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Interested 
in charm?

NOYES

You heard this 
already at 

CHARM 2013

You’ll be 
bored by this 

talk

Take a nap
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Overview

•Mixing & time-dependent searches for indirect CPV

•Time-integrated searches for direct CPV
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Mixing & indirect CPV

•Old news:
•LHCb & CDF measurements of mixing in D0 → K+ π− (WS)
•BABAR & Belle measurements of mixing & CPV in D0 → h+ h−

•New news:
•LHCb measurement of CPV in D0 → h+ h−

•LHCb measurement of mixing & CPV in D0 → K+ π− (WS)
•Belle measurement of mixing & CPV in D0 → KS h+ h−
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Standard mixing formalism

5

Mixing occurs for neutral mesons M0 = K0, D0, B0, Bs0
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General time evolution:
LEPP Journal Club Seminar, 2007-04-06Mat Charles

Mixing formalism
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e.g.

Decompose into mass eigenstates |M1,2〉:
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... and we can invert to get |M 0(t)〉 given m1,2, !1,2, q/p...
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1 Introduction

The study of decays of neutral mesons in the K and B systems has led to discovery of both mixing and CP
violation (CPV ) in those sectors of the Standard Model (SM). Similarly, studies of neutral mesons in the
charm sector have long been thought to be potentially fruitful ways to search for new physics, since Standard
Model predictions for both mixing and CP violation are quite small. Neither mixing nor CP violation has
yet been observed in the charm sector. Observation of D0-D0 mixing might be a sign of new physics beyond
the Standard Model; observation of CP violation involving D0 mesons at any appreciable level definitely
would [4]. Here we give a brief review of neutral meson mixing and CP violation phenomenology; a more
detailed account is given in Appendix A.

1.1 Charm Mixing Phenomenology

Neutral D0 and D0 mesons are produced as flavor eigenstates of the strong interaction. Their time
development is governed by an effective Hamiltonian

i
∂

∂t

(
D0(t)
D0(t)

)
=

(
M− i

2
Γ

)(
D0(t)
D0(t)

)
(1)

with physical, mass eigenstates D1, D2 with masses M1, M2 and widths Γ1, Γ2. These states are linear
combinations of the flavor states

|D1〉 = p|D0〉 + q|D0〉
|D2〉 = p|D0〉 − q|D0〉 (2)

where p, q satisfy the normalization condition |q|2 + |p|2 = 1 and
(

q

p

)2

=
M∗

12 − i
2Γ∗

12

M12 − i
2Γ12

. (3)

In the case of no CP violation, |q/p| = 1 and the mass eigenstates are also CP eigenstates.
The mass eigenstates may also be characterized in terms of differences of their masses ∆M = M1 −M2

and widths ∆Γ = Γ1 − Γ2. It is convenient to formulate two quantities x, y as

x =
∆M

Γ
, y =

∆Γ
2Γ

(4)

where Γ ≡ (Γ1 + Γ2)/2. Mixing might proceed through off-shell intermediate states, such as might be due
to new physics; x is a measure of this amplitude. It might also proceed through on-shell states that are
shared by both D0 and D0, such as K+K− or π+π−; y is a measure of this amplitude.

In this analysis we search for mixing via the decay chain D0 → D0 → K+π− + c.c. Mixing will result
in a “wrong-sign” (WS) decay, as contrasted with unmixed, Cabibbo-favored (CF) “right-sign” decays,
D0 → K−π+ + c.c. However, WS decays are also produced by doubly Cabibbo-suppressed (DCS) direct
decays of the form D0 → K+π−; these must be separated from any potential mixing signal. This is done
by studying the time development of the WS signal. DCS decays will be exponential, while mixed decays
have a more complex signature. DCS decays will have a small rate RD of order tan4 θC ≈ 0.27%. In the
limit of small mixing |x|, |y| & 1 the combined WS rate may be approximated as

TWS(t) = e−Γt

(
RD +

√
RDy′ Γt +

x′2 + y′2

4
(Γt)2

)
(5)

for

For neutral mesons M0 = K0, D0, B0, Bs
0,

|M0〉 and |M0〉 have same conserved quantum 
numbers, so we can have mixing between them. 
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Cartoon of mixing
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2

φf = arg
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q

p

Af

Af

)

!= 0

x =
m1 − m2

Γ

|q/p| = 0.86 +0.18
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arg(q/p) =
(
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rad
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−0.29

+0.06
−0.03 ± 0.08

arg(q/p) =
(

−14 +16
−18

+5
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−4
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◦
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Mixing in charmed mesons
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Charm mixing small compared to other mesons in SM:
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Mixing via box diagram 
(short-range)

Contributes mainly to x

Mixing via hadronic intermediate states 
(long-range)
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Non-perturbative; hard to predict SM contribution.

Currently: |x|≤0.01, |y|≤0.01 – less tiny!

e.g. PRD 69,114021 (Falk, Grossman, Ligeti, Nir & Petrov)
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http://dx.doi.org/10.1103/PhysRevD.69.114021
http://dx.doi.org/10.1103/PhysRevD.69.114021
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CP violation
•3 types of CP violation:
• In decay: amplitudes for a process and its conjugate differ
• In mixing: rate of D0 → D0 and D0 → D0 differ
• In interference between mixing and decay diagrams

8

• In the SM, indirect CP violation in charm is expected to be 
very small and universal between CP eigenstates
•Perhaps O(10−3) for CPV parameters => O(10−5) for observables like AΓ

•Direct CP violation can be larger in SM, very dependent on 
final state (therefore we must search wherever we can)
•Negligible in Cabibbo-favoured modes (SM tree dominates everything)
• In generic singly-Cabibbo-suppressed modes: up to O(10−3) plausible

•Both can be enhanced by NP, in principle up to O(%)

CPV in charm not yet discovered

Bianco, Fabbri, Benson & Bigi, Riv. Nuovo. Cim 26N7 (2003)
Grossman, Kagan & Nir, PRD 75, 036008 (2007)

Bigi, arXiv:0907.2950

Bobrowski, Lenz, Riedl & Rorhwild, JHEP 03 009 (2010)
Bigi, Blanke, Buras & Recksiegel, JHEP 0907 097 (2009)

Direct

Indirect
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Mixing and indirect CPV
•D0 mesons undergo mixing like K0, B0, Bs0

•But unlike the others, D0 mixing is small.
•Mixing parameters x, y order of 10−2

•First seen by BABAR & Belle in 2007

•Now well-established: multiple results exclude no-mixing 
hypothesis by > 5σ

•Smallness of mixing parameters makes CP asymmetries 
doubly small, e.g.

9

2A� = (|q/p|� |p/q|) y cos�� (|q/p|+ |p/q|)x sin�
CP-violating terms < 10−2 in SM

Mixing parameters O(10−2)

Observable asymmetry < 10−4 in SM

(neglecting direct CPV)
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Mixing via CP eigenstates
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A� =
�(D

0 ! K�K+)� �(D0 ! K�K+)

�(D
0 ! K�K+) + �(D0 ! K�K+)

D0 → K− π+: Mixture of CP states

D0 → K− K+: CP-even eigenstate

3

tral mesons [1, 2]: neutral kaons, B0
d, and most recently

B0
s mesons. This process is also possible in the D-meson

system, but has not previously been observed. In this
paper we present evidence for D0–D0 mixing [3].

After the production of a neutral meson in a flavor
eigenstate (D0 or D0), its time evolution is governed by
the masses M1,2 and widths Γ1,2 of the eigenstates of the
Hamiltonian, D1,2. The mixing parameters are defined
as x = (M1 − M2)/Γ and y = (Γ1 − Γ2)/2Γ, where Γ =
(Γ1 + Γ2)/2 is the average width, with x = y = 0 in the
no-mixing case. Within the Standard Model (SM) K-
and B-mixing can be described by box diagrams in which
up-like quarks propagate in the loop; in D-mixing, the
down-like quarks participate. The near degeneracy of the
s and d quark masses and the small value of the b quark
couplings strongly suppress such contributions, leading
to an expectation x ≤ 10−5. The D0 ↔ D0 transition
can also be mediated by intermediate states accessible to
both particles. The resulting D-mixing parameters are
difficult to calculate due to the non-perturbative nature
of QCD; the largest predictions are |x|, |y| ≤ O(10−2).
Loop diagrams including new, yet-unobserved particles
could significantly affect the experimental values. CP -
violating effects in D-mixing would be a clear signal of
new physics, as CP -violation is expected to be very small
in the SM, even for x, y at the percent level [4, 5].

There are several possible ways to observe the effect
of x and y on the decay time distribution of D0 mesons.
Here we measure the difference between the apparent life-
time in decays to the CP -even eigenstates K+K− and
π+π−, and that in decays to the K−π+ final state [6],

yCP =
τ(K−π+)

τ(K+K−)
− 1; (1)

formulae are written in terms of the K+K− mode for
simplicity. This quantity is related to the mixing param-
eters through yCP = y cosφ− 1

2
AMx sin φ [4], where AM

and φ parameterize CP -violation in mixing and in the
interference between mixing and D-meson decays respec-
tively. If CP violation can be neglected, AM = φ = 0
and yCP = y. Several measurements of yCP have been
reported [7]. Although no individual measurement is sta-
tistically significant, the average of these results is about
2 standard deviations above zero [1].

We also search for CP -violation by comparing appar-
ent lifetimes for D0 and D0 decaying to the CP -even final
states,

AΓ =
τ(D0 → K−K+) − τ(D0 → K+K−)

τ(D0 → K−K+) + τ(D0 → K+K−)
; (2)

in terms of the mixing and CP -violation parameters,
AΓ = 1

2
AMy cosφ − x sin φ.

Our results are based on 540 fb−1 of data recorded
by the Belle experiment [8] at the KEKB asymmetric-
energy e+e− collider [9], running at the center-of-mass
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FIG. 1: M distribution of selected events (with |∆q| <
0.80 MeV and σt < 370 fs) for (a) K+K−, (b) K−π+ and
(c) π+π− final states. The histogram shows the tuned MC
distribution. (d) q distribution (with |∆M |/σM < 2.3 and
σt < 370 fs) for the K+K− final state. ∆M and ∆q are
calculated relative to the nominal values for the signal. (e)
Normalized distribution of errors σt on the decay time t for
D0 → K−π+, showing the construction of the resolution func-
tion using the fraction fi in the bin with σt = σi. (f) Fitted
lifetime of D0 mesons in the K−π+ final state in four running
periods with slightly different conditions, and the result of a
fit to a constant. The world average value is also shown.

(CM) energy of the Υ(4S) resonance and 60 MeV below.
To test the method and estimate some systematic uncer-
tainties we used simulated Monte-Carlo (MC) events, in
both generic (including all relevant processes at this en-
ergy) and dedicated signal samples, which include small
run-dependent changes in the experimental data taking
conditions. The details of the analysis procedure were
finalised without consulting quantities sensitive to the
values of yCP and AΓ.

The Belle detector has been described in detail else-
where [8]. We reconstruct D∗+ → D0π+

s decays with
a characteristic slow pion πs, and D0 mesons in the
K+K−, K−π+ and π+π− final states. Each of the final
state tracks was required to have at least two associated
hits in each of the two measuring coordinates of the sili-
con vertex detector, consisting of 3 (4) layers of double-
sided semiconducting detectors for the first 155 fb−1 (last
385 fb−1) of the data [8, 10]. To select pion and kaon can-
didates we imposed standard particle identification cri-
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to an expectation x ≤ 10−5. The D0 ↔ D0 transition
can also be mediated by intermediate states accessible to
both particles. The resulting D-mixing parameters are
difficult to calculate due to the non-perturbative nature
of QCD; the largest predictions are |x|, |y| ≤ O(10−2).
Loop diagrams including new, yet-unobserved particles
could significantly affect the experimental values. CP -
violating effects in D-mixing would be a clear signal of
new physics, as CP -violation is expected to be very small
in the SM, even for x, y at the percent level [4, 5].

There are several possible ways to observe the effect
of x and y on the decay time distribution of D0 mesons.
Here we measure the difference between the apparent life-
time in decays to the CP -even eigenstates K+K− and
π+π−, and that in decays to the K−π+ final state [6],

yCP =
τ(K−π+)

τ(K+K−)
− 1; (1)

formulae are written in terms of the K+K− mode for
simplicity. This quantity is related to the mixing param-
eters through yCP = y cosφ− 1

2
AMx sin φ [4], where AM

and φ parameterize CP -violation in mixing and in the
interference between mixing and D-meson decays respec-
tively. If CP violation can be neglected, AM = φ = 0
and yCP = y. Several measurements of yCP have been
reported [7]. Although no individual measurement is sta-
tistically significant, the average of these results is about
2 standard deviations above zero [1].

We also search for CP -violation by comparing appar-
ent lifetimes for D0 and D0 decaying to the CP -even final
states,

AΓ =
τ(D0 → K−K+) − τ(D0 → K+K−)

τ(D0 → K−K+) + τ(D0 → K+K−)
; (2)

in terms of the mixing and CP -violation parameters,
AΓ = 1

2
AMy cosφ − x sin φ.

Our results are based on 540 fb−1 of data recorded
by the Belle experiment [8] at the KEKB asymmetric-
energy e+e− collider [9], running at the center-of-mass
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FIG. 1: M distribution of selected events (with |∆q| <
0.80 MeV and σt < 370 fs) for (a) K+K−, (b) K−π+ and
(c) π+π− final states. The histogram shows the tuned MC
distribution. (d) q distribution (with |∆M |/σM < 2.3 and
σt < 370 fs) for the K+K− final state. ∆M and ∆q are
calculated relative to the nominal values for the signal. (e)
Normalized distribution of errors σt on the decay time t for
D0 → K−π+, showing the construction of the resolution func-
tion using the fraction fi in the bin with σt = σi. (f) Fitted
lifetime of D0 mesons in the K−π+ final state in four running
periods with slightly different conditions, and the result of a
fit to a constant. The world average value is also shown.

(CM) energy of the Υ(4S) resonance and 60 MeV below.
To test the method and estimate some systematic uncer-
tainties we used simulated Monte-Carlo (MC) events, in
both generic (including all relevant processes at this en-
ergy) and dedicated signal samples, which include small
run-dependent changes in the experimental data taking
conditions. The details of the analysis procedure were
finalised without consulting quantities sensitive to the
values of yCP and AΓ.

The Belle detector has been described in detail else-
where [8]. We reconstruct D∗+ → D0π+

s decays with
a characteristic slow pion πs, and D0 mesons in the
K+K−, K−π+ and π+π− final states. Each of the final
state tracks was required to have at least two associated
hits in each of the two measuring coordinates of the sili-
con vertex detector, consisting of 3 (4) layers of double-
sided semiconducting detectors for the first 155 fb−1 (last
385 fb−1) of the data [8, 10]. To select pion and kaon can-
didates we imposed standard particle identification cri-

yCP related to y and CP parameters by:

    AM≠0: CPV in mixing (asymmetry in RM between D0 and D0)
cosϕ≠1: CPV in interference between mixing and decay

CP observable AΓ defined as:

2A� = (|q/p|� |p/q|) y cos�� (|q/p|+ |p/q|)x sin�
(neglecting direct CPV)
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BABAR & Belle measurements

11

1 Sept 2013Nicola Neri - Searches for CP violation in charm decays at BaBar

Results for yCP and ΔY

19

‣ no mixing hypothesis excluded at 3.3 σ level
‣ no CPV observed 

τD PDG (±1σ region) 
Phys. Rev. D 87, 012004 (2013)468 fb-1
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Results for yCP and ΔY
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‣ no mixing hypothesis excluded at 3.3 σ level
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Phys. Rev. D 87, 012004 (2013)468 fb-1
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Belle time-dependent D0(t)→ K+K-, π+π-  (cont’d) 

(Staric, CHARM 2012) 

yCP = (+1.11 ± 0.22 ± 0.11)%

AΓ = (−0.03 ± 0.20 ± 0.08)%

977 fb-1 preliminary: 

yCP vs. cos �*

  22.93    /    17

yCP=1.06±0.23 %

A� vs. cos �*

  20.92    /    17

A�=-0.03±0.21 %

� vs. cos �*

  15.59    /    17

�= 408.2± 0.6 fs
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arXiv:1212.3478

PRD 87, 012004 (2013)

http://arxiv.org/abs/1212.3478
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http://dx.doi.org/10.1103/PhysRevD.87.012004
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The first selection requires at least one track80

to have a momentum transverse to the beam-81

line of pT > 1.7GeV/c and impact parameter82

�

2 with respect to any reconstructed primary83

interaction vertex of �

2
IP > 16. The �

2
IP is84

defined as the di↵erence in �

2 of a given pri-85

mary interaction vertex reconstructed with and86

without the considered track, and impact pa-87

rameter (IP) is the shortest distance between88

extrapolated trajectory and vertex. This �2
IP89

requirement introduces the largest e↵ect on90

the observed decay-time distribution compared91

to other selection criteria. In the second se-92

lection this track is combined with a second93

track to form a candidate for a D

0 decay into94

two hadrons (charge conjugates are included95

unless stated otherwise). Both tracks must96

have pT > 0.8GeV/c and �

2
IP > 2. The decay97

vertex is required to have a flight distance �

2
98

per degree of freedom above 25 and the D

0 in-99

variant mass, assuming kaons or pions as final100

state particles, has to lie within 50MeV/c2 (or101

within 120MeV/c2 for a trigger whose rate is102

artificially scaled down by a factor 10) around103

1865MeV/c2. The two-body system is required104

to point back to the pp interaction region.105

The subsequent o✏ine selection applies a106

set of criteria thare closely alined to those ap-107

plied at the trigger stage. The final-state par-108

ticles have to match particle identification cri-109

teria to separate kaons from pions according110

to their mass hypothesis and must not be iden-111

tified as a muon using combined information112

from tracking and particle identification sys-113

tems.114

Flavour tagging is performed through the115

measurement of the charge of the pion in the116

decay D

⇤+! D

0
⇡

+. Additional criteria are ap-117

plied on the track quality of the pion from the118

D

⇤+ decay (slow pion) as well as on the vertex119

quality of the D

⇤+. Using a fit constraining120

the slow pion to the pp interaction vertex, the121

invariant mass di↵erence of the D

⇤+ and D

0
122

candidates, �m, is required to be less than123

152MeV/c2.124

About 10% of the selected events have125

more than one candidate passing the selections,126

mostly due to one D

0 candidate being associ-127

ated with several slow pions. One candidate per128

event is selected at random to reduce the back-129

ground from randomly associated slow pions.130

A decay-time range of 0.25 ps to 10 ps is used131

such that there are su�cient amounts of data132

to ensure a stable fit procedure. The selected133

events contain about 3.11⇥ 106 D

0! K

�
K

+
134

and 1.03⇥ 106 D

0! ⇡

�
⇡

+ signal candidates,135

produced directly in the pp collision, with pu-136

rities of 93.6% and 91.2%, respectively (see137

Fig. 1), as measured in a region of two stan-138

dard deviations of the signal peaks in D

0 mass,139

m

D

0 , and �m.140
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0 for the D
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candidates with magnet polarity down for the
earlier run period.

The whole dataset is split into four subsets141

identified by the magnet polarity and two sepa-142

rate data-taking periods to account for known143

di↵erences in the detector alignment and cal-144

ibration. The smallest subset contains about145

2

New LHCb measurement
•New result at CHARM on 2011 data (1fb−1)

•Uses two complementary methods:
•Multidimensional fit to { m(h+h−), Δm, t, ln(IPχ2) } floating AΓ directly
•Divide into bins of t, fit D0/D̅0 ratio in each bin separately

•First method is more sophisticated (uses swimming) and 
ultimately has better precision -- but more moving parts

•Second method simpler

12

A�(K
+K�) = (�0.35± 0.62± 0.12)⇥ 10�3

A�(⇡
+⇡�) = (+0.33± 1.06± 0.14)⇥ 10�3

1fb−1 preliminary

1fb−1 preliminary

No sign of indirect 
CPV in this analysis.

LHCB-PAPER-2013-054-001

https://cds.cern.ch/record/1581311
https://cds.cern.ch/record/1581311
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Mixing via wrong-sign decays

•D0 → K+ π− simplest, but can also use Kππ0, Kπππ, etc
•different strong phases; also coherence term for multi-body final states
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D0

cc̄

�(e+e� ⌅ cc̄) ⇤ 1.3 fb�1

|M(t)⌃ =
1

2p

�
e�i(m1� i

2�1)t(p|M⌃+ q|M⌃) + e�i(m2� i
2�2)t(p|M⌃ � q|M⌃)

⇥

|M(t)⌃ =
1

2q

�
e�i(m1� i

2�1)t(p|M⌃+ q|M⌃)� e�i(m2� i
2�2)t(p|M⌃ � q|M⌃)

⇥

L =
⇤

i pS
i (xi)

⇤
i pS

i (xi) +
⇤

i pB
i (xi)

RK,2317 ⇤ 0.87± 0.40

RD,2317 ⇤ 0.14± 0.07

K+

��

D0

D0 ⇤ D0

D0

cc̄

⇥(e+e� ⇤ cc̄) ⇥ 1.3 fb�1

|M(t)⌅ =
1

2p

�
e�i(m1� i

2�1)t(p|M⌅+ q|M⌅) + e�i(m2� i
2�2)t(p|M⌅ � q|M⌅)
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|M(t)⌅ =
1

2q

�
e�i(m1� i

2�1)t(p|M⌅+ q|M⌅)� e�i(m2� i
2�2)t(p|M⌅ � q|M⌅)

⇥

[Limit of |x| ≪ 1, |y| ≪ 1, and no CPV.] 6

Charm mixing with D0 → Kπ 

• Two-body decays with only tree-level contribution 

• Assuming x, y << 1 and no CPV, we have the time-

dependent WS/RS ratio: δ: strong phase between 

DCS and CF amplitudes 

(WS) 

(RS) 

Ratio of DCS to 

CF decay rates 

Interference of  DCS and 

mixed decays 
Mixing parameters 

Measurements on R
D
, x'2, and y' 

D0 flavor is 
tagged by the 
“soft” pion 
from D* 

NWS (t)

N RS (t )
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Recent LHCb & CDF mixing results
•Divide data into bins of time

•Fit D0/D̅0 ratio in each bin separately

•Beautiful, clean method -- v. robust against systematics

14
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Figure 2: Measured ratio of wrong-sign to right sign D⇤ decays as a function
of normalized proper decay time.

7

ing the �2 in Eqn.4. The results for the mixing parameters are given in Table
1 and the resulting function Rpred

m (t/⌧) is is shown in Fig. 2. The function
R(t/⌧), describing the prompt component, is also shown. The two functions
di↵er at large t/⌧ due to the e↵ect of non-prompt D⇤ production. A fit as-
suming no-mixing is shown and is clearly incompatible with the data. We
quantify this incompatibility using both Bayesian and frequentist methods.

Table 1: Mixing parameter results and comparison with previous measure-
ments. All results use D0 ! K+⇡� decays and fits assuming no CP viola-
tion. The uncertainties include statistical and systematic components. The
significance for excluding the no mixing hypothesis is given in terms of the
equivalent number of Gaussian standard deviations. The correlation coe�-
cients for this result are -0.97 for RD � y0, 0.90 for RD � x02, and -0.98 for
y0 � x02.

Expt. RD(10�3) y0 (10�3) x02 (10�3) � no mixing
CDF (now) 3.51± 0.35 4.3± 4.3 0.08± 0.18 6.1
Belle [11] 3.64 ± 0.17 0.6 +4.0

�3.9 0.18 +0.21
�0.23 2.0

BABAR[2] 3.03 ± 0.19 9.7 ± 5.4 �0.22 ± 0.37 3.9
CDF [4] 3.04 ± 0.55 8.5 ± 7.6 -0.12 ± 0.35 3.8
LHCb [6] 3.52 ± 0.15 7.2 ± 2.4 -0.09 ± 0.13 9.1

We define a likelihood L = exp(��2/2), where �2 is defined in Eqn. 4.
The probability is L/N where the normalization factor N is the integral of L
over the mixing parameter space. We compute Bayesian contours containing
the region with the highest posterior probability. A flat prior is used for the
three mixing parameters, and RD is treated as a nuisance parameter. The
Bayesian contours are shown in Fig. 4. The no-mixing point, y0 = x02 = 0,
lies on the contour corresponding to 6.1 Gaussian standard deviations.

A frequentist test statistic ��2 is formed from the di↵erence in �2 between
a fit with y0 = x02 = 0 and a fit with all three mixing parameters floating. For
the data, ��2 = 58.75� 16.91 = 41.84. A frequentist p-value is obtained by
simulating mass distributions for y0 = x02 = 0 and finding ��2 with respect
to the nominal values, allowing all 3 mixing parameters to float. In 1010
samples, 6 are found with ��2 > 41.8, giving a p-value corresponding to 6.1
�.

11

LHCb: PRL 110, 101802 (2013)
CDF Note 10990

(preliminary)

http://dx.doi.org/10.1103/PhysRevLett.110.101802
http://dx.doi.org/10.1103/PhysRevLett.110.101802
http://www-cdf.fnal.gov/physics/new/bottom/130408.blessed-DMix_9.6fb/public_note_CDF_D_mix.pdf
http://www-cdf.fnal.gov/physics/new/bottom/130408.blessed-DMix_9.6fb/public_note_CDF_D_mix.pdf
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Brand new LHCb result
•New at CHARM: full 2011+2012 prompt D*+ sample (3/fb)

•Adds CPV search (fit D*+, D*− separately)
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for the di↵erence between observed and predicted ratios and also for possible systematic84
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Figure 12: M(D0
⇡

+
s ) distribution of RS (left) and WS (right) TOS candidates from 2011

(top) and 2012 (bottom) data. The solid black histograms in the right plots show the
distribution of candidates that are removed because the corresponding D

0 was consistent
with being associated to a RS candidate with M(D0

⇡

+
s ) within 3 MeV/c2 of the known

D

⇤+ mass.
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No CP violation
RD [10�3] 3.568± 0.058± 0.033
y

0 [10�3] 4.81± 0.85± 0.53
x

02 [10�5] 5.5± 4.2± 2.6
�

2
/ndf 87.45/101

No direct CP violation
RD [10�3] 3.568± 0.058± 0.033
y

0+ [10�3] 4.46± 0.89± 0.57
x

02+ [10�5] 7.7± 4.6± 2.9
y

0� [10�3] 5.17± 0.89± 0.58
x

02� [10�5] 3.2± 4.7± 3.0
�

2
/ndf 86.32/99

Direct and indirect CP violation
RD [10�3] 3.568± 0.058± 0.033
AD [10�2] �1.3± 1.6± 0.9
y

0+ [10�3] 5.1± 1.2± 0.7
x

02+ [10�5] 4.9± 6.0± 3.6
y

0� [10�3] 4.5± 1.2± 0.7
x

02� [10�5] 6.0± 5.8± 3.6
�

2
/ndf 85.87/98

Table 1: Results of the fit to the data for di↵erent hypotheses on the CP symmetry. The
first uncertainty represents statistical contributions, the second uncertainty represents
systematic contributions.

data. Independent analyses of the 2011 and 2012 data yield consistent results, indicating124

no significant bias due to changes in reconstruction software. The ratio between RS D

0
125

to D

0 decay rates is independent of decay time with a 62% p-value for being constant126

and a standard deviation of 0.16%, showing no evidence of correlations between particle127

identification or reconstruction e�ciency and decay time. No anomalies are found by128

repeating the full time-dependent analysis in independent subsets of data selected according129

to D

⇤+ flavor, magnet polarity, number of primary vertices, and hardware trigger class, as130

detector alignments and acceptances change with magnet polarity as functions of particle131

charge, and trigger e�ciencies depend on hardware trigger requirements.132

Three fits are performed to the data shown in Fig. 2. One fit allows direct and indirect133

CP violation; another fit allows only indirect CP violation by constraining R±
D to a common134

value; and a final CP -conserving fit constrains all mixing parameters be the same in the135

D

0 and D

0 samples. Fit results and their projections are shown in Table 1 and Fig. 2,136

respectively. Figure 3 shows central values and confidence regions in the (x02
, y

0) plane.137

For each fit, 104 WS-to-RS ratio data points are used, corresponding to 13 ranges of decay138

time, distinguishing D

⇤+ from D

⇤� decays, TOS from TOS decays, and 2011 data from139

2012 data. The consistency of the data with the hypothesis of CP symmetry is determined140
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Figure 3: Two-dimensional confidence regions in the (x02
, y

0) plane as obtained without any
restriction on CP violation (left), assuming no direct CP violation (center) and assuming
CP conservation (right). The dotted (solid) curves in the left and central panels indicate
the contours of the mixing parameters associated with D

⇤� (D⇤+) decays.

from the change in fit �2 between the fit with no CP violation and a fit with CP violation141

allowed, taking into account the di↵erence in degrees of freedom. The resulting p-value142

for the no direct (any) CP violation case is 57% (66%), showing that data are compatible143

with the hypothesis of CP conservation.144

Direct CP violation is parametrized by the asymmetry measured in the first fit AD ⌘145

(R+
D �R

�
D)/(R

+
D +R

�
D) = (�1.3 ± 1.9)%. The magnitude of the ratio |q/p| between146

eigenvalues of the flavor eigenstates in the mass basis is determined from the fit results147

using the relations x0± = |q/p|±1(x0 cos�± y

0 sin�) and y

0± = |q/p|±1(y0 cos�⌥ x

0 sin�),148

where � = arg(q/p) is a CP -violating phase. A likelihood for |q/p| is constructed using these149

relations and confidence intervals are derived with a likelihood-ratio ordering assuming that150

the parameter correlations are independent of the true values of the mixing parameters.151

The magnitude of |q/p| is determined to be 0.75 < |q/p| < 1.24 at the 68.3% confidence152

level (C.L.) and 0.67 < |q/p| < 1.52 at the 95.5% C.L. When direct CP violation is153

constrained to be zero, as expected in the limit of the suppressed amplitude being CP -154

invariant, the ratios are determined to be 0.99 < |q/p| < 1.38 at the 68.3% C.L. and155

0.82 < |q/p| < 1.53 at the 95.5% C.L.156

The fit uncertainties incorporate both statistical and systematic contributions. The157

statistical uncertainty is determined in a separate fit and used to calculate the systematic158

contribution by subtraction in quadrature. All reported results, p-values and the contours159

shown in Fig. 3, are based on the full uncertainties.160

In summary, we study D

0 � D

0 oscillations using D

⇤+ ! D

0(! K

+
⇡

�)⇡+ decays161

collected by the LHCb experiment during LHC Run I operations. Assuming CP conser-162

vation, the observed mixing parameters are consistent with and 2.5 times more precise163

than results based on a subset of the data [6]. The results supersede those reported in164

Ref. [6]. An analysis of D0 and D

0 decays separately shows no evidence for CP violation165

6

LHCb-PAPER-2013-053 (preliminary)

No sign of indirect 
CPV in this analysis.

https://cds.cern.ch/record/1581312
https://cds.cern.ch/record/1581312
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New HFAG averages

16

  A. J. Schwartz         CP Asymmetry Measurements from Belle       CHARM 2013 Workshop     23 

HFAG global fit: 2-d likelihood functions 
www.slac.stanford.edu/xorg/hfag/charm/index.html 

CPV-allowed plot, no mixing (x,y) = (0,0) point:   Δ χ 2 > 300 
No CPV (|q/p|, φ) = (1,0) point:   Δ χ 2 = 1.479,   CL = 0.48 , consistent with no CPV  

Alan Schwartz, CHARM 2013
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Before & after CHARM
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  A. J. Schwartz         CP Asymmetry Measurements from Belle       CHARM 2013 Workshop     23 

HFAG global fit: 2-d likelihood functions 
www.slac.stanford.edu/xorg/hfag/charm/index.html 

CPV-allowed plot, no mixing (x,y) = (0,0) point:   Δ χ 2 > 300 
No CPV (|q/p|, φ) = (1,0) point:   Δ χ 2 = 1.479,   CL = 0.48 , consistent with no CPV  

Results 

Silvia Borghi - University of Manchester Charm 2013 31 

No CPV (|q/p|, ϕ) = (1,0) point 
Consistent with CP conservation 

New 

 HFAG-charm 
CHARM 2013

Same scale for both plots.
New LHCb results greatly shrink allowed region.

Last week Now
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Time-dependent Dalitz plot

•For KSππ, many paths open -- and they interfere:
•CF decay to flavour-specific final state (e.g. K*− π+)
•DCS decay to flavour-specific final state (e.g. K*+ π−)
•Mixing + CF decay to flavour-specific final state (e.g. K*+ π−)
•Decay to CP eigenstate (e.g. KS ρ0)

•Amplitude analysis gives relative phases, so can get x, y 
directly (not just x’, y’)

18

KS
 π+ π−

DCS

MIX CF

D0

cc̄

�(e+e� ⌅ cc̄) ⇤ 1.3 fb�1

|M(t)⌃ =
1

2p

�
e�i(m1� i
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⇥
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2q
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i (xi)

RK,2317 ⇤ 0.87± 0.40
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CF

Introduction D0 ! KShh measurements New result in KS⇡+⇡�
at Belle Summary backup

Dalitz model and plot

Dalitz plot and proper-time fit

�

2
/ndf = 1.207(ndf = 14264� 42)

D0 lifetime:
⌧ = 410.3± 0.4fs
(⌧

PDG

= 410.1± 1.5fs)

Longke LI (USTC) KShh measuremets September 3, 2013 16 / 20

  A. J. Schwartz         CP Asymmetry Measurements from Belle       CHARM 2013 Workshop     8 

Belle time-dependent D0(t)→ K+K-, π+π-  (cont’d) 

(Staric, CHARM 2012) 

yCP = (+1.11 ± 0.22 ± 0.11)%

AΓ = (−0.03 ± 0.20 ± 0.08)%

977 fb-1 preliminary: 

yCP vs. cos �*

  22.93    /    17

yCP=1.06±0.23 %

A� vs. cos �*

  20.92    /    17

A�=-0.03±0.21 %

� vs. cos �*

  15.59    /    17

�= 408.2± 0.6 fs
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Note: as resolution function depends on D0 CMS angle (θ*), fit is performed in bins 
of cos θ*    

(world’s most 
precise to-date) 

921 fb−1 
preliminary
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Brand new Belle result
•New at CHARM: time-dependent amplitude analysis
•P-, D-wave contributions modeled as BWs (isobar-style)
•ππ S-wave modeled with K-matrix
•Kπ S-wave modeled with LASS parameterization

19

Introduction D0 ! KShh measurements New result in KS⇡+⇡�
at Belle Summary backup

Final result

Fit results(Belle preliminary):

Fit case Parameter Fit new result Belle 2007

No CPV
x(%) 0.56± 0.19+0.03+0.06

�0.09�0.09 0.80± 0.29+0.09+0.10
�0.07�0.14

y(%) 0.30± 0.15+0.04+0.03
�0.05�0.06 0.33± 0.24+0.08+0.06

�0.12�0.08

No dCPV
|q/p| 0.90+0.16+0.05+0.06

�0.15�0.04�0.05 0.86+0.30+0.06
�0.29�0.03 ± 0.08

arg q/p(o) �6± 11+3+3
�3�4 �14+16+5+2

�18�3�4

No dCPV)no direct CP-violation: A
f

= A
f

when f = f̄

2.5� from no-mixing point in (x,y) plane.

No hint for indirect CPV.

Longke LI (USTC) KShh measuremets September 3, 2013 18 / 20

stat, sys, model errors

921 fb−1 preliminary
Not yet included in HFAG average

No sign of indirect CPV in this analysis.
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Another path
•Belle result uses an amplitude model

•Alternative: model-independent approach taking CLEO 
measurements of strong phase differences as input.

•Promising, especially:
• ... for medium-term at LHCb
• ... if more precise measurements from BES-III and, later, charm factory

20

Jonas Rademacker (Bristol, LHCb)                    Measuring CP violation in 3- and 4-body decays                    CHARM 2013, Manchester

Model-independent mixing and CPV

• Charm mixing in bins across Dalitz plot. 
Rates are:

Ki = rates w/o mixing

• Ci and Si are the averaged cos(Δδ) and 
sin(Δδ) in each bin. 
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CLEO-c Phys. Rev. D 80, 032002 
(2009)

δD=0ºδD=180º

D0 !D0 pairs produced in CLEO-c. A Monte Carlo study
indicates that reaching an accuracy of 2! would require an
unrealistically large sample of 5" 106 reconstructed
B# ! ~D0K# decays which corresponds to a 5000 ab#1

sample at a B-factory [10].
Though the original idea of Giri et al. was to divide the

Dalitz plot into square bins [2], Bondar et al. noted [10]
that increased sensitivity is obtained if the bins are chosen
to minimize the variation in "!D over each bin. Thus, we
divide the Dalitz phase space into N bins of "!D, as
predicted by the BABAR isobar model [6], each of equal
size in "!D. In the half of the Dalitz plot m2ðK0

S"
þÞ<

m2ðK0
S"

#Þ, the i-th bin is defined by the condition

2"ði# 3=2Þ=N < "!Dðx; yÞ< 2"ði# 1=2Þ=N : (6)

The #i-th bin is defined symmetrically in the lower
portion of the Dalitz plot. Such a binning with N ¼ 8 is
shown in Fig. 1. One might suspect that because we are
using a model to determine our bins, we are not free of
model dependence. In fact any binning is correct in that it
will give a correct, unbiased answer for #=$3, at the cost of
larger uncertainties compared to an optimal binning with
respect to "!D.

We now describe how CLEO-c data can be used to
determine ci and si. The event yields in the i-th bin of
both flavor-tagged and CP-tagged ~D0 ! K0

S"
þ"# Dalitz

plot are required. Because the c ð3770Þ has C ¼ #1, the
CP of the ~D0 ! K0

S"
þ"# decay can be determined by

reconstructing the companion ~D0 in a CP eigenstate. With
a CP-tagged ~D0 ! K0

S"
þ"# decay, the amplitude is given

by

fCP(ðx; yÞ ¼
1ffiffiffi
2

p ½fDðx; yÞ ( fDðy; xÞ*; (7)

for CP-even and CP-odd states of a ~D0 ! K0
S"

þ"# de-
cay. Since the event rate is proportional to the square of this
amplitude, the number of events in the i-th bin of a
CP-tagged Dalitz plot is then

M(
i ¼ hCP(ðKi ( 2ci

ffiffiffiffiffiffiffiffiffiffiffiffiffi
KiK#i

p
þ K#iÞ; (8)

where hCP( ¼ S(=2Sf is a normalization factor that de-
pends on the number Sf of single flavor-tagged signal
decays, and the number S( of single CP-tagged signal
decays. Thus, access to ci is enabled by measuring the
number of eventsM(

i in aCP-taggedK0
S"

þ"# Dalitz plot,
and the number of events Ki in a flavor-tagged K0

S"
þ"#

Dalitz plot.
Unfortunately, as evident from Eq. (4), the sign of "!D

is undetermined in each of the i bins. However, sensitivity
to both ci and si can be obtained by analyzing D0 !
K0

S"
þ"# vs !D0 ! K0

S"
þ"# data. The amplitude for

c ð3770Þ decays to two K0
S"

þ"# decays is as follows:

fðx; y; x0; y0Þ ¼ fDðx; yÞfDðy0; x0Þ # fDðx0; y0ÞfDðy; xÞffiffiffi
2

p :

(9)

The primed and unprimed Dalitz-plot coordinates corre-
spond to the Dalitz-plot variables of the two ~D0 !
K0

S"
þ"# decays and the minus sign is due to the

c ð3770Þ initial state with C ¼ #1. Defining Mij as the
event rate in the i-th bin of the first and the j-th bin of the
second ~D0 ! K0

S"
þ"# Dalitz plots, respectively, we have

Mij ¼ hcorrðKiK#j þ K#iKj # 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KiK#jK#iKj

q

" ðcicj þ sisjÞÞ: (10)

Here, hcorr ¼ ND !D=2S
2
f, whereND !D is the number ofD0 !D0

pairs, and as before Sf is the number of flavor-tagged
signal decays. Equation (10) then relates the product
(cicj þ sisj) to the measured yields of events in the
flavor-tagged ~D0 ! K0

S"
þ"# Dalitz plot (Ki;j’s) and the

yields in the D0 ! K0
S"

þ"# vs !D0 ! K0
S"

þ"# (Mij’s)
Dalitz plots. The sensitivity to this product leads to a four-
fold ambiguity: change of sign of all ci or all si. In
combination with the CP-tagged analysis though, where
the sign of ci is determined, this reduces to a two-fold
ambiguity. One of the two solutions can be chosen based
on a weak model assumption [6].
The decay D0 ! K0

L"
þ"#, due to its close relationship

withD0 ! K0
S"

þ"#, can be used to further improve the ci
and si determination. Since the K0

S and K0
L mesons are of

opposite CP, and we assume the convention that AðD0 !
K0

S"
þ"#Þ ¼ Að !D0 ! K0

S"
#"þÞ; it then follows that

FIG. 1 (color online). Phase binning of the D0 ! !K0
S"

þ"#

Dalitz plot.

FIRST MODEL-INDEPENDENT DETERMINATION OF THE . . . PHYSICAL REVIEW D 80, 032002 (2009)

032002-3

Dalitz-plot fit results. The constraint on c and c0 can be
removed with little impact on the result. The constraint on
s and s0 can be relaxed to a factor of 4, but cannot be
removed entirely, otherwise, the fit does not converge. To
assess our sensitivity to this constraint we consider the
following: (1) we relax the constraint by a factor of 2,
i.e. increase the errors by a factor of 2 and refit the data; and
(2) we fix!ci and!si and refit the data (see Table III). The
maximum difference for each ðci; siÞ and ðc0i; s0iÞ between
these fits and the nominal fit is interpreted as the systematic
uncertainty. An alternate assessment of this systematic
uncertainty is the difference in quadrature of the errors
reported for the ‘‘fixed’’ and ‘‘constrained’’ fits reported in
Table III. The quadrature average of these two methods is
reported as the third error on ðci; siÞ and ðc0i; s0iÞ in Table IX
and X.

The systematic uncertainties on ci and c0i tend to be
smaller than the corresponding systematic uncertainty on
si and s0i. There are two contributing factors: (1) the fact
that the CP-tagged vs K0

S=L!
þ!$ samples can determine

the ci and c0i, however, these samples provide no con-
straints on si and s0i; and (2) the decay modes with one
Dalitz plot (CP-tagged vs K0

S=L!
þ!$) have smaller sys-

tematic uncertainty than those with two (K0
S!

þ!$ vs
K0

S=L!
þ!$).

VI. CROSS-CHECK FOR MODEL PREDICTIONS

UsingCP-taggedK0
S=L!

þ!$ samples, we can get ci and

c0i without any correlations, so the differences between ci
and c0i provide a good test of our predictions on the differ-

ences discussed in Sec. II. The comparison between mea-
sured !ci ¼ c0i $ ci and the BABAR model predictions is
shown in Fig. 8. We find good agreement between the data
and the results obtained using the BABAR model, modified
to account for the difference between D0 ! K0

S!
þ!$ and

D0 ! K0
L!

þ!$.

VII. FINAL RESULTS AND IMPACT ON !="3

MEASUREMENT

Our final results for ci, si, c
0
i, and s

0
i are shown in Fig. 9,

Tables IX and X, respectively. The statistical uncertainties
dominate for ci and si. The systematic uncertainty due to
!ci and !si which relate the strong phase difference of
D0 ! K0

S!
þ!$ and D0 ! K0

L!
þ!$ is comparable to all

other contributions to the total systematic uncertainty.
To see the impact of our results on the "=#3 measure-

ment, we generate toy Monte Carlo B& ! ~D0K& samples
with "=#3 ¼ 60', $B ¼ 130', and rB ¼ 0:1. The B& !
~D0K& sample is large enough so that the statistical uncer-
tainty associated with B decays is negligible. We assume
the reconstruction efficiency is 100% and that no back-
ground is present. We fit for "=#3, $B, and rB 10 000 times
by sampling ci and si according to their uncertainties and
correlations. We consider the full statistical correlation
matrix with (1) uncorrelated, (2) ci and si with fully
correlated, and (3) ci and si with fully anticorrelated
systematic uncertainties. For (1), we find the width of the
resulting "=#3 distribution, shown in Fig. 10, is 1.66

'. For
(2) and (3), the width of the resulting "=#3 distribution is

FIG. 8 (color online). Comparison of !ci ¼ c0i $ ci between
CP-tagged K0

S=L!
þ!$ CLEO-c data (circles) and predictions

from the BABAR model (squares).

FIG. 9 (color online). Comparison of ci and si from the
nominal fit to CLEO-c data (circles with error bars) presented
in Table IX and predictions from the BABAR model (stars)
presented in Table I.

R. A. BRIERE et al. PHYSICAL REVIEW D 80, 032002 (2009)

032002-14

• Measured by CLEO-c 
using its quantum-
correlated D-Dbar pairs 
(intended originally for γ, 
and in fact used in that 
way by BaBar & LHCb)

Bondar, Poluektov, Vorobiev, 
PRD 82 (2010) 034033

(CPV omitted in this equation, can be included easily)

e

��t
⇣
Ki +

p
KiK�i (yDCi + xDSi)�t+ . . .

⌘

Jonas Rademacker (Bristol, LHCb)                    Measuring CP violation in 3- and 4-body decays                    CHARM 2013, Manchester

Model-independent mixing and CPV

• Charm mixing in bins across Dalitz plot. 
Rates are:

Ki = rates w/o mixing

• Ci and Si are the averaged cos(Δδ) and 
sin(Δδ) in each bin. 
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CLEO-c Phys. Rev. D 80, 032002 
(2009)

δD=0ºδD=180º

D0 !D0 pairs produced in CLEO-c. A Monte Carlo study
indicates that reaching an accuracy of 2! would require an
unrealistically large sample of 5" 106 reconstructed
B# ! ~D0K# decays which corresponds to a 5000 ab#1

sample at a B-factory [10].
Though the original idea of Giri et al. was to divide the

Dalitz plot into square bins [2], Bondar et al. noted [10]
that increased sensitivity is obtained if the bins are chosen
to minimize the variation in "!D over each bin. Thus, we
divide the Dalitz phase space into N bins of "!D, as
predicted by the BABAR isobar model [6], each of equal
size in "!D. In the half of the Dalitz plot m2ðK0

S"
þÞ<

m2ðK0
S"

#Þ, the i-th bin is defined by the condition

2"ði# 3=2Þ=N < "!Dðx; yÞ< 2"ði# 1=2Þ=N : (6)

The #i-th bin is defined symmetrically in the lower
portion of the Dalitz plot. Such a binning with N ¼ 8 is
shown in Fig. 1. One might suspect that because we are
using a model to determine our bins, we are not free of
model dependence. In fact any binning is correct in that it
will give a correct, unbiased answer for #=$3, at the cost of
larger uncertainties compared to an optimal binning with
respect to "!D.

We now describe how CLEO-c data can be used to
determine ci and si. The event yields in the i-th bin of
both flavor-tagged and CP-tagged ~D0 ! K0

S"
þ"# Dalitz

plot are required. Because the c ð3770Þ has C ¼ #1, the
CP of the ~D0 ! K0

S"
þ"# decay can be determined by

reconstructing the companion ~D0 in a CP eigenstate. With
a CP-tagged ~D0 ! K0

S"
þ"# decay, the amplitude is given

by

fCP(ðx; yÞ ¼
1ffiffiffi
2

p ½fDðx; yÞ ( fDðy; xÞ*; (7)

for CP-even and CP-odd states of a ~D0 ! K0
S"

þ"# de-
cay. Since the event rate is proportional to the square of this
amplitude, the number of events in the i-th bin of a
CP-tagged Dalitz plot is then

M(
i ¼ hCP(ðKi ( 2ci

ffiffiffiffiffiffiffiffiffiffiffiffiffi
KiK#i

p
þ K#iÞ; (8)

where hCP( ¼ S(=2Sf is a normalization factor that de-
pends on the number Sf of single flavor-tagged signal
decays, and the number S( of single CP-tagged signal
decays. Thus, access to ci is enabled by measuring the
number of eventsM(

i in aCP-taggedK0
S"

þ"# Dalitz plot,
and the number of events Ki in a flavor-tagged K0

S"
þ"#

Dalitz plot.
Unfortunately, as evident from Eq. (4), the sign of "!D

is undetermined in each of the i bins. However, sensitivity
to both ci and si can be obtained by analyzing D0 !
K0

S"
þ"# vs !D0 ! K0

S"
þ"# data. The amplitude for

c ð3770Þ decays to two K0
S"

þ"# decays is as follows:

fðx; y; x0; y0Þ ¼ fDðx; yÞfDðy0; x0Þ # fDðx0; y0ÞfDðy; xÞffiffiffi
2

p :

(9)

The primed and unprimed Dalitz-plot coordinates corre-
spond to the Dalitz-plot variables of the two ~D0 !
K0

S"
þ"# decays and the minus sign is due to the

c ð3770Þ initial state with C ¼ #1. Defining Mij as the
event rate in the i-th bin of the first and the j-th bin of the
second ~D0 ! K0

S"
þ"# Dalitz plots, respectively, we have

Mij ¼ hcorrðKiK#j þ K#iKj # 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KiK#jK#iKj

q

" ðcicj þ sisjÞÞ: (10)

Here, hcorr ¼ ND !D=2S
2
f, whereND !D is the number ofD0 !D0

pairs, and as before Sf is the number of flavor-tagged
signal decays. Equation (10) then relates the product
(cicj þ sisj) to the measured yields of events in the
flavor-tagged ~D0 ! K0

S"
þ"# Dalitz plot (Ki;j’s) and the

yields in the D0 ! K0
S"

þ"# vs !D0 ! K0
S"

þ"# (Mij’s)
Dalitz plots. The sensitivity to this product leads to a four-
fold ambiguity: change of sign of all ci or all si. In
combination with the CP-tagged analysis though, where
the sign of ci is determined, this reduces to a two-fold
ambiguity. One of the two solutions can be chosen based
on a weak model assumption [6].
The decay D0 ! K0

L"
þ"#, due to its close relationship

withD0 ! K0
S"

þ"#, can be used to further improve the ci
and si determination. Since the K0

S and K0
L mesons are of

opposite CP, and we assume the convention that AðD0 !
K0

S"
þ"#Þ ¼ Að !D0 ! K0

S"
#"þÞ; it then follows that

FIG. 1 (color online). Phase binning of the D0 ! !K0
S"

þ"#

Dalitz plot.
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Dalitz-plot fit results. The constraint on c and c0 can be
removed with little impact on the result. The constraint on
s and s0 can be relaxed to a factor of 4, but cannot be
removed entirely, otherwise, the fit does not converge. To
assess our sensitivity to this constraint we consider the
following: (1) we relax the constraint by a factor of 2,
i.e. increase the errors by a factor of 2 and refit the data; and
(2) we fix!ci and!si and refit the data (see Table III). The
maximum difference for each ðci; siÞ and ðc0i; s0iÞ between
these fits and the nominal fit is interpreted as the systematic
uncertainty. An alternate assessment of this systematic
uncertainty is the difference in quadrature of the errors
reported for the ‘‘fixed’’ and ‘‘constrained’’ fits reported in
Table III. The quadrature average of these two methods is
reported as the third error on ðci; siÞ and ðc0i; s0iÞ in Table IX
and X.

The systematic uncertainties on ci and c0i tend to be
smaller than the corresponding systematic uncertainty on
si and s0i. There are two contributing factors: (1) the fact
that the CP-tagged vs K0

S=L!
þ!$ samples can determine

the ci and c0i, however, these samples provide no con-
straints on si and s0i; and (2) the decay modes with one
Dalitz plot (CP-tagged vs K0

S=L!
þ!$) have smaller sys-

tematic uncertainty than those with two (K0
S!

þ!$ vs
K0

S=L!
þ!$).

VI. CROSS-CHECK FOR MODEL PREDICTIONS

UsingCP-taggedK0
S=L!

þ!$ samples, we can get ci and

c0i without any correlations, so the differences between ci
and c0i provide a good test of our predictions on the differ-

ences discussed in Sec. II. The comparison between mea-
sured !ci ¼ c0i $ ci and the BABAR model predictions is
shown in Fig. 8. We find good agreement between the data
and the results obtained using the BABAR model, modified
to account for the difference between D0 ! K0

S!
þ!$ and

D0 ! K0
L!

þ!$.

VII. FINAL RESULTS AND IMPACT ON !="3

MEASUREMENT

Our final results for ci, si, c
0
i, and s

0
i are shown in Fig. 9,

Tables IX and X, respectively. The statistical uncertainties
dominate for ci and si. The systematic uncertainty due to
!ci and !si which relate the strong phase difference of
D0 ! K0

S!
þ!$ and D0 ! K0

L!
þ!$ is comparable to all

other contributions to the total systematic uncertainty.
To see the impact of our results on the "=#3 measure-

ment, we generate toy Monte Carlo B& ! ~D0K& samples
with "=#3 ¼ 60', $B ¼ 130', and rB ¼ 0:1. The B& !
~D0K& sample is large enough so that the statistical uncer-
tainty associated with B decays is negligible. We assume
the reconstruction efficiency is 100% and that no back-
ground is present. We fit for "=#3, $B, and rB 10 000 times
by sampling ci and si according to their uncertainties and
correlations. We consider the full statistical correlation
matrix with (1) uncorrelated, (2) ci and si with fully
correlated, and (3) ci and si with fully anticorrelated
systematic uncertainties. For (1), we find the width of the
resulting "=#3 distribution, shown in Fig. 10, is 1.66

'. For
(2) and (3), the width of the resulting "=#3 distribution is

FIG. 8 (color online). Comparison of !ci ¼ c0i $ ci between
CP-tagged K0

S=L!
þ!$ CLEO-c data (circles) and predictions

from the BABAR model (squares).

FIG. 9 (color online). Comparison of ci and si from the
nominal fit to CLEO-c data (circles with error bars) presented
in Table IX and predictions from the BABAR model (stars)
presented in Table I.

R. A. BRIERE et al. PHYSICAL REVIEW D 80, 032002 (2009)

032002-14

• Measured by CLEO-c 
using its quantum-
correlated D-Dbar pairs 
(intended originally for γ, 
and in fact used in that 
way by BaBar & LHCb)

Bondar, Poluektov, Vorobiev, 
PRD 82 (2010) 034033

(CPV omitted in this equation, can be included easily)

e

��t
⇣
Ki +

p
KiK�i (yDCi + xDSi)�t+ . . .

⌘

ci

CLEO-c: PRD 80, 032002 (2009)

http://dx.doi.org/10.1103/PhysRevD.80.032002
http://dx.doi.org/10.1103/PhysRevD.80.032002
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Direct CPV

•Cocktail of new & recent results:
•BABAR: D(s)+ → KS h+

•Belle: D+ → KS K+

•LHCb: Ds+ → KS π+ & D+ → ϕ π+

•BABAR: D+ → K− K+ π+

•LHCb: D0 → K− K+ π− π+, π− π+ π− π+

•ΔACP

21



!

D(s)+ → KS h+

•Caution: some CPV expected from the kaon system.
•This has to be subtracted out.
• For BABAR & Belle, see full effect: (0.332 ± 0.006)%
•At LHCb, KS lifetime acceptance => reduced by factor 10

22

D± ! K0
SK

± D±
s ! K0

SK
± D±

s ! K0
S⇡

±

1 Sept 2013Nicola Neri - Searches for CP violation in charm decays at BaBar

Search for CP violation in D(s)
+→KSK+ and Ds

+→KSπ+ 

Signal
Charm bkg
Combinatorial bkg

Signal events 159400±800 Signal events 288200±1100 Signal events 14330±310

Fit to invariant mass distributions:
‣Signal = 2 or 1 Gaussian functions
‣Charm background  = 1D non-parametric PDF from Monte Carlo
‣Combinatorial background = 2nd or 1st order polynomial function

SCS CF SCS

469 fb-1

Phys. Rev. D 87, 052012 (2013)

11

In the SM we expect an ACP asymmetry of (±0.332±0.006)%  from CPV in               mixingK0 �K
0

BABAR
PRD 87, 052012 (2013)
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Figure 2: Invariant mass distribution of selected (a) D

+ ! �⇡

+, (b) D

� ! �⇡

�, (c)
D

+ ! K

0
S⇡

+ and (d) D

� ! K

0
S⇡

� candidates. The data are represented by symbols
with error bars. The red dashed curves indicate the signal lineshapes, the green solid
lines represent the combinatorial background shape, and the green dotted lines represent
background from mis-reconstructed D

+
s

! �⇡

+
⇡

0 decays in (a) and (b), and D

+
s

!
K

0
S⇡

+
⇡

0 or D+
s

! K

0
SK

+ decays in (c) and (d). The blue solid lines show the sum of all
fit components.

4 Determination of the yields and asymmetries

For the measurement of A
CP

, the signal yields are measured in 12 bins of transverse
momentum pT and pseudorapidity ⌘, using binned likelihood fits to the distributions of
the invariant masses m, where m is either m

�⇡

+ or m
K

0
S⇡

+ . The values of A
CP

in each bin
are calculated and a weighted average over the bins is performed to obtain the final result.
This procedure is adopted because the distributions of the two decays in pT and ⌘ di↵er
slightly, as shown in Fig. 4, and the D

± production asymmetry may also vary over this
range [11]. The pT � ⌘ binning therefore reduces a potential source of systematic bias.

6

LHCb
JHEP 1306, 112 (2013)
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Figure 3: Left four plots show reconstructed signal distributions described in the text
and right two plots show preliminary results of ACP as a function of the polar angle
of D∗+ momentum at the c.m.s.

where the former shows the best sensitivity to date. From the two measurements, we
obtain ∆Ahh

CP = (−0.87 ± 0.41 ± 0.06)% which shows 2.1σ deviations from zero and
supports recent LHCb [10] and CDF [11] measurements. By combining LHCb, CDF,
and Belle results, the average of ∆Ahh

CP becomes (−0.74 ± 0.15)%.
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Figure 4: Left two plots show M(K0
SK+) and M(K0

SK−) distributions, respectively,
and right plot shows preliminary result of ACP as a function of the polar angle of D+

momentum at the c.m.s.

The D+ decaying to the final state K0
SK+ proceeds from D+ → K

0
K+ decay

which is SCS, where direct CPV is predicted to occur [8]. The decay D+ → K
0
K+

shares the same decay diagrams with D0 → K+K− by exchanging the spectator
quarks, d ↔ u. Therefore, neglecting the helicity and color suppressed contributions
in D+ → K

0
K+ and D0 → K+K− decays, the direct CPV in the two decays is

expected to be effectively the same. Thus, as a complementary test of the current
∆Ahh

CP measurement, the precise measurement of ACP in D+ → K
0
K+ helps to pin

down the origin of ∆Ahh
CP [12]. Figure 4 shows invariant masses of D± → K0

SK±

4

Belle
JHEP 1302, 098 (2013)

PRL 109, 021601 (2012) + erratum

http://dx.doi.org/10.1103/PhysRevD.87.052012
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http://dx.doi.org/10.1007/JHEP02(2013)098
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http://dx.doi.org/10.1103/PhysRevLett.109.021601
http://dx.doi.org/10.1103/PhysRevLett.109.119903
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!

D(s)+ → KS h+

23

D+ ! KSK+ D+
s ! KS⇡+

BABAR (+0.46± 0.36± 0.25)% (+0.3± 2.0± 0.3)%
Belle (+0.08± 0.28± 0.14)% (+5.45± 2.50± 0.33)%
LHCb (+0.61± 0.83± 0.14)%

D+ ! KS⇡+ D+
s ! KSK+

BABAR (+0.28± 0.23± 0.24)%
Belle (�0.024± 0.094± 0.067)% (+0.12± 0.36± 0.22)%

D+ ! KSK+ D+
s ! KS⇡+

BABAR (+0.46± 0.36± 0.25)% (+0.3± 2.0± 0.3)%
Belle (+0.08± 0.28± 0.14)% (+5.45± 2.50± 0.33)%
LHCb (+0.61± 0.83± 0.14)%

D+ ! KS⇡+ D+
s ! KSK+

BABAR (+0.28± 0.23± 0.24)%
Belle (�0.024± 0.094± 0.067)% (+0.12± 0.36± 0.22)%

SCS

CF

No sign of direct CPV in these analyses.
PRD 87, 052012 (2013)
JHEP 06, 112 (2013)
JHEP 1302, 098 (2013)
PRL 109, 021601 (2012)



!1 Sept 2013Nicola Neri - Searches for CP violation in charm decays at BaBar

Search for CPV in the Dalitz plot

 D+ signal yield 228K events, 92% purity 
 Search for CPV using 5 different approaches

1)phase space integrated CP asymmetry ACP

2)ACP in 4 different regions of Dalitz plot (A, B, C, D)
3)comparison of the binned D+ and D- Dalitz plots
4)comparison of Legendre polynomial moment 

distributions for K+K- and K-π+ systems
5)comparison of parameterized fits to Dalitz plot 

distributions (model-dependent)

7

476 fb-1 Phys. Rev. D 87, 052010 (2013)

D+ → K− K+ π+

•Multi-body decay -- many ways to test for CPV

•Very thorough analysis by BABAR did pretty much all 
of them:
•Phase-space integrated ACP

•ACP in big regions of the Dalitz plot
•Compare distribution with 2D bins
•Compare distribution with Legendre

polynomial moments
•Compare distribution with

model-dependent amplitude fit

•No sign of direct CPV in this analysis.

24

PRD 87, 052010 (2013)

BABAR

http://dx.doi.org/10.1103/PhysRevD.87.052010
http://dx.doi.org/10.1103/PhysRevD.87.052010


!

D+ → K− K+ π+

•LHCb studied the Dalitz plot a little while ago with 35/pb.

•Recent result with 1/fb -- but only around the phi:

25
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Figure 5: Invariant mass distribution of selected D

±
(s) ! ⇡

⌥
⇡

±
⇡

± decays. The data are
represented by symbols with error bars. The red dashed peaks indicate the signal decays,
the green solid lines represent the combinatorial background shape, and the green dotted
lines represent backgrounds from mis-reconstructed D

+
s

! ⇡

�
⇡

+
⇡

+
⇡

0 decays. The blue
solid line shows the sum of all fit components.

assumed to be a statistical fluctuation and no additional uncertainty is assigned.
Many additional cross-checks and comparisons of the data samples are performed.

The raw asymmetries are consistent with those observed in the measurements of the D

+

and D

+
s

production asymmetries [11, 12]. The di↵erent triggers used in the analysis give
statistically compatible results. A study of the values of A

CP

in individual bins gives no
indication of any dependence on pT and ⌘. The regions A�D used in the calculation of
A

CP

|
S

have fully compatible asymmetries.

6 Results and conclusion

Searches for CP violation in the � region of the D

+ ! K

�
K

+
⇡

+ Dalitz plot and in the
D

+
s

! K

0
S⇡

+ decay mode are performed. The results are

A

CP

(D+ ! �⇡

+) = (�0.04± 0.14± 0.14)%,

A

CP

|
S

(D+ ! �⇡

+) = (�0.18± 0.17± 0.18)%,

A

CP

(D+
s

! K

0
S⇡

+) = (+0.61± 0.83± 0.14)%,

consistent with existing measurements. The first and third measurements assume negligible
CP violation e↵ects in the D

+ ! K

0
S⇡

+ and D

+
s

! �⇡

+ control channels, respectively.
The A

CP

|
S

observable is shown to increase the sensitivity of the analysis to certain types
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Figure 2: Invariant mass distribution of selected (a) D

+ ! �⇡

+, (b) D

� ! �⇡

�, (c)
D

+ ! K

0
S⇡

+ and (d) D

� ! K

0
S⇡

� candidates. The data are represented by symbols
with error bars. The red dashed curves indicate the signal lineshapes, the green solid
lines represent the combinatorial background shape, and the green dotted lines represent
background from mis-reconstructed D

+
s

! �⇡

+
⇡

0 decays in (a) and (b), and D

+
s

!
K

0
S⇡

+
⇡

0 or D+
s

! K

0
SK

+ decays in (c) and (d). The blue solid lines show the sum of all
fit components.

4 Determination of the yields and asymmetries

For the measurement of A
CP

, the signal yields are measured in 12 bins of transverse
momentum pT and pseudorapidity ⌘, using binned likelihood fits to the distributions of
the invariant masses m, where m is either m

�⇡

+ or m
K

0
S⇡

+ . The values of A
CP

in each bin
are calculated and a weighted average over the bins is performed to obtain the final result.
This procedure is adopted because the distributions of the two decays in pT and ⌘ di↵er
slightly, as shown in Fig. 4, and the D

± production asymmetry may also vary over this
range [11]. The pT � ⌘ binning therefore reduces a potential source of systematic bias.
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Figure 1: Variation of the overall phase of the D

+ decay amplitude in the � mass
region of the Dalitz plot, from a simulation study based on the CLEO-c amplitude
model in which the phase is defined relative to that of the K

⇤(892)0 resonance [14]. To
calculate A

CP

|
S

, the region is divided into rectangular zones as shown, corresponding to
1.00 < m(K�

K

+) < 1.02GeV/c2 and 1.02 < m(K�
K

+) < 1.04GeV/c2 along the y-axis,
and to m

2(K�
⇡

+) < 1.48GeV2
/c

4 and m

2(K�
⇡

+) > 1.48GeV2
/c

4 along the x-axis.

and of any asymmetry associated with the detection of the pion [12]. In the proximity
of the � meson mass of 1019.46 ± 0.02MeV/c2 [7] in the D

+ ! K

�
K

+
⇡

+ Dalitz plot,
the kaons have almost identical momentum distributions. Therefore the kaon interaction
asymmetry cancels between theK+ andK

� meson daughters of the � resonance. Hence the
search is restricted to decays with K

+
K

� invariant masses in the range 1.00 < m

K

�
K

+
<

1.04GeV/c2.
A concurrent measurement of the CP asymmetry in the D

+
s

! K

0
S⇡

+ decay, approxi-
mated as

A

CP

(D+
s

! K

0
S⇡

+) = Araw(D
+
s

! K

0
S⇡

+)� Araw(D
+
s

! �⇡

+) + A

CP

(K0
/K

0), (3)

is performed using the D+
s

! �⇡

+ decay as a control channel. This decay is also Cabibbo-
suppressed, with similar contributions from loop amplitudes as the D

+ ! �⇡

+ decay, but
the number of signal candidates is substantially lower. This is partly due to the lower
D

+
s

production cross-section [13] and partly because only K

0
S mesons with decay times of

less than 40 ps are used in this analysis. In Eq. (3), the e↵ect of the CPV in the neutral
kaon system has a sign opposite to that in Eq. (1) relative to the raw asymmetry in the
D

+
(s) ! K

0
S⇡

+ decay because the D

+
s

decays predominantly to a K

0 meson while the D

+

decays to a K

0.
Within the Standard Model, CPV in singly Cabibbo-suppressed charm decays with

contributing tree and penguin amplitudes is expected to be [15]

A

CP

⇡
����Im

✓
V

ub

V

⇤
cb

V

us

V

⇤
cs

◆����R sin �
S

, (4)

2

No sign of direct CPV in this analysis.

Table 1: Expected mean values of A
CP

and A

CP

|
S

for di↵erent types of CP violation
introduced into the simulated Dalitz plots, together with the significance with which a
signal could be observed given estimated overall uncertainties in A

CP

and A

CP

|
S

of 0.2%.

Type of CPV Mean A

CP

(%) Mean A

CP

|
S

(%)
3� in � phase �0.01 (0.1�) �1.02 (5.1�)
0.8% in � amplitude �0.50 (2.5�) �0.02 (0.1�)
4� in K

⇤
0(1430)

0 phase 0.52 (2.6�) �0.89 (4.5�)
4� in K

⇤
0(800) phase 0.70 (3.5�) 0.10 (0.5�)

where R is a number of order one that depends on hadronic matrix elements, �
S

is the
strong phase di↵erence between tree and penguin amplitudes, and V

ij

are elements of
the CKM matrix. In the region of the � resonance in the D

+ ! K

�
K

+
⇡

+ Dalitz plot,
several other amplitudes contribute to the overall matrix element and interfere with
the � meson [9, 14]. A recent amplitude analysis of this decay mode from the CLEO-c
collaboration [14] yields a matrix element with a relative strong phase that varies rapidly
across the � region, as shown in Fig. 1. The isobar amplitude model favoured by CLEO-c
(fit ‘B’ in Ref. [14]) contains major contributions from the �, K⇤(892)0, K⇤

0(1430)
0 and

K

⇤
0 (800) resonances. The phase is measured relative to that of the K

⇤(892)0 meson. The
variation in phase means that it is possible that a constant CP -violating asymmetry could
be cancelled out when the di↵erent regions of the � resonance are combined to calculate
A

CP

. Hence we define a complementary observable called A

CP

|
S

. The area around the �

resonance in the Dalitz plot is split into four rectangular regions A�D defined clockwise
from the top-left as shown in Fig. 1. The division is chosen to minimise the change in
phase within each region. A di↵erence between the two diagonals, each made of two
regions with similar phases, is calculated as

A

CP

|
S

=
1

2

�
A

A

raw + A

C

raw � A

B

raw � A

D

raw

�
. (5)

This observable is not a↵ected by the D

± production asymmetry and is robust against
systematic biases from the detector.

To test the hypothesis that A
CP

|
S

can sometimes be more sensitive to CP violation
than A

CP

, a study is performed using simulated pseudo-experiments in which plausible
types of CPV are introduced into the CLEO-c amplitude model [14]. The matrix elements
for D

+ and D

� decays are separately modified in a number of ways, as specified in
Table 1, and events are generated from the resulting probability density functions. In
each simulated sample, approximately the same number of events as in the dataset are
produced, and the values of A

CP

and A

CP

|
S

are compared. The e↵ects of background
and of the reconstruction and signal selection e�ciency variation across the � region are
negligible.

The level of CPV in the pseudo-experiments is chosen to give an expected result with
significance of around three Gaussian standard deviations in at least one observable. For

3

Phys. Rev. D 84, 112008 (2011)

JHEP 1306, 112 (2013)

http://dx.doi.org/10.1103/PhysRevD.84.112008
http://dx.doi.org/10.1103/PhysRevD.84.112008
http://dx.doi.org/10.1007/JHEP06(2013)112
http://dx.doi.org/10.1007/JHEP06(2013)112
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D0 → h− h+ h− h+

•New LHCb analysis with 1/fb, looking for distribution 
asymmetry with model-independent (binned) method.
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Figure 1: Distributions of (a,c,e) m(hhhh) and (b,d,f) �m for (a,b) D0! K�K+⇡�⇡+, (c,d)
D0! ⇡�⇡+⇡+⇡�, and (e,f) D0! K�⇡+⇡+⇡� candidates for magnet up polarity. Projections
of the two-dimensional fits are overlaid, showing the contributions for signal, combinatorial
background, and random soft pion background. The contributions from D0! K�⇡+⇡�⇡+⇡0

and D+
s

! K�K+⇡�⇡+⇡+ contamination are also shown for the D0! K�K+⇡�⇡+ sample.
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Figure 4: Distributions of S
CP

for (a) a typical pseudo-experiment with generated
D0! ⇡�⇡+⇡+⇡� decays without CPV and for (b) a typical pseudo-experiment with a gen-
erated 10� phase di↵erence between D0 ! a1(1260)+⇡� and D0 ! a1(1260)�⇡+ resonant decays.
The points show the data distribution and the solid line is a reference Gaussian distribution
corresponding to the no CPV hypothesis. The corresponding p-values under the hypothesis of
no asymmetry for (a) decays without CPV and (b) decays with a 10� phase di↵erence between
D0 ! a1(1260)+⇡� and D0 ! a1(1260)�⇡+ resonant components are 85.6% and 1.1 ⇥ 10�16,
respectively.

Table 1: The �2/ndf and p-values under the hypothesis of no CPV for the control channel
D0! K�⇡+⇡+⇡�. The p-values are calculated separately for data samples taken with magnet
up polarity, magnet down polarity, and the two polarities combined.

p-value (%) (�2/ndf) p-value (%) (�2/ndf) p-value (%) (�2/ndf)
Bins Magnet down Magnet up Combined sample
16 80.8 (10.2/15) 21.2 (19.1/15) 34.8 (16.5/15)
128 62.0 (121.5/127) 75.9 (115.5/127) 80.0 (113.4/127)
1024 27.5 (1049.6/1023) 9.9 (1081.6/1023) 22.1 (1057.5/1023)

Table 2: The �2/ndf and p-values under the hypothesis of no CPV with three di↵erent partitions
for D0! K�K+⇡�⇡+ decays and D0! ⇡�⇡+⇡+⇡� decays. The p-values are calculated for
a combined data sample with both data taken with magnet up polarity and data taken with
magnet down polarity.

D0! K�K+⇡�⇡+

Bins p-value (%) �2/ndf
16 9.1 22.7/15
32 9.1 42.0/31
64 13.1 75.7/63

D0! ⇡�⇡+⇡+⇡�

Bins p-value (%) �2/ndf
64 28.8 68.8/63
128 41.0 130.0/127
256 61.7 247.7/255

9No sign of direct CPV in this analysis.

With four-body final state, 5D phase space.

LHCb-PAPER-2013-041; arXiv:1308.3189

https://cds.cern.ch/record/1577360
https://cds.cern.ch/record/1577360
http://arxiv.org/abs/1308.3189
http://arxiv.org/abs/1308.3189
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ΔACP

•Main news this year comes from LHCb:
•Update of 0.6/fb D*+-tagged analysis to 1.0/fb (with substantial reprocessing)
•New 1.0/fb muon-tagged analysis

•New central value much closer to zero.

27

See HFAG site for full list of references.

Year Expt ACP (⇡+⇡�) ACP (K+K�) �ACP

2008 BABAR (386 fb�1) �0.24± 0.52± 0.22% +0.00± 0.34± 0.13% +0.24± 0.62± 0.??%
2008 Belle (540 fb�1) +0.43± 0.52± 0.12% �0.43± 0.30± 0.11% �0.86± 0.61± 0.??%
2012 LHCb prompt (0.04 fb�1) �0.28± 0.70± 0.25%
2012 CDF (5.9 fb�1) +0.22± 0.24± 0.11% �0.24± 0.22± 0.09% �0.46± 0.33± 0.??%
2012 LHCb prompt (0.6 fb�1) �0.82± 0.21± 0.11%
2012 CDF (9.7 fb�1) �0.62± 0.21± 0.10%
2012 Belle (1.0 ab�1) +0.55± 0.36± 0.09% �0.32± 0.21± 0.09% �0.87± 0.43± 0.06%
2013 LHCb prompt (1.0 fb�1) �0.34± 0.15± 0.10%
2013 LHCb SL (1.0 fb�1) +0.49± 0.30± 0.14%

http://www.slac.stanford.edu/xorg/hfag/charm/
http://www.slac.stanford.edu/xorg/hfag/charm/
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K+ K− π+ π−

2.24M 0.69M

https://cds.cern.ch/record/1521995
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LHCb 1fb−1 D*+-tagged

29

Bottom line:

Numerous robustness checks are made, including monitoring the value of �A

CP

as a
function of the time at which the data was taken (Fig. 8), performing the measurement
with more restrictive particle identification requirements, using a di↵erent D⇤+ selection,
and measuring �A

CP

on a large sample of simulated events to verify that the procedure
is unbiased. Systematic uncertainties are assigned by loosening the fiducial requirement
on the soft pion; testing for potential background contributions from mis-reconstructed
D

⇤+ decays that peak in �m but not m(D0) by fitting to the m(K�
K

+) and m(⇡�
⇡

+)
spectra; by evaluating the asymmetry using sideband subtraction instead of a fit; with all
candidates but one (chosen at random) removed in events with multiple candidates; by
comparing with the result obtained with no kinematic reweighting procedure applied; and
by excluding events in which the soft pion has a large impact parameter �2 (IP

�

2) with
respect to the primary vertex. The latter can occur due to multiple scattering, and the
exclusion point for the systematic uncertainty, IP

�

2
> 15, is chosen based on the variation

of �A

CP

with the soft pion IP
�

2 shown in Fig. 9.
Each uncertainty is taken as the full di↵erence in the result from the baseline value.

These uncertainties are listed in Table 3. The sum in quadrature is 0.10%.

Table 3: Systematic uncertainties on �A

CP

.

Source Uncertainty
Fiducial cut 0.02%

Peaking background 0.04%
Fit model 0.03%

Multiple candidates 0.01%
Reweighting 0.01%
Soft pion IP

�

2 0.08%
Total 0.10%

6 Di↵erences from the previous result

The central value is considerably closer to zero than the previous result [10]. Several
factors, discussed below, contribute to the change in the result, including the larger data
sample analysed, changes in the detector calibrations and reconstruction software, and
di↵erences in the analysis techniques (the most important of which are that the previous
analysis used kinematic binning instead of reweighting, and did not require that the D

0

and the ⇡

s

candidates are constrained to originate from the measured primary vertex).
In the previous result, signal yields of 1.44⇥ 106 K

�
K

+ events and 0.38⇥ 106 ⇡

�
⇡

+

events were used. Approximately 15% of the K

�
K

+ and 14% of the ⇡

�
⇡

+ events were
no longer selected after reprocessing the data with a new detector calibration and re-
construction software. For the ⇠ 85% of events that were selected in both old and new
processings �A

CP

—evaluated using the method of the previous analysis—is found to be

9

�ACP = �0.34± 0.15± 0.10%
Preliminary

LHCb-CONF-2013-003

https://cds.cern.ch/record/1521995
https://cds.cern.ch/record/1521995
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30LHCb: Phys. Lett. B723 (2013) 33

K+ K− (559k) π+ π− (222k)

http://dx.doi.org/10.1016/j.physletb.2013.04.061
http://dx.doi.org/10.1016/j.physletb.2013.04.061
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LHCb 1fb−1 muon-tagged
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�ACP = +0.49± 0.30± 0.14%

LHCb: Phys. Lett. B723 (2013) 33

Bottom line:

Table 3: Contributions to the systematic uncertainty of �A
CP

.

Absolute
Source of uncertainty uncertainty
Production asymmetry:
Di↵erence in b-hadron mixture 0.02%
Di↵erence in B decay time acceptance 0.02%

Production and detection asymmetry:
Di↵erent weighting 0.05%

Background from real D0 mesons:
Mistag asymmetry 0.02%

Background from fake D0 mesons:
D

0 mass fit model 0.05%
Low-lifetime background in D

0! ⇡

�
⇡

+ 0.11%
⇤

+
c

background in D

0! K

�
K

+ 0.03%
Quadratic sum 0.14%
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Figure 5: Raw asymmetries and �A
CP

as a function of (a) pT and (b) ⌘ of the D0 meson. No
weighting is applied.

dependence of the detection asymmetry the data taking period is divided into six parts of
roughly equal integrated luminosity. The six parts are separated by periods without beam
and changes in the magnet polarity. No significant variation of the raw asymmetries is
observed.

9 Conclusion

The di↵erence in CP asymmetries between the D

0! K

�
K

+ and D

0! ⇡

�
⇡

+ modes is
measured using D

0 mesons produced in semileptonic B decays and is found to be

�A

CP

= (0.49± 0.30 (stat)± 0.14 (syst))% .

13

http://dx.doi.org/10.1016/j.physletb.2013.04.061
http://dx.doi.org/10.1016/j.physletb.2013.04.061
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  A. J. Schwartz         CP Asymmetry Measurements from Belle       CHARM 2013 Workshop     11 

Fit for Direct CP Violation  (HFAG): 

No CPV (0,0) point:   Δ χ 2 = 7.8,   
 CL=0.020 (2.0σ) 

AΓ ≡
τ(D 0 →f) − τ(D0 →f)

τ(D 0 →f) + τ (D0 →f)
≈ −aind

CP

ACP (f) ≡
Γ(D0 →f) − Γ(D 0 →f)

Γ(D0 →f) + Γ(D 0 →f)

∆ACP ≡ ACP (K+K−) − ACP (π+π−) =



1 + y cos φ
〈t〉
τ



 ∆adir
CP +




∆〈t〉

τ



 aind
CP

ind
CPa
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di
r

C
P

a
Δ

-0.02
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0.015

0.02
 BaBarCPAΔ
 Belle prel.CPAΔ
 CDFCPAΔ
 LHCb prompt prel.CPAΔ
 LHCb semil.CPAΔ

 LHCb 2010ΓA
 BaBarΓA
 Belle prel.ΓA
 LHCb KK prel.ΓA

 prel.ππ LHCb ΓA

 HFAG-charm 
CHARM 2013

aind
CP = (0.015 ± 0.052)%

∆adir
CP = (−0.333 ± 0.120)%

(from Marco Gersabeck) 

HFAG combination

32Compatible with no CPV at 2.0% CL

aindCP = +0.015± 0.052%

adirCP = �0.333± 0.120%
No evidence for direct 
CPV in these analyses.
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Summary

•Lots of new developments -- especially at LHCb...
•new indirect CPV results bring its statistical muscle to bear
•plethora of direct CPV searches

• ... but also nice results still coming in from e+ e− machines.

•After ΔACP excitement, data depressingly consistent with SM

•But: most LHCb analyses haven’t yet used full 3/fb

• ... and before long we’ll have new data:
•Post-LS1 run for LHCb (and, later, upgrade)
•Belle-II
•Data still coming in from BES-III
• Encouraging noises on tau-charm factory

33
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Hmm...

34
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LHCb 1fb−1 results

•Two analyses on the full 1fb−1 2011 dataset:
•One D*+-tagged, extending previous 0.6 fb−1 analysis
•One using B̅ → D0 μ− ν̄ [X], entirely new

•The two analyses are essentially independent:
•Almost no overlap in data samples, so statistically independent
•Tagging method and associated systematics entirely different
•Blinded and analyzed separately.

•Will first discuss D*+-tagged analysis (main focus on 
what changed since previous), then muon-tagged.

35
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LHCb 1fb−1 D*+-tagged
•What’s new?
•Reprocessing of dataset (from scratch) with improved alignment, 

calibration, software.
•Not done specifically for this analysis -- part of long-planned data processing strategy

•Added 0.4 fb−1 of data
•Replace kinematic binning with weighting à la CDF
•Added constraint requiring tagging slow pion to originate at PV.

37
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LHCb 1fb−1 D*+-tagged
•What’s new?
•Reprocessing of dataset (from scratch) with improved alignment, 

calibration, software.
•Not done specifically for this analysis -- part of long-planned data processing strategy

•Added 0.4 fb−1 of data
•Replace kinematic binning with weighting à la CDF
•Added constraint requiring tagging slow pion to originate at PV.

38

This has a big effect, especially on the RICH hadron ID.
• About 15% of previous signal lost for both KK and ππ
• About 17%, 34% new signal gained for KK, ππ
• ... and of course quite a lot of churn in the background.

Differences compatible with statistical fluctuations, and the 
subsample that’s common to both processings has almost 
identical values for ΔACP in each.

−0.82 ± 0.21%  →  −0.55 ± 0.21% Preliminary
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LHCb 1fb−1 D*+-tagged
•What’s new?
•Reprocessing of dataset (from scratch) with improved alignment, 

calibration, software.
•Not done specifically for this analysis -- part of long-planned data processing strategy

•Added 0.4 fb−1 of data
•Replace kinematic binning with weighting à la CDF
•Added constraint requiring tagging slow pion to originate at PV.
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In the new 0.4 fb−1 alone: ΔACP = −0.28 ± 0.26%

−0.55 ± 0.21%  →  −0.45 ± 0.16% Preliminary
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LHCb 1fb−1 D*+-tagged
•What’s new?
•Reprocessing of dataset (from scratch) with improved alignment, 

calibration, software.
•Not done specifically for this analysis -- part of long-planned data processing strategy

•Added 0.4 fb−1 of data
•Replace kinematic binning with weighting à la CDF
•Added constraint requiring tagging slow pion to originate at PV.
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Both methods valid, but weighting allows us to do reduce the 
number of fits by a large factor.
Change in method turns out to make almost no difference to 
the value for ΔACP.

−0.45 ± 0.16%  →  −0.45 ± 0.17% Preliminary
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LHCb 1fb−1 D*+-tagged
•What’s new?
•Reprocessing of dataset (from scratch) with improved alignment, 

calibration, software.
•Not done specifically for this analysis -- part of long-planned data processing strategy

•Added 0.4 fb−1 of data
•Replace kinematic binning with weighting à la CDF
•Added constraint requiring tagging slow pion to originate at PV.

41

Statistical precision improves due to better S/B. Expected 
movement in central value 0.05% from statistics, so this is about 
a 2σ effect.

−0.45 ± 0.17%  →  −0.34 ± 0.15% Preliminary
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LHCb 1fb−1 D*+-tagged
•What’s new?
•Reprocessing of dataset (from scratch) with improved alignment, 

calibration, software.
•Not done specifically for this analysis -- part of long-planned data processing strategy

•Added 0.4 fb−1 of data
•Replace kinematic binning with weighting à la CDF
•Added constraint requiring tagging slow pion to originate at PV.

42

Overall:
Several changes, each moving the central value 
consistent with statistics and by at most 2σ... but 
all pushing in the same direction. Consistent with 
original result being a fluctuation and now seeing 
regression towards a smaller (zero?) value.
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LHCb 1fb−1 D*+-tagged
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Bottom line:

Numerous robustness checks are made, including monitoring the value of �A

CP

as a
function of the time at which the data was taken (Fig. 8), performing the measurement
with more restrictive particle identification requirements, using a di↵erent D⇤+ selection,
and measuring �A

CP

on a large sample of simulated events to verify that the procedure
is unbiased. Systematic uncertainties are assigned by loosening the fiducial requirement
on the soft pion; testing for potential background contributions from mis-reconstructed
D

⇤+ decays that peak in �m but not m(D0) by fitting to the m(K�
K

+) and m(⇡�
⇡

+)
spectra; by evaluating the asymmetry using sideband subtraction instead of a fit; with all
candidates but one (chosen at random) removed in events with multiple candidates; by
comparing with the result obtained with no kinematic reweighting procedure applied; and
by excluding events in which the soft pion has a large impact parameter �2 (IP

�

2) with
respect to the primary vertex. The latter can occur due to multiple scattering, and the
exclusion point for the systematic uncertainty, IP

�

2
> 15, is chosen based on the variation

of �A

CP

with the soft pion IP
�

2 shown in Fig. 9.
Each uncertainty is taken as the full di↵erence in the result from the baseline value.

These uncertainties are listed in Table 3. The sum in quadrature is 0.10%.

Table 3: Systematic uncertainties on �A

CP

.

Source Uncertainty
Fiducial cut 0.02%

Peaking background 0.04%
Fit model 0.03%

Multiple candidates 0.01%
Reweighting 0.01%
Soft pion IP

�

2 0.08%
Total 0.10%

6 Di↵erences from the previous result

The central value is considerably closer to zero than the previous result [10]. Several
factors, discussed below, contribute to the change in the result, including the larger data
sample analysed, changes in the detector calibrations and reconstruction software, and
di↵erences in the analysis techniques (the most important of which are that the previous
analysis used kinematic binning instead of reweighting, and did not require that the D

0

and the ⇡

s

candidates are constrained to originate from the measured primary vertex).
In the previous result, signal yields of 1.44⇥ 106 K

�
K

+ events and 0.38⇥ 106 ⇡

�
⇡

+

events were used. Approximately 15% of the K

�
K

+ and 14% of the ⇡

�
⇡

+ events were
no longer selected after reprocessing the data with a new detector calibration and re-
construction software. For the ⇠ 85% of events that were selected in both old and new
processings �A

CP

—evaluated using the method of the previous analysis—is found to be

9

�ACP = �0.34± 0.15± 0.10%

LHCb-CONF-2013-003

Preliminary
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LHCb 1fb−1 muon-tagged
•Same general idea as past D*+-tagged analyses, but instead 

look for charm from semileptonic B decays:

•Much smaller production rate (σbb/̄σcc ̄~ 1/20) but partly 
balanced by higher trigger efficiency
•displaced high-pt muon, secondary D0 on avg higher in pt than prompt

44

8/54 New results on CP violation in the charm sector, Jeroen van Tilburg 

A tale of two measurements 

CERN-LHC seminar, 12 March 2013 

Pion-tagged analysis 
(prompt D*± decays) 

Muon-tagged analysis 
(semileptonic B decays) 

B 
D0 

µ− 

Neutrino and other 
not-reconstructed 
particles 

K+ 

K− 
D*+ D0 

K+ 

K− 

π+
 

pp collision pp collision 

•  Update of previous measurement 
•  Tag: (slow) pion from D* decay. 
•  Full D* reconstruction 
•  Production asymmetry from D* 
•  Detection asymmetry from pion 

•  New measurement 
•  Tag: muon from B decay. 
•  B partially reconstructed 
•  Production asymmetry from b-hadron* 

•  Detection asymmetry from muon 

Complementary measurements *) Contains also effects from 
semileptonic B asymmetry 

LHCb: Phys. Lett. B723 (2013) 33

http://dx.doi.org/10.1016/j.physletb.2013.04.061
http://dx.doi.org/10.1016/j.physletb.2013.04.061


!

LHCb 1fb−1 muon-tagged

•Analysis principles the same, but a few differences:
•Fit mass of D0 candidates
•Correct for mis-tag rate, using CF mode as control.

•Mistag rate is small and precisely known: (0.982 ± 0.012)%
•Helpfully, most sources of confusion/background give the correct tag.
•Note that this cancels in ΔACP

•Weight based on different kinematic variables (no D*+)
• Some nice features of muon tag -- triggering is simpler, kinematics of 

tag track are friendlier
•Different backgrounds -- mostly from misreconstructed B decays

45LHCb: Phys. Lett. B723 (2013) 33

http://dx.doi.org/10.1016/j.physletb.2013.04.061
http://dx.doi.org/10.1016/j.physletb.2013.04.061


!

1850 1900

)2 c
(1

.1
 M

eV
/

 / 
C

an
di

da
te

s

2000

4000

6000

8000

Data
Total
Signal
Comb. bkg.

LHCb       (a)Magnet up

]2c [MeV/)+K−M(K
1850 1900

-5
0
5

1800 1850 1900

)2 c
(1

.4
5 

M
eV

/
 / 

C
an

di
da

te
s

1000

2000

3000
Data
Total
Signal
Comb. bkg.

+π- K→0D

LHCb       (b)Magnet up

]2c [MeV/)+π−πM(
1800 1850 1900

-5
0
5

1850 1900

)2 c
(1

.1
 M

eV
/

 / 
C

an
di

da
te

s 5000

10000
Data
Total
Signal
Comb. bkg.

LHCb       (c)Magnet down

]2c [MeV/)+K−M(K
1850 1900

-5
0
5

1800 1850 1900

)2 c
(1

.4
5 

M
eV

/
 / 

C
an

di
da

te
s 2000

4000 Data
Total
Signal
Comb. bkg.

+π- K→0D

LHCb       (d)Magnet down

]2c [MeV/)+π−πM(
1800 1850 1900

-5
0
5

LHCb 1fb−1 muon-tagged

46LHCb: Phys. Lett. B723 (2013) 33

K+ K− (559k) π+ π− (222k)

http://dx.doi.org/10.1016/j.physletb.2013.04.061
http://dx.doi.org/10.1016/j.physletb.2013.04.061
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LHCb 1fb−1 muon-tagged
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�ACP = +0.49± 0.30± 0.14%

LHCb: Phys. Lett. B723 (2013) 33

Bottom line:

Table 3: Contributions to the systematic uncertainty of �A
CP

.

Absolute
Source of uncertainty uncertainty
Production asymmetry:
Di↵erence in b-hadron mixture 0.02%
Di↵erence in B decay time acceptance 0.02%

Production and detection asymmetry:
Di↵erent weighting 0.05%

Background from real D0 mesons:
Mistag asymmetry 0.02%

Background from fake D0 mesons:
D

0 mass fit model 0.05%
Low-lifetime background in D

0! ⇡

�
⇡

+ 0.11%
⇤

+
c

background in D

0! K

�
K

+ 0.03%
Quadratic sum 0.14%
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Figure 5: Raw asymmetries and �A
CP

as a function of (a) pT and (b) ⌘ of the D0 meson. No
weighting is applied.

dependence of the detection asymmetry the data taking period is divided into six parts of
roughly equal integrated luminosity. The six parts are separated by periods without beam
and changes in the magnet polarity. No significant variation of the raw asymmetries is
observed.

9 Conclusion

The di↵erence in CP asymmetries between the D

0! K

�
K

+ and D

0! ⇡

�
⇡

+ modes is
measured using D

0 mesons produced in semileptonic B decays and is found to be

�A

CP

= (0.49± 0.30 (stat)± 0.14 (syst))% .

13

http://dx.doi.org/10.1016/j.physletb.2013.04.061
http://dx.doi.org/10.1016/j.physletb.2013.04.061
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LHCb 1fb−1 combined

•Naive LHCb combination (assuming negligible indirect CPV):

•The results are 2.2σ apart (compatible at 3% level)

48

D⇤+
-tagged �0.34± 0.15± 0.10%

Muon-tagged +0.49± 0.30± 0.14%
Combination �0.15± 0.16%

(preliminary)

(preliminary)


