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CKM Quark Mixing Matrix and the Unitarity Triangle

« Wolfenstein parameterization of the CKM matrix:
Vucl Vus Vub - /\72 A A/\3 (P - i'-’})
Vekm = Vea Ves Ve | = —A — ’\?2 AN2 +0O ()\4)
Via Vs Vi AN (1 —p—in) —AN? 1

3 real parameters (A, A, p) + 1 complex phase (n)
— only source of CP violation in SM

 Unitarity requires VgV, + VeaVib + Vua Vap = 0 — triangle in the complex plane
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Determination of the UT angles is closely related to measurements of CP asymmetries
— key objective of the Belle, BABAR and LHCb experiments




Accessing y with BE=D®OK®* Decays
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« Interference, if D° and D° decay into common final state: |D) = |D°) + rgel(*7+98) Do)

« Weak phase , strong phase dg and amplitude ratio rs = 'i_j

_ ‘ Vub Vs

VoV X [color supp] = 0.1

GLW pLB 253, 483 (1991), PLB 265, 172 (1991)
D decays to CP eigenstates, e.g. D — KTK~ LHCb PLB 712, 203 (2012), PRD 90, 112002 (2014)

ADS PRL 78, 3257 (1997), PRD 63, 036005 (2001)

Flavored states, e.g. D — K= LHCb PLB 712, 203 (2012), PLB 723, 44 (2013) , PRD 90, 112002 (2014)
GLS PRD 67, 71301 (2003)

ADS-like singly Cabibbo-suppressed decays, e.g. D — KK LHCb PLB 733, 36 (2014)
GGSZ PRD 68, 054018 (2003)
Self-conjugated multi-body D decays, e.9. D — K37 t7w~  LHch JHEP 10, 97 (2014), Belle arXiv:1502.07550




Accessing y with BE=D®OK®* Decays
GGSZ method [pPrD 68, 054018 (2003)]:
« Reconstruct D mesons in self-conjugated multi-body states like D — K27~
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Advantage: Large interferences can occur in some regions of the Dalitz plot
Problem: Irreducible uncertainty due to D Dalitz model in model-dep. GGSZ analyses

Previous model-dep. GGSZ analyses:
@ 468%x10° BB: v = (68j%2 (stat.) == 4 (syst.) == 3 (model))O PRL 105, 121801 (2010)
(BW isobar+K-matrix+LASS)

Belle @ 772x10° BB: (7E§Jr (stat.) &= 4 (syst.) == 9 (model))® PRD 81, 112002 (2010)
(BW isobar)



Model-Independent GGSZ Measurement of y by LHCDb

GGSZ model-independent method pioneered by Belle [epcJ 55, 51 (2008), PRD 85, 112014 (2012)]:

* Bin Dalitz plot and use in each bin strong phases obtained from CLEO measurements
on quantum-correlated (3770) — DD decays
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Model—lndependent GGSZ Measurement of y by Belle
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* First measurement of the ampl. ratio of B® — D°K*? and B® — D°K*? with D — Kz =

 Flavor of B meson is identified by kaon charge in K*°(892) — Kt~
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Measurement of 8 R0

.. i —i2p o
* Interference between mixing and decay in neutral B © 6.\\;&9 Y \
meson decays to a CP eigenstate 7
) BO fop

. A
* Interference characterized by: X\ = gK
P decay A

phase factor due to mixing <—| |—> decay amplitude ratio

« Time-dependent CP asymmetry: 2Tm (\)
I (B (t) — fep) — T (BO(t) — f. S
Acp (t) = (_ (t) = for) (B°(t) - fop) = Ssin (Amt) — C cos (Amt) | H_2

I (BO(t) = fcp) + ' (BO (t) — fcp) Il Il R |\?]
mixing-induced CPV ||direct CPV 1+ [A?]
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« e.g. B - J/yK?, mixing vertices V4 introduce phase — S = —n, sin(28)and C =0

B can be precisely determined from the time-dep. CP asymmetry
Acp (t) = —n¢ep sin(20) sin (Amt)




Measurement of sin(2B) in B® — J/¥K2 by LHCb

» sin(2p) precisely determined by Belle and BABAR , uncertainty on <1°
— Benchmark for time-dependent CP violation measurements

e LHCb measurement of B — J/4K2 using Run 1 data set of 3 fb!

« ReconstructBY — J/¥K2 with J /v — pTp~ andKg — 777~ final states mt
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Measurement of sin(2B) in B® — J/¥K2 by LHCb
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LHCDb achieves with Run 1 data similar precision as the B factory experiments in b — ccs
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Combined Belle and BABar Analysis of B® — D&)h°
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Combined Belle+BABAR analysis to make full use of the =1240x10° BB collected on the T (4S)
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Combined Belle and BABar Analysis of B® — DLh°

B[J

BY — Dg‘llho decays withh® € {n% n,w} mediated only by tree-level amplitudes
Theoretically clean [NPB 659, 321 (2003)]:

— Enables to test the precision measurements of b — ccs

— Can provide a SM reference of sin(23), e.g. for BSM searches inb — s penguins

Experimental difficulties: - Low B and D¢p branching fractions [O(10~%)and O(<1072)]
- Low reconstruction efficiencies
- Significant background

Previous measurements by Belle and BABAR could not establish CPV in BO — D)0

Perform time-dep. CP violation measurement combining Belle+BABAR data




Combined Belle and BaBar Analysis of B® — DY), h°
Threshold BB production on the Y (4S):
thag Z.rec
Coherent Reconstruction side
BYBY mixingi vV

Py
; : Tagging side

Az = BycAt, (|Az]) ~ 200pum Belle

Proper time interval distribution follows: eff. tagging efficiency >30%
1Ay
P(At,q) = e 80 14 q(Ssin(AmAt) — Ccos(AmAt))]

TRO

Experimental effects due to finite vertex resolution and imperfect tagging are important



Combined Belle and BaBar Analysis of B® — D), h°

Reconstruct B® — ngf))h0 with h®in 7° = vy, n = vy, 7#tr 7 and w — #t7 7"
Dep — KK, K270, Kw

D*O — DCP’JTO

Suppression of ete™ — qq (q € {u,d,s,c}) continuum background by neural networks

Coherent analysis strategy, apply almost same selection on Belle and BABAR data

 Extract signal from beam-constrained mass My, = mgs = /(Ef..,./¢*)? — (p5/c)?
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Combined Belle and BaBar Analysis of B® — D), h°

« Perform measurement by maximizing the combined log-likelihood function:
InL=> InPH" 43 Inppele

* Physics PDFs are convoluted with specific resolution functions

pExp _ka/ Py (At') Ry (At — At')] d (A)

Events / 1 ps

« Apply Belle and BABA4r specific resolution models,
and flavor tagging algorithms
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e Apply common signal model:
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Psig (At7 q) -

Raw asymmetry

1 L e 80 [1+ q(Ssin(AmAt) — C cos(AmAt))]
TRO

e SM prediction —n:S = sin(28) and C =0

Events /1 ps

Li |4
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Combined Belle and BaBar Analysis of B® — D), h°

preliminary
arXiv:1505.04147

— — Belle+BaBar statistics only

—— Belle+BaBar statistics + systematics
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« Very good agreement with the sin(23) world average from b — ccs
« Exclude the no-mixing induced CP violation hypothesis at 5.40
— First observation of CP violation inB® — D h° decays

First measurement performed on more than 1 ab! collected on the Y (4S)




Summary

LHCb achieves a precision of 10° on weak phase y %
LHCDb reaches the precision of the B factory experiments in time-dep. CP violation
measurements in the neutral B system and confirms sin(23) in B — J/yK? (&84

— Promising prospects for Run 2 of the LHC

The B factory experiments Belle and BABAR continue to produce interesting results
o First measurement of rg inB% — D/K*® withD — Kin 7~ 3
o First combined Belle+BABAR measurement
= Observation of CP violation inB? — Dg‘llho
= Usage of more than 1 ab? collected on the Y (4S) 3+ ¥

— Promising prospects for the high-luminosity B factory experiment Belle 2
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Accessing y with BE=D®OK®* Decays

e v is accessible by utilizing the interference of b—c and b—u transitions in B*—D"K)*

Ve, i _ b > u ()0
—_— K () A ! D( )
V. ¢ S B_ ‘/\<
— b A ¢ ()0 h 5 K(*)_
B U < u D U < U
Ar~ Vi Vi ~ AN A~V Vi ~ AN (p —in) ~e™

« Interference, if D° and D° decay into common final state: |D) = [D°) + rge!(®7+%2)|D0)

« Weak phase difference v, strong phase difference dg and amplitude ratio
AB™ =DK™)| |VwVi
A(B~- - DYK-)| |Va V5,

rg = X [color supp] ~ 0.1

Advantage: = only tree amplitudes, no penguins — can provide SM anchor point

Draw back: = small branching fractions due to Cabibbo- and color-suppressions
= small amplitude ratio rg




Accessing y with BE=D®OK®* Decays

Methods and observables to extract y from Bt—DOK*

GLW: Gronau, Wyler, London PLB 253, 483 (1991), PLB 265, 172 (1991)
Cabibbo-suppressed D decays to CP eigenstates, e.g. D - KTK~ (CP-even) and D — K2x° (CP-odd)

2rp sindp siny

- 1474 +2rp 4 cosdp cosy Ropx +rg5 4+ 2rp 4+ cosop cosy
direct CP asymmetry ratio charged averaged decay rates
ADS: Atwood, Dunietz, Soni PRL 78, 3257 (1997), PRD 63, 036005 (2001)

Doubly Cabibbo-suppressed (e.g. D° — K™ 7~ ) and Cabibbo-favored (D° — K*7~) D decays

Apk =2rprpsin(dp + dp) ;1117 Rpix =715 + 715 4+ 2rgrpcos (6 + 6p) cosy
DK
direct CP asymmetry ratio suppressed to favored decay
GGSZ: Giri, Grossman, Soffer, Zupan PRD 68, 054018 (2003)

Dalitz analysis of multi-body D decays to self-conjugated states (e.g. D — K2nt7™)

Interference M+ (mi,mi) = /b (mi,mi) +rpelETHon) £, (mi,mi) varying over Dalitz plot




The BABAR and Belle Experiments

Instrumented Flux Return
Identification of muons and
neutral hadrons

p efficiency > 85%,

n misid ~ 4% atp > 1.5 GeV

Solenoid 1.5 T

Cherenkov Detector (DIRC)
Particle identification
/K separation > 3.40
atp < 3.5 GeV

PEP-11
Rings ™
Positrons

Low Energy Ring
BABAR Detector

High Energy Ring

Electromagnetic Calorimeter
6580 Csl(TI) crystals

Electron and photon energy
measurement

OlE)/E=1.4% EY @ 2.2%

Silicon Vertex Tracker

5 layers of double-sided Si-strip detectors Drift chamber
Vertex reconstruction, tracking + dE/dx

bt ;10 Iaﬁers,énome_nltum n:jegé;];emem SC-SOleDOId Aerogel-CherenkOV—COUHter
ciency ~ o or charged particles an X —
o(p7)/ pr= 0.13% pr ® 0.45% _—— — J—
PO (15T) (n=1.015~1.030)

Superconducting
cavities (HER;

CsI(TI)
(16 Xp)

ARES copper

cavities (HEF; I F , - TOF-COI.mter

> N(small cell + He/CyHg)
Y
Si-Vertex-Detector | WK -Detector

(3/4 layers DSSD) (14/15 layers RPC+Fe)
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