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Neutral meson mixing
• In neutral meson systems, particle/antiparticle can couple to each 

other through weak interaction:

• Equation of a decaying particle : 

✦ Off-diagonal elements M12, Γ12 in the matrix are non-trivial (and complex).

• Measurements of various aspects of mixing test the theory of weak 
interaction.
✦ Mixing rate, decay rate difference, CP violation.

• New physics in the loops could alter these                                   
observables.
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CKM−: Mixing III

Time evolution of a decaying particle: B(t) = exp [−imBt− ΓB/2t]
can be written as
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BUT: In the neutral B-system transitions like Bd,s → B̄d,s are possible due to
weak interaction: Box diagrams
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⇒ off-diagonal elements in M̂, Γ̂: M12, Γ12 (complex)
Diagonalization of M̂, Γ̂ gives the physical eigenstates BH and BL with the
massesMH , ML and the decay rates ΓH , ΓL

CP-odd: BH := p B + q B̄ , CP-even: BL := p B − q B̄ with |p|2 + |q|2 = 1

B(t) = exp[�imt� (�/2)t]
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Mixing induced CP violation
• The eigenstates of the neutral B system are linear combinations of 

flavor states

• For flavor specific final states:
✦ E.g., semileptonic decays: 
✦ Assume no direct CPV: 
✦ CP violation due to mixing:
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Search/constrain new physics
• Standard Model prediction is small:

✦ well below current experimental sensitivity 
(               ).

✦ observation of non-zero CPV would indicate 
new physics.

✦ Some tension observed in D0 di-muon 
analysis

• Allowed new physics (model 
independent) parameter space is still 
sizable. 
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The recent CDF [8] and DØ [5] results give best fit values
around (⇥�s, S⇤⇥) ⇤ (±0.15 ps�1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with
the data on ⇥�s and S⇤⇥. This consistency is a nontriv-
ial test of the assumption that NP contributes only to
neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-
ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

⇥SM �
1 + hd,s e

2i�d,s
⇥
. (6)

We denote by Mq
12 (�q

12) the dispersive (absorptive) part
of the B0

q � B̄0
q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined
here, see Ref. [15]). This modifies the SM predictions for
some observables used to constrain hq and ⌅q as

⇥mq = ⇥mSM
q

⌥⌥1 + hqe
2i�q

⌥⌥ ,
⇥�s = ⇥�SM

s cos
⇤
arg

�
1 + hse

2i�s
⇥⌅

,

Aq
SL = Im

⇧
�q
12/

⇤
Mq,SM

12 (1 + hqe
2i�q )

⌅⌃
,

S⇤K = sin
⇤
2� + arg

�
1 + hde

2i�d
⇥⌅

,

S⇤⇥ = sin
⇤
2�s � arg

�
1 + hse

2i�s
⇥⌅

. (7)

Here �s = arg[�(VtsV ⇥
tb)/(VcsV ⇥

cb)] = (1.04± 0.05)⇤ is an
angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-
rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively
assess our NP hypothesis we perform a global fit using
the CKMfitter package [16] to determine simultaneously
the NP parameters hd,s and ⌅d,s, as well as the ⇤̄ and ⇥̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009
CKMfitter input values [16], except for the lattice input
parameters where we use [17], and the most recent ex-
perimental data. For S⇤⇥ vs. ⇥�s, we use the 2.8 fb�1

2d likelihood of DØ [5] and the 5.2 fb�1 1d likelihood of
the recent CDF measurement [8] (the 2d likelihood is not
available). As already mentioned, neither the CDF nor
the DØ result gives a significant tension in the fit, so we
expect that a real Tevatron combination will not alter
our results by much. For the results presented here, we
marginalize over |�q

12| in the range 0� 0.25 ps�1, finding
that the data prefer values for ⇥�s about 2.5 times larger
than the prediction [2]. If we use the theory prediction,
our conclusions about NP do not change substantially,
but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected
onto the hd � hs plane with 1⌅ (solid), 2⌅ (dashed), and
3⌅ (dotted) contours. We find that the data show evi-
dence for disagreement with the SM or, di⇤erently stated,
the no NP hypothesis hs = hd = 0 is disfavored at the
3.3⌅ level. Figure 2 shows the hs � ⌅s and hd � ⌅d fits.
The two best fit regions are for hs ⇤ 0.5 and hs ⇤ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1�, 2�, and
3�, respectively.

with sizable NP phases, ⌅s ⇤ 120⇤ and ⌅s ⇤ 100⇤ respec-
tively. Here the point hs = 0 is disfavored at only 2.6⌅,
since hs and hd are correlated. In the hd � ⌅d case the
data is consistent with no new physics contributions in
Bd � B̄d mixing (hd = 0) below the 2⌅ level.
To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP
models that respect the SM approximate SU(2)q sym-
metry are favored (in the SM this is due to the smallness
of the masses in the first two generations and the small-
ness of the mixing with the third generation quarks), or
if a hierarchy, such as hs ⌅ hd, is required. In Fig. 1 we
show the hd = hs line, which makes it evident that while
hd = hs is not disfavored, most of the favored parameter
space has hs > hd. Actually, a non-negligible fraction of
the allowed parameter space corresponds to hs ⌅ hd, as
indicated by the hs = 5hd line on Fig. 1.
A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ⇥ hd = hs , ⌅b ⇥ ⌅d = ⌅s . (8)

The relevant hb � ⌅b plane is shown in Fig. 3. The best
fit region, near hb ⇤ 0.25 and ⌅b ⇤ 120⇤, is obtained as
a compromise between the Babar and Belle bounds in
the Bd system and the tensions in the Tevatron Bs data
with the SM predicitons. This compromise mostly arises
from the di⇤erent magnitudes of hd,s: while the best fit
hd value is a few times smaller than the best fit hs value,
the best fit values of the phases ⌅d,s are remarkably close
to each other, as can be seen in Fig. 2. Note that while
the SM limit, hb = 0, is obtained at less than 3⌅ CL, the
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[Ligeti, et al. PRL 105, 131601 (2010)]

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

O(10�3)

As
sl = (1.9± 0.3)⇥ 10�5

Ad
sl = �(4.1± 0.6)⇥ 10�4

(before this work)
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Experiment
• In B factories 𝞤(4S) are produced and decay to a pair of B mesons in a 

coherent L=1 antisymmetric quantum state

• Once one B decays to a basis state, the other projects to the 
orthogonal state

5

�z = �⇥c�t

e+e-

Υ(4S)

Tag B

Reco. Bβγ ~ 0.56 (BABAR)

h�zi ⇠ 250µm

flavor final state

final stateB of opposite
flavor starts

b c s

`�

B̄0 K�
Charge of lepton or kaon indicates the
flavor of the B at the time of decay.

C.M. frame is boosted
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Experiment
• Reconstruct                          using a partial reconstruction technique.

• Find the flavor of the “tag B” using charged kaons in the rest of the 
event.

• The “wrong-sign” decays (via mixing) are identified by same-sign 
lepton-kaon combination:

• Partial reconstruction gives higher efficiency than exclusive 
reconstruction, and better purity than inclusive lepton reconstruction.

• Kaon tag has a higher efficiency than lepton tag.
✦ Somewhat higher mistag probability
✦ Need to take care of interference due to doubly-Cabibbo-suppressed decay

6

B0 ! `+⌫`D
⇤�

Asl =
N(B0B0)�N(B0B0)

N(B0B0) +N(B0B0)
=

N(`+K+)�N(`�K�)

N(`+K+) +N(`�K�)
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Dataset and detector

7

total ~530 fb-1

~470 M BB pairs

Υ(4S)The�BABAR detector�at�PEP�II

NIM�A479,�1�(2002)

CIPANP�May�28�June�3,�2012 Direct�Measurement�of�Time�reversal�Violation��� Cowan 8
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B➝ℓνD* partial reconstruction
• Use only lepton (e, µ) and the low momentum πs of the opposite sign 

from                       , ignoring the remaining products from charm. 

• Assume B at rest in 𝞤(4S) frame.

• Approximate D* direction using πs:

• Reconstruct B decay vertex using a beamspot                                   
constraint:

• Build a likelihood ratio function using                                                                 
lepton and pion momenta, and vertexing                                                            
probability to reduce background.

8

D⇤� ! ⇡�
s D

0

~pD⇤ = f( ~⇡s)

  

7Franco Simonetto Universita' & INFN Padova

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 :

D
∗ −
s

− D0

PB~0

PD∗=
f  Ps



B decay point intersecting  

beamspot,  l, πs tracks

Selection : likelihood ratio 

combining p
l
,pπs,Prob(Vtx)

Cut L > 0.4 

L P s
,P l ,Prob Vtx 
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B➝ℓνD* partial reconstruction
• Assume only the neutrino is not accounted for, and then calculate 

the missing neutrino mass

• Good signal

• Peaking but no B0 flavor info
✦ double charm followed by                                                                                                 

charm semileptonic decay
✦ charged B.

• Yield:
(5945 ± 7)×103 peaking events

9
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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 :

D∗ −
s

− D0

PB~0

PD∗=
f  Ps



M
2 = P B−P D*−P l 

2

M
2 = P B−P D*−P l 

2Missing mass from four momenta 
difference: 

Fit : 

5370±6×103 Peaking Events

BABAR Preliminary

0 2-2-4-6-8 (GeV)

B0 ! D⇤�(X)`+⌫`

B0 ! D⇤�(X)⌧+⌫⌧ ; ⌧+ ! `+⌫`⌫̄⌧

B0 ! D⇤�h+; (misidentified)
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Kaon tag

• Kaons are identified using ionization energy loss in the tracking 
devices and Cherenkov angles: ~85% efficiency, ~3% pion 
misidentification.

• Tag-B vertex is identified by intersecting kaon track with the 
beamspot.

• Define                                 , which should follow B decay distribution 

(plus some smearing from charm lifetime) for signal events.
10

�t =
z
reco. � z

tag

��c

b c sB̄0 K�
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Kaon tag

• Kaon can also come from the reco. side, mimicking a mixed event.

11

want this K

not this K

Use Δt and 
angular 
correlation in 
the PDF to 
separate the 
two.
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• Observed asymmetry has contributions from physics and detector.

• Observed asymmetry for same-sign signal events with tag-side kaon 
reflects (ℓ, πs) reconstruction charge asymmetry, kaon-id charge 
asymmetry, and physics Asl.
✦ Aobs;K-tag ≃ Aℓπ + AK + Asl

• If kaon is from reco. side, then physics Asl contribution is diluted by 
the mixing probability χd. (mixed and unmixed are equally likely to be reconstructed.)

✦ Aobs;K-rec ≃ Aℓπ + AK + χd Asl

• Asymmetry before kaon tagging 
✦ Aobs;rec ≃ Aℓπ + χd Asl

• We have enough observables to determine all three                                        
Aℓπ,  AK, and  Asl from data simultaneously.

Contributing asymmetries

12

N(`+⇡�
s )�N(`�⇡+

s )

N(`+⇡�
s ) +N(`�⇡+

s )



Chih-hsiang ChengDPF2013

• Observed asymmetry has contributions from physics and detector.

• Observed asymmetry for same-sign signal events with tag-side kaon 
reflects (ℓ, πs) reconstruction charge asymmetry, kaon-id charge 
asymmetry, and physics Asl.
✦ Aobs;K-tag ≃ Aℓπ + AK + Asl

• If kaon is from reco. side, then physics Asl contribution is diluted by 
the mixing probability χd. (mixed and unmixed are equally likely to be reconstructed.)

✦ Aobs;K-rec ≃ Aℓπ + AK + χd Asl

• Asymmetry before kaon tagging 
✦ Aobs;rec ≃ Aℓπ + χd Asl

• We have enough observables to determine all three                                        
Aℓπ,  AK, and  Asl from data simultaneously.

Contributing asymmetries

12

N(`+⇡�
s )�N(`�⇡+

s )

N(`+⇡�
s ) +N(`�⇡+

s )



Chih-hsiang ChengDPF2013
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Signal physics model
• Without interference from doubly-Cabibbo-suppressed decays 

(DCSD) on the tag side, the underlying physics would be relatively 
simple:

13

opposite-sign/
unmixed｛

same-sign/
mixed ｛

FB0B0(�t) =
�0e��0|�t|

2

[cosh(���t/2) + cos(�md�t)]
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FB0B0(�t) =
�0e��0|�t|

2

[cosh(���t/2)� cos(�md�t)]

����
q

p

����
2

FB0B0
(�t) =

�0e��0|�t|

2

[cosh(���t/2)� cos(�md�t)]

����
p

q

����
2



Chih-hsiang ChengDPF2013

Signal physics model
• Including interference from doubly-Cabibbo-suppressed decays 

(DCSD) on the tag side.
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5

The M2
⌫ distribution of all signal candidates in shown

in Fig. 1. We determine the signal fraction by fitting
the M2

⌫ distribution in the interval [�10, 2.5] GeV2/c4

with the sum of continuum, BB combinatorial, and BB
peaking events. We split peaking BB into direct (B0 !
D⇤�`+⌫), “D⇤⇤” (B ! D⇤�X0`+⌫`), cascade, hadrons
wrongly identified as leptons, and CP eigenstates. In the
fit, we float the fraction of direct, D⇤⇤, and BB combi-
natorial background, while we fix the continuum contri-
bution to the expectation from o↵-peak events, rescaled
by the on-peak to o↵-peak luminosity ratio, and the rest
(less than 2% of the total) to the level predicted by the
simulation. Based on the assumption of isospin conser-
vation, we attribute 66% of the D⇤⇤ events to B+ decays

and the rest to B0 decays. We use the result of the
fit to compute the fractions of continuum, combinato-
rial, and peaking B+ background, CP eigenstates, and
B0 signal in the sample, as a function of M2

⌫ . We find
(5.945± 0.007)⇥ 106 peaking events (see Fig. 1).
We then repeat the fit after dividing events into the

four lepton categories (e±, µ±) and eight tagged samples
(e±K±, µ±K±).
We measure ACP with a binned four-dimensional fit

to �t (100 bins), �(�t)(20), cos ✓`k(4), and pK(5). Fol-
lowing Ref. [15] and neglecting resolution e↵ects, the �t
distributions for signal events with a KT are represented
by the following expressions:

FB0B0(�t) =
�0e

��0|�t|

2(1 + r02)

 
1 +

����
q
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����
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r02
!
cosh(���t/2) +

 
1�

����
q
p

����
2

r02
!
cos(�md�t)�
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,

where the first index of F refers to the flavor of the BR

and the second to the BT , �0 = ⌧�1
B0 is the average width

of the two B0 mass eigenstates, �md and �� are re-
spectively their mass and width di↵erences, the param-
eter r0 results from the interference of CF and Doubly
Cabibbo Suppressed (DCS) decays on the BT side [15]
and has a very small value (O(1%)), and b and c are
two parameters expressing the CP violation arising from
that interference. In the SM, b = 2r0 sin(2� + �) cos �0

and c = �2r0 cos(2� + �) sin �0, where � and � are angles
of the Unitary Triangle and �0 is a strong phase. The
quantities �md, ⌧B0 , b, c, and sin(2� + �) are left free
in the fit. The value of �� is fixed to zero. Neglecting
the tiny contribution from DCS decays, the main contri-
bution to the asymmetry is time independent and due to
the normalization factors of the two mixed terms.

The �t distribution for the decays of the B+

mesons is parametrized by an exponential function,
FB+ = �+e�|�+�t|, where the B+ decay width is com-
puted as the inverse of the lifetime ��1

+ = ⌧B+ =
(1.641± 0.008) ps.

When the KT comes from the decay of the B0 meson
to a CP eigenstate (as, for example B0 ! D(⇤)D(⇤) [9]),
a di↵erent expression applies:

FCPe(�t) =
�0

4
e��0|�t|[1±S sin(�md�t)±C cos(�md�t)],

where the plus (minus) sign applies if the BR decays
as a B0 (B0). The fraction of these events (about 1%)
and the parameters S and C are fixed in the fits and are
taken from simulation.
We obtain the �t distributions for KT in BB events,

Gi(�t), by convolving the theoretical ones with a res-
olution function, which consists of the superposition of
several Gaussian functions, convolved with exponentials
to account for the finite lifetime of charmed mesons in the
cascade decay b ! c ! K. Di↵erent sets of parameters
are used for peaking and for combinatorial background
events.
To describe the �t distributions for KR events,

GKR(�t), we select a subsample of data containing fewer
than 5% KT decays, and use background-subtracted his-
tograms in our likelihood functions. As an alternative,
we apply the same selection to the simulation and correct
the simulated �t distribution by the ratio of histograms
from data and simulation. The cos ✓`K shapes are ob-
tained from the histograms of the simulated distributions
for BB events. The �t distribution of continuum events
is represented by a decaying exponential convolved with
Gaussians parametrized by fitting simultaneously the o↵-
peak data.
The rate of events in each bin (j) and for each tagged

sample is then expressed as the sum of the predicted con-
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the M2

⌫ distribution in the interval [�10, 2.5] GeV2/c4

with the sum of continuum, BB combinatorial, and BB
peaking events. We split peaking BB into direct (B0 !
D⇤�`+⌫), “D⇤⇤” (B ! D⇤�X0`+⌫`), cascade, hadrons
wrongly identified as leptons, and CP eigenstates. In the
fit, we float the fraction of direct, D⇤⇤, and BB combi-
natorial background, while we fix the continuum contri-
bution to the expectation from o↵-peak events, rescaled
by the on-peak to o↵-peak luminosity ratio, and the rest
(less than 2% of the total) to the level predicted by the
simulation. Based on the assumption of isospin conser-
vation, we attribute 66% of the D⇤⇤ events to B+ decays

and the rest to B0 decays. We use the result of the
fit to compute the fractions of continuum, combinato-
rial, and peaking B+ background, CP eigenstates, and
B0 signal in the sample, as a function of M2

⌫ . We find
(5.945± 0.007)⇥ 106 peaking events (see Fig. 1).
We then repeat the fit after dividing events into the

four lepton categories (e±, µ±) and eight tagged samples
(e±K±, µ±K±).
We measure ACP with a binned four-dimensional fit

to �t (100 bins), �(�t)(20), cos ✓`k(4), and pK(5). Fol-
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distributions for signal events with a KT are represented
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where the first index of F refers to the flavor of the BR

and the second to the BT , �0 = ⌧�1
B0 is the average width

of the two B0 mass eigenstates, �md and �� are re-
spectively their mass and width di↵erences, the param-
eter r0 results from the interference of CF and Doubly
Cabibbo Suppressed (DCS) decays on the BT side [15]
and has a very small value (O(1%)), and b and c are
two parameters expressing the CP violation arising from
that interference. In the SM, b = 2r0 sin(2� + �) cos �0

and c = �2r0 cos(2� + �) sin �0, where � and � are angles
of the Unitary Triangle and �0 is a strong phase. The
quantities �md, ⌧B0 , b, c, and sin(2� + �) are left free
in the fit. The value of �� is fixed to zero. Neglecting
the tiny contribution from DCS decays, the main contri-
bution to the asymmetry is time independent and due to
the normalization factors of the two mixed terms.

The �t distribution for the decays of the B+

mesons is parametrized by an exponential function,
FB+ = �+e�|�+�t|, where the B+ decay width is com-
puted as the inverse of the lifetime ��1

+ = ⌧B+ =
(1.641± 0.008) ps.

When the KT comes from the decay of the B0 meson
to a CP eigenstate (as, for example B0 ! D(⇤)D(⇤) [9]),
a di↵erent expression applies:
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where the plus (minus) sign applies if the BR decays
as a B0 (B0). The fraction of these events (about 1%)
and the parameters S and C are fixed in the fits and are
taken from simulation.
We obtain the �t distributions for KT in BB events,

Gi(�t), by convolving the theoretical ones with a res-
olution function, which consists of the superposition of
several Gaussian functions, convolved with exponentials
to account for the finite lifetime of charmed mesons in the
cascade decay b ! c ! K. Di↵erent sets of parameters
are used for peaking and for combinatorial background
events.
To describe the �t distributions for KR events,

GKR(�t), we select a subsample of data containing fewer
than 5% KT decays, and use background-subtracted his-
tograms in our likelihood functions. As an alternative,
we apply the same selection to the simulation and correct
the simulated �t distribution by the ratio of histograms
from data and simulation. The cos ✓`K shapes are ob-
tained from the histograms of the simulated distributions
for BB events. The �t distribution of continuum events
is represented by a decaying exponential convolved with
Gaussians parametrized by fitting simultaneously the o↵-
peak data.
The rate of events in each bin (j) and for each tagged

sample is then expressed as the sum of the predicted con-

5

The M2
⌫ distribution of all signal candidates in shown

in Fig. 1. We determine the signal fraction by fitting
the M2

⌫ distribution in the interval [�10, 2.5] GeV2/c4

with the sum of continuum, BB combinatorial, and BB
peaking events. We split peaking BB into direct (B0 !
D⇤�`+⌫), “D⇤⇤” (B ! D⇤�X0`+⌫`), cascade, hadrons
wrongly identified as leptons, and CP eigenstates. In the
fit, we float the fraction of direct, D⇤⇤, and BB combi-
natorial background, while we fix the continuum contri-
bution to the expectation from o↵-peak events, rescaled
by the on-peak to o↵-peak luminosity ratio, and the rest
(less than 2% of the total) to the level predicted by the
simulation. Based on the assumption of isospin conser-
vation, we attribute 66% of the D⇤⇤ events to B+ decays

and the rest to B0 decays. We use the result of the
fit to compute the fractions of continuum, combinato-
rial, and peaking B+ background, CP eigenstates, and
B0 signal in the sample, as a function of M2

⌫ . We find
(5.945± 0.007)⇥ 106 peaking events (see Fig. 1).
We then repeat the fit after dividing events into the

four lepton categories (e±, µ±) and eight tagged samples
(e±K±, µ±K±).
We measure ACP with a binned four-dimensional fit

to �t (100 bins), �(�t)(20), cos ✓`k(4), and pK(5). Fol-
lowing Ref. [15] and neglecting resolution e↵ects, the �t
distributions for signal events with a KT are represented
by the following expressions:

FB0B0(�t) =
�0e

��0|�t|

2(1 + r02)

 
1 +

����
q
p

����
2

r02
!
cosh(���t/2) +

 
1�

����
q
p

����
2

r02
!
cos(�md�t)�

����
q
p

����(b+ c) sin(�md�t)

�
,

FB0B0(�t) =
�0e

��0|�t|

2(1 + r02)

 
1 +

����
p
q

����
2

r02
!
cosh(���t/2) +

 
1�

����
p
q

����
2

r02
!
cos(�md�t) +

����
p
q

����(b� c) sin(�md�t)

�
,

FB0B0(�t) =
�0e

��0|�t|

2(1 + r02)

 
1 +

����
p
q

����
2

r02
!
cosh(���t/2)�

 
1�

����
p
q

����
2

r02
!
cos(�md�t)�

����
p
q

����(b� c) sin(�md�t)

�����
q
p

����
2

,

FB0B0(�t) =
�0e

��0|�t|

2(1 + r02)

 
1 +

����
q
p

����
2

r02
!
cosh(���t/2)�

 
1�

����
q
p

����
2

r02
!
cos(�md�t) +

����
q
p

����(b+ c) sin(�md�t)

�����
p
q

����
2

,

where the first index of F refers to the flavor of the BR

and the second to the BT , �0 = ⌧�1
B0 is the average width

of the two B0 mass eigenstates, �md and �� are re-
spectively their mass and width di↵erences, the param-
eter r0 results from the interference of CF and Doubly
Cabibbo Suppressed (DCS) decays on the BT side [15]
and has a very small value (O(1%)), and b and c are
two parameters expressing the CP violation arising from
that interference. In the SM, b = 2r0 sin(2� + �) cos �0

and c = �2r0 cos(2� + �) sin �0, where � and � are angles
of the Unitary Triangle and �0 is a strong phase. The
quantities �md, ⌧B0 , b, c, and sin(2� + �) are left free
in the fit. The value of �� is fixed to zero. Neglecting
the tiny contribution from DCS decays, the main contri-
bution to the asymmetry is time independent and due to
the normalization factors of the two mixed terms.

The �t distribution for the decays of the B+

mesons is parametrized by an exponential function,
FB+ = �+e�|�+�t|, where the B+ decay width is com-
puted as the inverse of the lifetime ��1

+ = ⌧B+ =
(1.641± 0.008) ps.

When the KT comes from the decay of the B0 meson
to a CP eigenstate (as, for example B0 ! D(⇤)D(⇤) [9]),
a di↵erent expression applies:

FCPe(�t) =
�0

4
e��0|�t|[1±S sin(�md�t)±C cos(�md�t)],

where the plus (minus) sign applies if the BR decays
as a B0 (B0). The fraction of these events (about 1%)
and the parameters S and C are fixed in the fits and are
taken from simulation.
We obtain the �t distributions for KT in BB events,

Gi(�t), by convolving the theoretical ones with a res-
olution function, which consists of the superposition of
several Gaussian functions, convolved with exponentials
to account for the finite lifetime of charmed mesons in the
cascade decay b ! c ! K. Di↵erent sets of parameters
are used for peaking and for combinatorial background
events.
To describe the �t distributions for KR events,

GKR(�t), we select a subsample of data containing fewer
than 5% KT decays, and use background-subtracted his-
tograms in our likelihood functions. As an alternative,
we apply the same selection to the simulation and correct
the simulated �t distribution by the ratio of histograms
from data and simulation. The cos ✓`K shapes are ob-
tained from the histograms of the simulated distributions
for BB events. The �t distribution of continuum events
is represented by a decaying exponential convolved with
Gaussians parametrized by fitting simultaneously the o↵-
peak data.
The rate of events in each bin (j) and for each tagged

sample is then expressed as the sum of the predicted con-

r0 ⇠ A(b̄ ! ūcd̄)

A(b ! cūd)
⇠ O(%)
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Fitting
• Five variables ( Δt, σΔt, cosθℓK, Mν2, pK ) binned fit to separate signal to 

background, tag-side kaon from rec0-side.

• Also include opposite-sign (unmixed) events ℓ+K−/ℓ−K+ to improve 
resolution and mis-tag parameters, etc.

• More than 100 free parameters:
✦ Asl, Aℓπ,  AK,  
✦ reco-side K fraction,
✦ wrong tag fractions (charge dependent),
✦ Doubly-Cabibbo-suppressed decay parameters,
✦ Δt resolution parameters,
✦ B lifetime, mixing rate, etc.
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Result
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Asl = (0.6± 1.6+3.6
�3.2)⇥ 10�3
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FIG. 1: (color online). M2
⌫ distribution for selected events.

The data are represented by the points with error bars. The
fitted contributions from B0 ! D⇤+`�⌫̄`, other peaking
background, D⇤⇤ events, BB combinatorial background and
rescaled o↵-peak events are overlaid.

tive, we apply the same selection to the simulation and
correct the �t distribution predicted by the Monte Carlo
by the ratio of the histograms extracted from data and
simulated events. The cos ✓`K shapes are obtained from
the histograms of the simulated distributions for BB
events. The �t distribution of continuum events is rep-
resented by a decaying exponential convolved with Gaus-
sians parametrized by fitting simultaneously the o↵-peak
data.

The rate of events in each bin (j) and for each tagged
sample are then expressed as the sum of the predicted
contributions from peaking events, BB combinatorial and
continuum background. Accounting for mistags and KR

events, the peaking B0 contributions to the same-sign
samples are:

G`+K+(j) = (1 +Ar`)(1 +AK)

{(1� f++
KR

)[(1� !+)GB0B0(j) + !�GB0B0(j)]

+ f++
KR

(1� !0+)GKR(j)(1 + �dA``) }
G`�K�(j) = (1�Ar`)(1�AK)

{(1� f��KR
)[(1� !�)GB0B0(j) + !+GB0B0(j)]

+ f��KR
(1� !0�)GKR(j)(1� �dA``) }

where the reconstruction asymmetries have separate val-
ues for the e and µ samples. We allow for di↵erent mistag
probabilities for KT (!±) and KR (!0±). The parame-
ters f±±KR

(pk) describe the fractions of KR tags in each
sample as a function of the kaon momentum.

A total of 168 parameters are determined in the fit. By
analysing simulated events as data, we observe that the
fit reproduces the generated values of 1� |q/p| (zero) and
of the other most significant parameters (Ar`, AK , �md,
and ⌧B0). We then produce samples of simulated events
with �CP = ±0.005,±0.010,±0.025 and Ar` or AK in
the range of ±10%, by removing events. A total of 67
di↵erent simulated event samples are used to check for
biases. In each case, the input values are correctly deter-
mined, and an unbiased value of |q/p| is always obtained.

TABLE I: Principal sources of systematic uncertainties.

Source �(�CP )
Peaking Sample Composition +1.50

�1.17 ⇥ 10�3

Combinatorial Sample Composition ±0.39⇥ 10�3

�t Resolution Model ±0.60⇥ 10�3

KR Fraction ±0.11⇥ 10�3

KR �t Distribution ±0.65⇥ 10�3

Fit Bias +0.58
�0.46 ⇥ 10�3

CP -eigenstate Description ±0
Physical Parameters +0

�0.28 ⇥ 10�3

Total +1.88
�1.61 ⇥ 10�3

FIG. 2: (color online). Distribution of �t for the continuum-
subtracted data (points with error bars) and fitted contribu-
tions from KR (dark) and KT (light), for: (a) `+K+ events;
(b) `�K� events; (c) `�K+ events; (d) `+K� events; (e) raw
asymmetry between `+K+ and `�K� events.

The fit to the data yields �CP = (0.29±0.84+1.88
�1.61)⇥10�3,

where the first uncertainty is statistical and the second

7

systematic. The values of the detector charge asymme-
tries are Ar,e = (3.1 ± 0.4) ⇥ 10�3, Ar,µ = (3.1 ± 0.4) ⇥
10�3, and AK = (13.7 ± 0.3) ⇥ 10�3. The frequency of
the oscillation �md = 508.5 ± 0.9 ns �1 is well consis-
tent with the world average, ⌧0

B = 1.553 + �0.002 ps is
slightly larger. This is accounted for in the evaluation of
the systematic uncertainties. Figs. 2 and 3 show the fit
projections for �t and cos ✓`K .

The systematic uncertainty is computed as the sum in
quadrature of several contributions, described below and
summarized in Table I:

- Peaking Sample Composition: we vary the sample
composition by the statistical uncertainty of the M2

⌫ fit,
the fraction of B0 to B+ in the D⇤⇤ peaking sample in
the range 50 ± 25% to account for possible violation of
isospin symmetry, the fraction of the peaking contribu-
tions (taken from the simulation) by ±20%, and the frac-
tion of CP -eigenstates by ±50%.

-BB combinatorial sample composition: we vary the
fraction of B+ events in the BB combinatorial sample
by ±4.5%, which corresponds to the uncertainty in the
inclusive branching fraction for B0 ! D⇤�X.

-�t resolution model: we quote the di↵erence between
the result obtained by leaving free all the resolution func-
tion parameters and by fixing all the parameters which
show a weak correlation with |q/p|.

-KR fraction: we vary the ratio of B+ ! KRX to
B0 ! KRX by ±6.8%, which corresponds to the uncer-
tainty on the fraction BR(D⇤0

!K�X)
BR(D⇤+

!K�X) .
-KR �t distribution: we use half the di↵erence between

the results obtained using the two di↵erent strategies to
describe the KR �t distribution.

-Fit bias: parametrized simulations are used to check
the estimate of the result and its statistical uncertainty.
We add the statistical uncertainty on the validation test
using the detailed simulation and the di↵erence between
the nominal result and the central value determined from
the pseudo-experiments.

-CP -eigenstates description : we vary the S and C
parameters describing the CP -eigenstates by their statis-
tical uncertainties as obtained from simulation.

-Physical parameters: we repeat the fit setting the
value of �� to 0.02 ps�1. The lifetimes of the B0 and B+

mesons and �md are floated in the fit. Alternatively, we
check the e↵ect of fixing each parameter in turn to the
world average.

In summary, we present a new measurement of the
parameter governing CP violation in B0 B0 oscillations.
With a partial B0 ! D⇤�X`+⌫ reconstruction and K
tagging, we find �CP = (0.29 ± 0.84+1.88

�1.61) ⇥ 10�3, and
ACP = (0.06± 0.17+0.38

�0.32)%. These results are consistent
with, and more precise than, the B-factories results from
dilepton measurements. No deviation is observed from
the SM expectation [3].
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events; (b) `�K� events; (c) `�K+ events; (d) `+K� events.
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Result summary
• Lifetime and mixing rate 

consistent with the world 
average.

• A few per mille reconstruction 
asymmetry.

• Order of a percent kaon tag 
asymmetry.

• Fit to MC reproduces the 
generated value (also checked 
varying the generated value).
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FIG. 1: (color online). M2
⌫ distribution for selected events.

The data are represented by the points with error bars. The
fitted contributions from B0 ! D⇤+`�⌫̄`, other peaking
background, D⇤⇤ events, BB combinatorial background, and
rescaled o↵-peak events are overlaid.

tributions from peaking events, BB combinatorial, and
continuum background. Accounting for mistags and KR

events, the peaking B0 contributions to the same-sign
samples are:

G`+K+(j) = (1 +Ar`)(1 +AK)

{(1� f++
KR

)[(1� !+)GB0B0(j) + !�GB0B0(j)]

+ f++
KR

(1� !0+)GKR(j)(1 + �dA``) },
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where the reconstruction asymmetries have separate val-
ues for the e and µ samples. We allow for di↵erent mistag
probabilities for KT (!±) and KR (!0±). The parame-
ters f±±

KR
(pk) describe the fractions of KR tags in each

sample as a function of the kaon momentum.
A total of 168 parameters are determined in the fit. By

analyzing simulated events as data, we observe that the
fit reproduces the generated values of 1� |q/p| (zero) and
of the other most significant parameters (Ar`, AK , �md,
and ⌧B0). We then produce samples of simulated events
with �CP = ±0.005,±0.010,±0.025 and Ar` or AK in
the range of ±10%, by removing events. A total of 67
di↵erent simulated event samples are used to check for
biases. In each case, the input values are correctly deter-
mined, and an unbiased value of |q/p| is always obtained.

TABLE I: Principal sources of systematic uncertainties.

Source �(�CP )
Peaking Sample Composition +1.50

�1.17 ⇥ 10�3
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FIG. 2: (color online). Distribution of �t for the continuum-
subtracted data (points with error bars) and fitted contribu-
tions from KR (dark) and KT (light), for: (a) `+K+ events;
(b) `�K� events; (c) `�K+ events; (d) `+K� events; (e) raw
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The fit to the data yields�CP = (0.29±0.84+1.88
�1.61)⇥10�3,

where the first uncertainty is statistical and the second
systematic. The values of the detector charge asymme-
tries are Ar,e = (3.0 ± 0.4) ⇥ 10�3, Ar,µ = (3.1 ± 0.5) ⇥
10�3, and AK = (13.7 ± 0.3) ⇥ 10�3. The frequency of
the oscillation �md = 508.5 ± 0.9 ns �1 is consistent
with the world average, while ⌧B0 = 1.553 ± 0.002 ps is
somewhat larger than the world average, which we ac-
count for in the systematic uncertainties. Figure 2 shows
the fit projection for �t.
The systematic uncertainty is computed as the sum in

quadrature of several contributions, described below and
summarized in Table I:
- Peaking Sample Composition: we vary the sample

composition by the statistical uncertainty of the M2
⌫ fit,

�CP = 1�
����
q

p

���� '
1

2
Asl

Fit to Data Fit to MC MC value

Asl (0.6± 1.6)⇥ 10

�3
(0.4± 0.5)⇥ 10

�3
0

Ae⇡s (3.0± 0.4)⇥ 10

�3
(9.7± 0.2)⇥ 10

�3
-

Aµ⇡s (3.1± 0.5)⇥ 10

�3
(8.4± 0.3)⇥ 10

�3
-

AK (13.7± 0.3)⇥ 10

�3
(14.7± 0.1)⇥ 10

�3
-

⌧0B 1.5535± 0.0019 1.5668± 0.0012 1.540

�md 0.5085± 0.0009 0.4826± 0.0006 0.489
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Conclusions

• Consistent with and more 
precise than previous B factories 
average (−0.5±5.6)×10−3.

• Competitive and complementary 
to similar measurements at 
hadron colliders.

• Result consistent with the 
Standard Model, no sign of CP 
violation in Bd mixing.
✦ tension still exists in Bs mixing;  B 

factories are not able to contribute to 
that measurement.
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