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Outline 
 CP-violation (CPV) and the CKM model 

  The B factories 

  The angles of the UT (hadronic B decays) 
  β/φ1  

 /φ2 

  γ/φ3 

  The sides (semileptonic/leptonic) B decays 

 

 Charm/Spectroscopy 

 

 Future 
 
 

B charmonium K0 

B   (D or D) K 

B πK / ππ 



Standard Model 
As of now, most fundamental constituents of matter are      

    quarks and leptons 

3 generations of quarks, 3 generations of leptons. 

 

Despite its tremendous success recognized by several Nobel 

prizes still many questions remain unanswered!: 

– eg. Baryon asymmetry in the universe (CP violation) 

– no dark matter candidate 

– gravity not part of SM 

 



Symmetries 
Nature and its Law: ~ Symmetry = Beauty 

P, C, T : most Fundamental Symmetry 

P : Parity = Space inversion 
C : Charge conjugate ( Particle  Anti-particle) 
                               [Lagrangian  Hermitian conjugate] 
T : Time reversal   

CPT Theorem  
   Lorentz invariant local quantum field theory  CPT symmetry 

Particle  Anti-particle: Mass and Lifetime are identical 



P& C Violation 

1956: Lee-Yang predict P violation 

1957: discovered by C.S.Wu in 60Co b-decay 
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CP Violation 

1964: discovered in K0 decay  (J.Cronin, V.Fitch et. al.) 

Observation of KL p+p-                       CP Violation  
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If CP conserves 

Branching fraction = 2.3x10-3   

CPV: difference in behavior of particle and anti-particle 

_ 



Why CPV is Important ? 
Universe: almost “matter” only (no anti-matter) 

Big-Bang   N(particles) = N(anti-particles) 

Sakhalov’s 3 conditions (1967) for Baryogenesis to occur: 
    1. baryon number violation 
    2. CP violation 
    3. Interactions outside the thermal equilibrium 

Andrei Sakharov (1921-1989) 

CPV is a key for Existence of Universe & us ! 



The Cabibbo-Kobayashi-Maskawa 
Quark Mixing Matrix 

A 3x3 unitary matrix 
Described by 4 parameters – allows CP violation 
PDG (Chau-Keung) parametrisation: θ12 , θ23 , θ13 , δ 
Wolfenstein parametrisation: λ, A, ρ, η 
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CKM: the matrix and the triangle 

Wolfenstein parameterization 

B system:  Very Good Place, All angles are of O(0.1)! 



CPV: Why B ? 
Size of CPV in K: O(10-3) ~ small 
   not enough information 
   to confirm KM scheme  
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Specialty of B 
    long lifetime (~1.5 ps) 
    Large B0-B0 mixing 
    Various decay modes 

Sanda-Bigi-Carter (1980) 
     Large CPV in B-system 



B0-B0 Mixing & CPV 
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CPV in B 

made by H. Miyake 

(A = -C ) Mixing-induced CPV Direct CPV 
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CPV in B: Time-dependent CPV  
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Start of B physics – 1977 

1978~  ARGUS (Doris, DESY) 

             CLEO  (CSER, Cornell) 

e+e- collider 



Asymmetric B Factories 

PEP-II 

BaBar ~1 km in diameter 

Mt. Tsukuba  

KEKB 
Belle 

8 GeV e- x 3.5 GeV e+ 

11mrad crossing 

9 GeV e- x 3.1 GeV e+ 

Head-on collision 

KEKB (Japan) PEP-II (USA) 
bg=0.425 bg=0.56 

SLAC 

http://kekb.jp/


1031 fb-1 

BELLE KEK-B 

531 fb-1 

SLAC PEP-II 

B factories 



In total, more than 1G BB pairs are recorded at B-factories 
and used to measure angles. 

Integrated Luminosity 



Experiment and Its Goal 

 B  EL  LE 

B (beauty) Meson Electron (e-)  Positron (e+) 
Goals: 

Discovery of CP-Violation in B Decays (2001 Summer) 
Precise Test of the Standard Model        
Search/Evidence for New Physics Now 



Belle collaboration 

As of Dec., 2013 



Participants Indian Institutes 
• Indian Institute of Technology, Guwahati 

• Indian Institute of Technology, Bubneshwar  

• Indian Institute of Technology, Madras 

• Indian Institute of Mathematical Sciences, Chennai 

• Panjab University, Chandigarh, Union Territory 

• Punjab Agricultural University, Ludhiana 

• Tata Institute of Fundamental Research, Mumbai 

 

    Myself participating in this collaboration since 2004. 



m / KL detection 

 14/15 lyr. RPC+Fe 

Central Drift Chamber 
       small cell +He/C2H5 

CsI(Tl)  
   16X0 

 Aerogel Cherenkov cnt. 
              n=1.015~1.030 

TOF counter 

SC solenoid 

   1.5T 

8 GeV e- 

3.5 GeV e 

Silicon Vertex Det. 

       DSSD(4 layers) 

Belle Detector 





sin2φ1(=sin2β) at Belle (772M BB) 

-CfCP   = AfCP= 0.007±0.016±0.012 

      PRL 108,171802 (2012) 

Measurement of sin(2φ1) 

Sensitivity to CP violation between B0 decays to J/ψ K0 (GOLDEN MODE) with and 
without mixing 

sin(2β) = 0.687 0.028  0.012  sin2φ1=0.668±0.023±0.012 

PRD 79 (2009) 072009 

C=0.016 ± 0.023 ± 0.018  



The angle b/φ (b→ccs) 

In SM, expect, S=sin2b, C=0 

sin2b= 0.678 ± 0.020 
b(21.4  0.8) 0  



f2 Measurement 
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If tree only, Sf is directly connected to sin2φ2 

and Af = 0. 

Interference with b→ d penguin can be solved 

by isospin analysis. 

Decay Diagram (Tree) 
Decay Diagram (Penguin) 

TDCP more complex because of the Penguin 

pollution. 

Solvable in 2-body (ππ) or quasi-2-body (ρρ) 

using isospin (Gronau-London [GL] method) 

Dalitz analyses of the (ρπ) channels also 

sensitive 

http://www.dex.ne.jp/mantan/search/std2_search_preview.jhtml?start=39&lastServiceTime=1091629566859&number=37
http://www.dex.ne.jp/mantan/search/std2_search_preview.jhtml?start=10&lastServiceTime=1090676093961&number=1


B0→ π+π- CPV at Belle (772M BB) 

ΔE, Mbc, Δt, LKπ, FS/B for Kπ, ππ, KK simultaneous 6D fit. 
B0→π+π- signal yield : 2886 ± 82 events. 

New 

 SfCP    =-0.636±0.082±0.027 
-CfCP  = AfCP  =+0.328±0.061±0.027 



New constraint by ππ/ρρ/ρπ modes 

α=φ2=(88.5 +4.7/-4.4)° 



f3 measurement 
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f3 measurement 
Pure tree processes! 

Large uncertainties because of different amplitudes 

Works for charged (and neutral) B’s. 
Different Methods: GLW,  ADS, GGSZ 



f3 measurement 

φ3 = (68 +15/-14)o GGSZ+ADS+GLW 



The sides of CKM 
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(Semi)leptonic B decays 

• |Vcb| (10-3) 
– Exclusive 38.9 ± 1.1 

– Inclusive 41.9 ± 0.7  

– Average  41.0 ± 1.3  
 scale factor 2.2 

– in CKMfitter: 40.89 ±0.38 ±0.59 

• |Vub| (10-3) 
– Exclusive 3.25 ±0.12 ±0.28 
– Inclusive  4.25 ±0.15 ±0.20 
– Average  3.97 ±0.43 
 scale factor 2.0 
– In CKMfitter: 3.92 ±0.09 ±0.45 

• BR (B →tnt) (10-6) 

In CKMfitter: 168 ± 31  
 

Marginal agreement between inclusive and exclusive measurements both for Vub and Vcb ( A 
discrepency of 2σ) 
 



Search for CPV in t/charm/Spectroscopy 

• Charm 

– D mixing established 

–  Evidence of CPV in D+ →Ks π+ but  

– no evidence in D → hh 

• Taus 

Recent measurements by Belle 
and BABAR of 

 ACP in τ →Ks p nt 
 

 

      

Hadron Spectroscopy 



B factories: a success story 

Measurements of CKM matrix elements and angles of the unitarity 

triangle (φ1 at unprecedented precision) 

Observation of direct CP violation in B decays 

Measurements of rare decay modes (e.g., Bτν, Dτν) by fully 

reconstructing the other B meson 

Observation of D mixing, Evidence of CP violation in Charm 

CP violation in bs transitions: probe for new sources if CPV 

Observation of new hadrons  /spectroscopy 

 



Physics at a SuperKEK B Factory 

• There is a good chance to see new phenomena;  

– CPV in B decays from the new physics (non KM). 

– Lepton flavor violations in τ decays.  

– There are many more topics: CPV in charm, new hadrons 

• Physics motivation is independent of LHC experiment at 
CERN, Switzerland.  

 

– If LHC finds NP, precision flavour physics is compulsory.  

 

– If LHC finds no NP, high statistics B/τ decays would be a 
unique way to search for the TeV scale physics.  
 

  

 

 

Flavour changing neutral current (FCNC) processes (like bs, bd) are 

fobidden at the tree level in the Standard Model. Proceed only at low rate via 
higher-order loop diagrams.      Ideal place to search for new physics. 

arxiv:1011.0352 



(1) Smaller βy
* 

(2) Increase beam currents 

(3) Increase ξy 

 Strategies for increasing luminosity 

Collision with very small spot-size beams 

 

“Nano-Beam” scheme   

- 

- 



Machine design parameters 
parameters 

KEKB SuperKEKB 
units 

LER HER LER HER 

Beam energy Eb 3.5 8 4 7 GeV 

Half crossing angle φ 11 41.5 mrad 

Horizontal emittance εx 18 24 3.2 4.6 nm 

Emittance ratio κ 0.88 0.66 0.37 0.40 % 

Beta functions at IP βx
*/βy

* 1200/5.9 32/0.27 25/0.30 mm 

Beam currents Ib 1.64 1.19 3.60 2.60 A 

beam-beam parameter ξy 0.129 0.090 0.0881 0.0807 

Luminosity L 2.1 x 1034 8 x 1035 cm-2s-1 

• Nano-beams and a factor of two more beam current  to increase luminosity  

 



Requirements for the  Belle II detector 

- low p m identification 

- radiation damage and occupancy 

- fake hits and pile-up  

- higher rate trigger, DAQ and computing 

Critical issues at L= 8 x 1035/cm2/sec 
4 Higher background ( 20)  

 
 

4 Higher event rate ( 10) 
 

4 Require special features 

Possible solution: 

 4Replace inner layers of the vertex detector 

    with a pixel detector. 

 4Replace inner part of the central tracker 

    with a silicon strip detector. 

 4Better particle identification device 

 4Replace endcap calorimeter crystals 

 4Faster readout electronics and computing 

    system. 

II 



Vertex Detector Upgrade 

• 4 straight layers of 4" double-sided silicon detectors (DSSDs) 

• Outer radius of r~8.8 cm  
 

• Three 4” sensors are  
daisy- chained and read out  
by one hybrid located outside  
of acceptance region (VA1 chip) 
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Belle II: Pixels (2 layers) + SVD (4 layers)  

 
Belle: SVD (4 layers)  

Belle SVD: 



Belle Silicon Vertex Detector (SVD) 

• Previous SVD limitations were 

– occupancy (currently ~10% in 

innermost layer)  

 need faster shaping 

– dead time (currently ~3%)  

 need faster readout and pipeline 
 

• Belle II needs detector with 

– high background tolerance 

– pipelined readout 

– robust tracking 

– low material budget in active 

volume 

Current SVD is not suitable 
for Belle II 
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New Layout for Belle II SVD (2014-) 

• New double-layer pixel 
detector  using DEPFET 
technology 

• Four layers with 6” 
double-sided strip 
detectors at larger radii 
and forward part 

 

Optimized for precision vertex 
reconstruction of the decays of 
short-lived B-mesons 

 

 Two layers of  
DEPFET pixels 

4 layers of double-sided 
strip sensors 

 
Belle II environment: 

 - Occupancy : 0.4 hits/μm2/s 

 - average particle momentum: ~500 MeV 

-Radiation tolerance: > 1Mrad/year 

- Acceptance: 17o-155o 

-- Higher vertex resolution 

- -> lower material budget (low scattering) 
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Geometry 

Atoll p-stop 
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Geometry 

Common p-stop 
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Geometry 

Combined p-stop 

Signal-to-noise-ratios 

• Dark colors: non-irradiated, Light colors: irradiated 

• Four geometries: width of „virtual“ strip defined by p-stop  

• Atoll pattern (half-wide) performs best, both irradiated and non-irradiated  
– Chosen for final sensor 

• Test sensors have been Gamma-irradiated with 
Co-60  

• Tested before and after at CERN beam test (120 
GeV hadrons) 



Readout System Concept 

• Analog data transmission up to FADC by copper cable 

– Signal conditioning using FIR (Finite Impulse Response) filter 

• Prototype readout system exists 

– Verified in several beam tests 

• Final system to be ready for beam test at DESY in June, 2014 

1748 

APV25 
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Going real! 



A very strong group of ~400 highly motivated scientists! 



Summary  
Started Data Taking in 1999 and continued till summer of 2010. 

Recorded peak luminosity of experiment 2.11 x 1034 cm-2 s-1 , which is 
world record itself. 

Successfully established the presence of CP violation for first time in 
B-meson system. 

Nobel prize in 2008 for Kobayashi & Maskawa for their theoretical 
work on CP violation. 

 Belle2 (next generation experiment on CP violation in LHC era) is 
approved and R&D is underway. 

Major upgrade at KEK in 2010-16  Super B factory,  L x 40 

Essentially a new project, all components have to be replaced of 

existing system. 

The project has a sizeable Indian participation. 

Expecting a new, exciting era of discoveries, complementary to LHC 

 

 



http://www-public.slac.stanford.edu/babar/Poster/slac_nobel_poster_2008.pdf 

http://www-public.slac.stanford.edu/babar/Poster/slac_nobel_poster_2008.pdf
http://www-public.slac.stanford.edu/babar/Poster/slac_nobel_poster_2008.pdf
http://www-public.slac.stanford.edu/babar/Poster/slac_nobel_poster_2008.pdf


                                                                 47 

Effect of Penguin on f2 
M. Gronau and D. London, PRL 65, 3381 (1990) 

)22sin(1 2

2 fpppp - AS

Isospin relation 

EW Penguin neglected 
(isospin breaking) 



Requirement for a Pixel Detector 



DEPFET – DEpleted P-channel Field Effect Transistor 





Trapezoidal Sensors for Forward Region 

• Trapezoidal sensor for 

forward region 

• Different p-stop layouts 

on test sensors 

 

Atoll p-stop 

Common p-stop 

Combined p-stop 

BACK-UP 



Origami Module with 6” HPK DSSD 



Known as a firm SM reference 

Measurement from B Factories 

Measurement before B Factories 

This, LHCb result become obsolete 



B factories: a success story 
• Measurements of CKM matrix elements and angles of the unitarity 

triangle 

• Observation of direct CP violation in B decays 

• Measurements of rare decay modes (e.g., Bτυ, Dτυ) by fully 

reconstructing the other B meson 

• Observation of D mixing 

• CP violation in bs transitions: probe for new sources of CPV 

• Observation of new hadrons /spectroscopy 

• 2008 Noble Prize to Kobayashi and Maskawa based on Belle Results 

 



New constraint by ππ/ρρ/ρπ modes 

α=φ2=(88.5 +4.7/-4.4)° 



New constraint by ππ/ρρ modes 

For ππ mode, isospin triangle is 
found to properly close. 

For ρρ, isospin triangle is flat, thus 
no plateau in p-value plot. 



Symmetries 
Nature and its Law: ~ Symmetry = Beauty 

P, C, T : most Fundamental Symmetry 

P : Parity = Space inversion 
C : Charge conjugate ( Particle  Anti-particle) 
                               [Lagrangian  Hermitian conjugate] 
T : Time reversal   

CPT Theorem  
   Lorentz invariant local quantum field theory  CPT symmetry 

Particle  Anti-particle: Mass and Lifetime are identical 



P& C Violation 
1956: Lee-Yang predict P violation 

1957: discovered by C.S.Wu in 60Co b-decay 
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Flavor-tag  
(B0 or B0 ?) 

J/y(f,’) 

KS 

e- e 

Dz 
t=0 fCP Vertexing 

Reconstruction 
                       

B0 
B0 

B0-tag 
B0-tag 

Dt  Dz/cbg 

Extract 
CPV 

fit 

Time Dependent CP Violation 

βg   =   0.425 

      

8.0  Gev 3.5 GeV 

ϒ(4S) → BB pairs 



How to do it? 
 upgrade KEKB and Belle 

http://www-acc.kek.jp/KEKB/pictures/KEKB_photo/KEKair2005/KEKair2004-04H.jpg


Readout Chip: APV25 

• Developed for CMS (LHC) by Imperial College 

London and Rutherford Appleton Lab  

– 70,000 chips installed 

• 0.25 µm CMOS process  (>100 MRad tolerant) 

• 128 channels 

• 192 cell analog pipeline  

 no dead time  

• 50 ns shaping time  low occupancy  

• Multi-peak mode (read out several  

samples along shaping curve) 

• Noise: 250 e + 36 e/pF  

 must minimize capacitive load!!! 



Next generation: Super B factories  Looking for New Physics i.e. Physics 

beyond Standard Model 

 Need much more data (two orders!) 

 In November, 2010 KEK Management approved the up gradation of 

BELLE experiment viz. BELLE  BELLE II and KEKB  

SuperKEKB  

• ~100 M US $ for machine approved in 2010 -- Very Advanced Research 

Support Program (FY2010-2012) 

• Full approval by the Japanese government in December 2010; the project 

was finally in the JFY2011 budget as approved by the Japanese Diet end 

of March 2011 

• Most of non-Japanese funding agencies have also already allocated 

sizable funds for the upgrade of the detector. 

• Indian contribution in the project is very significant.  A budget of Rs. 300 

million  is under the consideration of DST and DAE. 

 

 

 

Physics Case for SuperKEKB 



 


