogonality condition with/i,j)=(3,1)

u
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Visualizing the unitarity constraint

e Sum of three complex vectors is zero 2>
Form triangle when put head to tail

(Wolfenstein params to order 1#)

Vt;th =1. A% L-p—1in)

Vu*bvud — MB (p + I 77)

chvcd — Aﬂ‘z ) (_l)
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Visualizing the unitarity constraint

e Phase of ‘base’ is zero - Aligns with ‘real’ axis,

Vt;th =1.- AL 1-po-1n)
Vu*bvud — MB (p + I 77)

Vc’;vcd — Aﬂ‘z ) (_)L)
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Visualizing the unitarity constraint

e Divide all sides by length of base

(pr1)

Vu*qu d __
chvcd

(po+1m)

( 0/ 0) Vc:)Vcd _ 1 (1/ 0)
v — =

chd

C

e Constructed a triangle with apex (p,n)
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Visualizing arg(V,,) and arg(V.y4) in the (p,n) plane

e We can now put this triangle in the (p,n) plane

0.6 -

=

04 €

02
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“The” Unitarity triangle

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

I =+= % *

- Vadvub+ ¥a ¥ + VgV =0

3. oo

s
ViuaVub Lﬂj
v,V Ya Vb

Al B
0 | Re




(

p

| ru d I'{u S

7
cd
1 I.td

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

pearg -

*

e } = +arg |:VCTJVCC| ] —arg [Vt;\/ td } =27 -arg [th ]
Vt;)\/td

Fa
I cs

-
I ts

I'Jub
Veb
I'IE b

1—1) A AN (p—1n)
= -\ SLe AR Im
AN(1—-p—in) —AN 1

VaVy ﬁfﬁilﬁﬁh
_q
Re
arg th\ b




Deriving the triangle interpretation

e Another 3 orthogonality relations

/Vud Vus Vub ) (V *ud V *cd V *td \ ( 1 O O\
VVT = Vcd Vcs Vcb V us cs V ts |~ O 1 O
\th Vs th J KV ub \ cb \4 th ) \O 0 1/

* * *
t

e Pick (arbitrarily) orthogonality condition with (i4)=(3,1)

*

V-V, +V.V +V V, =0

us = ts u
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The “other” Unitarity triangle

e Two of the six unitarity triangles have equal sides in O(L)

Im E = e #
Vthvuh'l' Ys \ﬁs + thvud_o

(p,‘l]) 4
ViaVud
V.V

b _ub Va Vo
Va Yb

1 Re

e NB: angle B, introduced. But... not phase invariant definition!?
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The “B.-triangle”: B

° Replace d by S Vi Vin + Ya Vb + VigVi =0
G .
Vu V:: td Exb
vl /o "
I V. V+ VoV + V.V =0 | o :
m us ' ub cs '¢cb ts 'th 0 | Re
V.V O
us ' ub z —Y | Re
% *
Vs Vb Vis Vi
%k
\c/:s \{:b

Vs {23]
VYCS c?)
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The phases in the Wolfenstein parameterization

/7 Jx 7 ok 7 7k 7 Vi

P Ltd‘/tb A LCﬁﬂ/cb . ‘/Ud‘/ub A LtSLtb

/ —_— . 0 - ! 3 p— . 0 —_— laY; p— . 0 e — f 3 p— . O —_—
= arg VU M= arg Vo ) = arg Vo Mg = arg VoV
ud ¥ b td V¢h cdV cp cs ¥ eh

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™

ckMWoltenstein = | —|Vea|  [Ves| |Vl + O(N°) (2.16)
Vile™  —[Vis|e¥s [V
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The CKM matrix
e Couplings of the d) (Vi Vi Vi )(d

charged current: s'|=|V, V. V,|s 5 V W
C CS C g b
b th Vts th u
A A A (p-in)
e Wolfenstein J4’ 2 P q
parametrization: [S] _ ) 1_/1_2 22 [S}
, 2
o), AV (1-p—in) -AL° 1 b,
e Magnitude: e Complex phases:
Vil Nal| [ 0.07428 0.2253  0.00347 Vo IVl Wl
Vil Mol |= | 02252 0.97345 0.0410 -V V] | Va
V| N, 0.00862 0.0403 0.999152 e Vol
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Back to finding new measurements

e Next order of business: Devise an experiment that measures
arg(Vig)=p and arg(V,,)=y.
— What will such a measurement look like in the (p,n) plane?

Fictitious measurement of  consistent with CKM model

CKM phases | . .
! — 1] —

Val Vil [Vasle™ ' :
W Pl Wy L i
e -l v “‘8\ VvV

G.ﬁ:— =y b _u z(:I-_/O_iﬂ)

= i bVud :

04 | VU*Vu = (i)

' ___f_*_i_..- cb ¥ cd

0.2 N Vie/ Vel

-1 -0.5 . }/ S ] 1ﬂ
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0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0
-0.4

Consistency with other measurements in (p,n) plane

excluded area has CL > 0.95

-0.2

0.0

0.2

>

0.4

0.6

T l L) L) T
I fitter

ICHEP 10

sol. w/ cos 2 <0
(excl..at CL > 0.95)

o

Precise measurement of
sin(2B) agrees perfectly
with other measurements
and CKM model
assumptions

The CKM model of CP
violation
experimentally
confirmed with high

I/IlllllllllIlIIIlIIIlIIIIIIIIIl

1.0 - =
precision!

(P, M)

(1,0)
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What’s going on??

Yukawa Couplings |

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

-+

-+
op
O

o ??? 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 ;n?;tef Yukawa couplings that gives masses to
epton fields Higgs onooves||  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
matrix are de err_nlne y the overlaps o SU(5) ... on afour- masses. The others have wavefunctions
these wavefunctions. dimensional slice that vanish at the intersection point.

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

