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BABAR take on CP Violation

First Observation of Direct CPV : 
 B0K−



− B0K


−


 B0K−


 B0K


−

= −0.133±0.030±0.009

PRL 93.131801

CPV in interference of mixing and  decay

sin 2 = 0.666±0.031±0.013 PRD 79 (2009) 072009

B f ≠ Bf 

BB
BB ffCPCP BB ffCPCP

BB
vs

Not yet observed in mixing alone

A ll B0 =
NB0 B0−N B0B0

NB0B0NB0B0
=−0.05±0.56%

B-Factories ICHEP 2012
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Questions to CPV – Outline of the Talk

CPV is well established 

CPT + CPV                T Violation

CP in mixing has not yet been observed 

CP measurements provide precise value for the CKM parameter β

(1.a) Can we assert T Violation independently of CPT assumption ?

(2) Can we improve wrt existing measurements ?

(3) What can we say for the other CKM angles ?

(1.b) Can we test CPT in the B system ?
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PART I
Discovering T-Violation

(and testing CPT)
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Direct Measurement of T Violation

Ideally compare two time-conjugate processes

M B0  K

−
 vs M K


−
 B0

Unfeasible :

tiny effects

swamped by strong interactions
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Direct Measurement of T Violation

In practice, exploit EPR entanglement in BB production at Y(4S) 

e e−
 4S  b b JPC

=1
−−
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Direct Measurement of T Violation

In practice, exploit EPR entanglement in BB production at Y(4S) 

  1

2
IB0t1B0 t2 − IB0 t2B0t1  favor eigenstate : B0=

b
d


e e−
 4S  b b JPC

=1
−−

Flavor tagged by same means as CP analyses :

B0  l
− X

B0  K− X
B0  soft

 X , ... K−
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Direct Measurement of T Violation

In practice, exploit EPR entanglement in BB production at Y(4S) 

  1

2
IB0t1B0 t2 − IB0 t2B0t1  favor eigenstate : B0=

b
d


  1

2
 IB+  t1B−  t2 − IB+ t2B− t1  CP eigenstate : CP IB±  =±IB± 

e e−
 4S  b b JPC

=1
−−

B+,- decay to CP eigenstates

B+ J/KL

B_ c c KS
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Direct Measurement of T Violation

In practice, exploit EPR entanglement in BB production at Y(4S) 

  1

2
IB0t1B0 t2 − IB0 t2B0t1  favor eigenstate : B0=

b
d


  1

2
 IB+  t1B−  t2 − IB+ t2B− t1  CP eigenstate : CP IB±  =±IB± 

e e−
 4S  b b JPC

=1
−−

Perform 4 complementary tests:
B+ B0 vs B0 B+

B_ B0 vs B0 B_

B_ B0 vs B0 B_

B+ B0 vs B0 B+

... plus tests of CPT and CP
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T Analysis in a nutshell

ee-- ee++

boosted boosted ΥΥ(4S) ((4S) (βγβγ = 0.56) = 0.56)
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T Analysis in a nutshell

entangled state

favor tag : this is a B0

then this is a B0

t=t1

l -
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T Analysis in a nutshell

entangled state

favor tag : this is a B0

then this is a B0

t=t1

CP tag :B+

J/ ll 

KL

t=t2

B0
t1  B t2=t1

l -
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T Analysis in a nutshell

entangled state

favor tag : this is a B0

then this is a B0

t=t1

CP tag :B+

J/ ll 

KL

t=t2

B0
t1  B t2=t1

entangled state
then this is a B+

t=t1

CP tag :B− J/ ll 

KS

t=t2

B+ t1  B0 t2=t1

favor tag :B0

l -

l +
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TV analysis steps

Defne ∆τ = t(favor) -t(CP)

Consider eight combinations (favor  x CP x sign of ∆τ)

Fit each with EPR-motivated function

g ,
±
 ∝ e−∣∣ H ± [1S ,

± sin mdC ,
± cos md]

S+−
αβ , C+−

αβ : ft parameters

T-Violation :

CP-Violation : 

CPT-Violation :

ST
±
= SB0 , KL

±
−SB0,K S

∓
≠ 0

SCP
−
= SB0 ,K L

±
−SB0,K S

∓
≠ 0

ST , ,
±

= ±sin2
ST

±
= 2sin 2

Heavyside step function

=B0 /B0

=KL /KS

SCPT
−

= SB0 ,K S

±
−SB0 ,K S

∓
≠ 0

  Assuming CPT & CP ft results, expect :
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TV analysis steps

Defne ∆τ = t(favor) -t(CP)

Consider eight combinations (favor (α) x CP(β) x sign of ∆τ)

Fit each with EPR-motivated function

g ,
±
 ∝ e−∣∣ H ± [1S ,

± sin mdC ,
± cos md]

Heavyside step function

B0BB B0
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TV analysis steps : real data

Need to account for fnite ∆τ resolution

F  ,
±
 ∝ g ,

±
 '×R  , '

B0BB B0
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TV analysis steps : real data

Need to account for fnite ∆τ resolution

Need to account for background (mostly for J/ψ KL)

~ 8000 signal evts  ~ 6000  signal evts
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TV analysis steps : real data

Need to account for fnite ∆τ resolution

Need to account for background (mostly for J/ψ KL)

Need to account for dilution from wrong favor tags 

Tag-category dependent

Use samples of fully reconstructed favor eigenstates 
(D(*)π,D(*)K,J/ψK(*)+ , etc.)
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T-V : RESULTS

ST
 ,CT



ST
− ,CT

−

∆τ (ps)

T conserved
Best ft

AT =
N B0 ,K S−NK S ,B0

N B0 ,K SN K S ,B0


 BABAR PRL 109, 211801 (2012)
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∆τ (ps)

T conserved
Best ft

AT =
N B0 ,K S−NK S ,B0

N B0 ,K SN K S ,B0


T-V : RESULTS

ST
 ,CT



ST
− ,CT

−

First unambiguous 
observation of 

T-violation in B-Physics 
with 14 σ signifcance 

 BABAR PRL 109, 211801 (2012)
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CPT-V : RESULTS

∆τ (ps)

Raw  Asymmetry 

CPT conserved
Best ft

SCPT
 ,CCPT



SCPT
− ,CCPT

−

CPT is Conserved 

 BABAR PRL 109, 211801 (2012)
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PART II
MIXING – INDUCED CPV
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MIXING-INDUCED CPV

CPV in mixing if : P B0B0≠P B0B0

CP asymmetry is usually measured through B semileptonic decays :

A ll =
NB0B0−NB0B0

NB0 B0NB0B0
=

Nl + l + −Nl - l - 

Nl + l + Nl - l - 

Very tiny effects in the SM:

A ll B0 = −4.1±0.6⋅10
−4

A ll Bs = 1.9±0.3⋅10
−5

(Lenz, Nierste, arXiv:1102.4274 (2011)):

Positive observation : DISCOVERY OF NEW PHYSICS
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MIXING-INDUCED CPV

CPV in mixing if : P B0B0≠P B0B0

CP asymmetry is usually measured through B semileptonic decays :

A ll =
NB0 B0−NB0B0

NB0 B0NB0B0
=

Nl + l +
−Nl - l -



Nl + l + Nl - l - 

A new approach, pionereed by BABAR is here presented:

“Reco” 1st  B  : partial reconstruction of

“Tag”   2nd  B : use charged Kaons 

B0 l +l D* -

A ll =
NB0B0−NB0B0

NB0 B0NB0B0
=

Nl + K+ −Nl - K - 

Nl + K+ Nl - K- 
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B -> D*lν Partial Reconstruction

Use only  l and low momentum πs from the decay

Assume B0 at rest in Y(4S) frame

Get D* from πs :

Compute missing mass from four momenta difference: 

D∗ −
s

− D0

PB~0

PD ∗=
f  Ps



M
2 = P B−P D*−P l 

2

Large event yield

5370±6⋅103 Peaking Events
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The Kaon Tag

K identifed using dE/dX & Cherenkov with high purity

Reco

Tag

K−l−

πS
+
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The Kaon Tag

Equal charge Kaons also from the reco side, 
mimick a mixed event . 

Reco

Tag

K−l−

πS
+

K−
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cos( θ
lK

 )

Reco-Side
Tag-Side

∆t (psec)

The Kaon Tag

Equal charge Kaons also from the reco side, 
mimick a mixed event . 

Separated by:

∆t = (Z
l 
– ZK)/ (cβγ) (in the Lab)

cos( θ
lK ) (in Υ(4S) rest  frame )

Reco

Tag

K−l−

πS
+

K−

 Z
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Asymmetry

Observed asymmetries for mixed refect RECO-side charge asymmetry, 
K-id charge asymmetry and Physical asymmetry:

A obs,K-Tag ≃ A RecA KA ll



  

30Franco Simonetto Universita' & INFN Padova

Asymmetry

Observed asymmetries for mixed refect RECO-side charge asymmetry, 
K-id charge asymmetry and Physical asymmetry:

A obs,K-Tag ≃ A RecA KA ll

Kaons from reco side have tiny contribution from mixing : 

A obs,K-Rec ≃ A RecA Kd A ll
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Asymmetry

Observed asymmetries for mixed refect RECO-side charge asymmetry, 
K-id charge asymmetry and Physical asymmetry:

A obs,K-Tag ≃ A RecA KA ll

Kaons from reco side have tiny contribution from mixing : 

A obs,K-Rec ≃ A RecA Kd A ll

Measure also single lepton asymmetry (before tagging) : 

A obs,Rec ≃ A Recd A ll
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Asymmetry

Observed asymmetries for mixed refect RECO-side charge asymmetry, 
K-id charge asymmetry and Physical asymmetry:

A obs,K-Tag ≃ A RecA KA ll

Kaons from reco side have tiny contribution from mixing : 

A obs,K-Rec ≃ A RecA Kd A ll

Measure also single lepton asymmetry (before tagging) : 

A obs,Rec ≃ A Recd A ll

Constrained system:  

determine A
ll

 and main sources of systematic uncertainty from the data 



  

33Franco Simonetto Universita' & INFN Padova

MEASUREMENT

4D binned ft to ( ∆Ζ, cosθ
lK, Mν

2, pK ) 
space 

Use also opposite sign l+K− / l−K+  to 
improve precision

More than 100 free parameters:

A
ll
, A

REC
, A

K
, K-Rec fraction, 

fraction of wrong tags (charge 
dependent), fraction of DCSC 
Kaons, ∆Z resolution 
parameters, ...

cos θ
lK

BABAR Preliminary
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Results

No positive observation

A ll = 0.06±0.16−0.32
0.36%

BABAR Preliminary

1
2
A ll
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Results

More precise than previous B-Factories average:

A ll = 0.06±0.16−0.32
0.36%

A ll = −0.05±0.56%

BABAR Preliminary

1
2
A ll 
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PART III

Measurement of α from B −> π+π−π0
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Measurement of α

Interference between mixing and decay 
would allow to compute sin 2α a-la sin2β

Tree & penguin diagram have 
comparable size. Their interference:

introduces a strong phase diffcult to 
compute

may induce a sizable amount of direct 
CP violation 

Time dependent tagged analysis across 
the ρπ Dalitz plot permits – in principle – 
an unambiguous measurement of α

Snyder- Quinn Phys.Rev. D 48,2139 (1993)
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A NEW measurement of α

BABAR has recently updated its 2007 measurement:

to the full dataset (431 fb-1, + 25%)

improved tracking + PID

re-optimized selection requirements

performed a robustness study to assess the reliability with which the true 
value of α can be extracted 
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Time-Dependent PDF 

ρ(1700) is neglected 

− 0

Direct CPV

sin ( 2 α eff )
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Event selection

Usual tags from B(πππ) invariant mass and energy 
BABAR signal simulation

NN to reject jet-like (udsc) 
continuum background 

Still large amount of residual 
background

Fit (see below) estimates : 
2900±100 signal events

46700±200 continuum background events
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Dalitz Model

Dalitz variables mapped to a square domain :
π +π − invariant mass

helicity angle
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Dalitz Model

Dalitz variables mapped to a square domain :
π +π − invariant mass

helicity angle

Data model:

Signal , BB background (MC)

Continuum (sidebands, data collected below 
Y(4S) threshold )



  

43Franco Simonetto Universita' & INFN Padova

Fit

6-D ft (mES,∆E,NN,∆t,m',θ') performed in the U,I  formalism (26 param.) and then mapped 
into the physical quantities .

Good overall agreement: 
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Results (1) : direct CP

Observe direct CP violation from the asymmetries: 

= 0.09−0.06
0.05±0.04

= −0.12±0.08−0.05
0.04

Origin (no CP) lies 
on the 96% CL contour
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Results (2) : α 

parameter scan to get ∆χ2 profle and 1-CL plot

result disagree with World Average ( Β−>ππ , Β−>ρρ )

=91±6oUTFIT , , :
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Results (2) : α 

parameter scan to get ∆χ2 profle and 1-CL plot

result disagree with WA ( Β−>ππ , Β−>ρρ )

confrms bias observed in previous analysis by BABAR & Belle

=91±6oUTFIT , , :
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Results (2) : α 

parameter scan to get ∆χ2 profle and 1-CL plot

result disagree with WA ( Β−>ππ , Β−>ρρ )

confrms bias observed in previous analysis by BABAR & Belle

toy MC : due to small S/N, secondary minima are often favored 

=91±6oUTFIT , , :



  

48Franco Simonetto Universita' & INFN Padova

Conclusions

Four years after end running, BABAR has still 
glamour results on CP/T-Violation:

First uncontroversial evidence of T-Violation 
in the B-meson system

Most precise measurement of mixing-induced 
CP-Violation

Direct CP-Violation on Β−>ρπ assessed at 
96% CL

http://www.economist.com/node/21561111
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Back Up

Backup
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Dalitz Analysis: Parameter Results
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Dalitz Analysis : scan for α
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The CP-Lear case

CPLEAR observes K0⇔K0  asymmetry

Time-integrated asymmetry

Not unambiguous interpretation as T-violation (could also be mixing-
induced CPV):

PLB444 43,1998

requires ˜K ≠0

Wolfenstein [PRL83,911,(1999); Int.Journ.Mod.Phys.E8,501,(1999)]

Gerber, and references therein, Eur. Phys. Jour. C 35, 195 (2004)

Wolfenstein [PRL83,911,(1999); Int.Journ.Mod.Phys.E8,501,(1999)]

AK  = 6.6±1.6⋅10
−3



  

53Franco Simonetto Universita' & INFN Padova

T-V in the PDG 
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Dilepton Asymmetry @ colliders

D0 claims large unexpected asymmetry 
in equal charge dilepton B decays at 
ICHEP 2010

Lifetime analysis : effect connected to 
Bs mixing

D0 and LHCb then measure asymmetry 
in the rates of Bs −> D(*)

s µ ν decays

These measurements are consistent 
both with the SM and with D0 dilepton 
results

S
M

EX
P
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B0 Mixing parameters

Mass eigenstates are related to favor eigenstates by the relation:

IBL ,H > = 
1

p2q2
  (|B0

>±
q
p IB0

>)

Where 
A ll  = 

1−∣q /p∣4

1∣q/p∣4
 = 

12

M12

sin =−Arg
M12

12



Two-levels system evolution:

We have: 
∣q/p∣ = 1−0.3−2.0

1.8
 ⋅10

−3
   This Measurement

∣q/p∣ = 10.2±2.8⋅10
−3
   Previous W.A.
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