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Outline

¥First direct measurement of time reversal 
violation

¥New measurement of the time dependent CP 
violation parameters in B0! D*+D*-  decays

2



R. de Sangro (LNF-INFN) July 4-11, 2012 ICHEP 2012 - Melbourne, Australia

T Reversal Violation

• CPT symmetry is a fundamental requirement of 
quantum field theories (like the SM)
• No violation observed experimentally 

• The Standard Model with three generations allows 
for CP violation to occur in mesonsÕ weak decays. 
• To conserve CPT, CP violation requires T violation

• The measurement of CPV in K and B decays 
therefore provides indirect evidence of T-violation

• Can direct evidence of T violation be obtained in B 
meson decays, where CPV is large?
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CP Violation
¥Large CPV in B decays was measured precisely 

with golden channels (b!c ! s transitions)

4

BaBar

The same CPV sample can be used to look for TRV
 HOW?

BaBar

B0! J/ψKS   CP = -1 B0! J/ψKL   CP = +1
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B0 ! B+

Δt

Δt > 0
 J/ψKL0 with l+ tag

�
���� �� ��  
�
���� �� ��  

�� Ingredients: 
�� EPR entanglement produced by the decay of the �� ���� �� 

 

 
�� Quantum Mechanics. 
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���
 �� �� ���� �����	 �� ���� �	���� ���� �� �	���� ���� �	 �� ���� �� 
  �� ���� �����	 �� ���� �	 �� ���� �� �	 �� ���� �	 �� ���� �� 

��� � � � � � � �!" #$ $
Reference: Physical Process 
(X,Y): Reconstructed Final States 

Reference (X, Y)  T-Transformed (X, Y)  

�	 0     �	 +     (l- ��������������L) �	 +     �	 0    ������������S, l+)        

�	 0     �	 -     (l- ��������������S) �	 -     �	 0    ������������L, l+)        

�	��0     �	 +     (l+ ��������������L) �	 +     �	��0    ������������S, l-)        

�	��0     �	 -     (l+ ��������������S) �	 -     �	��0    ������������L, l-)        

�	 ��  
�	 ��  

projected by 

l+ and  l- project over the �	  flavor, i.e., �	 �� ��and �	����  respectively  

l+ (B0)
“Flavor Tag”

" 0

tflav tCP

Δz=βγcΔt
"Δz# $ 250 (200) μm BaBar (Belle)

Y(4S)
e+e-

!t=t CP-tflav

“B CP”J/"

KL

CP = +1 # ÒB+Ó

EPR Entanglement

5

inclusive B flavor 
identification

exclusive B meson 
reconstruction
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inclusive B flavor 
identification

exclusive B meson 
reconstruction

M.C.Ba–uls, J. BernabŽu, Phys. Lett. B 464, 117 (1999)

If Δt < 0, we can exchange the roles of the two B’s in above picture: use 
reconstructed CP final state as “CP-tag” and look for flavor final state

B+ : J/! K0
L

B! : J/ ! K 0
S

B 0 : ! !

B 0 : ! +

“Flavor B”
tCP

tflav
Y(4S) e+e-

!t=t CP-tflav<0

“CP Tag”
J/"
KS

l-  (" 0)
CP = +1 (B+)

(CP=-1 # ÒB- Ó)

�
���� �� ��  
�
���� �� ��  

�� Ingredients: 
�� EPR entanglement produced by the decay of the �� ���� �� 
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EPR Entanglement

Δt

Δt < 0

 l- with J/ψKS0 tag

T-conjugate
transitions!
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B! ! B 0 B0 ! B+ B+ ! B 0 B 0 ! B!

B� ! B0 B 0 ! B+ B+ ! B0 B 0 ! B!

CPT

CP
J/! K0

L J/ �K 0
S

! +

! !

T

T-Reversal Processes

6

Reference (X,Y) T-Transformed
B 0 ! B+ (! ! , J/ " K 0

L ) B+ ! B 0 (J/ " K 0
S , ! + )

B 0 ! B! (! ! , J/ " K 0
S ) B! ! B 0 (J/ " K 0

L , ! + )
B 0 ! B+ (! + , J/ " K 0

L ) B+ ! B 0 (J/ " K 0
S , ! ! )

B 0 ! B! (! + , J/ " K 0
S ) B! ! B 0 (J/ " K 0

L , ! ! )
(X,Y) is the reconstructed final states (tag, reco.)

In total we can build:
¥ 4 independent T comparisons
¥ 4 independent CP comparisons
¥ 4 independent CPT comparisons

Define processes of interest and their T-transformed counterparts:

T implies comparison of:
1) Opposite ! t sign
2) Different reco states (ψKS v. ψKL)
3) Opposite ßavor states (B 0 v. B 0)

...and 
similar for 
CP, CPT
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Fit parameters ΔS± and ΔC±

7

J/ �K 0
SJ/! K0

L J/! K0
L

B+ ! B 0B0 ! B+

B0 ! B+ B+ ! B 0 B 0 ! B!

B 0 ! B! B� ! B 0

B! ! B0

�S�
CPT

�S�
CP�S!

T ! S+
T�S+

CP

! S+
CPT

S+
B 0,K 0

S
S�

B 0 ,K 0
S

T

CPT

CP CP

CPT

T

! !

! +

reference processes/parameters

Signal�model

CIPANP�May�28�June�3,�2012 Direct�Measurement�of�Time�reversal�Violation��� Cowan 12

! PDF�for�the�8�signal�intensities

" Fit�model�is�the�signal�intensity�combined�with�a�step�function�H�
in�±�t�and�convolved�with�a�resolution�function�R:

where�

! The�signal�model�has�8�different�sets�of�S,�C�parameters
" 2�from�(��t,�+�t),�2�from�flavor�(B0,�B0),�and�2�from�(KS,�KL)

! The�standard�CPV�study*�has�one�set�of�S,C�parameters�and�
assumes�CPT�is�conserved�and��� =�0

*Phys.Rev.�D79�(2009)�072009

Signal�model
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! = ±�t > 0

Mistag dilutes the S, 
C parameters by a 

factor of (1-2w)

8 Signal PDFs (assuming ΔΓ=0):

For T Violation

in the interference ΔS+
T≠0, ΔS-

T ≠0
in the decay          ΔC+

T≠0, ΔC-
T ≠0

Signal�model
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TRV Results
BABAR Preliminary

5

category. The signal probability density function (PDF)133

is [11]134

H! ," (∆t) ∝ g+! ," (∆ttrue)H(∆ttrue) ⊗R(δt;σ∆t) + (2)

g−! ," (−∆ttrue)H(−∆ttrue) ⊗R(δt;σ∆t),

where∆t and ∆ttrue are the (signed) measured and the135

true differences of proper time between the twoB decays.136

Let us note that ∆ttrue is equivalent to ∆τ (−∆τ ) when137

a ßavor (CP ) tag occurs. H is the Heaviside step func-138

tion, R(δt;σ∆t) with δt = ∆t − ∆ttrue is the resolution139

function, and g±! ," is given by Eq. (1). Because of the140

convolution with the resolution function (symbol ⊗), the141

distribution for ∆t > 0 contains predominantly ßavor-142

tagged events, with contribution from CP -tagged events,143

and analogously for∆t < 0. Mistakes in the ßavor ID144

algorithm mix correct and incorrect ßavor assignments,145

and dilute the T asymmetries by a factor approximately146

(1−2ω). Backgrounds are accounted for by adding terms147

to the PDF, and are incorporated with identical assump-148

tions about their ∆t evolution as in [17]. Events are149

assigned signal and background probability based on the150

mES or ∆E distributions.151

A total of 27 parameters are varied in the likelihood152

Þt: the 12 asymmetry parameters∆S±
T , ∆C±

T , ∆S±
CP,153

∆C±
CP, ∆S±

CPT, and ∆C±
CPT, the 4 reference coefficients154

C±
#+X,ccK0

S

and S±
#+X,ccK0

S

, and 11 for possibleCP and155

T violation in the background. The asymmetry parame-156

ters, deÞned explicitly in Table I, are more suitable than157

the coefficients S±
! ," and C±

! ," since the breaking ofT is158

directly manifested through any non-zero value of∆S±
T ,159

∆C±
T (and similarly for CP and CPT symmetries). The160

introduction of these parameters requires choosing two161

sets of reference coefficients not related by any discrete162

symmetry, in our caseS±
#+X,ccK0

S

and C±
#+X,ccK0

S

. All re-163

maining signal and background parameters are Þxed to164

values taken from theBflav sample,J/ψ-candidate side-165

bands in J/ψK0
L
, world averages forΓ and ∆m [18], or166

Monte Carlo (MC) simulation [17].167

The results for the asymmetry parameters are reported168

in Table I. For reference transition B0 → B− (and simi-169

larly for the others), we deÞne theT -violating asymmetry170

as171

AT (∆t) =
H−

#−X,J/$ K0
L

(∆t) −H+
#+X,ccK0

S

(∆t)

H−
#−X,J/$ K0

L

(∆t) + H+
#+X,ccK0

S

(∆t)
, (3)

where H±
! ," (∆t) = H! ," (±∆t)H(∆t). Let us note that172

with this deÞnition AT (∆t) is only deÞned for positive173

values of∆t. Neglecting reconstruction effectsAT (∆t) ≈174

∆C+
T

2 cos(∆m∆t) + ∆S+
T

2 sin(∆m∆t). The T -invariance175

point is obtained applying these eight restrictions∆S±
T =176

∆C±
T = 0, ∆S±

CP = ∆S±
CPT, and ∆C±

CP = ∆C±
CPT.177

Figure 2 shows the four time-dependentT -asymmetries,178

overlaid with the projection of the best Þt results with179

and without T violation.180

Parameter Result

! S+
T = S!

! −X,J/ " K 0
L

! S+
! +X,c cK 0

S

! 1.37± 0.14± 0.06

! S!
T = S+

! −X,J/ " K 0
L

! S!
! +X,c cK 0

S

1.17± 0.18± 0.11

! C+
T = C!

! −X,J/ " K 0
L

! C+
! +X,c cK 0

S

0.10± 0.16± 0.08

! C!
T = C+

! −X,J/ " K 0
L

! C!
! +X,c cK 0

S

0.04± 0.16± 0.08

! S+
CP = S+

! −X,c cK 0
S

! S+
! +X,c cK 0

S

! 1.30± 0.10± 0.07

! S!
CP = S!

! −X,c cK 0
S

! S!
! +X,c cK 0

S

1.33± 0.12± 0.06

! C+
CP = C+

! −X,c cK 0
S

! C+
! +X,c cK 0

S

0.07± 0.09± 0.03

! C!
CP = C!

! −X,c cK 0
S

! C!
! +X,c cK 0

S

0.08± 0.10± 0.04

! S+
CPT = S!

! +X,J/ " K 0
L

! S+
! +X,c cK 0

S

0.16± 0.20± 0.09

! S!
CPT = S+

! +X,J/ " K 0
L

! S!
! +X,c cK 0

S

! 0.03± 0.13± 0.06

! C+
CPT = C!

! +X,J/ " K 0
L

! C+
! +X,c cK 0

S

0.15± 0.17± 0.07

! C!
CPT = C+

! +X,J/ " K 0
L

! C!
! +X,c cK 0

S

0.03± 0.14± 0.08

S+
! +X,c cK 0

S

0.55± 0.08± 0.06

S!
! +X,c cK 0

S

! 0.66± 0.06± 0.04

C+
! +X,c cK 0

S

0.11± 0.06± 0.05

C!
! +X,c cK 0

S

! 0.05± 0.06± 0.03

TABLE I: DeÞnition and analysis results for the T -, CP -,
and CP T-asymmetry parameters. These are deÞned as the
di" erences between theS±

# ,$ , C±
# ,$ coe# cients for two refer-

ence processes, also reported, and those of the corresponding
symmetry-transformed transitions. The Þrst uncertainty i s
statistical and the second systematic.

Using large samples of MC data we determined that 181

our asymmetry parameters have a good Gaussian behav- 182

ior, are unbiased and that the Þt results provide good 183

estimates of the statistical uncertainties. We also veri- 184

Þed that splitting the data by ßavor category or data- 185

taking period gives consistent results. Fitting a single 186

set of S and C coefficients, reversing the sign ofS un- 187

der ∆t ↔ −∆t, or B+ ↔ B−, or B0 ↔ B0 exchanges, 188

and of C under B0 ↔ B0 exchange, we obtain identical 189

results to those obtained in our previousCP -violation 190

study [17]. Performing the analysis with B decays to 191

ccK+ and J/ψK∗+ Þnal states instead of the signalccK0
S

192

and J/ψK0
L
, respectively, we Þnd that all our asymmetry 193

parameters are consistent with zero and unbiased. 194

In evaluating systematic uncertainties in the asymme- 195

try parameters, we followed the same procedure as in [17], 196

with small changes. We considered the statistical un- 197

certainties on the ßavor misID, ∆t resolution function, 198

and mES parameters. Differences in the misID fractions 199

and ∆t resolution function betweenBflav and CP eigen- 200

state Þnal states, uncertainties due to assumptions in the 201

resolution for signal and background components, com- 202

positions of the signal and backgrounds, themES and 203

∆E PDFs, the branching fractions of the backgrounds 204
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category. The signal probability density function (PDF)133

is [11]134
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distribution for ∆t > 0 contains predominantly flavor-142

tagged events, with contribution from CP -tagged events,143

and analogously for ∆t < 0. Mistakes in the flavor ID144

algorithm mix correct and incorrect flavor assignments,145

and dilute the T asymmetries by a factor approximately146

(1−2ω). Backgrounds are accounted for by adding terms147

to the PDF, and are incorporated with identical assump-148

tions about their ∆t evolution as in [17]. Events are149

assigned signal and background probability based on the150

mES or ∆E distributions.151

A total of 27 parameters are varied in the likelihood152
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T , ∆C±

T , ∆S±
CP,153

∆C±
CP, ∆S±

CPT, and ∆C±
CPT, the 4 reference coefficients154

C±
#+ X,ccK0

S
and S±

#+ X,ccK0
S
, and 11 for possible CP and155

T violation in the background. The asymmetry parame-156

ters, defined explicitly in Table I, are more suitable than157

the coefficients S±
α,β and C±

α,β since the breaking of T is158

directly manifested through any non-zero value of ∆S±
T ,159

∆C±
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introduction of these parameters requires choosing two161

sets of reference coefficients not related by any discrete162

symmetry, in our case S±
#+ X,ccK0

S
and C±

#+ X,ccK0
S
. All re-163

maining signal and background parameters are fixed to164

values taken from the Bflav sample, J/ψ-candidate side-165

bands in J/ψK0
L , world averages for Γ and ∆m [18], or166

Monte Carlo (MC) simulation [17].167

The results for the asymmetry parameters are reported168

in Table I. For reference transition B0 → B− (and simi-169

larly for the others), we define the T -violating asymmetry170

as171

AT (∆t) =
H−

#! X,J/ψK0
L
(∆t)−H+

#+ X,ccK0
S
(∆t)

H−
#! X,J/ψK0

L
(∆t) +H+

#+ X,ccK0
S
(∆t)

, (3)

where H±
α,β(∆t) = Hα,β(±∆t)H(∆t). Let us note that172

with this definition AT (∆t) is only defined for positive173

values of ∆t. Neglecting reconstruction effects AT (∆t) ≈174

∆C+
T

2 cos(∆m∆t) +
∆S+

T
2 sin(∆m∆t). The T -invariance175

point is obtained applying these eight restrictions∆S±
T =176

∆C±
T = 0, ∆S±

CP = ∆S±
CPT, and ∆C±

CP = ∆C±
CPT.177

Figure 2 shows the four time-dependent T -asymmetries,178

overlaid with the projection of the best fit results with179

and without T violation.180

Parameter Result

∆S+
T = S!

!! X,J/ψK0
L
− S+

!+ X,ccK0
S

−1.37± 0.14± 0.06

∆S!
T = S+

!! X,J/ψK0
L
− S!

!+ X,ccK0
S

1.17 ± 0.18± 0.11

∆C+
T = C!

!! X,J/ψK0
L
− C+

!+ X,ccK0
S

0.10 ± 0.16± 0.08

∆C!
T = C+

!! X,J/ψK0
L
− C!

!+ X,ccK0
S

0.04 ± 0.16± 0.08

∆S+
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!! X,ccK0
S
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!+ X,ccK0
S

−1.30± 0.10± 0.07

∆S!
CP = S!

!! X,ccK0
S
− S!

!+ X,ccK0
S

1.33 ± 0.12± 0.06

∆C+
CP = C+

!! X,ccK0
S
− C+

!+ X,ccK0
S

0.07 ± 0.09± 0.03

∆C!
CP = C!

!! X,ccK0
S
− C!

!+ X,ccK0
S

0.08 ± 0.10± 0.04

∆S+
CPT = S!

!+ X,J/ψK0
L
− S+

!+ X,ccK0
S

0.16 ± 0.20± 0.09

∆S!
CPT = S+

!+ X,J/ψK0
L
− S!

!+ X,ccK0
S

−0.03± 0.13± 0.06

∆C+
CPT = C!

!+ X,J/ψK0
L
− C+

!+ X,ccK0
S

0.15 ± 0.17± 0.07

∆C!
CPT = C+

!+ X,J/ψK0
L
− C!

!+ X,ccK0
S

0.03 ± 0.14± 0.08

S+
!+ X,ccK0

S
0.55 ± 0.08± 0.06

S!
!+ X,ccK0

S
−0.66± 0.06± 0.04

C+
!+ X,ccK0

S
0.11 ± 0.06± 0.05

C!
!+ X,ccK0

S
−0.05± 0.06± 0.03

TABLE I: Definition and analysis results for the T -, CP -,
and CP T -asymmetry parameters. These are defined as the
differences between the S±

α,β, C±
α,β coefficients for two refer-

ence processes, also reported, and those of the corresponding
symmetry-transformed transitions. The first uncertainty is
statistical and the second systematic.

Using large samples of MC data we determined that 181

our asymmetry parameters have a good Gaussian behav- 182

ior, are unbiased and that the fit results provide good 183

estimates of the statistical uncertainties. We also veri- 184

fied that splitting the data by flavor category or data- 185

taking period gives consistent results. Fitting a single 186

set of S and C coefficients, reversing the sign of S un- 187

der ∆t ↔ −∆t, or B+ ↔ B−, or B0 ↔ B0 exchanges, 188

and of C under B0 ↔ B0 exchange, we obtain identical 189

results to those obtained in our previous CP -violation 190

study [17]. Performing the analysis with B decays to 191

ccK+ and J/ψK∗+ final states instead of the signal ccK0
S 192

and J/ψK0
L , respectively, we find that all our asymmetry 193

parameters are consistent with zero and unbiased. 194

In evaluating systematic uncertainties in the asymme- 195

try parameters, we followed the same procedure as in [17], 196

with small changes. We considered the statistical un- 197

certainties on the flavor misID, ∆t resolution function, 198

and mES parameters. Differences in the misID fractions 199

and ∆t resolution function between Bflav and CP eigen- 200

state final states, uncertainties due to assumptions in the 201

resolution for signal and background components, com- 202

positions of the signal and backgrounds, the mES and 203

∆E PDFs, the branching fractions of the backgrounds 204

5

category. The signal probability density function (PDF)133

is [11]134

Hα,β(∆t) ! g+
α,β(∆t true )H (∆t true ) " R(! t ; " ! t) + (2)

g!
α,β(#∆t true )H (#∆t true ) " R(! t ; " ! t),

where ∆t and ∆t true are the (signed) measured and the135

true differences of proper time between the two B decays.136

Let us note that ∆t true is equivalent to ∆# (#∆#) when137

a flavor (CP) tag occurs. H is the Heaviside step func-138

tion, R(! t ; " ! t) with ! t = ∆t # ∆t true is the resolution139

function, and g±
α,β is given by Eq. (1). Because of the140

convolution with the resolution function (symbol " ), the141

distribution for ∆t > 0 contains predominantly flavor-142

tagged events, with contribution from CP -tagged events,143

and analogously for ∆t < 0. Mistakes in the flavor ID144

algorithm mix correct and incorrect flavor assignments,145

and dilute the T asymmetries by a factor approximately146

(1# 2$). Backgrounds are accounted for by adding terms147

to the PDF, and are incorporated with identical assump-148

tions about their ∆t evolution as in [17]. Events are149

assigned signal and background probability based on the150

mES or ∆E distributions.151

A total of 27 parameters are varied in the likelihood152

fit: the 12 asymmetry parameters ∆S±
T , ∆C±

T , ∆S±
CP ,153

∆C±
CP , ∆S±

CPT , and ∆C±
CPT , the 4 reference coefficients154

C±
#+X,ccK0

S

and S±
#+X,ccK0

S

, and 11 for possible CP and155

T violation in the background. The asymmetry parame-156

ters, defined explicitly in Table I, are more suitable than157

the coefficients S±
α,β and C±

α,β since the breaking of T is158

directly manifested through any non-zero value of ∆S±
T ,159

∆C±
T (and similarly for CP and CP T symmetries). The160

introduction of these parameters requires choosing two161

sets of reference coefficients not related by any discrete162

symmetry, in our case S±
#+X,ccK0

S

and C±
#+X,ccK0

S

. All re-163

maining signal and background parameters are fixed to164

values taken from the Bßav sample, J/ %-candidate side-165

bands in J/ %K 0
L
, world averages for Γ and ∆m [18], or166

Monte Carlo (MC) simulation [17].167

The results for the asymmetry parameters are reported168

in Table I. For reference transition B 0 $ B! (and simi-169

larly for the others), we define the T -violating asymmetry170

as171

AT (∆t) =
H!

#−X,J/ψK0
L

(∆t) # H+
#+X,ccK0

S

(∆t)

H!
#−X,J/ψK0

L

(∆t) +H+
#+X,ccK0

S

(∆t)
, (3)

where H±
α,β(∆t) = Hα,β(±∆t)H (∆t). Let us note that172

with this definition AT (∆t) is only defined for positive173

values of ∆t . Neglecting reconstruction effects AT (∆t) %174

! C+
T

2 cos(∆m∆t) + ! S+
T

2 sin(∆m∆t). The T -invariance175

point is obtained applying these eight restrictions∆S±
T =176

∆C±
T = 0, ∆S±

CP = ∆S±
CPT , and ∆C±

CP = ∆C±
CPT .177

Figure 2 shows the four time-dependent T -asymmetries,178

overlaid with the projection of the best fit results with179

and without T violation.180

Parameter Result
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−1.37± 0.14± 0.06
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S
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1.33 ± 0.12± 0.06

∆C+
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− C+

!+X,ccK0
S

0.07 ± 0.09± 0.03

∆C−
CP = C−
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− C−
!+X,ccK0
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0.08 ± 0.10± 0.04

∆S+
CPT = S−

!+X,J/ψK0
L
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!+X,ccK0
S

0.16 ± 0.20± 0.09

∆S−
CPT = S+

!+X,J/ψK0
L

− S−

!+X,ccK0
S

−0.03± 0.13± 0.06

∆C+
CPT = C−
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L
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CPT = C+
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−0.05± 0.06± 0.03

TABLE I: Definition and analysis results for the T -, CP -,
and CPT -asymmetry parameters. These are defined as the
differences between the S±

α,β, C
±
α,β coefficients for two refer-

ence processes, also reported, and those of the corresponding
symmetry-transformed transitions. The first uncertainty is
statistical and the second systematic.

Using large samples of MC data we determined that 181

our asymmetry parameters have a good Gaussian behav- 182

ior, are unbiased and that the fit results provide good 183

estimates of the statistical uncertainties. We also veri- 184

fied that splitting the data by flavor category or data- 185

taking period gives consistent results. Fitting a single 186

set of S and C coefficients, reversing the sign of S un- 187

der ∆t & # ∆t , or B+ & B! , or B 0 & B 0 exchanges, 188

and of C under B 0 & B 0 exchange, we obtain identical 189

results to those obtained in our previous CP -violation 190

study [17]. Performing the analysis with B decays to 191

ccK + and J/ %K " + final states instead of the signal ccK 0
S

192

and J/ %K 0
L
, respectively, we find that all our asymmetry 193

parameters are consistent with zero and unbiased. 194

In evaluating systematic uncertainties in the asymme- 195

try parameters, we followed the same procedure as in [17], 196

with small changes. We considered the statistical un- 197

certainties on the flavor misID, ∆t resolution function, 198

and mES parameters. Differences in the misID fractions 199

and ∆t resolution function between Bßav and CP eigen- 200

state final states, uncertainties due to assumptions in the 201

resolution for signal and background components, com- 202

positions of the signal and backgrounds, the mES and 203

∆E PDFs, the branching fractions of the backgrounds 204
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FIG. 2: (color online). The four independent T -asymmetries
associated to the reference transitions a) B 0 → B!

(!+X, ccK 0
S), b) B+ → B 0 (ccK 0

S , !+X ), c) B 0 → B+

(!+X, J/ " K 0
L), d) B! → B 0 (J/ " K 0

L, !+X ), for flavor cat-
egories containing leptons and kaons combined, for the sig-
nal region (5.27 < m ES < 5.29 GeV/c 2 for ccK 0

S modes and
|∆E | < 10 MeV for J/ " K 0

L). The points with error bars
represent the data, the red solid and dashed blue curves rep-
resent the projections of the best fit results with and without
T violation.

and their CP properties, and effects due to neglecting205

CP violation for ßavor categories without leptons, have206

also been accounted for. We also assign a systematic207

uncertainty corresponding to any apparent deviation of208

the asymmetry parameters from their true MC values209

adding in quadrature the deviation and its statistical un-210

certainty. Other sources of uncertainty suchΓ, ∆m, the211

beam spot and detector alignment, and other Þxed pa-212

rameters, are also considered. Effects due to a non-zero213

∆Γ value in the time-dependence, the normalization of214

the PDF, and treating ccK 0
S

and J/ ψK 0
L

as B− and B+,215

introduce small effects.216

The total systematic uncertainties are shown in Ta-217

ble I. For each asymmetry parameter, we compute218

m2
i,± = 2(ln L − ln Li,±)/s 2, where lnL is the log-219

likelihood from the standard Þt, ln Li,± is the log-220

likelihood with asymmetry parameter i Þxed to its ±1σ221

total systematic variation and minimized over all other222

parameters, ands2 = 1 is the statistical change in 2 lnL223

at 68% conÞdence level (C.L.) for 1 degree of freedom224

(d.o.f). The mean value of all m2
i,± is 0.30, while the225

largest contribution is 0.61.226

The signiÞcance of theT-violation signal is evaluated227

based on the statistical change in negative log-likelihood228

with respect to the minimum (−2∆ ln L). We conserva-229

tively reduce −2∆ ln L by a factor 1+max{m2
i,±} = 1 .61230

to account for systematic errors in the evaluation of the231

signiÞcance. Figure 3 shows C.L. contours calculated232

from the change−2∆ ln L in two dimensions for the T-233

asymmetry parameters∆S−
T , ∆C−

T and ∆S+
T , ∆C+

T , with234

systematic uncertainties included. The value of−2∆ ln L235

±
TS!
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FIG. 3: (color online). The central values (blue point and
red square) and 2-dimensional C.L. contours for 1 − C.L. =
0.317(1#), 4.55×10! 2(2#), 2.70×10! 3(3#), 6.33×10! 5(4#),
5.73 × 10! 7(5#), and 1.97 × 10! 9(6#), calculated from the
change in the value of −2∆ lnL compared with its value
at minimum, for the pairs of T asymmetry parameters
∆S!

T ,∆C!
T (red solid) and ∆S+

T ,∆C+
T (blue dashed), respec-

tively. Systematic uncertainties are included. The T invari-
ance point is shown as a plus sign (+).

between the best Þt solution with and without T viola- 236

tion is 225.6 units with 8 d.o.f., including systematic un- 237

certainties. This corresponds to a signiÞcance equivalent 238

to 14.0 standard deviations (1− C.L. = 2 .55× 10−44), 239

and thus constitutes direct observation of T violation. 240

The signiÞcance ofCP violation or CP T violation is 241

determined analogously, obtaining 306.9 and 5.2 units, 242

equivalent to 16.6σ (1 − C.L. = 1 .37× 10−61) and 0.3σ 243

(1 − C.L. = 0 .74), respectively. 244

In summary, we have measuredT-violating parame- 245

ters in the time evolution of neutral-B mesons through 246

the exchange of initial and Þnal states, by comparing 247

the probabilities of B 0 or B 0 transforming into B− 248

or B+ states, and B− or B+ transforming into B 0 or 249

B 0. We determine for the main T-violating parame- 250

ters ∆S+
T = −1.37 ± 0.14 (stat.) ± 0.06 (syst.) and 251

∆S−
T = 1 .17 ± 0.18 (stat.) ± 0.11 (syst.), and observe 252

a departure from T invariance, independent ofCP and 253

CP T, with a signiÞcance equivalent to 14 standard de- 254

viations. Our results are consistent with current CP- 255

violating measurements obtained assumingCP T invari- 256

ance, and constitute the Þrst direct observation of Time 257

Reversal Violation. 258
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FIG. 2: (color online). The four independent T -asymmetries
associated to the reference transitions a) B0 → B!

(!+X, ccK0
S), b) B+ → B0 (ccK0

S , !
+X), c) B0 → B+

(!+X, J/ψK0
L), d) B! → B0 (J/ψK0

L, !
+X), for flavor cat-

egories containing leptons and kaons combined, for the sig-
nal region (5.27 < mES < 5.29 GeV/c2 for ccK0

S modes and
|∆E| < 10 MeV for J/ψK0

L). The points with error bars
represent the data, the red solid and dashed blue curves rep-
resent the projections of the best fit results with and without
T violation.

and their CP properties, and effects due to neglecting205

CP violation for flavor categories without leptons, have206

also been accounted for. We also assign a systematic207

uncertainty corresponding to any apparent deviation of208

the asymmetry parameters from their true MC values209

adding in quadrature the deviation and its statistical un-210

certainty. Other sources of uncertainty such Γ, ∆m, the211

beam spot and detector alignment, and other fixed pa-212

rameters, are also considered. Effects due to a non-zero213

∆Γ value in the time-dependence, the normalization of214

the PDF, and treating ccK0
S
and J/ψK0

L
as B− and B+ ,215

introduce small effects.216

The total systematic uncertainties are shown in Ta-217

ble I. For each asymmetry parameter, we compute218

m2
i,± = 2(lnL ! lnLi,±)/s2, where lnL is the log-219

likelihood from the standard fit, lnLi,± is the log-220

likelihood with asymmetry parameter i fixed to its ±1σ221

total systematic variation and minimized over all other222

parameters, and s2 = 1 is the statistical change in 2 lnL223

at 68% confidence level (C.L.) for 1 degree of freedom224

(d.o.f). The mean value of all m2
i,± is 0.30, while the225

largest contribution is 0.61.226

The significance of the T -violation signal is evaluated227

based on the statistical change in negative log-likelihood228

with respect to the minimum (! 2∆ lnL). We conserva-229

tively reduce ! 2∆ lnL by a factor 1+max{m2
i,±} = 1.61230

to account for systematic errors in the evaluation of the231

significance. Figure 3 shows C.L. contours calculated232

from the change ! 2∆ lnL in two dimensions for the T -233

asymmetry parameters ∆S−
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T and ∆S+
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FIG. 3: (color online). The central values (blue point and
red square) and 2-dimensional C.L. contours for 1 − C.L. =
0.317(1σ), 4.55×10! 2(2σ), 2.70×10! 3(3σ), 6.33×10! 5(4σ),
5.73 × 10! 7(5σ), and 1.97 × 10! 9(6σ), calculated from the
change in the value of −2∆ lnL compared with its value
at minimum, for the pairs of T asymmetry parameters
∆S!

T ,∆C !
T (red solid) and ∆S+

T ,∆C+
T (blue dashed), respec-

tively. Systematic uncertainties are included. The T invari-
ance point is shown as a plus sign (+).

between the best fit solution with and without T viola- 236

tion is 225.6 units with 8 d.o.f., including systematic un- 237

certainties. This corresponds to a significance equivalent 238

to 14.0 standard deviations (1 ! C.L. = 2.55 " 10−44), 239

and thus constitutes direct observation of T violation. 240

The significance of CP violation or CPT violation is 241

determined analogously, obtaining 306.9 and 5.2 units, 242

equivalent to 16.6σ (1 ! C.L. = 1.37 " 10−61) and 0.3σ 243

(1 ! C.L. = 0.74), respectively. 244

In summary, we have measured T -violating parame- 245

ters in the time evolution of neutral-B mesons through 246

the exchange of initial and final states, by comparing 247

the probabilities of B0 or B0 transforming into B− 248

or B+ states, and B− or B+ transforming into B0 or 249

B0. We determine for the main T -violating parame- 250

ters ∆S+
T = ! 1.37 ± 0.14 (stat.) ± 0.06 (syst.) and 251

∆S−
T = 1.17 ± 0.18 (stat.) ± 0.11 (syst.), and observe 252

a departure from T invariance, independent of CP and 253

CPT , with a significance equivalent to 14 standard de- 254

viations. Our results are consistent with current CP - 255

violating measurements obtained assuming CPT invari- 256

ance, and constitute the first direct observation of Time 257

Reversal Violation. 258

The authors would like to thank J. Bernabeu for in- 259

valuable discussions on theoretical and practical aspects 260

of this analysis. We are grateful for the excellent lumi- 261

nosity and machine conditions provided by our PEP-II 262

colleagues, and for the substantial dedicated effort from 263

the computing organizations that support BABAR. The 264

collaborating institutions wish to thank SLAC for its 265

support and kind hospitality. This work is supported 266

by DOE and NSF (USA), NSERC (Canada), CEA and 267

CNRS-IN2P3 (France), BMBF and DFG (Germany), 268

68%68%

    18 FPCP 12 P, Villanueva-Pérez IFIC-Valencia 

Interpretation*of*the*results*

T violating parameters T, CP and CPT

10

CP violating parameters

CPT violating parameters
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Interpretation*of*the*results*
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Interpretation*of*the*results*

(0,0) =
 no violation

(Includes systematics)

−2Δ ln L Signif.

T 226 > 10 σ

CP 307 > 10 σ

CPT 5 0.33 σ

Significance

BABAR preliminary

NEW!

BABAR preliminary
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CPV in B0! D*+D*-
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CPV in B0! D*+D* -

¥ In b→c! d transition like B→D*+D*-,  the TD CPV asymmetry is a measure of 
Sη≅% sin(2&), provided that the contribution from penguin diagrams to the tree 
amplitude can be neglected

¥ Theoretical calculations, based on factorization and heavy quark symmetry, 
have shown that the penguin contributions lead to ~few % corrections to the  
determination of sin2& from the TD CPV asymmetry

¥ Large deviation in Sη from B0→D*+D*- with respect to that measured in b→c! s 
(J/ψK) transitions could be an indication of physics beyond the SM

12

Introduction
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Partial Reconstruction

13

¥ VV final state not CP eigenstate: admixture of CP=+1 and CP=-1 amplitudes. Angular 
analysis needed to disentangle components, possible with fully reconstructed events.

¥ BaBar and Belle full reconstruction analyses measured the CP even component CPV 
parameters S+ and C+, and the fraction R⊥ of CP-odd amplitude:

¥ In a partial reconstruction analysis, we measure average S and C parameters which 
are related to C+ and S+ by the relations C=C+ and S=S+(1-2R⊥)

Analysis Method Partial Reconstruction

Partial Reconstruction Method

¥ Fully reconstruct one D* decaying to D0' , 
with the D0 decaying to one of 4 modes

¥ Match reconstructed D* with a slow pion of 
opposite sign in the event

¥ Select candidate if the kinematics is 
consistent with a B0 decaying to a D*-D0' 
combination with a missing D0

¥ Compute recoiling D0 mass mrec

 R( =0.158±0.028±0.006

¥ Disadvantages: 

¥ Higher background

¥ Larger systematic errors

¥ Advantages: 

¥ Gain is statistics

¥ Almost independent sample

B0 “tag”

Y(4S)

" 0 “CP”

un-reconstructed D*, use only slow pion

' ! s

D0

D±*

D0
K'
K'' 0

K3'
Ks' +' -

' ±

Fully reconstructed  D*
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Analysis Variables
¥ Recoil mass, mrec

¥ Signal peaks at D0 mass

¥ Backgrounds from B"  combinatorial and continuum 
q# doesn’t

¥ Separate PDFs for different sample components: 
Signal, B"  combinatorial, q# continuum

¥ Require mrec≧1.835 GeV/c2

¥ Fisher Discriminant based on event shape 
variables
¥ Help discriminate between spherical B"  and jet-like 

continuum q# events
¥ No cut: PDF used in fit

¥ Separate PDFs for B"  and continuum

¥ Time difference Δt
¥ Separate PDFs for all sample components

¥ Tagging based on single track (K or Lepton)
¥ Additional dilution in partial reconstruction analysis 

due to tagging tracks from missing D0

¥ (1-α), where α is the fraction of tags from the 
unreconstructed D0
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Lepton Tags
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Combined Kaon-Lepton Results

17

Combined B0→D*+D*-  Inclusive

Results Extraction of S+,C+

from 
R⊥All errors are statistical + systematic

BABAR preliminary

Chapter 9. Combined Lepton and Kaon Result 96

Finally we get the combined results of this analysis of:1137

C = +0.148± 0.088± 0.051
S = −0.377± 0.124± 0.081,

(9.2)

9.1 Extraction of S+,C+1138

As the D! + D!" final state is a superposition of CP even and CP odd wave functions, the measured1139

value S and C that we obtain fitting our data only represent a weighted average of these components.1140

As it turns out [11], only S is diluted while C remains unaffected, and the actual value of the CP -1141

even values S+ and C+ which we are interested in can be obtained using the following relations:1142

C = C+

S = S+ (1− 2R# ) ,
(9.3)

where the factor (1 − 2R# ) represents the dilution introduced by the CP -odd component in the1143

signal. To compute the values of S+ we use the HFAG 2010 average value of (R# = 0.16±0.02) [8],1144

where the error is the combined statistical and systematic), and to evaluate the related systematic1145

error we shall vary this value by ±1σ.1146

The errors also get divided by the factor (1− 2R# ) = 0.68, to get:1147

C+ = +0.10± 0.07± 0.05
S+ = −0.50± 0.18± 0.12,

(9.4)

where the errors shown are statistical and systematics; the latter does not include the effect of the1148

error on R# described above.1149

9.2 Combined Inclusive-Exclusive Result1150

We can compare our results with the ones from the full reconstruction analysis [7]. We start by1151

combining S and C from the exlcusive analysis:1152

C = +0.05± 0.09± 0.02
S = −0.70± 0.16± 0.04,

(9.5)

that are statistically compatible with ours (eq. 9.2) and largely independent of each other1, we get1153

the Babar combined measurement:1154

C = +0.10± 0.06
S = −0.50± 0.10.

(9.6)

We now combine C+ and S+ from the full reconstruction:1155

C+ = +0.00± 0.12± 0.02
S+ = −0.76± 0.16± 0.04.

(9.7)

1The two selections might have a small number of common events, leading to a small correlation between the
measurements; this however could be checked and, should the number of common events be too large, in principle
they could be taken out of the inclusive sample and the fit repeated

November 6, 2011 9.1. Extraction of S+,C+

R(  = 0.158 ± 0.02

Assuming negligible penguin 
contributions, then S+=-S-, and:

and using[1]:

This result is compatible with previous BaBar[1] and Belle[2] 
measurements and in agreement with SM predictions

[1] B. Aubert et al. (BABAR collaboration), Phys. Rev. D79, 032002 (2009) ; 
[2] B. Vervink et al. (Belle collaboration), Phys. Rev. D80, 111104 (2009).; Belle Collab. EPS 2011 Preliminary

D*+ D*- CCP

H
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G
EP

S 
20

11

-0.4 -0.2 0 0.2 0.4 0.6

BaBar
PRD 79, 032002 (2009)

0.05 ± 0.09 ± 0.02

Belle
EPS 2011 preliminary

-0.15 ± 0.08 ± 0.02

Average
HFAG correlated average

-0.06 ± 0.06

H F A GH F A G
EPS 2011

PRELIMINARY

NEW+0.15 ± 0.09 ± 0.04

D*+ D*- SCP

H
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-1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0
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PRD 79, 032002 (2009)

-0.71 ± 0.16 ± 0.03

Belle
EPS 2011 preliminary

-0.79 ± 0.13 ± 0.03

Average
HFAG correlated average

-0.77 ± 0.10

H F A GH F A G
EPS 2011

PRELIMINARY

NEW -0.49 ± 0.18 ± 0.08
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Summary
¥ BABAR has measured for the first time T-violating parameters in the 

time development of neutral B mesons by comparing conjugate 
processes that can only be achieved by T reversal, not CP.
¥ This novel approach does not need CPT invariance to link T with CP 

¥ T violation is observed at >10 σ level.

¥ Result is consistent with measurements of CP violation assuming CPT 
invariance.

¥ BABAR has made a new measurement of the CP-V parameters S,C 
in b→c! d transitions, from which the CP-even components S+,C+ 
have been extracted
¥ Improves previous BaBar overall (stat+sys) error on S,C by ~20%

¥ Results compatible with previous BaBar and Belle measurements using fully 
reconstructed decays

¥ In agreement with SM predictions of small penguin contributions and S+≅sin2&

18
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SPARES
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T-Violation in Meson Decays

X

TRV��in��unstable��systems
! Searches��in��decay

CIPANP��May��28��June��3,��2012 Direct��Measurement��of��Time��reversal��Violation������Cowan 4

! Searches��in��mixing ! Searches��in��interference

Kabir,��Phys.Rev.��D2��(1970)��540.
CPLEAR,��Phys.Lett.��B444��(1998)����43.

Decay TRV searches

!"# �$%�&%'()*+,�'-'(,.'
! /,)012,' �$%�3,1)-

456786�9)- �:; �<&%,�=>�:?@: A$0,1(�9,)'&0,.,%( �BC�!$., �0,D,0')+�#$B+)($B%��� 4BE)% F

! /,)012,' �$%�.$G$%H ! /,)012,' �$%�$%(,0C,0,%1,

I)*$0>�62-'J",DJ�A: �K@LM?N�OF?J
46PQ7">�62-'JP,((J�RFFF�K@LL;N��F=J

• Measured by CPLEAR in K system. Needs 
!"#0, too small in B system
• Cannot distinguish CP and T.
• Not a DIRECT observation of TRV

[Phys. Lett. B 444, 43 (1998)]

Mixing TRV searches

¥ Large CPV observed in B system.
¥ Expect large T violation as well.

�(B0 ! fCP )(t) "= �(B0 ! fCP )(t)

Af CP

Af CP

B 0

øB 0

f CP

mixing

decay

decay

TRV in Interference

[Phys.Rev.Lett 83, 911 (1999)]
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Significance of T violation
• Standard fit yields a likelihood value of the fit 

to S, C using the 8 independent samples.

• Repeat the fit, applying constraints to the 
parameters for T-conjugate processes

• Difference in likelihood values yields the 
significance of T violation.

• CP and CPT significance can be determined 
the same way with proper constraints.

• Systematic uncertainties are included by 
calculating  2ΔlnL (=m2j) varying each 
parameter by ±1 σsyst. and reduce the overall 
statistical −2ΔlnL by 1+max(m2j).

X

Significance��of��T��violation
! Standard��fit��yields��a��likelihood��value��of��the��fit��to��

! ,��" using��the��8��independent��samples
! Repeat��the��fit,��applying��constraints��to��the��

parameters��for��T��conjugate��processes
! Difference��in��likelihood��with��the��standard��fit��

yields��the��significance��of��T��violation
! Plot��raw��asymmetries��and��fit��projections��using

! CP��and��CPT��significance��can��be��estimated��this��
way����using��appropriate��constraints��

! Include��systematics��variations��in��significance��
estimations

! Take��max(# $
2),��scale��significance��by��(1+max(# $

2))

CIPANP��May��28��June��3,��2012 Direct��Measurement��of��Time��reversal��Violation������Cowan 20

−2Δ ln L Signif.

T 226 > 10 σ

CP 307 > 10 σ

CPT 5 0.33 σ

Significance��of��T��violation
! Standard��fit��yields��a��likelihood��value��of��the��fit��to��

S,��C using��the��8��independent��samples
! Repeat��the��fit,��applying��constraints��to��the��

parameters��for��T��conjugate��processes
! Difference��in��likelihood��with��the��standard��fit��

yields��the��significance��of��T��violation
! Plot��raw��asymmetries��and��fit��projections��using

! CP��and��CPT��significance��can��be��estimated��this��
way����using��appropriate��constraints��

! Include��systematics��variations��in��significance��
estimations

! Take��max(mj
2),��scale��significance��by��(1+max(mj

2))

CIPANP��May��28��June��3,��2012 Direct��Measurement��of��Time��reversal��Violation������Cowan 20
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TRV Systematics (for ΔST±)

X

Systematic*source* ����T+* ����T0*

!"#$%&'()*+,- & ./.01 & ./.01 &

��&-2#+(,3"+4&',453"+4& ./.6 & ./.7 &

�������	�&#5)(2&')53+-& ./.06 & 8./.09 &

! :; &<)-)!232-# & ./.06 & ./..0= &

��&<)-)!232-# & ./.0> & ./.0> &

�	&#?#32!)3"5#& ./.9 & ./.9 &

%"''2-2452#&@23A224&��
)4B&��
��& ./.6 & ./.6 &

C)5DE-+,4B&2''253#& ./.9 & ./.F &

G452-3)"43?&+4&'"3&@")#&'-+! &HI & ./.0. & ./.= &

%23253+-&)4B&*2-32J"4E&2''253#/& ./.00 & ./.F &

�� � �&2''253#& ./..F & ./..9 &

:J32-4)(&<K?#"5#&<)-)!232-# & ./..7 & ./..L &

M+-!)("N)3"+4&2''253#& ./.06 & ./..1 &

O+3)(&;?#32!)3"5#& ./.L & ./00&

    17 FPCP 12 P, Villanueva-Pérez IFIC-Valencia 

;?#32!)3"5&,452-3)"43"2#&

Similar tables for all others



!"#$%&!"'&()*+,'*&-./$'(/,&01'1&2134,)5&
c! K±  as J/"K S
J/"K* +  as J/"K L 

          ∆S-
T, ∆C-

T 

             ∆S+
T, ∆C+

TT

CPTCP

1σ, 2σ 2D regions (68.3%, 95.4%)  

    
25

FPCP 12 P, Villanueva-Pérez IFIC-Valencia
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Evaluation of Systematic Errors

X

= top contributions

Systematic Errors
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B0! D*+D* -

X

¥ The VV final state is a superposition of CP+ and CP- states depending on the 
angular momentum of the decay products

¥ Need angular analysis to distinguish the two components

¥ This has been done by BaBar (and Belle) with fully reconstructed events, measuring 
the CP-odd fraction R⊥ and the time dependent CP asymmetry

Full TD amplitude

CP=+1 for A||,A0

CP=- 1 for A⊥

Introduction
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Probability Density Functions
¥ Overall PDF for the on-Peak sample is the sum of three components

¥ Each component is the product of a kinematical and a ) t part

¥ Δt PDF:

¥ Signal Δt:

X

“KIN” “) t”

=
B" continuum

signal B"  combinatoric

Analysis Method PDF

Chapter 3. Probability Density Functions 13

where bio has been fixed to 0 ps and σi
o = 8 ps, for all the event types.211

∆t PDF for signal212

The ∆ttrue PDF of signal events without any experimental effects has the following functional form:213

Tsig ! e! |∆ttrue|/! á
!
1 " Stag C cos(∆m∆ttrue ) " Stag S sin(∆m∆ttrue )

"
, (3.12)

where214

C =
1 " |λ|2

1 + |λ|2
(3.13)

S =
2#m(λ)

1 + |λ|2
(3.14)

λ =
q

p

A

A
, (3.15)

where q, p are the parameters describing the B0 " B0 mixing, and A and A are the two CP -215

conjugated decay amplitudes.216

Taking into account the mistag probabilities, and tags due to the unreconstructed D0, the PDF217

becomes:218

Tsig ! e! |∆ttrue|/! á
#
(1 " Stag ∆ω(1 " α)) + Stag (1 " 2ω) (1 " α)$

[C cos(∆m∆ttrue ) " S sin(∆m∆ttrue )]
$
,

(3.16)

where α (see Sec. 2.1) is the fraction of events in which the tagging track proceeds from the unre-219

constructed D0, ω % (ω+ + ω! )/2 is the average mistag rate, and ∆ω % ω+ " ω! is the mistag220

rate difference between B0 and B0 tags.221

Since the decay B0 & D" + D"! involves two vector bosons in the final state, the final state222

is not a pure CP eigenstate and an accurate measurement of the CP violation parameters would223

require the separation the CP -even and CP -odd components. This has been done in BABAR by224

full reconstruction of B0 & D" + D"! decays followed by complete angular analysis of the decay225

products [11], which has been published in 2005 [6] using the data set of runs 1–4.226

That analysis was recently updated [7], including the full data set of runs 1–6, yielding for the227

amplitude of the CP -odd component of the final state the value228

R# = 0.158 ± 0.028 ± 0.006, (3.17)

which means that the final state is dominated by the CP = +1 amplitude. We can take advantage229

of this fact and try to measure the sin2β parameter without performing the full angular analysis;230

in this case the true CP asymmetry will be diluted by the factor:231

K = 1 " 2R# , (3.18)

with S+ = S/K .232

We have generated our Monte Carlo events using the 2010 HFAG world average of R# =233

0.16 ± 0.02 [8]. Even though tag-side CP violation is present for kaon tags, its effect is expected to234

be low enough1 to be neglected in the present analysis, and therefore we use Eq. (3.16) to obtain235

the main result of this analysis.236

1O(1-2%), see Ref. [10].

October 27, 2011 3.3. ∆t PDF

Chapter 3. Probability Density Functions 13

where bio has been fixed to 0 ps and σi
o = 8 ps, for all the event types.211

! t PDF for signal212

The ! ttrue PDF of signal events without any experimental e" ects has the following functional form:213

Tsig ! e! |∆ttrue |/! á
[

1 " Stag C cos(! m! ttrue) " Stag S sin(! m! ttrue)
]

, (3.12)

where214

C =
1 " |λ|2

1 + |λ|2
(3.13)

S =
2# m(λ)

1 + |λ|2
(3.14)

λ =
q
p

A
A

, (3.15)

where q, p are the parameters describing the B 0 " B 0 mixing, and A and A are the two CP -215

conjugated decay amplitudes.216

Taking into account the mistag probabilities, and tags due to the unreconstructed D 0, the PDF217

becomes:218

Tsig ! e! |∆ttrue |/! á
{

(1 " Stag ! ω(1 " α)) + Stag (1 " 2ω) (1 " α)$

[C cos(! m! ttrue) " S sin(! m! ttrue)]
}

,
(3.16)

where α (see Sec. 2.1) is the fraction of events in which the tagging track proceeds from the unre-219

constructed D 0, ω % (ω+ + ω! )/ 2 is the average mistag rate, and ! ω % ω+ " ω! is the mistag220

rate di" erence between B 0 and B 0 tags.221

Since the decay B 0 & D "+D "! involves two vector bosons in the final state, the final state222

is not a pure CP eigenstate and an accurate measurement of the CP violation parameters would223

require the separation the CP -even and CP -odd components. This has been done in BABAR by224

full reconstruction of B 0 & D "+D "! decays followed by complete angular analysis of the decay225

products [11], which has been published in 2005 [6] using the data set of runs 1–4.226

That analysis was recently updated [7], including the full data set of runs 1–6, yielding for the227

amplitude of the CP -odd component of the final state the value228

R# = 0.158 ± 0.028 ± 0.006, (3.17)

which means that the final state is dominated by the CP = +1 amplitude. We can take advantage229

of this fact and try to measure the sin2β parameter without performing the full angular analysis;230

in this case the true CP asymmetry will be diluted by the factor:231

K = 1 " 2R# , (3.18)

with S+ = S/ K .232

We have generated our Monte Carlo events using the 2010 HFAG world average of R# =233

0.16 ± 0.02 [8]. Even though tag-side CP violation is present for kaon tags, its e" ect is expected to234

be low enough1 to be neglected in the present analysis, and therefore we use Eq. (3.16) to obtain235

the main result of this analysis.236

1O(1-2%), see Ref. [10].
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where bio has been Þxed to 0 ps andσi
o = 8 ps, for all the event types.211

∆t PDF for signal212

The ! ttrue PDF of signal events without any experimental e" ects has thefollowing functional form:213

Tsig ∝ e−|∆ttrue|/τ ·
[

1 + Stag C cos(! m! ttrue) + Stag S sin(! m! ttrue)
]

, (3.12)

where214

C =
1− |λ|2

1 + |λ|2
(3.13)

S = −
2#m(λ)
1 + |λ|2

(3.14)

λ =
q

p

A

A
, (3.15)

where q, p are the parameters describing theB0 − B0 mixing, and A and A are the two CP -215

conjugated decay amplitudes.216

Taking into account the mistag probabilities, and tags due to the unreconstructedD0, the PDF217

becomes:218

Tsig ∝ e−|∆ttrue|/τ ·
{

(1 − Stag ! ω(1 − α)) + Stag (1 − 2ω) (1 − α)×
[C cos(! m! ttrue) + S sin(! m! ttrue)]

}

,
(3.16)

whereα (see Sec. 2.1) is the fraction of events in which the tagging track proceeds from the unre-219

constructed D0, ω ≡ (ω+ + ω−)/2 is the average mistag rate, and! ω ≡ ω+ − ω− is the mistag220

rate di" erence betweenB0 and B0 tags.221

Since the decayB0 → D∗+D∗− involves two vector bosons in the Þnal state, the Þnal state222

is not a pure CP eigenstate and an accurate measurement of theCP violation parameters would223

require the separation theCP -even andCP -odd components. This has been done inBABAR by224

full reconstruction of B0 → D∗+D∗− decays followed by complete angular analysis of the decay225

products [11], which has been published in 2005 [6] using thedata set of runs 1Ð4.226

That analysis was recently updated [7], including the full data set of runs 1Ð6, yielding for the227

amplitude of the CP -odd component of the Þnal state the value228

R⊥ = 0 .158± 0.028± 0.006, (3.17)

which means that the Þnal state is dominated by theCP = +1 amplitude. We can take advantage229

of this fact and try to measure the sin2β parameter without performing the full angular analysis;230

in this case the trueCP asymmetry will be diluted by the factor:231

K = 1 − 2R⊥, (3.18)

with S+ = S/K.232

We have generated our Monte Carlo events using the 2010 HFAG world average of R⊥ =233

0.16± 0.02 [8]. Even though tag-sideCP violation is present for kaon tags, its e" ect is expected to234

be low enough1 to be neglected in the present analysis, and therefore we useEq. (3.16) to obtain235

the main result of this analysis.236

1O(1-2%), see Ref. [10].
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(A and A2) are needed to correctly describe at the same time the lower and higher ends of the184

reconstructed mass spectrum. We thus define a 6 parameter PDF as:185

Mi(mrec) = f i
erf · erfi(mrec ! mep) + (1 ! f i

erf ) ·
!
f i
A · Ai(mrec) + (1 ! f i

A) · A2i(mrec)
"
. (3.6)

where the index i distinguishes among the BB combinatorial (i = comb) and continuum (i = cont)186

event categories. The parameters are ferf , mep, ! erf , fA and the two Argus exponents Aexp and187

A2exp. The erf flex position and the two Argus end points are described by the common parameter188

mep, while ! erf is the width of the erf.189

For the BB events we have also tried adding to the PDF in eq. 3.6 a fraction fG of a gaussian190

to estimate the contribution of a possible peaking component; this turns out to be negligible as191

described in section 5.1.1 and 6.1.1.192

3.3 ! t PDF193

The derivation of the functional form of the ! t PDF follows closely the one used for the sin(2" +#)194

measurement; we refer the reader to Ref. [3] for its detailed description. We describe here di" erences195

in the present analysis which lead to modification of that PDF.196

The ! t-dependent part of the PDF is always a convolution of the form197

T !
i (! t, ! ! t, Stag) =

#
d! ttrue Ti(! ttrue, Stag)Ri(! t ! ! ttrue, ! ! t), (3.7)

where T is the distribution of the true decay time di" erence ! ttrue and R is a resolution function198

(see Section 3.3) that accounts for detector resolution and similar e" ects, such as systematic o" sets199

in the measured positions of vertices. It should be noted that in background events ! ttrue is not200

necessarily the actual true decay time di" erence, and the function T ! should be thought of more as201

a phenomenological description of the ! t distribution.202

The value of Stag depends on the tag-flavor states:203

Stag =

$
+1 for B0 tag
! 1 for B0 tag.

(3.8)

Resolution Functions204

The resolution function used for each event type i = sig, comb, cont, is parameterized as the sum205

of three Gaussians:206

Ri(tr = ! t ! ! ttrue, ! ! t) = f i
nG

i
n(tr, ! ! t) + (1 ! f i

n ! f i
o)G

i
w(tr, ! ! t) + f i

oG
i
o(tr, !

i
o), (3.9)

where Gi
n, G

i
w, and Gi

o are the “narrow”, “wide”, and “outlier” Gaussians. The narrow and wide207

Gaussians have the form208

Gi
j(tr, ! ! t) "

1
#
2$ sij ! ! t

exp

%

&
' !

(
tr ! bij ! ! t

) 2

2(sij ! ! t)2

*

+
, , (3.10)

where j = n,w for the narrow and wide components respectively; s and b are scaling factors209

obtained from the fit to data. The outlier gaussian has the form:210

Gi
o(tr, !

i
o) "

1
#
2$ ! i

o

exp

-

!
.
tr ! bio

/ 2

2(! i
o)

2

0

, (3.11)
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Event Selection

X

Analysis Method Backgrounds and Event Selection

If the D 0 reconstruction modes are the same (it could in fact be the same D 0) we decide
according to a pseudo-χ2, given by

χ2 =
(QD∗ ! QPDG)

σ2
D∗,i

2

+
(M D0 ! M PDG)

σ2
D0 ,i

2

using the QD∗ and the D 0 mass, and in which the σ refer to fitted resolutions from Figs. 6–7.3

This involved algorythm does not represent in any case a big improvement over another that
would choose randomly: it yields -according to Monte Carlo- the right answer in approximately 55%
of the cases; the reason being, that most of the candidates (75%) in excess di! er by the slow pion
only, and are “solved” according to the first criterion above, that does not logically discriminate in
favor of the “right” slow pion, but rather of the better reconstructed one.

4.7 Event Selection Summary

This is a summary of cuts used in our selection of events.

• Cuts in Υ (4S) center-of-mass on D ∗ and soft pion momentum, and missing D 0 mass::

1.3 GeV/c " p∗D∗ " 2.1GeV/c

p∗! " 0.6GeV/c

M D0 (cosφBD∗ = 0) # 1.8GeV/c 2

• Continuum rejection cut:
R2 " 0.3

• “Quality” cuts on reconstructed D ∗ (see Sec. 4.3):

P vrt
D∗ and P vrt

D0 > 10−2

Dch yes :|QD∗ ! QPDG| = |M D∗ ! M D0 ! M ! ! 6MeV/c 2| " 1MeV/c 2

Dch no :|QD∗ ! QPDG| = |M D∗ ! M D0 ! M ! ! 6MeV/c 2| " 1.5MeV/c 2

|M D0 ! M PDG| " [1. ! 1.5] · σi MeV/c 2

• “PID” and flight-length cuts on Kaons in D 0 mesons (see Sec. 4.3)

• Slow pion dE/ dx cuts:

p! s " 0.150GeV/c 2 : dE/ dx (MeV/cm ) # (
0.25

(p! s ! 0.030)
+ 1.0);

0.150GeV/c 2 < p ! s " 0.500GeV/c 2 : dE/ dx (MeV/cm ) " (
1.75
(p! s )

+ 2.0);

• Missed D 0 cuts:
|cos(θBD∗)| " 1

cos(φBD∗) " 6.
3We remind that this pseudo- ! 2 is used only in ! 25% of the times that we have more than one candidate per

event.

18
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Tagging
¥Mis-tag due to unreconstructed D0 tracks

¥ This introduces an additional dilution D=(1-* ), where * is the fraction of 
tags coming from the missing D0 

¥ This fraction can be obtained from data with some input from signal MC

¥ Can be reduced with a cut on the cosine of the opening angle between 
the tagging track and the missing D0 direction +tag

X

Chapter 2. B Flavor Tagging 7

Table 2.1: Mistag probabilities ! from Monte Carlo and data with partial reconstruction. The
data for B 0 ! D ! + " " is extracted from ref. [4]; we could not Þnd any value for the Monte Carlo
∆! for the lepton tags.

B 0 ! D ! + D !" B 0 ! D ! + " "

Signal MC Signal MC DATA

kaon
! 0.201± 0.002 0.217± 0.012 0.217± 0.006
∆! " 0.011± 0.003 " 0.022± 0.003 " 0.032± 0.008

lepton
! 0.104± 0.002 0.093± 0.003 0.102± 0.008
∆! 0.014± 0.005 N/A 0 .017± 0.012

our case theD 0. The purpose of this section is to show how we reduce this contamination, and89

how we compute the residual additional tagging dilution.90

We consider cos(#tag ), the cosine of the angle in the CMS between the tagging track2 and91

the direction of the missing D 0, that we may obtain either from the BtaThreeBody technique,92

or inverting the direction of the reconstructed D 0, with similar precision. If tagging tracks from93

the missed D 0 are closer to that direction than tagging tracks from the other B 0 in the event,94

the request that this cosine be less than some value will reduce the contamination of tagging by95

D 0-tracks.96
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Figure 2.1: Signal Monte Carlo distributions of cos(#tag ) for tracks from the missedD 0 (black) and
from the other B 0 (red); lepton tags on the left, kaon tags on the right.

Fig. 2.1 shows that this is actually true, and it has two features: Þrst, the distribution for97

lepton-tagged events from theD 0 is considerably narrower than the corresponding one for kaon-98

tagged ones; second, non-lepton tracks closer than 0.5 rad to the D 0 direction are a priori excluded99

2We remind that we use the “Elba” tagging algorythm, that is essentially a one-track method.
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