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OUTLINE

‣ Introduction

‣ The LHCb detector

‣ Measurement of AΓ from prompt and semileptonic decays

‣ Mixing measurement and search for CP violation in 
decays

‣ Conclusion
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CHARM MIXING

‣ Mass eigenstates          with mass         and width 
→ mixing occurs if                                  or
       

‣           are linear combination of flavour states        and  

with              satisfying 

‣ Mixing parameters                   and 
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CP VIOLATION

‣ CP violation searches in charm provide probe for new physics

‣ In SM, CPV expected to be small → enhancement hints at NP 

‣ CPV in decay:                                                           

‣ CPV in mixing:  

‣ CPV in interference through  

‣ No strong evidence for CPV in charm1.
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THE LHCb DETECTOR

Forward spectrometer with acceptance 2 < η < 5

5
Schematic taken from The LHCb detector at the LHC, The LHCb collaboration, J. Instrum. 3 S08005 (2008)

→ η=2
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PROMPT AND SEMILEPTONIC
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AΓ
‣ Asymmetry of the inverse effective lifetimes of      and 

decays to CP-even final states, e.g.           or 

        expected below sensitivity           with 

‣ Effective lifetimes are lifetimes measured using a single-
exponential model

‣ SM: CP-violating phase ϕ independent of final state
→ Expect same results for AΓ measured with kaons and pions  
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PROMPT AΓ
‣ Measurement of                    and                  on 2011 

dataset (1 fb-1 at √s(pp) = 7 TeV)

‣       flavour determined by      charge from                        
decay produced directly in pp collisions (prompt)

‣                       : Yield ~3.1M signal candidates, purity ~93% 

‣                    : Yield ~1.0M signal candidates, purity ~91%
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PROMPT AΓ
‣ Fit to decay time and 

to extract effective lifetimes

‣ Dominant systematic 
uncertainty from
per-candidate acceptance 
functions (data-driven)

‣ Results

‣    

‣
9
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SEMILEPTONIC AΓ
‣ Measurement of                    and                  on combined 

2011 & 2012 dataset (3 fb-1 at √s(pp) = 7 TeV, 8 TeV)

‣       flavour determined by      charge from semileptonic B 
decay 

‣                       : 
Yield ~2.3M signal candidates 

‣                    : 
Yield ~0.8M signal
candidates
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ū ū

c
B� b

D0

µ�
⌫̄µ

JHEP 04 (2015) 043 New at Charm 2015



Stefanie Reichert, The University of Manchester CHARM 2015

0 1000 2000 3000 4000 5000

 [%
]

ra
w

CPA

-5

0

5

10

15 Data
Linear fit

 bandσ 1±

LHCb
+π−π→0D

 [fs]t
0 1000 2000 3000 4000 5000

Pu
ll

-5
0
5

SEMILEPTONIC AΓ

‣ Raw CP asymmetry 
determined from mass fits 
in 50 bins of decay time

‣ Simultaneous fits to      and
      samples

‣      determined from     fit 
to time-dependent 

11

0 1000 2000 3000 4000 5000

 [%
]

ra
w

CPA

-5

0

5

10

15 Data
Linear fit

 bandσ 1±

LHCb
+K−K→0D

 [fs]t
0 1000 2000 3000 4000 5000

Pu
ll

-5
0
5

Araw
CP (t) ⇡ Ad �A�

t

⌧

D0
D

0

A�
�2

Araw
CP (t)

JHEP 04 (2015) 043



Stefanie Reichert, The University of Manchester CHARM 2015

SEMILEPTONIC AΓ

‣ Dominant systematic 
uncertainty from combination 
of random muon with D0

‣ mistag probability

‣ uncertainty of mistag asymmetry

‣ Results

‣  

‣  
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                            Assuming universal indirect CPV:
  LHCb:                                        ,  WA:  
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MIXING IN               DECAYS             
‣ Measurement of time-dependent ratio of                      (RS) 

and                      (WS) decays

‣ In limit of small mixing and for negligible CPV

with 

‣ Acces to mixing:                                , 
14
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 MIXING IN               (2011)

‣ Measurement of mixing parameters x′2, y′ on 1fb-1

‣      flavour tagged by      charge from prompt              

‣ Yields

‣ RS: ~8M
signal candidates

‣ WS: ~ 36k
signal candidates
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y0 = (7.2± 2.4)⇥ 10�3

 MIXING IN               (2011)

‣ Signal yields extracted in
13 bins of decay time
→ binned      fit to R(t)

‣ Systematic uncertainties not 
cancelling in R(t) from 
secondary charm and from 
partially reconstructed or 
misidentified      mesons 

‣ No mixing hypothesis 
excluded at 9.1σ
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y0 = (7.2± 2.4)⇥ 10�3

 MIXING IN               (2011)

‣ Signal yields extracted in
13 bins of decay time
→ binned      fit to R(t)

‣ Systematic uncertainties not 
cancelling in R(t) from 
secondary charm and from 
partially reconstructed or 
misidentified      mesons 

‣ No mixing hypothesis 
excluded at 9.1σ
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 MIXING AND CPV IN     

‣ Measurement of mixing parameters x′2, y′ on 3fb-1

→ same method as in 1fb-1 analysis

‣ Yields

‣ RS: ~53M signal candidates

‣ WS: ~ 230k signal candidates

‣ Search for direct and indirect CPV          
by splitting into      and      samples
→ three fitting scenarios
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‣ CPV search: Fit to R±(t) with parameter sets of (RD±, x′2±, y′±)

‣ Difference in RD±: direct CPV

‣ Difference in (x′2+, y′+) and (x′2-, y′-): indirect CPV

 MIXING AND CPV IN     
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‣ Results for CP conservation

‣  

‣  

‣  

 MIXING AND CPV IN     
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‣ Results allowing for CPV

‣

 

‣ Fit performed with
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CONCLUSION
‣ Search for CPV in charm

provides probe of new physics 

‣ LHCb‘s measurements of AΓ
dominate world average:
combined precision 4⨉10-4

‣ Mixing measured in               

‣ CPV results compatible with
CP symmetry hypothesis

‣ LHC Run 2 will bring lots of 
exciting results!
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-0.2 -0.1 -0 0.1 0.2 0.3

 AΓ (%)

World average -0.059 ± 0.040 %

LHCb 2015 KK+ππ -0.125 ± 0.073 %

CDF 2014 KK+ππ -0.120 ± 0.120 %

LHCb 2013 ππ  0.033 ± 0.106 ± 0.014 %

LHCb 2013 KK -0.035 ± 0.062 ± 0.012 %

BaBar 2012  0.088 ± 0.255 ± 0.058 %

Belle 2012 -0.030 ± 0.200 ± 0.080 %

   HFAG-charm 
  CHARM 2015 

http://www.slac.stanford.edu/xorg/hfag/index.html

http://www.slac.stanford.edu/xorg/hfag/index.html
http://www.slac.stanford.edu/xorg/hfag/index.html


Stefanie Reichert, The University of Manchester CHARM 2015

THANK YOU.
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BACKUP
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PROMPT AΓ

Ratio plot for     /      data (unbinned method)
No significant slope → AΓ ~ 0
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PROMPT AΓ

                                Fits of             to 
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PROMPT AΓ

‣ Alternative binned method as cross check

‣ Linear      mininmization of 

‣ Results

‣   

‣   
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PROMPT AΓ

Decay-time dependent ratio R(t) (binned method)
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PROMPT AΓ

Summary of systematic uncertainties

27
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pseudoexperiment studies, and are reproduced in several
independent parametrizations, indicating that the origin is
related to the nonparametric treatment of backgrounds in
connection with nonideal parametrizations of the lnðχ2IPÞ
distributions. They do not significantly affect the central
value of AΓ due to the low correlations between the
effective lifetime and other fit parameters. The deviations
are very similar for fits to D0 and D̄0 samples leading to
their cancellations in the final asymmetry calculations as
shown in Fig. 2.
In addition to the nominal procedure, an alternative

method is used, in which the data are binned in equally
populated regions of the decay-time distribution and the
ratio of D̄0 to D0 yields calculated in each bin. This avoids
the need to model the decay-time acceptance. The time
dependence of this ratio R allows the calculation of AΓ from
a simple linear χ2 minimization, with

RðtÞ ≈ ND̄0

ND0

!
1þ 2AΓ

τKK
t
"
1 − e−Δt=τD̄0

1 − e−Δt=τD0
; (5)

where τKK ¼ τKπ=ð1þ yCPÞ is used as an external input
based on current world averages [13,28], ND̄0=ND0 is the
signal yield ratio integrated over all decay times and Δt is
the bin width. The dependence on τD0 and τD̄0 cancels in the
extraction of AΓ. For this method the signal yields for
decays, where the D%þ is produced at the pp-interaction
vertex, for each decay-time bin are extracted by simulta-
neous unbinned maximum likelihood fits to mðhhÞ, Δm,
and lnðχ2IPÞ. Each bin is chosen to contain about 4 × 104

candidates, leading to 118 and 40 bins for K−Kþ and
π−πþ, respectively. In general, the binned fit uses similar
parametrizations to the unbinned fit, though a few sim-
plifications are required to account for the smaller sample
size per bin. The evolution of the fit projections in lnðχ2IPÞ
with decay time is shown in Fig. 3.
The fits for both methods are verified by randomizing

the flavor tags and checking that the results for AΓ are in
agreement with zero. Similarly, the measurement tech-
niques for AΓ are applied to the Cabibbo-favored K−πþ
final state for which they also yield results in agreement
with zero. The unbinned fit is further checked by compar-
ing the extracted lifetime using the K−πþ final state to the
world average D0 lifetime, ð410:1& 1.5Þ fs [28]. The
result of ð412:88& 0.08Þ fs, where the uncertainty is only
statistical, is found to be in reasonable agreement. If the full
difference to the world average were taken as a relative
systematic bias it would lead to an absolute bias of less
than 10−4 on AΓ. Large numbers of pseudoexperiments,
with both zero and nonzero input values for AΓ, are used to
confirm the accuracy of the results and their uncertainties.
Finally, dependencies on D0 kinematics and flight direc-
tion, the selection at the hardware trigger stage, and the
track and vertex multiplicity, are found to be negligible.
The binned fit yields AΓðKKÞ ¼ ð0.50& 0.65Þ × 10−3

and AΓðππÞ ¼ ð0.85& 1.22Þ × 10−3. Considering the stat-
istical variation between the two methods and the uncorre-
lated systematic uncertainties, the results from both
methods yield consistent results.
The systematic uncertainties assessed are summarized

in Table I. The effect of shortcomings in the description
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FIG. 3 (color online). Fits of lnðχ2IPÞ for D̄0 → K−Kþ candidates for decay-time bins (left to right) 0.25–0.37 ps, 0.74–0.78 ps, and
1.55–1.80 ps.

TABLE I. Systematic uncertainties, given as multiples of 10−3. The first column for each final state refers to the unbinned fit method
and the second column to the binned fit method.

Source Aunb
Γ ðKKÞ Abin

Γ ðKKÞ Aunb
Γ ðππÞ Abin

Γ ðππÞ
Partially reconstructed backgrounds &0.02 &0.09 &0.00 &0.00
Charm from b decays &0.07 &0.55 &0.07 &0.53
Other backgrounds &0.02 &0.40 &0.04 &0.57
Acceptance function &0.09 ' ' ' &0.11 ' ' '
Magnet polarity ' ' ' &0.58 ' ' ' &0.82
Total systematic uncertainty &0.12 &0.89 &0.14 &1.13
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PROMPT AΓ

‣ AΓ relies on absolute lifetime measurements
→ correct lifetime-biasing effects

‣ Acceptance function is determined for each 
candidate and for all possible decay times
→ steps in acceptance (turning points TP)

‣ TP determined by moving PV in steps along 
direction of D0 momentum
→ at each step, evaluate selection decision
→ value of acceptance function at decay time
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SEMILEPTONIC AΓ

Invariant mass distributions
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SEMILEPTONIC AΓ

AΓ results split by magnet polarity and year
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SEMILEPTONIC AΓ

‣ Control channel 
used to study mistag

‣ CF decay

‣ direct CPV negligible

‣ indirect CPV suppressed

‣ Half of available sample 
analysed ~ 11.3M signal 
candidates
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SEMILEPTONIC AΓ

Left: Fit to             on control channel 
Right: AΓ results split by magnet polarity and year
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SEMILEPTONIC AΓ

Summary of systematic uncertainties

33

Table 1: Contributions to the systematic uncertainty of A
�

(K�K+) and A
�

(⇡�⇡+). The constant
and multiplicative scale uncertainties are given separately.

Source of uncertainty D

0! K

�
K

+

D

0! ⇡

�
⇡

+

constant scale constant scale
Mistag probability 0.006% 0.05 0.008% 0.05
Mistag asymmetry 0.016% 0.016%
Time-dependent e�ciency 0.010% 0.010%
Detection and production asymmetries 0.010% 0.010%
D

0 mass fit model 0.011% 0.007%
D

0 decay-time resolution 0.09 0.07
B

0–B0 mixing 0.007% 0.007%
Quadratic sum 0.026% 0.10 0.025% 0.09

6 Systematic uncertainties and consistency checks

The contributions to the systematic uncertainty on A

�

are listed in Table 1. The largest
contribution is due to the background coming from random combinations of muons and
D

0 mesons. When the muon has the wrong charge compared to the real D0 flavour, this
is called a mistag. The mistag probability (!) dilutes the observed asymmetry by a factor
(1� 2!). This mistag probability is measured using D

0! K

�
⇡

+ decays, exploiting the
fact that the final state determines the flavour of the D

0 meson, except for an expected
time-dependent wrong-sign fraction due to D

0–D0 mixing and doubly Cabibbo-suppressed
decays. The mistag probability before correcting for wrong-sign decays is shown in Fig. 3.
After subtracting the (time-dependent) wrong-sign ratio [3], the mistag probability as
function of D0 decay time is obtained. The mistag probability is small, with an average
around 1%, but it is steeply increasing, reaching 5% at five D0 lifetimes. This is due to the
increase of the background fraction from real D0 mesons from b-hadron decays combined
with a muon from the opposite-side b-hadron decay. This random-muon background is
reconstructed with an apparently longer lifetime. The time-dependent mistag probability
is parameterised by an exponential function, which is used to determine the shift in A

�

.
The systematic uncertainty from this time-dependent mistag probability is 0.006% for
the D

0 ! K

�
K

+ and 0.008% for the D

0 ! ⇡

�
⇡

+ decay mode, with a supplementary,
multiplicative scale uncertainty of 0.05 for both decay modes.

The mistag probabilities can potentially di↵er between positive and negative muons.
Such a mistag asymmetry would give a direct contribution to the observed asymmetry.
The slope of the mistag asymmetry is also obtained from D

0! K

�
⇡

+ decays. This slope
is consistent with no time dependence, and its statistical uncertainty (0.016%) is included
in the systematic uncertainty on A

�

.
The selection of signal candidates, in particular the topological software trigger, is

known to introduce a bias in the observed lifetime. Such a bias could be charge dependent,

7
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 MIXING IN               (2011)
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D ! K⇡
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The decay time, ti, is the average value in each bin of the
RS sample. The fit parameters, !, include the three mixing
parameters (RD, y

0, x02) and five nuisance parameters used
to describe the decay time evolution of the secondary D
fraction (!B) and of the peaking background (!p). The
nuisance parameters are constrained to the measured val-
ues by the additional !2

B and !2
p terms, which account for

their uncertainties including correlations.
The analysis procedure is defined prior to fitting the data

for the mixing parameters. Measurements on pseudoex-
periments that mimic the experimental conditions of the
data, and where D0 ! "D0 oscillations are simulated, indi-
cate that the fit procedure is stable and free of any bias.

The fit to the decay-time evolution of the WS/RS ratio is
shown in Fig. 2 (solid line), with the values and uncertain-
ties of the parameters RD, y

0 and x02 listed in Table I. The
value of x02 is found to be negative but consistent with zero.
As the dominant systematic uncertainties are treated within
the fit procedure (all other systematic effects are negli-
gible), the quoted errors account for systematic as well as
statistical uncertainties. When the systematic biases are not
included in the fit, the estimated uncertainties on RD, y

0,
and x02 become, respectively 6%, 10%, and 11% smaller,

showing that the quoted uncertainties are dominated by
their statistical component. To evaluate the significance of
this mixing result, we determine the change in the fit !2

when the data are described under the assumption of the
no-mixing hypothesis (dashed line in Fig. 2). Under the
assumption that the !2 difference, !!2, follows a !2

distribution for two degrees of freedom, !!2 ¼ 88:6 cor-
responds to a p-value of 5:7# 10!20, which excludes the
no-mixing hypothesis at 9.1 standard deviations. This is
illustrated in Fig. 3 where the 1", 3", and 5" confidence
regions for x02 and y0 are shown.
As additional cross-checks, we perform the measure-

ment in statistically independent subsamples of the data,
selected according to different data-taking periods, and
find compatible results. We also use alternative decay-
time binning schemes, selection criteria or fit methods to
separate signal and background, and find no significant
variations in the estimated parameters. Finally, to assess
the impact of events where more than one candidate is
reconstructed, we repeat the time-dependent fit on data
after randomly removing the additional candidates and
selecting only one per event; the change in the measured
value of RD, y0, and x02 is 2%, 6%, and 7% of their
uncertainty, respectively.
In conclusion, we measure the decay time dependence of

the ratio between D0 ! Kþ#! and D0 ! K!#þ decays
using 1:0 fb!1 of data and exclude the no-mixing hypothe-
sis at 9.1 standard deviations. This is the first observation of
D0 ! "D0 oscillations in a single measurement. The mea-
sured values of the mixing parameters are compatible with
and have substantially better precision than those from
previous measurements [4,6,23].
We express our gratitude to our colleagues in the CERN

accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative staff at
the LHCb institutes. We acknowledge support from CERN
and from the national agencies: CAPES, CNPq, FAPERJ,

TABLE I. Results of the time-dependent fit to the data. The
uncertainties include statistical and systematic sources; ndf
indicates the number of degrees of freedom.

Fit type
Parameter

Fit result Correlation coefficient
(!2=ndf) (10!3) RD y0 x02

Mixing RD 3:52% 0:15 1 !0:954 þ0:882
(9:5=10) y0 7:2% 2:4 1 !0:973

x02 !0:09% 0:13 1
No mixing RD 4:25% 0:04
(98:1=12)
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FIG. 3. Estimated confidence-level (C.L.) regions in the
(x02, y0) plane for 1! C:L: ¼ 0:317 (1"), 2:7# 10!3 (3"),
and 5:73# 10!7 (5"). Systematic uncertainties are included.
The cross indicates the no-mixing point.
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FIG. 2 (color online). Decay-time evolution of the ratio, R, of
WS D0 ! Kþ#! to RS D0 ! K!#þ yields (points) with the
projection of the mixing allowed (solid line) and no-mixing
(dashed line) fits overlaid.
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Left: Results of the mixing and no-mixing fit
Right: CL regions in the (x′2, y′) plane
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 MIXING IN               (2011)

Allowed 68% CL regions in the (x′2, y′) plane as measured by 
LHCb, BaBar, Belle and CDF
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D ! K⇡
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D ! K⇡

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

D!þ from D!# decays, TOS from TOS decays, and 2011
data from 2012 data. The consistencywith the hypothesis of
CP symmetry is determined from the change in!2 between
the fit without and with CP violation, taking into account
the difference in number of degrees of freedom. The result-
ingp value, for the fitwith direct and indirect (indirect only)

CP violation allowed, is 91% (81%), showing that the data
are compatible with CP symmetry.
The uncertainties incorporate both statistical and sys-

tematic contributions, since all relevant systematic effects
depend on the true values of the mixing parameters, and are
thus incorporated into the fit !2. These include the uncer-
tainty in the fraction of charm mesons from b-hadron
decays, and their bias on the observed decay time, the
uncertainty in the fraction of peaking background, and
the uncertainty in the determination of the instrumental
asymmetry. The statistical uncertainty is determined in a
separate fit and used to calculate the systematic component
by subtraction in quadrature.
Direct CP violation would produce a nonzero inter-

cept at t ¼ 0 in the efficiency-corrected difference of
WS-to-RS yield ratios between D0 and !D0 mesons shown
in Fig. 2(c). It is parametrized by the asymmetry measured
in the first fit AD % ðRþ

D # R#
DÞ=ðRþ

D þ R#
DÞ ¼ ð#0:7(

1:9Þ%. Indirect CP violation results in a time dependence
of the efficiency-corrected difference of yield ratios. The
slope observed in Fig. 2(c) is about 5% of the individual
slopes of Figs. 2(a) and 2(b) and is consistent with zero.
From the results of the fit allowing for direct and indirect
CP violation, a likelihood for jq=pj is constructed using
the relations x0( ¼ jq=pj(1ðx0 cos"( y0 sin"Þ and y0( ¼
jq=pj(1ðy0 cos") x0 sin"Þ. Confidence intervals are deri-
ved with a likelihood-ratio ordering and assuming that
the correlations are independent of the true values of the
mixing parameters. The magnitude of q=p is determined
to be 0:75< jq=pj< 1:24 and 0:67< jq=pj< 1:52 at
the 68.3% and 95.5% confidence levels, respectively.
Significantly more stringent bounds on jq=pj and addi-
tional information on " are available by combining the
present results with other measurements [10], in particular,
when also using theoretical constraints, such as the rela-
tionship tan" ¼ xð1# jq=pj2Þ=yð1þ jq=pj2Þ [25,26],

TABLE I. Results of fits to the data for different hypotheses on
the CP symmetry [27]. The reported uncertainties are statistical
and systematic, respectively; ndf indicates the number of degrees
of freedom.

Parameter Value

Direct and indirect CP violation
Rþ
D (10#3) 3:545( 0:082( 0:048

y0þ (10#3) 5:1( 1:2( 0:7
x02þ (10#5) 4:9( 6:0( 3:6
R#
D (10#3) 3:591( 0:081( 0:048

y0# (10#3) 4:5( 1:2( 0:7
x02# (10#5) 6:0( 5:8( 3:6
!2=ndf 85:9=98

No direct CP violation
RD (10#3) 3:568( 0:058( 0:033
y0þ (10#3) 4:8( 0:9( 0:6
x02þ (10#5) 6:4( 4:7( 3:0
y0# (10#3) 4:8( 0:9( 0:6
x02# (10#5) 4:6( 4:6( 3:0
!2=ndf 86:0=99

No CP violation
RD (10#3) 3:568( 0:058( 0:033
y0 (10#3) 4:8( 0:8( 0:5
x02 (10#5) 5:5( 4:2( 2:6
!2=ndf 86:4=101
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FIG. 3 (color online). Two-dimensional confidence regions in the ðx02; y0Þ plane obtained (a) without any restriction on CP violation,
(b) assuming no direct CP violation, and (c) assuming CP conservation. The dashed (solid) curves in (a) and (b) indicate the contours
of the mixing parameters associated with !D0 (D0 ) decays. The best-fit value for !D0 (D0 ) decays is shown with an open (filled) point.
The solid, dashed, and dotted curves in (c) indicate the contours of CP -averaged mixing parameters at 68.3%, 95.5%, and 99.7%
confidence level (CL), respectively. The best-fit value is shown with a point.
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‣ Results for the three 
different fit scenarios 
allowing for

‣ direct and indirect CPV

‣ indirect CPV

‣ no CPV
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Allowed 68% CL regions in the (x′2, y′) plane as measured by 
LHCb, BaBar, Belle and CDF
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D ! K⇡
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D ! K⇡

Allowed 68% CL regions in the (x′2, y′) plane for the 1fb-1 
(LHCb 2012) and 3fb-1 (LHCb 2013) analyses
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