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Disclaimer....

The title “Experimental Aspects of Heavy Flavour Physics” covers an
enormous range of topics. Therefore | can only present a very
selective personal view. Concentrate on mostly experimental aspects

The quest to understand
the SM picture of Heavy
Flavours and the search for
New Physics.
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| have taken my inspiration from many recent results and conference
talks....If you would like to know more about the current status of
Heavy Flavour Physics, have a look at...

Flavor Physics &
CP Violation 2009

Recontres de Moriond EW/QCD 2009 ~ FPCP 2009 |
May 27— June 1, Lake Placid, NY

To integrate past results with recent developments in Ravor physics
and CP violation, both in theory and experiment. Among the topics in-
cluded will be: Bottorn, Charm and Kaon mixing and decays, determina-
tion of the CKM matrix elements, neutrino masses and mixings, new
spectroscopy, and future facilities.
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Heavy Flavor Averaging Group

http://www.slac.stanford.edu/xorg/hfag/ R, <1 Crginiong Comitee
a0 - (Syracuse University)
nzilhﬂiqlrméﬁ(‘;:ori;wv_ K.T. Cha .BBr_in_mb + Sheldon Stone, Cha :
Y Chone Rt Stk . Egaats oy < e Ao
(mpesial), H. Evans (Indiana), F, Gilman (CML), - R;;m m:; &

Many thanks to those who (un)knowingly help me: | EEsEiSmniming et
P L S W

T.Browder, L.Esteve, T.Gershon, e TP
G.Hamel de Monchenault, el e e i
U.Kerzel, T.Ruf, Y.Sakai, K.Trabelsi, G.Wilkinson [ Sowmmsmmmsesa S

and many more....
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Overview

 |ntroduction

 The Standard Model

+ B Physics [ Lecture 1 }
e Celebrating the B factories

 What have we learnt from the Tevatron ?

e The LHC era [ ecture 2 }
e and beyond....

e Summary
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Heavy flavour physics has led the way to
— The 3 generation Standard Model

— The CKM picture of flavour

— CP Violation

SM cannot be ultimate theory

— low-energy effective theory of a more fundamental theory at a higher energy
scale (TeV range)

— Hierarchy problem: New Physics required to cancel radiative corrections to
the Higgs mass but leave the SM EW predictions unaffected

NP needs to have a special flavour structure
— provide the suppression mechanism for FCNC processes already observed.

— we need to measure the flavour structure to distinguish between the NP
models.

Flavour physics goes hand-in-hand with direct searches
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(O P - -
\E=] Historical Note
—
New Physics in box diagrams New Physics in interference
1970’s 1980’s
Glashow, lliopoulos and Maini : existence of ¢ oo st
quark (GIM mechanism) - HH
Gaillard, Lee and Rosner : m.~1.5 GeV from \ it 1ol el ey )
KO _ KO mixing e \” QED + WEAK .
d ’ S & *\
— v "‘"\I st
K W~ K
S — d
2 U’ZC ) ) - “ %0 00 1o 10 05 e 05 10
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7T . .
1974 c quark discovered Existence of Z0 at hlgh\/g
. . — 250 —T —
et t i New Physics in loops >
0 0 . o
ey < 1990's 2 o
- = T 175 jiE
e$ t . b Virtual effects at the Z°
Z° LEP i
M m, =170+10*Y GeV
e b t o e r,iGev |
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The Standard Model

Physical quark states in the Standard Model

RN
Joesees ’ 1YRIVRIRIMR
dLSLbL R ¥R'¥R

Lagrangian for charged current weak decays

0 "
L. =—=J:W +hc.
cc ﬁ cc 'V u
where
d
J(féz(a,c,t)L)/”VCKM S
o),
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CKM Matrix

Vv describes rotation between the weak eigenstates (d',s',b’) and

mass eigenstates (d,s,b)

V\;e?k T mass v, proportional to transition
states States  amplitude from quark j to quark i
Quarks d’ Vi Vs Vi d A
s |= Voo Ve Vo l|S b —» j\yff > u
b’ Vie Vi Va b Vip
W+
Antiquarks b — —u

CPV due to complex phases of CKM matrix elements
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CKM Matrix

N

« CKM matrix is complex and unitary V. o Ve =1

e 4 independent parameters

— These 4 numbers are fundamental constants of nature and must be
determined from experiment

e Standard parametrization (PDG)
— 3angles (0,,,0,,,0,, ) 1 phase §

Vexm = Rys X Rig xRy,

¢, S, O 1 0 O c, 0 s.e™®
Rp=|=Sp Cp 0| Ryup={0 ¢Cp Sp| Ryg= 0 | 1 0
0 0 1 0 —-s,, C, ~-s5,6° 0 g

S; =sinB; ¢c; =cos0;
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Wolfenstein parameterization (perturbative form)

S S,; COSO S, SINO
l — 812 A = — IO = =
S12 S12823 S12323
A=sinB, =~0.23

Reflects hierarchy of strengths of quark transitions

d |\,..4\_>..‘1| - O(l)
T AT g
A7 bt N
w -~ - 0(%)
I AT i e 1] L ST S o L] S AT S o A 3
l b | A/</_\: \‘ l 1- | O(}\» )
Charge -1/3 Charge +2/3
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2 .
Vud Vus Vub 1_ 7\‘4 7\‘ Ak?) (p B In)
VCKM = Vcd Vcs Vcb = B 7‘ 1_ }\'% A}\’z T O( 4)
Vg Ve Vi |AX(1-p-in) —AN 1

Next-to leading order corrections in A will be important in LHC era:

7»/ 7»/ A7u3(P_in)
Ve = —A+A2x5( —in) 1-%/ - X/ a+an’) A |+0O()
) R 1A

(B )= £/2) (o)

15/6/2009 CERN/FNAL Summer School 11/83



Requirements for CP violation

2 2 2 2 2 2
(m¢ —mZ)(m? —mg)(me —m?)

x(m; —mZ)(mg —mg )(mZ —mg)x Jgp #0

Jarlskog
CP determinant

where Jep = ‘Im{viavjﬂvi*ﬂv;a }‘ (i ), 7&18)

Using parameterizations

Jop = 82858,5C15C55C15 SINO= A'A’r = 0(10_5 )‘

=) CP violation is small in the Standard Model
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CKM matrix is unitary : 12 conditions (6 normalisation, 6 orthoganality)

G* +Vchc:> +thvt; =0 (d}) Vag VoV MUQ

ud * ub ° (d b)
V.V, +V. V. +V.V, =0 (sh)
VieVr +V Ve +V, Vs =0 (ds) (sb) (ch)
VoV, & VC’;VV%
V.V, +V. V. +V V, =0 (ut) VieVy V.V,
\VAAVARRVAYA +VcthE =0 (ct) AV ) e (19)
VaaVes +VoVes +ViVey =0 (ue) )\ —57 =~ T

All 6 A’s have the same area (= J-p/2 ), a measure of CPV in the
Standard Model.
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Redraw “unsquashed” A’'s and take

real divide by

Im 4 |Vudv:b + Vcdvc*b + thVtE — Ol
ﬁ ......................... s (d b)
* AY
chvcd 1 R,el
— 3
P AA a=x—[-y
y= ar%—v{?ﬂJ: tan* 2 ~ 70°| |B= ar%—vci’ﬁ = tan ™ T ~ 21°
Vcbvcd '0 thth — 1_ p
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[ — ....IVuth’(‘]I +VusV; +VubV:|; _ OI
; ) ut
ARAANZI
AL é AL
T]}\‘Z """"" -. SPPETYY o' Q\
p Vusvts :2 Re

2 A’s identical to O(A3)
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The Quest...

NP models introduce new particles which could

— be produced and discovered as real particles

— appear as virtual particles in loop processes — observable deviations from
the SM expectations in flavour physics and CPV

Heavy flavour programme

— Precision measurements of CKM elements

— Compare tree level processes with loop
processes sensitive to NP &

— Measure all angles and sides in many
different ways and look for inconsistencies

— Measure processes very suppressed in SM
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The Tools....




e Heaviest quark that forms hadronic bound states (m~4.7 GeV)

e Must decay outside 3" family
— All decays are CKM suppressed
— Long lifetime (~1.6 ps)

« High mass: many accessible final
states (all Br's are small)

 Dominant decay process: “tree” b—c transition
* Very suppressed “tree” b—u transition

« FCNC: “penguin” b—s,d transition

« Flavour oscillations (b—t “box” diagram)

« CP violation — expect large CP asymmetries in some B decays
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\ HADROMN
COLLIDER

\;u':?:f;'iim |
T
—

1977 :'”"""'F'SST*TT_""TTSJ: LELELERE N I | | LI L R 12 }— 1983 )
1980 o= (|—| 155 EVENTS
- | 81— |
d Discovery of Y(4s) 0o ,' B meson lifetime
- & B meson ¢ 41 L MAC-Mark i
L 2 0 foun | |
. [ Cornell CUSB o ) | ct ~490 um
oo : i T 113 EVENTS
I o 6| |
r Y . . ) " !
° ISSLP*f xss_tjﬁ{ .‘.“'-’3-.65..1..'.-..__,,0"4"- h’“‘*—tﬁa__- - 4 :
o i - 2|
L g Lo varl b
I ! 1 T T 4 25 ((r)nm)z 4 6
24 | 5
h 5 1087

= pt
- L LT i g .~ N 1987

Mows Ge¥ 3
Discovery of b quark
Fermilab fixed target  :

L] ESETLI ] T
EENENENNNONEE B BE B S,

o]
5200 5220 Muifqtom :]250 5280 1 .
Exclusive reconstruction of e f’%&;-._
B¥—=D ¥ -

several b—c decay modes | —zop-
CLEO L temsm ARGUS
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') COLLIDER
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\ T
—

PDG 1986 BOTTOM MESONS ¢ (B* = ub. B = db. B = B. B~ = | PDG 2009
BT _ (or B~ —-chg. conj.)
B* 107 san2 Dt ( L1 = 06)% 2303
+£30 D*(2010) xtxt ( 27 = L.7)% 2243
o J 309K (<26 1073 1678
& NN Sy ot (<6 <10~ 2578 > 25 a eS
B8° — for B° —chg. co_nj.} p g
BY 30007 s2s2 POxtxm (e 2299
B® L8 D*(2010)"7* (L7 = 07)% 2253
Dr2010)"p* (BB T 2180
J 309Kt (<63 )x10~3 1649
xte” (<5 )x10~4 2634
ete (<3 x10™% FC 2638
wtp (<2 x10°4 FC 2635
ety +cc (<3 w10~ LF 2637
_—'] 4
B*, B“, B (14.2£2.7)x10" '3 ¢*p hadrons (123 = 08)%
q u* v hadrons (1.0 £ 0.9 )%
(lotiseparated) o cr=0.043 D% anything (80 =28 )%
(B—+B—+f any) _ 012 K anything ( seen )
I'(B—=¢* any) ol p anything (=36 1%
A anything (=22 1%
£ + e*e” anything ( <06 1%
]{B_.,f v nrincharrn-hadrons} 004 U+.ﬂ_ anything ( <06 )%
I'(B—¢ = v hadrons) JA3097) anything ( 1.2 £ 0.3)%
D*(2010)* anything ( 23 = 9 %

1992
1993
1994
1998
2001
2004
2006

Evidence for

First observation of , time dependent B mixing
Evidence for , measurement of exclusive B lifetime
Discovery of B,

Discovery of CPV in B system

Direct CPV in B system

Measurement of B, mixing
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B Mixing

Mixing of neutral B mesons governed by
i i

ié[aj _y (a] _ M11 _érn M12 o Erlz (aj
b b - I b
a MlZ _§F12 M22 _Erzz

Physical mass eigenstates

BL.)=p[B%)q|B’) o= | Pk =1

— p and g represent the amount of state mixing

Lo Am, =0.507£0.005ps™|| f |Am,=17.77+0.10+0.007 ps™

Am=m, —-m_=2|M,,
A =T, —T, =2|0},|

Al'y =0

N/No

N/No | AFS ~10%

05| 05

- .:if.':..thl J‘w

a/p|=1

6.0 ’ ‘ ' T
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Decay amplitudes of flavour states — final state f
A =(f[H|B®) A =(f[H|B°)

Define d, =t

General time dependence of decay rate for initially pure flavour states

2

2
T, z‘(f \H‘Bo(t)>‘ %‘Af‘ze“” [coshyt/z+Q, sinhyt/z+C, cosxt/z—S, sinxt/r]

NN

_ _ 2 1+ |4
I z‘(f H Bo(t)> :jL‘—fEAf e”'" [coshyt/z+Q, sinhyt/7—C, cosxt/ 7+ S, sinxt/ 7]
L L1 U (5
F=T 2 t= T2 QF +5;+C; =1 X=Am/T
1+‘/1f‘ 1+‘2f‘ y = AT/2T
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CP violation if |, =T

CPV in Decay CPV in Mixing
Direct CP Violation Indirect CP Violation
K *
Mg ‘&7&1 Im{[5;M,, }# 0
f P

CPV In Interference between mixing and decay
Indirect CP Violation

Af
A]=1 imfd, 10| A S f
— BO f:_—
cp v Li(D)=Ti(t)  —C,cos(Amt)+ S, sin(Amt) p A
AT O O ) - S~
[ (t)+T¢(t) cosh(A't/2)+Q, sinh(Al't/2) a/p = T

Golden case: CP final state and single dominating amplitude
A7 (t)=ImA,_ sin(Amt)
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Ve
@ HADRON

= COLLIDER

—

Dominant decays

Semi-leptonic  (t=e p, 1) Hadronic D=4d,5
vy Vi 7 X_{ e
b B Vo . _ Vi B

U=wu,c
q=2c,u b - j=¢ 1
Gspect B > (spect
Rare hadronic decays

Internal spectator Gluonic

— W-exchange -
I 1] r, pengun‘] juin {.N\‘} ) i (*) C

! = i = i fy B 7 B
B Iy b —

q
s K —
f, u

Radiative and leptonic decays

Electroweak £
penguin '
+
( ]' ::h
b
% = U Vg
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COLLIDER

Cleanest way to produce B mesons
ete” collisions around

Js =10.58 GeV

GbB :1.1nb
~1.1 miilion

continuum ~3nb

pairs per fb?

—
25 1600800-003
V_ IIIII | | LR I| T | | T | ?I ] T | T ] T
[ T (CUSB) 6.0 | (CLEO)
B
=201 1 551 | i
N @ ﬁl' T(5S)
T [ 5.0 ¢, _
S 15| 4.* :“ﬁﬂ&"ﬁ
T T E T(6S)
S R
b 1ol 10.5 10.9 N
R * i’..l‘ " Ecm. (G&V) 1
+~9— - ]\ T |¢ )
5 5 ! ‘+\f 4 't ;"q‘ ]
4 T i e "l
ok T(1|S) | T(2|S) ] T(3S) | T (4S)
9.44 10.00 10.33 10.53 10.62
9.47 10.03 10.37
Mass (GeVic?)
et
’ anti B
S oo 50% / 50%
B e
B°B°/B*B"~

BB pair is produced in a coherent L=1 state
Two B mesons evolve until one decays

0.00

Y (4S) Energy Scan

0.09

0.05

PEP-II / BABAR

preliminary

n Il " i n " L " n " i 1
=50 0 50

Ecm = Mff4s) [MeV]
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Symmetric-energy collider : B mesons produced ~ at rest in the CM
frame which, combined with a short B lifetime (~1.5 ps), makes flight

distance unmeasurably small.

Asymmetric-energy collider : with boost |By ~ 0.6

e",)’:on “'_ _
3 T : Exclusive
1 B Meson
Reconstruction
Y (4S) ] T A7
T . At =
1 (Br)e
5 <
Reconstruct decay ,«—J . Exploit correlation
vertex positions I between B flavour
and lepton charge,

K char

Decay time
At ~ Az/Byc B-Flavour Tagging

ge etc
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PEP-11 @ SLAC T KEg.'B @ KEK Vo
High Energy Ring : 9.0 GeV e- Bl Eedeyy M) &0 Eev'e

Low Energy Ring : 3.1 GeV e* '—OW_ Energy Rin.g : 3.5 GeV et

Design luminosity : 3 x 1033 cm—2s-! Design Ium|n95|ty : 1 x 1034 cm—2s!
Peak luminosity :1.207 x 1034 cm2 s-! Peak luminosity :1.71 x10% cm~2s™!
O

Beam crossing angle : 22 mrad

Low Energy Ring
BABAaRr Detector

.-"’ ._-'-'-
" *Electrons

High Energy Ring
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é//_//"

200

1400
Luminosity /
1200] INtegrated 840 fb-! /
~ 750 fb-! at Y(4s) / _
= [ S S & '
< [ Luminosity \d 1
= Integrated 531 fb™ / p<o
£ | l_/_’_/ '
3 600 | = W
- /~
00| // /_/ — P

2000/1 021 BaBar : 465M BB pairs = final sample
Belle :657M BB pairs = max current sample
K_Trabelsi, Moriond 2009 (final sample expected ~800M BB pairs)
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3/4 layers DSSD silicon detector
Threshold Cherenkov + TOF
Central drift chamber

EM Cal Csl
RPCs

1.5T solenoid

5 layers DSSD silicon detector
Ring-Imaging Cherenkov DIRC
Drift chamber =
EM Cal Csl &
RPCs

1.5T SC solenoid
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Precise knowledge of CM energy used to constrain kinematics of B
system.

AE = E; -E, Mg E\/E;eam2 - p;2 E;eam :'\/5/2

beam

0.2 01 0 0.1 0.2 5.2 522 524 526 528 53

A E (GeV) m, (GeV)
. ' = ete™ — qq
Estimate background from sidebands e _ BB
~/ /
Continuum background suppressed /7 _ ‘/ .

using event shape o 7
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l anti B -
Exclusive
B Meson
Reconstruction
Y(4S)

Reconstruct decay Exploit correlation

vertex positions I between B? flavour
and lepton charge,

K charge etc
B-Flavour Tagging

Decay time
At ~ Az/Byc
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What to measure first ?
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T
—

Sin (2B) = Sin

N (0,0)
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Golden decay mode:B° — J/\|/ K?, final state CP eigenstate

Method:
Count number of signal events reconstructed
withB®and B’ tags as a function of At
Observed asymmetry depends on
time resolution and tagging purity of sample.

N(B., =B°)-N (Btag - EO)
N (B, =B)+ N (Btag - EO)

Acp (t) -

el

£ Vt;th Vcsvctj Vcbvcz
thVt; chvcd Vc:)Vcs

~+{(1-2w)xsin2f xsin(AmAt)} ® R(AL)|

Im{2, }=Im{-e*" }=sin2

F— B tagged events 0.9¢ - Z0s
— B'bar tagged events 0.8 A =
5 0.7
0.6
0.5
0.4
0.3
0.2
0.1 .

pEner

0.8

4

: 6 -4 -2 0 2 6
wEEe L ¥ Y, I;s] Decay Time Difference (reco-tag) (ps)

N [
-10 -7.5 -5

L Loyl susley
25 0 25 5 75 10

At (ps)
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Year 2000

B: Then...

First
Physics Results

Events/ 1

n
W

10

%

8

Belle Preliminary

-10 -5 0

Z -z \ix

5

sin2=+0.45

+0.43
-0.44

‘Extracting sin2 |

10 15 At (ps)

| PRELIMINARY

x> for the
binned
asymmetry
and the
likelihood fit
is

9.2 for 7 df

—=—sin23-0.12+0.37+ 0.0

sin23=0.12+0.37 (stat) =0.09 (sy..,

15/6/2009

CERN/FNAL Summer School

37/83



Ve
@ HADRON

il COLLIDER

PHYSICS
SuMMER BCHOOL

Belle :535M BB; PRL98 (2007) 031802
BaBar : 465M BB; PRD79 (2009) 072009

Entries /0.5 ps

Asymmetry

':"":l-
=
At{ps)

Raw Asymmetry Events/ (0.4 ps) Raw Asymmetry Events/( 0.4 ps)

S oo
MR O PR

(%]
o O ¢
O &

]
=]
o

—_
(=
o

o o
.

o
(%]

I
N
{H,
.
Hu=tl

(o W

—)J/l//KO

rle/lzllllll

o
T

III|IIII| .o ||||||/|| III|II

_—
o
=

o
T

e
=
T

in
I
IIIIIIIII\

At (ps)

sin23=0.642+0.031+0.017

|Sin 23=0.666+0.031+ 0.013|
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Ve

B : b—>ccs modes

sm(ZB) sin(2¢,) EEECN

Other measurements

BaB = 0.60 +0.03 £ 0.01 C
PR 79 (200911072000 J' 5 sensitive to cos(2p)
BEEE k “_ uﬁgtﬂﬁﬂtamtﬂﬂ? remove amblgurty
BaEar Ji hadr:::nl 10421021
PRD 89 '*_"_“56 - B =0, E
Belle .Ih;m A 0.64 £0.03 £0.02 N -
nmim - 2

Balla 0.72 +0.09 1 0.03 T / z ]

PR 7Y (200 et 103y ™ Ny = g
ALEPH : ) ? 084 9% 5 0.18 | NE
PLB 462, 259 (2000} i ! . os| 2 .
OPAL ; E 3.20 110 +0.50, % : §
ERJ G5, 379 [1m | 0.4 <6, ]
CDF ' - 0.79 *241 2l LT
PRD 61, 072005 {2000) T - - g
Ave | | 0.67 £0.02 0 N
HFA.am' i : e

* * . . 0%z 0 o0z 04 08 08 1 5
-2 -1 0 1 2 3
5= (21.1+0.9))
‘ 15/6/2009 CERN/FNAL Summer School 39/83 ‘



0 + - 0
‘J/WK l//(ZS)KS J ch D*+D_, D+D_, ¢K K"K Kss
. . 0 _neo 0_0
K?, J/wK?, 3wr®, DD KKK, 7K K7,
JwK*(K® ->Kz°) oK?, ,(980)K?

Increasing tree diagram amplitude
—

Increasing sensitivity to new physics
—
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\ T
—

d d
K KKK,
KKK, 7K K27°,
oK, f,(980)K,

-
&)

Raw Asymmetry
o

o
o

1 FBY = oK

S Expectation
from J/yKs 140 ft

-1 [—— (Browd P'03) 3.50 effect
75 5 25 0 25 5 75
At (ps)
15/6/2009

084" %1016
CDF 00

+ 041
0-79—0 44
BABAR 02
0.741+0.067 +0.034
Belle 02
0.719+0.074+0.035
Average (charmonium)
0.734 +0.055
BABAR 02
-0.18+0.51+0.07

Belle 03

Charmonium Modes

0KS

-0.73+0.64+0.22 '
BABAR 03
0.02+0.34+0.03
Belle 03 o0
0.71+0.37 40
Belle 03 L oss
0.49+043_ 7,
Average (s penguin)
0.19+0.20

KKKS ks

Average (All)
0.699+0.054

-3 -25 -2 -15 -1

sin(2B)

2.6 o : Hint of New Physics ? |

Belle : PRD67 (2003) 031102
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—

Time-dependent Dalitz plot analyses sensitive to sin(2p.¢) and cos(ZBeﬁ)

B® K. K'K"

BaBar : 465M BB;
ArXiv:0808.0700
Belle :657M BB;

ICHEP 08

B° > K. 7'z

BaBar : 383M BB;
ArXiv:0905.3615
Belle : 657M BB;

PRD79 (2009) 072004

M~

Eventg/{0.05 Gev/c2

-
L%
[=]

100

o
[=]

DII
=

M(K'K") (Gev/c?)

Events / 3.75 MeV/c?

1.05 1.1
my., - (GeV/cY)

Events / (0.050 GeV/

2
U o

250
200
150"
100"

50-

ey 455

INg — 19X T J0) CVis

T

I

£,(980)

Events/(78MeV/c?)

m(r* 1) (GeV/c )

100

(5]
o

N, =(2172+70) evts ‘
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‘ FPCP 2009

Ce=-A,

'R, ' 'BaBa]l ' | —h T giakode £2.02
- Belle: —— 03 93110.04 £2.09
% BaBaj - 4,08 £0.06 £ 2.02

5 ‘= Belle} —— q01 £0.07 £2.08
i, BaBaj 1 4.18£0.17 £2.03
F Bolln:: Pty G.31 £0.20 £3.07
% BaBaj —— G13£0.13 £2.03

% Bellei —— G.14 £0.13 £2.08

F BaBai r—— -0.05 £ G.26 £0.10 £ 2.03
©a Belle —_— 000 93 0.1 £2.10
f BaBai —— 10,5200 £2.03

e Bellei —— G.00 £0.28 £ 2.08

F BaBai —— ! 008tdie
«  Belle! e ! 0051218
K, BaBar — 0.20 730 10.08 £ 2.07
K, , BaBa P 0.13 333 £0.04 £2.09
' BaBar . 0.23+052£2.13

3 Belle: —— 6.17 £0.24 £2.08
#x'Kg BaBat —tt .20 £0.14 £ .06
u"s: Kg NBaBat —_— 0.01 16,25 £0.08 £ 2.05
v BaBai b 05 £0.08 £ 2.04
y  Bele: et €08 £0.10 £ 2.06
b—+qgs | N‘MW . B I S L

o

sin(2p*") = S ol

b—cos _ World Ayerage g 0.67 t0.02
IS Babar S CEIY B P ooy
< PBalla o (o Pl

R BaBar el : 057 10,08 £0.02
" Belle e i 0.6430.10:0.04
") BaBar ; = 030 5N 20
Belle :0.30£0.32£0.08

2 ¥ BaBar i 0.55+0.20 £0.08
Tt Bell s, Q.87 £0.31 0.0
+f BuBur | 03503 £0.08 £0.03

S Belle .—n-.n.q-uﬂto.ouo.m
o  BaBar : — | 08500
0 Belle : ——— || 011 £0.48 £0.07
f BaBar | t €80 'ch

«# Bele : : ¢.80'n R
LK BaBar ; » 18:48-:0.52 £0.00 £ 0.10
"5‘ BaBar ; 10.20 0,62 £0.07 £0.07
Babar | 07207 £0.08

T Bele i £.0.43.£0.49 £0.09
ﬂ'n‘ BaBar ; — C.o7 @
;"g‘&ﬂh&ﬁ' ! —_—— 0.C1 0. :ow:ems
BaBar | | =i 0.08£0.00 £0.00

% Bolle i =068 £0.16 £C.02 00
brgaf _Nave ajerage A | osopm
2 -1 (¢ 1 2

485 12 14 42 -1 05 QS04 42 0 02 04 80 Q2 | 12 14 12 13

Non-zero B.4 IS observed in b—sqq penguin transition
Smaller error is required to see any deviation between sin(2B.¢) and sin(2p)
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Angle o

a=rx—pF-y||"

osH ‘f__tf’“ -1 n
i  \ p=tan™ S
050 },,v / N 77
= l.J1HH-CIJ.5lHIOHHIJfSHHll; p (0,0) (1,0)
p
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Strangeless-charmless two-body decay; b — uud transition, final state

CP eigenstate.

If tree amplitude dominates

2ImA,

}\4t7t+n_ —_ +e—2i(B+y) —_ eZ o

S, =sin2a C. =0 1+]A,[
T'T T T

. but penguin contributions cannot be neglected ‘%‘ ~ 30%

T

A mete [1+ 2i[2|sinae™r )]‘ S . =sin2a-2&sinacos2acos(s, - )+ O([?‘zj

In general let 2 .

A, e and fit time-dependent CP asymmetry

T T

A (t)=+/1-CZ sin2a,, sin(Amt)—C__cos(Amt)
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BaBar : 467M BB; ArXiv:0807.4226
Belle :535M BB; PRL98 (2007) 211801

Two types of CP violation are observed
— Direct CP violation C . #0

— Mixing induced CP violation S , _ #0 , ]

Need to estimate |Aa =0, —a g _;

= i

. G(OL )~ 4° T -

TR SepVvs Cop % eff . 100— — ]

o ..... \\.....::I?f. - 300 % 50_ ;

4  Average o E L ]

O 200 - i

> = ]

4l'_:: 100 - 1; B

N 0 : Q 0'5; E

Bl E g :

O g 7

» F .

1.90 g . 25 el

: : . ' 0 - ‘

0.8 0.8 0.4 0.2 0 @ -1 N A
Gentoars ghve -2idn L = 5% = 1, osmospanding te 90,7 CL kr 2 ool Ser ll-': 1 5 0 5

S $ e s At (ps)
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Gronau and London, PRL65 (1990) 3381.

Isospin amplitude relations for

0 —
B>z Ad = oL g —ocl
B° > 7°7° 1

AR =TT
B" > 77’ 2 ﬂ

A, +~2A,,=2A,,
KJF— + ZKOOZ ’\/EZ\O—

J

AR 1°1)

1 ~ [+] . ! [+] G0
T B =~T) AR

. Neglecting EWP
e E(E—hﬁ_ﬁ"\’ = A(B"'—p 1‘["'1‘[9) ‘A0+ = ‘Ko_,_

Ambiguities: 4 triangle orientations — 4-fold ambiguity for Aa
a < (r—a)= 8-fold ambiguity for a

Need to measure Br(BO &5 7z°7z°) and Br(§° N 7z°7z°]
o(Aa) determines o(«)
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6 Inputs : Br(B0 - 7z+7z_) Br(B+ — 7z+7z°) Br(B0 > 7z°7z°) /6 S0
a scan : find minimum 2 in fit of isospin triangle to the measurements

: BaBar : 467M BB; ArXiv:0807.4226
convertto C.L. (frequentISt) Belle :535M BB; PRL98 (2007) 211801

1.
£ ————
0.8 3 s
0.6 !
@)
;0.4\
00 30 60 90 120 150 180 0 100150
|
¢, (degrees) o (degrees)

Belle: 11< a<79° excluded at 95% C.L.
BaBar: 23 <a<67° excluded at90% C.L.
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B — pp Similar to B — 7

< Br(Bo —>,0+,0_)~ 9 X Br(BO b 7z+7r_)and BI’(B0 —>p0p0)~ 4% x Br(B0 —)p*p_)

< |P/T| smaller ~ 4%

&% Time-dependent measurement for B° — p°p° possible — S

lifts 4-fold ambiguity

Integrate over ¢

p has spin 1 — 3 polarization states
Mixture CP odd and CP even

1 longitudinal «c cosé, cosé,
2 transverse ocsing,sing, e’

1 dT

T dcos@dcosd, 16

d |4 cos® 6, cos® 6, f, +sin”gsin® 6,(1- f,)]

<% is almost longitudinally polarized

fL(p'p )=0.992+0.024'35

¥
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P* P Scp vs Cep ﬁ

CCF’ PRELIMINARY
T T T T T
0 BaBar
04 - / Belle i
% Average

|
-0.4 -0.2 0 0.2 0.4

cP
Contours give -2A(In L) = Ay =1, corresponding to 80.7% CL for 2 dof

BaBar : 387M BB; PRD76 (2007) 052007
Belle :535M BB; PRD76 (2007) 011104

O'(aeﬁ )~ 6°
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B’ > p°p B =
T=IN(p°°)=997% + 15[ ————— < N(p+p0)21122i63 (stat)——

\
.t

n

W |

(] »
(—] [—]
Events / ( 0.02 GeV/

[
(=] =]
T
——
. S
——
|

Events / ( 0.0018 GeV/c?)

[\ ] (7] =

- -
._._.
>_§_4

_¢_.
A Y
Events / ( 0.02 GeV/{

==
= =

=
T

...................

525 5.26 527 528 5.29 06 07 08 09 1 ) ) 2 2
mg¢ (Gercz) m,, (Gevfcl) mES (GE:V!"C ) mn-t-n—(Ger‘C )

Br(B — p°0°)=(0.92£0.32+014)x102, | | |Br(B* — p'p°)=(23.7+14£1.4)x10°
f =0.753, £0.04 i f, =0.950+0.015+ 0.006

SX=03+07£02 C’=02+08+0.3 o
New: Moriond 2009 \j
Br(B — p’p°)<1.0x10° @ 90% c.| =3 | I

BaBar : 465M BB; PRD78 (2008) 071104 BaBar : 465M BB; PRL102 (2009) 141802
Belle :657M BB: PRD78 (2008) 111102
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Perform isospin analysis:

; | ..
dashed : 2006

l" ' J |
” solid - 2009

o e

0.5
 CL=68%

e — — — — — —
X B

Why the significant improvement?
Increase of Br(B+ — p*po) by ~2c
flattens isospin triangle

Two distinct solutions — single solution

r
SummerD8

o prol.)
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Summary o

% --- B — nn/pp/pn (BABAR)

Meiondos . - -- B — wtnt/pp/pw (Belle)
3 B — nn/pp/pr (WA)

1-0 I LI | I I I I I I I I LI I I I Iil I LI I LI I UL | I I;I_
i L.
i '\
0.8 /1

N 1 11

[ GKM fit i i s

|, 06 [ R I s

5 - no o meas. in the fit i Pt
. 1

LI At i

0.4 ¢

. l |_

- I 4

0.2 - ' .

- L ' ~

0.0 LE
0 20 40 60 80 100 120 140 160 180

o_(deg)

o IS now a precision 4.8% measurement

‘a — (89.01‘;;‘)0 60% c.linterval| & © 3@ 4.2%
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The measurement of y via tree processes provides a SM benchmark
that must be met by any New Physics model

The theoretically cleanest method measures y via the interference
between B— D°K and B — DK

) u p°
K
y-<:s b% v\i‘
. b C B~
B D u s .L

c

colour allowed colour suppressed ™y K-~
Common parameters: <B —>§K>
_ i(6g—7)|
=r,e
CKM angle y <B IR D0K> B

Amplitude ratio, rg
Strong phase difference, 65 ’VubV;

*

i3 ot I'g ~
y precision very sensitive to value of ry AN

x [col. supp|=0.1-0.2
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Reconstruct D in final states accessible to both D° and D°

“ADS” Method: Atwood, Dunietz, Soni; PRL78 (1997) 3257; PRD63 (2001) 036005.
D — Cabibbo favoured and doubly-suppressed decays e.g. K*n-, K"

“GLW” Method: Gronau, London, Wyler; PLB253 (1991) 483; PLB265 (1991) 172.
D — CP Eigenstates e.g. K*K-, nrn-, K r°

“Dalitz” or “GGSZ” Method: Giri, Grossman, Soffer, Zupan, PRD68 054018 (2003).
D — three-body decays e.g. K, KKK~

Time-integrated analyses, tagging not required
Effects due to charm mixing and CP violation negligible
Different B decays (e.g. DK, DK, DK") have different hadronic factors rg, oy

Strategy: combine as many channels as possible to improve y sensitivity
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Currently most powerful method for extraction of y
Exploit interference pattern in Dalitz plot for B* — D(K.h*h K*

2

schematic
m =m*(K,h*)

Sensitivity varies strongly over Dalitz plane (mixture ADS+GLW)
Input knowledge of D decay amplitude, introduces model uncertainty

Simultaneous fit to Dalitz plot density for B*/B~ data

15/6/2009 CERN/FNAL Summer School 57/83



Ve
@ HADRON

il COLLIDER

PHYSICS
SuMMER BCHOOL

—

BaBar : 383M BB; PRD78 (2008) 034023

S >
— D - Ksﬂ z -_ Belle :657M BB; ArXiv:0803.3375
3 200 | B2 S N
P e mgy s DoK'z t Do>KK'K |
125 § b 4 %
100 E 200 — 5 40 - .
75 I.I}J "‘%\ I.I}.I 'l‘ {-
50 o 100 [- — 20 “\\ 7
26 mkep Sl sl AT bl AT 'i-'"-..' .1_ 'H' .
W = et o 1 o ; ety
522 5.24 5.26 5.28 53 52 52 525
M, [Gavic’) mes (GeVic?)
.'_'; 3_| T T ™1 | R | 5 P
T % ~ ] BF
Z 25 JE: B ] s
E O ]
al : -
1.5 _ . % I.. e _ i
T 5 7, i Ay o
05 € x 0s5f TR Th
0.5 1 15 2 25 3 05 1 15 2 25 3
m? [Gavich) m? [Gev i)
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BaBar : 383M BB; PRD78 (2008) 034023
Belle :657M BB; ArXiv:0803.3375

y X, = Iy C0S(S; £ 7)
y, =13 sin(d; = 7)
0.2
y=(76"5£4£9)
o @ B — DK,D'K
s T R SN - U M. S — i D— KS7Z'+7Z'_
[
model error
0.1 \ BaBar B* ' <o |
Belle B* y=(716£22+5£5) 4"
02 gl B — DK,D'K,DK”
} T Averagss DKz KKK |
0 0.2 Note: difference in Belle & BaBar
Ocntenrsghe 2l = 5 = 1, sorompencin b 40,7 L kor 8 def stat errors due to values of rg
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Summary vy

World average combinations vary according to statistics philosophy...

EOZI7M - D() K(*) GLW + ADS P
smmercs . --- D(*) K(*) GGSZ [ Combined 4
- @ I
Full Freguentist treatment on MC basis e CKM fit © 0.0015
1-0 B I I I | T I 1 I I;l_‘l T I T J\\I T T I | T I I | I I"I'I | 1 T T | T T I_ z E |
0.8 -_ ‘-’a_‘ _- % i
i -'a ] E 0.001
L 06 | ".\_‘ . ne_ b
I i \ ] !
T 0.4 - % . 0.0005
T ] 0
0-0 l.-_f" 1 1 I 1 1 1 I 1 1 1 I 11 1 I 1 1 1 I_J L L 1 I I""l 1
0 20 40 60 80 100 120 140 160 180
y_(deg)

@ all
B3 Dalitz

400 0 100

v[°]

WAI

y= (7Oir§; ° rurmricrm. e,

3 rg(DK) using B — D(*)K(*) decays

|, 06 -
o
r.r=0 103+0.017 a3 E
B — Y- ~0.023
00 sl ol EUPEN B S P
000 002 004 006 008 010 042 014 016 018 0.2
rg(DK)

y=(78+12)°
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‘a = (89.01‘1‘;;‘ )0 60% c.l. interval‘

017 i .I T I T T T I L] I L T I T T L) I L] T T I L] T L]
3 : e
- |5 i fitter
0.6 __é 1 i Matlond 09
: Ei‘ 1
0.5 — ol '
3 g‘- glﬁ‘aﬁ : : sol W eps 2h< 0
: 8 <& W 1 (el _Iz\(fL:»O.%}
i
04 3
= o
03 |—
02 —
01 |—
S — |
u-o 1 1 L L 1 L 1 1 'l L 1 1 L L 1 1 L L L
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

y=(70"5)"

|ﬂ;(21.1$0.9)°|
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=l

o.sé— Vub _ 7\« 62 n ﬁZ
oF - 2
; V.| 1-2%/2
UT1| e v A G T TGS The (1,0) P
p

15/6/2009 CERN/FNAL Summer School 62/83



IV,,| and |V | determined from semi-leptonic B decays

At tree level everything is clean

QCD corrections must be included
— Inclusive measurements :
OPE — total s.l. decay rate, moments
— Exclusive measurement :
Form factors from LQCD

V,, suffers from large b—c background
rb-outv) v, 1
I'(b—clv) [V,| 50

Theory and experiment analyses are well advanced

— Briefly comment on current status

15/6/2009 CERN/FNAL Summer School
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Inclusive

Global fit to moments of E, My2 in
b—cllv and E, in b—sy decays

Exclusive

Select DOJv decays on the recoil of a
fully reconstructed B

- : . . _BoDihn&y.
g g 8 S wBIR =16 —Dhy 1 | oMok i 3
uf £ 4 = I prefmmary B B — Dl ] = [ 1
v o X & r | C1B DN ] z E E
X Y oo0s- - B0 I continuum + BB ] O 0.04F .
' w' 2 [ E == fake lepton ] E 3
o % s w= 154 0.03
L A e S B £ i F
o 5 1 1. 5 &0 azb
Equn (GEV) Epn (G8V) Epn (GEV) E 2 dl"( K
mf ooif g 48 3Ncb‘ ()G (CO)
B4 (een) ™ (een)  Eiesn) L E ()
e oF ]

1 I‘I '-2 1.3 '-1 ‘I.E lﬁ

1 1 1 L 1
iE ] .8 T 6 2
Miasing Mass Squarsd [Gev’ic']

BaBar : ArXiv:0807. 4978
B— D/v

(Vo) <M>

e
X
#
at
(v 9) <3
I;‘f./-"‘ g5 5
Aty =8 g o
- 4 Elu %
&
(Vo) (<, 3> 3)

Belle : PRD78 (2008) 032016

—
<
: Fy
. g BELLE
K = BABAR g ,Jf“
| =
—
S

CLEQO ALEPH
A )

L [10° 1|

£
=
=

HFAG: Inclusion of _
b—>sy lowers m, 35

o r/b__ 2 [ {part. n : - . Va )z
wf NS ) contrary to Belle L) SRR o

BELLE

F(1) x IV

ond. S RIVRY moment analysis )

b EERT \' nm
. ‘ 201 w1
458 i fe d A% i7

m, (GeV) 0 0.5 »

| = 39.1£1.4109)x10° (D) L=
V| =(41.67+£0.43+0.08 £ 0.58)x 10" Vas| = ( ) ) ( )
C 2.5 | |Vo|=(38.3+0.5+1.0)x10° (D’
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Inclusive

Experimental measurements of partial
rates in regions of My, 02, P,.....

B—>nllv : reconstruct v from whole even
and extract signal yield in g2 bins from

* Recoil analysis PRL100 (2008) 171802 f'txfso L ELLE Ve dlstrlbutlons _
:'E :_ I I I I ] :EEOOO -— I I ’]_I :gsoo I NE 20;._. ‘ : -—:—:
EBOOOE 4 M E A F G400 S; 18E _-_
Ezooo— . X :54000:— 300 g :z; """" _.H
1000— | 2000 | . 125 :
i 100 10; +
) )  —— lcen T
. Multlvarlate anaIyS|s measures full T Em T
bullv rate .28 1=l L o | f ;
1500} : =0 S S RS man e HTI - EI e
1000} %) ¥
FPCPO9 ™ [ oo PRL98 (2007)0&18671 2 I -
) —
v an(GeVs‘ N 22 tGeV’slo i‘i:'l' f:\l ilc‘l:)' :‘1 ‘ : ]h‘ : .
HFAG Ave. (BLNP) HPQCDq" > 16 A
;;’500:;?[;’022_ *EAN | i.:?I D204059-039 % M -~ 5% (exp)
£26£0.14+0.9-013 e l\/ UT ~ 4% (exp) FNAL q*> 16 |Vub|
E—IF:—\G A\_‘e. ICjGOLl: ub 3.62 4 0.22 + 0,63 - 041 - +17%
396 £0.15+0.20- 023 e . th
oo - 6-7% (th) oo ()

Lower than inclusive V

487 £0.24 £0.38
1 1 1 1 1 [ A

2 3 4 IV, [x107]

5
IV, | [x 107
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The helicity suppressed B— tv annihilation decay sensitive to fg |V |
Also sensitive to tree-level charged Higgs

annmhilation

0t

b

Ve

uh

2 2
Br(B+ — fv):i’\/ubf fBszmffB(l— 2)

u Uy

~400 ~ 4
[i}] L
. s : ¢n 350 N
An excess of events is clearly visible in 9
signal region of “Extra Energy in Calorimeter’ =
an
+ + +0.38+0.35 _ I
Br(B" — r'v)= (1.65_33?_0_37}10 ‘ E
Semi-leptonic tag
L1 1.1 II L1 II L1 1.1 I Ll 1.1 I L1 1
Br(B' — ¢'v)=(1.2%0.4+03+0.2)x10" 0 02505075 1
E- (GeV)

hadronic tag
BaBar : 383M BB; PRD77 (2008) 011107

Belle :657M BB; ArXiv:0809.3834
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Within SM, Br(B— tv) determines fg |V |
 Input f; from lattice —»|V |

~2.5c discrepancy between Br(B— tv)
and CKM from other measurements

025 [
020 [
0.15

0.10 |-

T5[

1.0

r fit i . T
- “mmeers Constraint from B” — t* v. and Amy, -

0.05 I

0.00

Combining with B mixing results removes

dependence on fg

Br(B+ — r*v)_ 3r m’,

(_mf]zsinzﬂ 1
4 miS(x )\ mi) sin’y VB,

15 C TN B | v v b by a s Amd
1.0 -0.5 0.0 0.5 1.0 15 2.0
p

Tension with sin2f persists.

Theory free prediction for Bg4 ~2.7c from LQCD value
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Tree-level charged Higgs contribution interferes destructively with SM

W diagram 1000————T— | | T
1 D ]
1< Lo i
- anmation o+ 800_ Disfavoured region ~ ~ 4
0 Ht ' L Br/BrsM<1 o
s | i
2 I |
U Vy G | q
e.g. MSSM (G.isidori; Arxiv:0710.5377) ‘; - .
. 1= |
m 2 /
Br(B* N z'+v)z Br°M x(l——ftan ﬂ] ‘ -
m 200|—
H ES
BI‘(B+ N Z'+V) : LEP Excluded (95% C.L)  \ -
= =1.77£0.65 % 20 40 60 80 100
I tan B

Large Br/BrSM ruled out
by Br upper limits
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600

My |Gev ]

00 20 30 40 50
land

Current flavour constraints are
already competitive with LHC direct

search sensitivity for charged Higgs

Lo discovery sonsilivily

i .
| o Romn
* [ Exclhuded
M CL

. 30 b7
N 10 m
/ [ EET ]
L AR AN
& . " max L T T
B ] 194 THEIF Y& W40 SiHE G ] ENLN] (LR

-
m, [Gawv]

U.Haisch, hep-ph/0805.2141; ATLAS curve added by Steve Robertson (LLWI 2009)
D.Eriksson, F.Mahmoudi and O.Stal, JHEP 0811:0.35 (2008) for MSSM interpretation
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B Mixing

Traditional method for measuring V., and V. is through box diagrams

b o B d
fd

Iy id b

GZmj 17, M, Bg f2
SM Amq:Z\Mlz\_ WUZ qS(mz/mw)|vtqvm a/p|=

Measure oscillation rates for flavour eigenstates

Input theory from LQCD for By, and fg, to extract [V | or [Vi,/V|
HPQCD; ArXiv:0902.1815

fs 4/Bs, =216 (15) MeV|[Moriond QCD 2009 L gz\vm\
Am, Mg, Vi
stq/ 5, =266 (18) MeV/| || oos . = R
. st\/Bi e (33) HPQCD ‘09 } ° | T.QSBfg:ggg 304
fs,+/Bs, 11 115 12 125 13 £1.35
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)5 T T T
3
g | ] e L
& 1ok i
ot -1
r 1 ALEPH A 0.4d6 + 0,026 £ 0,019 pe
W [ i /f\ ] {3 analyses)
P \ 1+ DELPHI ' 0.519 + 0.018 + 0.011 ps'}
ko \\ ! "; B {5 analyses) H_._H
I | I L Y [ S 0.444 £ 0.028 £ 0.028 ps’ |
al \d/ / 1 {3 analyses)
L - p OPAL . 0.479 + 0.018 + 0.015 ps'
L 1 {% analyses)
] -1
s 1 0.495 £ 0.033 £ 0.027 ps
JL - 0.506 + 0.020 £ 0016 ps_L
i I Y {1 analysis)
’ 10 0 10 BABAR ' = 0.506 + 0.006 + 0.004 s’}
At(ps) {4 analyses)
BELLE ' M 0.509 £+ 0.004 + 0,005 ps'!
05 ¢ {3 analyses)
0.4 L Average of above H 0.508 £ 0.005 ps™
B -.7\ after adjustments
3 -y -L
E CLEO+ARGUS . 0.496 + 0.032 ps
D 02 R panre—_ {34 Measurements)
< | N 1
BELLE 5 F “( World average H 0.507 + 0.005 ps
= of 4\ V for PDG 2009
o :
e i + L
L0 NI 04 045 .
- F ", i " HFAG average — -
o EAGerge »/Am, =0.507 +0.005 ps
0.3 F
04 f
i T R R TR Y VtS

® |t sz 10 ) FPCP 09:
= V =0.214 (1)9XIO- (S)Iattice. R.Van de Water
A (A1) = {(1-2w)x cosAM AL} ® R(At) td
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Access to |V4/V | through ratios of exclusive Br’s.
Provides comparison between penguins vs box
Many recent and accurate exclusive measurements

W
E —4—{ { = 3

B(B — X sd Y ) 3
2 2
. Br(B — (p/@)y) |v,||1-m?/m
- = | ol 8 | £2[1+ AR]
—] pX0y * - 2 2
— BrB—K'y) |V|(1-my. /mg
B
ﬁfﬁV 18rrrrrrrrrror o T T
D—| pO,p_) d’y CKM ; Bl'cludedathasCL>0.95! I [ l 5 — 1.17 i 0.09
g ¢ i : _
;—. K%y SUREES = or ; Flavour SU(3) breaking
* Kdy - CKMfit
=1 os | AR=0.1+0.1
- KT i
by &% N | Weak annihilation
K+ - .
ol K?’jzv - correction
il K* [ Amy i\ P
- K (1400)~ -0.5[ : B J“u‘ { d
—| K9 (1400)~ - : ~
K3(1430) 1.0~ uﬂw‘ %ﬁ
—= K3(1430)% gl CKM
E K§(1780)+7 :1 ISUTMIG'T 0 - - i ) T - - 1 1 1 1 1 T - ] 1 1 1
e K T30 05 00 0.5 1.0 15 2.0
KOrtn—y —
b p
K*Oﬂd»,\/
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% j Summary of Sides

—

CP Conserving Measurements |V, /V,, , Borv

., Amgy, |Am, /Am,

m | T I ! T | | I | | | I | | T I | 1 1 I T T ]
- fp} -

0.6 — A 1 Am fitter _
b - d : d Moriond 09 —
- © ! -
g - -
05 g ' —
L o] —

o 'D —

- 4] —

04 —5 —
— |2 -
= C @ -
0.3 —
0.2 —
0.1 —
0.0 =
1

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

=
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Tree processes only: 3

’Vub/vcb’ B_)TV’ e ﬂ_a_ﬂ —;
Loop processes only:

. g_g L "Am' T Amd&m;'ls T ! |”'tl _g

| sin28, Am,, Am, “ES L : w

CEE sz K ayice

- 0.4 g—% —g

Tension between B—tv and || «F - =

sin2f3 evident (~2.4c) o ) > E

_ s _ _ _
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“"Q, Global CKM Fit

e

#‘F
L L L S @B T
- - B excluded area has CL > 0.95 %
B Y G
0.006 n 5 A& Am,
B
0.004 _ Am, “
0.002 E= _ --------------------- _
0.000 EZLAA. . [.1‘,é_='_'-‘__-_-.,'.;_;"_'?_, g SEEE . - £
-0.004 -0.002 0.000 0.002 0004 0006 0.008 0.010 -
f"slzvt'bf—bl _1'0__ SK .
ts:;;lvjfa‘lmcsLef;gs: :
_IIIIIIIIIiIIIIIIIIIIIIIIIIIII_
| PDG 1997 | 190 -05 0.0 0.5 1.0 15 2.0
D
A=0.81162%% | Moriond 2009 |
A4=0.22521+0.00082
. 0 139+O.025 -5
£ =0.139 - Jop = (2.92 + 0.15) x10
o +0.016
n=0.341" s
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The “Krt Puzzlel

“Kn Puzzle” published by Belle in Nature 2008....

Belle :535M BB; Nature 452 (2008) 332
Direct CPV asymmetry in B—>K*n~ decays different to B—>K*x" decays ??

HFAG 2009

A (K )= 0098537 810

500

Re)
B
=
()
=
o
L 0
@
o
w
i
=
=
c
L

250

300

Acp (K+7z°): +0.050+ 0.025

200

100

U AN M, = A (K1) ACP(K+7z°1 o

5.2 5.25 5.2 5.25

My, (GeVic?) =—-0.147 + 0.028

“Krt Puzzle”

15/6/2009 CERN/FNAL Summer School 77/83



Ve
I@q HADRON
ﬁ COLLIDER

i |
\ T
—

See Nature commentary by Michael Peskin M.Peskin : Nature 452 (2008) 293

If T and P dominant then AA,_ =0
(recent expectation)

Gronau & Rosner : PRD59 (1999) 113002

(g=uc i)

i

C [ o B
B “ E  EW T =
i
m . 5 |
L L m . ]
B+ - s b ¥ +.
i .. B K =
F K . I " .
. . | | fg=uctl |
fg=um0c1) m n
C Pew
EEE EEEEEEEER IIIIIIIIIIII;

Enhancement of C with large strong Enhancement of P, from

phase to T = strong Interactions ?? = New Physics

Also explains pattern of B>nr and B—pp Br's Fleischer et al (& ref therein) : ArXiv 0806.2900

Li & Mishima : ArXiv 0901.1272
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Solutions to the “Krt Puzzle”

Model independent method to detect NP SR L RS S L
: o o B(K7h) o 2B(K ) o o 2B(K 7Y
i +__ -.I . i ”. -|_ — . i -|-i._ll' 0 } i IITIH
Acp(Ktn™) + Aqp(K ']—B(KJF?T_) o Acp(K ") Bk )T, + Acp(K n?) B )
o
0 10 0,0 7
. TK'SgpvsCe M AK’r") The Kz Sum Rule I3
0.4 ' ' I :*Ir‘. Blallar ] \\)\@ %.9
b 1 5 9& >
N O EE
02r E '...:.|....|.///r/4.|....|
T E . 0.05 0 (y/ 0.20 0.25
0 o //Z A(K7t*)
02} D P> :////
= e
= : / Sum rule: A(K°0) = —0.151+ 0.043
it o o0z o4 08 o8 1 12 (?) ;___: HFAG: A(KOTEO) =-0.01£0.10
Conbera e 24l L) = do® = 1, overaponcing be 0,76 OLkor 2 dof 3 1 _ ‘
BaBar : 467M BB; PRD79 (2009) 052003 T-Browder, Hints ‘09

Belle : 657M BB; ArXiv:0809.4366
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The forward-backward asymmetry arises
from the interference between y and Z°
contributions

1
A (=M, )=—Cy f(s)[Re(Cg) F,+ gC7F2 J

The zero crossing point iIs most
theoretically clean

0.4

— .

B SM
ClO — _Clo

N ~

- |c, =—C

sV = 4.36°% GeV?
Beneke et al; EPJC41 (2005) 173

Ali et al; PLB273 (1991) 505
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Recent results of Az from the B factories show interesting behaviour

+

K

A.. (s=m?> _Ne—=Ng

FB\" " uu ) B

N- + Ng
up rest frame
M

L A L TR T L T T T
S 0 E
= | i o =
0.85 | | — -
0.6 T | =
— | ”lIJ | 1= | ]
<04t | | : e =
S - N
0 2 4 6 8 10 12 14 16 18 20

BaBar : 384M BB; ArXiv:0804.4412
Belle : 657M BB; ArXiv:0904.0770

Data points tend to be above the SM curve i _
Note: opposite sign convention

Is the sign of C7 wrong ? Need more statistics
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Some hints/puzzles exist...?. =

- B>tV g




Summary

B factories have dramatically improved our understanding of flavour
physics, far beyond expectations.
Clear demonstration of the SM CKM mechanism as the dominant
source of CP violation
Overall good agreement in the global SM CKM fit
— A huge step forward on precision of a
A few puzzles remaining.....
— Tension between sin2f and |V ,| with B—>tv
— Kn puzzle
— Agg In B>K*up
Next lecture: I o i
— What have we learnt from the Tevatron ? I
New Physics is

— |Is there still room for NP ? still hiding...
— If so, can it be discovered at the LHC and beyond ?
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Golden case: CP final state and single dominating amplitude

ACP

fep

(t)=ImA,_ sin(Amt)

1o}k ' ' ' ' ]
a B -
N/NO " I 4 -
3 I Im Mg, ]
0.0 \ 4 1
nl - \
—05 n
—1.0F i
0.0 2.0 40 o _ ™ 6.0 0.0 2.0 4.0 6.0
T = / Td
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Je
_—

NQ a) . ; lOOO—b)
2000 B'— I WKS %
2 B’— lp(2S)K2 s B> J.fprE
= B"— x_Ks i ol
£1000F B"— nch *E
=} 9]
2 s
R

0 . . i

52 5.22 5.24 5.26 5.28 0 20 40 60 80

1 (9 (GeV/ch) AE (MeV)
Mode sin2 B

b " JlwK, 0.657+0.036+0.012
2 oo nme 0.694+0.061+0.031
= J/gK® 0.666+0.031+0.013
e w(2S)K, 0.897+0.100+0.036
2 100 X K 0.614+0.160+0.040
Q n.Kq 0.925+0.160+0.057
= JIwK™® 0.601+0.239+0.087

[

532 5.22 5.24 5.26 5.28 — (*)o

m,. (GeV/c) cckK 0.2@37 +0.028+0.012
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» Amplitude analysis inB® — [K;z'z ] #°

é"“i— i TR T oy M'c_i = ; 0 0
% .m;— B=ca* ﬁ%}' P t _; W 3 ' B B 1
S & E ol g - . ]
wE % i B=220 3 i ]
- i 4 B s ] "
:0;: ‘?z‘;éé E e i S ]
sl B B e : e
e Time-dependent analysis in B® — J/y K™  m&mGvi

Belle

[

&
i = -
ol

T

- 386M BB; PRL97 (2006) 081801
BaBar : 383M BB; PRL99 (2007) 231802

IyK cos(ZB)Ecos(ZQJl)& ) B_ ¢
MM n =0 i
| s 3is0z, g
PH?71,032005(¢005) 1 \“ %":
e!le 0.56+0.79 +0.11 e »';0"';
PRL 95 091601 (2(05) 0.8 - 0/("‘ %
Aw:grage 1.64 +0.62 £y ’ 4
HFAG 8T A
i‘) 1 2 3 4 oa %?“{
! . LERLTR ] 04 b E
« Time-dependent analysis of B® » D™D K/ T 00 N
02
o .......
BaBar : 230M BB; PRD74 (2006) 091101 0 o \
Belle :449M BB; PRD76 (2007) 072004 %2 0 02 04 08 05 p
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booos WordAveiage i wm GaBar — 020£0.19£000
i o BaBar '——-—| 123£021 £004 1"_ B:olla -o.oué.mto.os
: 0.85 £0.21 £ 0.05 é“m : -é.wto.w
T -t S Lo 2018 BaBar -0.07£0.25 £0.03
i BaBar B 0.85 +£0.38 £ 0.05 B H 01 toizato.oe
'——~—| 1.13£037 £0.09 8 4 H '
= o verage : H {48 L0617
b SO 0 P fooicd BaBar 0.0 £ 6,00 £0,02
{ BaBar 071 £0.16 10,03 5 : :
+D*— Belle 0.99.+025 48 y el 0.15£0.13 £0.04
| Average i | L N R M— 4"""' 'Q'm“m
bscod  Nalve aven _ b—scad Ha'l'nmrano _ -Quuo.oe
HI °'.ast°1° -1‘ |-! -1 48 €449 44 42 0 u “ aa “ 1 1.2 14
- o 1 2
!ill(Zﬂd)Eﬂ.ll(ﬂ!f) v Ca=-AgltR 2006
Cep=-Acp . . .
rr e Good agreement with b — ¢cS modes
N w-,:
0.2 D'D -
e S=-sin2f C=0
L - [ + —_
More info needed for C in D"D™ mode
¥ s S L2
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Ssof . . — & > 60: B,;Bﬂé R ] BaBar 467M BBE ArXiv:0807.4226
S ] ‘;:W E L Preliminary ol ] Be"e . 535M BB, PRL98 (2007) 211801
< 100 e S 40p
o f . 2 |
= sof s § 20f
§ ol +I %T ”L] -
S8 I T1
52 52 0.1 0.2
A E (GeWV)
Seof Br(106) C S
e [
gso:— 5.5£0.4+0.3 -0.25+0.08+0.02 | -0.68+0.10+0.03
40?—
2o 5.02+0.46%0.2
- 9
e_
é A INeuir;aI Nlet b1|g
nor0 | 1.83+0.21+0.1 | -0.43+0.26%0.05 | No vertex
3 Not possible
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e [nput Br(B0 —> 7r+7z_) Br(B+ —> 7z+7z0) BI’(B0 —> 7r07z0) RS T 2o

3 = 3 -

B— 7w SU(2) analysis (WA) B— nim SU(2) analysis (WA)
m —— CL=95% and 68% contours 0 m —— CL=95% and 68% contours 0.9
— = /A =, A A00_ A A0 [ A /A += 00 opk0 '
Summer08 RN |A / ¥ AT HV2AT=V2A Summer08 Lo 7 A +V2R =V2A
| V2IA% /A% V2IR° /R
2 0 2 0.8
0 0.7
6—-\ | Oé-\ | 0.6
+<E Tt o L L
S e T e Moy T~ P
< . 3 e PP OA:- "',:,' 0.5
= 5 ol L g 0 v 0.4
- ot gal [ i 0.3
-1 0 - 0.2
0 0.1
—2 —1.9 -1 -0.5 (4] 0.5 | 1.5 2 —g 1.9 -1 -0.5 Q 0.5 1 1.5 2

e(A/A%) Re (A /A
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o e BaBar : 467M BB: ArXiv:0807.4226
 Grossmann-Quinn limit Belle_: 535\ BB; PRLOB (2007) 211801

Grossmann, Quinn; arXiv:hep-ph/9712306 L2 . | —
0 0_0 : (four-fold ambigt gg
Br(B e A ) O ﬁ

Br(B* > z*7°) e 08
— 7n97Y rate too large to obtain useful limit 0.6/

SinAa <

L 0.4+ A v .

— n'n’ rate too small for a precision CP me; " [Aaf 7
Ac|<43° @ 90%c.l. S R e

o - o, | (degrees)

-0.6

1-C.L.

1-0.4\

SARA

0 30 60 90 120 150 180 . !
¢, (degrees) 5N 100 150

a. [860’1080]@ 68%c.l| Standard peak & [71 ,109 ]@ 68% c.1.{)
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Three-pion final state: dominated by transitions through p mesons
— Interfering contributions from p*7z~, 7t p (and ,o°7z°)
Snyder-Quinn method  snyder&Quinn, PRD48 (1993) 2139; Quinn&Silva, PRD62 (2000) 054002

— Time-dependent Dalitz analysis of 6 decay amplitudes
— BW phase variations break degeneracy in solutions

1

0.75

1-C.L.

0.25

\/ ~"CL=683%
0 120 1

9

50 180
D[} | 50 | -|tl}0 150 | 42 (degrees)
o, (deg)
68° < <95° @ 68% c.l.
o= (87jf§)° @ 68% c.l. BaBar : 375M BB; PRD76 (2007) 012004

Belle :449M BB; PRL98 (2007) 221602
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Dalitz plot

m2(7z_7z0)GeV2 2

- i:lBﬂ—}T[+T[_ﬂG(kin,} IEFEEFS T T T[T T T ITT I 7717
" interference regs. R

E-j__&llIIIII!IIIIIIIIIIIIIIII

m2(7z+7z0)GeV2
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ADS Method

Favoured and doubly-suppressed D decays e.g. K*n~, K'nn?

B" > DK* + D’ — f |
suppressed favoured Same flnalfstate
O — Large interference
B*->DK* + D'—f g~O(1)
favoured suppressed

Measure B* and B yields to determine ADS observables:
(B ->D[-» fK)+r@® —>D[-> K )
* 1@ ->D[>TK )TE D> fK)

Iy + Iy + 211, C0S y€c0S(S, + & )|

R,

F(B‘ — D:—> f]K_)_F(B D _) i]< ): 21,15 sinysin(S, + 6 )/Raps
r(e »D[> K )}+r{@ > k')

o e

Anps =

ADS method useful at present to constrainrg  r,= DS 1 AD > T)
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ADS Method

R, s Averages [
[ PRCLIMIARY
- BaBar 0.013 AT |
25— PRO T2 (2000 03200 :

C _ Belle & 0.006 £ 0,009 553

L |4 70 NG 72 (20 arieel |
E -? 0.0°0 +0.008
| A | L e & e e
= E -0.002 355
E """'Eﬁﬁ'ﬂ!'
o 0011 353
a TR
* 0.066 |+ 0031
u & | ﬂ& %B;rmmm 4_*_F 0012 £0.0 2 £0.002
082 41 0 04 02 03 > g = 5 eoar0ms

AF GaV) ' bl :
H08 008 S 202 L] o2 O 08 d4 A
Belle :657M BB; PRD78 (2008) 071901
No significant signal observed in any modes yet
Upper limits on R,y translated to constraint ry
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BaBar : 379M BB; CKMO0O08 prelim.

BﬁD(Kn)K*

14_ v _
il Wrong Sign ] WS B+ |7.7+4.2
W 115850 evs. iy

/6~
A 4 J.
% zl ﬁ%[ - l
: ST AR
% ; 1@1 | .Il I | ] II
£ | Right Sign ﬁ WS B- | 3.83.4

8_
@®- 172.8+14.2 evts.

=
T
(=2
T

H

meg (GeVic') Mes (GeV/c?)

= o
=1 (=]
T T
r
—
p T
®
I &
b =
L —t—————
e
+
-
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D — CP eigenstates e.g. K*K~, n*n~ (CP+) and K.’ (CP-)
Measure B* and B~ yields to determine GLW observables, A, and R

‘ Acp Averages e Rcp Averages O
' BaBar = =~ T 02740004004 .  DBabar al 108+0.10£0.05
+ <ﬁ Belle ammmmas &  Belle : 113 £0.16 £ 0.08
v % "% GOF 0.38 4,17 £ 0.04 } CDF : 130202420.42 | | First result from CDF
= & . Average v Goesonr ||[] T Average o 1102808 | APXiv:0809.4809
@) a S BaBar -oootdouooe u.” Beiiar 103£0.10 4 0,05
O x Belle 3121{;1*10:}5 Beli: 1.17£0.14 £ 0,14
$ Average 4102008 T 1.09£6.10
“aBar L = "ﬁ';& R Baanr PP
a'_ 3 .3_3,“.(;,,“0,34 Bel&: 141£0.26 £ 0.08
O ... . Giuzzoss 1334042
. ow*dw*uw 1.09*0.121004
ol 0.13 +0.30 £ 0.08 1154031 £0.12
O 4.07 £0.10 ——LUE
0,00 £0.13 20,06 2j7+0.85 2000
GO0 £0.14 2474038
TS EiGE Lom iSiE0E £
. . 423+099 1.03 +0.30
1 48 08 44 02 ) 02 04 03 03 | 12 L4 2 3

No direct measurement of y, but helps in combination with other methods.
Sensitivity to y depends on strong phase.
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GLW Method

e (Observables

. F(B‘ N DgpiK-)+ r(B+ — Dgpiw)_

Rep.

1+ 2r. cOS¥COSS, + I
2F(B‘—>D°K‘) 3 R0 T e

Acp.s

F(B‘ —> DgpiK‘)— r(|3+ —> Dgpiw)_
(B —D%.K )+T(B* >D%.K")

+2r, Sinysind /Rep.,

e Alternate set

RCP+(:|-$ ACP+)_ RCP—(]-$ ACP+)
4

X, =13 COS( + 1) =

2 2 2 _ RCP++ R(:P—_2
Ve = 2
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Bt 1 © un | ; x
v 00 @8-Xev | o e E;>0.7GeV 2 - {
E []Secondaries ] ; = = « data E 15000 || _ i
g‘m [lCombinatorial] — 1000 - Fi T }
" CContinuum 1 & s B [ Sabefape iy woooll | T |
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= 1 ¥ ew [ o
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200 - I H
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##
E * :
ALEPH (excl) ; B—->D /v : B — D/v
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Expect Isospin asymmetry to be small
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Intriguing large and negative A,

BaBar : 384M BB; ArXiv:0807.4119
Belle :657M BB; ArXiv:0904.0770

15/6/2009

CERN/FNAL Summer School 104/83



	Experimental Aspects of�Heavy Flavour Physics
	Disclaimer….
	Acknowledgements
	Overview
	Role of Heavy Flavour Physics
	Historical Note
	The Standard Model
	CKM Matrix
	CKM Matrix
	Wolfenstein Parameterization
	Wolfenstein Parameterization
	CP Violation in the Standard Model
	Unitarity Triangles
	The Unitarity Triangle
	The … other…Unitarity Triangle
	The Ultimate Quest…
	The Quest…
	The Tools….
	Why the b-quark ?
	The Birth of B Physics
	B Physics
	B Mixing
	CP Violation in B System
	3 Types of CP Violation
	B Decays
	Where to start ?
	 (4s) Resonance
	 (4s) Resonance
	Asymmetric B Factories
	Luminosity at B Factories
	BELLE and BABAR
	Kinematics at the  (4s)
	Time-Dependent Analyses
	Slide Number 34
	Slide Number 35
	b : bccs modes
	b : Then… 
	And now…
	b : bccs modes
	beff in other modes
	beff : bsqq modes
	beff : bsqq modes
	beff : bsqq modes
	Slide Number 44
	a : B  +-
	a : B  +-
	Isospin Analysis B  
	Isospin Analysis B  
	a : B  rr
	a : B  rr
	a : B  rr
	B  rr
	Summary a
	Slide Number 54
	g : BDK 
	g : BDK
	GGSZ (Dalitz) Method
	GGSZ (Dalitz) Method
	GGSZ (Dalitz) Method
	Summary g
	Summary of the Angles
	Slide Number 62
	Vub and Vcb
	Vcb
	Vub
	B  tn 
	B  tn 
	B  tn 
	B  tn 
	Slide Number 70
	B Mixing
	B Mixing
	FCNC : B  (r,w)g, K*g  
	Summary of Sides
	Global CKM Fit 
	Global CKM Fit
	The “Kp Puzzle”
	Solutions to the “Kp Puzzle”
	Solutions to the “Kp Puzzle”
	FCNC Rare Decays: B K*mm 
	FCNC Rare Decays: B K*mm 
	Some hints/puzzles exist…?.
	Summary
	Slide Number 84
	CP Violation in Interference
	b : bccs modes
	Resolve 2-fold sin 2b ambiguity
	beff : bccd modes
	a : B  00
	Isospin Analysis B  
	Isospin Analysis B  
	Isospin Analysis B  
	B  p+p-p0
	B  p+p-p0
	ADS Method
	ADS Method
	ADS Method
	GLW Method
	GLW Method
	GGSZ (Dalitz) Method
	Inclusive Vcb
	Exclusive Vcb
	B  tn 
	FCNC Rare Decays: B K*mm 

