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The Standard Model

® Theory of electromagnetism, the weak and the strong
interaction

¢ In 2012 the last missing particle (Higgs) discovered.
o Experimentally exceptionally well confirmed theory
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What is CP Violation?

C — Charge conjugation P — Parity

— +
Ce, — ¢

Pe, — ep

e Till 1957 believed that C and P are conserved
o P violation discovered (C.S .Wu 1957)

e The product CP is conserved (Landau [957)
o CP violation measured; K; — mt 7~ (Cronin & Fitch 1964)
o CP violation measured in B® (Belle & BABAR 2001)

e CP violation distinguishes matter from antimatter

C PM/'I‘ror
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CP Violation in the SM
e Described by the CKM matrix (Kobayashi & Maskawa 1973)

o relative misalignment of the Yukawa matrices for the up- and
down-type quarks
Verkm = ViV

V' matrices from diagonalisation of mass matrices

e 3 X 3 unitary matrix (3 angles, 1 complex phase — CP Viol. )
e weak interaction couplings differ for quarks and antiquarks
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C’P Violation in the SM

e CKM matrix very hierarchical — Wolfenstein parametrization

1-1Ix A AX3(p — in)
Ve = ) 112 A | o0
AN(L—p—in) —AN? 1

A=0225  A=0823 p=0132, 15 =0357

e Unitarity — six relations represented as triangles in the
complex plane

ViaVop + VegVip + Vig Vi = 0

e Parameter 7) describes size of C'/P violation in the SM

(P.1) = (p.n) + O(N)
Area oc A2\ (1 — ¥/a) = J

Unitarity triangle
V., Vi
td ’th
% V*\)
ud Lib
Vcdvcb

(0,0) (1,0)
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CP Violation an Open Issue!?

e Sakharov conditions (1967) for Baryogenesis

|. Baryon number violating interaction He(AB # 0) # 0
2. Existence of CP violating interactions
3. Departure from thermodynamic equilibrium (CPT — CP)

e Baryon asymmetry of the Universe by KM CP violation

Mass difference term

A="B"M "5 VPR PERPIl Mass scale EW o< O(100GeV)

Jarlskog parameter J = 3 x 107°

e SMgives A ~ O(107") — Observed value A ~ O(10719)
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CP Violation an Open Issue!?

e Sakharov conditions (1967) for Baryogenesis

|. Baryon number violating interaction Heg(AB # 0) # 0
2. Existence of CP violating interactions
3. Departure from thermodynamic equilibrium (CP7T — CP)

e Baryon asymmetry of the Universe by KM CP violation

Mass difference term

A=""" 05 VRVl Mass scale EW o O(100GeV)

Jarlskog parameter J = 3 x 107°

e SMgives A ~ O(107") — Observed value A ~ O(10719)

We need more CP violation!
SM C'P violation insufficient to explain baryon asymmetry

Search for new sources of CP violation
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CP Violation in B — K7~ 7°
e B® » K*r — K*t7~ 7% source of information of ¢

o B decays via b — TS tree carry the phase ¢3
o But tree doubly-Cabibbo-suppressed
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e Tree sensitive to V, V. = A\ (p + in)
® Measure CP violation through interference of tree and penguin

Caveat emptor
Cabibbo-allowed EWP/QCD penguin contributions — large

dynamical enhancement
Model-independent determination of ¢35 impossible
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CP Violation in BY — K77
What can we do? 79/~

ol
3

¢ Isospin symmetry of QCD
o Penguin — Al =0
o Eliminate QCD penguins BY
(Al'=1— no QCD) d
o Nir 1991

o
wl

W+ K*O

Y

e Linear combination A/ = 1:
Asj, = —A(K*O1T) + V2A(K**0) W
o After isospin decomposition b 5

As/z WP
e Phase difference between K*nt T

* = d ’ f
and K**7~ from B® — Kstrr o AN?as (QCD)

e EWP estimated from (Gronau 2006) x AX2a (EW)

8
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KEKB Accelerator

o Operated in Tsukuba, Japan
(1999-2010)
o 8GeV e  —<¢ et 3.5GeV

Integrated Luminosity[fb-1]

1000

800 4

600 ’.lr/_’/
400 /[/

0 /

1998 2000 2002 2004 2006 2008 2010 2012
KEKB took data mostly on T(45)
T(4S) decays almost entirely to BB
(772 £ 11) x 10° BB pairs recorded
Very clean environment for physics
studies

O O O O
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Belle Spectrometer

§ 4)®(32.9:0.8)/p um E 4+0.3)®(34.320.7)/p um
[ Svm(fg.n;;)@m.aﬂ)m pm Bep s‘m(?s‘?;o 8)0(54:0.8)p um
Silicon Vertex Detector (SVD) *
e Determination of decay point -« - “
Rl - === L e e o )
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Belle Spectrometer

Central Drift Chamber (CDC)-B=15T

e Momentum measurement

9T () RO 2
e Particle identification PT 0'54\/1 t rriGeY/g

(0]
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Belle Spectrometer

i

Time-Of-Flight Counter(TOF)
Aerogel Cherenkov Counter (ACC)

e |dentification of K—, 77, u~,e", p

Marko Petri¢

Sigma Separation

SigSe

= (i)

Sqrt(C,2+0 2




Belle Spectrometer
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Belle Spectrometer
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Measurement technique
e B® —» K+t 70 receives contributions from intermediate states

e Measure phases and amplitudes from interference over the
available phase-space (Dalitz Plot Analysis)
o Three-body pseudoscalar decay — 2 free parameters
M. = (pk +px)? and m2 o, = (pr + pro)?
K*(892)°

e Populated as: d*I =
1 1 2 2 2
@32[\/}3 |M’ deﬂ'dmﬂ'ﬂ'O
e Matrix element defined as:
M = Zk akelqskfk(m%(ﬂ' m72r7r°)

e Want to measure a; and ¢;

K*(892)* and Acp = 55

o Intermediate states

. (GeV2)ct) (Fit Fractions — FF)
f|Ak|2dmf<rdmfmo +f|Zk|2dmf(7rdmfm0

Jz4 A

Marko Petri¢ Measurement of CP violation in decays of B 5 Ktr—n

FFy =

2 2
2 2 2 2
dmi dm? o+ [ dm3_dm?
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Measurement technique
e Intermediate states: p(770)" K™, p(1450)~ K™, p(1700)~ K™,
K*(892) "7, K*(892)°x°, (Km)§™n~, (Km)i’n° and
non-resonant

© Need to parametrize their distribution in the Dalitz Plot

Resonance Line shape Parameters
Spin = 1
p(770) RBW  m = 775.26 + 0.25 MeV/c?
[ =147.84+0.9 MeV
R=53GeV!
(1450) RBW  m = 1465 + 25 MeV/c?
=400 + 60 MeV
R=53GeV!
p(1700) RBW  m = 1720 + 20 MeV/c?
=250 + 100 MeV
R =53GeV!
K*(892)*" RBW m = 891.66 £ 0.26 MeV/c?
[ =50.8+0.9 MeV
R=34Gev!
K*(892)° RBW m = 895.81 & 0.19 MeV/c?
[ =47.4+0.6 MeV
R =3.4GeV!
Sping =0
(Km)gtor (Km)i®  LASS  m= 1425+ 50 MeV/c?

=270 4 80 MeV

cutoff myc; = 1800 MeV/c?
a=207+0.10 GeV
r=3.32+0.34 GeV

Do
D+

Non-interfering

Gaussian
Gaussian

m = 1864.86 + 0.13 MeV/c?
m = 1869.62 £ 0.15 MeV/c?

Marko Petri¢
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e Spin-1 — Relativistic Breit-Wigner
07300 5050096 :::u 1(0‘\::::‘."7:1)

[ ]
(%)
.
o
o
1O
1o
i)
13
[V
13
1@
El
i 3.
N
)
(m
(@]
=]

of

600" 800 1000 12001400 1600 1500 2000 2200

myp (MeV/c?)

e Non-resonant — Flat
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Event reconstruction and selection
e Branching fraction Br(B® — KTn~7°%) ~ 4 x 107° (PDG)

K+
v e Reconstruct 7™ — 7 and combine
go==-- -7;5‘\\9\//\; 4-momentum vectors to final state
\ 77 particle

™

e Reconstruction criteria to reduce background:

o 70 invariant mass & quality of vertex fix
o Energy difference

AE = EE - Et;keam
o Modified beam energy constrained mass (use only direction of 7°)
— less correlation to AE
N 2
- - 2
MLC = \/Egeam = (pK+ + Prt + (|[p)‘7r2|) 5 \/(Ebeam — EK* e Eﬂ+) = m721_o)

e Best candidate selection: i Yo
o 1% stage: photon asymmetry A, = LE;%

o 2"d stage: best x? from the B® vertex fit

Marko Petri¢
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Continuum Suppression

e efe” — qq (g € {u, d, s, c}) background outweighs signal
o Topological variables to discriminate signal and background

p(B°) ~ 0.3 GeV/c

p(q) ~ 5 GeVic ete” — T(4S) — BB

ete” = qq (g€ {ud, s c})

(0]
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Continuum Suppression

e efe” — qq (g € {u, d, s, c}) background outweighs signal
o Topological variables to discriminate signal and background

Modified
Fox-
Wolfram
Moments

Fisher
discriminant

(F)

Tagging
Quality (qr)

NeuroBayes

Cns

B Flight
Direction
(cos 6g)

Vertex
Distance
(82)
Thrust
(cos 1)
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Continuum Suppression Performance
F + Ry + Az + gr + | cos 6|

0.35

e Test — plot efficiency vs. purity

—— Background

I
o
5

— signal

03

Efficiency (%)

90

85

80

- F
- F+ Ry

- F+Ry+ Az
Bl=F+R2+Az+gr
+F+R2+Az+qr+|60595|
+F+R2+Az+qr+|c0593|+COSGT
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Purity (%)

70

e Disregard cosft

Marko Petri¢

Measurement of C'P violation in decays of B® — KT~ x°



Continuum Suppression Performance
F + Ry + Az + gr + | cos 6|

e Test — plot efficiency vs. purity
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Background Studies

e Cyg > 0 rejects 92% of e"e~ — gq and 20% of BB

:‘;Eumg sg~ DK it ang o 1k’ g s‘w‘ B i and D¢ 1K*
S 14000/ Wiong 1 hypot VSDUUU-Wnnunhypnﬂess
8l i e 3 -
oo s comona 2 ao000
§muoo— 5
= = &
@ 200000 - g
s - i
@ o000 r i
e  —— R iii*‘h
M, (GeVic?) AE (GeV) Cle
Type Fraction (%)
Signal 23
Continuum 87.0
Combinatoric 5.9
Wrong mass hypothesis 0.5
Wrong 7° hypothesis 0.5
BY/B° — c/s 3.1
Non-interfering 0.8

Marko Petri¢
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Background Studies

e Cyg > 0 rejects 92% of e"e~ — gq and 20% of BB

16000 o si Sl

< Signal_ = S\gr\n\

°Q 707 and D[ MK B - DK’ rf and D1 7K™ ; L e and D[re mK"

= 14000 - wvo q Wpolhes\s w mvg P hypothesis s 50000 Em— w ong 1t hypothesis.
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M, (GeVic?) AE (GeV) C

® Signal region: 5.274 GeV/c? < M} < 5.285 GeV/c?, |AE| < 0.08 GeV, Cpg > 1

Type Fraction (%) Fraction in the signal region (%)

Signal 2.3 27.6
Continuum 87.0 45.1
Combinatoric 5.9 10.8
Wrong mass hypothesis 0.5 4.4
Wrong 7° hypothesis 0.5 1.7
Bt/B° = c/s 3.1 1.4

Non-interfering 0.8 9.1 /\
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B® — K+*n— 7% — Fit
e Two step fit
o 3D fit: determine Continuum, Combinatoric, BJ“/B0 —c/s
o 6D fit: fix results from 3D fit
o 6D fit: determine Signal, Wrong mass, Wrong 70, Non-interfering,
Dalitz parameters a;, ¢; — Acp, FF;

L.  modified beam-constrained mass g
AE  energy difference g
N continuum suppression network output o
m%_ K*7~ invariant mass squared 8
0 7779 invariant mass squared 5
Q charge of primary kaon from B° %

“E DATA

Events / (0.004 GeV )
Events / (0.333333)

Events / (0.00028 GeV/c?)

a
a
E!
a
2
2
1
1

Pull
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B® — K™n~ 7" — Fit (Dalitz plot)

0
L
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B® — K™n~ 7" — Fit (Dalitz plot)

25
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BY — K*m~ 7" — Fit (Multiple Solutions)
e High dimensionality of parameter space — no single minimum

e Solution:
o Repeated 100 times with different starting values of parameters
o Chosen one order of magnitude smaller and one order of
magnitude bigger than expected value and ¢; € [—, 7]

e Three solutions found (2D x?):

& sofm=-0.0184 £ 0.0537 solution | | 8 ¢fm=0.0251+0.0538 solution Z | & ¢fm=0.0307 £0.054 solution 3
T [0=0.993 +0.03 » T [0=0995+0.038 5 E 0=0998+0.0382 ,
Wb x2/ndf = 1.08| Y aof x2/ndf = 1.10 E x?/ndf = 1.11
30; 30f 30
20; 20 20F
10; 10 10
L =l 0: L L L L =l L L L L =
4 4 4 2 0 2 4 4 2 0 2 4
Deviation in o Deviation in o Deviation in ¢

® Most likely separated 3.80 from second best, and 4.50 from
third best
® Most likely solution taken as result

Marko Petri¢ Measurement of C'P violation in decays of B 5 Ktr—n



BY — K*7m~m" — Systematic Uncertainties

¢ General Branching Fraction uncertainties:

o Track Reconstruction Efficiency (+0.35% per charged track)
o PID Selection (£2.6% measured from
D** = Dot — (Ksm*n)r)

o Cjg Dependence 01 +\¥+‘ ##%4»

o MC Statistics and Number of BB (4:0.4%) o T TL+‘ o

e Dalitz model and PDF related uncertainties:

paTal EM

€,
-

0.850kerelinil il )
6 5 -4 32 -10 12 3 45

Line Shapes (vary parameters +0) Requirement on C,
Dalitz Model (K3 (1430)°, K;(1430)*, K*(1680)°, K*(1680)")

BB Background

Continuum Background

Asymmetry in the Reconstruction of Charged Tracks

O O O O O
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BY — K7~ 7% — Results (1/2)

e Measured branching fraction (no B® — D~K* or B® — D7)
Br(B° — Ktz 7°) = (3.65 4 0.05(stat.) 4 0.18(syst.)) x10~°
e Signal yield: 5593 + 82(stat.) 4 285(syst.)

Br,- = FF, X 7N51g
NB§€
Amplitude Br[107°] Acp JAYO)
K*(892)"w~  2.69+0.32+0.41 —0.34+0.10£0.026 —0.12+0.22+0.20
(Km)§™n~  10.54+0.54+0.73 0.00£0.124+0.016 —0.25+0.2440.21
p(770)"K*  5.564+0.33+0.43 —0.144+0.104+0.095 0.0 (fixed)
p(1450)" K+ 2.89+0.69+0.63 0.30+0.27+0.123 0.72£0.27£0.12
p(1700)" K+ 1.14+0.58+0.45 —0.28+0.36+0.126 0.52£0.25+0.19
K*(892)°7° 2.12+0.24+0.46 —0.15+0.11£0.022 0.30£0.22+0.30
(K7)gn® 4.464+0.58+0.50 —0.16+£0.10£0.014 —0.06+0.26+0.13
non-resonant  2.804+0.36+0.51  0.08+0.15+0.123  0.65+0.28+0.19

e All A¢ parameters consistent with zero
e Evidence for CP violation in B® — K*(892) "7~ (3.30)
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BY — K*n~ 7% — Results (2/2)

e Measured resonance weights and phases of individual

resonances

Amplitude a a [4) )
K*(892)*m~  1.1640.05+0.048 0.80+0.05+0.064 0.35+0.16 +0.26 0.47£0.15+0.14
(Km)gtn~  4591+1654+159 4581+174+1.018 -243+0.144+019 -2194+0.134+0.12
p(770)~ K+ 1.57 (fixed) 1.354+0.09+0.178 0.0 (fixed) 0.0 (fixed)
p(1450)" K™ 1.654+0.204+0.126  2.31+£0.18+0.164 2.17+£0.154+0.29 1.13+0.11+0.20
p(1700)"K*  1.20+£0.16+0.221  0.920.14+0.205 0.59+£0.15+£0.19 0.00£0.17£0.19
K*(892)%7° 0.93+0.04+0.065 0.82+0.0440.060 0.03+0.14+0.16 0.21+0.13+£0.36

(Km)som® 30.31+£1.32+1.62 25.67+1.16+1.197 0.04 £0.134+0.20 0.08 £0.14 +0.36

non-resonant

14.68+£0.93+0.667

16.124+0.97+0.620

1.44+0.12+0.18

0.6940.114+0.15

e All complex weights have a significance of at least 30

o Dalitz model was chosen adequately

e Data serving as partial input for ¢3 determination

Marko Petri¢
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Summary

Marko Petri¢ Measurement of C'P violation in decays of B 5 Ktr—n

Perfomed Dalitz analysis of B — K7~ 7% on full Belle data
sample

Dalitz model used: p(770)~ K™, p(1450)~ K™, p(1700)~ K,
K*(892)*m~, K*(892)r°, (Km)ytn~, (K7);7° and
non-resonant

Measured branching fraction (no B — D~ K™ or B® — D7)

Br(B® — K*m7°) = (3.65 4 0.05(stat.) + 0.18(syst.)) x10~°
First evidence for CP violation
ACP(K*(892)+7T_) = —0.34+£0.10 4+ 0.026

BABAR measurement of B® — K+7n 70
Acp(K*(892)777) = —0.20 + 0.11 + 0.02

Measure resonance weights and phases of individual
resonances (partial input for ¢3 determination)
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BACKUP
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Background Composition

e Continuum — random ete™ — qq (g € {u, d, s, c})
e Combinatoric — tracks from B and B
* Wrong mass hypothesis
o 50.0% B® — p*(— nta0)nT
o 157% B® — D~ (— 777 )r ™
0 6.0% B - KTK—x°
e Wrong 7° hypothesis
0 9.0% B® — p*(— 70T
0 7.6"% B® — p=(— n n)KT
o 5.2% B~ — p(1450)°(— mtr)K—
o 3.6%% B® — K*(892)(— K*n0)r~
e BY/B® — ¢/s
o 60.0% BT — pt(— 7t 7%)D°(— K+77)
o 2.7%B° — D*(— D°(— K7~ )n0)x0
e Non-interfering
0 97.6% B® — D°(— KTn~)xO
o 24% B° = D~(— mmO)K+

Marko Petri¢ Measurement of C'P violation in decays of B 5 Ktr—n
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5
=
E 1 Area=1pA\(1 - X)) =2 =151x10"°
41 VgV
Vi Vb + VeaVo + VigVib =0 34 B
24/
147
VN 8 Re (107%)
th V;L
Vie Vs Vi 0.9745 0.2246 0.001230 — 0.003327/
Vg Ve Vo | = —0.2244 — 0.000138i 0.9734 0.04151 + (9()\6)
Via Vis Vi 0.008122 — 0.003243/ —0.04073 — 0.000747i 0.9991
- 1 ]‘)\2 1A2 1 A2 2 D )\4 O )\6
P—P(‘E )+§P—§P— (P —n%) + O(X°)

3|

8
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= n(l- E)\Z) + <2A2 —-n-— 2A2p77> M+ 0(\%)

(0]



