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B factories: 15 years of success 
•  Established CP violation in B system and measurement of the CKM parameters  
•  Observation of direct CPV in B decays 
•  Searches for new CP violation sources in B, D and τ decays 
•  Search for New Physics (NP) in rare decays 

–  B ➝ Xs,d γ, B ➝ Xs,d l+l-, B ➝K(*)νν,  B ➝ τν , B ➝ D(*) τν, B ➝  invisible, …

•  Observation of direct Time Reversal violation 

•  Explore the region above the Y(4S)  and study of Bs decays at the Y(5S) 
•  Discovery of  several bottomonium (including ηb) and bottomonium-like states 

•  Observation of D0-D0bar mixing 
•  Discovery of unexpected states in charmed mesons and charmonium-like spectra 
•  Search for Lepton Flavor Violation (LFV) in τ and B decays 

•  Precise measurement of the hadronic contributions to the muon (g-2)  
•  Searches for low mass New Physics (NP) particles (light CP-odd Higgs, dark photons) 
•  Searches for heavy neutrinos in B decays 
•  ….. 
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The colliders 
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Υ(4S) 
e- e+ 

PEP-II/BaBar   e- : 9 GeV,   e+: 3.1 GeV,     βγ=0.56 
KEKB/Belle      e- : 8 GeV,   e+: 3.5 GeV,    βγ=0.42 

√s≅ m(ϒ(4S))=10.58 GeV 

KEKB 

B 

B 
Δz ~ cβγtB 
   ~ 200µm 

Υ(4S) 
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PEP-II 

Δz 

Integrated Luminosity 
- Belle:    >1000 fb-1 

- BABAR:   ~550 fb-1 

mainly at the Y(4S), but 
also at Y(1,2,3,5S) and 
in the continuum 



The detectors 
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CP violation       
and the          

CKM Matrix 
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The Cabibbo-Kobayashi-Maskawa (CKM) matrix 

€ 

λ2 =
Vus

2

Vud
2

+ Vus
2 ;   A2λ4 =

Vcb
2

Vud
2

+ Vus
2 ;   ρ + iη = −

VudVub
*

VcdVcb
*

 The CKM is unitary 
 4 independent parameters:  
 3 angles and 1 phase   
    Vij are complex 

 Interfering amplitudes can give CP 
violating asymmetries 
 The CKM is the only source of CPV  
in the SM 

qi W - 
qj GFVij 

Describes the quark mixing in 
weak charged transitions 

d s b 
u 

c 

t 

VCKM = 

€ 

+ O(λ4 )

 Measurements at B factories can over-
constrain the Unitarity Triangle 
  New Physics would be revealed in 
discrepancies among measurements 
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Time-dependent CP asymmetries 
•  CP violation arises from interference  between 

the two paths (decay with and without mixing)  

Time dependent CP asymmetry: 
€ 

λ fCP
=

q
p
⋅

A fCP

AfCP

amplitude ra,o 

mixing 

Independent  
of phase  
conven,on 

€ 

λ fCP
≠ ±1 Γ (B phys

0 (t)→ fCP ) ≠ Γ (Bphys
0 (t)→ fCP )

m
ixing 

q/p 

7 F. Anulli 

€ 

ACP (t) =
Γ B phys

0 (t)→ fCP( ) − Γ Bphys
0 (t)→ fCP( )

Γ B phys
0 (t)→ fCP( ) + Γ Bphys

0 (t)→ fCP( )
= C fCP

cos Δm t( ) + S fCP
sin Δm t( )

  

€ 

CfCP
=
1− λ fCP

2

1+ λ fCP

2

S fCP
=
−2 Imλ fCP

1+ λ fCP

2

t 

t=0 

fCP 
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Time-dependent CP asymmetries 
•  CP violation arises from interference  between 

the two paths (decay with and without mixing)  
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€ 

ACP (t) =
Γ B phys

0 (t)→ fCP( ) − Γ Bphys
0 (t)→ fCP( )

Γ B phys
0 (t)→ fCP( ) + Γ Bphys

0 (t)→ fCP( )
= C fCP

cos Δm t( ) + S fCP
cos Δm t( )

  

€ 

CfCP
=
1− λ fCP

2

1+ λ fCP

2

S fCP
=
−2 Imλ fCP

1+ λ fCP

2

t 

t=0 

fCP 

€ 

q
p
≅1

€ 

A fCP

AfCP

≅1

€ 

λ fCP
= e2iφ

(no direct CPV)  

€ 

CfCP
= 0

SfCP = − sin 2φ

if  also  
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quark subprocess: 
Dominated by tree decay amplitude, with a small penguin pollution 

B0 mixing K0 mixing 

  Single weak phase  

  no direct CP violation  

  the asymmetry is large 
  theoretically cleanest way to 
    measure sin2β  
  clear experimental signature 

J/Ψ→l+l- , KS→ππ  

  relatively large branching  
    fractions  ( BR ~ 4.5 x10-4 ) 
  similar considerations hold for 
    other charmonium modes  
         (Ψ(2S)KS, Xc1KS…) 

|λ| ≅ 1 ;      ACP ≅ -Im(λ) sin(Δm t) 

 : the Golden Mode  

J/Ψ

KS 

BO 

ACP(t)  directly measure sin2β  

BO BO 

9 F. Anulli 



sin2β  from b➝ccs 
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BABAR,  PRD 79, 072009 
(2009) S = -0.687 ± 0.028 ± 0.012
C = 0.024  ± 0.020 ± 0.016

Belle, PRD 108, 171802 (2012) 
S =  -0.667 ± 0.023 ± 0.012
C =  -0.006  ± 0.016 ± 0.012

ηf = -1 ηf = +1 



Measure  Time-dependent CP asymmetries as for sin2β

The angle α≣φ2 

Benasque, 31‐Jan‐2014 

€ 

α =ϕ2 accessible via b→ u transitions in B→ππ ,B→ρρ,  or B→ρπ

€ 

C ≠ 0 allowed

S = 1−C2 sin2αeff = sin 2α + 2Δα( )

At tree level 

€ 

C = 0
S = sin2α

Needs measurement of  B+➝π+π0 and B0➝π0π0 processes and isospin analysis 
to recover  sin2α  (see backup slides)

Sizable penguin contribuOon  
with different weak phase 

Because of penguin polluOon 

€ 

 e.g.  B →π +π− and B → B →π +π− interference

Vtb  Vtd 

Vtb Vtd 

eiβ
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B ➝ π+π- 
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Recent results from both  experiments on time-dependent CP asymmetry in B➝π+π-  

BABAR  -0.68 ± 0.10 ± 0.03 
Belle     -0.64 ± 0.08 ± 0.03   

BABAR  -0.25 ± 0.08 ± 0.02 
Belle     -0.33 ± 0.06 ± 0.03    

Sππ

Cππ

•  Overall fit using B ➝ππ , B ➝ρρ, B ➝ρπ 

•  Tightest constraint from B ➝ρρ 
•  B ➝ρπ is very promising but needs much 

more statistics => key channel for  Belle-2 
•  LHCb just entered the game 

CKMFiUer 

UTfit 

€ 

α or φ2 = 88.5 −4.4
+4.7( )

o

€ 

α or φ2 = 88.7± 3.1( )o

PRD 87, 052009 (2013) 

B0 B0 

BABAR 

467x106 BB pairs 

772x106 
BB pairs 

Global fits to extract α
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PRD 88, 092003 (2013) 



Angle γ=φ3 
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€ 

                 B± → D(*)0K (*)± decays dominate γ = φ3 measurements
Different methods for extracting γ depending on the D - meson decay mode

•  No time-dependent analysis 
•  Interference between tree amplitudes        
b→c  (Vcb,real ) and b→u  (Vub,∝ e-iγ) 
•  Unknown strong phases and hadronic 
parameters to be determined experimentally dominant b→c amplitude Color suppressed  b→u amplitude 

•  BABAR and Belle have reconstructed 
the most sensitive decay modes  using 
all or nearly all of their datasets 

•  Recently published results on 
combination of all analysis methods 
from both Collaborations 

€ 

Belle  CKM2012 arXiv :1301.2033     γ= 68−14
+15( )

o   (mod  180o)

BABAR  PRD87 052015 (2013)            γ= 69−16
+17 

 
  

 
 

o    (mod  180o)        
€ 

         BABAR and Belle
Physics of the B Factories to be submitted EPJC

      γ= 67±11( )o   (mod  180o) 

€ 

                 LHCb with 3fb-1  
   γ= 67±12 

 
  

 
 
o   (mod  180o)
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CKM summary 
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•  All measurements of CKM parameters (not only from B factories) are used for 
global fits to constrain the apex of the UT. 
•  Fits performed by several groups. Most common CKMfitter and UTfit 

Consistent results between 
CKMFiUer and UTfit 

14 F. Anulli 



CKM summary 
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•  All measurements of CKM parameters (not only from B factories) are used for 
global fits to constrain the apex of the UT. 
•  Fits performed by several groups. Most common CKMfitter and UTfit 

Fit including only CP‐violaOng parameters  Fit including only CP‐conserving parameters 
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•  There is no significant evidence for a departure from the KM picture of CP violation 
and from the CKM matrix descritption of quark mixing 
•  However, there is still room for New Physics… 

•  Subset of measurements allow to check 
consistencies of specific parameters 
•  Generally good consistency, with some 
tension in few cases: 

•  Inclusive vs Exclusive Vub 
•  for B ➝ τν “case” see later 

•  Consistency between: 
- CP violating and CP conserving 
parameters 
- B-factories results (b➝d transitions), Bs  
oscillations (b➝s ), and CPV in kaon 
system (s➝d)  



Direct observation of Time 
Reversal Violation 
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Phys. Rev. Lett. 102, 211801 (2013) 
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T, CP and CPT 
•  T, C, and P discrete symmetries related to each other via the CPT theorem: 

–  A QFT with local Lorentz invariant and a Hermitian Hamiltonian conserves CPT 
•  As a consequence, CP violation ==> T violation 
•  CPV well established in the SM framework of weak decays 

•  Can TV be directly observed,  independently of CPT? 

•  In unstable systems, one needs to exchange |in> and |out> states and measure 
the asymmetry 
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•  What about using weak decays of B mesons?  
•  Large CP violation measured in many B decays (e.g. direct CPV in  B➝Κπ) , but it is 
essentially impossible to observe the time-reverse process Κπ➝B. 

•  unfeasable to prepare a Kπ initial state 
•  in any case hadronic interactions will wash out any asimmetry from the rare 
weak Κπ➝B processes 

17 F. Anulli 



Measuring Time-Reversal Violation at the B factories 

Semileptonic decays project a 
B‐flavor state: 

Decays to J/ψ KL,S project a 
CP eigenstate: 

€ 

l+→B0 and l−→B 0

€ 

J /ψKL→BCP + and J /ψKS→BCP−

Solution: exploit  the EPR entanglement of the B0-B0 pair produced at the ϒ(4S)  
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T mirror 

CP‐odd 

CP‐even 

Bernabeu & Bañuls, 
PLB464, 117 (1999) 

i =
1

2
B
0
(t
1
)B

0
(t
2
)!B0

(t
1
)B

0
(t
2
)"# $%=

1

2
B
CP+(t1)BCP!(t2 )!BCP!(t1)BCP+(t2 )[ ]

•  Because of EPR the state of the 1st B decay at t1 dictates the state of the other B at the 
same time t1, which will decay after a time Δt=t2-t1  
•  This is the way CPV in the interference between decays with and without mixing is measured 

Method described in 
J. Bernabeu et al. JHEP08 (2012) 064 

•  Test TV comparing the decay Ome 
distribuOons of the two processes 
•  4 different T comparisons,  
  plus 4 CP, and 4 CPT  

€ 

B 0 Δτ →  BCP−

€ 

BCP−
Δτ →  B 0
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Time-Reversal Violation: Results 

Simultaneous ML fit to all flavor- and CP-eigenstates  samples for  Δt>0 and Δt<0 events. 
Obtain 8 sets of  S, C parameters, define from these  the T-violating parameters ΔS, ΔC 

T‐violaOon observed at >14σ ! 
Asymmetry consistent with expectaOon from CPT theorem and measured sin2β.

Measurement independent from any assumpOon on CP or CPT 

Large T violaOon observed 

PRL 102, 211801 (2013) 
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Time-Reversal Violation: Results 
     CP-violating parameters      

     CPT-violating parameters      

No sign of CPT violation

CP violation significance 
largest than for T violation 

(ΔSCP
-,ΔCCP

-) (ΔSCP
+,ΔCCP

+) 
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Simultaneous and independent test of T, CP, CPT.   
T and CP show compensaOng violaOon effects, while CPT is 

consistent with no violaOon 



Visualizing the time asymmetries 
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The T violaOon effects can be visualized defining the Ome asymmetries as: 

Observed 

T conserving BABAR 
PRL 102, 211801 (2013) 
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New Physics in “rare”   
B decays 

22 F. Anulli 



Search for indirect New Physics effects 
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‐  Different experimental and theoreOcal uncertainOes among the various modes 
‐   Some channel impossible or very challenging at hadronic colliders 

B ➝ Xs γ B ➝ Xs,d l+l- B ➝ Κ(*)νν

B ➝ τ ν B ➝D(*) τ ν

Rare decays via radiaOve  and electroweak penguins 

B(sγ) ∼ 10-4

δth < 10% 
B(sll) ∼ 10-6 ,  δth ~ 12‐20% 
B(dll) ∼ 10-8 ,  δth  ~ 24% 

B(sνν) ∼ 10-6,  δth ~ 15% 

B(τν) ∼ 10-4,  δth ~ 25%  B(D(*)τν) ∼ 0.02,  δth ~ 5% 

‐  Large New Physics effects predicted for H+, Z’, SUSY parOcles 
‐  Indirect studies complementary to direct searches at the LHC 

W-    W-    W-

Search for NP in tree processes 
       W-
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Inclusive B ➝Xsγ



B ➝ Xs γ
•  B➝Xγ and B➝Xl+l-  are FCNC  processes forbidden at three level in the 

SM, but happen at loop level. 
•  OPE factorize short-distance from long-distance effects 

•  For radiative b➝sγ decays, theory uncertainty on BF is at 7% level with 
calculations at NNLO (Misiak et. al, PRL 98, 0222002 (2007)) 

•  Contributions from two effective Wilson coefficients, C7
eff, and C8

eff 
•  New Physics can contribute at the same level as SM (more loops with new 

particles) 
–  modify the SM values of Wilson coefficients 
–  Measurable changes in BF and CP asymmetry  expected from NP 

•  Can add constraints on several NP models, in particular on the Two-Higgs 
Doublet Model (2HDM) 
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€ 

Heff =
4GF

2
VqbVqs(d )q∑ Ci(µ)Oii∑ q = u,c,t



B➝ Xs γ 
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•  Three different analysis approaches performed: 

Fully inclusive  
(with lepton tag) 

•  Advantage:  
  ‐ InsensiOve to final state 
fragmentaOon, theoreOcally 
clean 

•  Disadvantage: 
 ‐ huge background 
 ‐ Eγ is measured in Y(4S) frame 
 ‐ does not disOnguish between 
b ➝sγ and b➝dγ

Inclusive with hadronic tag 
(full reco of the other B) 

•  Advantage:  
 ‐ theoreOcally clean 
 ‐ low non‐B background  
 ‐ idenOfy B charge and flavor 
 ‐ Eγ is measured in the B‐
decay frame 

•  Disadvantage: 
 ‐ low efficiency on the tag 
side 

Sum of exclusive modes 

•  Advantage:  
 ‐ low background 
 ‐ good photon resoluOon 
 ‐ Eγ is measured in the B‐
decay frame 

•  Disadvantage: 
 ‐ sensiOve to details of Xs 
fragmentaOon 
 ‐ Missing Xs modes 



B➝ Xs γ:  Branching Fractions 
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•  BFs measured in bins of photon energy 
•  Different minimum energy reached by single measurements 
•  Results extrapolated to Eγ>1.6 GeV, and averaged 

HFAG average: 
 B(B ➝Xsγ) = (343 ± 21 ± 7)x10-6 

SM prediction @NNLO: 
 B(B ➝Xsγ)SM = (315 ± 23)x10-6 

•  Use extrapolated results to constrain 
m(H±) in the type-II 2HDM 

•  Exclude at 95% CL charged Higgs for 
m(H±) <327 GeV, independent of tanβ
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PDFb(mES) =
Tcont

2
(1 +Acont)Argus(mES; c

b,χb, pb)+

Tpeak

2
(1 +Apeak)G(mES;µ

b,σb
L,σ

b
R), (3)

PDFb(mES) =
Tcont

2
(1−Acont)Argus(mES; c

b,χb, pb)+

Tpeak

2
(1−Apeak)G(mES;µ

b,σb
L,σ

b
R) (4)

(5)

where

Tcont = nb
cont + nb

cont, (6)

Tpeak = nb
peak + nb

peak (7)

are the total number of events of both flavors described
by the Argus distribution and the bifurcated gaussian
and

Acont =
nb
cont − nb

cont

nb
cont + nb

cont

, (8)

Apeak =
nb
peak − nb

peak

nb
peak + nb

peak

(9)

are the flavor asymmetries of events described by the Ar-197

gus distribution and the bifurcated gaussian respectively.198

It should be noted that Apeak is closely related ACP de-199

scribed in Eq. 1. The difference arises from the detector200

asymmetry and the dilution due to peaking background201

contamination which will be discussed below.202

To obtain Apeak, we perform a simultaneous binned203

likelihood fit of both b flavors. The Argus cutoff param-204

eters cb and cb are fixed at 5.29GeV. All other shape205

parameters for the Argus distribution and the bifurcated206

gaussian are allowed to float separately. The mES distri-207

butions, along with fitted shapes, are shown in Fig. 1.208

The results of Apeak are summarized in Table II.209

VI. DETECTOR ASYMMETRY210

Part of the difference between Apeak and ACP comes211

from the difference in K+ and K− efficiencies. The K+
212

PID efficiency is slightly higher than the K− PID effi-213

ciency; the difference also varies with the track momen-214

tum. The cause of this difference is the fact that the215

cross-section for K−-hadron interactions is higher than216

that for K+-hadron interactions due to the additional217

process of K− being capture by the nucleus[21]. This218

translates to the K− having a greater chance of develop-219

ing a shower before it reaches the DIRC, thereby lowering220

the quality of the K− Cherenkov cone angle measure-221

ment, which affects the PID performance.222

The first order correction to ACP from K+/K− effi-
ciency differences on the ACP is given by

Adet =
νb − νb
νb + νb

(10)

FIG. 1: mES distributions along with fitted probability den-
sity functions and components for b flavor all B sample (top
left), b flavor all B sample (top right), b flavor charged B sam-
ple (middle left), b flavor charged B sample (middle right), b
flavor neutral B sample (bottom left), and b flavor charged
B sample (bottom right). Data is shown as points with error
bars. The Argus component, bifurcated gaussian component
and the total probability function are shown with dotted lines,
dashed lines and solid lines respectively.

where νb and νb are the number of events for each flavor223

after all selections, assuming the underlying physics has224

no flavor asymmetry.225

We use sideband region(mES < 5.27GeV) which con-226

sists mostly of e+e− → qq where q = u, d, s, c events to227

measure Adet. We do not expect a flavor asymmetry in228

the underlying physics in this region. We count the num-229

ber of events in the sideband region for each flavor and230

use Eq. 10 to calculate Asideband
det .231

However, since the difference in K−/K+-hadron cross
section depends on K momentum and K momentum dis-
tributions of the side band region and the peaking region
(mES > 5.27GeV) slightly differ, Asideband

det and Adet vary.
The difference between Adet for any K momentum distri-

•  In full Xs mass region the corrected ACP  is 
measured to be: 
–  ACP(Xsγ) = (1.73 ± 1.93stat ± 1.02syst)% 
–  Good agreement with SM prediction 

•  These new results have significantly lower 
uncertanties than previous measurements 

B➝ Xs γ:  Semi-inclusive ACP results 
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•  Recent BABAR analysis using 470 million Bbbar events, and a sum of exclusive 
decay modes 

•  Extract ACP from simultaneous fit to reconstructed masses of B and B samples 
•  Correct raw asymmetries for detector effects 

b  b 

   

A
CP

(X
s
!) "

#(B$X
s
!) %#(B$X

s
!)

#(B$X
s
!) +#(B$X

s
!)

•  SM predictions yield  -0.6% < ACP(Xsγ) < 2.8% 
•  Present world average ACP(Xsγ) = -0.8 ± 2.9% 

470x106 BBbar 



B➝ Xs γ:  ΔACP 
•  The difference for charged and neutral B decays depends on C7 and C8 Wilson coeff. 
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Figure 27: 68% and 90% confidence interval of Im C8
C7

for given value of Λ̃78.

61

to calculate 68% and 90% confidence interval on Im C8g
C7γ

from ∆AXsγ . We find

0.04 < Im
C8g

C7γ
< 4.48 68% C .I . (60)

−1.64 < Im
C8g

C7γ
< 6.52 90% C .I . (61)

To obtain the intervals above we assume the value of Λ̃78 from [3] to have a flat prior. For a given value839

of Im C8g
C7γ

, we calculate the minimum χ2 from all possible Λ̃78 value. Our 68% and 90% confidence840

interval are obtained from the interval in which min χ2 < 1 and min χ2 < 4 respect ively. T he shape of841

the minimum χ2 is non-parabolic stemming from the fact we use minimum χ2 from all possible values842

of Λ̃78 . T he plot of minimum χ2 is shown in F igure 26 and the plot of confidence interval for given843

value of Λ̃78 is shown in F igure 27. T he full confidence interval is dominated by the range of possible844

Λ̃78 especial at low value of Λ̃78 . Bet ter constraint at the lower value of Λ̃78 will great ly improve the845

confidence interval of Im C8g
C7γ

.846

F igure 26: 68% and 90% confidence interval of Im C8
C7

for possible value of Λ̃78 . T he irregular shape is
from the fact that it is a product of a range an a number. Care must be taken when performing global
fit with other observables.

60

 This is the first ΔACP (Xsγ) measurement and the first constraint on the  
       ratio of Wilson coefficients C8/C7 for new physics in this process 

  

€ 

−1.64<Im C8
eff /C7

eff( )<6.52 @90% CL

€ 

ΔACP Xsγ( ) = 5.0± 3.9stat ±1.5syst( )%

  

€ 

ΔACP Xsγ( )= ACP B+ → Xs
+γ( )−ACP B0 → Xs

0γ( ) ≈ 0.12
˜ Λ 78

mb

Im C8
eff

C7
eff

68% and 90% CL for Λ78 vs Im(C8/C7)     
•  Set 90%  CL  on Im(C8/C7) for any value of Λ78 in the allowed range 

•  From the simultaneous fits to charged  and 
neutral B samples  BABAR measures 

•  In the SM, C8 and C7 are real ==> ΔACP=0 

( Benzke et al., PRL106.141801.2011 ) 
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Inclusive B ➝Xsl+l-   
and  

Exclusive B ➝ Xdl+l- 



B➝Xsl+l- 
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•  Within the SM, it proceeds via electroweak penguin 
and box diagram 
•   3 effective Wilson coefficients: C7

eff, C9
eff, C10

eff 

•  Expect BF in SM: B(Xsl+l-) = (4.6 ± 0.8) x10-6 

•  Recent BABAR analysis uses a sum of exclusive modes B ➝ Xs e+e- and B ➝ Xs µ+µ-  
•  Reconstruct 10 Xs final states, with 1 kaon, and up to 2 charged and 1 neutral pion   
  - It represents ~70% of the inclusive rate with m(Xs)<1.8 GeV/c2, accounting for K0

L modes 
  - Unseen modes estimated with MC (inclusive generator model and JETSET fragmentation) 

•  Measure the total BF and partial BFs in 5 bins of  q2=mll
2  and 4 bins of  mXs 

•  General consistency with the SM predictions 

BABAR 
preliminary 

470x106 BBbar 



B➝Xsl+l- : Forward-Backward Asymmetry 
•  Preliminary measurement of AFB in inclusive B➝Xsl+l- decays presented 

by Belle at the EPS-HEP Conference (Yutaro Sato) 
•  Uses a sum-of-exclusive analysis based on 10 Xs exclusive modes  

•  Sensitive to 3 effective Wilson Coefficients 
•  Can constrain New Physics model 
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€ 

AFB = −Re 2C7
eff +

q2

mb
2 C9

eff
 

 
 

 

 
 •C10

eff
 

 
 

 

 
 

•  Inclusive measurements have smaller theoretical and similar experimental  
uncertainties than exclusive B ➝ K(*)l+l-

•  Results consistent with SM 
•  Promising channel for Belle II

Preliminary 



B → π±,0 l+l- and  B → ηl+l- 
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•  SM prediction of the order of ~10-8 

•  The only observed channel (by 
LHCb) is  B+➝π+µ+µ-

–  B(B➝π+µ+µ-) = (2.4±0.6±0.2)x10-8                         

JHEP 12, 125 (2012) 

•  B factories searched for both electron  
and muon modes, and for π+, π0, and 
η (only BABAR) 
–  see no signal in any mode  
–  set UL at 90% CL, for individual, 

isospin averaged, and lepton flavor 
averaged BF 

•  All UL within a factor ~2-3 of the  
SM predictions 

•  All modes will be observed at Belle II 
5 33 
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B ➝ τ ν  and B ➝ D(*) τ ν 



Common reconstruction methodology 

Benasque, 31‐Jan‐2014 

•  Take advantage of the clean e+e- ➝ϒ(4S)➝ BB environment  
–  perform a tagged analysis reconstructing both B mesons  

•  Fully reconstruct one B (Btag) 
in hadronic modes 
==> The direcOon of the B in the 
signal side is fully determined 
•  Select events by: 

•  Look for signal decays 
in the rest of event 

Btag hadronic reconstrucOon: 
•  High purity B‐sample but low efficiency (ε <1%) 
•  New BABAR analyses 3x more efficient than previous 

AlternaOve tag method uses semileptonic B decays 
•  Higher efficiency but lower purity 
•  In general similar sensiOvity 

€ 

ΔE =
s
2
− EB

* ; mES =
s
4
− pB

*2

mES (GeV/c2) 

Hadronic tag in  
B ➝ D*τν
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B ➝ D(*) τ ν and B ➝ τ ν : motivations 

•  Tree-level decays mediated in the SM by a W±  
•  BF and kinematic distributions (for D(*)τν) sensitive to a 

charged Higgs H+ 
•  Can probe extensions of the SM with an enlarged Higgs sector 

–  e.g. Type-II Two Higgs Doublet Model (2HDM) of MSSM   

Benasque, 31‐Jan‐2014 

 B ➝ τ ν  

•  Small BF ~ 0.01%   
•  Helicity suppression 

•  Theoretical uncertainties ~25% (Vub,fB)  

 B ➝ D(*) τ ν  

•  Large BF (O(1%))  
•  3-body decay, additional observables 
available to test models 
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B ➝ τ ν 
•  Tree-level leptonic decays 

–  No QCD uncertainties from hadrons in the final state 
–  BF depends on fB and Vub     

Benasque, 31‐Jan‐2014 

•  Branching fraction theoretical expression depends on the NP model 
•  For the 2HDM: 

      

€ 

B(B→ ν )SM =
GF
2mBm

2

8π
1− m

2

mB
2

 

 
 

 

 
 

2

Vub
2

fB
2 τB B decay constant from 

Lattice calculations 

Vub from global 
CKM fit 

•  Standard Model prediction:  
•  BSM(B ➝ τ ν) = (1.10 ± [0.17stat±0.21th]Vub ± [0.043stat±0.034th]fb) x 10-4 

- |Vub| = (4.15 ± 0.50)x10-3  (PDG 2012) 
       - fB = (190.6 ± 3.7 ± 2.9) MeV       (Laiho, Lunghi and van de Water, 2012)  

•  Previous analyses used  both hadronic  and semileptonic tag  
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B ➝ τ ν: results from Belle 

Benasque, 31‐Jan‐2014 

•  2 dimensional fit to: 
–  Extra neutral energy EECL 

•  PDFs obtained from MC, validated with 
control sampless: 

–  Signal: B ➝ D*0lν
–  Background: Mbc and EECL sidebands 

€ 

− mmiss
2 = p

e +e −
− ptag − psig( )

2

background 
signal  (3.0σ) 

fit 

Belle 

Belle 

Belle, PRL 110, 131801 (2013) 
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•  Full event reconstruction with Hadronic tag  
–  Bsig ➝ τ ντ;  τ➝ eντνe,  µντνµ,  πν,  ρ(π+π0)ντ

•  i.e.only 1-prong τ decays are used                                 
(~70% of all τ decays)  

•  Main discriminating variable : EECL 
•  sum of the energy of the calorimeter clusters 

not associated with the reconstructed B’s 
•  peak at zero for correctly reconstructed events 



B ➝  τ ν: Results vs SM 

Benasque, 31‐Jan‐2014 

  

€ 

B(B→τν) = 1.15 ± 0.23( ) ×10−4New average (HFAG) 

Fit to CKM parameters without B(B➝τν) Fit to CKM parameters without 
B(B➝τν) and sin2β 39 F. Anulli 



B ➝ D(*) τ ν 
•  Sensitivity to New Physics through the ratio 

Benasque, 31‐Jan‐2014 

  

€ 

R(D(*)) =
Γ(B → D(*)τν )
Γ(B → D(*)

ν )   

€ 

 = e,µ
signal mode 
normalizaOon modes 

•  Assume e, µ modes unaffected by  H- 
•  NP contributions expected to change both rates and kinematic distributions of 

the signal  τ mode 

•  Several theoretical (Vcb, FF) and experimental uncertainties cancel in the ratio 
•  SM theoretical  uncertainties:  σth(R(D)) < 6%,     σth(R(D*)) < 2% 

•  Use leptonic   τ  decays to further reduce systematic uncertainties 
•  same reconstructed final state for signal and normalizations channels 
•  but 3 neutrinos in the final state of the signal mode 

  

€ 

HS
2HDM ≈ HS

SM × 1− tan2 β
m

H ±
2

q2

1 mc mb

 

 
  

 

 
    

Scalar helicity 
amplitude 

€ 

− for B→ Dτυ 
+ for B→ D *τυ
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B ➝ D(*) τ ν: fits and results 
New analysis: 
•  x2 luminosity 
•  x3 higher efficiency (mainly εtag) 

Event selection: 
•  Reconstruct D(*) candidate 
•  Exactly one extra lepton candidate 

(τ➝eνν,µνν) 
•  Multivariate analysis to suppress 

backgrounds (uses control sample and 
off-peak data) 

•  mmiss higher and lepton momentum p*l 
smaller for signal than normalization 

•  2D Extended Maximum LH fit to 
m2

miss and p*l to extract yields 
•  Simultaneous fit with B➝D(*)π0lν to 

account for D** contribution 
Benasque, 31‐Jan‐2014 

BABAR 

BABAR 

BABAR, PRL 109, 101802 (2012) 
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B ➝ D(*) τ ν: results vs SM 

Benasque, 31‐Jan‐2014 

•   -27% correlation between R(D) and R(D*) 
•   combined BABAR results  3.4σ higher than SM 

•  Unpublished deviations from 
SM of  Belle results  presented at 
FPCP 2013 (A. Bozek) 

•  R(D*) : 3.0σ ;  R(D) : 1.4σ
•  Combined Belle+BABAR:  
R(D(*)) : 4.8σ

Averages do not include the new BABAR results 

2008 - 232M BB  

BABAR 
Belle 

2012 - 471M BB  

2007 - 535M BB  

2009 - 657M BB  

2010 - 657M BB  

PRL 109, 101802 (2012) 
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B ➝ D(*) τ ν: Type II 2HDM scan 

Benasque, 31‐Jan‐2014 

2HDM affects fit variables distributions and hence the efficiency. 
==> measured R(D(*)) are not uniform in tanβ/mH+  

SM 
•  Best point is  tanβ/mH+ ≃ 0.45 GeV-1, and it is 
excluded  at 99.8% C.L. (3.1σ) 
•  All other points (with mH+>15 GeV/c2) are worse  
(B ➝ Xsγ excludes mH+< 300 GeV/c2) 

Exclusion probability from 
combined R(D(*)) measurements 

PRL 109, 101802 (2012) 

43 F. Anulli 

R(D):  
 tanβ/mH+ = 0.44 ± 0.02 GeV-1

R(D*):  
 tanβ/mH+ = 0.75 ± 0.04 GeV-1



Type-II 2HDM - connection with LHC   

Benasque, 31‐Jan‐2014 

B ➝ D(*) τ ν and B ➝ τ ν 
searches at B factories are 
complementary to searches 
at LHC in 
t ➝ b H+ 

                   τνtanβ –mH+ region 
probed at LHC 

ATLAS: JHEP 1206, 039 (2012)  CMS: JHEP 07, 143 (2012) 

tanβ –mH+ BABAR exclusion  plot 
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B ➝ D(*) τ ν: limits on Type-III 2HDM 

Benasque, 31‐Jan‐2014 

Impact on R(D(*)): 

General spin-0 
interactions 

Corresponds to Type-II 2HDM case for SL=0 

Type III  
•  4 solutions for real 
SR+SL values. 
•  Complex values 
also allowed 

•  Type II has no 
solutions 

BABAR, Phys. Rev D88, 072012 (2013) 
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B ➝ D(*) τ ν: information from q2 distributions  

Benasque, 31‐Jan‐2014 

•  Background subtracted q2 spectra compared with Model prediction 
•  q2 is the momentum transferred to the leptonic system 

SR±SL=0 SR±SL=-0.67 SR±SL=-1.51 

p-value for R(D) is 0.4%, excluding 
solutions around  SR+SL=-1.5  with >2.9σ  

EXCLUDED 
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BABAR, Phys. Rev D88, 
072012 (2013) 
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Belle II  
and the  

SuperKEKB 



Why a super flavor factory 
•  Despite all valuable results from B-factories, many questions remain unanswered 

•  We saw that  processes that occur at one-loop level in the SM may be of O(1) in 
New Physics models: FCNC, neutral meson mixing, CP violation in B, D, τ 
decays.  NP can be probed at energy scale not directly accessible at LHC. 
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•  Physics motivations are complementary to LHC: 
•  Search for direct production of  New Physics particles at LHC 

can be effective for masses up to few TeV/c2  
–  If LHC finds NP,  precision flavor physics  is the main way to 

investigate its nature  
–  If LHC does not find NP, high statistic  B/D/τ decays would be 

a unique way  to search for the O(1 TeV) (MFV scenario) up to 
O(100 TeV) scale physics 

–  Complementarity between Flavor Physics program at  LHC and 
at a super B factory 
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Peak Luminosity:  
8x1035 cm‐2s‐1 

Integrated Luminosity: 50 ab‐1 

Nano‐beam scheme originally proposed by P. Raimondi 
for the Italian SuperB project =>  x40 peak Luminosity 

Higher currents  
Reduced boost: 4 GeV (e+) vs 7 GeV (e‐) 
Larger crossing angle 



Primary physics goals 
•  In three years from now LHCb and partly BESIII should have significantly improved the 

present B factory results in many processes 
•  Still e+e- colliders running at (or near) ϒ(4S) will have considerable advantage in several 

classes of measurements, and will be complementary in many more    
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Main classes of measurements 
•  Missing Energy (Emiss): 

•  Inclusive: 

•  Neutrals: 

For detail descriptions of the physics program at a SuperB factory, see: 
 - Physics at Super B Factory (Belle II)                arXiv:1002.5012 
 - SuperB Progress Reports: Physics  (SuperB)    arXiv:1008.1541        

  

€ 

S(B→KSπ
0γ), S(B→η'KS ), S(B→KSKSKS ),B(B→KSπ

0γ),B(B→KSπ
0γ),

τ → µγ,  Low mass CP − odd Higgs and Dark bosons searches,....

  

€ 

B(B→τν),B(B→ Xcτν),B(B→ hνv),
invisible decays of bottom and charmed hadrons, ...

  

€ 

b→ (d,s)γ  and b→ (d,s)+

− (rate, asymmetries,...) ...



B ➝ τν  
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•  Particularly sensitive to NP, because of helicity supression 
•  Small tension with sin2β and Vub with present measurements   

•  Can be precisely (~3% error) measured at Belle II 

•  ECL (= extra energy in the calorimeter)  is the the key variable for the measurement,  
•  large machine background (environment significantly worse than in Belle)  

        ==> crucial role of the EM calorimeter    

Red contour: expectation on  
           B(B➝τν) vs sin2β at 50ab-1 

Cross: values at 1σ measured at present        
B-factories 

      σsin2β ≈ 0.012 @ 50ab-1   ( now 0.02 )
      σB(B➝τν) ≈ 0.03 @ 50ab-1   ( now 0.23 )
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LFV in τ decays 
•  LFV not forbidden by SM gauge symmetry  
•  SM extended to include ν mixing predicts LFV of O(10-54)  
•  Any observation of LFV in lepton decays would mean NP 
•  Most of NP models predicts τ LFV BF of O(10-7-10-10)
•  advantgae of using τ : 

–  enhanced coupling to NP particles , many different 
decays ==> tests of different models   

•  Eventually ratio of BF’s can distinguish among models    

LFV in SM 

Examples of LFV beyond SM 

τ➝µγ τ➝lll 
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LFV in τ decays 
48 modes analysed by Belle and BABAR 

Expect about one order improvement on 
sensitivity with 50 ab-1: 

•  B(τ ➝µγ) < 10-8  
•  B(τ ➝lll) ~ 10-9 or better  



Examples of NP search in charm decays 

•  CPV in D0-D0 mixing.  

–  LHCb should set the best results, but a cross 
checks  from the SuperB is mandatory 

•  Radiatve D decays (D➝ Xuγ, D➝ Xul+l-) 
–  c ➝ u transitions  
–  FCNC in the up sector can be different from those 

in the down sector (b ➝  s,d and s➝ d) 
–  in particular no top-enhancement in c ➝ u 
–  Belle II can study them, tagging the ccbar events 

by reconstruction of the other “D”  (technique 
already used for measuring absolute Ds BFs) 
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Belle II physics reach: a compact summary 
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Expected improvement in the 
determination of the CKM parameters 



Conclusions 
•  The B factories continue to produce new and unique results 

–  The B-factories Physics Book will summarize their achievements 
•  BABAR and Belle are completing the CKM related program 

–  The CKM picture of CP violation describes generally well the data 

•  Rare decays and B decays to a τ are ideal places to look for NP effects 
–  3.4σ tension with SM in BABAR B➝D(*)τν decays. This result can be checked 

with additional measurements already at Belle and BABAR 
•  A significant part of physics programs are on exploring new areas, not in 

the originl B-factories’ physics program, as : 
==> B factories will continue to produce interesting results, until Belle II and 

SuperKEKB will be fully operational 

•  The unique features of SuperKEKB will allow Belle II to perform a physics 
program at the intensity frontier complementary to that of LHC 
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Thank you! 



Backup Slides 
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Luminosity and data sets 
•  Performances far beyond design… 

Benasque, 31‐Jan‐2014 

Integrated luminosity vs Ome  

•  More than 96% of the delivered luminosity was recorded by the experiments     

59 F. Anulli 
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Experimental Techniques 

Boost: βγ = 0.55 

Start the Clock 

Coherent L=1 state 

B0 

B0 

ϒ(4S)

e+e‐ → ϒ(4S) → B B 

Exclusive B meson and vertex 
reconstruction 

Btag 

Brec 

µ-

K
‐ 

Flavor tag and 
vertex 

reconstruction 

Stop the Clock 

µ+

π+

π-
KS



µ-
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Isospin relations for measuring α
•  Penguin diagram (with weak phase β) sizable 
•  Non negligible shift on α measured from Time 

Dependent CP asymmetries  

Δα

  Δα from Isospin Analysis (Gronau & London, PRL 65 3381 (1990) 
  Assuming SU2: 

  Need to measure all isospin related decays 
  B/Bbar  π+π-,π+π0,π0π0

  B/Bbar  ρ+ρ-,ρ+ρ0,ρ0ρ0

  B/Bbar  ρ+π-,ρ+π0,ρ0π0

  ...
  Alternative flavour SU(3) based approach can 

be used to constrain penguin pollution, i.e. Δα
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sin2α (α≣φ2) 
•  The study of the three main systems to extract α, that is ππ, ρρ, and ρπ, is 

almost completed by both experiments, using the full data sets: 

•  B ➝ππ :
–  Recently published result on B ➝π+π- from BABAR and Belle 
–  BABAR published also B ➝π0π0 on full dataset 

•  B ➝ρρ : 
–  VV final state, not pure CP eigenstate, => helicity analysis to measure CP
–  B ➝ρ+ρ-: old BABAR (384x106 BB pairs) and Belle (535x106 BB pairs) 
–  B ➝ρ0ρ0: full dataset from BABAR (2008)  and Belle (NEW arXiv:

1212.4015) 

•  B ➝ (ρπ)0 :
–  requires a Dalitz plot analysis 
–  old Belle results (2007) on ~450x106 BB pairs 
–  NEW result from BABAR (ref.) ==> warning about lack of robustness in 

extracting a with current statistics! 
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B ➝ π+π- 
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CKM summary: the angles 
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α+β+γ = (177 ± 12)o  

€ 

(ρ ,η ) constraints from fit to angles only

β = φ1= (21.4 ± 0.8)o   
α = φ2= (88.5 ± 4.5)o    
 γ = φ3= (67 ± 11)o 

•  Good agreement with SM 
•  Need to improve precision on γ  (and α) to 
better overconstrain the CKM with angles 
only  

Average of B factories results 
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Transformed processes 

Benasque, 31‐Jan‐2014 

•       Define processes of interest and their T-transformed counterparts 
•  In total we  can build 4 independent T comparisons (and 4 CP, and 4 CPT) 

JHEP08 (2012) 064 

T implies comparison of: 
  Opposite Δt sign 
  Opposite CP states  
  Opposite flavor states  

T 

Expected “signed” 
decay time  distributions 
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TRV: results   
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Operator Product Expansion (OPE) 
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B➝Xsl+l- 
•  BABAR analysis uses ~470x106 BBbar 

events 

•  Measure the total BF and partial BFs in 5 
bins of  q2=mll

2  and 4 bins of  mXs 

•  Exclusive final state reconstruction 
separately in each mode using kinematic 
variables 

•  Extract signal yield with 2D Maximum 
Likelihood fit to mES and likelihood ratio 
(based on signal/(signal+bckgd)) 
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mES and Likelihood raOo distribuOons  



Belle  ➠  Belle II upgrade 
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