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OUTLINE

Introduction : reminder of a success

First direct observation of T symmetry violation in the 
evolution and decay of the B0  meson

Search for mixing-induced CP violation with a new 
approach
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BABAR : history of a success

22/10/1999 -> 07/04/2008 : 

530 fb-1 collected

> 500 million BB, cc, ττ pairs

516 published papers 
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Tools for a success : the factory
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Tools for a success: the Detector

Silicon Vertex Tracker :

Z VERTEX=180m

Tracking (SVT+DCH) :

p T / p T= 0.13 p T0.45%

EMC : 
E /E= 2.3E−1 /4

⊕1.85%

Instrumented Flux Return : 
≃70%

 ,K≃2 %

 , for  hadron showers

PID (dE/dX + DIRC) : 
/K @ 4 0.14GeV 
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Highlights: confirmation of CKM Pattern

Fit to unitary triangle confrms 
Cabibbo-Kobayashi-Maskawa 
mechanism as sole source of CP-
violation in hadron system 
evolution and decay
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BABAR highlights 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
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BABAR highlights on Mixing 

First Observation of D0 oscillation 

PRL 98, 211802

Precise measurement of B0 oscillation frequency:

PRD 73, 012004 (2006)

B0=1.504±0.013 stat −0.013

0.018
syst ps

md=0.511±0.007stat −0.006

0.007
syst ps−1

x ' 2=[−0.22±0.30stat.±0.21syst.]x 10
−3

y '=[9.7±4.4stat.±3.1syst.]x 10
−3
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BABAR : the status

Alive and well: 

Still 25 published papers in 2012

plus 11 contributions (2012+2013) in reviewers hands

CPT in B mesons evolution and decay

CP in D mesons evolution and decay

rare B,D decays ;

τ lepton properties

 search for light new particles ;

light hadron production in e+e- collisions ;

...
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Some open questions about CPT-V 

CP-V is well established 

CPT + CP-V   [ T Violation

CP in mixing has not yet been observed 

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

(2) Can we improve wrt existing measurements ?

(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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T symmetry violation

CP–Violation and CPT Theorem imply T-Violation in elementary systems

Tests of T-V ignoring CPT-Th :

Electric Dipole Moment 
DNeutron2.9⋅10

−28 em
Delectron=7±7⋅10

−29 em
νe −> νµ vs νµ −> νe 

Needs long baseline , high  fux

in particle decays : 
| i | f  vs  | f | i

in the evolution and decay of neutral unstable mesons
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T Violation in Particle Decay

Ideally compare two time-conjugate processes

A B0  K

−


Unfeasible :

collide K,π beams !
tiny effects

swamped by strong interactions

A K

−
 B0

vs
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T-V in neutral meson oscillations

Compare mixing rate for

Make (wise) use of time information to assess the 
role of T-violation

Sole result (before BABAR ): 5 σ effect @ CPLEAR  

M0M0 vs M0M0

Q q

q Q

M0
M0
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Boosted beams (βγ = 0.56) allow measurement of proper time difference: 

M(4S) – 2M(B) = 10.5794 – 2* 5.279 < mπ

e e−
 4S  B B @ BABAR

 <∆Z > ∼ βγ τ c ~ 250 µm

BB pair constitues an entangled quantum state, with same 
quantum numbers as Υ(4S)
Small B momentum in the transverse direction (< 340 MeV), 
mesons are boosted along the beam line

e- (9 GeV) e+(3 GeV)

B

B
 4S

Z
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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 with high effciency 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 (full reconstruction):

B+ J/KL

B_ c c KS

J/ ,2S,c1
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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 INDEPENDENT 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 , KS

∓
≠ 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 (parameters ftted in the data)

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(*)+ ...)

Large tagging power

166 K evts, 83% purity
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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)



  

33Franco Simonetto Universita' & INFN Padova

∆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 CP-V

B0 mass eigenstates differ from  favor eigenstate:

|B L /H > = 1

 p2q 2
[p | B0 >±q | B0 >]

q = p = 2-1/2  <=> BL/H are CP eigenstates, CP is conserved

CP asymmetry :

A ll =
B0 0B0t −B00B0 t 
 B0 0B0t B00B0t 

=
1−∣q / p∣4

1∣q / p∣4

Standard Model : very tiny effect
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

Colliders : B produced in opposite favor pairs

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 - 

Mixing : fnd two equal-favor mesons at decay time

Negligible CP asymmetry in 
direct semileptonic decay 

(model independent)

Consider also single – tag asymmetry: 

NB0−NB0

NB0NB0
=

Nl + −Nl - 

Nl + Nl - 
= dA ll
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MIXING-INDUCED CPV

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

ARGUS(1986) : frst evidence of B0 

mixing at the Υ(4S) ...

... then CLEO, DELPHI, OPAL, and 
BABAR (4 published papers so far) 
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Partial Reco @BABAR

BABAR :
B decay point intersecting  beamspot,  l, πs 
tracks
Selection : likelihood ratio combining 
p

l
,pπs,Prob(Vtx)

Cut L > 0.4  

l−

πS
+

L P s
,P l ,Prob Vtx 
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Partial Reco @BABAR

Sample composition:
continuum from rescaled off-peak events
ft for BB combinatorial, peaking B+, and 
peaking B0 fractions assuming shapes from 
simulation
combinatorial x-check in l+πs

+ sample 
M

2 = P B−P D*−P l 
2

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

K identifed using dE/dX & Cherenkov with high purity

Tag-B decay point from intersection of Kaon track and beamspot

Defne ∆Z = ZRECO
 - ZTAG

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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Reco-Side
Tag-Side

∆t (psec)

The Kaon Tag

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

Separated on statistical basis by:

∆t = (Z
l 
– ZK)/ (cβγ) (in the Lab)

Reco

Tag

K−l−

πS
+

K−

 Z
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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 on statistical basis 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
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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
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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 =
l
 s

− −l
− s



l s
− l− s

 ≃ 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 
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MEASUREMENT

5D binned ft to ( ∆t, σ(∆t), cosθ
lK, Mν

2, pK ) 
space 

Use also opposite sign l+K− / l−K+  to 
improve precision on resolution parameters, 
mis-tagging etc.

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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Peaking B0 PDF 

Four terms, one per each lK charge combination:

G
l

K

  j  = 1A rec 1A K  ×

{ 1−f K r

[ 1−


G B0B0 j −

G B0B0 j  ]

f K r

1−

'
G k r  j 1d A ll  }

G
l
−
K

−  j  = 1−A rec 1−A K  ×

{ 1−f K r
−−
[1−

−
G B0B0 j 

G B0 B0  j ]

f K r
−−
1−

'−
G k r  j 1−d A ll  }

j=coslK , M 
2, pK ,t , t  bin

GBB=PDF for tag side K

GK r=PDF for reco side K

 = wrong charge tag frac.
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Peaking B0 PDF 

Four terms, one per each lK charge combination, 
including DETECTION asymmeties:

G
l

K

  j  = 1A rec 1A K  ×

{ 1−f K r

[ 1−


G B0B0 j −

G B0B0 j  ]

f K r

1−

'
G k r  j 1d A ll  }

G
l
−
K

−  j  = 1−A rec 1−A K  ×

{ 1−f K r
−−
[1−

−
G B0B0 j 

G B0 B0  j ]

f K r
−−
1−

'−
G k r  j 1−d A ll  }

j=coslK , M 
2, pK ,t , t  bin

GBB=PDF for tag side K

GK r=PDF for reco side K

 = wrong charge tag frac.
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Peaking B0 PDF 

Four terms, one per each lK charge combination,       
... TAG-SIDE contributions:

G
l

K

  j  = 1A rec 1A K  ×

{ 1−f K r

[ 1−


G B0B0 j −

G B0B0 j  ]

f K r

1−

'
G k r  j 1d A ll  }

G
l
−
K

−  j  = 1−A rec 1−A K  ×

{ 1−f K r
−−
[1−

−
G B0B0 j 

G B0 B0  j ]

f K r
−−
1−

'−
G k r  j 1−d A ll  }

j=coslK , M 
2, pK ,t , t  bin

GBB=PDF for tag side K

GK r=PDF for reco side K

 = wrong charge tag frac.



  

54Franco Simonetto Universita' & INFN Padova

Peaking B0 PDF 

Four terms, one per each lK charge combination 
and RECO-SIDE contributions:

G
l

K

  j  = 1A rec 1A K  ×

{ 1−f K r

[ 1−


G B0B0 j −

G B0B0 j  ]

f K r

1−

'
G k r  j 1d A ll  }

G
l
−
K

−  j  = 1−A rec 1−A K  ×

{ 1−f K r
−−
[1−

−
G B0B0 j 

G B0 B0  j ]

f K r
−−
1−

'−
G k r  j 1−d A ll  }

j=coslK , M 
2, pK ,t , t  bin

GBB=PDF for tag side K

GK r=PDF for reco side K

 = wrong charge tag frac.
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Peaking B0 Pdf – Tag Side

cosθ
lK, Mν

2, pK  : from simulation
∆t: convolve resolution with Physics-motivated functions :

CP violation in the tag side :
r'
b = 2r' sin(2β+γ) cos δ', 
c =-2r' sin(2β+γ) sinδ'
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Peaking B0 Pdf – Reco Side

cosθ
lK, Mν

2, pK  : from simulation
∆t : use enriched Reco-side sample

Δt(ps) Δt(ps)

MC
DATA

MC
DATA

Data/MC Data/MC

BaBar Preliminary
0.2 < PK < 0.5 GeV
1.2 < σ(∆t) < 1.8 ps 

BaBar Preliminary
0.2 < PK < 0.5 GeV
2.4 < σ(∆t) < 3.0 ps 
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Background PDF

Combinatorial B0  : similar to peaking B0, many common 
parameters, including |q/p| and detector asymmetries

Peaking and combinatorial B+  : same approach, use pure lifetime 
∆t PDF, helps constraining detector asymmetries, resolution 
parameters, etc.

Continuum : parameterized PDF from off-peak events
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Results

No positive observation

A ll = 0.06±0.16−0.32
0.36%

BABAR Preliminary
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Results

Consistent and 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
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Results

Consistent and 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

Competitive and complementary to similar 
measurements at hadron colliders: 

A ll=C d A ll

d
C s All

s
D
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Results

Consistent and 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

Competitive and complementary to similar 
measurements at hadron colliders: 

A ll=C d A ll

d
C s All

s
D

A ll

s
=
B sD s

−
l
 X −B sD s


l
− X 

B sD s
−
l
 X −B sD s


l
− X 
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Results

Consistent and 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

Competitive and complementary to similar 
measurements at hadron colliders: 

A ll=C d A ll

d
C s All

s
D

A ll

s
=
B sD s

−
l
 X −B sD s


l
− X 

B sD s
−
l
 X −B sD s


l
− X 

A ll

d
=
B 0D * 

l
 X −B 0D * −

l
− X 

B 0D * 
l
 X B 0D * −

l
− X 
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Results

Consistent and 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

Competitive and complementary 
to similar measurements at hadron 
colliders

Contributing to world class 
precision in the determination of 
B-mixing CP asymmetries

WA (grey) consistent with SM @ 
less than 2 σ  
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Conclusions

Five 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 stringent limit of mixing-induced CP-
Violation in the evolution of B0 mesons

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

Backup
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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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