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•  Introduction: 
•  why we are interested in charm physics 
•  types of CP violation  
 
 

•  LHCb and measurements of CP violation in charm sector  
•  charm particles in LHCb 
•  the trigger and charm physics 
•  results for CP violation measurements in LHCb 

•  in decays of D0→K+K- vs D0→π+π- 

•  for Dalitz plots in decays of D+→K-K+π+ 





•  Summary 



Motivation 

A.Ukleja                                   Charm Physics in LHCb 09/01/2012    3   

! !

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

!"#$"%&#$'&('%("#")"#*&+,&-./0

#$'1'&"(&(#"22&3&2+#&+,&1++4&,+1&0+#$5&

6"1'7#&3%6&"%6"1'7#&/89:::

!!!"#
$%

" !$% #"!
! ##$" !$% #"!

! $$$
!"&!
$%

" %"#"!
! ##$

! !

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

!"#$"%&#$'&('%("#")"#*&+,&-./0

#$'1'&"(&(#"22&3&2+#&+,&1++4&,+1&0+#$5&

6"1'7#&3%6&"%6"1'7#&/89:::

!!!"#
$%

" !$% #"!
! ##$" !$% #"!

! $$$
!"&!
$%

" %"#"!
! ##$

no mixing 

φ
D

CPV if ΦD≡(-M12/Γ12)≠0 lub |q/p|≠1 

no CPV 

So far there was no experimental evidence of CPV in charm sector 
         →  natural next step: search for CPV in charm sector 

x = ∆m
Γ

y = ∆Γ
2Γ

First measurement of mixing D0-anti-D0, 2007, Belle, BaBar 
•  opens possibilities of rich structure of CP violation in charm sector 



Why are we interested in charm sector? 
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Three types of CP violation: 
1. in mixing: different rates                                                                   (indirect) 
 
 
2. in decay amplitudes: decays of particle and antiparticle are not the same 
    (direct) 
 
 
3. in interference between mixing and direct decay                              (indirect)   
 
          
 
 
•  In SM expected CPV in charm sector is small (≲ 10-3)  

•  much smaller than in the beauty sector  
 

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

•  Input to b physics 
•  many b mesons decay to c particles (b→c) ~50% transitions 

D0                     anti-D0        ≠       anti-D0                   D0 
 

D0                     f        ≠       anti-D0                   anty-f  
 

D0                         f = anti-f 
 
         anti-D0 

anti-D0                         f = anti-f 
 
                     D0 

A 

anti-A A 

anti-A 



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

  measured at LHCb cross-sections at 7 TeV pp: 
 
 
 
 

•  large cross-section → a lot of charm particles produced 
 
•  possibilities of very precise measurements of charm particles as well 

•  LHCb is a precision detector 
  VELO – resolution of IP: 38 µm for pT ≈ 1 GeV 
  Track reconstruction system – lifetime resolution ~ 50 fs: 0.1 τ(D0)  
  RICH – very good particle identification for π and K: misidentification < 5% 

•  Charm physics competes with beauty physics 
    → limited possibilities to save data 

~10% of σinel 

σ(bb̄) ∼ 0.3 mb
σ(cc̄) ∼ 6 mb ∼ 20× σ(bb̄)

Phys.Lett.B694(2010) 209-216 ,      LHCB-CONF-2010-013 



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%) 



Methods of CPV measurements  
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Two types of analysis: 
 
 
•  time dependent measurements 
    (provide information about CP violation 
     in mixing and in interference) 
     [examples: LHCb-PAPER-2011-032, LHCb-CONF-2011-061] 
                         full list at the end 

 
•  time integrated measurements 
    (provide information about CP violation 
      in decays and in mixing) 
 

in charm sector 

            Two examples of 
            measurements in LHCb 
 

•  D0→K+K- vs D0→π+π- 

•  D+→K-K+π+ 

 



Particle-antiparticle asymmetry 
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We want to measure asymmetry between charm particles and antiparticles 

               where h=K,π

 
•  We have to identify D0 and anti-D0 

 
•  We use decays of D*± 
    (the sign of slow pion is used to tag the initial D0 flavour): 
 
     D*+→D0 π+

s 
     D*-→ anti-D0 π-

s 
 
 
Measured total asymmetry (RAW) between D0

 and anti-D0: 
 
 
 
f = K-K+ , π-π+ 

ARAW (f)∗ ≡ N(D∗+→D0(f)π+)−N(D∗−→D̄0(f̄)π−)
N(D∗+→D0(f)π+)+N(D∗−→D̄0(f̄)π−)

D0→K-K+  
D0→π-π+  

ACP ≡ NCP (D0→h−h+)−NCP (D̄0→h−h+)
NCP (D0→h−h+)+NCP (D̄0→h−h+)

(slow pion) 



What asymmetry we measure at LHCb 
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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 

∆ACP ≡ ACP (K+K−)−ACP (π+π−)
= ARAW (K+K−)∗ −ARAW (π+π−)∗

Raw asymmetry ARAW is a sum of a few physical asymmetries: 

Detector asymmetries for K-K+ and π-π+ cancel since the final states are symmetric 
AD(K−K+) = AD(π−π+) = 0

Detector AD(πs) and production AP(D*) asymmetries will cancel if we subtract raw 
asymmetries ARAW for K-K+ and π-π+  

•  for this reason we measure their difference 

ACP , AD, AP ≡ NCP (D0)−NCP (D̄0)
NCP (D0)+NCP (D̄0)

ARAW (f)∗ = ACP (f) + AD(f) + AD(πs) + AP (D∗)

Although the first order asymmetry is canceled in ΔACP we have to check whether 
there are any unexpected second order effects. 



Time dependent tagged D0!K+!- 
Main challenge: separate prompt and secondary D* 

!! The secondary have longer lifetime  

!" bias of the lifetime  measurement 

 " error in time-dependent mixing measurement 

!! Use two independent samples in signal region: 
1.! The default D*± selected sample 

2.!  B0 ! D*+(D0(K!)!+slow)"# selection which passed D*+ selection 

1 December 2011 Silvia Borghi 16 
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Selection of prompt D*± (D0) 
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Figure 2: lnχ2(IPD) fit projections of D0 → K−π+ (left) and D0 → K+K− (right)
candidates in linear (top) and logarithmic (bottom) scale. Shown are data, the total fit
(blue), the prompt signal (red), and the secondary signal (pink).
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Example for D0→K+K- 

IP – impact parameter 
       with respect to the PV 
χ2(IP) – IP significance 
We use χ2 since it is more effective 

prompt D D from B 

We use D*± produced in primary vertex 
To separate prompt D*± and secondary D*± decays we use χ2(IP) parameter 

Time dependent tagged D0!K+!- 
Main challenge: separate prompt and secondary D* 

!! The secondary have longer lifetime  

!" bias of the lifetime  measurement 

 " error in time-dependent mixing measurement 

!! Use two independent samples in signal region: 
1.! The default D*± selected sample 

2.!  B0 ! D*+(D0(K!)!+slow)"# selection which passed D*+ selection 
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Two production types of D*± (D0): 
 
•  prompt – produced  
    in primary 
    vertex (PV) 
 
    IP(D0)~0 
    χ2(IP)~0 
 
 
•  secondary – produced in B decays 
    [B(B→D*±(D)X)] 
 
 
    IP(D0)>0 
    χ2(IP)>0 



D*+/D*- reconstruction efficiency 

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

!"#
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slow !%#
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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*+/D*- reconstruction efficiency 
LHCb simplified bending plane view 
Only tracking systems shown 
Arbitrary scale used 
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tracks useful for the analysis 
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station 

-#

.#

/0#

B 

Selection criteria 
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•  Impact parameter significance for D0:  χ2 IP(D0)<9 
•  Vertex fit quality of D0  (D*) 
•  Track fit quality for all the tracks K-K+π±

s , π-π+π±
s  

•  Transverse momentum of D0:  pT(D0)>2 GeV 
•  Proper lifetime of D0:  ct>100 µm 
•  Identification of K and π




•  Fiducial cuts to exclude edges where we have large D*+/D*- acceptance 
asymmetries: only πs reconstructed in central part of the detector are considered 

 
 
 
 
 
 
 
 
 
•  Mass window of D0: 1844 < m(D0) < 1884 MeV 

D*+→D0π+
s     ,     D*-→ anti-D0π-

s D0→K-K+   ,   D0→π-π+  

D*+→D0 π+   unreconstructed                     D*-→ anti-D0 π-
s   reconstructed 

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

Time dependent tagged D0!K+!- 
Main challenge: separate prompt and secondary D* 

!! The secondary have longer lifetime  

!" bias of the lifetime  measurement 

 " error in time-dependent mixing measurement 

!! Use two independent samples in signal region: 
1.! The default D*± selected sample 

2.!  B0 ! D*+(D0(K!)!+slow)"# selection which passed D*+ selection 
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are required to pass both hardware and software trigger
levels. A loose D0 selection is applied in the final state of
the software trigger, and in the offline analysis only can-
didates that are accepted by this trigger algorithm are
considered. Both the trigger and offline selections impose
a variety of requirements on kinematics and decay time to
isolate the decays of interest, including requirements on
the track fit quality, on the D0 and D∗+ vertex fit qual-
ity, on the transverse momentum (pT > 2 GeV/c) and
decay time (ct > 100 µm) of the D0 candidate, on the
angle between the D0 momentum in the lab frame and its
daughter momenta in the D0 rest frame (| cos θ| < 0.9),
that the D0 trajectory points back to a primary vertex,
and that the D0 daughter tracks do not. In addition,
the offline analysis exploits the capabilities of the RICH
system to distinguish between pions and kaons when re-
constructing the D0 meson, with no tracks appearing as
both pion and kaon candidates.

A fiducial region is implemented by imposing the re-
quirement that the slow pion lies within the central part
of the detector acceptance. This is necessary because the
magnetic field bends pions of one charge to the left and
those of the other charge to the right. For soft tracks at
large angles in the xz plane this implies that one charge is
much more likely to remain within the 300 mrad horizon-
tal detector acceptance, thus making AD(π+

s ) large. Al-
though this asymmetry is formally independent of the D0

decay mode, it breaks the assumption that the raw asym-
metries are small and it carries a risk of second-order sys-
tematic effects if the ratio of efficiencies of D0 → K−K+

and D0 → π−π+ varies in the affected region. The fidu-
cial requirements therefore exclude edge regions in the
slow pion (px, p) plane. Similarly, a small region of phase
space in which one charge of slow pion is more likely to
be swept into the beampipe region in the downstream
tracking stations, and hence has reduced efficiency, is
also excluded. After the implementation of the fiducial
requirements about 70% of the events are retained.

The invariant mass spectra of selected K−K+ and
π−π+ pairs are shown in Fig. 1. The half-width at
half-maximum of the signal lineshape is 8.6 MeV/c2 for
K−K+ and 11.2 MeV/c2 for π−π+, where the differ-
ence is due to the kinematics of the decays and has
no relevance for the subsequent analysis. The mass
difference (δm) spectra of selected candidates, where
δm ≡ m(h−h+π+

s ) − m(h−h+) − m(π+) for h = K, π,
are shown in Fig. 2. Candidates are required to lie inside
a wide δm window of 0–15 MeV/c2, and in Fig. 2 and for
all subsequent results candidates are in addition required
to lie in a mass signal window of 1844–1884 MeV/c2.
The D∗+ signal yields are approximately 1.44 × 106 in
the K−K+ sample, and 0.38× 106 in the π−π+ sample.
Charm from b-hadron decays is strongly suppressed by
the requirement that the D0 originate from a primary
vertex, and accounts for only 3% of the total yield. Of
the events that contain at least one D∗+ candidate, 12%
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FIG. 1. Fits to the (a) m(K−K+) and (b) m(π−π+) spec-
tra of D∗+ candidates passing the selection and satisfying
0 < δm < 15 MeV/c2. The dashed line corresponds to the
background component in the fit, and the vertical lines indi-
cate the signal window of 1844–1884 MeV/c2.

contain more than one candidate; this is expected due
to background soft pions from the primary vertex and all
candidates are accepted. The background-subtracted av-
erage decay time of D0 candidates passing the selection
is measured for each final state, and the fractional dif-
ference ∆〈t〉/τ is obtained. Systematic uncertainties on
this quantity are assigned for the world average D0 life-
time (0.04%), charm from b-hadron decays (0.18%), and
the background-subtraction procedure (0.04%). Com-
bining the systematic uncertainties in quadrature, we
obtain ∆〈t〉/τ = [9.83 ± 0.22(stat.) ± 0.19(syst.)] %.
The π−π+ and K−K+ average decay time is 〈t〉 =
(0.8539 ± 0.0005) ps, where the error is statistical only.

Fits are performed on the samples in order to deter-
mine Araw(K−K+) and Araw(π−π+). The production
and detection asymmetries can vary with pT and pseu-
dorapidity η, and so can the detection efficiency of the
two different D0 decays, in particular through the effects
of the particle identification requirements. The analy-
sis is performed in 54 kinematic bins defined by the pT
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FIG. 1. Fits to the (a) m(K−K+) and (b) m(π−π+) spec-
tra of D∗+ candidates passing the selection and satisfying
0 < δm < 15 MeV/c2. The dashed line corresponds to the
background component in the fit, and the vertical lines indi-
cate the signal window of 1844–1884 MeV/c2.

contain more than one candidate; this is expected due
to background soft pions from the primary vertex and all
candidates are accepted. The background-subtracted av-
erage decay time of D0 candidates passing the selection
is measured for each final state, and the fractional dif-
ference ∆〈t〉/τ is obtained. Systematic uncertainties on
this quantity are assigned for the world average D0 life-
time (0.04%), charm from b-hadron decays (0.18%), and
the background-subtraction procedure (0.04%). Com-
bining the systematic uncertainties in quadrature, we
obtain ∆〈t〉/τ = [9.83 ± 0.22(stat.) ± 0.19(syst.)] %.
The π−π+ and K−K+ average decay time is 〈t〉 =
(0.8539 ± 0.0005) ps, where the error is statistical only.

Fits are performed on the samples in order to deter-
mine Araw(K−K+) and Araw(π−π+). The production
and detection asymmetries can vary with pT and pseu-
dorapidity η, and so can the detection efficiency of the
two different D0 decays, in particular through the effects
of the particle identification requirements. The analy-
sis is performed in 54 kinematic bins defined by the pT

Invariant mass of K-K+ and π-π+ 
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D0 decays come from  
D*+→D0π+  decays  
in region:  
      0 < δm < 15 MeV 
 
 
δm=m(D0π+)-m(D0)-m(π+) 
 
 
For window mass: 
1844<m(D0)<1884 MeV 
 
 K-K+:  1.4million events 

 π-π+:   381k events 

D0→K-K+ D0→π-π+ 

1844<m(D0→K-K+)<1884MeV 1844<m(D0→π-π+)<1884MeV 

L = 0.62 fb-1 (2011) 

From fits to δm we measured ∆ACP ≡ ACP (K+K−)−ACP (π+π−)

This is NOT a Monte Carlo 
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FIG. 2. Fits to the δm spectra, where the D0 is reconstructed
in the final states (a) K−K+ and (b) π−π+, with mass ly-
ing in the window of 1844–1884 MeV/c2. The dashed line
corresponds to the background component in the fit.

and η of the D∗+ candidates, the momentum of the slow
pion, and the sign of px of the slow pion at the D∗+

vertex. The events are further partitioned in two ways.
First, the data are divided between the two dipole mag-
net polarities. Second, the first 60% of data are processed
separately from the remainder, with the division aligned
with a break in data taking due to an LHC technical stop.
In total, 216 statistically independent measurements are
considered for each decay mode.

In each bin, one-dimensional unbinned maximum like-
lihood fits to the δm spectra are performed. The signal
is described as the sum of two Gaussian functions with
a common mean µ but different widths σi, convolved
with a function B(δm; s) = Θ(δm) δms taking account
of the asymmetric shape of the measured δm distribu-
tion. Here, s ! −0.975 is a shape parameter fixed to the
value determined from the global fits shown in Fig. 2, Θ
is the Heaviside step function, and the convolution runs
over δm. The background is described by an empirical
function of the form 1 − e−(δm−δm0)/α, where δm0 and

α are parameters describing the threshold and shape of
the function, respectively. The D∗+ and D∗− samples in
a given bin are fitted simultaneously and share all shape
parameters, except for a charge-dependent offset in the
central value µ and an overall scale factor in the mass
resolution. The raw asymmetry in the signal yields is
extracted directly from this simultaneous fit. No fit pa-
rameters are shared between the 216 subsamples of data,
nor between the K−K+ and π−π+ final states.

The fits do not distinguish between the signal and
backgrounds that peak in δm. Such backgrounds can
arise from D∗+ decays in which the correct slow pion is
found but the D0 is partially mis-reconstructed. These
backgrounds are suppressed by the use of tight particle
identification requirements and a narrow D0 mass win-
dow. From studies of the D0 mass sidebands (1820–1840
and 1890–1910 MeV/c2), this contamination is found to
be approximately 1% of the signal yield and to have small
raw asymmetry (consistent with zero asymmetry differ-
ence between the K−K+ and π−π+ final states). Its
effect on the measurement is estimated in an ensemble
of simulated experiments and found to be negligible; a
systematic uncertainty is assigned below based on the
statistical precision of the estimate.

A value of ∆ACP is determined in each measure-
ment bin as the difference between Araw(K−K+) and
Araw(π−π+). Testing these 216 measurements for mutual
consistency, we obtain χ2/ndf = 211/215 (χ2 probability
of 56%). A weighted average is performed to yield the
result ∆ACP = (−0.82 ± 0.21)%, where the uncertainty
is statistical only.

Numerous robustness checks are made. The value of
∆ACP is studied as a function of the time at which the
data were taken (Fig. 3) and found to be consistent with
a constant value (χ2 probability of 57%). The mea-
surement is repeated with progressively more restrictive
RICH particle identification requirements, finding values
of (−0.88 ± 0.26)% and (−1.03 ± 0.31)%; both of these
values are consistent with the baseline result when cor-
relations are taken into account. Table I lists ∆ACP for
eight disjoint subsamples of data split according to mag-
net polarity, the sign of px of the slow pion, and whether
the data were taken before or after the technical stop.
The χ2 probability for consistency among the subsam-
ples is 45%. The significances of the differences between
data taken before and after the technical stop, between
the magnet polarities, and between px > 0 and px < 0
are 0.4, 0.6, and 0.7 standard deviations, respectively.
Other checks include applying electron and muon vetoes
to the slow pion and to the D0 daughters, use of different
kinematic binnings, validation of the size of the statisti-
cal uncertainties with Monte Carlo pseudo-experiments,
tightening of kinematic requirements, testing for varia-
tion of the result with the multiplicity of tracks and of
primary vertices in the event, use of other signal and
background parameterizations in the fit, and imposing a
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FIG. 2. Fits to the δm spectra, where the D0 is reconstructed
in the final states (a) K−K+ and (b) π−π+, with mass ly-
ing in the window of 1844–1884 MeV/c2. The dashed line
corresponds to the background component in the fit.

and η of the D∗+ candidates, the momentum of the slow
pion, and the sign of px of the slow pion at the D∗+

vertex. The events are further partitioned in two ways.
First, the data are divided between the two dipole mag-
net polarities. Second, the first 60% of data are processed
separately from the remainder, with the division aligned
with a break in data taking due to an LHC technical stop.
In total, 216 statistically independent measurements are
considered for each decay mode.

In each bin, one-dimensional unbinned maximum like-
lihood fits to the δm spectra are performed. The signal
is described as the sum of two Gaussian functions with
a common mean µ but different widths σi, convolved
with a function B(δm; s) = Θ(δm) δms taking account
of the asymmetric shape of the measured δm distribu-
tion. Here, s ! −0.975 is a shape parameter fixed to the
value determined from the global fits shown in Fig. 2, Θ
is the Heaviside step function, and the convolution runs
over δm. The background is described by an empirical
function of the form 1 − e−(δm−δm0)/α, where δm0 and

α are parameters describing the threshold and shape of
the function, respectively. The D∗+ and D∗− samples in
a given bin are fitted simultaneously and share all shape
parameters, except for a charge-dependent offset in the
central value µ and an overall scale factor in the mass
resolution. The raw asymmetry in the signal yields is
extracted directly from this simultaneous fit. No fit pa-
rameters are shared between the 216 subsamples of data,
nor between the K−K+ and π−π+ final states.

The fits do not distinguish between the signal and
backgrounds that peak in δm. Such backgrounds can
arise from D∗+ decays in which the correct slow pion is
found but the D0 is partially mis-reconstructed. These
backgrounds are suppressed by the use of tight particle
identification requirements and a narrow D0 mass win-
dow. From studies of the D0 mass sidebands (1820–1840
and 1890–1910 MeV/c2), this contamination is found to
be approximately 1% of the signal yield and to have small
raw asymmetry (consistent with zero asymmetry differ-
ence between the K−K+ and π−π+ final states). Its
effect on the measurement is estimated in an ensemble
of simulated experiments and found to be negligible; a
systematic uncertainty is assigned below based on the
statistical precision of the estimate.

A value of ∆ACP is determined in each measure-
ment bin as the difference between Araw(K−K+) and
Araw(π−π+). Testing these 216 measurements for mutual
consistency, we obtain χ2/ndf = 211/215 (χ2 probability
of 56%). A weighted average is performed to yield the
result ∆ACP = (−0.82 ± 0.21)%, where the uncertainty
is statistical only.

Numerous robustness checks are made. The value of
∆ACP is studied as a function of the time at which the
data were taken (Fig. 3) and found to be consistent with
a constant value (χ2 probability of 57%). The mea-
surement is repeated with progressively more restrictive
RICH particle identification requirements, finding values
of (−0.88 ± 0.26)% and (−1.03 ± 0.31)%; both of these
values are consistent with the baseline result when cor-
relations are taken into account. Table I lists ∆ACP for
eight disjoint subsamples of data split according to mag-
net polarity, the sign of px of the slow pion, and whether
the data were taken before or after the technical stop.
The χ2 probability for consistency among the subsam-
ples is 45%. The significances of the differences between
data taken before and after the technical stop, between
the magnet polarities, and between px > 0 and px < 0
are 0.4, 0.6, and 0.7 standard deviations, respectively.
Other checks include applying electron and muon vetoes
to the slow pion and to the D0 daughters, use of different
kinematic binnings, validation of the size of the statisti-
cal uncertainties with Monte Carlo pseudo-experiments,
tightening of kinematic requirements, testing for varia-
tion of the result with the multiplicity of tracks and of
primary vertices in the event, use of other signal and
background parameterizations in the fit, and imposing a
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•  Raw asymmetries ARAW(K-K+) and ARAW(π-π+) are obtained from simultaneous 
fits for both distributions (D0 and anti-D0) δm=m(D0π+)-m(D0)-m(π+) in 216 bins: 

 
•  54 kinematic bins of pT(D*),η(D*),p(πs)  

•  production and detector asymmetries can 
           depend on pT and η  

•  reconstruction efficiencies for 
           K- and K+ or π- and π+ can be different 
•  x 2 = 108 bins 

          two polarizations of magnetic field 
•  x 2 = 216 bins 
     two periods of data taking: before and after  
     technical stop: 350 pb-1, 270 pb-1 
•  432 independent fits for D0→K-K+ and D0→π-π+  

 
•  216 values of ΔACP:  
 
 
 
•  Final ΔACP → weighted average 
•  Total statistical uncertainty of ΔACP:   0.21% 

∆ACP ≡ ACP (K+K−)−ACP (π+π−)
= ARAW (K+K−)∗ −ARAW (π+π−)∗
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Figure 3: Example fit used in the ∆ACP analysis. The first kinematic bin of the first run
period with magnet up polarity is shown for the D0 → K+K− final state.

run blocks
0 2 4 6 8 10 12 14 16 18 20

C
P

 A
!

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

 = 7 TeV Datas

Preliminary
LHCb

Figure 4: Time-dependence of the measurement. The data are divided into 19 disjoint,
contiguous, time-ordered blocks and the value of ∆ACP measured in each block. The red
line shows the result for the combined sample.

by repeating the analysis with the asymmetry extracted through sideband subtraction109

instead of a fit; with all candidates but one (chosen at random) removed in events with110

multiple candidates; and comparing with the result obtained with no kinematic binning.111

In each case the full value of the change in result is taken as the systematic uncertainty.112

These uncertainties are listed in Table 1. The sum in quadrature is 0.11%.113

5

Example:  first bin for 
D0→K-K+, MagUp 

It was checked that 
measured asymmetries 
are consistent in all bins 



Kinematic variable dependencies 
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Systematic uncertainties 
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Systematic uncertainties which have the highest contribution: 
 
•  Fit procedure: 0.08 % 

•  evaluated as a change in ΔACP between baseline fit and not using any 
fitting at all (just sideband subtraction in δm for KK and ππ modes) 

 
•  Multiple candidates: 0.06 % 

•  evaluated as a mean change in ΔACP when removing multiple candidates, 
keeping only one candidate per event chosen at random 

 
•  Kinematic binning: 0.02% 

•  evaluated as a change in ΔACP between full 216-bin kinematic binning and 
“global” analysis with just one giant bin


 
Total systematic uncertainty:    0.11% 
 
Final result (weighted average, LHCb 2011, 0.62 fb-1): 
 
 
               significance: 3.5 σ 

∆ACP = [−0.82± 0.21stat ± 0.11syst]% FIRST 
EVIDENCE 



ΔACP interpretation 
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∆ACP = [adir
CP (K−K+)− adir

CP (π−π+)] + ∆〈t〉
τ aind

CP

∆〈t〉
τ = 〈tKK〉−〈tππ〉

τ = (9.8± 0.9)%
Contributions from CPV in mixing suppressed in one order of magnitude 
 
In good approximation we measure the difference of CPV in charm decays 
           good motivation to search CPV in other channels 

Since CPV in mixing is universal and does not depend on a final state, 
contributions from mixing would cancel in subtraction, but the mean proper time 
difference of D0  is not zero in used samples for  K-K+ and π-π+: 

CPV asymmetry of each final state is a sum of:  
                                           CPV in decays and in mixing  

ACP (f) ≈ adir
CP (f) + 〈t〉

τ aind
CP

Lifetime of D0 (PDG) 

Mean proper time in 
used sample 
(acceptances are a 
function of time for 
K-K+ and π-π+ are 
not the same) 

∆ACP ≡ ACP (K+K−)−ACP (π+π−)

[JHEP 1106 (2011) 089] 



Comparison with the world average 
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significance: 3.5 σ

LHCb 2011, 0.62 fb-1: 

LHCb 2011 total 1.1 fb-1 (remaining ~500 pb-1 is analyzed) 

∆ACP = [−0.82± 0.21stat ± 0.11syst]%

(in mixing) 

(in
 d

ec
ay

s)
 

First evidence for CP violation in charm decays 

LHCb-CONF-2011-061 
LHCb-PAPER-2011-023 
arXiv:1112.0938 

World average before 
LHCb: 
 Δadir

CP= ( -0.42 ± 0.27 ) %  
                   1.6σ  from zero 

Zero CPV 



Searches for CP violation in D±→hhh decays  
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Finding the evidence of CP violation in D0→hh decays gives hope to find this 
asymmetry in other decays as well, for example in D±→hhh 
 
Decays of D→hhh: 
•  decay products form many resonance 
    states visible in Dalitz plot 
•  large strong phase differences between 
    resonance states necessary to observe 
    the CP asymmetry 
 
 
 
 

 

 
        We hope to observe the local charge asymmetries 
 

  The charge asymmetry can be measured locally in regions of Dalitz plots 
  In one region the charge asymmetry can be positive and in another negative.  
  Local asymmetries can be washed out when integrated over the Dalitz plot. 

To find asymmetries we compare locally Dalitz plots for D+ and D-.  
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FIG. 1. Fitted mass spectra of (a) K−π+π+ and (b) K−K+π+ 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+π+ decay for se-
lected candidates in the signal window. The verticalK∗(892)0

and horizontal φ(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+π+ 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 2σ D+ → K−K+π+ 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+π+ 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 2σ mass
window.

Decay Yield Purity
Sample 1+3 Sample 1 Sample 3

D+ → K−K+π+ (3.284± 0.006)× 105 88% 92%
D+

s → K−K+π+ (4.615± 0.012)× 105 89% 92%
D+ → K−π+π+ (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+π+ 84,667 65,781 253,446 403,894
D+

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

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

and φ 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+  

weak phases strong phases 

AsymCP ∼ |A1||A2|sin(φ1 − φ2)sin(δ1 − δ2)



Searches for CP violation in D± decays 
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•  For each bin in a region of Dalitz plot 
     we measure local charge asymmetry 

•  Instead of: 
 

    calculate SCP (Miranda procedure): 
 
 
 

           [Bediaga et al. Phys.Rev.D80(2009)096006] 
 
 

•  SCP is a significance of a difference  
    between D+ and D- 
 
•  For the first time it was used to find  
     local signals in astronomy 
     [Astr. Jour. 272:317, 1983]   

  
•  The method does not depend on a model  
 
•  In this presentation the method is used for  
    three body decays: D+

(s)→h-h+h+   (h=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

Si
CP ≡

Ni(D+)−Ni(D−)√
Ni(D+)+Ni(D−)

∆(i) ≡ Ni(D+)−Ni(D−)
Ni(D+)+Ni(D−)

if asymmetry 

Also χ2 test can be used: χ2=ΣSi
CP

2 
→ p-value – probability of obtaining 
value of the test that is equal or 
greater than the one obtained, 
assuming that the null hypothesis  
(no CPV) is true 
•  The two methods are equivalent 

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

Monte Carlo 



Decays of D+
(s)→h-h+h+  (h=K,π) 
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There are three classes of analyzed decays: 
•  Cabibbo favored (CF) 
•  singly Cabibbo suppressed (SCS) 
•  doubly Cabibbo suppressed (DCS) 
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Singly Cabibbo suppressed decays 
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•  SCS decay can be realized also via penguin diagram  
•  tree and penguin amplitudes can interfere 
•  SM predictions of CPV in the decays ~0.1 % 
•  in penguin loops the new particles can be exchanged   
 

c 

d 

s 

u 

s 

d 

W+ 

K- 

K+ λ 

1 

c 

d 

u 
s 

d 

W+ 

K- 

K+ 

s 

g 

tree penguin 

d,s,b 

D+ D+ 

Penguin diagrams open possibilities for finding New Physics  

u 
u 

π- 
u 
u 

π- 

+NP 

D+→K-K+π+ 

Signal decay (SCS): D+→K-K+π+ 
Control decays (CF): D+

s→K-K+π+ , D+→K-π+π+ 

 λ = 0.22  
1, λ, λ3  λ,1,λ2  



Reconstruction of D+
(s)→h-h+h+ decays in LHCb 
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events it accepts are not saved to disk. In this line the purity is found to be the same in163

sample 2 as in sample 3. The yield in sample 2 is then inferred as the total (S + B) in164

all allowed triggers in the mass window times the purity in sample 3. Thus the overall165

yield of signal D+ → K−K+π+ candidates in the three samples within the mass window166

is approximately 370,000. The total number of candidates (S + B) in each decay mode167

used in the analysis are given in Table 2. The Dalitz plot of data in the D+ window is168

shown in Fig. 2.169
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Figure 1: K−π+π+ (a) and K−K+π+ (b) mass spectra with fit: samples 1 and 3, D+ and
D− combined. The signal mass windows and sidebands defined in the text are labelled.
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Figure 2: The Dalitz plot of the D+ → K−K+π+ decay for selected candidates in the
signal window. The vertical K∗(892)0 and horizontal φ(1020) contributions are clearly
visible in the data. It is also clear that these two resonances do not account for the broad
underlying distribution of events: there is a substantial S-wave component as well.
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events it accepts are not saved to disk. In this line the purity is found to be the same in163

sample 2 as in sample 3. The yield in sample 2 is then inferred as the total (S + B) in164

all allowed triggers in the mass window times the purity in sample 3. Thus the overall165

yield of signal D+ → K−K+π+ candidates in the three samples within the mass window166

is approximately 370,000. The total number of candidates (S + B) in each decay mode167

used in the analysis are given in Table 2. The Dalitz plot of data in the D+ window is168

shown in Fig. 2.169
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Figure 1: K−π+π+ (a) and K−K+π+ (b) mass spectra with fit: samples 1 and 3, D+ and
D− combined. The signal mass windows and sidebands defined in the text are labelled.
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Figure 2: The Dalitz plot of the D+ → K−K+π+ decay for selected candidates in the
signal window. The vertical K∗(892)0 and horizontal φ(1020) contributions are clearly
visible in the data. It is also clear that these two resonances do not account for the broad
underlying distribution of events: there is a substantial S-wave component as well.

5

D+
(s)→K-K+π+ D+→K-π+π+ 

Signal decay (SCS) D+→K-K+π+   
After background subtraction in 
window 2σ: 330k events,  
purity ~90% 

The analysis is based on 2010 dataset of 38 pb-1 

Control decays (CF): 
D+

s→K-K+π+: 460k, purity ~90% 
D+

  →K-π+π+: 3.4million, purity ~98% 

σ=6.35 
MeV 

σ=7.05 
MeV 

σ=8.0 MeV 

mKKπ (MeV) mKππ (MeV) 
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The method allows us to see the difference between D+ and D-. 
 
Measured asymmetry can come from: 
•  production asymmetry 
•  detector asymmetries (for example K+ and K- interact in the detector in different 

ways → different efficiencies in the reconstruction for particle and antiparticle) 
•  background asymmetry 
•  CP asymmetry 

•  The best way is to cancel pollution asymmetries: 
            to cancel global asymmetries (example production asymmetry)  
            we normalize Dalitz plots for D+ and D-, as: 
 
 
 
•  Remaining pollution asymmetries can be estimated from comparison of 

different control decays and sidebands (no CPV expected) with signal decay 
(CPV expected). 

 

Si
CP ≡

Ni(D+)−αNi(D−)√
Ni(D+)+α2Ni(D−)

α = N(D+)
N(D−)
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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
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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 φπ phase. Note the difference in colour scale between (a) and (b).
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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 3σ 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 different CP -violating asymme-
tries are produced. The probability of observing a given
signal in either the φ(1020) or κ(800) resonances with
3σ 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 χ2/ndf and in the width of

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

κ 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 φ(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 different, 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 
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•  For control decays and sidebands asymmetry is not observed 
•  detector, production and background asymmetries are under control 

events it accepts are not saved to disk. In this line the purity is found to be the same in163

sample 2 as in sample 3. The yield in sample 2 is then inferred as the total (S + B) in164

all allowed triggers in the mass window times the purity in sample 3. Thus the overall165

yield of signal D+ → K−K+π+ candidates in the three samples within the mass window166

is approximately 370,000. The total number of candidates (S + B) in each decay mode167

used in the analysis are given in Table 2. The Dalitz plot of data in the D+ window is168

shown in Fig. 2.169
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Figure 1: K−π+π+ (a) and K−K+π+ (b) mass spectra with fit: samples 1 and 3, D+ and
D− combined. The signal mass windows and sidebands defined in the text are labelled.
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Figure 2: The Dalitz plot of the D+ → K−K+π+ decay for selected candidates in the
signal window. The vertical K∗(892)0 and horizontal φ(1020) contributions are clearly
visible in the data. It is also clear that these two resonances do not account for the broad
underlying distribution of events: there is a substantial S-wave component as well.
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D*+ " D0(K!K+) !+

Window MagUp MagDown Combined

lower sideband 32.7% 10.1% 8.7%

middle sideband 31.4% 27.7% 50.8%

Ds
+ window 88.9% 15.5% 34.4%

upper sideband 1.3% 50.7% 26.5%

Sidebands around the D+ signal 
peak look completely fine!

Preliminary: 2010 data, 38 pb!1

Control decay D+
s→K-K+π+ and sidebands  

P-value 
Window of DS 34.4% 
Left sideband 8.7% 

Middle sideband 50.8% 
Right sideband 36.5% 

No evidence of CPV in control decay 
also sidebands around D+→K-K+π+ 
signal look completely fine  

Since all checks look OK, the method can be used for the decay 
where we expect CP violation, for signal D+→K-K+π+  
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No evidence for CP 
violation in the 2010 
dataset of 38 pb-1 
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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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•  SCP distributions 
consistent with standard 
Gauss distribution  

    (µ~0, σ~1) 
 
•  P-values are all  
    above 10 % 

25 bins, different width 106 bin, different width 

199 uniform bins 530 uniform bins 

We have tried various 
widths and various 
numbers of bins in  
the Dalitz plot 

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% LHCb-PAPER-2011-017 

arXiv:1110.3970 



2011 dataset: decays of D+→K-K+π+ (signal)  
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2010: 38 pb-1, 370k events 
•  no CPV observed 

2011: 1.1 fb-1 (30 times more events) 
•  analysis is continued ... but there is much more to come
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For 220 pb-1: 
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Additional 5 times more 
N(D)  ~ 10 million 
N(Ds) ~ 14 million 

Signal 
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•  At LHCb the difference of CP violation in charm sector has been 
observed for decays D0→K-K+ and D0→π-π+ for 2011 dataset of L = 0.62 fb-1   

       (LHCb-CONF-2011-061, LHCb-PAPER-2011-023, arXiv:1112.0938) 
 
 
                                                                           Significance 3.5σ




  First evidence of CP violation in charm decays 
 Contribution from CP violation in mixing is suppressed in one order of 

magnitude 
 
 
•  No evidence for CP violation in decays of D+→K-K+π+ in the 2010 dataset 

of  L = 38 pb-1  
    (LHCb-PAPER-2011-017, arXiv:1110.3970) 

  2011 dataset of 1.1 fb-1 is analyzed 

∆ACP = [−0.82± 0.21stat ± 0.11syst]%
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Published papers: 
•  Search for CP violation in decays 
    LHCB-PAPER-2011-017, arXiv:1110.3970, submitted to Phys.Rev.D 
•  Evidence for CP violation in time-integrated D0 → h-h+ decay rates 
    LHCB-PAPER-2011-023, arXiv:1112.0938, submitted to Phys.Rev.Lett. 
 
•  Measurement of mixing and CP violation parameters in two-body charm decays 
    LHCB-PAPER-2011-032, arXiv:1112.4698, submitted to JHEP 
    Time dependent measurements, based on 2010 data, 29 pb-1 

1. Ratio of lifetimes in D0 decays to the CP eigenstate fCP (D0→K+K-) with    
    respect to decays to the CP non-eigenstate fnon-CP (D0→K-π+): 
 
 
 
 

2. Asymmetry of lifetimes in decays of D0 and anti-D0 to the CP eigenstate K+K-: 
 
 
 
Both results on yCP and AΓ are in agreement with the current world averages.  
No evidence for indirect CP violation in charm sector has been observed.  

AΓ ≡ Γ(D0→fCP )−Γ(D̄0→fCP )
Γ(D0→fCP )+Γ(D̄0→fCP )

= Γ(D0→K+K−)−Γ(D̄0→K+K−)
Γ(D0→K+K−)+Γ(D̄0→K+K−)

yCP ≡ Γ(D0→fCP )
Γ(D0→fnon−CP ) − 1 = Γ(D0→K+K−)

Γ(D0→K−π+) − 1
yCP = (5.5± 6.3stat ± 4.1syst)× 10−3

AΓ = (−5.9± 5.9stat ± 2.1syst)× 10−3
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Published papers: 
•  Search for CP violation in decays 
    LHCB-PAPER-2011-017, arXiv:1110.3970, submitted to Phys.Rev.D 
•  Evidence for CP violation in time-integrated D0 → h-h+ decay rates 
    LHCB-PAPER-2011-023, arXiv:1112.0938, submitted to Phys.Rev.Lett. 
•  Measurement of mixing and CP violation parameters in two-body charm decays 
    LHCB-PAPER-2011-032, arXiv:1112.4698, submitted to JHEP 
 
Conference notes: 
2011 
•  A search for time-integrated CP violation in D0 → h−h+ decays 
    LHCB-CONF-2011-061  
•  Measurement of the Charm Mixing Parameter yCP in Two-Body Charm Decays 
    LHCB-CONF-2011-054  
•  Measurement of the CP Violation Parameter AΓ in Two-Body Charm Decays 
    LHCB-CONF-2011-046 
•  A search for time-integrated CP violation in D → hh decays and a measurement of the D0 

production asymmetry 
    LHCB-CONF-2011-023  
•  Time integrated ratio of wrong-sign to right-sign D0 → Kπ decays in 2010 data at LHCb 
    LHCB-CONF-2011-029   
2010 
•  Prompt charm production in collisions at √s= 7 TeV 
    LHCB-CONF-2010-013 
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Backup 



Number of bins test 
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Bins with different widths 
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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 φπ phase. Note the difference in colour scale between (a) and (b).
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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 3σ 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 different CP -violating asymme-
tries are produced. The probability of observing a given
signal in either the φ(1020) or κ(800) resonances with
3σ 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 χ2/ndf and in the width of

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

κ 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 φ(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 different, 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+ 
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