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CP Violation in the Standard Model

® Within the Standard Model (SM), CP Viud  Vus  Vaup
violation Is accounted for by a single V = Vg Vee Vi
weak phase In the Cabibbo-Kobayashi- Vie Vie Vi
Maskawa (CKM) quark mixing matrix:
The CKM Matrix
® CKM matrix describes weak coupling
constants between quarks B’ W W B
® Under the Wolfenstein parameterization, d v;f*, - 5/}} b
we approximate the CKM matrix as: Neutral B Meson Mixing Diagram
1 —A2/2 A AN (p—(n)
Vs . 2 2 4
VokM = —A 1 —\/2 AN + O(\¥)
AN (1—p—() —AN 1

where A = 0.22 and 4 = 0.83

® We have CP violation if n #0




CP Violation in the Standard Model

® Unitarity of the CKM matrix (VTV = I) leads to 6 independent constraints on
sums of cross-terms (V. 4, Vi.q.)

® These constraints can be represented as triangles in the complex plane

® All but two are severely elongated:

ViaViy + VisViys + VeV, = 0
VudViy + VeaViy + ViaVipy = 0

® The second of these relates to quark transitions involved in B; mixing
rfl,b t I?‘tf
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The Unitarity Triangle Neutral B Meson Mixing Diagram




The Unitarity triangle

® Dividing each side of the triangle by the best-known one (V.;V/,), we get:

(p-M)

- VedV, )
Wd‘@’%‘;

F-‘;_\‘-' F:‘<
A

=

8.
IO
~

(0,0) (1,0)

® By measuring 3 angles and 2 sides, one can overconstrain the apex of the
unitarity triangle




Unitarity Triangle Constraints
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Measuring 5

®  Traditionally, time-dependent CP violation measurements in the “golden mode”
B° - J /YK and other decays mediated by b — ¢cs transitions have been used to
extract sin 25 and thus

®  However, measurements of sin 2 suffer from a trigonometric 2-fold ambiguity

between 25 and T — 2:
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®  This ambiguity can be resolved by measuring cos 28

® So far, there has been no conclusive determination of the sign of cos 2
(Previous measurements had large uncertainties)




The B Factories

This analysis was performed using data collected by both the BaBar and

Belle experiments

BaBar experiment,
PEP-II, SLAC

Silicon Vertex
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L =2.11 x103* cm™%s~1 (world record)
[Ldt~850fb1'@ Y(4S)+off(~10%)

® Designed as “B factories” operating primarily at the Y(4S) resonance

(v/s ~10.58 GeV/c?)
® 1.24 billion BB pairs recorded




The B Factories - Luminosity

® Integrated Luminosity of the B Factories:
(fb™)
1200 ———————
[ T—KEKB
1000 [

>1ab!
On resonance :
Y(5S): 121 b7}
Y (4S): 711 b}
Y(3S): 3!
Y(2S): 25 b
Y(1S): 6 b’
Off reson./scan:
~100 b

600
~ 550 fb™!

On resonance:
Y (4S): 433 b’
Y (3S): 30 b’

Y (2S): 14 b
Off resonance:

o-sf/_ ~54 fb!

1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1

200 |

® Also operated at other Y resonances as well as “Off resonance”
(=~ 40 MeV/c? below the Y'(45))




The B Factories - Boost

® Akey feature of the B factories is that they used asymmetric energy
electron and positron beams

® 9 GeV electrons and 3.1 GeV positrons at BaBar

® 8 GeV electrons and 3.5 GeV positrons at Belle

PEP-II
Rings ™
Positrons =

Low Energy Ring
BABAR Detector

’

Electrons

High Energy Ring

The PEP — II Storage Rings at SLAC

®  The asymmetric energy beams caused the e*e™ CM to be boosted in the
lab frame

® PRy ~ 0.56 at BaBar and Sy =~ 0.43 at Belle




The B Factories — Measuring At

Due to the boost, the distance between
the B decay vertices can be used to
calculate the time between B and B
decays

Beam spot

y B,ec momentum
B,.. daughters
rec
B,ec vertex
L

“
‘0
*

-

Fully reconstruct the decay of one B
meson (BY,.) and use the decay of the
other B meson (Btoag) to determine its

flavor

® The B mesons are produced as
entangled pairs and evolve
coherently, so at the moment the first
B decays, the other B Is the opposite
flavor

® Define At = tyec — tag as the time

between the decays of the two mesons
(based on their separation Az along
the boost direction)
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Time-Dependent DP Analysis

®  We use a time-dependent Dalitz Plot analysis to extract both sin 2 and cos 28

® Signal mode is B® - D™AhO where D° —» Kdm*tm™

—[At]

—{ [l + Ao
4 (|AED|2 - |ADD|2) cos(AmgAt)

+ 2qnp0 (—1)L Im (e_Q’ifjADoA%D) Sin(AmdAt)}
where the f-dependence in the last term can be rewritten as:

®  Our signal decay rate is proportional to:

-

I (e Apo Afyo) = Im (ApoAjo)[cos(25)|~ Re (ApoAjpa)fsin(25))

®  The interference between D° and D° and the variations across the DP allow the extraction of
the CP-violating weak phase 2/

: ‘ L 2
[Mpo (At)[* = \ x cos (AmAt/2) —iet?F x | x sin (AmAL/2)
H\ T —
N A i
[Mpo (At)2 =|| x cos (AmAt/2) —ie 2% x \ x sin (AmAt/2)
— a




Dalitz Plot Parameterization

The kinematics of a spin-0 particle decaying into three spin-0 particles are fully described by
two parameters

Typically, we use the squared invariant masses of two pairs of final state particles

This allows easy determination of intermediate state masses, and phase space decays are
uniform in these variables

Parameterization referred to as “Dalitz Plot” (DP)
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Analysis Steps

(1) Perform a 2D fit to Belle cc data to obtain yields for the signal and
background categories

(2) Extract the D° —» KQm+m~ Dalitz model from the high-statistics
Belle cc data

(3) Perform a 3D fit to B® - D™ R0 events to extract yields for the
signal and background categories

(4) Perform the final time-dependent Dalitz plot fit to B - D®)h0
events, using the D° — Kdn* =~ Dalitz plot model obtained earlier




D** - D% Yield Extraction

®  We perform time-integrated analysis of the Belle c¢ . 1.85 < Mpp < 1.88CeV/&
data to extract sig+bkg yields for the DP model fit 105-@ P !H R
NQ ]330 Real 7} bkg. g! : B“E
® Signal (CAT 1) is correctly reconstructed % 41 “/‘// f;mj";jﬁag'_bkg- - | Preliminary
D** — D with D® —» K&m*m~ decays =t
- i ™
S ; T T
® Background is divided into 4 categories: 2103 At M
CAT 2: True D, random soft pion - \ //
® CAT3:D° - KJKJ and 4m i

CAT 4: True m} mesons, but incorrect D

CAT 5: Remaining combinatorial bkg.

®  We extract the yields in a 2D unbinned

maximum likelihood fit to the Mo vs. AM

(the D** — D° mass difference)
Component Yield
Category 1: Signal 1217329 £ 2015
Category 2: True D, random soft pion 61330 4 1282
Category 3: DY — KoK and 47 3438 (fixed to MC expectation)
Category 4: True 77 mesons, but incorrect D 249701 £ 10017
Category 5: Remaining combinatorial bkg. 270990 + 9077
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D° - K{n*tm~ Dalitz Model Extraction

In order to measure cos 28 using B® - D™ h° decays, the Dalitz model of the D decay needs

to be known

Extract the D° —» KJn*m~ Dalitz model from Belle c¢ data

With 924 fb~1 of Belle data collected at or near the Y(4S) and Y(5S) resonances, we do
not need to include BaBar data for this part of the analysis

® Decay Amplitude Parameterization:

r#(Km/mm)L—o

[A(M?f%w , M ?\fg?rJr) — Z Ay E‘M)TA?‘ (ﬂji’gﬂ— ) fu?fg?ﬁ) + F (ﬂ.-f?%+ T ) + AKWL:O (fui?sfsﬂ—) T AK?TL:U (J[?fg?"Jr)]

Quasi 2 — Body Resonances 7w S — Wave Km S — Wave + K;(1430)
(Relativistic Breit — Wigner) (K Matrix) (LASS Parameterization)

Intermediate resonances:

Cabibbo-favored: K*(892), K, (1430)~, K*(1680), K*(1410)~
Cabibbo-suppressed: K*(892)*, K5 (1430)", K*(1410)"

CP eigenstates: p(770)°, w(782), f,(1270), p(1450)°
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— KJnt ™ Dalitz Plot Fit Projections
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BO - D(™OK0 Yield Extraction

® Before performing the final time-dependent CP analysis using B® — D™°h° decays, we must
also extract signal and background yields for these modes

®  The specific modes we reconstruct are: D°7°, Dn, D°w, DY, D*%n \

® Similar selection criteria are used for the BaBar and Belle data
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®  We use a neural network (NN) combining event-shape variables to ‘_m,, ....................
reject continuume*e~-»qg i

® Yields are extracted in 3-dimensional maximum likelihood fits to: ,

® Modified beam-energy constrained mass (M,):
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B% —» D™OK0 Yield Fit Results
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B® — D00 Time-Dependent Fit

®  Finally, we perform a time-dependent fit to B — D™)°h° events where D° — Kdn*m~ in
order to simultaneously extract sin 2 and cos 23

® Qur final likelihood is a combination of BaBar and Belle likelihoods:

InP = Zi In PiBaBar + Zj In PjBelle

®  We use a common Dalitz plot model for BaBar and Belle data and fit to the At distributions

The signal decay rate is proportional to:

—|At]

T

e ¢ ‘
2 { [|A§D|2—|— |ADD|2]
—q (JApo|? = [Apo|?) cos(AmgAt)
+2qmp0 (—1)" T (727 Ao Afy, ) sin(AmaAt) }

where Im (E_Em.}lg}nﬂ%g) = Im (ApoAfo) cos(23) — Re (ApoAfyo ) sin(25)

We use separate resolution models and flavor-tagging algorithms for BaBar and Belle




Final Fit Results |
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Final Fit Results |1

®  Final Fit Results World Average:
sin2f = 0.69 + 0.02

sin 23 = 0.80 £ 0.14 (stat.) £ 0.06 (syst.) £ 0.03 (model)
cos 23 = 0.91 4 0.22 (stat.) £ 0.09 (syst.) £ 0.07 (model)

®  Most precise measurement of cos 28
®  First evidence for cos 28 > 0 (3.70)

®  We exclude the second solution (/2 — § = (68.1 + 0.7)") at 7.3¢ significance,
resolving the ambiguity in the apex of the CKM Unitarity Triangle

® Weexclude 8 = 0 at 5.1, and thus observe CP violation in B® —» D®)p0°




Result Comparison
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summary

We have combined t
luminosity of more t

ne final BaBar and Belle data samples (an integrated
nan 1 ab™? collected at the Y'(4S) resonance) and

performed a time-de

nendent Dalitz plot analysis of B® — D™ kO with

D - KJmtm™ decays

We report the world’s most precise measurement of cos 25

We obtain the first evidence for cos 28 > 0 and exclude the
trigonometric multifold solution at 7.3¢ significance
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