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•  Introduction: 
 

² mixing D0−anti-D0  and CPV  
ü  SM predictions 
ü  current constraints for mixing and CPV in charm physics 
ü  why are we interested in charm physics? 

 
•  Measurements of mixing and CPV in charm sector at LHCb  
 

²  the LHCb detector 
 

²  observation of D0 – anti-D0 mixing 
 

²  ΔACP in  D0 → K+K-  and  D0 → π+π-	



Ø  pion-tagged analysis D*± → D0π+
s 

Ø  muon-tagged analysis B → D0µX 
 

²  search for direct CPV in: 
Ø  D+ → φπ+ and D+

s → K0
sπ+   

Ø  D+ → K-K+π+   and  D0→ π-π+π-π+ 

	


•  Summary 



Neutral mesons can oscillate between matter and anti-matter: mass eigenstates 
are different from flavour eigenstates 
 
 
 
 
 

Two parameters describe mixing: 
       mass difference x:                                        decay width difference y: 
 
 
 
 
 
 

weak phase:  
 
Δm, ΔΓ – measured experimentally  
 
For charm: x = 0.0063 ; y = 0.0075 
•  Mixing is very slow  
•  Very precise measurements needed     
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Motivation

• Neutral mesons can oscillate between matter 

and anti-matter: mass eigenstates are different 

from flavor eigenstates

• Oscillations in K0 and B0, B0
s are well 

established and provide precision tests of the 

standard model CKM parameters

• What about charm?

• Almost completely unexplored

• Low standard model rate, potentially a 

powerful probe for new physics

• Only up-type quark where we can look for 

mixing and/or CP violation
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Three ways of CP violation 
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1. in mixing: different transition of oscillation                                            (indirect) 
 
 
 
 
2. in decay amplitudes: decays of particles and antiparticles are not the same 
    (direct) 
 
 
 
 
3. interference: between CP violation in mixing and in decays                (indirect)  
 

D0                     anti-D0        ≠       anti-D0                   D0 
 

D0                     f        ≠       anti-D0                   anti-f = f 
 

D0                         f = anti-f 
 
           anti-D0 

anti-D0                         f = anti-f 
 
                      D0 

A 

anti-A A 

anti-A 

•  Mixing and decay processes can be mediated via loop diagrams. 
•  NP is most likely to enter in loops and new particles can be exchanged 



•  In SM: 
²  the charm mixing rate is expected to be small: |x|,|y| ≲ 10-2 
²  expected CPV in charm sector  
    is small  ≲ 10-3 (much smaller  
    than in the beauty sector) 
    and difficult in calculation  
² SM predictions vary widely 
² New Physics contributions can  
    enhance CPV up to 10-2 
    Int.J.Mod.Phys.A21(2006)5381 ; 
      Ann.Rev.Nucl.Part.Sci.58(2008)249 

 
 
 
 
 

      
 
 
 
    From measurements we know that  x ~ y 

Mixing and CP violation 
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Direct decays and CP violation  
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If tree and penguin processes interfere with different phases then symmetry 
between particles and antiparticles is broken              A ≠ anti-A 
(Singly Cabibbo Suppresed decay = signal of CP  ⟵  penguin diagram opens 
possibilities for NP searches) 
                            AT                                            P 
 
 
 
 
 
                           A = VusV*cs AT + VudV*cd Pd + VusV*cs Ps + VubV*cb Pb 
                                   ~ λ               ~ λ               ~ λ              ~λ6 
 

        
        

•  In SM CP violation in decays could be larger than in mixing (expected ~10-3) 
    and depends on final state 
    →  CP asymmetry should be searched elsewhere where is possible, 
          for example:  D → hh,   D → hhh,   D → hhhh …… 
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Decays without CP violation 
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Control decays where CP violation is negligible (no penguin contribution): 
•  Cabibbo favoured (CF) 
•  doubly Cabibbo suppresed (DCS) 

c 

d 

s 

u 

d 

d 

W+ 

D+ 

π+ 1 

1 

c 

s 

s 

u 

d 

s 

W+ 

D+
s 

K+ 

1 

u 

s 

s 

u 

d 

s 

W- 

D-
s 

K- 

1 

c 

d 

s 

u 

d 

d 

W- 

D- 
K+ 

π- 1 

1 

D+→K-π+π+ 

D+
s→K-K+π+ 

u 
u 

u 
u 

u 
u 

u 
u 

K- 

π+ π- 

1 K- 

π+ π- 

K+ 1 

possible  
quark s: 1→ λ	


              (SCS) 

CF 

CF 

Control decays are used to check the detector effects 



Current constraints 
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CPV in mixing: if  φD  ≠ 0  or  |q/p| ≠ 1 
 

x = ⇥m
�

y = ⇥�
2�

First evidence of mixing D0-anti-D0: BaBar, Belle (2007), CDF (2008) 
•  open possibilities of rich structure of CP violation in charm sector 

•  Only the combination of all 
measurements provides 
confirmation of D0-anti-D0 mixing 

•  Before LHCb there was no 
observation of the phenomenon  

    in a single measurement 

�D ⇥ arg(�M12/�12)

no mixing 

�
D

no CPV 

|D1,2� = p|D0�± q|D̄0�

March 2012 March 2012 



Why are we interested in charm sector? 
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•  So far there was no observation of CP violation in charm sector 
 
         →  next step: confirmation of CP asymmetry  
                          

•  In SM expected CP asymmetry is small (<10-3)  
•  much smaller than in the beauty sector 
 

    →  perfect place for New Physics searching (small contribution from SM) 
 
 

•  Input to b Physics 
•  a lot of B mesons decay into c particles (b → c) ~50% transitions 

 



�(bb̄) = 75.3± 5.4± 13.0 µb

�(cc̄) = 1419± 12± 116 µb ⇠ 20⇥ �(bb̄)

Charm particles at LHCb 
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LHCb was built for b physics: 
•  for precise measurements of CPV in b decays and their very rare decays 
 
•  also c particle decays are reconstructed: 

²  LHCb has huge charm samples 
²  charm cross section ≈ 20 x b cross section within the LHCb acceptance: 

 
 
 
 
 
 
 
 

²  Largest charm samples in the world: 
ü  2011: 1/fb 
ü  2012: 2/fb 
 

²  for example: ~2M   D*± → D0(→K-K+)π±  reconstructed for 1/fb  

Phys.Lett.B694 (2010) 209-216 

Nucl.Phys.B871 (2013) 1 



LHCb – precision detector 
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Single-arm forward spectrometer covering range: 2<η<5 



LHCb – precision detector 
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•  VELO:  
ü  resolution of IP: 20 µm 
ü  decay lifetime resolution ~ 45 fs: 0.1 τ(D0)  

        (depends on the channel, for 2012 statistics ~15 fs for D0→KK) 
 
•  Excellent tracking resolution: Δp/p = 0.4% at 5 GeV to 0.6% at 100 GeV 
 
•  RICH: 

ü  very good particle identification for π and K 
 

•  Dedicated exclusive trigger lines for charm with high efficiency 
ü  HTL1: efficiency ~50% 
ü  HLT2: efficiency 50-90% for D→hh/3h/4h  
 

•  The polarity of the magnet is reversed repeatedly during data taking 
 
•  LHCb has possibilities of very precise measurements of charm particles 



Charm ! Prompt and Secondary 

" Two types of charm production: 

! Prompt:  
charm produced directly  

in the primary reaction 

! Secondary:  
charm produced in  

B decays [>50% of B->DX] 

" Prompt charm more abundant 

" Secondary can have higher purity 

" Must discriminate between them  

! Use D impact parameter  

Chris Parkes

 

   

4 

Charm production at LHCb 
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IP – impact parameter wrt. the PV 

Two production types of charm: 
 
•  prompt – produced directly  
    in the primary vertex (PV) 
 
 
    IP(D0)~0 
     
 
 
•  secondary – produced in B decays 
    (>50% of B→DX) 
 
 
    IP(D0)>~0 
    

To separate prompt charm and secondary charm decays we use the cut  
on χ2(IP) parameter 

Charm ! Prompt and Secondary 

" Two types of charm production: 

! Prompt:  
charm produced directly  

in the primary reaction 

! Secondary:  
charm produced in  

B decays [>50% of B->DX] 

" Prompt charm more abundant 

" Secondary can have higher purity 

" Must discriminate between them  

! Use D impact parameter  

Chris Parkes
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Effect AΓ (10−3) yCP (10−3)

Decay-time acceptance correction 0.1 0.1

Decay-time resolution 0.1 0.1

Minimum decay-time cut 0.1 0.8

Maximum decay-time cut 0.2 0.2

Combinatorial background 1.3 0.8

Secondary-like background 1.6 3.9

Total 2.1 4.1

Table 1. Summary of systematic uncertainties.
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Figure 4. lnχ2(IPD) fit projection of D0 → K+K− candidates in logarithmic scale. Shown are
data (points), the total fit (green, solid), the prompt signal (blue, short-dashed), and the secondary
signal (purple, long-dashed). The lower two plot shows the pull distribution which is defined as the
difference of data and model divided by the uncertainty.

6 Results and conclusion

The measurement of yCP is based on absolute lifetime measurements as described in sec-

tion 4. It uses flavour-tagged events reconstructed in the decay chain D∗+ → D0π+, with

D0 and D0 decays fitted simultaneously per decay mode. The lnχ2(IPD) projection of the

final fit is shown in figure 4.

The result for the lifetime measured in D0→ K−π+ decays is τ(D0) = 410.2 ± 0.9 fs

where the uncertainty is statistical only. The result for the lifetime is found to be in

agreement with the current world average [19]. Combining with the D0→ K+K− lifetime

measurement, τ(D0) = 408.0± 2.4stat fs, this leads to the final result for yCP of

yCP = (5.5± 6.3stat ± 4.1syst)× 10−3.

– 12 –

JHEP04(2012)129 

Prompt D 

D from B 



The tagging of D0 flavour  
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LHCb uses two methods to identify D0 flavour at the production state 
 
²  pion-tagged method 
    the sign of slow pion from D* decays  

      is used to tag the initial D0 flavour 
 

    D*+ → D0 π+
s 

 

    D*-  → anti-D0 π-
s 

 
² muon-tagged method 
    the sign of muon from semileptonic  
    B decays is used to tag D0 flavour 
 

    B → D0 µ- νµ X 
 

    B → anti-D0 µ+ νµ X 

² Decays D0 → h- h+ 
 

    D0 → K- K+  (Singly Cabibbo Suppressed) 
    D0 → K- π+  (Cabibbo Favoured) 
    D0 → K+ π-  (Doubly Cabibbo Suppressed) 
    D0 → π- π+   (Singly Cabibbo Suppressed) 

Use to measure D0 – anti-D0 
mixing parameters 

prompt D0 

secondary D0 



Measure the time-dependent ratio of D0 decays with Wrong Sign to Right Sign 
 
 
 
 
 
 
 
 
 
In the limit of small mixing |x|,|y| << 1 and for no CPV: 
 
 
 
 
 
 
 
 
 
 

δ is a strong phase difference between DCS and CF amplitudes 

Charm oscillations with D0
!K+

!
-

• Exploit interference between mixing and doubly-Cabibbo-suppressed decay 
amplitudes

• Assuming |x|,|y|<<1 and no CPV

x� = x cos � + y sin � y� = y cos � � x sin �

R(t) =
NWS(t)

NRS(t)
= RD +

�
RDy�t+

x�2 + y�2

4
t2

5

_

D0

D*+ ! D0 !+

K+
!
-

D0

mix CF

DCS

K-
!
+

wrong-sign events

right-sign events

CF

D0 – anti-D0 mixing 
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Charm oscillations with D0
!K+

!
-

• Exploit interference between mixing and doubly-Cabibbo-suppressed decay 
amplitudes

• Assuming |x|,|y|<<1 and no CPV

x� = x cos � + y sin � y� = y cos � � x sin �

R(t) =
NWS(t)

NRS(t)
= RD +

�
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4
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the ratio of 
DCS to CF 
decay rates 

the interference of  
the DCS and mixed decays 

mixing  
parameters 

D0 K+ π-	



D0 
mixing 

DCS (λ2) 

CF (1) 

δ 

R(t) = N(D0�K+��)
N(D0�K��+)

WS D0 K- π+ CF (1) 
RS 

D0 
mixing DCS (λ2) 

negligible 



Time-integrated yields 
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Figure 1: Time-integrated D0�+
s mass distributions for the selected RS D0 ⇤ K��+ (left)

and WS D0 ⇤ K+�� (right) candidates with fit projections overlaid. The bottom plots
show the normalized residuals between the data points and the fits.

the sum of one Johnson SU [21] and three Gaussian distributions, which account for the
asymmetric tails and the central core of the distribution, respectively. The background is

described by an empirical function of the form [M(D0�+
s )�m0]

a e�b[M(D0�+
s )�m0], where

the threshold m0 is fixed to the sum of the known D0 and �+ masses [19]. We reconstruct
approximately 3.6⇥ 104 WS and 8.4⇥ 106 RS decays. To determine the time-dependent
WS/RS ratio the data are divided into thirteen D0 decay time bins, chosen to have a
similar number of candidates in each bin. The decay time is estimated from the distance L
between the PV and the D0 decay vertex and from the D0 momentum as t/⇥ = mD0L/p⇥ ,
where mD0 and ⇥ are the known D0 mass and lifetime [19], respectively. The signal
yields for the RS and WS samples are determined in each decay time bin using fits to
the M(D0�+

s ) distribution. The shape parameters and the yields of the two components,
signal and random pion background, are left free to vary in the di�erent decay time bins.
We further assume that the M(D0�+

s ) signal shape for RS and WS decay are the same
and therefore perform first a fit to the abundant and cleaner RS sample to determine the
signal shape and yield, and then use those shape parameters with fixed values when fitting
for the WS signal yield. The signal yields from the thirteen bins are used to calculate the
WS/RS ratios, shown in Fig. 2, and the mixing parameters are determined in a binned ⇤2

fit to the time-dependence according to Eq. (1).
Since WS and RS events are expected to have the same decay-time acceptance and

M(D0�+
s ) distributions, most systematic uncertainties a�ecting the determination of

the signal yields as a function of decay time cancel in the ratio between WS and RS

3

RS:  D0 → K-π+ 

8.4 M decays 
WS:  D0 → K+π-	



36 k decays 

This is NOT a Monte Carlo 
This is the LHCb 2011 data, L=1/fb 

Phys.Rev.Lett.  
110 (2013) 101802 



Analysis strategy 
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•  To determine the time-dependent WS/RS ratio the data is divided into thirteen 
D0 decay time bins, chosen to have a similar number of candidates in each bin 

 
	


•  The signal yields for the RS and WS samples are determined in each decay 

time bin using fits to the M(D0π+
s) distribution 

 
 
•  The WS/RS ratio is calculated in each decay time bin 
 
 
•  The mixing parameters are determined in a binned χ2 fit of the function 

    to the time dependence 

Charm oscillations with D0
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amplitudes

• Assuming |x|,|y|<<1 and no CPV

x� = x cos � + y sin � y� = y cos � � x sin �
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Table 1: 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 coe⇤cient
(⇥2/ndf) (10�3) RD y⇥ x⇥2

Mixing RD 3.52± 0.15 1 �0.954 +0.882
(9.5/10) y⇥ 7.2± 2.4 1 �0.973

x⇥2 �0.09± 0.13 1
No mixing RD 4.25± 0.04
(98.1/12)
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Figure 3: Estimated confidence-level (CL) regions in the (x⇥2, y⇥) plane for 1� CL = 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.

estimated uncertainties on RD, y⇥ and x⇥2 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 di⇥erence, �⇥2, follows a ⇥2 distribution
for two degrees of freedom, �⇥2 = 88.6 corresponds 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 x⇥2 and y⇥ are shown.

As additional cross-checks, we perform the measurement in statistically independent
sub-samples of the data, selected according to di⇥erent data-taking periods, and find
compatible results. We also use alternative decay-time binning schemes or alternative
fit methods to separate signal and background, and find no significant variations in the
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Figure 2: Decay-time evolution of the ratio, R, of WS D0 ⇥ K+�� to RS D0 ⇥ K��+

yields (points) with the projection of the mixing allowed (solid line) and no-mixing (dashed
line) fits overlaid.

of the WS signal. This contamination is expected to be independent of decay time and, if
neglected, would lead to a small increase in the measured value of RD. From the events
in the D0 mass sidebands, we derive a bound on the possible time dependence of this
background, which is included in the fit in a similar manner to the secondary background.

The ⇤2 that is minimized in the fit to the WS/RS decay-time dependence is

⇤2(ri, ti, ⇥i|�) =
⇤

i

�
ri �R(ti|�)[1��B(ti|�)]��p(ti|�)

⇥i

⇥2

+ ⇤2
B(�) + ⇤2

p(�), (3)

where ri and ⇥i are the measured WS/RS ratio and its statistical uncertainty in the decay
time bin i, respectively. 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⇥, x⇥2) 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 values by the additional ⇤2

B and ⇤2
p terms, which also includes their correlations.

The analysis procedure is defined prior to fitting the data for the mixing parameters.
Measurements on pseudo-experiments that mimic the experimental conditions of the data,
and where D0 �D0 oscillations are simulated, indicate 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 uncertainties of the parameters RD, y⇥ and x⇥2 listed in Table 1.
As the dominant systematic uncertainties are treated within the fit procedure (all other
systematic e⇥ects are negligible), the quoted errors account for systematic as well as
statistical uncertainties. When the systematic biases are not included in the fit, the
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Table 1: 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 coe⇤cient
(⇥2/ndf) (10�3) RD y⇥ x⇥2
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estimated uncertainties on RD, y⇥ and x⇥2 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 di⇥erence, �⇥2, follows a ⇥2 distribution
for two degrees of freedom, �⇥2 = 88.6 corresponds 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 x⇥2 and y⇥ are shown.

As additional cross-checks, we perform the measurement in statistically independent
sub-samples of the data, selected according to di⇥erent data-taking periods, and find
compatible results. We also use alternative decay-time binning schemes or alternative
fit methods to separate signal and background, and find no significant variations in the
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LHCb 2011 data, L=1/fb Phys.Rev.Lett.  
110 (2013) 101802 

Uncertainties include stat. and syst. sources 

Estimated confidence-
level (CL) regions  
for 1-CL = 1σ,3σ,5σ	



Δχ2 = 88.6 
corresponds to 
p-value = 5.7x10-20 
which excludes 
the no-mixing 
hypothesis at 9.1σ	



First observation of D0 – anti-D0 mixing in a single measurement 

x’2 is very small 
 
Measurement is 
more sensitive to y’ 



Comparison with other experiments 

A.Ukleja                              Charm mixing and CPV at LHCb 26/04/2013    20   

Measured parameters at LHCb are 
consistent with other experiments 
 

•  2011 data, 1/fb 
 

•  more data is on tape 
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Comparison with other experiments

Experiment RD (10�3) y⇥ (10�3) x⇥2 (10�4)
LHCb 3.52± 0.15 7.2± 2.4 �0.9± 1.3
BaBar 3.03± 0.19 9.7± 5.4 �2.2± 3.7
Belle 3.64± 0.17 0.6+4.0

�3.9 1.8+2.1
�2.3

CDF 3.04± 0.55 8.5± 7.6 �1.2± 3.5

Table 9: Comparison of our result with recent measurements from other experiments. The
uncertainties include statistical and systematic components.

72

• Measured parameters nicely agree 

with other experiments

• Results dominated by statistical 

uncertainties

• Fit with no systematics estimates 

6%, 10% and 11% smaller 

uncertainties on RD, y! and x!2, 

respectively

• More data is already on tape

17

BaBar: PRL 98 (2007) 211802

Belle: PRL 96 (2006) 151801

CDF: PRL 100 (2008) 121802
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• Measured parameters nicely agree 

with other experiments

• Results dominated by statistical 

uncertainties

• Fit with no systematics estimates 

6%, 10% and 11% smaller 

uncertainties on RD, y! and x!2, 

respectively

• More data is already on tape

17

BaBar: PRL 98 (2007) 211802

Belle: PRL 96 (2006) 151801

CDF: PRL 100 (2008) 121802

LHCb: PRL 110 (2013) 101802 
BaBar: PRL 98 (2007) 211802 
Belle: PRL 96 (2006) 151801 
CDF: PRL 100 (2008) 121802 

LHCb 1σ including systematics 



Time integrated CP violation in D0 → K-K+ and D0 → π-π+ decays 
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detector 
asymmetry of D0 
reconstruction 

detector 
asymmetry of πs 
reconstruction 

production asymmetry of D*  
in primary vertex (different 
numbers of D*+ and D*-) 

CP asymmetry 
what we want to 
measure 

Measured raw asymmetry ARAW may be written as a sum of components that are 
physics and detector effects: 

We use decays of D*±:    
       D*+ → D0 π+

s   
       D*- → anti-D0 π-

s 
 
We want to measure asymmetry between charm particles and antiparticles: 
 
 
 

D0 → K- K+  
D0 → π- π+  

•  ARAW , AD and AP are defined in the same fashion as ACP   
•  all asymmetries of order 1% or smaller 

pion-tagged analysis 

ACP ⌘ N(D0!h�h+)�N(D̄0!h�h+)
N(D0!h�h+)+N(D̄0!h�h+)

ARAW (f)⇤ = ACP (f) +AD(f) +AD(⇡s) +AP (D⇤)



Time integrated CP violation in D0 → K-K+ and D0 → π-π+ decays 
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Detector asymmetries for K-K+ and π-π+ cancel since the final states are charge 
symmetric 

In any given kinematic region  AD(πs) and AP(D*) are independent of f  
and thus in the first-order those terms cancel if we subtract raw asymmetries 

Direct and indirect CPV  
can contribute 

ARAW (K+K�)⇤ �ARAW (⇡+⇡�)⇤ =
= ACP (K+K�)�ACP (⇡+⇡�) ⌘ �ACP

pion-tagged analysis 

ARAW (f)⇤ = ACP (f) +AD(f) +AD(⇡s) +AP (D⇤)

AD(K�K+) = 0 = AD(⇡�⇡+)



ΔACP interpretation 
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�ACP = [adir
CP (K�K+)� adir

CP (���+)] + �⇥t⇤
� aind

CP

•  ΔACP is equal to the difference in the direct CP asymmetry between the two 
decays in the limit that Δ⟨t⟩ or aind vanishes 

•  direct CP depends on the f 
•  indirect CPV is universal (up to 10-2 correction) 

²  its contribution cancels in subtraction if lifetime acceptance same  
    for  K-K+ and π-π+ 

²  if time-acceptance is different, contribution aind remains	



CPV asymmetry of each final state is a sum of:  

Lifetime of D0 (PDG) 

Mean proper time   
in used sample 
(acceptances are  
functions of time  
and for K-K+ and π-π+ 
are slightly different) 

�ACP ⇥ ACP (K+K�)�ACP (�+��)

[JHEP 1106 (2011) 089] 

ACP (f) = adir
CP (f) + �t⇥

� aind
CP

asymmetry in the 
decay amplitude 

asymmetry due to mixing 
and interference between 
mixing and decay 



1st measurement of ΔACP from D* decays 
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•  Update of analysis from 2011 0.6/fb → 1/fb (full 2011 dataset) 
 
•  Update includes new reconstruction 

²  improved tracking alignment 
²  improved particle identification from RICH calibration 
 

•  New in the vertex fit 
    constrain the D* vertex to the primary vertex 

²  improves δm resolution by factor ~2.5 
              → better background separation 

22/54 New results on CP violation in the charm sector, Jeroen van Tilburg 
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Mass resolution improved by adding PV constraint 

Resolution improves by factor 2.5 
" Better background separation 

Vertex fits 

CERN-LHC seminar, 12 March 2013 

D*+ 
D0 

K+ 

K− 

π+
s 

pp collision 

New in the vertex fits: 
" Constrain D* vertex to 
come from pp collision 
(Previous analysis: D0 required to come from 
pp collision, but no constraint in vertex fit) 

[LHCb-CONF-2013-003] 

12.03.13 Moriond QCD 2013, La Thuile 12

Determination of asymmetry in prompt analysis

● Fit in 

● Extremely clean signal

● About 2,2 million D→KK and 0.7 million D→ππ candidates

● Events get weight to match D* kinematics of KK and ππ

● Separate analyses in both polarities and trigger type

● Triggered on or independent of signal in hardware hadron trigger
→ 4 categories for both channels

Delta mass: δm ≡ m(h-h+π+
s) - m(h-h+) - m(π+

s) 
 
D*+ → D0 π+

s  
           D0 → K- K+  
           D0 → π- π+   
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Figure 1: �m spectra in Monte Carlo simulation, normalized to unit area, shown with
(solid lines) and without (dotted lines) a constraint requiring the D

⇤+ vertex to coincide
with the measured primary vertex [24]. The resolution is substantially improved with the
constraint applied.

source is for the same D

0 candidate to be paired with additional, unrelated soft pions
originating at the interaction vertex. The fraction of multiple candidates is 6% for TOS
events and 10% for TIS; these fractions are the same for the KK

+ and ⇡

�
⇡

+ final states,
and are the same for both magnet polarities. All candidates passing the selection are
retained for the fit (described below), since to do otherwise would create a dependence of
the signal e�ciency on the background level.

Defining the mass di↵erence as �m ⌘ m(h+
h

�
⇡

+)�m(h+
h

�)�m(⇡+) for h = K, ⇡,
the mass and mass di↵erence spectra of selected candidates are shown in Figs. 2, 3, and 4.
Following requirements of 1844 < m(h+

h

�) < 1884MeV/c2, the �m distributions are fitted,
as described below, giving D

⇤+ signal yields of 2.24⇥ 106 for D0 ! K

�
K

+ decays, and
0.69 ⇥ 106 for D

0 ! ⇡

�
⇡

+ decays. The background-subtracted average decay time of
D

0 candidates passing the selection is measured for each final state, and the fractional
di↵erence �hti/⌧ is obtained. Systematic uncertainties on this quantity are assigned for
the uncertainty on the world average D

0 lifetime (0.04%), charm from b-hadron decays
(0.16%), and the background subtraction procedure (0.04%). Combining the systematic
uncertainties in quadrature, we obtain �hti/⌧ = [11.19± 0.13± 0.17]%. The ⇡

�
⇡

+ and
K

�
K

+ average decay time is hti = (0.8630± 0.0003) ps, where the error is statistical only.

4

LHCb-CONF-2013-003 



Signal yields 
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D0 decays come from  
D*+ → D0 π+  decays  
in region:  
      0 < δm < 12 MeV 
 
δm=m(D0π+)-m(D0)-m(π+) 
 
 
For 1/fb in window mass  
from fit to δm: 
1844 < m(D0) < 1884 MeV 
 

 K-K+:  2.24 million events 
 

 π-π+:   0.69 million events 

D0 → K-K+ D0 → π-π+ 

∆ACP from D* decays

• Fit in δm
•                                                  .

• Extremely clean signal
• 2.2 million D0→K+K- candidates
• 0.7 million D0→π+π- candidates

24
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Figure 4: Fits to the �m spectra, where the D0 is reconstructed in the final state K� K+.
Candidates are weighted as described in Sec. 3 and split into four disjoint subsamples
according to magnet polarity and hardware (L0) trigger decision. The normalized residuals
(pulls) are shown below the fit.

5 Results and systematic uncertainties119

For each subsample of (magnet polarity, hardware trigger category), �ACP is calculated120

following Eq. (7). The combined value is taken as a weighted average across these121

subsamples, and is found to be:122

�ACP = (�0.34± 0.15 (stat.)± 0.10 (syst.))% .

Numerous robustness checks are made, including monitoring the value of �ACP as a123

function of the time at which the data was taken, re-performing the measurement with124

more restrictive particle identification requirements, using a di↵erent D⇤+ selection, and125

measuring �ACP on a large sample of Monte Carlo simulated events to verify that the126

procedure is unbiased. Systematic uncertainties are assigned by loosening the fiducial127

requirement on the soft pion; by assessing the e↵ect of potential peaking background128

contributions (....); by repeating the analysis with the asymmetry extracted through129
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Figure 5: Fits to the �m spectra, where the D0 is reconstructed in the final state ⇡�

⇡+. Candidates are split into four disjoint subsamples according to magnet polarity and
hardware (L0) trigger decision. The normalized residuals (pulls) are shown below the fit.

sideband subtraction instead of a fit; with all candidates but one (chosen at random)130

removed in events with multiple candidates; by comparing with the result obtained with131

no kinematic reweighting procedure applied; and by excluding events in which the soft132

pion has a large impact parameter with respect to the primary vertex (generally due to133

multiple scattering). Each uncertainty is taken as the full di↵erence in the result from the134

baseline value. These uncertainties are listed in Table 3. The sum in quadrature is 0.10%.135

6 Di↵erences from the previous result136

Note: this section may be rearranged, putting the change due to using DTF much earlier137

(bundled in with the use of new software after reprocessing). But for now we’re constrained138

to do it this way because we only have non-DTF numbers for the overlap/non-overlap139

subsamples. We’re working to get corresponding numbers with DTF.140

The central value is considerably closer to zero than the previous result [10]. Several141

8

D0→ππ

D0→KK
�m ⌘ m(h+h�⇡+)�m(h+h�)�m(⇡+)

LHCB-CONF-2013-003

∆ACP from D* decays

• Fit in δm
•                                                  .

• Extremely clean signal
• 2.2 million D0→K+K- candidates
• 0.7 million D0→π+π- candidates
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Figure 4: Fits to the �m spectra, where the D0 is reconstructed in the final state K� K+.
Candidates are weighted as described in Sec. 3 and split into four disjoint subsamples
according to magnet polarity and hardware (L0) trigger decision. The normalized residuals
(pulls) are shown below the fit.

5 Results and systematic uncertainties119

For each subsample of (magnet polarity, hardware trigger category), �ACP is calculated120

following Eq. (7). The combined value is taken as a weighted average across these121

subsamples, and is found to be:122

�ACP = (�0.34± 0.15 (stat.)± 0.10 (syst.))% .

Numerous robustness checks are made, including monitoring the value of �ACP as a123

function of the time at which the data was taken, re-performing the measurement with124

more restrictive particle identification requirements, using a di↵erent D⇤+ selection, and125

measuring �ACP on a large sample of Monte Carlo simulated events to verify that the126

procedure is unbiased. Systematic uncertainties are assigned by loosening the fiducial127

requirement on the soft pion; by assessing the e↵ect of potential peaking background128

contributions (....); by repeating the analysis with the asymmetry extracted through129
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Figure 5: Fits to the �m spectra, where the D0 is reconstructed in the final state ⇡�

⇡+. Candidates are split into four disjoint subsamples according to magnet polarity and
hardware (L0) trigger decision. The normalized residuals (pulls) are shown below the fit.

sideband subtraction instead of a fit; with all candidates but one (chosen at random)130

removed in events with multiple candidates; by comparing with the result obtained with131

no kinematic reweighting procedure applied; and by excluding events in which the soft132

pion has a large impact parameter with respect to the primary vertex (generally due to133

multiple scattering). Each uncertainty is taken as the full di↵erence in the result from the134

baseline value. These uncertainties are listed in Table 3. The sum in quadrature is 0.10%.135

6 Di↵erences from the previous result136

Note: this section may be rearranged, putting the change due to using DTF much earlier137

(bundled in with the use of new software after reprocessing). But for now we’re constrained138

to do it this way because we only have non-DTF numbers for the overlap/non-overlap139

subsamples. We’re working to get corresponding numbers with DTF.140

The central value is considerably closer to zero than the previous result [10]. Several141
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δm (MeV) δm (MeV) 

From simultaneous fits to δm for distributions of D*+ and D*- we determine raw 
asymmetries ARAW(K-K+) and ARAW(π-π+) and calculate ΔACP 
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Figure 2: (left) m(K�
K

+) and (right) m(⇡�
⇡

+) spectra of D⇤+ candidates passing the
selection and satisfying 0 < �m < 12MeV/c2.

3 Analysis strategy

The raw asymmetry for tagged D

0 decays to a final state f is given by Araw(f), defined as

Araw(f) ⌘ N(D⇤+ ! D

0(f)⇡+
s

) � N(D⇤� ! D

0(f)⇡�
s

)

N(D⇤+ ! D

0(f)⇡+
s

) + N(D⇤� ! D

0(f)⇡�
s

)
, (5)

where N(X) refers to the number of reconstructed events of decay X after background
subtraction. To first order the raw asymmetries may be written as a sum of components
that are due to CP violation and to detector e↵ects:

Araw(f) = A

CP

(f) + AD(f) + AD(⇡
+
s ) + AP(D

⇤+). (6)

Here, AD(f) is the asymmetry in selecting the D

0 decay into the final state f , AD(⇡+
s ) is

the asymmetry in selecting the soft pion from the D

⇤+ decay chain, and AP(D⇤+) is the
production asymmetry for D⇤+ mesons. The asymmetries AD and AP are defined in the
same fashion as Araw. The first order expansion is valid since the individual asymmetries
are small.

For a two-body decay of a spin-0 particle to a self-conjugate final state there can be
no D

0 detection asymmetry, i.e. AD(K�
K

+) = AD(⇡�
⇡

+) = 0. Moreover, in any given
kinematic region AD(⇡+

s ) and AP(D⇤+) are independent of f and thus in the first order
expansion of Eq. (6) those terms cancel in the di↵erence Araw(K�

K

+) � Araw(⇡�
⇡

+),
resulting in

�A

CP

= Araw(K
�
K

+) � Araw(⇡
�
⇡

+). (7)

Both the D

⇤+ production asymmetry and the soft pion detection e�ciency asymmetry
depend upon the kinematics of the relevant particles (e.g. AP(D⇤+) can vary with ⌘).
The underlying D

⇤+ kinematic distributions are independent of the D

0 decay mode, but
the selection requirements can sculpt the distributions in di↵erent ways for the K

�
K

+

and ⇡

�
⇡

+ final states. The combination of these two e↵ects can lead to a non-cancelling

5



Systematic uncertainties 
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Systematic uncertainties with the highest contribution in change of ΔACP: 
 

•  Imperfect reconstruction: 0.08 % 

excluding events with imperfect reconstruction, in which  
πs has a large IP w.r.t the primary vertex 
 

•  Peaking background: 0.04 % 
use different fits to the m(K-K+) and m(π-π+)  
spectra to test for potential peaking 
background contributions  
 

•  Fit model: 0.03 % 
sideband subtraction instead of a fit 
 

•  Fiducial cut: 0.02 % 
loosing fiducial requirement on πs 
 

•  Multiple candidates: 0.01 % 
removing multiple candidates, keeping only 
one candidate per event chosen at random 
 

•  Reweighting: 0.01% 
due to different kinematics for K-K+ and π-π+ 
 

Total systematic uncertainty:  0.10% 
(can be reduced)   

D*+/D*- reconstruction efficiency 
LHCb simplified bending plane view 
Only tracking systems shown 
Arbitrary scale used 

!"#

!$%#

slow !%#

K%&!%#

K'&!'#

(#)*+,#

tracks useful for the analysis 
must cross all the tracking 
station 

-#

.#

/0#

B 

D*+/D*- reconstruction efficiency 

D*+!D0!+  not reconstructed 
D*-!D0!-  reconstructed"

!"#

!$%#

slow !%#
K&'!&#

K%'!%#

(#)*+,#

Same behaviour observed 
also for tracks which 
cross the beam-pipe, 

( i.e. small |Py/Pz| of 
slow !) 

-#

.#

/0#

LHCb simplified bending plane view 
Only Tracking systems shown 
Arbitrary scale used 

B 

D*+→ D0 π+
s
   unreconstructed 

D*- → anti-D0 π-
s   reconstructed 

π+
s 

π-
s 

large asymmetry between D*+ and D*- 
in edges of acceptance region 



1st measurement of ΔACP from D* decay 
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Preliminary result (2011, 1/fb): 
 
 
 
 
 
 
Difference in decay time acceptance: 
 
 
 
 
Contributions from indirect CPV is suppressed by one order of magnitude 

�ACP = [�0.34± 0.15stat ± 0.10syst]%
LHCb-CONF-2013-003 

�hti/⌧ = [11.19± 0.15stat ± 0.17syst]%

�ACP = [adir
CP (K�K+)� adir

CP (���+)] + �⇥t⇤
� aind

CP



2nd measurement of ΔACP from semileptonic B decays 
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B → D0 µ- νµ X 
 

B → anti-D0 µ+ νµ X 

We use semileptonic B decays (independent method): 

D0 → K- K+  
D0 → π- π+  

detector 
asymmetry of D0 
reconstruction 
cancel 

detector 
asymmetry of µ 
reconstruction 

production asymmetry of B  CP asymmetry 
what we want to 
measure 

The production and muon detection asymmetries will cancel in subtraction  
if kinematics of µ and B meson are the same for both D0 → K- K+ and D0 → π- π+  

ARAW (K+K�)⇤ �ARAW (⇡+⇡�)⇤ =
= ACP (K+K�)�ACP (⇡+⇡�) ⌘ �ACP

ARAW (f)⇤ = ACP (f) +AD(f) +AD(µ+) +AP (B)

In similar way to the previous analysis 



Signal yields 
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In similar way to the previous analysis ΔACP is calculated separately for two field 
polarities (to reduce as much as possible any residual effects of the detection 
asymmetry) 
 
 
   LHCb, 1/fb 
   (full dataset 2011): 
   0.4/fb magnet up 
   0.6/fb magnet down 
 
 
   Clean signal  
   B → D0 µ- νµ X 
 

   559k D0 → K- K+ 
 

   222k D0 → π- π+  
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Figure 1: Invariant mass distributions for (a, c) D0! K�K+ and (b, d) D0! ⇡�⇡+ muon-
tagged candidates for the two magnet polarities. The result of the fit is overlaid, showing the
contribution from signal, combinatorial background and D0! K�⇡+ reflection. Underneath
each plot the pull in each mass bin is shown.

Table 1: Unweighted raw asymmetries (in %) for the D0! ⇡�⇡+, D0! K�K+ and D0! K�⇡+

decays for the two magnet polarities. The mean value is the arithmetic average over the two
polarities. The uncertainties are statistical only.

Magnet up Magnet down Mean
A

unweighted
raw (K�

K

+) �0.33±0.23 �0.22±0.19 �0.28±0.15
A

unweighted
raw (⇡�

⇡

+) �1.18±0.40 �0.35±0.34 �0.77±0.26

�A

unweighted
CP

0.85±0.46 0.13±0.39 0.49±0.30
A

unweighted
raw (K�

⇡

+) �1.64±0.10 �1.60±0.08 �1.62±0.06

5.1 Di↵erences in kinematic distributions

Since the detection and production asymmetries may have kinematic dependences, the
cancellation in Eq. (4) is only valid if the kinematic distributions of the muon and b-
hadron are similar for both D

0! K

�
K

+ and D

0! ⇡

�
⇡

+ decays. After the trigger and
selection requirements the kinematic distributions for the two decay modes are, however,

5

D0 → K- K+  D0 → π- π+  

M(K-K+) (MeV) 

M(K-K+) (MeV) 

M(π-π+) (MeV) 

M(π-π+) (MeV) 

Up Up 

Down Down 

Yields (and asymmetry) determined from fit to D0 mass distribution (different from 
pion-tagged analysis where yields determined from D* mass distribution) 
Measurement: ΔACP(Magnet up) = 0.86 ± 0.46 ;  ΔACP(Magnet down) = 0.09 ± 0.39 
                                                                                                                         (stat.only) 

arXiv: 1303.2614 



Systematic uncertainties 
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Systematic uncertainties with the highest contribution in change of ΔACP: 
 

•  Low-lifetime background in D0 → π-π+: 0.11% 
there is more background around t=0 in D0 → π-π+  
than in D0 → K-K+; evaluation of ΔACP checked 
when negative lifetime events were included 
 

•  Fit model: 0.05% 
sideband subtraction instead of a fit 
 

•  Different weighting: 0.05% 
after weighting the D0 distributions in pT and η	


small differences remain in muon kinematic 
distributions; evaluation of ΔACP checked 
when additional weight is applied in muon 
distributions pT, η and φ	


 

•  Wrong muon tags: 0.02% 
the D0 flavour can be not tagged correctly due to 
muon misreconstruction; mistag probability measured 
using muon-tagged D0 → K-π+ (almost self-tagging) 
by comparison muon charge with kaon charge 
	



Total systematic uncertainty:  0.14%  (can be reduced)  
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Figure 4: Decay time distribution for signal candidates (solid points) with the result from the
fit overlaid for (a) D0! K�K+ and (b) D0! ⇡�⇡+ decays. The distribution for background
candidates scaled to a ±34MeV/c2 window around the nominal D0 mass is shown in the shaded
(green) region. The distributions for signal and background candidates are obtained using the
sPlot method.

are about 10% larger than expected from simulations. The main systematic uncertainties
come from the uncertainty in the acceptance function and from backgrounds. Using the
world average of the D

0 lifetime, ⌧(D0) = 410.1± 1.5 fs, the di↵erence and average of the
mean decay times relative to ⌧(D0) are found to be

�hti/⌧(D0) = 0.018± 0.002 (stat)± 0.007 (syst)

hti/⌧(D0) = 1.062± 0.001 (stat)± 0.003 (syst) ,

where the uncertainty in ⌧(D0) is included as a systematic uncertainty. Note that hti is
not a measurement of the D

0 e↵ective lifetime (i.e., the lifetime measured with a single
exponential fit), since this number contains e↵ects from the LHCb acceptance. The small
value of �hti implies that the measured value of �A

CP

is equal to the di↵erence in direct
CP violation, i.e., �A

CP

= �a

dir
CP

with negligible corrections.

7 Systematic uncertainties

The contributions to the systematic uncertainty on �A

CP

are described below.

• Di↵erence in b-hadron mixture. Due to the momentum requirements in the
trigger and selection, the relative contribution from B

0 and B

+ decays (the con-
tribution from b-baryon and B

0
s

decays can be neglected) can be di↵erent between
the D

0! K

�
K

+ and D

0! ⇡

�
⇡

+ modes. In combination with a di↵erent e↵ective
production asymmetry for candidates from B

0 and B

+ mesons (the production asym-
metry from B

0 mesons is diluted due to B0 mixing) this could lead to a non-vanishing
bias in �A

CP

. Assuming isospin symmetry, the production cross-sections for B0 and
B

+ mesons are expected to be equal. Therefore, the ratio between B

0 and B

+ decays
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Figure 4: Decay time distribution for signal candidates (solid points) with the result from the
fit overlaid for (a) D0! K�K+ and (b) D0! ⇡�⇡+ decays. The distribution for background
candidates scaled to a ±34MeV/c2 window around the nominal D0 mass is shown in the shaded
(green) region. The distributions for signal and background candidates are obtained using the
sPlot method.

are about 10% larger than expected from simulations. The main systematic uncertainties
come from the uncertainty in the acceptance function and from backgrounds. Using the
world average of the D

0 lifetime, ⌧(D0) = 410.1± 1.5 fs, the di↵erence and average of the
mean decay times relative to ⌧(D0) are found to be

�hti/⌧(D0) = 0.018± 0.002 (stat)± 0.007 (syst)

hti/⌧(D0) = 1.062± 0.001 (stat)± 0.003 (syst) ,

where the uncertainty in ⌧(D0) is included as a systematic uncertainty. Note that hti is
not a measurement of the D

0 e↵ective lifetime (i.e., the lifetime measured with a single
exponential fit), since this number contains e↵ects from the LHCb acceptance. The small
value of �hti implies that the measured value of �A

CP

is equal to the di↵erence in direct
CP violation, i.e., �A

CP

= �a

dir
CP

with negligible corrections.

7 Systematic uncertainties

The contributions to the systematic uncertainty on �A

CP

are described below.

• Di↵erence in b-hadron mixture. Due to the momentum requirements in the
trigger and selection, the relative contribution from B

0 and B

+ decays (the con-
tribution from b-baryon and B

0
s

decays can be neglected) can be di↵erent between
the D

0! K

�
K

+ and D

0! ⇡

�
⇡

+ modes. In combination with a di↵erent e↵ective
production asymmetry for candidates from B

0 and B

+ mesons (the production asym-
metry from B

0 mesons is diluted due to B0 mixing) this could lead to a non-vanishing
bias in �A

CP

. Assuming isospin symmetry, the production cross-sections for B0 and
B

+ mesons are expected to be equal. Therefore, the ratio between B

0 and B

+ decays

10

D0 → π-π+  

D0 → K-K+ 



1)  From semileptonic B decays (arXiv: 1303.2614, Submitted to Phys.Lett.B) 
 
 
 
 

      Difference in decay time acceptance (small value): 
 
 
      Contribution from indirect CPV is negligible: ΔACP = Δadir

CP 
  
 
 

2)  From pion-tagged D* decays (LHCb-CONF-2013-003) 
 
 
 
 
 
 

•  Two measurements are statistically independent  
•  and compatible at 3% level (difference 2.2σ) 

Comparison of ΔACP measurements 
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�ACP = [0.49± 0.30stat ± 0.14syst]%

�hti/⌧(D0) = 0.018± 0.002stat ± 0.007syst

�ACP = [�0.34± 0.15stat ± 0.10syst]%



ΔACP Preliminary new world average 

A.Ukleja                              Charm mixing and CPV at LHCb 26/04/2013    32   

Now: 
 

•  the central value is considerably closer to zero 
 

•  result does not confirm the evidence for direct CPV in the charm sector 

New average includes BaBar, CDF, Belle and new LHCb results 

Naive average 
neglecting indirect CPV 

ΔACP = (-0.33 ± 0.12)% 
no CPV 

LHCb 

March 2013 



CP violation in  D+ → φ π+  and  D+
s → K0

sπ+ decays 
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ACP (D+ ! �⇡+) = ARAW (D+ ! �⇡+)�ARAW (D+ ! K0
s⇡

+)+ACP (K0/K̄0)
ACP (D+

s ! K0
s⇡

+) = ARAW (D+
s ! K0

s⇡
+)�ARAW (D+

s ! �⇡+)+ACP (K0/K̄0)

Signal decays: D+ → φ π+ and D+
s → K0

sπ+ are singly Cabibbo-suppressed decays  
                        where we expect CP asymmetry if tree and penguin processes 
                        interfere with different strong and weak phases 

Correction due to CPV 
in neutral Kaon system 

No mixing in D+   →   any CPV signal indicates direct CPV  

We measure the difference since effects of production asymmetry and of any 
detection asymmetry of pion cancel in subtraction 
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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
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+
⇡

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

+
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!
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0
S⇡
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0 or D+
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! K

0
SK
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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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+ 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
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S

, the region is divided into rectangular zones as shown, corresponding to
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+) < 1.04GeV/c2 along the y-axis,
and to m
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4 and m
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+) > 1.48GeV2
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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
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+ decay, approxi-
mated as
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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]
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change in phase within each region  

 

•  A difference between two diagonals 
with similar phases is calculated 

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
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No evidence for CPV is observed 
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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.

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± 0.13)%,

A

CP

|
S

(D+ ! �⇡

+) = (�0.18± 0.17± 0.18)%,

A

CP

(D+
s

! K

0
S⇡

+) = (+0.61± 0.83± 0.13)%,

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
of CP violation significantly, but there is no evidence for CP violation in either decay.
This is the most precise analysis of CP violation in the � region of the D

+ ! K

�
K

+
⇡

+

Dalitz plot to date.
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•  LHCb measurements are the most precise of CP violation in φ region to date 
for both D+ → φ π+  and  D+

s → K0
sπ+   
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errors ~1‰ 
1.6M events 



Searches for CPV in multi-body charm decays  

A.Ukleja                              Charm mixing and CPV at LHCb 26/04/2013    38   

We also looking for CP asymmetry in multi-body decays: in D± → hhh, D0 → hhhh 
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FIG. 1. Fitted mass spectra of (a) K��+�+ and (b) K�K+�+ candidates from samples 1 and 3, D+ and D� combined. The
signal mass windows and sidebands defined in the text are labelled.
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FIG. 2. Dalitz plot of the D+ ⇤ K�K+�+ decay for se-
lected candidates in the signal window. The verticalK⇥(892)0

and horizontal ⇤(1020) contributions are clearly visible in the
data.

3. The yield in sample 2 is then inferred as the total
(S +B) in all allowed triggers in the mass window times
the purity in sample 3. Thus the overall yield of signal
D+ � K�K+�+ candidates in the three samples within
the mass window is approximately 370,000. The total
number of candidates (S + B) in each decay mode used
in the analysis are given in Table II. The Dalitz plot of
data in the D+ window is shown in Fig. 2.

Within the 2⇥ D+ � K�K+�+ mass window, about
8.6% of events are background. Apart from random
three-body track combinations, charm backgrounds and
two-body resonances plus one track are expected. Charm
reflections appear when a particle is wrongly identified in
a true charm three-body decay and/or a track in a four-
body charm decay is lost. The main three-body reflec-
tion in the K�K+�+ spectrum is the Cabibbo-favoured

TABLE I. Yield (S) and purity for samples 1 and 3 after
the final selection. The purity is estimated in the 2⇥ mass
window.

Decay Yield Purity
Sample 1+3 Sample 1 Sample 3

D+ ⇤ K�K+�+ (3.284± 0.006)� 105 88% 92%
D+

s ⇤ K�K+�+ (4.615± 0.012)� 105 89% 92%
D+ ⇤ K��+�+ (3.3777± 0.0037)� 106 98% 98%

TABLE II. Number of candidates (S + B) in the signal win-
dows shown in Fig. 1 after the final selection, for use in the
subsequent analysis.

sample 1 sample 2 sample 3 Total
D+ ⇤ K�K+�+ 84,667 65,781 253,446 403,894
D+

s ⇤ K�K+�+ 126,206 91,664 346,068 563,938
D+ ⇤ K��+�+ 858,356 687,197 2,294,315 3,839,868

D+ � K��+�+, where the incorrect assignment of the
kaon mass to the pion leads to a distribution that par-
tially overlaps with the D+

s � K�K+�+ signal region,
but not with D+ � K�K+�+. The four body, Cabibbo-
favoured mode D0 � K��+���+ where a �+ is lost
and the �� is misidentified as a K� will appear broadly
distributed in K�K+�+ mass, but its resonances could
create structures in the Dalitz plot. Similarly, K⇥(892)0

and ⇤ resonances from the PV misreconstructed with a
random track forming a three-body vertex will also ap-
pear.

φ (1020) 

K*(892) 

D+→K-K+π+  

Figure 9: Top row: DPSCP for the bins in Fig. 8b that pass the statistical cut, fit to
a centred Gaussian with unit width for model ”f0”. P1 is the normalization parameter.
Bottom two rows: Distribution of top row divided into the regions shown in Fig. 5. P1
is the normalization parameter.

a nicely complementary process.

• The more unconventional channels B± → π±pp̄, K±pp̄ : the presence of the me-
son allows us to measure the proton and anti-proton polarization, probing for a
CP asymmetry, otherwise impossible in two-body decays like Bd → pp̄.

• Bd− B̄d oscillations would lead to Dalitz plots for Bd → KSπ+π−, where the weight
of different components would shift with the time of decay thus producing time
dependent Dalitz plots.

• The same will happen for Bs → KSK−π+, KSK+K−, albeit with a much faster
oscillation rate.

We will address these transitions in future work.
In this note we have shown how mirandizing the analysis of Dalitz plots – i.e., studying

the ‘significance’ distributions – can act as a powerful filter against statistical fluctuations.
Yet real data are also vulnerable to systematic experimental uncertainties. For a full

18

•  Partition the Dalitz plot into bins 
•  For each bin measure local charge asymmetry 
 
 
 
 
 
 

     [Bediaga et al. Phys.Rev.D80(2009)096006] 
 
•  Normalization cancels most global asymmetries 

(example production asymmetry) 
 
 

•  SCP is a significance of a difference  
    between D+ and D- 

  
•  Two equivalent methods: 

²  If no CPV (only statistical fluctuations) then 
SCP is Gauss distribution (µ=0, σ=1) 

² Also χ2 test can be used: χ2=ΣSi
CP

2  
    → p-value  

Si
CP �

Ni(D+)��Ni(D�)⇥
Ni(D+)+�2Ni(D�)

� = N(D+)
N(D�)

Monte Carlo 
[Bediaga et al.] 
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FIG. 8. Distribution of Si
CP fitted to Gaussian functions, for (a) “Adaptive I”, (b) “Adaptive II”, (c) “Uniform I” and (d)

“Uniform II”. The fit results are given in Table IX.
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25 bins, different width 106 bins, different width 

199 uniform bins 530 uniform bins 

² Several binnings in the Dalitz 
plot used to probe a range of 
CPV scenarios  

 

² Binning shown consistent with 
no CPV at p=10% 

² Also SCP distributions 
consistent with standard 
Gauss distribution (µ~0, σ~1) 

 

² No evidence for CP violation 
in the 2010 data set of 36/pb, 

    370k signal (SCS) D+→K-K+π+ 
         
      Phys.Rev.D84.112008 

More data is on tape: 
for each 1/fb SCS signal decays: 
   ~10 million of  D+ → K-K+π+  
     ~3 million of  D+ → π-π+π+  

µ	

 σ	

 χ2/ndf P-value 
(a) 0.01±0.23 1.13±0.16 32.0/24 12.7% 
(b) -0.024±0.010 1.078±0.074 123.4/105 10.6% 
(c) -0.043±0.073 0.929±0.051 191.3/198 82.1% 
(d) -0.039±0.045 1.011±0.34 519.5/529 60.5% 



Results for D0 → π-π+π+π-	
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While three-body decay kinematics can be described completely in 2D Dalitz plot, 
a four-body decay has 5D phase space to fully describe the decay 
 
Here we divide 5D phase space into bins and in each ith bin we calculate SCP 

Si
CP �

Ni(D0)��Ni(D̄0)⇥
Ni(D0)+�2Ni(D̄0)

� = N(D0)
N(D̄0)

Table 3: p-values in D0 � ���+�+��.

Bins p-values (%)
15 97.1
29 95.6
66 99.8

Table 4: p-values under the no CPV hypothesis of D0 � ���+�+�� decays for 10 time
ordered equal sized datasets. Results are quoted separately for magnet down and magnet
up data.

p-values (%)
data subset Magnet down Magnet up

1 9.15 11.0
2 15.3 81.1
3 91.4 75.9
4 76.7 86.1
5 1.59 18.3
6 35.6 50.8
7 5.77 99.8
8 40.6 26.0
9 76.8 71.1
10 17.8 66.9

of 99.8%.
The result quoted was cross checked using 3 di�erent adaptive binnings, the p-values

are shown in Table 3.
The stability of the result with time was checked by dividing the 2011 data taking
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8

LHCb 2011 data, L=1/fb, 
180k events, 96% purity 

66 bins 

Using three different versions of binning, the results are consistent with 
the hypothesis of no CPV with a p-values close to 100%   

LHCb-CONF-2012-019 

N(0,1) 



Summary 

A.Ukleja                              Charm mixing and CPV at LHCb 26/04/2013    41   

•  LHCb experiment has an important charm physics program and has           
the world’s largest sample of c-hadron decays 

 
•  Using data collected in 2011 (1/fb), LHCb experiment has performed 

extensive studies of physics in the charm sector 
 
•  For the first time LHCb experiment has observed charm mixing in a single 

measurement (effect 9.1σ) 
 
•  Measured ΔACP between D0 → K-K+ and D0 → π-π+ from D* and B decays 

(two results statistically independent)  
²  the central value is considerably closer to zero 
²  result does not confirm the evidence for direct CPV in the charm sector 

 
•  No CPV observed in D+ → φπ+ , D+

s → K0
sπ+ , D+ → K-K+π+ ,  D0 → π-π+π+π-  

 
•  All measurements being improved with larger datasets: 

²  2011+2012: > 3/fb  
 
•  The LHCb experiment is more than beauty 



First observation of CP violation in the decays of B0
s 
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24 April 2013 
 
arXiv:1304.6173 
Submitted to Phys.Rev.Lett 

B0
s → K-π+ 

ACP (B0
s ! K�⇡+) = 0.27± 0.04(stat)± 0.01(syst)

ACP (B0 ! K+⇡�) = �0.080± 0.007(stat)± 0.003(syst)

2011 data, L=1/fb 
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Backup 



ΔACP from D* decay 
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•  The D*+ kinematic distributions are independent of the D0 decay mode, 
but the selection requirements can lead to the different distributions of 
the K-K+ and π-π+ final states 

 
•  It can lead to a non-canceling second-order bias in ΔACP 
 
•  To avoid this, we apply weighting in D* kinematic distributions of pT, p, φ 

to ensure that D0 → K-K+  and D0 → π-π+  have the same kinematics 
 

²  each D0 → K-K+ event gets a weight to match D0 → π-π+ kinematic 
distribution 

Example 
PT(D*) 

26/54 New results on CP violation in the charm sector, Jeroen van Tilburg 

Effect of weighting on D* 

CERN-LHC seminar, 12 March 2013 
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Effect of weighting on D* 

CERN-LHC seminar, 12 March 2013 
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Analysis technique: split dataset into 4 subsets: 
•  Hardware trigger (L0) category: 

² D0 triggered by hadronic calorimeter (Trigger On Signal) 
²  event triggered on other particles from pp collision – by something else 

than the D* (Trigger Independent of Signal)  
•  Field polarity: 

² Magnet up (40%) 
² Magnet down (60%) 

 
 
 
 
 
•  Weighted average of four subsets (2011, 1/fb) – Preliminary results: 
 

•  Difference in decay time acceptance: 
 
 
 
     Contribution from indirect CPV is ~10% 

�ACP = [�0.34± 0.15stat ± 0.10syst]% LHCb-CONF-2013-003 

�hti/⌧ = [11.19± 0.15stat ± 0.17syst]%

�ACP = [adir
CP (K�K+)� adir

CP (���+)] + �⇥t⇤
� aind

CP

ΔACP Up TOS -0.62 ± 0.36 % 
ΔACP Down TOS -0.36 ± 0.30 % 
ΔACP Up TIS -0.30 ± 0.30 % 
ΔACP Down TIS -0.22 ± 0.25 % 

(stat.only) 



2nd measurement of ΔACP from semileptonic B decays 
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Different kinematic distributions for both decays of the K-K+ and π-π+ can lead to 
a non-canceling second-order bias in ΔACP 
 
To obtain the same kinematic distributions for both decays we apply weighting 
in D0 candidates on their pT and η: 

•  weights are applied to either D0 → K-K+  and D0 → π-π+  candidates 
depending on which has most events in a given kinematic bin 

Example 
PT(D0) 

Before weighting After weighting 
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Figure 2: Kinematic distributions of the (a, c) D0 meson and (b, d) muon for D0! ⇡�⇡+ (black
circles) and D0 ! K�K+ (red squares) candidates normalised to unit area. The histograms
show the distributions of signal candidates, after background subtraction. Underneath each plot
the ratio of the two distributions is shown.

shift in Araw. Assuming that the values of ! and �! are the same for D0! K

�
K

+ and
D

0! ⇡

�
⇡

+, the value of �A

CP

is then corrected as

�A

CP

= (1� 2!)�1(Araw(K
�
K

+)� Araw(⇡
�
⇡

+)) . (6)

The mistag probability is estimated from the D0! K

�
⇡

+ sample. As the D0! K

�
⇡

+

decay is almost self-tagging the mistag probability is determined using the charge of the
final state (either K

+
⇡

� or K

�
⇡

+). The wrongly tagged decays include a fraction of
doubly-Cabibbo-suppressed D

0 ! K

+
⇡

� and mixed D

0 ! D

0 ! K

+
⇡

� decays. This
fraction is calculated to be (0.393± 0.007)% using input from Ref. [20]. After correcting
for this fraction the average mistag probability, !, is found to be (0.982 ± 0.012)%,
which means that the e↵ect from wrong tags constitutes only a small correction on the
observed asymmetries. This number also provides an upper bound of about 2% from any
background from real D0 decays with a random muon, which includes promptly produced
D

0 decays. The di↵erence in mistag probabilities for D0 and D

0 mesons is found to be
�! = (0.006± 0.021)% and is neglected.

As a cross-check the mistag probabilities are also determined from a doubly-tagged
sample by reconstructing B ! D

⇤+
µ

�
X decays where the D

⇤+ decays to D

0
⇡

+ and

7

 
0 2 4 6 8 10

)c/
Ve

G
0.

2
(/

yi
el

ds
N

or
m

.
0

0.01

0.02

0.03

0.04

0.05
LHCb       (a)

+π−π
+K−K

]c [GeV/
T

p 0D
0 2 4 6 8 10

R
at

io
0.5

1  
0 2 4 6 8 10

)c/
Ve

G
0.

2
(/

yi
el

ds
N

or
m

.

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08

LHCb       (b)
+π−π
+K−K

]c [GeV/
T

pMuon 
0 2 4 6 8 10

R
at

io

0.5
1

 
2 3 4 5

N
or

m
. y

ie
ld

s /
 0

.0
8

0

0.01

0.02

0.03

0.04

0.05

0.06
LHCb       (c)

+π−π
+K−K

η 0D
2 3 4 5

R
at

io

0.5
1  

2 3 4 5

N
or

m
. y

ie
ld

s /
 0

.0
8

0

0.01

0.02

0.03

0.04

0.05 LHCb       (d)
+π−π
+K−K

ηMuon 
2 3 4 5

R
at

io

0.5
1

Figure 3: Kinematic distributions of the (a, c) D0 meson and (b, d) muon for D0! ⇡�⇡+ (black
circles) and D0! K�K+ (red squares) candidates normalised to unit area after the weighting
procedure. The histograms show the distributions of signal candidates, after background
subtraction. Underneath each plot the ratio of the two distributions is shown.

comparing the charge of the pion with that of the muon. The fraction of wrongly tagged
decays is estimated from a simultaneous fit, similar to that in Ref. [21], to the distribution
of �M = M(h�

h

+
⇡

+)�M(h�
h

+) for the full sample and for the wrongly tagged decays.
The mistag probability in the D

0! K

�
⇡

+ sample is (0.880± 0.043)%, while the average
mistag probability in the D

0! K

�
K

+ and D

0! ⇡

�
⇡

+ samples equals (1.00 ± 0.09)%.
The largest di↵erence with the result obtained from the full D0 ! K

�
⇡

+ sample (i.e.,
0.102%) is assigned as a systematic uncertainty in the mistag probability. The di↵erence
in mistag probabilities, �!, in this cross-check is also consistent with zero.

After the weighting and correcting for the mistag probability of (0.982± 0.012 (stat)±
0.102 (syst))%, the di↵erence of the raw asymmetries between the two modes is found to
be

�A

CP

= (0.49± 0.30)% ,

where the uncertainty is statistical only. The corresponding systematic uncertainties are
discussed in Sect. 7.

8



ΔACP Preliminary new world average 
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53/54 New results on CP violation in the charm sector, Jeroen van Tilburg 

 (%)CPA
-1 0 1

-0.5

5.8

LHCb

Belle

CDF

LHCb preliminary

BaBar

Naive average

(muon tagged)

(pion tagged)
-11.0 fb

-11.0 fb

-10.6 fb

Comparison with other experiments 

ΔACP = (−0.33 ± 0.12)%  

Naïve average* 

CERN-LHC seminar, 12 March 2013 

*) Does not account for indirect CP violation. 
    No scaling of errors. 

Now: 
•  the central value is considerably 

closer to zero 
•  result does not confirm the 

evidence for direct CPV in the 
charm sector 

New average includes BaBar, CDF, Belle and new LHCb results 

Naive average neglecting 
indirect CPV 

ΔACP = (-0.33 ± 0.12)% 

no CPV 



ΔACP stability checked 
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33/54 New results on CP violation in the charm sector, Jeroen van Tilburg 

Effect of data taking period 

CERN-LHC seminar, 12 March 2013 

No dependence versus data taking period 

Run block
0 10 20 30

P
CA
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-0.02

-0.01

0

0.01

0.02

0.03 Magnet Up
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LHCb
Preliminary
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C

b-C
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N
F-2013-003] 

No dependence versus data taking 
period 

Many cross-checks performed for 
both methods: 
 

•  time at which data was 
taken 

•  stable versus kinematic 
variables: decay time, pT, p, 
η, φ etc. 

 

•  independent cross-checks 
of final result by different 
people 

 

•  many more… 
 

•  no significant dependence 
is observed 

Example: pion-tagged analysis  



Comments on ΔACP 
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Comments: 
•  The central value is considerably closer to zero the the previous result 
•  New result does not confirm the evidence for direct CPV in charm sector 
•  Several factors can contribute to the change 

²  larger data sample 
²  improved detector alignment and calibration 
²  difference in analysis technique 



Tests of the method 
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•  Check the response of the method on Monte Carlo  
    (Dalitz models from CLEO-c, arXiv:0807.4545): 

•  should not generate signal where it is not expected 
•  should give a visible signal where it is expected 

8

)4/c2 (GeV2
+π

-
Km

0.5 1 1.5 2

)
4

/c
2

 (
G

e
V

2
+

K-
K

m

1

1.5

2

2.5

3 C
P

S

-3

-2

-1

0

1

2

3

LHCb
(a)

)4/c2 (GeV2
+π

-
Km

0.5 1 1.5 2

)
4

/c
2

 (
G

e
V

2
+

K-
K

m

1

1.5

2

2.5

3 C
P

S

-15

-10

-5

0

5

10

15

LHCb
(b)

FIG. 3. SCP across the Dalitz plot in a Monte Carlo pseudo-experiment with a large number of events with (a) no CPV and
(b) a 4� CPV in the ⇥� phase. Note the di�erence in colour scale between (a) and (b).

)4/c2 (GeV2
+π

-
Km

0.5 1 1.5 2

)
4

/c
2

 (
G

e
V

2
+

K-
K

m

1

1.5

2

2.5

3

1

10

210

310LHCb
(a)

)4/c2 (GeV2
+π

-
Km

0.5 1 1.5 2

)
4

/c
2

 (
G

e
V

2
+

K-
K

m

1

1.5

2

2.5

3

1

10

210

310LHCb
(b)

FIG. 4. Layout of the (a) “Adaptive I” and (b) “Adaptive II” binnings on the Dalitz plot of data.

the strong phase within bins. The model-dependence of
this simulation could, in principle, influence the binning
and therefore the sensitivity to CPV, but it cannot intro-
duce model-dependence into the final results as no artifi-
cial signal could result purely from the choice of binning.
Two further binning schemes, “Uniform I” and “Uniform
II”, are defined. These use regular arrays of rectangular
bins of equal size.

The adaptive binnings are used to determine the sen-
sitivity to several manifestations of CPV. With 200 test
experiments of approximately the same size as the sig-
nal sample in data, including no asymmetries, no CP -
violating signals are observed at the 3⇥ level with Adap-
tive I or Adaptive II. The expectation is 0.3.

With the chosen binnings, a number of sets of 100
pseudo-experiments with di�erent CP -violating asymme-
tries are produced. The probability of observing a given
signal in either the ⇤(1020) or �(800) resonances with
3⇥ significance is calculated in samples of the same size
as the dataset. The results are given in Table IV. The
CPV shows up both in the ⌅2/ndf and in the width of

the fitted SCP distribution.
For comparison, the asymmetries in the ⇤ phase and

� magnitude measured by the CLEO collaboration us-
ing the same amplitude model were (6 ± 6+0+6

�2�2)
⇥ and

(�12± 12+6+2
�1�10)%,2 where the uncertainties are statisti-

cal, systematic and model-dependent, respectively. Ta-
ble IV suggests that, assuming their model, we would be
at least 95% confident of detecting the central values of
these asymmetries.
The sensitivity of the results to variations in the Dalitz

plot model and the background is investigated, and ex-
ample results for the CP asymmetry in the ⇤(1020) phase
are shown in Table V. In this table, models A and B
are taken from the CLEO paper, model B2 includes an
f0(980) contribution that accounts for approximately 8%

2 The conventions used in the CLEO paper to define asymmetry
are di�erent, so the asymmetries in Table II of [7] have been
multiplied by two in order to be comparable with those given
above.

Sample 50 times bigger than 2010 
5x107 events with 40 weak phase difference between ampli-
tudes for resonance of φ(1020) from D+→φπ+ a D-→φπ- 

If no CPV then no signal (good)  
P-value ~5%  
→ no CP asymmetry 

If CPV then P-value ~10-100 
– there is CP asymmetry 
– visible sign change of SCP in φ region	



φ (1020) 

The same bins 
Different scale 
of SCP 

D+→K-K+π+ 

MC 
 

MC 
 



Number of bins test 
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Bins with different widths 
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the strong phase within bins. The model-dependence of
this simulation could, in principle, influence the binning
and therefore the sensitivity to CPV, but it cannot intro-
duce model-dependence into the final results as no artifi-
cial signal could result purely from the choice of binning.
Two further binning schemes, “Uniform I” and “Uniform
II”, are defined. These use regular arrays of rectangular
bins of equal size.

The adaptive binnings are used to determine the sen-
sitivity to several manifestations of CPV. With 200 test
experiments of approximately the same size as the sig-
nal sample in data, including no asymmetries, no CP -
violating signals are observed at the 3⇥ level with Adap-
tive I or Adaptive II. The expectation is 0.3.

With the chosen binnings, a number of sets of 100
pseudo-experiments with di�erent CP -violating asymme-
tries are produced. The probability of observing a given
signal in either the ⇤(1020) or �(800) resonances with
3⇥ significance is calculated in samples of the same size
as the dataset. The results are given in Table IV. The
CPV shows up both in the ⌅2/ndf and in the width of

the fitted SCP distribution.
For comparison, the asymmetries in the ⇤ phase and

� magnitude measured by the CLEO collaboration us-
ing the same amplitude model were (6 ± 6+0+6

�2�2)
⇥ and

(�12± 12+6+2
�1�10)%,2 where the uncertainties are statisti-

cal, systematic and model-dependent, respectively. Ta-
ble IV suggests that, assuming their model, we would be
at least 95% confident of detecting the central values of
these asymmetries.
The sensitivity of the results to variations in the Dalitz

plot model and the background is investigated, and ex-
ample results for the CP asymmetry in the ⇤(1020) phase
are shown in Table V. In this table, models A and B
are taken from the CLEO paper, model B2 includes an
f0(980) contribution that accounts for approximately 8%

2 The conventions used in the CLEO paper to define asymmetry
are di�erent, so the asymmetries in Table II of [7] have been
multiplied by two in order to be comparable with those given
above.

25 bins 108 bins 

φ (1020) 

K*(892) 

Version with 25 
bins is better 

P(3σ) P(3σ) 
No CPV 0% 1% 

60 weak phase difference in φ(1020) 99% 98% 

40 weak phase difference in φ(1020) 76% 41% 
100 the same experiments and check how many 
times obtained 3σ	



Monte Carlo Signal D+→K-K+π+ 



The trigger and charm physics 
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hardware 

software 

example: 5k   D*±→(D0→K±K-+)π±   for 1 pb-1  (2010: 38 pb-1, 2011: 1.1 fb-1) 

After L0 ~500 kHz c-anti-c events  
 
    No possibility of an inclusive charm trigger! 
 
Possible only dedicated exclusive trigger lines tuned for the needs 
of specific analyses to deliver high signal efficiency and purity 

{ 

LHC rate         ~15 MHz 

L0                     ~1 MHz 
3 subdetectors:  
ECAL, HCAL, Muon 
 

c-anti-c  ~10% 
 

c-anti-c  ~50% 
 

Hlt1 (partial reconstruction)                 ~50 kHz (efficiency ~50 %) 

Hlt2 (full reconstruction)                          3 kHz              
2 kHz – b physics 
1 kHz – dedicated exclusive lines of D→hh/3h/4h (efficiency 50-90%) 



Systematics D0 – anti-D0 mixing 
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•  Most of the systematic uncertainties cancel in the ratio between WS and RS 
events 

 
•  Two main sources of systematic uncertainties have been identified: 
 

(1)  secondary D mesons 
 

² D from B have wrong decay time 
²  such events have non-zero IP 
²  cut on χ2(IP) removes most of them 
²  remains ~3% 

 
(2) backgrounds from incorrectly reconstructed D decays – peak in M(D0π+

s) 
     (the D0 is partially reconstructed or misidentified) 
 

²  such backgrounds are highly suppressed by tight PID cuts and two-
body mass requirements 

²  estimated a residual (0.4±0.2)% contamination of doubly mis-identified 
RS events in the WS sample 

 
•  Results are dominated by statistical uncertainties 
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where R(t) is the ratio of promptly-produced candidates, whose time dependence is298

expressed by Eq. (1);299
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;

is the ratio of secondary D decays reconstructed at the given decay time t; and300
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is the contamination fraction of secondary D decays in the RS sample. Because R is a301

monotonic non-decreasing function (see Eq. (1) and App. D) and the reconstructed decay302

time, t, for secondary decays overestimates the true decay time of the D0 meson, t� (see303

Fig. 10), one has304

R(0) = RD � RB(t) = R(t�) � R(t) =⇥ RD
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As one would expect, the bias is proportional to the fraction of secondary contamination,308

but from Eq. (5) we also learn that it can be as small as possible (even zero) or bounded309

from the upper side by simply measuring fRS
B (t). The lower bound corresponds to the case310

of no bias, i.e. the parent B meson decays instantaneously and the reconstructed D decay311

time corresponds to the true decay time t = t�. The upper bound corresponds to the case312

of maximum bias, i.e. the D0 decays instantaneously, t� = 0, and the reconstructed decay313

time t is entirely due to the B meson lifetime. Since the bias is positively defined, it also314

follows, as a consequence of the minus sign in Eq. (4), that the net e⇥ect of the secondary315

background is to reduce the true WS/RS ratio, i.e. to suppress any possible mixing e⇥ect.316

The no-mixing exclusion probablity will then be robust against this systematic bias, i.e.317
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Bias from secondary D decays 
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The contamination of charm mesons produced  
in b-hadron decays could bias the time-dependent  
measurement 
 
 
 
 
 
 
 
where: 
 
 
 
Since ΔB  ≥ 0, it follows that the background from secondary D decays decreases 
the observable mixing effect. The bias in bounded by 
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•  A measurement of the secondary fraction 
is done by by fitting the χ2(IP) distribution 
of the RS D0 candidates in bins of decay 
time 

 
•  Secondary shape is estimated from 

events reconstructed also as  
    B → D*(3)π,  B → D*µX  or  B → D0µX 
 
 
 
 
•  The value of fRS

B(t) is constrained in    
the time-dependent fit to the measured 
fraction   

• c!(B) ! 450 "m, D from B have 

non-zero impact parameter

• Cut on #2(IP) removes most of them 

but still ~3% of our candidates are 

likely to come from a B decay

• Fit log #2(IP) vs decay time and 

extrapolate fraction below cut

• Secondary shape estimated from 

events reconstructed also as 

B$D*(3)", B$D*"X or B$D0"X

Measuring fBRS(t)
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•  No evidence for CP violation using the binned SCP method 
 

•  The goal is to find the most sensitive method which allows us to see the 
differences between D+ and D- 

 

•  The unbinned methods could be more sensitive than the binned ones but they 
are more difficult in using  

 

•  There are a few unbinned method 
 
 
 

•  To analyse LHCb data Warsaw Group uses k-nearest neighbor (kNN) method: 
     (M.F.Schilling J.Am.Stat.Assoc.81(1986)799) 
 

²  used to compare the Dalitz plots for D+ and D- to test whether they have 
similar distributions or not 

 

²  based on the concept of counting the tag 
         nearest neighbors (nk): 

1. in a pooled sample of particles and antiparticles  
    we calculate distances between all event pairs 
2. we find the k-nearest neighbor events to each point 
3. we calculate a test statistic 

 

Figure 8: Top: the Dalitz plot after applied cuts. Bottom: two versions of region
definition for Ds decays, Warsaw (left) and Rio (right).
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The test statistic 
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x 

y
D- D+ 

query event nk=10 

To test the hypothesis fa = fb  for the pooled sample  
of D+ and D- we calculate: 
 
 

²  I(i,k) = 1 if the ith query event and its kth nearest neighbor 
    belong to the same sample, like pairs: D+—D+ and D-—D- 
²  I(i,k) = 0 otherwise, unlike pairs: D+—D-	


 
 

T is the mean fraction of like pairs in the pooled sample of the two data sets 
 
 

Advantage:  
•  the expected distribution of the test statistic is known 
•  for the case  fa = fb  the pull  (T-µT)/σT  has a limiting standard normal distribution 
 
              Mean: 
 
              Variance: 
 

                                  with the fast convergence even for D = 2 

µT = na(na�1)+nb(nb�1)
n(n�1)

limn,nk,D�⇥ �2
T = 1

nnk
(nanb

n2 + 4n2
an2

b
n4 )

T = 1
nk(na+nb)

�na+nb

i=1

�nk

k=1 I(i, k)
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Expectation of test statistic for na = nb and fa = fb  
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300 uniform samples in two dimensions (x,y) from [0,1] are generated.  
10k events in each sample. 
                                                                  Different samples are compared. 
                                                                  299 combinations 
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Expectation of µT and σT: 
 
 

 
 
for nk = 10 expect σT = 0.001581 
 
From the fit to the T distribution: 
 

<T>=0.4999 ± 0.0001  agrees with expected µT 
	



σT,fit = 0.001494 ± 0.000078 agrees with σT 

µT = na(na�1)+nb(nb�1)
n(n�1) = 0.49999 (if na = nb)
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Expectation of test statistic for na = nb and fa ≠ fb  
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Monte Carlo (CLEO-c model) 
signal decay (SCS) D+ → K-K+π+  
100 pseudo experiments  
2 million events each: with no CPV 
and CPV – 100 in φ,   nk = 20   

3.1 Results for 100 pseudo experiment

Here there are 100 pseudo experiment were generated with 2 million events in each.

R1

R2

R3

R4

R5

Figure 16: The same as in Fig. 6 but for one of the Toy Monte Carlo experiment with 2
million generated events (one million particles and one million antiparticles with different
phase in φ resonance as 100).
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R2 R3

R4 R5

Figure 18: The comparison of the p-value obtained using the KNN method for the nk = 20
for 100 pseudo experiments of Toy Monte Carlo 2 million generated events each without
CPV and with CPV as 100 differences in φ phase in all six regions.

14

Full Dalitz  
region 

Si
CP �

Ni(D+)�Ni(D�)⇥
Ni(D+)+Ni(D�)

The φ regions 

φ	



Clear evidence of disagreement is seen 
for MC CPV sample 

26/04/2013    A.Ukleja                              Charm mixing and CPV at LHCb 



How does the KNN method work? 

61   

Table 2: The percentage of experiments in which 1, 2, 3, 4 or 5 sigma deviations or more
are observed with respect to the 100 total experiments of Toy Monte Carlo with 2 million
generated events with 100 differences in φ phase using the KNN method.

Region ≥ 1σ(%) ≥ 2σ(%) ≥ 3σ(%) ≥ 4σ(%) ≥ 5σ(%)
R0 93 69 33 9 1
R1 24 3 0 0 0
R2 28 3 0 0 0
R3 39 7 0 0 0
R4 98 87 55 19 1
R5 70 31 8 0 0

Table 3: The percentage of experiments in which 1, 2, 3, 4 or 5 sigma deviations or more
are observed with respect to the 100 total experiments of Toy Monte Carlo with 2 million
generated events without CPV using the KNN method.

Region ≥ 1σ(%) ≥ 2σ(%) ≥ 3σ(%) ≥ 4σ(%) ≥ 5σ(%)
R0 27 7 0 0 0
R1 31 3 0 0 0
R2 28 2 0 0 0
R3 32 5 0 0 0
R4 26 2 0 0 0
R5 31 3 0 0 0

R4 R5

Figure 19: The comparison of the p-value obtained using the KNN method for the nk = 20
for 100 pseudo experiments of Toy Monte Carlo 2 million generated events each without
CPV and with CPV as 50 differences in φ phase in two selected regions: R4 and R5.

15

Table 2: The percentage of experiments in which 1, 2, 3, 4 or 5 sigma deviations or more
are observed with respect to the 100 total experiments of Toy Monte Carlo with 2 million
generated events with 100 differences in φ phase using the KNN method.

Region ≥ 1σ(%) ≥ 2σ(%) ≥ 3σ(%) ≥ 4σ(%) ≥ 5σ(%)
R0 93 69 33 9 1
R1 24 3 0 0 0
R2 28 3 0 0 0
R3 39 7 0 0 0
R4 98 87 55 19 1
R5 70 31 8 0 0

Table 3: The percentage of experiments in which 1, 2, 3, 4 or 5 sigma deviations or more
are observed with respect to the 100 total experiments of Toy Monte Carlo with 2 million
generated events without CPV using the KNN method.

Region ≥ 1σ(%) ≥ 2σ(%) ≥ 3σ(%) ≥ 4σ(%) ≥ 5σ(%)
R0 27 7 0 0 0
R1 31 3 0 0 0
R2 28 2 0 0 0
R3 32 5 0 0 0
R4 26 2 0 0 0
R5 31 3 0 0 0

R4 R5

Figure 19: The comparison of the p-value obtained using the KNN method for the nk = 20
for 100 pseudo experiments of Toy Monte Carlo 2 million generated events each without
CPV and with CPV as 50 differences in φ phase in two selected regions: R4 and R5.

15

Monte Carlo, signal decay (SCS) D+ → K-K+π+  
100 pseudo experiments, 2 million events each, nk = 20   

No CPV 

CPV – 100 in φ (regions R4 and R5) 

Clear evidence 
of disagreement 
is seen for MC 
CPV sample 

The fraction of 
data sets that 
exceed 1,2,3,4,5σ 
levels of 
significance 

26/04/2013    A.Ukleja                              Charm mixing and CPV at LHCb 



Summary 

A.Ukleja                              Charm mixing and CPV at LHCb 26/04/2013    62   

•  The kNN method was used to analyse LHCb data for searching local 
differences between D+ and D- 

 
•  First results for D+ → π-π+π+ (here CP asymmetry is expected) were 

discussed within LHCb Group and analysis is under review (blined)  
 
•  We plan to use the kNN method for searching for CP asymmetry in different 

decays of: 
²   charm particles, 
²   beauty particles (here CP violation is larger) 
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