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Why LHCb?

• Alvaro talked about B-physics at LHCb. LHCb also has large charm 
physics program

• LHCb has huge charm samples. Charm cross section ≈ 20 x b cross 
section within the LHCb acceptance:

• σ(cc)LHCb = 1742 ± 267 μb (LHCb-CONF-2010-013),
• σ(bb)LHCb = 75.3 ± 5.4 ± 13.0 μb (Phys.Lett.B694, 209).

• In 1fb-1 roughly 1012 cc and 1011 bb produced!

• LHCb can make precision measurements in charm and study loop-
sensitive processes.

• These measurements include searches for CPV. 
• Theory calculations are difficult in charm
• Use to be a clean prediction of CPV <
• Recently effects of a few            could be possible in SM 

O(10�3)

3

O(10�3)

Phys.Rev. D75 (2007) 036008
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D0 mixing
• Observed in 2007 by BaBar and Belle 

[arXiv:hep-­‐ex/0703020; arXiv:hep-­‐ex/0703036]
• >10σ in HFAG average, but no single >5σ measurement

D0 mixing 
⚉  D mesons give exclusive access to up-type dynamics 

⚉  D0 mixing 
  observed for the first time in 2007 by BaBar and Belle 

  well established at >10 σ in HFAG average 
  No single measurement at 5 σ  

12 January 2012 Silvia Borghi 3 

[arXiv:hep+ex/0703020;3arXiv:hep+ex/0703036]3

[HFAG3arXiv:1010.1589]3

LHCb potentially can provide the 1st 5σ measurement [not covered in this talk] 

Time-evolution described by Schrödinger equation:

Mass eigenstates are

i
@

@t

✓
D0(t)

D0(t)

◆
= (M � i�)

✓
D0(t)

D0(t)

◆
(1)

| D1,2i = p | D0i ± q | D0i (2)

1

Size of mixing characterised by x =
m2 �m1

�
, y =

�2 � �1

2�

4
Mixing if x ≠ 0 or y ≠ 0           CPV if |q/p| ≠ 1 or arg(q/p) ≠ 0

Mixing in charmed mesons

11

Charm mixing small compared to other mesons in SM:
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Mixing via box diagram 
(short-range)

Contributes mainly to x

Mixing via hadronic intermediate states 
(long-range)
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Tiny!

Non-perturbative; hard to predict SM contribution.

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

e.g. PRD 69,114021 (Falk, Grossman, Ligeti, Nir & Petrov)
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Intermediate b: CKM-suppressed
Intermediate d,s: GIM-suppressed

Mixes via hadronic intermediate states 
Long rangeMixing via box-diagram

Short range
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World average time dependent CPV and mixing

No mixing ruled out at >10σ

No mixing

No CPV

No CPV if |q/p| ≠ 1
or arg(q/p) ≠ 0

At this stage no evidence for CPV in mixing in charm sector
5
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Measurement of
mixing and CP violation parameters 

in two-body charm decays
JHEP 1204 (2012) 129
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Two-body mixing and CPV

Compare lifetimes of non-eigenstate decay                  and CP even
decays                             

yCP ⌘ ⌧(D0 ! K�⇡+)

⌧(D0 ! K+K�,⇡+⇡�)
� 1

= y cos�� 1

2

✓����
q

p

�����
����
p

q

����

◆
x sin�

If no CPV yCP = y

CPV AND MIXING IN D0 -D0 TWO BODY DECAYS

TWO-BODY MIXING AND CPV WITH CP EIGENSTATES

Compare lifetimes of the non-eigenstate RS decay D0 ! K �⇡+ and CP-even
decays D0 ! K �K+(⇡�⇡+)
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Both untagged and D⇤+-tagged measurements have sensitivity to yCP

Tagged measurement easily extended to a CP asymmetry measurement
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A� especially sensitive to CPV in mixing (|q/p| 6= 1)
P. SPRADLIN (GLASGOW) CHARM PHYSICS IN LHCb IMPLICATIONS WS 2012.03.26 7 / 23

AΓ  sensitive to CPV in mixing (|q/p| ≠ 1) 

Tagging the D0 flavour using the slow pion from the D*+,

D0 ! K�⇡+

D0 ! K+K�(⇡+⇡�)

7

D⇤+ ! D0(f)⇡+
s D⇤� ! D̄0(f)⇡�

sor
allows us to define:

M. Gersabeck et al, J. Phys G 39 (2012) 045005.
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yCP and AΓ at LHCb
CPV AND MIXING IN D0 -D0 TWO BODY DECAYS

yCP AND A� AT LHCb
ARXIV:1112.4698, LHCB-PAPER-2011-032

Measure yCP with a ratio of D0 ! K�⇡+ and D0 ! K�K+ lifetimes.

D⇤+ ! D0(K�⇡+)⇡+
s D⇤+ ! D0(K�K+)⇡+

s
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39,262 candidates;
97% purity.

Published on 29 pb�1 of LHCb data. Updating to 1 fb�1.
P. SPRADLIN (GLASGOW) CHARM PHYSICS IN LHCb IMPLICATIONS WS 2012.03.26 9 / 23

39K candidates with 29pb-1 

D⇤+ ! D0(K�K+)⇡+
s
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yCP AND A� AT LHCb
ARXIV:1112.4698, LHCB-PAPER-2011-032
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Published on 29 pb�1 of LHCb data. Updating to 1 fb�1.
P. SPRADLIN (GLASGOW) CHARM PHYSICS IN LHCb IMPLICATIONS WS 2012.03.26 9 / 23

Performed on 29pb-1 update on 1fb-1 in progress

286K candidates with 29pb-1 

D⇤+ ! D0(K�⇡+)⇡+
s

JHEP 1204 (2012) 129
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yCP and AΓ at LHCb

yCP (%) A�(%)

9

yCP = (0.55± 0.63± 0.41)% A� = (�0.59± 0.59± 0.21)%

Performed on 29pb-1 update on 1fb-1 in progress
Update with more data and improved systematics

-1.2 -1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6

 AK (%)

World average  0.026 ± 0.231 %

LHCb 2012 -0.590 ± 0.590 ± 0.210 %

BaBar 2007  0.260 ± 0.360 ± 0.080 %

Belle 2007  0.010 ± 0.300 ± 0.150 %

   HFAG-charm 
  March 2012 

-4 -3 -2 -1 0 1 2 3 4 5

yCP (%)

World average  1.064 ± 0.209 %

LHCb 2012  0.550 ± 0.630 ± 0.410 %

BaBar 2009  1.160 ± 0.220 ± 0.180 %

Belle 2009  0.110 ± 0.610 ± 0.520 %

Belle 2007  1.310 ± 0.320 ± 0.250 %

Belle 2002 -0.500 ± 1.000 ± 0.800 %

CLEO 2002 -1.200 ± 2.500 ± 1.400 %

FOCUS 2000  3.420 ± 1.390 ± 0.740 %

E791 1999  0.732 ± 2.890 ± 1.030 %

   HFAG-charm 
  March 2012 
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Measurement of 
∆Acp (D0→K-K+ - D0→π-π+)

 Phys. Rev. Lett. 108 (2012) 111602

10

http://dx.doi.org/10.1103/PhysRevLett.108.111602
http://dx.doi.org/10.1103/PhysRevLett.108.111602
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Direct CPV in Singly Cabibbo Suppressed Decays
TIME-INTEGRATED CPV SEARCHES TWO-BODY

TIME-INTEGRATED CPV SEARCHES

Searches for New Physics in time-integrated CPV measurements,

ACP(f ) =
�(D ! f ) � �(D ! f̄ )
�(D ! f ) + �(D ! f̄ )

SM predictions do not rule out a few 10�3,

NP enhancements of up to O(10�2),

LHCb will have sample sizes to probe SM levels in several decay modes.
Production and detection asymmetries,

Production asymmetries through careful use of control modes,

Detection asymmetries independent studies and magnet polarity
reversal.

Some observables independent of both to first order, e.g.

�ACP ⌘ ACP(D0 ! K �K+) � ACP(D0 ! ⇡�⇡+)

P. SPRADLIN (GLASGOW) CHARM PHYSICS IN LHCb IMPLICATIONS WS 2012.03.26 12 / 23

Time-integrated CP asymmetry defined as:

D0 flavour determined by the sign of the slow pion in decay:

D⇤+ ! D0(f)⇡+
s D⇤� ! D̄0(f)⇡�

sor

LHCb study final state f :              or ⇡�⇡+ K�K+

SM predictions do not rule out a few

NP could enhance up to O(10�2)

10�3

11
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f’s detection 
asymmetry

ΔAcp
ARAW (f) = ACP (f) +AD(f) +AD(⇡+

s ) +Ap(D
⇤+)

want πs detection 
asymmetry 

Production
asymmetry

12
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f’s detection 
asymmetry

ΔAcp
ARAW (f) = ACP (f) +AD(f) +AD(⇡+

s ) +Ap(D
⇤+)

want πs detection 
asymmetry 

Production
asymmetry

Zero for self-
conjugate final states

13
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ΔAcp
ARAW (f) = ACP (f) +AD(f) +AD(⇡+

s ) +Ap(D
⇤+)

πs detection 
asymmetry 

Production
asymmetry

Taking                                  the production and slow pion 
detection asymmetries will cancel

ARAW (f)�ARAW (f 0)

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

�⇡+) ⌘ �ACP

14

• Indirect and direct CPV can contribute
• Indirect CPV is ∼universal => cancels in A(K+K−)−A(π+π−)

• If lifetime acceptance same for KK and ππ
• If not contribution Aind[<tKK>−<tππ>]/τ0

Phys.Rev. D80 (2009) 076008
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ΔAcp
z

x

z

x

K+/⇡+

K�/⇡�

⇡+
s

D0

K+/⇡+

K�/⇡�

⇡�
s

D̄0

z

x

K+/⇡+

K�/⇡�

⇡�
sD̄0

• Magnetic field induces left/
right differences between the 
D*+ and D*- due to the slow 
pion

• Acceptance effect at 
edges of detector

• Beam-pipe shadow

• We remove this asymmetry
• We remove areas of large 

asymmetry to avoid secondary 
effects

• Frequently flip the magnetic 
field

• Detector asymmetries 
removed in difference between 
RAW asymmetries

15

Beam-pipe shadow

Acceptance effect
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ΔAcp
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• Magnetic field induces left/
right differences between the 
D*+ and D*- due to the slow 
pion

• Acceptance effect at 
edges of detector

• Beam-pipe shadow

• We remove this asymmetry
• We remove areas of large 

asymmetry to avoid secondary 
effects

• Frequently flip the magnetic 
field

• Detector asymmetries 
removed in difference between 
RAW asymmetries

16

Beam-pipe shadow

Acceptance effect

z

x

⇡�
s
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ΔAcp

17

magnetic field up polarity

magnetic field down polarity

 Phys. Rev. Lett. 108 (2012) 111602

• Magnetic field induces left/
right differences between the 
D*+ and D*- due to the slow 
pion

• Acceptance effect at 
edges of detector

• Beam-pipe shadow

• We remove this asymmetry
• We remove areas of large 

asymmetry to avoid secondary 
effects

• Frequently flip the magnetic 
field

• Detector asymmetries 
removed in difference between 
RAW asymmetries

http://dx.doi.org/10.1103/PhysRevLett.108.111602
http://dx.doi.org/10.1103/PhysRevLett.108.111602
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ΔAcp

K-K+ Yield: (1436±2) x 103

π-π+ Yield: (381±1) x 103

m

m Δm

Δm

�ACP = (�0.82± 0.21± 0.11)%
First evidence of CP violation in charm with significance 3.5σ

18 Phys. Rev. Lett. 108 (2012) 111602Carried out on 0.6fb-1

http://dx.doi.org/10.1103/PhysRevLett.108.111602
http://dx.doi.org/10.1103/PhysRevLett.108.111602
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Cross-checks

Many cross-checks performed, e.g:

• Stability of result vs data taking 

runs

• Stability vs D* Pt

• Stability vs D* ETA

• Consistency between subsamples 

(field up/ field down, etc)

19

=

 Phys. Rev. Lett. 108 (2012) 111602

http://dx.doi.org/10.1103/PhysRevLett.108.111602
http://dx.doi.org/10.1103/PhysRevLett.108.111602
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ΔAcp Result

20

World average

arXiv:1202.2866v2
Includes CDF result �ACP = (�0.62± 0.21± 0.10)%

Isidori, Kamenik, Ligeti, Perez (arXiv:1111.4987)
Brod, Kagan, Zupan (arXiv:1111.5000)
Cheng, Chaing (arXiv:1201.0785)
Pirtskhalava, Uttayarat (arXiv:1112.5451)
Bhattacharya, Gronau, Rosner (arXiv:1201.2351)
Feldmann, Nandi, Soni (arXiv:1202.3795) 

Many Interpretations. See:
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Search for CP violation in 
D+→K−K+π+ decays

 Phys. Rev. D 84 (2011) 112008

21

http://dx.doi.org/10.1103/PhysRevD.84.112008
http://dx.doi.org/10.1103/PhysRevD.84.112008
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Jonas Rademacker (University of Bristol) for LHCb                      CPV and more charm at LHCb                         Moriond E/W, La Thuile, March 2012

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
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Bin Dalitz space and compare bins 
between D- and D+ Dalitz space
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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

)4/c2 (GeV2
+π-Km

0.5 1 1.5 2

)4
/c2

 (G
eV

2
+

K-
K

m

1

1.5

2

2.5

3

1

10

210

310LHCb

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.

R. AAIJ et al. PHYSICAL REVIEW D 84, 112008 (2011)

112008-8

35/pb, PhysRevD.84.112008

12

Based on the Miranda method
(Bediaga et al, Phys.Rev.D80:096006,2009)

α normalise away overall asymmetry, but also removes production and 
detection effects
Plotting for all bins: if NO CPV Gaussian with μ = 0; σ = 1

Calculate                      and p-values under assumption of no CPV�2 =
X

(Si
CP )

2

No CPV CPV

23Simulation by Bediaga et al, Phys.Rev.D80:096006,2009

 Phys. Rev. D 84 (2011) 112008
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Model-independent searches for CPV in multi-body decays

Use CF where NO CPV expected to check for detector asymmetries

24

SCS 0.33M
CF 

0.46M

CF 
3.38M

D+ ! K+K�⇡+

D+
s ! K+K�⇡+

D+ ! K+⇡�⇡+

 Phys. Rev. D 84 (2011) 112008

 Yields for 35pb-1

http://dx.doi.org/10.1103/PhysRevD.84.112008
http://dx.doi.org/10.1103/PhysRevD.84.112008
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TIME-INTEGRATED CPV SEARCHES FINAL STATE DISTRIBUTIONS

CPV IN D+! K �K+⇡+

PHYS.REV. D84 (2011) 112008, LHCB-PAPER-2011-017

Distributions of SCP,i for Adaptive Binning II
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Several binnings used to probe a range of CPV scenarios.
Binning shown consistent with no CPV at p = 10.6%.
Update to full 1 fb�1 data set underway.

P. SPRADLIN (GLASGOW) CHARM PHYSICS IN LHCb IMPLICATIONS WS 2012.03.26 21 / 23

Several binnings used 

All consistent with no CPV. Binning shown agrees with hypothesis of 
no CPV with a p-value of 10.6%

25 Phys. Rev. D 84 (2011) 112008
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• First evidence of CPV in charm sector observed

• Exciting result

• Open to discussion and interpretation

• Huge amounts of data available at LHCb will help us 

understand CPV in charm

• More precision measurements being carried out to 

help understand this result

• Lots more for LHCb to contribute to charm physics:

• Forthcoming analysis with 1fb-1 from 2011 running

• Charm sample more than double with 2012 data

• 2012 is going to be golden year for charm physics at LHCb
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Data-taking

•Factor 30 more integrated luminosity in 2011

•Luminosity-leveling working nicely to control pile-up.

4

2010: 38 pb−1 2011: 1 fb−1

0.6 fb−1
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Dealing with lifetime bias
•Swimming technique used at CDF (and DELPHI, and NA11)

• Ideally suited to LHCb where our software trigger can be 
recreated exactly offline.

15

(a)
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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).

41

Trying to measure how acceptance 
varies with lifetime candidate-by-
candidate.

... so that we can pull it directly 
from the data instead of having to 
model it on signal MC.

Ideally, would shift D0 decay vertex, 
but this is a nightmare (imagine 
trying to move VELO hits).

Instead, shift primary vertex in 
opposite sense (nearly the same 
thing; systematic for difference)

Want to measure how 
acceptance varies 
with lifetime for each 
candidate

By shifting PV for 
each candidate we 
evaluate the trigger 
decision for each 
possible lifetime of 
each decay
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yCP and AΓ at LHCb
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Improving systematics for 2011

Results for yCP in 2010 data
•Lifetime of D0 → K− π+: 410.2 ± 0.9 fs (stat err only)
• Important test of the method. Compare to world-avg: 410.1 ± 1.5 fs

•yCP = (5.5 ± 6.3 ± 4.1) x 10−3

•Dominant uncertainties from background.
•Will be easier to control in 2011 after improvements to trigger
• Statistical component in secondary charm uncertainty -- again, will improve 

with 2011 data.

17

Table 1: Summary of systematic uncertainties.

E⇥ect yCP (10�3)
VELO length scale negligible
Turning point bias ±0.1
Turning point scaling ±0.1
Combinatorial background ±0.8
Proper-time resolution ±0.1
Minimum proper-time cut ±0.8
Maximum proper-time cut ±0.2
Secondary charm background ±3.9
Total ±4.1

this test. The ln⇥2(IPD) cut is varied from 1.5 which is just above the peak of the
prompt distribution to 3.5 which is about where the probability densities for prompt and
secondary D mesons are equal. The result leads to a systematic uncertainty of ±3.9�10�3

for yCP .
This uncertainty is significantly larger than the corresponding value for A�. Additional

studies indicate that this is due to a combination of statistical fluctuations and the impact
of combinatorial background. The latter di⇥ers in its relative amount for the two final
states studied for yCP and hence may lead to significant uncertainties when neglected. It
is expected that the overall level of systematic uncertainties will be drastically reduced
when combinatorial background is properly accounted for. This will be the case in the
analysis of data taken in 2011.

3.2 Summary of Systematic Uncertainties

Table 1 summarises the systematic uncertainties evaluated as described above. The main
systematic errors are due to neglecting the combinatorial background and to the contri-
bution of secondary decays. The total systematic error for yCP obtained by combining all
sources in quadrature is ±4.1� 10�3.

4 Results and Conclusion

The measurement of yCP is performed via absolute lifetime measurements as described
in Section 2 and Ref. [5]. It uses flavour tagged events reconstructed in the decay chain
D⇥+ ⇥ D0�+, however, D0 and D0 decays are combined in one common fit per decay
mode. A cut on the mass di⇥erence of the reconstructed invariant masses of D⇥+ and D0,
�m, is used to further suppress combinatorial background (see Fig. 1).

The fit is performed in two stages as outlined in Ref. [5]: a fit to determine the
ln⇥2(IPD) parameters (see Fig. 2) followed by a fit to determine the final lifetime results

4

HFAG world avg: yCP = (1.107 ± 0.217)%

29 pb−1

arXiv:1112.4698
(accepted by JHEP)

• Dominant uncertainties 
from the background
• Statistical component in 

secondary charm 
uncertainty will improve 
with more data from 
2011

• Easier to control 
background in 2011 data 
with improved triggers.
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ΔAcp RAW asymmetries
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D

⇤+ MagUp

D

⇤+ MagDown

Figure 39: Scatterplot of p

y

vs p

x

for reconstructed D

⇤+ ! D

0(K+

K

�)⇡+ candidates
from Stripping13b MagUp (upper) and MagDown (lower), not-background-subtracted.
Only D

⇤+ candidates are shown, not D

⇤�. The e↵ect of the beampipe in the VELO is
clearly visible as a hole around (0, 0), but in addition there is a depletion around (±500, 0)
where the soft pions are swept through the beampipe in the T-stations and are lost.
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D
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⇤+ MagDown

Figure 39: Scatterplot of p

y

vs p

x

for reconstructed D

⇤+ ! D

0(K+

K

�)⇡+ candidates
from Stripping13b MagUp (upper) and MagDown (lower), not-background-subtracted.
Only D

⇤+ candidates are shown, not D

⇤�. The e↵ect of the beampipe in the VELO is
clearly visible as a hole around (0, 0), but in addition there is a depletion around (±500, 0)
where the soft pions are swept through the beampipe in the T-stations and are lost.
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ΔAcp Result

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

Direct CPV in D→KK, D→ππ: Result
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• ACP from direct CPV 
and indirect CPV

• Slanted constraints 
from different lifetime 
acceptances for KK and 
ππ

• Consistency with no 
CPV hypothesis: 6x10−5

LHCB-PAPER-2011-032 ;arXiv:1112.4698 (submitted to JHEP)



Search for CPV in 
the charm at LHCb

Matt Coombes

Charm physics at 
LHCb

D0 mixing

yCP and AΓ

Direct CPV

ΔAcp

D+→K−K+π+

Outlook

Model-independent searches for CPV in multi-body decays
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Additional binnings
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