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• LHCb has huge charm samples (c x-section ≈ 20× b cross section)

• The theme of this talk is precision searches for new Physics in charm at LHCb - 
studying loop-sensitive processes with a precise Standard Model prediction.

• This includes CP violation (which should be tiny* in charm), but also other loops.

until recently most calculations suggested SM CPV in charm of < ~10–3

although sometimes with important qualifications such as: “Direct CP asymmetries in partial widths could be ‘as 
large as’ 10−3. There is no theorem, though, ruling out SM effects [in SCS decays] of 1%” [6]
However, most were less cautious and a widespread consensus was that CPV O(1%) would indicate New Physics.

[5] Y. Grossman, A. L. Kagan, and Y. Nir, New physics and CP violation in singly Cabibbo suppressed D decays, Phys. Rev. D75 (2007) 036008, [arXiv:hep-ph/0609178].
[6] S. Bianco, F. L. Fabbri, D. Benson, and I. Bigi, A Ci- cerone for the physics of charm, Riv. Nuovo Cim. 26N7 (2003) 1, [arXiv:hep-ex/0309021].
[7] M. Bobrowski, A. Lenz, J. Riedl, and J. Rohrwild, How large can the SM contribution to CP violation in D0 −D 0̄ mixing be?,# JHEP 1003 (2010) 009, [arXiv:1002.4794].
[8] A. A. Petrov, Searching for New Physics with Charm, PoS BEAUTY2009 (2009) 024, [arXiv:1003.0906].

Charm as a tool for New Physics searches
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Charm Mixing (differences to the B mixing world in red)
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Box diagram - FCNC between up type 
quarks -> loop with down-type quarks.

long-distance effects important/dominant, but 
difficult to calculate
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• Two mass eigenstates (= CP eigenstates if no CPV)

• Δm = mass difference ~ mixing frequency. x = Δm/Γ 
ΔΓ = width difference. y = ½ ΔΓ/Γ

• D mixing now well established (~10σ)

|D1,2� = p|D0�± q|D0�
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• φD≡Arg(q/p) equivalent to 2β in Bd system (i.e. 
CPV in the interference between mixing and 
decay)

• (1 – |q/p|) equivalent to Asl or εK, CPV in mixing.

CP Violation in mixing and interference of mixing and 
decay.
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•  φD≡Arg(q/p) = 0,  |q/p| =1 in SM. Plot shows current constraints.
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Time-dependent CPV and mixing at LHCb

• Define

• W/o CP violation (and to 1st order even with CPV):
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eigenstate such as ππ)

yCP = y
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Time-dependent CPV and mixing at LHCb

• Define: 

• AΓ sensitive especially to CPV in mixing 
(|q/p| ≠ 1)
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tag the D flavour using 
D*– →Dºπ–  D*+ →Dºπ+ 
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Figure 3: ∆m fit projections of (left) D0 → K−π+ and (right) D0 → K+K− candidates.
Shown are data (points), the total fit (green, solid) and the background component (blue,
dot-dashed).

dependent fit is factorized as

f(χ2(IPD), t, A) =
�

class
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fIP(χ
2(IPD)|t, A, class)ft(t|A, class)fTP(A|class)P (class). (7)

The four factors on the right-hand side of Eq. 7, which will be described in detail below,
are:

• the time-dependent PDFs for the lnχ2(IPD) values for prompt and secondary D0

mesons;

• the decay-time PDFs for prompt and secondary D0 mesons;

• the PDF for the turning points which define the acceptance A;

• the fractions of prompt and secondary D0 decays among the signal candidates.

The separation of prompt and secondary D0 mesons is done on a statistical basis
using the impact parameter of the D0 candidate with respect to the primary vertex, IPD.
For prompt decays, this is zero up to resolution effects, but can acquire larger values
for secondary decays as the D0 candidate does not in general point back to the primary
vertex. Given an estimate of the vertex resolution is available on an event-by-event basis,
it is advantageous to use the χ2 of the IPD instead of the impact parameter value itself.
The natural logarithm of this quantity, ln(χ2(IPD)), allows for an easier parametrisation.
Empirically, the sum of two bifurcated Gaussians, i.e. Gaussians with different widths
on each side of the mean, and a third, symmetric Gaussian, all sharing a common peak
position, is found to be a suitable model to describe the ln(χ2(IPD)) distribution for both
prompt and secondary D0.
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38k D→KK in 29/pb
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Time-dependent charm at LHCb

• Trigger relies on impact parameters to identify tracks from long-lived particles - 
this biases the lifetime distribution; does not completely cancel in ratio.
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Time-dependent charm at LHCb

• We calculate (not simulate) the acceptance function for each event, by re-
evaluating the trigger response for every possible decay time this event could 
have had. (see CDF’s analysis: Phys.Rev. D83 (2011) 032008 and also Nucl.Instrum.Meth. A570 (2007) 525-528)
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Figure 10: Lifetime acceptance function for an event of a two-body hadronic decay. The
shaded, light blue regions show the bands for accepting a track IP . After IP2 is too low in
(a) it reaches the accepted range in (b). The actual measured lifetime lies in the accepted
region (c), which continues to larger lifetimes (d).
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Figure 5: Proper-time fit projections of (left) D0 → K+K− and (right) D0 → K+K−

candidates after application of the lnχ2(IPD) < 2 cut. Shown are data (points), the
total fit (green, solid), the prompt signal (blue, short-dashed), and the secondary signal
(purple, long-dashed).
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LHCb results are from a tiny fraction of our data set. 
More to come!

Different trigger conditions and other improvements 

will also result in significantly smaller systematics
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• Measure absolute decay rate 
differences between Dº→f  and Dº→f .

• Tag initial state with D*: 

• Worry about production and detection 
asymmetries.

_ _

D∗− → D
0
π−
s D∗+ → D0π+

s

Earlier this session, Till Moritz Karbach discussed 

direct CPV in B decays, which can be large. Here, 

at least according to the SM, it should be tiny.
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Searches for direct CPV D+→K–K+π+

• Kinematics of 3-body decays can be parameterised with 2 parameters 
and represented as a Dalitz plot.

• Analysis based on splitting the D+ and D– Dalitz plot into bins and 
comparing yields bin-by-bin as suggested in Bediaga et al, Phys.Rev.D80:096006,2009

For sample 2, the yield cannot be taken directly from
the fit, because there is a mass cut in the HLT2 line that
accepts the majority of the signal, selecting events in a
!25 MeV=c2 window around the nominal value.
However, another HLT2 line with a looser mass cut that
is otherwise identical to the main HLT2 line exists,
although only one event in 100 is retained. In this line
the purity is found to be the same in sample 2 as in sample
3. The yield in sample 2 is then inferred as the total (Sþ B)
in all allowed triggers in the mass window times the purity
in sample 3. Thus the overall yield of signal Dþ !
K#Kþ!þ candidates in the three samples within the
mass window is approximately 370 000. The total number
of candidates (Sþ B) in each decay mode used in the
analysis are given in Table II. The Dalitz plot of data in
the Dþ window is shown in Fig. 2.

Within the 2" Dþ ! K#Kþ!þ 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 reflection
in the K#Kþ!þ spectrum is the Cabibbo-favored Dþ !
K#!þ!þ, where the incorrect assignment of the kaon
mass to the pion leads to a distribution that partially over-
laps with the Dþ

s ! K#Kþ!þ signal region, but not with
Dþ ! K#Kþ!þ. The four-body, Cabibbo-favored mode
D0 ! K#!þ!#!þ where a !þ is lost and the !# is
misidentified as a K# will appear broadly distributed in
K#Kþ!þ mass, but its resonances could create structures
in the Dalitz plot. Similarly, !K$ð892Þ0 and # resonances
from the PVmisreconstructed with a random track forming
a three-body vertex will also appear.

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 1þ 3 Sample 1 Sample 3
Dþ ! K#Kþ!þ ð3:284! 0:006Þ ' 105 88% 92%
Dþ

s ! K#Kþ!þ ð4:615! 0:012Þ ' 105 89% 92%
Dþ ! K#!þ!þ ð3:3777! 0:0037Þ ' 106 98% 98%
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FIG. 1 (color online). Fitted mass spectra of (a) K#!þ!þ and (b) K#Kþ!þ candidates from samples 1 and 3, Dþ and D#

combined. The signal mass windows and sidebands defined in the text are labeled.

TABLE II. Number of candidates (Sþ 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

Dþ ! K#Kþ!þ 84 667 65 781 253 446 403 894
Dþ

s ! K#Kþ!þ 126 206 91 664 346 068 563 938
Dþ ! K#!þ!þ 858 356 687 197 2 294 315 3 839 868
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FIG. 2 (color online). Dalitz plot of the Dþ ! K#Kþ!þ

decay for selected candidates in the signal window. The vertical
!K$ð892Þ0 and horizontal #ð1020Þ contributions are clearly vis-
ible in the data.
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changing sign from left to right. This sign change means
the CPV causes only a 0.1% difference in the total decay
rate between Dþ and D". This illustrates the strength of
our method, as the asymmetry would be much more diffi-
cult to detect in a measurement that was integrated over the
Dalitz plot. Even with no systematic uncertainties, to see a
0.1% asymmetry at the 3! level would require 2:25# 106

events. With the method and much smaller data set used
here we would observe this signal at the 3! level with 76%
probability, as shown in Table IV below.

The sensitivity to a particular manifestation of CPV
depends on the choice of binning. The fact that the
CP-violating region in most of the pseudo-experiments
covers a broad area of the Dalitz plot suggests that the
optimal number of bins for this type of asymmetry is low.
Each bin adds a degree of freedom without changing the "2

value for consistency with no CPV. However, if CP asym-
metries change sign within a bin, they will not be seen.
Similarly, the sensitivity is reduced if only a small part
of a large bin has any CPV in it. To avoid effects due
to excessive fluctuations, bins that contain fewer than
50 candidates are not used anywhere in the analysis.
Such bins are very rare.

The binnings are chosen to reflect the highly nonuniform
structure of the Dalitz plot. A simple adaptive binning
algorithm was devised to define binnings of approximately
equal population without separating Dþ and D". Two bin-
nings that are found to have good sensitivity to the simu-
lated asymmetries contain 25 bins (‘‘Adaptive I’’) arranged
as shown in Fig. 4(a), and 106 bins (‘‘Adaptive II’’) arranged
as shown in Fig. 4(b). For Adaptive I, a simulation of the
relative value of the strong phase across the Dalitz plot in
the CLEO-c amplitude model is used to refine the results
of the algorithm: if the strong phase varies significantly
across a bin, CP asymmetries are more likely to change
sign. Therefore the bin boundaries are adjusted to minimize
changes in 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 introduce model-dependence into the final results
as no artificial 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 sensi-

tivity to several manifestations of CPV. With 200 test
experiments of approximately the same size as the signal
sample in data, including no asymmetries, no CP-violating
signals are observed at the 3! level with Adaptive 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 #ð1020Þ or $ð800Þ resonances with 3!
significance is calculated in samples of the same size as the
data set. 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
using the same amplitude model were ð6& 6þ0þ6

"2"2Þ' and
ð"12& 12þ6þ2

"1"10Þ%, [15] where the uncertainties are sta-
tistical, systematic and model-dependent, respectively.

TABLE IV. Results from sets of 100 pseudo-experiments with
different CP asymmetries and Adaptive I and II binnings. pð3!Þ
is the probability of a 3! observation of CPV. hSi is the mean
significance with which CPV is observed.

CPV Adaptive I Adaptive II
pð3!Þ hSi pð3!Þ hSi

No CPV 0 0:84! 1% 0:84!
6' in #ð1020Þ phase 99% 7:0! 98% 5:2!
5' in #ð1020Þ phase 97% 5:5! 79% 3:8!
4' in #ð1020Þ phase 76% 3:8! 41% 2:7!
3' in #ð1020Þ phase 38% 2:8! 12% 1:9!
2' in #ð1020Þ phase 5% 1:6! 2% 1:2!
6.3% in $ð800Þ magnitude 16% 1:9! 24% 2:2!
11% in $ð800Þ magnitude 83% 4:2! 95% 5:6!
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FIG. 4 (color online). Layout of the (a) ‘‘Adaptive I’’ and (b) ‘‘Adaptive II’’ binnings on the Dalitz plot of data.
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Searches for direct CPV D+→K–K+π+

• Compare yields in CP-conjugate bins

• Model independent. Due to normalisation, many 
production and detection effects cancel.

• Plot this for all bins - 
expect Gaussian with μ=0, σ=1

changing sign from left to right. This sign change means
the CPV causes only a 0.1% difference in the total decay
rate between Dþ and D". This illustrates the strength of
our method, as the asymmetry would be much more diffi-
cult to detect in a measurement that was integrated over the
Dalitz plot. Even with no systematic uncertainties, to see a
0.1% asymmetry at the 3! level would require 2:25# 106

events. With the method and much smaller data set used
here we would observe this signal at the 3! level with 76%
probability, as shown in Table IV below.

The sensitivity to a particular manifestation of CPV
depends on the choice of binning. The fact that the
CP-violating region in most of the pseudo-experiments
covers a broad area of the Dalitz plot suggests that the
optimal number of bins for this type of asymmetry is low.
Each bin adds a degree of freedom without changing the "2

value for consistency with no CPV. However, if CP asym-
metries change sign within a bin, they will not be seen.
Similarly, the sensitivity is reduced if only a small part
of a large bin has any CPV in it. To avoid effects due
to excessive fluctuations, bins that contain fewer than
50 candidates are not used anywhere in the analysis.
Such bins are very rare.

The binnings are chosen to reflect the highly nonuniform
structure of the Dalitz plot. A simple adaptive binning
algorithm was devised to define binnings of approximately
equal population without separating Dþ and D". Two bin-
nings that are found to have good sensitivity to the simu-
lated asymmetries contain 25 bins (‘‘Adaptive I’’) arranged
as shown in Fig. 4(a), and 106 bins (‘‘Adaptive II’’) arranged
as shown in Fig. 4(b). For Adaptive I, a simulation of the
relative value of the strong phase across the Dalitz plot in
the CLEO-c amplitude model is used to refine the results
of the algorithm: if the strong phase varies significantly
across a bin, CP asymmetries are more likely to change
sign. Therefore the bin boundaries are adjusted to minimize
changes in 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 introduce model-dependence into the final results
as no artificial 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 sensi-

tivity to several manifestations of CPV. With 200 test
experiments of approximately the same size as the signal
sample in data, including no asymmetries, no CP-violating
signals are observed at the 3! level with Adaptive 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 #ð1020Þ or $ð800Þ resonances with 3!
significance is calculated in samples of the same size as the
data set. 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
using the same amplitude model were ð6& 6þ0þ6

"2"2Þ' and
ð"12& 12þ6þ2

"1"10Þ%, [15] where the uncertainties are sta-
tistical, systematic and model-dependent, respectively.

TABLE IV. Results from sets of 100 pseudo-experiments with
different CP asymmetries and Adaptive I and II binnings. pð3!Þ
is the probability of a 3! observation of CPV. hSi is the mean
significance with which CPV is observed.

CPV Adaptive I Adaptive II
pð3!Þ hSi pð3!Þ hSi

No CPV 0 0:84! 1% 0:84!
6' in #ð1020Þ phase 99% 7:0! 98% 5:2!
5' in #ð1020Þ phase 97% 5:5! 79% 3:8!
4' in #ð1020Þ phase 76% 3:8! 41% 2:7!
3' in #ð1020Þ phase 38% 2:8! 12% 1:9!
2' in #ð1020Þ phase 5% 1:6! 2% 1:2!
6.3% in $ð800Þ magnitude 16% 1:9! 24% 2:2!
11% in $ð800Þ magnitude 83% 4:2! 95% 5:6!
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FIG. 4 (color online). Layout of the (a) ‘‘Adaptive I’’ and (b) ‘‘Adaptive II’’ binnings on the Dalitz plot of data.
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Figure 3: Top: Significance DpSCP plot for two CP conserving 300K signal + 200K back-
ground samples for CP symmetric decays. Bottom: Gaussian fit for the DpSCP distribu-
tion; P1, P2 and P3 denote the fit values for the central value, width and normalization
parameter, respectively.

The B+ and B− Dalitz plots are shown in Fig. 7. One can see that the two plots are
different. Turning to a plot of the fractional asymmetry ∆(i) shows there are many bin-by-
bin asymmetries, yet those exhibit again a rather noise pattern, see Fig. 8a. Once again
‘mirandizing’ the display, i.e., plotting DpSCP instead of ∆(i), leads to a more organized
message, shown in the upper display in Fig. 8b. In particular, when looking at the DpSCP

distribution of Fig. 9 we see that over and above the statistical fluctuations there is a
genuine CP asymmetry.

As before its location can be narrowed down further by dividing the Dalitz plot in
the four regions of Fig. 5 and plotting the DpSCP distributions separately for them, see
Fig. 9. It clearly identifies regions I and II as the main origin of the asymmetry. That is
as it has to be, since the interference between the Kρ and Kf0 amplitudes, which is the
”engine” of CP violation in our model, takes place mainly there.

13

Figure 4: Top: Significance DpSCP plot for B± → K±π∓π± for model ”ρ0”. Bottom:
DpSCP for the bins in Top Figure that pass the statistical cut, fit to a centred Gaussian
with unit width. P1 is the normalization parameter.

3.2.3 Comparing the ”ρ0” and ”f0” Models

The preceding discussion has shown that the DpSCP observable and its distribution pro-
vides a powerful tool that in a model independent way allows to establish the existence
of a genuine CP asymmetry over and above statistical fluctuations and even determine
the subregion(s) of the Dalitz plot, where it originates. For both the two Dalitz models
employed above it was mainly the ρ − f0 interference domain.

In addition, a closer analysis allows to distinguish the cases where the asymmetry is
driven by a difference in the Kρ and in the Kf0 phase, respectively, for the B+ and B−

decays, see Figs. 6 and 9b. The discriminator is provided by the interference with the
‘silent’ partner, the K∗π amplitude. This ability would provide important diagnostics
about the underlying dynamics: for it would enable us to decide whether the CP odd
operator generating the asymmetry carries vector or scalar quantum numbers.

14

CPVno CPV

13

http://link.aps.org/doi/10.1103/PhysRevD.84.112008
http://link.aps.org/doi/10.1103/PhysRevD.84.112008
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0905.4233
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0905.4233


Jonas Rademacker (University of Bristol) for LHCb                      CPV and more charm at LHCb                         Moriond E/W, La Thuile, March 2012

D+→K–K+π+ and control modes at LHCb

14

For sample 2, the yield cannot be taken directly from
the fit, because there is a mass cut in the HLT2 line that
accepts the majority of the signal, selecting events in a
!25 MeV=c2 window around the nominal value.
However, another HLT2 line with a looser mass cut that
is otherwise identical to the main HLT2 line exists,
although only one event in 100 is retained. In this line
the purity is found to be the same in sample 2 as in sample
3. The yield in sample 2 is then inferred as the total (Sþ B)
in all allowed triggers in the mass window times the purity
in sample 3. Thus the overall yield of signal Dþ !
K#Kþ!þ candidates in the three samples within the
mass window is approximately 370 000. The total number
of candidates (Sþ B) in each decay mode used in the
analysis are given in Table II. The Dalitz plot of data in
the Dþ window is shown in Fig. 2.

Within the 2" Dþ ! K#Kþ!þ 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 reflection
in the K#Kþ!þ spectrum is the Cabibbo-favored Dþ !
K#!þ!þ, where the incorrect assignment of the kaon
mass to the pion leads to a distribution that partially over-
laps with the Dþ

s ! K#Kþ!þ signal region, but not with
Dþ ! K#Kþ!þ. The four-body, Cabibbo-favored mode
D0 ! K#!þ!#!þ where a !þ is lost and the !# is
misidentified as a K# will appear broadly distributed in
K#Kþ!þ mass, but its resonances could create structures
in the Dalitz plot. Similarly, !K$ð892Þ0 and # resonances
from the PVmisreconstructed with a random track forming
a three-body vertex will also appear.

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 1þ 3 Sample 1 Sample 3
Dþ ! K#Kþ!þ ð3:284! 0:006Þ ' 105 88% 92%
Dþ

s ! K#Kþ!þ ð4:615! 0:012Þ ' 105 89% 92%
Dþ ! K#!þ!þ ð3:3777! 0:0037Þ ' 106 98% 98%
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FIG. 1 (color online). Fitted mass spectra of (a) K#!þ!þ and (b) K#Kþ!þ candidates from samples 1 and 3, Dþ and D#

combined. The signal mass windows and sidebands defined in the text are labeled.

TABLE II. Number of candidates (Sþ 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

Dþ ! K#Kþ!þ 84 667 65 781 253 446 403 894
Dþ

s ! K#Kþ!þ 126 206 91 664 346 068 563 938
Dþ ! K#!þ!þ 858 356 687 197 2 294 315 3 839 868
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FIG. 2 (color online). Dalitz plot of the Dþ ! K#Kþ!þ

decay for selected candidates in the signal window. The vertical
!K$ð892Þ0 and horizontal #ð1020Þ contributions are clearly vis-
ible in the data.
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For sample 2, the yield cannot be taken directly from
the fit, because there is a mass cut in the HLT2 line that
accepts the majority of the signal, selecting events in a
!25 MeV=c2 window around the nominal value.
However, another HLT2 line with a looser mass cut that
is otherwise identical to the main HLT2 line exists,
although only one event in 100 is retained. In this line
the purity is found to be the same in sample 2 as in sample
3. The yield in sample 2 is then inferred as the total (Sþ B)
in all allowed triggers in the mass window times the purity
in sample 3. Thus the overall yield of signal Dþ !
K#Kþ!þ candidates in the three samples within the
mass window is approximately 370 000. The total number
of candidates (Sþ B) in each decay mode used in the
analysis are given in Table II. The Dalitz plot of data in
the Dþ window is shown in Fig. 2.

Within the 2" Dþ ! K#Kþ!þ 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 reflection
in the K#Kþ!þ spectrum is the Cabibbo-favored Dþ !
K#!þ!þ, where the incorrect assignment of the kaon
mass to the pion leads to a distribution that partially over-
laps with the Dþ

s ! K#Kþ!þ signal region, but not with
Dþ ! K#Kþ!þ. The four-body, Cabibbo-favored mode
D0 ! K#!þ!#!þ where a !þ is lost and the !# is
misidentified as a K# will appear broadly distributed in
K#Kþ!þ mass, but its resonances could create structures
in the Dalitz plot. Similarly, !K$ð892Þ0 and # resonances
from the PVmisreconstructed with a random track forming
a three-body vertex will also appear.

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 1þ 3 Sample 1 Sample 3
Dþ ! K#Kþ!þ ð3:284! 0:006Þ ' 105 88% 92%
Dþ

s ! K#Kþ!þ ð4:615! 0:012Þ ' 105 89% 92%
Dþ ! K#!þ!þ ð3:3777! 0:0037Þ ' 106 98% 98%
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FIG. 1 (color online). Fitted mass spectra of (a) K#!þ!þ and (b) K#Kþ!þ candidates from samples 1 and 3, Dþ and D#

combined. The signal mass windows and sidebands defined in the text are labeled.

TABLE II. Number of candidates (Sþ 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

Dþ ! K#Kþ!þ 84 667 65 781 253 446 403 894
Dþ

s ! K#Kþ!þ 126 206 91 664 346 068 563 938
Dþ ! K#!þ!þ 858 356 687 197 2 294 315 3 839 868
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FIG. 2 (color online). Dalitz plot of the Dþ ! K#Kþ!þ

decay for selected candidates in the signal window. The vertical
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ible in the data.
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distinguish between prompt and secondary charm is the
impact parameter (IP) of the D with respect to the primary
vertex. Given the long B lifetime, the IP distribution of
secondary charm candidates is shifted towards larger val-
ues compared to that of prompt Dþ mesons.

The effect of secondary charm is investigated by divid-
ing the data set according to the value of the candidate IP
significance (!2

IP). The subsamples with events having
larger !2

IP are likely to be richer in secondary charm.

The results are shown in Table VIII. No anomalous effects
are seen in the high !2

IP sample, so contamination from
secondary charm with CPV does not affect our results for
studies with our current level of sensitivity.
The analysis on the two control modes and on the side-

bands in the final states K"Kþ"þ and K""þ"þ gives
results from all tests that are fully consistent with no
asymmetry. Therefore, any asymmetry observed in Dþ !
K"Kþ"þ is likely to be a real physics effect.
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FIG. 6 (color online). Dalitz plots of (a) Dþ ! K""þ"þ, showing the 25-bin adaptive scheme with the SCP values, and
(b) Dþ

s ! K"Kþ"þ, showing the three regions referred to in the text. The higher and lower K""þ invariant mass combinations
are plotted in (a) as there are identical pions in the final state.

TABLE VII. Results (p-values, in %) from tests with the
Dþ

s ! K"Kþ"þ control channel using the uniform binning
scheme. The values correspond to tests performed separately
on Zones A–C, with samples 1–3 and both magnet polarities
combined.

bins Zone A Zone B Zone C

300 20.1 25.3 14.5
100 41.7 84.6 89.5
30 66.0 62.5 24.6

TABLE VIII. Results (p-values, in %) from tests with the
Dþ ! K""þ"þ and Dþ

s ! K"Kþ"þ samples divided accord-
ing to the impact parameter with respect to the primary vertex.
The tests are performed using the adaptive binning scheme with
25 bins.
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distinguish between prompt and secondary charm is the
impact parameter (IP) of the D with respect to the primary
vertex. Given the long B lifetime, the IP distribution of
secondary charm candidates is shifted towards larger val-
ues compared to that of prompt Dþ mesons.

The effect of secondary charm is investigated by divid-
ing the data set according to the value of the candidate IP
significance (!2

IP). The subsamples with events having
larger !2

IP are likely to be richer in secondary charm.

The results are shown in Table VIII. No anomalous effects
are seen in the high !2

IP sample, so contamination from
secondary charm with CPV does not affect our results for
studies with our current level of sensitivity.
The analysis on the two control modes and on the side-

bands in the final states K"Kþ"þ and K""þ"þ gives
results from all tests that are fully consistent with no
asymmetry. Therefore, any asymmetry observed in Dþ !
K"Kþ"þ is likely to be a real physics effect.
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TABLE VII. Results (p-values, in %) from tests with the
Dþ

s ! K"Kþ"þ control channel using the uniform binning
scheme. The values correspond to tests performed separately
on Zones A–C, with samples 1–3 and both magnet polarities
combined.

bins Zone A Zone B Zone C

300 20.1 25.3 14.5
100 41.7 84.6 89.5
30 66.0 62.5 24.6

TABLE VIII. Results (p-values, in %) from tests with the
Dþ ! K""þ"þ and Dþ

s ! K"Kþ"þ samples divided accord-
ing to the impact parameter with respect to the primary vertex.
The tests are performed using the adaptive binning scheme with
25 bins.
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IP < 6 !2

IP > 6
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respectively. The samples are separated according to
the magnet polarity and the same studies are repeated. In
all cases the p-values are consistent with no CPV, with
values ranging from 4% to 99%. We conclude that there is
no evidence for CPV in our data sample of Dþ !
K"Kþ!þ.

VI. CONCLUSION

Because of the rich structure of their Dalitz plots, three-
body charm decays are sensitive to CP violating phases
within and beyond the standard model. Here, a model-
independent search for direct CP violation is performed
in the Cabibbo-suppressed decay Dþ ! K"Kþ!þ with
35 pb"1 of data collected by the LHCb experiment, and no
evidence for CPV is found. Several binnings are used to
compare normalized Dþ and D" Dalitz plot distributions.
This technique is validated with large numbers of simu-
lated pseudo-experiments and with Cabibbo favored con-
trol channels from the data: no false positive signals are
seen. To our knowledge this is the first time a search for
CPV is performed using adaptive bins which reflect the
structure of the Dalitz plot.

Monte Carlo simulations illustrate that large localized
asymmetries can occur without causing detectable

differences in integrated decay rates. The technique used
here is shown to be sensitive to such asymmetries.
Assuming the decay model, efficiency parameterization
and background model described in Sec. III we would be
90% confident of seeing a CP violating difference of either
5# in the phase of the "!þ or 11% in the magnitude of the
#ð800ÞKþ with 3$ significance. Since we find no evidence
of CPV, effects of this size are unlikely to exist.
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changing sign from left to right. This sign change means
the CPV causes only a 0.1% difference in the total decay
rate between Dþ and D". This illustrates the strength of
our method, as the asymmetry would be much more diffi-
cult to detect in a measurement that was integrated over the
Dalitz plot. Even with no systematic uncertainties, to see a
0.1% asymmetry at the 3! level would require 2:25# 106

events. With the method and much smaller data set used
here we would observe this signal at the 3! level with 76%
probability, as shown in Table IV below.

The sensitivity to a particular manifestation of CPV
depends on the choice of binning. The fact that the
CP-violating region in most of the pseudo-experiments
covers a broad area of the Dalitz plot suggests that the
optimal number of bins for this type of asymmetry is low.
Each bin adds a degree of freedom without changing the "2

value for consistency with no CPV. However, if CP asym-
metries change sign within a bin, they will not be seen.
Similarly, the sensitivity is reduced if only a small part
of a large bin has any CPV in it. To avoid effects due
to excessive fluctuations, bins that contain fewer than
50 candidates are not used anywhere in the analysis.
Such bins are very rare.

The binnings are chosen to reflect the highly nonuniform
structure of the Dalitz plot. A simple adaptive binning
algorithm was devised to define binnings of approximately
equal population without separating Dþ and D". Two bin-
nings that are found to have good sensitivity to the simu-
lated asymmetries contain 25 bins (‘‘Adaptive I’’) arranged
as shown in Fig. 4(a), and 106 bins (‘‘Adaptive II’’) arranged
as shown in Fig. 4(b). For Adaptive I, a simulation of the
relative value of the strong phase across the Dalitz plot in
the CLEO-c amplitude model is used to refine the results
of the algorithm: if the strong phase varies significantly
across a bin, CP asymmetries are more likely to change
sign. Therefore the bin boundaries are adjusted to minimize
changes in 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 introduce model-dependence into the final results
as no artificial 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 sensi-

tivity to several manifestations of CPV. With 200 test
experiments of approximately the same size as the signal
sample in data, including no asymmetries, no CP-violating
signals are observed at the 3! level with Adaptive 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 #ð1020Þ or $ð800Þ resonances with 3!
significance is calculated in samples of the same size as the
data set. 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
using the same amplitude model were ð6& 6þ0þ6

"2"2Þ' and
ð"12& 12þ6þ2

"1"10Þ%, [15] where the uncertainties are sta-
tistical, systematic and model-dependent, respectively.

TABLE IV. Results from sets of 100 pseudo-experiments with
different CP asymmetries and Adaptive I and II binnings. pð3!Þ
is the probability of a 3! observation of CPV. hSi is the mean
significance with which CPV is observed.

CPV Adaptive I Adaptive II
pð3!Þ hSi pð3!Þ hSi

No CPV 0 0:84! 1% 0:84!
6' in #ð1020Þ phase 99% 7:0! 98% 5:2!
5' in #ð1020Þ phase 97% 5:5! 79% 3:8!
4' in #ð1020Þ phase 76% 3:8! 41% 2:7!
3' in #ð1020Þ phase 38% 2:8! 12% 1:9!
2' in #ð1020Þ phase 5% 1:6! 2% 1:2!
6.3% in $ð800Þ magnitude 16% 1:9! 24% 2:2!
11% in $ð800Þ magnitude 83% 4:2! 95% 5:6!
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FIG. 4 (color online). Layout of the (a) ‘‘Adaptive I’’ and (b) ‘‘Adaptive II’’ binnings on the Dalitz plot of data.
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(Investigated several alternative binnings in all 3 channels – no signs of CPV)

p=11%

respectively. The samples are separated according to
the magnet polarity and the same studies are repeated. In
all cases the p-values are consistent with no CPV, with
values ranging from 4% to 99%. We conclude that there is
no evidence for CPV in our data sample of Dþ !
K"Kþ!þ.

VI. CONCLUSION

Because of the rich structure of their Dalitz plots, three-
body charm decays are sensitive to CP violating phases
within and beyond the standard model. Here, a model-
independent search for direct CP violation is performed
in the Cabibbo-suppressed decay Dþ ! K"Kþ!þ with
35 pb"1 of data collected by the LHCb experiment, and no
evidence for CPV is found. Several binnings are used to
compare normalized Dþ and D" Dalitz plot distributions.
This technique is validated with large numbers of simu-
lated pseudo-experiments and with Cabibbo favored con-
trol channels from the data: no false positive signals are
seen. To our knowledge this is the first time a search for
CPV is performed using adaptive bins which reflect the
structure of the Dalitz plot.

Monte Carlo simulations illustrate that large localized
asymmetries can occur without causing detectable

differences in integrated decay rates. The technique used
here is shown to be sensitive to such asymmetries.
Assuming the decay model, efficiency parameterization
and background model described in Sec. III we would be
90% confident of seeing a CP violating difference of either
5# in the phase of the "!þ or 11% in the magnitude of the
#ð800ÞKþ with 3$ significance. Since we find no evidence
of CPV, effects of this size are unlikely to exist.
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changing sign from left to right. This sign change means
the CPV causes only a 0.1% difference in the total decay
rate between Dþ and D". This illustrates the strength of
our method, as the asymmetry would be much more diffi-
cult to detect in a measurement that was integrated over the
Dalitz plot. Even with no systematic uncertainties, to see a
0.1% asymmetry at the 3! level would require 2:25# 106

events. With the method and much smaller data set used
here we would observe this signal at the 3! level with 76%
probability, as shown in Table IV below.

The sensitivity to a particular manifestation of CPV
depends on the choice of binning. The fact that the
CP-violating region in most of the pseudo-experiments
covers a broad area of the Dalitz plot suggests that the
optimal number of bins for this type of asymmetry is low.
Each bin adds a degree of freedom without changing the "2

value for consistency with no CPV. However, if CP asym-
metries change sign within a bin, they will not be seen.
Similarly, the sensitivity is reduced if only a small part
of a large bin has any CPV in it. To avoid effects due
to excessive fluctuations, bins that contain fewer than
50 candidates are not used anywhere in the analysis.
Such bins are very rare.

The binnings are chosen to reflect the highly nonuniform
structure of the Dalitz plot. A simple adaptive binning
algorithm was devised to define binnings of approximately
equal population without separating Dþ and D". Two bin-
nings that are found to have good sensitivity to the simu-
lated asymmetries contain 25 bins (‘‘Adaptive I’’) arranged
as shown in Fig. 4(a), and 106 bins (‘‘Adaptive II’’) arranged
as shown in Fig. 4(b). For Adaptive I, a simulation of the
relative value of the strong phase across the Dalitz plot in
the CLEO-c amplitude model is used to refine the results
of the algorithm: if the strong phase varies significantly
across a bin, CP asymmetries are more likely to change
sign. Therefore the bin boundaries are adjusted to minimize
changes in 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 introduce model-dependence into the final results
as no artificial 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 sensi-

tivity to several manifestations of CPV. With 200 test
experiments of approximately the same size as the signal
sample in data, including no asymmetries, no CP-violating
signals are observed at the 3! level with Adaptive 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 #ð1020Þ or $ð800Þ resonances with 3!
significance is calculated in samples of the same size as the
data set. 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
using the same amplitude model were ð6& 6þ0þ6

"2"2Þ' and
ð"12& 12þ6þ2

"1"10Þ%, [15] where the uncertainties are sta-
tistical, systematic and model-dependent, respectively.

TABLE IV. Results from sets of 100 pseudo-experiments with
different CP asymmetries and Adaptive I and II binnings. pð3!Þ
is the probability of a 3! observation of CPV. hSi is the mean
significance with which CPV is observed.

CPV Adaptive I Adaptive II
pð3!Þ hSi pð3!Þ hSi

No CPV 0 0:84! 1% 0:84!
6' in #ð1020Þ phase 99% 7:0! 98% 5:2!
5' in #ð1020Þ phase 97% 5:5! 79% 3:8!
4' in #ð1020Þ phase 76% 3:8! 41% 2:7!
3' in #ð1020Þ phase 38% 2:8! 12% 1:9!
2' in #ð1020Þ phase 5% 1:6! 2% 1:2!
6.3% in $ð800Þ magnitude 16% 1:9! 24% 2:2!
11% in $ð800Þ magnitude 83% 4:2! 95% 5:6!
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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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5

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 theD0 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 theD0

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

5

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 theD0 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 theD0

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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K+K− Yield: (1436 ± 2) x 103 π+π− Yield: (381 ± 1) x 103

Direct CPV in D→KK, D→ππ: Mass spectra

m Δm m Δm

0.62/fb, arXiv:1112.0938 
[hep-ex] (accepted by PRL)

http://inspirehep.net/record/1079920?ln=en
http://inspirehep.net/record/1079920?ln=en
http://inspirehep.net/record/1079920?ln=en
http://inspirehep.net/record/1079920?ln=en
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Direct CPV in D→KK, D→ππ: Result for 0.62 fb–1

20

Significance: 3.5 σ

ΔACP = (-0.82 ± 0.21 ± 0.11)%

arXiv:1112.0938 [hep-ex] (accepted by PRL)

http://inspirehep.net/record/1079920?ln=en
http://inspirehep.net/record/1079920?ln=en
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Many, many cross checks. Here 2 of them:
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ΔACP vs time
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Many, many cross checks. Here are another 2:
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Direct CPV in D→KK, D→ππ: Result
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Direct CPV in D→KK, D→ππ: Result
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Direct CPV in D→KK, D→ππ: Result

24

Average 
including this 
measurement

ind
CPa

-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02

di
r

C
P

a

-0.02
-0.015

-0.01
-0.005

0
0.005

0.01

0.015
0.02

 BaBarCPA
 BelleCPA
 CDFCPA
 LHCbCPA

 LHCbA
 BaBarA
 BelleA

   HFAG-charm 
    December 2011 



Jonas Rademacker (University of Bristol) for LHCb                      CPV and more charm at LHCb                         Moriond E/W, La Thuile, March 2012

 [%]ind
CPA

-2 0 2

 [%
]

di
r

C
P

A

-2

0

2

 CDFCPA
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 LHCbCPA

RABAB A
 BelleA
 LHCbA

2-dim 68.27% CL
2-dim 95.45% CL
2-dim 99.73% CL
1-dim 68.27% CL

-510×P-value = 8.04
No CP violation

Combining more numbers

• CDF have recently published a similar result:
ΔACP (CDF)   = (-0.62 ± 0.21 ± 0.10)%
ΔACP (LHCb) = (-0.82 ± 0.21 ± 0.11)%  (ca ½ the data on tape)

25

CDF Public Note 10784

world average 
(by CDF):

ΔACPdir = (-0.67 ± 0.16)% 

(3.8σ from 0)

CDF Public Note 10784

See also Guennadi Borissov’s talk earlier today

http://www-cdf.fnal.gov/physics/new/bottom/120216.blessed-CPVcharm10fb/cdf10784.pdf
http://www-cdf.fnal.gov/physics/new/bottom/120216.blessed-CPVcharm10fb/cdf10784.pdf
http://www-cdf.fnal.gov/physics/new/bottom/120216.blessed-CPVcharm10fb/cdf10784.pdf
http://www-cdf.fnal.gov/physics/new/bottom/120216.blessed-CPVcharm10fb/cdf10784.pdf


Jonas Rademacker (University of Bristol) for LHCb                      CPV and more charm at LHCb                         Moriond E/W, La Thuile, March 2012

Reactions
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• arXiv:1202.3795: Repercussions of Flavour Symmetry Breaking on CP Violation in D-Meson Decays (Feldmann, Nandi, Soni)
• arXiv:1202.5038: On the Universality of CP Violation in Delta F = 1 Processes (Gedalia, Kamenik, Ligeti, Perez)
• arXiv:1202.3300: CP violation in D0 -> K+K-, pi+pi- from diquarks(Chen, Geng, Wang)
• arXiv:1202.2866: New Physics Models of Direct CP Violation in Charm Decays (Altmannshofer, Primulando, Yu, Yu)
• arXiv:1201.6204: Direct CP violation in charm and flavor mixing beyond the SM (Giudice, Isidori, Paradisi)
• arXiv:1201.2565: LHCb Delta A_CP of D meson and R-Parity Violation (Chang, Du, Liu, Lu, Yang)
• arXiv:1201.2351: CP asymmetries in singly-Cabibbo-suppressed $D$ decays to two pseudoscalar mesons (Bhattacharya, Gronau, Rosner)
• arXiv:1201.0785: Direct CP violation in two-body hadronic charmed meson decays (Cheng, Chiang)
• arXiv:1112.5268: Relating direct CP violation in D decays and the forward-backward asymmetry in ttbar production (Hochberg, Nir)
• arXiv:1112.5451: CP Violation and Flavor SU(3) Breaking in D-meson Decays (Pirtskhalava, Uttayarat)
• arXiv:1111.6949: (ΔA_{CP})_{LHCb} and the fourth generation (Rozanov, Vysotsky)
• arXiv:1111.5196: Can Up FCNC solve the $ΔA_{CP}$ puzzle? (Wang, Zhu)
• arXiv:1111.5000: On the size of direct CP violation in singly Cabibbo-suppressed D decays (Brod, Kagan, Zupan)
• arXiv:1111.4987: Implications of the LHCb Evidence for Charm CP Violation (Isidori, Kamenik, Ligeti, Perez)
• hep-ph/0609178: New Physics and CP Violation in Singly Cabibbo Suppressed D Decays (Grossman, Kagan, Nir)

Clearly larger than the widely assumed SM level of up to 10–3

Is this therefore NP?

http://arxiv.org/abs/1202.3795
http://arxiv.org/abs/1202.3795
http://arxiv.org/abs/1202.5038
http://arxiv.org/abs/1202.5038
http://arxiv.org/abs/1202.3300
http://arxiv.org/abs/1202.3300
http://arxiv.org/abs/1202.2866
http://arxiv.org/abs/1202.2866
http://arxiv.org/abs/1201.6204
http://arxiv.org/abs/1201.6204
http://arxiv.org/abs/1201.2565
http://arxiv.org/abs/1201.2565
http://arxiv.org/abs/1201.2351
http://arxiv.org/abs/1201.2351
http://arxiv.org/abs/1201.0785
http://arxiv.org/abs/1201.0785
http://arxiv.org/abs/1112.5268
http://arxiv.org/abs/1112.5268
http://arxiv.org/abs/1112.5451
http://arxiv.org/abs/1112.5451
http://arxiv.org/abs/1111.6949
http://arxiv.org/abs/1111.6949
http://arxiv.org/abs/1111.5196
http://arxiv.org/abs/1111.5196
http://arxiv.org/abs/1111.5000
http://arxiv.org/abs/1111.5000
http://arxiv.org/abs/1111.4987
http://arxiv.org/abs/1111.4987
http://arxiv.org/abs/hep-ph/0609178
http://arxiv.org/abs/hep-ph/0609178
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Theorist

LHCb

Alexander Lenz, yesterday, about Christmas:
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Theorist

LHCb

Alexander Lenz, yesterday, about Christmas:

New Physics hints in Bs mixing 
and many other hopes for NP.

LHCb
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What happend later that Christmas:

quote from: Thorsten Feldmann, Soumitra Nandi, Amarjit Soni: “Repercussions of Flavour 
Symmetry Breaking on CP Violation in D-Meson Decays”, arXiv:1202.3795v1, Feb 2012

Theory

http://arxiv.org/find/hep-ph/1/au:+Feldmann_T/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Feldmann_T/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Nandi_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Nandi_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Soni_A/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Soni_A/0/1/0/all/0/1
http://arxiv.org/abs/1202.3795v1
http://arxiv.org/abs/1202.3795v1
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What happend later that Christmas: Ebenezer Scrooge in A Christmas 
Carol, by Charles Dickens. 
Illustration by John Leech, 1843.

quote from: Thorsten Feldmann, Soumitra Nandi, Amarjit Soni: “Repercussions of Flavour 
Symmetry Breaking on CP Violation in D-Meson Decays”, arXiv:1202.3795v1, Feb 2012

Theory

http://arxiv.org/find/hep-ph/1/au:+Feldmann_T/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Feldmann_T/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Nandi_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Nandi_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Soni_A/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Soni_A/0/1/0/all/0/1
http://arxiv.org/abs/1202.3795v1
http://arxiv.org/abs/1202.3795v1
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What happend later that Christmas: Ebenezer Scrooge in A Christmas 
Carol, by Charles Dickens. 
Illustration by John Leech, 1843.

Bah Humbug!

quote from: Thorsten Feldmann, Soumitra Nandi, Amarjit Soni: “Repercussions of Flavour 
Symmetry Breaking on CP Violation in D-Meson Decays”, arXiv:1202.3795v1, Feb 2012

Theory

http://arxiv.org/find/hep-ph/1/au:+Feldmann_T/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Feldmann_T/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Nandi_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Nandi_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Soni_A/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Soni_A/0/1/0/all/0/1
http://arxiv.org/abs/1202.3795v1
http://arxiv.org/abs/1202.3795v1
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What happend later that Christmas: Ebenezer Scrooge in A Christmas 
Carol, by Charles Dickens. 
Illustration by John Leech, 1843.we find that, in the SM, direct CP 

asymmetries in the pi+ pi- or K+ K- modes 
(or in their difference) of the order of several 

per mille are still plausible

quote from: Thorsten Feldmann, Soumitra Nandi, Amarjit Soni: “Repercussions of Flavour 
Symmetry Breaking on CP Violation in D-Meson Decays”, arXiv:1202.3795v1, Feb 2012

Theory

http://arxiv.org/find/hep-ph/1/au:+Feldmann_T/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Feldmann_T/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Nandi_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Nandi_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Soni_A/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Soni_A/0/1/0/all/0/1
http://arxiv.org/abs/1202.3795v1
http://arxiv.org/abs/1202.3795v1
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Rare decays: D→μμ

29
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Figure 1: Feynman diagrams of two possible Standard Model contributions to the FCNC

D0 → µ+µ−
decay.

The short-distance contribution is at one loop in the standard model. Feynman dia-84

grams of two possible contributions are shown in Figure 1. These calculations are usually85

treated using an effective hamiltonian which has the W and b contributions integrated86

out as their respective thresholds are reached in the renormalisation group evolution. The87

effective Hamiltonian is given by [?]:88
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with the Oi form a complete operator basis, and Ci are the corresponding Wilson coeffi-

cients. Here we do not give the explicit form of the operators, which can be easily found
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cients. Here we do not give the explicit form of the operators, which can be easily found
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• Highly suppressed in SM. BF< 6⋅10–11 (90%CL)

/
• Several orders of magnitude enhancements 

possible in NP models such as R SUSY*

See J.
 Angel H

ernando M
orata’s t

alk y
este
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vening 
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test 
SUSY-c
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sults 
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re B decays

G. Burdman, E. Golowich, J. L. Hewett, and S. Pakvasa, Phys. Rev. D66 (2002) 014009, arXiv:hep-ph/0112235.
G. Burdman and I. Shipsey, Ann. Rev. Nucl. Part. Sci. 53 (2003) 431–499, arXiv:hep-ph/0310076.*
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Rare decays: D→μμ

• Strategy: Search for D→μμ in D*→D(μμ) π. “D* 
trick” gives very clean data samples.

• Use D→ππ from D*→D(ππ)π as normalisation 
mode - same kinematics.

• Use clean and extremely prolific D*→D(Kπ)π for a 
variety of cross checks, including μ/π mis-ID
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Figure 7: Distribution of (a) ∆m and (b) ππ invariant mass of D∗+ → D0(→ π+π−)π+

events in data. Superimposed are the projections of the 2D unbinned maximum likelihood
fit for the full function (continuous line) and for the background component (dotted line).

Table 2: Summary of the inputs to the estimate of the single event sensitivity α (Equa-
tion 4) and its value.

Quantity Value Relative uncertainty (%)

N sig
D0→π+π− 1710± 47 2.7

εtrig(ππ) (13.96± 1.24)% 8.91
εtrig(µµ) (82.54± 3.13)% 3.79
εsel(ππ)
εsel(µµ)

0.95± 0.06 6.2

Prescale on D0 → π+π− 0.0015

B(D0 → π+π−) (1.397± 0.026) · 10−3 1.9

α (1.96± 0.23) · 10−10 12.0

shape.179

The signal shape was parametrised as a gaussian in the di-muon invariant mass and180

as a double gaussian in the ∆m. The parameters of both line shapes (mean values and181

resolutions) were constrained to the ones obtained on the D∗+ → D0(→ π+π−)π+ control182

channel. The combinatorial background line shape was parametrised as an exponential183

as a function of the D0 candidate mass and as Equation 5 as a function of ∆m; the184

parameters of both likelihoods are constrained by the sidebands of the two variables as185

observed in the data. As far as the peaking background is concerned, the mis-identified186

D∗+ → D0(→ π+π−)π+ lineshape was parametrised as a Crystal Ball function. A first187

estimate of the parameters was taken from a D∗+ → D0(→ π+π−)π+ MC sample with188

single mis-identification. This shape was corrected by considering the variation of Crystal189
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Figure 2: Distributions of (a) ∆m and (b) Kπ invariant mass in data events selected as
D∗+ → D0(→ K−π+)π+ and of (c) ∆m and (d) Kµ invariant mass in the Kπ hypothesis
in data events selected as D∗+ → D0(→ K−µ+)π+. The two samples shown are selected
requiring not to have been triggered by the pion.
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Figure 3: D0 decay products invariant mass distribution in the Kπ mass hypothesis for
Monte Carlo simulated D∗+ → D0(→ K−π+)π+ events with a pion misidentified as muon
(continuous line), D∗+ → D0(→ K−µ+νµ)π+ events (dashed line) and D∗+ → D0(→
π−µ+νµ)π+ events (dotted line), normalized to their relative branching fractions.
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Rare decays: D→μμ

31

1 Introduction1

Flavor Changing Neutral Currents (FCNC) mediate rare or very rare processes in the2

SM since are allowed only at loop level. FCNC have been extensively studied in the3

strange and beauty sectors, i.e. in processes which involve K and B mesons. In the charm4

sector FCNC are most effectively suppressed by the Glashow-Iliopoulos-Maiani (GIM)5

cancellation due to the absence of a high mass down type quark and therefore within6

the SM D0 − D̄0
mixing and rare D decays have very small values. The D0 → µ+µ−

7

process is therefore a very rare decay in the Standard Model. The prediction for its8

branching fraction (B) in the SM is dominated by the long distance contributions due to9

the two-photon intermediate state D0 → γγ decay and is predicted to be10

B(D0 → µ+µ−
) � 2.7× 10

−5B(D0 → γγ) (1)

which give a theoretical prediction of B(D0 → µ+µ−
) � 10

−13
[1]. The best upper on11

limit on B(D0 → γγ) is 2.2× 10
−6

at 90% C.L. [2], which turns into an upper limit to the12

Standard Model long distance contribution to D0 → µ+µ−
of 5.94× 10

−11
at 90% C.L.13

The best experimental upper limit on B(D0 → µ+µ−
) has been put by the Belle experi-14

ment, and is [3]:15

B(D0 → µ+µ−
) < 1.4 · 10−7

(2)

at 90% confidence level (CL). Therefore there are more than 3 order of magnitudes to16

gain on the knowledge of the B(D0 → µ+µ−
) before reaching the SM long distance17

contributions. Moreover, the rate at which the D0 → µ+µ−
decay occurs is correlated to18

the rate of D0 − D̄0
mixing. Hence the present measurement of xD = ∆MD/ΓD leads to19

constraints to the D0 → µ+µ−
branching fraction as well.20

Different new physics scenarios can give contributions to the D0 → µ+µ−
decay and21

some of them can be orders of magnitude larger than the SM one. While it has been shown22

that no sizeable contribution to D0 → µ+µ−
can come from the Minimal Supersymmetric23

Standard Model (MSSM) [4], if one considers R-parity violating ( �Rp) models there can be24

terms which allow tree-level contributions to the D0 → µ+µ−
[5, 6]. Within this model25

and relating the D0 → µ+µ−
decay to the D0− D̄0

mixing, the branching fraction can be26

written as [4]:27

B �Rp

D0→µ+µ− � 4.8× 10
−7xD

�
300 GeV

md̃k

�2

≤ 4.8× 10
−9

�
300 GeV

md̃k

�2

. (3)

with inverse proportionality on the mass of the supersymmetric partner of the down-type28

quarks. As it can be seen, depending on the parameters of the �Rp supersymmetry, the29

D0 → µ+µ−
branching fraction can be enhanced by several orders of magnitude with30

respect to Standard Model.31

1

(compare prev best limit (BELLE*)                                            )
*) Phys. Rev. D 81, 091102(R) (2010) 
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Figure 8: Distribution of (a) the µµ invariant masses and (b) a zoom in the region 1820-
1900 MeV/c2 with ∆m in the range 142-149 MeV/c2 and (c) in the range 150-155 MeV/c2;
in (d) is shown the distribution of∆m in the range 1820-1885 MeV/c2, and (e) in the range
1780-1810 MeV/c2 of the µµ invariant mass. Superimposed are the projections of the two-
dimensional unbinned maximum likelihood fit. The curves represent the full fit function
(continuous black line), the D∗+ → D0(→ π+π−)π+ contribution (dashed dark grey line),
the combinatorial background (dashed light grey line) and the D∗+ → D0(→ K−π+)π+

contribution (dotted line).

11

m(μμ)

Dº→K–π+

Dº→π–π+

combinatorial

Δm for m(μμ)∈[1820, 1880] MeV 

7 Summary210

A search for the rare D0 → µ+µ−
decay was performed on 0.9 fb

−1
of data collected by211

the LHCb experiment. No excess is observed with respect to the predicted background212

so that an upper limit of B(D0 → µ+µ−
) < 1.3 · 10−8

at 95% CL could be set.213

This upper limit is still various order of magnitudes larger than the current Standard214

Model predictions while it improves the current experimental upper limit of about an215

order of magnitude.216

References217

[1] G. Buchalla, A. J. Buras, and M. E. Lautenbacher, Weak decays beyond leading loga-218

rithms, Rev. Mod. Phys. 68 (1996) 1125–1144, arXiv:hep-ph/9512380.219

[2] BABAR Collaboration, J. Lees, Search for the decay D0 → γγ and Measurement of220

the branching fraction for D0 → π0π0
, arXiv:1110.6480.221

[3] Belle, M. Petric et al., Search for leptonic decays of D0 mesons, Phys. Rev. D81222

(2010) 091102, arXiv:1003.2345.223

[4] E. Golowich, J. Hewett, S. Pakvasa, and A. A. Petrov, Relating D0
-anti-D0

Mixing224

and D0 → l+l− with New Physics, Phys. Rev. D79 (2009) 114030, arXiv:0903.2830.225

[5] G. Burdman, E. Golowich, J. L. Hewett, and S. Pakvasa, Rare charm decays in the226

Standard Model and beyond, Phys. Rev. D66 (2002) 014009, arXiv:hep-ph/0112235.227

[6] G. Burdman and I. Shipsey, D0
- D̄0

mixing and rare charm decays, Ann. Rev. Nucl.228

Part. Sci. 53 (2003) 431–499, arXiv:hep-ph/0310076.229

[7] LHCb collaboration, A. A. Alves Jr. et al., The LHCb detector at the LHC, JINST 3230

(2008) S08005.231

[8] Particle Data Group, K. Nakamura et al., Review of particle physics, J. Phys. G37232

(2010) 075021.233

[9] L. Moneta et al., The RooStats Project, PoS ACAT2010 (2010) 057,234

arXiv:1009.1003.235

12

LHCb 0.9/fb:

new result

)2) (MeV/cµµ)-m(!µµm(
140 145 150 155

 )2
Ev

en
ts

 / 
( 0

.5
 M

eV
/c

0

50

100

150

-1L=0.9fb
LHCb Preliminary

‘μμ signal’, 
compatible with 0

μμ
ππ

Kπ
ππ μμ



Jonas Rademacker (University of Bristol) for LHCb                      CPV and more charm at LHCb                         Moriond E/W, La Thuile, March 2012

Summary

• LHCb’s enormous charm samples are beginning to pay off. Amongst many 
exciting results, for using ½ our data, we find ΔACP = (-0.82 ± 0.21 ± 0.11)%

• This is 3.5σ evidence of CP violation in charm. CDF confirmed this result and 
together we push the world average to 3.8σ. Is this New Physics?

• CPV is not the only way to study charm loops! B(Dº→μ+μ–) < 1.3⋅10–8 at 95%CL

32
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Outlook

• Clearly need to study charm system in detail. A lot more to do for LHCb:
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alternative analysis methods / trigger paths for CPV searches. More soon!
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• Continue to investigate charm loops a variety of ways, such as rare decays.
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Outlook

• Clearly need to study charm system in detail. A lot more to do for LHCb:

• Already have 2× data for ΔACP, and more than 4× after 2012.

• We are undertaking a comprehensive programme in a variety channels, using 
alternative analysis methods / trigger paths for CPV searches. More soon!

• Continue to investigate charm loops a variety of ways, such as rare decays.

• Lots of precision charm results to come. Will calculations match this precision?
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distinguish between prompt and secondary charm is the
impact parameter (IP) of the D with respect to the primary
vertex. Given the long B lifetime, the IP distribution of
secondary charm candidates is shifted towards larger val-
ues compared to that of prompt Dþ mesons.

The effect of secondary charm is investigated by divid-
ing the data set according to the value of the candidate IP
significance (!2

IP). The subsamples with events having
larger !2

IP are likely to be richer in secondary charm.

The results are shown in Table VIII. No anomalous effects
are seen in the high !2

IP sample, so contamination from
secondary charm with CPV does not affect our results for
studies with our current level of sensitivity.
The analysis on the two control modes and on the side-

bands in the final states K"Kþ"þ and K""þ"þ gives
results from all tests that are fully consistent with no
asymmetry. Therefore, any asymmetry observed in Dþ !
K"Kþ"þ is likely to be a real physics effect.
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FIG. 6 (color online). Dalitz plots of (a) Dþ ! K""þ"þ, showing the 25-bin adaptive scheme with the SCP values, and
(b) Dþ

s ! K"Kþ"þ, showing the three regions referred to in the text. The higher and lower K""þ invariant mass combinations
are plotted in (a) as there are identical pions in the final state.

TABLE VII. Results (p-values, in %) from tests with the
Dþ

s ! K"Kþ"þ control channel using the uniform binning
scheme. The values correspond to tests performed separately
on Zones A–C, with samples 1–3 and both magnet polarities
combined.

bins Zone A Zone B Zone C

300 20.1 25.3 14.5
100 41.7 84.6 89.5
30 66.0 62.5 24.6

TABLE VIII. Results (p-values, in %) from tests with the
Dþ ! K""þ"þ and Dþ

s ! K"Kþ"þ samples divided accord-
ing to the impact parameter with respect to the primary vertex.
The tests are performed using the adaptive binning scheme with
25 bins.

!2
IP < 6 !2

IP > 6

Dþ ! K""þ"þ 8.5 88.9

Dþ
s ! K"Kþ"þ 52.0 30.6
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FIG. 5. (a) Distribution of SCP values from Dþ ! K""þ"þ from a test with 900 uniform bins. The mean of the fitted Gaussian
distribution is 0:015# 0:034 and the width is 0:996# 0:023. (b) Distribution of SCP values from Dþ

s ! K"Kþ"þ with 129 bins. The
fitted mean is "0:011# 0:084 and the width is 0:958# 0:060.
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Table 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 !ð1020Þ phase
are shown in Table V. In this table, models A and B are
taken from the CLEO paper, model B2 includes an f0ð980Þ
contribution that accounts for approximately 8% of events,
and models B3 and B4 are variations of the !K#

0ð1430Þ0
amplitude and phase within their uncertainties. As ex-
pected, the sensitivity to CPV in the resonances of an
amplitude model depends quite strongly on the details of
the model. This provides further justification for our
model-independent approach. However, a reasonable level
of sensitivity is retained in all the cases we tested. Thus,
when taken together, the studies show that the method
works well. It does not yield fake signals, and should be
sensitive to any large CPV that varies significantly across
the Dalitz plot even if it does not occur precisely in the way
investigated here.

IV. CONTROL MODES

It is possible that asymmetries exist in the data that do
not result from CPV, for example, due to production, back-
grounds, instrumental effects such as left-right differences
in detection efficiency, or momentum-dependent differ-
ences in the interaction cross sections of the daughter
particles with detector material. Our sensitivity to such
asymmetries is investigated in the two Cabibbo favored
control channels, where there is no large CPV predicted.
The Dþ ! K%"þ"þ control mode has an order of mag-
nitude more candidates than the Cabibbo-suppressed sig-
nal mode, and is more sensitive to detector effects since
there is no cancellation betweenKþ andK% reconstruction
efficiencies. Conversely, the Dþ

s ! K%Kþ"þ control
mode is very similar to our signal mode in terms of
resonant structure, number of candidates, kinematics, de-
tector effects, and backgrounds.

The control modes and their mass sidebands defined
in Fig. 1 are tested for asymmetries using the method

described in the previous section. Adaptive and uniform
binning schemes are defined for Dþ ! K%"þ"þ and
Dþ

s ! K%Kþ"þ. They are applied to samples 1–3 and
each magnet polarity separately. In the final results, the
asymmetries measured in data taken with positive and
negative magnet polarity are combined in order to cancel
left-right detector asymmetries. The precise number of
bins chosen is arbitrary, but care is taken to use a wide
range of tests with binnings that reflect the size of the data
set for the decay mode under study.
For Dþ ! K%"þ"þ, five different sets of bins in each

scheme are used. Avery low p-value would indicate a local
asymmetry. One test with 25 adaptive bins in one of the
subsamples (with negative magnet polarity) has a p-value
of 0.1%, but when combined with the positive polarity
sample the p-value increases to 1.7%. All other tests yield
p-values ranging from 1–98%. Some example results are
given in Table VI. A typical distribution of the SCP values
with a Gaussian fit is shown in Fig. 5(a) for a test with 900
uniform bins. The fitted values of the mean and width are
consistent with one and zero, respectively, suggesting that
the differences between theDþ and theD% Dalitz plots are
driven only by statistical fluctuations.
For the Dþ

s ! K%Kþ"þ mode a different procedure is
followed due to the smaller sample size and to the high
density of events along the ! and the !K#ð892Þ0 bands.
The Dalitz plot is divided into three zones, as shown in
Fig. 6. Each zone is further divided into 300, 100 and 30
bins of same size. The results are given in Table VII. In
addition, a test is performed on the whole Dalitz plot
using 129 bins chosen by the adaptive algorithm, and
a version of the 25-bin scheme outlined in Sec. III scaled
by the ratio of the available phase space in the two modes.
These tests yield p-values of 71.5% and 34.3%,
respectively.
Other possible sources of local charge asymmetry in the

signal region are the charm contamination of the back-
ground, and asymmetries from CPV in misreconstructed B
decays. In order to investigate the first possibility, similar
tests are carried out in the mass sidebands of the Dþ

ðsÞ !
K%Kþ"þ signal (illustrated in Fig. 1). There is no evi-
dence for asymmetries in the background.
From a simulation of the decay Dþ ! K%"þ"þ the

level of secondary charm (B ! DX) in our selected sample
is found to be 4.5%. The main discriminating variable to

TABLE V. Results from sets of 100 pseudo-experiments with
4& CPV in the !ð1020Þ phase and different Dalitz plot models.
pð3#Þ is the probability of a 3# observation of CPV. hSi is the
mean significance with which CPV is observed. The sample size
is comparable to that seen in data.

Model Adaptive I Adaptive II
pð3#Þ hSi pð3#Þ hSi

B (baseline) 76% 3:8# 41% 2:7#
A 84% 4:3# 47% 2:9#
B2 (add f0ð980Þ) 53% 3:2# 24% 2:2#
B3 (vary !K#

0ð1430Þ0 magn.) 82% 4:0# 41% 2:8#
B4 (vary !K#

0ð1430Þ0 phase) 73% 3:7# 38% 2:7#

TABLE VI. Results (p-values, in %) from tests with theDþ !
K%"þ"þ control channel using the uniform and adaptive bin-
ning schemes. The values correspond to tests performed on the
whole data set in the mass windows defined in Sec. II.

1300 bins 900 bins 400 bins 100 bins 25 bins

Uniform 73.8 17.7 72.6 54.6 1.7
Adaptive 81.7 57.4 65.8 30.0 11.8

SEARCH FOR CP VIOLATION IN . . . PHYSICAL REVIEW D 84, 112008 (2011)

112008-9



Systematic uncertainties
• Kinematic binning: 0.02%

• Evaluated as change in ΔACP between full 54-bin kinematic binning and “global” 
analysis with just one giant bin.

• Fit procedure: 0.08%
• Evaluated as change in ΔACP between baseline and not using any fitting at all (just 

sideband subtraction in δm for KK and ππ modes)

• Peaking background: 0.04%
• Evaluated with toy studies injecting peaking background with a level and 

asymmetry set according to D0 mass sidebands (removing signal tails).

• Multiple candidates: 0.06%
• Evaluated as mean change in ΔACP when removing multiple candidates, keeping 

only one per event chosen at random.

• Fiducial cuts: 0.01%
• Evaluated as change in ΔACP when cuts are significantly loosened.

• Sum in quadrature: 0.11%
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p=13% p=11%

p=82%

p=82%

p=61%

respectively. The samples are separated according to
the magnet polarity and the same studies are repeated. In
all cases the p-values are consistent with no CPV, with
values ranging from 4% to 99%. We conclude that there is
no evidence for CPV in our data sample of Dþ !
K"Kþ!þ.

VI. CONCLUSION

Because of the rich structure of their Dalitz plots, three-
body charm decays are sensitive to CP violating phases
within and beyond the standard model. Here, a model-
independent search for direct CP violation is performed
in the Cabibbo-suppressed decay Dþ ! K"Kþ!þ with
35 pb"1 of data collected by the LHCb experiment, and no
evidence for CPV is found. Several binnings are used to
compare normalized Dþ and D" Dalitz plot distributions.
This technique is validated with large numbers of simu-
lated pseudo-experiments and with Cabibbo favored con-
trol channels from the data: no false positive signals are
seen. To our knowledge this is the first time a search for
CPV is performed using adaptive bins which reflect the
structure of the Dalitz plot.

Monte Carlo simulations illustrate that large localized
asymmetries can occur without causing detectable

differences in integrated decay rates. The technique used
here is shown to be sensitive to such asymmetries.
Assuming the decay model, efficiency parameterization
and background model described in Sec. III we would be
90% confident of seeing a CP violating difference of either
5# in the phase of the "!þ or 11% in the magnitude of the
#ð800ÞKþ with 3$ significance. Since we find no evidence
of CPV, effects of this size are unlikely to exist.
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respectively. The samples are separated according to
the magnet polarity and the same studies are repeated. In
all cases the p-values are consistent with no CPV, with
values ranging from 4% to 99%. We conclude that there is
no evidence for CPV in our data sample of Dþ !
K"Kþ!þ.

VI. CONCLUSION

Because of the rich structure of their Dalitz plots, three-
body charm decays are sensitive to CP violating phases
within and beyond the standard model. Here, a model-
independent search for direct CP violation is performed
in the Cabibbo-suppressed decay Dþ ! K"Kþ!þ with
35 pb"1 of data collected by the LHCb experiment, and no
evidence for CPV is found. Several binnings are used to
compare normalized Dþ and D" Dalitz plot distributions.
This technique is validated with large numbers of simu-
lated pseudo-experiments and with Cabibbo favored con-
trol channels from the data: no false positive signals are
seen. To our knowledge this is the first time a search for
CPV is performed using adaptive bins which reflect the
structure of the Dalitz plot.

Monte Carlo simulations illustrate that large localized
asymmetries can occur without causing detectable

differences in integrated decay rates. The technique used
here is shown to be sensitive to such asymmetries.
Assuming the decay model, efficiency parameterization
and background model described in Sec. III we would be
90% confident of seeing a CP violating difference of either
5# in the phase of the "!þ or 11% in the magnitude of the
#ð800ÞKþ with 3$ significance. Since we find no evidence
of CPV, effects of this size are unlikely to exist.
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V. RESULTS

The signal sample with which we search for CP viola-
tion consists of 403 894 candidates selected within the
K!Kþ!þ mass window from 1856.7 to 1882:1 MeV=c2,
as described in Sec. II. There are 200 336 and 203 558 Dþ

and D! candidates, respectively. This implies a normal-
ization factor " ¼ NtotðDþÞ=NtotðD!Þ ¼ 0:984& 0:003,
to be used in Eq. (1).

The strategy for looking for signs of localized CPV is
discussed in the previous sections. In the absence of local
asymmetries in the control channels Dþ ! K!!þ!þ and
Dþ

s ! K!Kþ!þ and in the sidebands of the K!Kþ!þ

mass spectrum, we investigate the signal sample under
different binning choices.

First, the adaptive binning is used with 25 and 106 bins
in the Dalitz plot as illustrated in Fig. 4. Then CPV is

investigated with uniform binnings, using 200 and 530
bins of equal size. For each of these binning choices, the
significance Si

CP of the difference in Dþ and D! popula-
tion is computed for each bin i, as defined in Eq. (1). The
#2=ndf ¼ P

iðSi
CPÞ2=ndf is calculated and the p-value is

obtained. The distributions of Si
CP are fitted to Gaussian

functions.
The p-values are shown in Table IX. The Dalitz plot

distributions of Si
CP are shown in Fig. 7. In Fig. 8 the

distributions of Si
CP and the corresponding Gaussian fits

for the different binnings are shown. The p-values obtained
indicate no evidence for CPV. This is corroborated by the
good fits of the Si

CP distributions to Gaussians, with means
and widths consistent with 0 and 1, respectively.
As further checks, many other binnings are tested. The

number of bins in the adaptive and uniform binning
schemes is varied from 28 to 106 and from 21 to 530,

TABLE IX. Fitted means and widths, #2=ndf and p-values for consistency with no CPV for
the Dþ ! K!Kþ!þ decay mode with four different binnings.

Binning Fitted mean Fitted width #2=ndf p-value (%)

Adaptive I 0:01& 0:23 1:13& 0:16 32:0=24 12.7
Adaptive II !0:024& 0:010 1:078& 0:074 123:4=105 10.6
Uniform I !0:043& 0:073 0:929& 0:051 191:3=198 82.1
Uniform II !0:039& 0:045 1:011& 0:034 519:5=529 60.5
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FIG. 7 (color online). Distribution of Si
CP in the Dalitz plot for (a) ‘‘Adaptive I,’’ (b) ‘‘Adaptive II,’’ (c) ‘‘Uniform I’’ and

(d) ‘‘Uniform II.’’ In (c) and (d) bins at the edges are not shown if the number of entries is not above a threshold of 50 (see Sec. III).
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For sample 2, the yield cannot be taken directly from
the fit, because there is a mass cut in the HLT2 line that
accepts the majority of the signal, selecting events in a
!25 MeV=c2 window around the nominal value.
However, another HLT2 line with a looser mass cut that
is otherwise identical to the main HLT2 line exists,
although only one event in 100 is retained. In this line
the purity is found to be the same in sample 2 as in sample
3. The yield in sample 2 is then inferred as the total (Sþ B)
in all allowed triggers in the mass window times the purity
in sample 3. Thus the overall yield of signal Dþ !
K#Kþ!þ candidates in the three samples within the
mass window is approximately 370 000. The total number
of candidates (Sþ B) in each decay mode used in the
analysis are given in Table II. The Dalitz plot of data in
the Dþ window is shown in Fig. 2.

Within the 2" Dþ ! K#Kþ!þ 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 reflection
in the K#Kþ!þ spectrum is the Cabibbo-favored Dþ !
K#!þ!þ, where the incorrect assignment of the kaon
mass to the pion leads to a distribution that partially over-
laps with the Dþ

s ! K#Kþ!þ signal region, but not with
Dþ ! K#Kþ!þ. The four-body, Cabibbo-favored mode
D0 ! K#!þ!#!þ where a !þ is lost and the !# is
misidentified as a K# will appear broadly distributed in
K#Kþ!þ mass, but its resonances could create structures
in the Dalitz plot. Similarly, !K$ð892Þ0 and # resonances
from the PVmisreconstructed with a random track forming
a three-body vertex will also appear.

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 1þ 3 Sample 1 Sample 3
Dþ ! K#Kþ!þ ð3:284! 0:006Þ ' 105 88% 92%
Dþ

s ! K#Kþ!þ ð4:615! 0:012Þ ' 105 89% 92%
Dþ ! K#!þ!þ ð3:3777! 0:0037Þ ' 106 98% 98%
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FIG. 1 (color online). Fitted mass spectra of (a) K#!þ!þ and (b) K#Kþ!þ candidates from samples 1 and 3, Dþ and D#

combined. The signal mass windows and sidebands defined in the text are labeled.

TABLE II. Number of candidates (Sþ 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

Dþ ! K#Kþ!þ 84 667 65 781 253 446 403 894
Dþ

s ! K#Kþ!þ 126 206 91 664 346 068 563 938
Dþ ! K#!þ!þ 858 356 687 197 2 294 315 3 839 868
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decay for selected candidates in the signal window. The vertical
!K$ð892Þ0 and horizontal #ð1020Þ contributions are clearly vis-
ible in the data.
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The short-distance contribution is at one loop in the standard model. Feynman dia-84
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Figure 1: Tree level Feynman graphs of D→ hh decays. The two decays into K π are
shown on top and the two decays into CP eigenstates are shown below.
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shown on top and the two decays into CP eigenstates are shown below.
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Time-dependent charm at LHCb: yCP

• Define

• W/o CP violation (and to 1st order even with CPV):

40
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The short-distance contribution is at one loop in the standard model. Feynman dia-84

grams of two possible contributions are shown in Figure 1. These calculations are usually85
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shown on top and the two decays into CP eigenstates are shown below.
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Searches for direct CPV in Dalitz plots: More to 
come!
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Direct CPV in D→KK, D→ππ: fiducial cuts

44

LHCb simplified bending plane view
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Direct CPV in D→KK, D→ππ: fiducial cuts
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Direct CPV in D→KK, D→ππ: fiducial cuts
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In this analysis, detection asymmetries cancel. For formalism to 
work, and to be save against 2nd order effects, we want to make 

sure that those cancelling asymmetries are themselves
small - therefore we apply fiducial cuts.
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Mixing
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• Δm = mass difference between 
mass eigenstates ~ mixing 
frequency. x = Δm/Γ

• ΔΓ = width difference. y = ½ ΔΓ/Γ

|D1,2� = p|D0�± q|D0�

Results 10σ away from 
no-mixing hyphothesis
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Searches for direct CPV in Dalitz plots

• Divide Dalitz plots into CP-conjugate bins

• Plot this for all bins - expect Gaussian of width 1, centred at 0:

• Model independent. Overall production and detection asymmetries cancel 
(although some differences depending on kinematics can remain).

47

Figure 3: Top: Significance DpSCP plot for two CP conserving 300K signal + 200K back-
ground samples for CP symmetric decays. Bottom: Gaussian fit for the DpSCP distribu-
tion; P1, P2 and P3 denote the fit values for the central value, width and normalization
parameter, respectively.

The B+ and B− Dalitz plots are shown in Fig. 7. One can see that the two plots are
different. Turning to a plot of the fractional asymmetry ∆(i) shows there are many bin-by-
bin asymmetries, yet those exhibit again a rather noise pattern, see Fig. 8a. Once again
‘mirandizing’ the display, i.e., plotting DpSCP instead of ∆(i), leads to a more organized
message, shown in the upper display in Fig. 8b. In particular, when looking at the DpSCP

distribution of Fig. 9 we see that over and above the statistical fluctuations there is a
genuine CP asymmetry.

As before its location can be narrowed down further by dividing the Dalitz plot in
the four regions of Fig. 5 and plotting the DpSCP distributions separately for them, see
Fig. 9. It clearly identifies regions I and II as the main origin of the asymmetry. That is
as it has to be, since the interference between the Kρ and Kf0 amplitudes, which is the
”engine” of CP violation in our model, takes place mainly there.

13

Plots = Simulation from Bediaga et al, Phys.Rev.D80:096006,2009

Figure 4: Top: Significance DpSCP plot for B± → K±π∓π± for model ”ρ0”. Bottom:
DpSCP for the bins in Top Figure that pass the statistical cut, fit to a centred Gaussian
with unit width. P1 is the normalization parameter.

3.2.3 Comparing the ”ρ0” and ”f0” Models

The preceding discussion has shown that the DpSCP observable and its distribution pro-
vides a powerful tool that in a model independent way allows to establish the existence
of a genuine CP asymmetry over and above statistical fluctuations and even determine
the subregion(s) of the Dalitz plot, where it originates. For both the two Dalitz models
employed above it was mainly the ρ − f0 interference domain.

In addition, a closer analysis allows to distinguish the cases where the asymmetry is
driven by a difference in the Kρ and in the Kf0 phase, respectively, for the B+ and B−

decays, see Figs. 6 and 9b. The discriminator is provided by the interference with the
‘silent’ partner, the K∗π amplitude. This ability would provide important diagnostics
about the underlying dynamics: for it would enable us to decide whether the CP odd
operator generating the asymmetry carries vector or scalar quantum numbers.

14

No CPV CPV

α =
Ntotal

N̄total

Bediaga et al, Phys.Rev.D80:096006,2009

SCP =
Ni − αN̄i�
Ni + α2N̄i

http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0905.4233
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0905.4233
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0905.4233
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0905.4233
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• New physics is most likely to enter in loop diagrams, such as flavour changing 
neutral currents:

Charm as a tool for New Physics searches

49
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FCNC with charm we study FCNC’s 
between up-type quarks (in 

contrast to Kaons and B mesons 
where it’s down type quark)


