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CKM Matrix / KM mechanism
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CP-Violation in the Renormalizable Theory of Weak
Interaction
Progress of Theoretical Physics, Vol. 49 No. 2 pp. 652-657

Makoto Kobayashi and Toshihide Maskawa
Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

In a framework of the renormalizable theory of weak
interaction, problems of CP-violation are studied. It is
concluded that no realistic models of CP-violation exist in
the quartet scheme without introducing any other new
fields. Some possible models of CP-violation are also
discussed.




Hierarchy in quark mixing

Wolfenstein parameterization — expansion in A = sin ©_ ~0.22

L — 22 A AN (p —in)
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Unitarity
VTV !

Vus i + Vub i . 1 Vuqus* + Vchcs* + thVts* = O

Vcs 2 + Vcb i = 1 Vuqub* + Vchcb* + thth* = O

Vtsl2 + |th|2 = 1 VusVub* + Vcchb* + Vtthb* = O
2 2

cd + td = 1 Vuchd + Vuchs + Vuchb = O

Vcs i + Vts ] = 1 Vuthd* + Vuths* + Vuthb* = O

i + V ; - 1 Vchtd* + Vcths* + Vcthb* - O

cb tb



Unitarity triangles
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The Unitarity Triangle

« Convenient method to illustrate
(dis-)agreement of observables with CKM
1 prediction
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Predictive nature of KM mechanism
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A Dbrief history of B physics

1977 — discovery of the Y
1980 — discovery of the Y(4S)

1981 — discovery of B mesons

- [PRL 46, 84 (1981); PRL 46, 88 (1981)]
1983 — lifetime of the B meson measured
- [PRL 51, 1022 (1983); PRL 51, 1316 (1983)]
1987 — observation of BO mixing

- [PLB 192, 245 (1987)]




Discovery of bottomonium (Y)
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Discovery of bottomonium (Y)
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Discovery of Y(4S)
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First B meson lifetime measurement

Long lifetime — |V_ | is small (|V | too)
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Observation of B°-B° mixing

Same sign leptons

= same flavour B mesons

Mixing probability is large LT

= top quark is heavy

Mixing probability
r=0.21 £ 0.08

PDG 2006:

‘" (x,) = 0.188 £ 0.003

From 103/pb of data
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ARGUS experiment (1987)




B mixing with current data sets

P(At) = (1+cos(AmAt))e™ /21

» Belle experiment 0.8

PRD 71, 072003 (2005) .

Am = (0.511 £ 0.005 £ o=
0.006) ps™

« From 140/fb of data
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B_mixing

» Mixing in the B_system is large

- PDG 2004
« Am > 14.5 ps?
S - SDEDF Run Il Preliminary L=1.0f"
o X (“r”) > 049884 - A —— combined
S E’ A _— hadr.onic |
* October 2006: < 20 e

- B_ mixing measured 10

CDF — PRL 97, 242003 (2006) ¢
Am_= (17.77 £+ 010 £ 0.07) ps* 10/




UT Constraints from Mixing

 Am_ contains information on |V |

. Amd/AmS preferred since theoretically cleaner
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Constraints from mixing

Gy
Am,= mwﬁ‘bg( )mﬁ fg Bivm[ ‘Vm‘[
61’
Gi il , A IA 2 — N —
_f) T My an(I:) Mg, -)rff_.-ﬁf.:.-lvcbl A ((1-p) + )
T
A ‘/many theoretical uncertainties cancel
Am, \
Am_




Ru side
: Ru = |Vub*Vud|/ |Vcb*Vcd|

- need precise measurement of [V _|/|V_|

- Obtain both [V _|and |V_|from semileptonic decays

e exclusive semileptonic B decays
-eg.B°—me’vfor|V |;B°— D e vfor|V |
— moderate theoretical (hadronic) uncertainties
* inclusive semileptonic B decays
- ie.B°— X e"vfor|V |;B°— X e"vfor|V_|
— experimentally challenging

o rare leptonic B decays, eg. B" — 1"V, also probe |Vub|

- experimentally challeging



|V | - exclusive semileptonic decays

o Current best measurement: PRL 98, 091801 (2007)

:;_:u.m— o = 0.53 + 0.05 + 0.04 B — v
O [ ]
8 BBAR  |BF(B® — 1rl*v) =
o (1.46 + 0.07 + 0.08) x 10*
g
v |-
(41+£02+£02"° )x10°

BK Fit to DATA
* DATA

]
| | | | | | | | | | | | | | | | | | | | | | | |
0y B 10 15 20

Unfolded ¢ (GeV?/c*)




|V | - exclusive semileptonic decays

« Compilation of results by HFAG

BABAR SLtag: B* — " I v x 21 /1,
331t 068+042

BABAR Breco tag: B* = " I" v x 21 /1,
1.60+x 041+ 0.21

BELLE SL tag: B* —» " I" v x 21, /1,
137+ 024+0.17 "B

n—é—.—-—

BABARSLtag: B  —mw1*v
1.02+ 025+ 0.13

BELLE SLtag: B = 1* v
146+ 0.20+0.16

BABAR Brecotag: B" = m I*v
1.14 £ 027+ 0.17

CLEO untagged: B —nl*v
1,32+ 0182 0.13

-

BABAR untagged: B —ml*v :

1.38+0.10+0.18 -—-p-—<
H

1 | 1 | I | | :. 1 | | I",'FIIJ.I.:I"EWIEﬂo‘s |

——ie

Average: B" - " v
1.34 £ 0.08£ 0.08

yidof = 8.4/ 7 (CL = 30.1)

-2 0 2
BB’ > 1*v)[x 107

Ball-Zwicky full g2 |Vub|
&

3361 0,15+ 0.66-0.41
HPQCD full g2

+
3.81£0.16 + 0.82 - 0.50
FNAL full g2

&
3742016+ 0.86-0.51
APE full g2

—_—————

3.53+0.15 + 1.08 - 0.56

Winter 2006
1 I 1 1 1 I 1 1 1

2 4
\ bl [x 1073

sayoro.idde [Bona108y] 1UsIalIi



|V | - Inclusive semileptonic decays

ub

« Main difficulty to measure inclusive B” — X I" v
- background from B® — X I v

 Approaches
— cut on EI (lepton endpoint)

— cut on M(Xu)
- other combinations of cuts on M(XU) and g°

 Cuts = theoretical uncertainty

* Ability to perform inclusive analysis depends on
detector hermiticity



|V linclusive - M, analysis

e Best current measurement PRL 95, 241801 (2005)

. r SOF
H;rdaﬂﬂ signal , 'I-r‘ﬂ : signal ,
= region ia) "% 17c | region } {b)
= 100 =
& eno 4 h—uMC | 5100
. A = MO -
25“ 1 4 duim g s
7] 2]
|.'E |i: 50
25
o
=25 |
1] 1 2 2 d &

M_ (GeVic') M, (GeVicT)
Fls. 3: My distribution (no iq reqquirement | with fitted con-
tributions from X fr and X fv: (a) before and (b)) alter
subtracting the X.fv contnbution {symbols with error bars),
shown with the prediction for Xufee (MO, histogram)

IV, |=(4.09%0.19+0.20 £ 0.15 £ 0.18) x 107



|V | Inclusive - compilation

Different theoretical approaches

CLEO (endpoint) CLEO (endpoint)
409+ 048 £ 0.36 . ; 385£ 0452022 i
BELLE (endpoint) BELLE (endpoint)
4,824 0.45+0.30 - 4,80+ 0.45+0.20 e
BABAR (endpoint) BABAR (endpoint)
4414029+ 03] B 429 +0.29 +0.21 e
BABAR (E, q?) BABAR (E , q?)
4104027 +0.36 ——— 3196+ 0.26 + 0.22 ——
BELLE m, BELLE m,,
4.06+0.27 +0.24 R 4304029 +0.22 e
BELLE sim. ann. |[mM~ q2) BELLE sim. ann. |[m)[~ q2)
4372046+ 029 ‘; 4422047 +£0.19 :i
BABAR (m_. ¢?) BABAR (m_, q?)
475+ 035+ 032 —— 4804035+ 021 ———
Average +/- exp +/- (mb,theory) Average +/- exp +/- (mb,theory)
445+0.20£0.26 _'_'_” 4,41+ 0.20 £0.20 "'+"'
yoidof = 5.5/ 6 (CL = 48.7) E ¥det = 11.9/6(CL =6.3) E
OPE-HOQET-SCET (BLNF) E Dressed Gluon Exponentiation (DGE) E
Phys.Rev.D72:073006,2005 : JHEFP 0601:097 2006 0
m, inpult fromb—=clv anlu:l b—sy Irrlomenr..l; | E | Mmﬂ‘_m m, inpult from |:|—|> clwv anld b—sy lrrlomenr..l: | E | m.mairm
2 4 6 2 4

|Vb|m10ﬁ

IVhIRIUﬁ




V. | average

Very hard to make an average!
PDG2006 gives: |V | = (4.31 £ 0.30) X 107

= F
1
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0.5




How to measure the angles?

N« How to measure CP violation in the B system?

(p.M)

Viad Vi, + VgV + Viglp = 0.

(0,0) | (1,0)

ViV ]

I'{iu. o I'I-i-:f-_.

mzﬁzmg[—




Categories of CP violation

B
« Consider decay of A
neutral particle to a CP A
eigenstate Am

on in decay (direct CEV)

|on In interferenc
#0 § ,\
ween mixing and dec




Evolution with time

e Consider a B meson which is known to be B° at
time t=0

e At later time t:

B (A) = amplitudes
(phys) -
e™Me ™2 cos(AmAt/2) B° + i”V'terW sin(AmAt/2) B°
* Similarly CP violating
B° (At) = mixing parameter

— (phys)

i e™e'2sin(AmAt/2) B° + e™e'?2 cos(AmAt/2) B°



Evolution with time

* Include decays to CP eigenstate
[[B° )—>f](At) ~ e {1 — (C cos(AmALt) — S sin(AmALt))}

(phys

MB° —f](At) ~ e™{1 + (C cos(AmAt) — S sin(AmALt))}

"~ (phys)

» where
C=(-INP/A+AS |, _gA
CP
~S=21ImA_)/(1+|A_J?) pA

e Standard Model (usual phase convention)

-q/p~e¥



The golden mode — B” — J/y K_

Dominated by b—ccs tree diagram

— subleading b—scc penguin has the same weak
phase

|A| = |A| = no direct CP violation
C=0&S=-n, sin(2B)

Reasonable branching fraction & experimentally
clean signature



Problem

 How can we measure decay time in e'e” —
Y(4S) — B°B°?

* The answer: (P.Oddone)

asymmetric-energy B factory

* Key points
- Y(4S) — B°B°? produces coherent pairs

- B mesons are moving in lab frame



Asymmetric B factory principle
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Asymmetric B Factories

PEPII at SLAC KEKB at KEK
9.0 GeV e on 3.1 GeV e 8.0 GeV e on3.5GeV et

PEP-I11
Rings ™~

Positrons

Low Energy Ring

| WIGGLER |

BaBar Detector

s
s e

" *Electrons

High Energy Ring




Integrated Luminosity [fb™]
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o
o

400

w
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200

100

B Factories

As of 2008/01/16 00:00

BaBar

PEP Il Delivered Luminosity: 507.21/fb
~ BaBar Recorded Luminosity: 487.86/fb
Off Peak Luminosity: 55.15/fb
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Peak luminosity (cm'zs'l )
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Belle Detector

SC solenoid n=1.015~1.030

Aerogel Cherenkov cnt.
=3,

1.5T
Sy, e B e
16X, v
TOF counter —,;*,t

N
g R small cell +He/C,H,

——

e : us* al Drift Chamber

Si vtx. det. .
_3 1yr. DSSD KU / K, detection

- 4 lyr. since summer 2003 14/15 lyr. RPC+Fe



BaBar Detector

1.5 T solenoid

DIRC (PID)
144 quartz bars
11000 PMs

Instrumented Flux Return
iron / RPCs (muon / neutral hadrons)

2/6 replaced by LST in 2004
Rest of replacement in 2006

EMC
6580 CsI(TI) crystals

v\

Drift Chamber
40 stereo layers

Silicon Vertex Tracker
5 layers, double sided strips




Results for the golden mode
BO — J/yp KO

300"
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PRL 94 161803 (2005) PRL 98, 031802 (2007)



Compilation of results

PRELIMINARY

sin(2f) = sin(2¢, ) XS

BaBar . : il 0.71 +0.03 + 0.02
hep-ex/070302] : | I

Belle Jay K° | 0.64 £ 0.03 + 0.02
PRL 98 (2007) 031802 : (I

Belle y(2S) Ky : | 0.72 + 0.09 + 0.03
arXiv:0708.2604 : 1"

ALEPH ; o " , 084705 +0.16
PLB 492, 259-274 (2000) = ! 1

OPAL 5 : . 3.20 *150 + 0.50,
EPJ C5, 379-388 (1998) | T

CDF g N N 0.79 "0}
PRD 61, 072005 (2000) o

Average : | 0.68 + 0.03
HFAG ' : 1

-2 -1 0 1 2 3



PRELIMINARY
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Measurement of a

* Time-dependent CP violation in modes dominated by
b — uud tree diagrams probes a (or T—(3+Y))

- C=0&S = +N,, sin(2a)

* b — duu penguin transitions contribute to same final
states = “penguin pollution”

- C # 0 < direct CP violation can occur
- S # +N., sin(2a)
e TWO approaches (optimal approach combines both)

— try to use modes with small penguin contribution

— correct for penguin effect (isospin analysis)



B° — m"mr - Experimental Situation
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Measurement of a
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Measurement of y
« Charmless B decays, eg. B — K'mr

— contributions from
e P: b — suu penguin
e T:b — usutree

— relative weak (CP violating) phase is y
- relative strong (CP conserving) phase 6
A.. = 2|P|[T[sin(y)sin(8)/{|P|*+[T|*+2|P|[T|cos(y)cos(5)}

e Hadronic uncertainties:

— even if we observe ACP # 0, cannot easily extract y

— other processes also contribute
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Clean measurement of y

* A theoretically clean measurement of y can be
made using B — DK decays

e Reconstruct D mesons Iin states accessible to
both D° and D°

- interference between b — cus and b — ucs
- relative weak phase is 'y
— various different D decays utilized

— |large statistical errors at present



The Idea

 Two possible diagrams for BT— DK™

b _ u__,

W
B b ¢ 0 B <S -
D
u L u u L U K
<V _ V. <V, V_
e colour allowed e colour suppressed

- final state contains D° e final state contains D °

Need D° and D° to decay to common final state




D—CP eigenstates

* Neglecting CP violation in charm decay
A(D°-CP)=A(D°—-CP)

e Possible states

_CPeven: (D) @@ K o
_CPodd: (D) @@ Kn', Kspo
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Constraint from y

Best constraint from combining
all available results =

UTgi

1
- B—DK, B—D"K, B—~DK"

« Different D decays 0.5
« D—CP eigenstates Y =
e D— suppressed states 0

e (eg. Km)
* D— multibody states
. (eg. K m'm) -0.5

1 05 0 05 1

NB. Other statistical approaches give much larger uncertainty ﬁ




Consistency of measurements with
the KM mechanism




Dual Goals of CKM Metrology

« Unitarity Triangle parameters are fundamental
in the Standard Model

- We should measure them as well as possible

« Flavour provides an excellent arena to search
for New Physics effects

- History: Effects from higher scales seen

- Most NP models predict inconsistencies with CKM
Unitarity Triangle

« Certainly need to reduce current errors (~10%)



Searches for New Physics
« Massive, beyond SM, particles may contribute to B
decay processes in loop diagrams
- same true for kaon, charm & charged lepton physics
- strong constraints in NP model building (flavour problem)
« Particularly interesting (not yet well tested) are b — s
- B_ mixing
- b — sg (eg. time-dependence in B® — @K, etc.)
- b — sy (eg. rates and moments, TDCPV in B°® — Ksrroy)
- b — sll (eg. FB asymmetry in B — K'll)
- b — svv (also s — dvv)



Discrepancies in hadronic b—s TDCPV
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Discrepancies in leptonic B decays

- Interesting alternative approach to |V _|

_ .. Gitmpm; m% 5
B(B~ =7 = -1 1 = fa V|8

¥l my

» Sensitive to corrections from =+
new physics (charged Higgs)

» First evidence for this decay: ﬁ
~ BB — Tv)=(1.8+0.5+0.5)x 10* [ |
- BELLE — PRL 97 (2006) 251802
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The Future of Flavour Physics

e B sector

- LHC will produce copious amounts of B mesons
(and also D mesons, B&D baryons, T leptons, ...)

- LHCDb is dedicated B physics experiment
— Difficulties

* triggering interesting events
* maintaining manageable trigger rate
* reconstructing neutral particles
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LHCb & Super Flavour Factory

« LHCDb will provide essential information on
numerous important modes that cannot be
studied elsewhere

-eg.B. — J/yp,B.—~ DD, B — KK, B_— DK, etc.
- ATLAS and CMS can also contribute for, eg. B, — p'p

« However, there are certain channels that are
impossible for LHCDb

- modes with neutrals/neutrinos/hard trigger topologies

- need a “Super Flavour Factory”



Super Flavour Factory
Key Measurements

CP Violation in Hadronic b—s Lepton Flavour Violation in T Decay
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Summary
« Enormous progress by B factories to measure
Unitarity Triangle and constrain flavour sector

o Still at the beginning of the programme ...
- LHCb, KEKB upgrade, SuperB, LHCb upgrade, ...

(0,0) ) (1,0)

- Am, & Am, et
0-6 C Am SK Summer 2007 _:
;_ sin2p / —;
— AT LY Y —
: ’x .
S =
4 0.2 1



Back Up




Jarlskog
o All unitarity triangles have the same area
-A=J/2
- J Is the Jarlskog invariant

-5
-J_c12023c: S,S,,S., sind ~410

e invariant measure of CP violation in the quark sector
- | = Im( V V. V V "), for any choice of ijkl (izk; j#I)

- J related to commutator of mass matrices
e  M\M']=iC det(C)=-2FF'J
e F= (mt — mC)(mt — mu)(mC — mu)

e F' = (mIO — ms)(mlo — md)(mS — md)



Some theory papers

 Ellis, Gaillard, Nanopoulos & Rudaz, NPB 131,
285 (1977)

e Bander, Silverman & Soni, PRL 43, 242 (1979)
- CP violation may be large in the B system

« Carter & Sanda, PRD 23, 1567 (1981)
- time-dependence in e'e” — Y(4S) — B°B°

 Bigi & Sanda, NPB 193, 85 (1981)

- B°— J/y KS and other possible decay modes



Comment on theoretical tools

» Most significant theoretical uncertainties in quark
flavour physics arise due to hadronization

- strong interaction effects — not calculable peturbatively
- precision will be improved with lattice QCD calculations
- alternative: QCD sum rules (parton-hadron duality)

e Operator product expansion
- match physics to relevant scales

» For kaon physics, utilize approximate chiral symmetry
of low energy QCD

- chiral perturbation theory



Neutral B mixing parameters

« Recall: a/p = - (Am - %iAN)/2M, - 44iT )
(Am)? — Y4(AT)? = 4(M__|? + %[ ) AmAT = 4Re(M_T *)

12 12

* In the neutral B system Am >> Ar
Am~2|M | Al ~2ReM_T °)/IM_| a/p~—M_|/M_

o [M__| from mixing diagram

= g/p ~ €2* (in the usual phase convention)




Comment on theoretical tools (2)

- In B physics, can exploit the fact that m_>> A

- heavy quark expansion & heavy quark eftfective theory
— factorization

« QCD factorization
» soft collinear effective theory (SCET)

 Phenomenological treatments also very useful
- SU(3)
- isospin
- U-spin



Measurement of |V_|

» Possible methods to measure [V _| very similar
to those for |V _|

e Current best method uses

- inclusive semileptonic decay rates for B — X Iv

— moments of decay distributions in m(XC) & g°

* fit to extract theoretical parameters from data

- moments of EY inB — Xsy decays also used

+ PDG 2006 gives |V_| = (41.4 + 0.6) x 10°



|V | Inclusive - endpoint analysis

e Best current measurement PRD 73, 012006 (2006)
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