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Flavour physics

Understand flavour structure of Standard Model

Measure properties of weak interaction, i.e. flavour-changing
interactions of quarks

» (P violation

» Test CKM mechanism

> Over-constrain CKM matrix

Test Standard Model predictions

Search for New Physics in deviations from SM predictions
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This talk

Concentrate on angles of the Unitarity Triangle

Introduction
BABAR
CP violation

Angles of the Unitarity Triangle
sin20
b — sqq penguins
@

Summary, Outlook
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BABAR at the B-factory PEP-II

ete~-collider running primarily at

Vs = m(7(4S)) = 10.58 GeV
Asymmetric beam energies, Gy ~ 0.56
to separate B decay vertices

High luminosity: £ ~ O(10%*)cm~2s71
Data taking stopped

H : 15T solenoid
n Aprll 2008 (superiglfél?clting) Calorimeter
L: . 531 fbfl 6580 Csl(Tl) cyrstals
int —
e D Cherenkov Detector
465 million BB 144 quartz bars cev)
120 million 7(35) 11,000 s e

100 million 7°(2S)
1.7 billion ete™ — qg

Silicon Vertex
Tracker

5 double-sided
layers

Drift Chamber
40 layers

Instrumented Flux Return
18-19 layers
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Unitarity Triangle and CP violation

W Vud Vs
~ gVi; Vekm =~ Ved Vs
th Vis
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Unitarity Triangle and CP violation

2 .
W -5 A AN (p—in)
~ gV VCKM ~ - 1-— %2 A)\2
AN (1 —p—in) —AN? 1

dj

m Assuming unitarity of Vekm
(universality of weak interaction):

ViaVib + Vea Vo + Vg Vi = 0

= triangle in complex (,7) plane
p=(1-2/2)p

= apex at
Pt = (Vg Vip)/ (Vg V)

m Kobayashi & Maskawa 1973:
Non-zero phase in CKM matrix generates CP violation:
1 # 0 < Unitarity triangle is not flat
(Nobel Prize 2008)
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Time-dependent CP asymmetries

m Neutral B mesons oscillate between B® and BP.

b d
(B°/H|B%) = 5 § %" B+ long distance

d t b
m Mass eigenstates |By, ) = p|B%) £ q|B°); q/p ~ %"
m Decay into common final state f:

> If f is CP eigenstate:

B° interference between two decay paths
P <
- \ > Vckm complex
T f m B% and B° decays have different weak phase

S / > Phase difference due to mixing: 203

B0 » Leads to lifetime depeniient differences
M(B°|,_y — flo) #T(B°|,_, — flo)

F(At) —T(At)
F(At) +T(At)
= —nrSrsin AmgAt — Crcos AmgAt

Ap(At) =
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CP violating asymmetry in B® — (cc)K°

m Measure S and C in b — ¢Cs decays (‘Golden mode')
m Experimentally clean (Ji — 00, KO — ntn™)
m Theoretically clean:

» dominated by single (tree) amplitude
> gluonic (loop) penguin small & with same weak phase

C
J/
c
b . ,
B =g C J/ b 5

d s K B3 %’\/\/‘fw K
7 s d d

2]

m SM expectation: Only phase from B® — B? mixing

c < 1073 (no direct CPV)
S = —nV/1— C?sin28~ —nrsin28
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B — (ct)K®

BABAR's full data sample:

465M

BB events, Phys. Rev. D 79, 072009 (2009)

Reconstruct charmonium cc as

b, (25), Xer, e

K — mfn—,

KL0 as neutral cluster, with some

70n0

quality criteria

Large, pure samples:
e.g. B® — Jip KO with 6750 events

K*0 — K507TO:

ignore angular information
we dilution due to mix of CP-odd and
CP-even final states, ‘effective’ 7
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BaBar sin2f; analysis
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sin2(3 from BY — (cc)K®

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

ps)

8

8

o o

S o

BN OND

g 8

o o 5
8

S o

PN OND

©4
B° tags E
5B° tags g

g1
NI

= +1
5

[\

{

0

m;
>4
—
k=)
«

sin23 = 0.687 £ 0.028(stat) 4 0.012(syst)
BaBsr, 465M BB events
Phys. Rev. D 79, 072009 (2009)
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B =arg[-V 4V, Vi Vil
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Precise measurement of (3

sin(2p) = sin(2g,) [

PRELIMINARY
BaBar i 0.687 +0.028 £ 0.012
PRD 79 (2009) 072009 !
BaBar x , K 0.690 + 0520 + 0.040 £ 0.070
arXiv:0905.3615 :

BaBar J/y (hadronic) Kq

1,560 +0.420 40210 |
PRD 69 (2004) 052001 :

Belle Iy K° = 0.642 £ 0.031 £ 0.017
PRL 98 (2007) 031802 ;
Belle Y(2S) K ) 0.718 +0.090 3 0.031
PRD 77 (2008) 091103(R) ' f :
Average 0.67240.023
HFAG 1 :

0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Still limited by statistics

sin2(3 0.672 +0.023
B = (21.14+0.9)°
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sin23 from b — qggs penguins

W. Gradl

Standard model and penguin
only:

Sf = —Nf sin 2ﬁ

Sensitive to New Physics in
loop

‘Golden mode’ B® — ¢K?
Need SM correction to naive
expectation mode by mode
Theory prefers AS > 0

Experiments seem to favour
AS <0

— Recent results from BABAR

sn(2p™) = sin(2¢’

f

PRELIMINARY

b-ccs World Average ! 0.67 +0.02

], BaBar 026+ 0.26+0.03

s Belle : — 0.67 0%

L BaBar : : 0.570.08+0.02

= o, Bele L. 0644010004

¥ BaBar : [ 000701198

¥ Belle © 0.300.32+0.08

¥ ¥ BaBar | f+ 1055+020+003

% Belle {— 0.67+0.31+0.08

© BaBar 0.35 *9%; + 0.06 + 0.03

°a Bele : [—0.64 7030+ o.og £0.10

N BaBar — j 0.55 925+ 0.02

3 Belle : L S— : 0.11+0.46 £ 0.07

& BaBar : o 0.60 *918

= Belle - 0.60 315

f,Kg  BaBar ! 484 0,52+ 006 +0.10

T K BaBar : .20 & 0.52 + 0.07 + 0.07

* BaBar——————————— §:0.72+0.71+0.08

Belle {—-— L 1-0.43+0.49 £ 0.09

w?? K BaBar : — 0.97 9%

T K NRaBar | —— 001+031+005+009

,é BaBar : ' 0.86+0.08 £0.03

X Belle {0.68 £ 0.15 + 0.03 "33

b ‘qqsx Naive average 0.62+0.04
-2 0 2

sin 23 from b — ccs

m Was more exciting 2 years ago

m Limited by statistics; needs
next-generation experiments



: — * *
Measuring o = arg[—V,, V35 /V,, Vil /T
m Process involving both B-mixing () and b — u transition (7):
a=m1—0F—".

eg. B = ntn—, B — ptp~
m Complication: penguin amplitudes not negligible, different weak
phase and (unknown) relative strong phase §

Thopt "
d b d
~ - w TP
b u B 7

d =0p — 67, P/T different for each final state

m Measure effective e, and

Chh o sin 5; Shh =14/ 1-— Cﬁh sin 20éef-'f

m Need to constrain |aes — @
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Isospin analysis to constrain aef — «

m Time dependent 777~ or pTp~ CP asymmetry " measure ouf

m Use SU(2) isospin to relate amplitudes of all 77 (pp) modes
and constrain Oleff — (¢ Gronau & London, Phys. Rev. Lett. 65, 3381

A+0 _ A(B+ N h+h0)
A A(B® — o)
2t — ) A = &4
4 590 constrains
AFO = 40 this angle If only B are measured:
4-fold ambiguity for
2( e — )
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a from B — pp

BaBa Phys. Rev. D 78 071104 (2008) Belle Phys. Rev. D 78 111102 (2008)

B(B® — p%p°) = (0.92+£0.32 £ 0.14) x 107 | B(B® — p°0°) = (0.4 £ 0.4792) x 10~°
< 1.0 x 107° @90%C.L.

fi =0.757%1, £0.14

S0 =03+07+02 CP=02+08+03

BY — p%° small
BABR, 424 fb~!, Phys. Rev. Lett. 102, 141802 m isospin triangle flattened,
B(BT — pTp®) = (23.7+ 1.4 £1.4) x 107%  decreases ambiguity due to aef —

r ‘ from mP+‘pO update d 17.5 j T
2 [
05 . 05+ '
: JA RV cL=es% | |
/ L \fL:go%f/ \& /
A AN 0550 100 150
Do=0-0t 4 (deg) a (deg)
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o from B — a7

W. Gradl —

Measure aef in B® — 31(1260)i7ri: aefr(agm) =79° £ 7°

BB, Phys. Rev. Lett. 98, 181803 (2007)

Use SU(3)-flavour symmetry to constrain penguin contribution P/ T
and obtain bound on |aes — ¢

Gronau & Zupan, Phys. Rev. D 73, 057502

Need branching fractions for all decays in the same SU(3) flavour
multiplet with JP€ = 1*+:

» B — aim v (BABAR, Belle)

> B— aK v (BABAR)

» B — Kiam (BABAR preliminary)

Derive bound on |aes — | < 11°(68%C.L.)

Using solution near 90°, o from B — ajm:

Qapr = (79 £ 7 £11)°
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Summary on «

Combine measurements from CP violation in B® — 7, pp, (pm)°.

a; not yet included.

RPN

Frd
? Uit
c
[5)
© 0.004
--- B - TUUpp/pT (BABAR) > |
Woronaos . --- B — TUUpp/pt (Belle) =
3 B - muvpp/prt (WA) o I
10 T T T T <
E''a =0 éxcluded by ' |3 B o H
o5 [ other constraints ‘ e e
ol : i & 0.002(
os [ CKM fit i |
3 °°Ff Cameas. nive .‘
ool b i
02| I
00 X: | | /) Go 50
0o 20 40 60 8 10 120 140 160 180

a (deg)

o = (89.07533)° (68% C.L.)
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Testing the Standard Model

7 = 01391992 7 = 0.15440.022

7 = 03417301 i 0.342 + 0.014

sin23 = 0.684139% sin23 = 0.695 + 0.020
http://ckmfitter.in2p3.fr http://www.utfit.org
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Testing the Standard Model

N A I B B,
-1.0 -05 0.0 05 1.0 15 20

P
m « and (§ constrain Unitarity Triangle to 5°

m Poor precision on over-constraint:
a+ B+~ =(180730)°/(191 + 14)°

m CKM describes measurements well

m Still plenty of room for New Physics
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Conclusions and summary

m CKM picture of CP violation seems to describe data well

m Most measurements limited by statistics
need next-generation Flavour facility (LHCb, SuperB / Belle-II)

m Some tensions, but all below 3¢

m Still room for new physics,
but effects likely to be subtle

m BABAR data taking ended, strong analysis effort ongoing
m More BABAR (and Belle) results on Monday
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Extra slides
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PEP-II performance and the BABAR data sample

m data taking stopped 8 April 2008

m peak luminosit . L _
p 33y 9 1 = integrated luminosity 531 fb~!
12.069 x 10~ cm™“s
As of 2008/04/11 00:00
of = L
£ . st BaBar
8 [ 9 500(—  PEP Il Delivered Luminosity: 553.48/fb
o o
2 k) : < L BaBar Recorded Luminosiy: 531.43/fb i
124 L E L BaBar Recorded Y(4s): 432.89/fb 4
10F . 4 S L BaBar Recorded Y(3s): 30.23/fb i
. 3 - L BaBar Recorded Y(2s): 14.45/fb 4
. c . R B 400 Off Peak Luminosity: 53.85/fb _
Bogo0y = F ]
A I A g f ]
- . ¢ RS 4
i A T 3000 At B
J < o
s § o k ]
i e % L ]
3 A . L 4
' . .
5f K] 7 E [ ]
. . . . . 200 ]
PEP-II DESI? e [ ]
{.‘ H s . 100
") 4 . F ]
& . . [ ]
o B s e e T
o
&

2000 2001 2002 2003 2004 2005 2006 2007 20! ) &
» »

PEP-II Peak Luminosity each week

s & & @
S S
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Measuring At

CP tag

(pr)ec Flavour tag
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Detecting a signal

m Largest backgrounds from ete™ — qg

m Use event shape for background suppression:

jet-like gg spherical bb
m Kinematic variables identify B:
AE = EE - El;keam ~0

— * 2 * 2
Mes = Ebeam — Pg” ~ MB

522 524 526 528

Mes (GeV)
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Angular analysis: B — VV
mJP 0 —-171"
m With enough statistics, full angular analysis possible:

2

d3r

HinY1.m(01, ) Y1 —m(0>,
d cos 61d cos 6,d¢ x Z 1m(01, ) Y1, -m(02, )

m=—1,0,1

m Fraction of longitudinally
polarised events

|Ho!?

f, =
E T THol2 + [Haa 2 + [H-1 2

m In transversity basis:

Ay = Hy
1
Al = %(Hﬂ +H) CP even
1
Av = M- Ha) CP odd Ap> Al > AL
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Polarisation puzzle

m Expectation vor B — VV
decays:

m2
fi=1-"T¢ ~1
B

Polarizations of Charmless Decays

HFAG e 0K3(1430)*
Aug. 2009

6K;3(1430)°
~ SR (1270)
oK

S0
. wK;3(1430)°

——— wKj(1430)

wp
o
I Avg, —— P )
—— Belle |
—— BABAR =/
T T T T T y T y T
0.2 0.4 0.6 0.8 1.0 1.2

Longitudinal Polarization Fraction (f.)
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B — pp seem to fit

b — s penguin dominated
modes ¢K* and K*%p* show
fr ~0.5

So: tree-dominated f; ~ 1
penguin-dominated f; ~ 0.5 7
VT decays add confusion

f,(B — afa;) =0.31+0.24
BaBar, arXiv:0907.1776

Mechanism creating this
behaviour?



Charm mixing and CP violation

HFAG preliminary

g 5 1
; EPS 2009 ’W g EPS 2009
Zr E’ L
E e s
15F [
F 05f
11— L
0.5~ 0:
oF - -0.5—
F | No mixing [
% AM A i -t
L — AM — Ar 3 L
JEEEEE S 45 :
[ PR I I PRI PR W LY.} 15 | I | I | I
-1 -05 0 05 1 15 2 "~ 02 04 06 08 1 12 14 16 18
x (%) la/pl

m Mixing established at > 100,

= m No evidence of CPV in mixing
combining all measurements

o m Data consistent with 2 =1
m Individual measurements ~ 4¢ P
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Lifetime ratio: ycp

m Compare 7 for Cabbibo-favoured D® — Kr
and Cabbibo-suppressed D® — hTh~ decays

TKn
yeo = ——1
Thh
p° D°
Ay = TKr [ Thh — Thh gps 200
0 Do
Thh Tl?h + Tﬂ 0.732£ 2,800+ 1.080%
. FOCUS 2000 H—'—"{ 34201300+ 0.740%
BABAR tagged analysis:
-1.200 + 2.500 + 1.400 %
Phys. Rev. D 78,011105 (2008) CLEO 2002 }_;—.7 o
Belle 2002 }.._._g.{ -0,500 + 1,000+ 0.800 %
Belle 2007 1310+ 0,320+ 0.250%
Tkn 4 e I+
D° Belle 2009 0,110+ 0610+ 0520 %
TKﬂK (I e f-
D 1160+ 0.220+ 0.180 %
Tkk —
D°
! %J’T World average H 11070217 %
T — ST
Yep (%)

400 405 410
T[fs]
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Lifetime ratio: BABAR untagged

m Do not tag flavour of D°: larger signal, more background =
comparable sensitivity

D° — Km D° — KK
r * Data L * Data
10° ? [signal 10% E [ signal

F Comb. ? £ Comb.

3 . Charm g 103:, . Charm

0 0 E

= = £

g % 1l

g £ 10°¢

2 : ol

w w

10

[

Br ol B ot b
;E 2 ‘,T‘ﬂ‘ LA SN w,wpww ! rv“r‘rtu‘m:“ T gg _p [P &w@ AT iU A
-2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4
t(ps) (S
[ Statlstlcaﬁy independent of
B 7Ky = 410.39 + 0.38p, fs previous tagged BABAR analysis
Tk = 405.85 4 1.00s¢,¢ fs .
KK stat m Combined:
— 0,
mycp = [1.12i0.265tati0.225y5]% yep = [1.16 + 0.2245 & 0-185ys]%
BaB 384 fb~ ', arXiv:0908.0761,
submitted to PRD-RC Excludes no-mixing hypothesis

at 4.10
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