
1 May 2013, Brookhaven Forum 1

Charm Mixing and CP Violation at LHCb

Paras Naik

on behalf of the LHCb collaboration



Charm Mixing and CP Violation at LHCb

Paras Naik, University of Bristol                                        1 May 2013, Brookhaven Forum

Charm at LHCb?
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 We are, above all, a B physics experiment...
 However, the same properties that optimize LHCb for B physics also make 

it an excellent charm physics experiment.

 We have immense charm samples...
 The charm cross section is ~20 times larger than the b cross section.

 σ(cc ̅)LHCb = 1419 ± 133 μb     (Nucl. Phys. B 871 (2013), 1)
 σ(bb̅)LHCb = 75.3 ± 14.1 μb    (Phys. Lett. B 694 (2010), 209)   

 In 2011 roughly a trillion cc̅ were produced!

 LHCb can make precision measurements in charm 
with high sensitivity to New Physics...
 The only mixing meson with up-type quarks.
 The big prize: CP violation (CPV) in charm.

@  √s  ̅ = 7 TeV 
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LHCb Experiment: Tracking
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 Accurate decay time resolution from our vertex locator (VELO)
 High muon reconstruction efficiency from muon stations
 Good momentum resolution from tracking stations, Δp/p = 0.35% — 0.55%

Vertex Locator Tracking stations

Warm magnet
can switch polarity

Muon system
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LHCb Experiment: Charged kaon/pion separation
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 K/π separation provided by Ring Imaging Cherenkov (RICH) detectors

 The ability to identify particles at LHCb is critical to many of our analyses.

RICH1 RICH2
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Charm Trigger and LHCb recorded luminosty
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 We have an excellent Trigger for charm decays
 Charm trigger uses 33% (2011) - 40% (2012) of our trigger bandwidth
 Ability to trigger on tracks with lower pT

 1.0 fb-1 at 7 TeV collected by LHCb in 2011
 Today’s Analyses

 2 fb-1 at 8 TeV collected by LHCb in 2012 (future analyses)
 Instantaneous luminosity delivered to LHCb fixed at ℒ = 4 × 1032 cm-2s-1 

2011

2012
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Knowledge of the Neutral Charm System in 2012 
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 Neutral D mass eigenstates:  D1,2= p|D❭〉 ± q|D ̅❭〉

                            ~mixing frequency

                            ~lifetime difference

 CP-violation (CPV) if |q/p| ≠ 1 or CPV phase φ ≠ 0

 Standard Model (SM): x, y at most 10–2, small CPV

 x = (0.63 ± 0.20)%, y = (0.75 ± 0.12)%

 |q/p| = 0.88 ± 0.18, φ = -10.1º ± 9.5º
Averages by HFAG (March 2012)

The errors on x, |p/q|, and φ are asymmetric, I show the larger error.

φ = arg(q/p)
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Inconsistent w/no-mixing hypothesis

Consistent with no CPV

x =
m2 �m1

�
, y =

�2 � �1

2�

x =
m2 �m1

�
, y =

�2 � �1

2�
(Belle), PRL 96, 151801 (2006).
(BaBar), PRL 98, 211802 (2007).
(CDF), PRL 100, 121802 (2008).

and others

http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0601029
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0601029
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0703020
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0703020
http://www.slac.stanford.edu/spires/find/hep/www?eprint=0712.1567
http://www.slac.stanford.edu/spires/find/hep/www?eprint=0712.1567
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Charm Mixing via D → Kπ decays
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Flavor Tagging
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D* decays (Prompt)

Use slow pion from D* decays to tag 
D flavor:                         or

D⇤+

D⇤+ ! D0⇡+
s

D⇤� ! D̄0⇡�
s

⇡+
s

We can use neutral D mesons from D* decays to tag flavor of the D
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D0 mixing at LHCb
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• Use       decays to tag the 
initial flavor of the D.

• 36k WS decays 
• More signal than found 

in the three most 
sensitive experiments to 
date. 

• 8.4M RS decays
• Divide into 13 D0 decay 

time bins

D⇤+ ! D0(f)⇡+
s

8.4M
RS decays

PRL 110, 101802 (2013)
1.0fb-1 collected during 2011
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D0 mixing at LHCb
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PRL 110, 101802 (2013)
1.0fb-1 collected during 2011

• Take the time-dependent ratio of wrong sign to 
right sign decays

• Most systematics cancel in ratio

• First single measurement with 
over 5σ significance

for no CPV

no mixing 
hypothesis 
excluded at 

9.1σ

x’2 = (-0.09 ± 0.13)×10-3

y’ = (7.2 ± 2.4)×10-3
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Search for direct CPV in charm
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Search for direct CPV in Charm
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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:

SM predictions do not rule out a few

NP could enhance up to O(10�2)

10�3

Analysis techniques
• Magnetic field frequently flipped. 

• Using both ‘magnet up’ and ‘magnet down’ data 
cancels many asymmetries

• Kinematic areas with large detection asymmetries can be removed

Phys.Rev. D75 (2007) 036008
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ACP from D* decays
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LHCB-CONF-2013-003
1.0fb-1 collected during 2011

f’s detection 
asymmetry

ARAW (f) = ACP (f) +AD(f) +AD(⇡+
s ) +Ap(D

⇤+)

want

'

measure Production
asymmetry

πs detection 
asymmetry 
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ACP from D* decays
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LHCB-CONF-2013-003
1.0fb-1 collected during 2011

ARAW (f) = ACP (f) +AD(f) +AD(⇡+
s ) +Ap(D

⇤+)

Taking                                  the production and slow pion 
detection asymmetries will cancel.

If the effect of                                    is negligible:

ARAW (f)�ARAW (f 0)

'

f’s detection 
asymmetrywantmeasure Production

asymmetry
πs detection 
asymmetry 

ARAW (f)�ARAW (f 0)ARAW (f) = ACP (f) +AD(f) +AD(⇡+
s ) +Ap(D

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

⇤+)ARAW (f)�ARAW (f 0)

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

�⇡+) ⌘ �ACPARAW (f) = ACP (f) +AD(f) +AD(⇡+
s ) +Ap(D

⇤+)ARAW (f)�ARAW (f 0)ARAW (f) = ACP (f) +AD(f) +AD(⇡+
s ) +Ap(D

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

⇤+)ARAW (f)�ARAW (f 0)ARAW (f) = ACP (f) +AD(f) +AD(⇡+
s ) +Ap(D

⇤+)'
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Charged D decay modes

15
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CPV in D+ → φπ+ and Ds+ → KS0π+

16

arXiv:1303.4906
1.0fb-1 collected during 2011

• Define ACP for D+ → φπ+

1 Introduction1

Cabibbo-suppressed charm decays are the focus of searches for direct CP violation (CPV)2

in the charm sector. In these decays, direct CPV will occur if tree and penguin amplitudes3

to the same final state interfere with di↵erent strong and weak phases. Furthermore,4

contributions from physics beyond the Standard Model may appear in the virtual loops [1].5

The first evidence for direct CPV in charm decays was obtained at LHCb and subsequently6

at CDF using the D0 ! K�K+ and D0 ! ⇡�⇡+ channels [2, 3]. The large branching7

ratios of D0 ! K�K+ compared to D0 ! ⇡�⇡+, and of D+ ! K�K+⇡+ compared to8

D+ ! ⇡�⇡+⇡+, suggest that the contribution of the penguin amplitude may be significant9

in both D0 ! K�K+ and D+ ! K�K+⇡+ decays1 [4]. In D+ decays indirect CPV10

cannot occur, so a positive signal would indicate unambiguously the presence of direct11

CPV. The D+ ! �⇡+ decay is a particularly promising channel for CPV searches due12

to its high branching ratio of 2.65⇥ 10�3 [5]. A recent investigation of this decay at the13

Belle experiment yielded a CP -violating charge asymmetry of (+0.51± 0.28± 0.05)% [6],14

while BaBar measured (�0.3± 0.3± 0.5)% [7].15

Searches for CPV in charm decays at the LHCb experiment rely on good understanding16

of the charge asymmetries both in D meson production in pp collisions and in the detection17

e�ciency. These e↵ects are studied in control decay modes in which no CPV is expected,18

and cancelled by measuring the di↵erences in asymmetries between di↵erent final states or19

by comparing measurements made in one area of the Dalitz plot relative to another.20

To investigate CPV in the D+ ! �⇡+ decay, the D+ ! K0
S⇡

+, K0
S ! ⇡�⇡+ decay21

is used as a control channel. This decay is itself sensitive to CPV, via the interference22

of Cabibbo favoured and doubly Cabibbo suppressed amplitudes. However, the CP23

asymmetry in this channel is predicted to be at most 0.01% in the Standard Model [8],24

and there is less scope for contributions from non-Standard Model dynamics than in25

the D+ ! �⇡+ decay as no penguin amplitudes contribute [1]. Therefore CPV in the26

D+ ! K0
S⇡

+ decay is assumed to be negligible. The CP asymmetry in the D+ ! �⇡+
27

region of the D+ ! K�K+⇡+ Dalitz plot is given by28

A
CP

(D+ ! �⇡+) = Araw(D
+ ! �⇡+)� Araw(D

+ ! K0
S⇡

+) + A
CP

(K0/K0), (1)

where the raw charge asymmetry Araw is defined as29

Araw =
N

D

+ �N
D

�

N
D

+ +N
D

�
, (2)

for yields N
D

± of positively- or negatively-charged signal or control-mode candidates.30

A
CP

(K0/K0) is the correction for CPV in the neutral kaon system, taken from Ref. [9]. It31

is -0.028% with a systematic uncertainty of 0.028%. To first order, the use of the control32

channel cancels the e↵ects of the D± production asymmetry of (�0.96± 0.26± 0.18)% [9]33

and any asymmetry associated with the detection of the pion [10]. Close to the � meson34

mass of 1019.5MeV/c2 [5] in the D+ ! K�K+⇡+ Dalitz plot, the kaons have almost35

1Charge conjugate decays are implied where appropriate throughout this paper.

1
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and there is less scope for contributions from non-Standard Model dynamics than in25
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is -0.028% with a systematic uncertainty of 0.028%. To first order, the use of the control32

channel cancels the e↵ects of the D± production asymmetry of (�0.96± 0.26± 0.18)% [9]33

and any asymmetry associated with the detection of the pion [10]. Close to the � meson34

mass of 1019.5MeV/c2 [5] in the D+ ! K�K+⇡+ Dalitz plot, the kaons have almost35
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Figure 1: The variation of the overall phase of the D+ decay amplitude in the � mass
region of the Dalitz plot, from a simulation study based on the CLEO-c amplitude model
in which the phase is defined relative to the K⇤(892)0 resonance [12].

identical momentum distributions and therefore the kaon interaction asymmetry cancels36

almost perfectly between the K+ and K� meson daughters of the � resonance. Hence37

the search is restricted to decays with K+K� invariant masses m
K

�
K

+ in the range38

1.00 < m
K

�
K

+ < 1.04GeV/c2.39
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is performed using the D+
s

! �⇡+ decay as a control channel. This decay is also Cabibbo41

suppressed, with similar contributions from loop amplitudes as the D+ ! �⇡+ decay, but42

the number of signal candidates is substantially lower than in the other channels. This43

is partly due to the lower D+
s

production cross section [11] and partly because only K0
S44

mesons with short decay times of less than 40 ps are used in this analysis. In Eq. 3, the45

e↵ect of the CPV in the neutral kaon system has a sign opposite to that in Eq. 1 relative46

to the raw asymmetry in the D+ ! K0
S⇡

+ decay because the D+
s

decays to a K0 meson47

while the D+ decays to a K0.48

Within the Standard Model, the CPV in singly Cabibbo suppressed charm decays with49

contributing tree and penguin amplitudes is expected to be50
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where R is a number of order one that depends on the relevant Wilson coe�cients [13], �
S

51

is the strong phase di↵erence between tree and penguin amplitudes, and V
ij

are elements52

of the CKM matrix [14]. In the region of the � resonance in the D+ ! K�K+⇡+ Dalitz53

plot, several other amplitudes contribute to the overall matrix element and interfere54
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• Variation in phase across the φ 
resonance could mean that CPV 
asymmetries might be canceled out.

• We can improve sensitivity to CPV 
by splitting up the decay phase 
space into regions of similar phase.

• Define a third variable 

which is also sensitive to CP.
• We found that some types of CPV 

can be observed more effectively 
with           and others with 
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Figure 1: The variation of the overall phase of the D+ decay amplitude in the � mass
region of the Dalitz plot, from a simulation study based on the CLEO-c amplitude model
in which the phase is defined relative to the K⇤(892)0 resonance [12].
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Table 1: Expected mean values of A
CP

and A
CP

|
S

for di↵erent types of CP violation
introduced into the simulated Dalitz plots. The statistical uncertainties are 0.16% and
0.22% on A

CP

and A
CP

|
S

in each simulated sample respectively.

Type of CPV Mean A
CP

(%) Mean A
CP

|
S

(%)
3� in � phase �0.01 (0.1�) �1.02 (4.6�)
2� in � phase �0.06 (0.4�) �0.71 (3.2�)
0.8% in � amplitude �0.50 (3.2�) �0.02 (0.1�)
4� in K⇤

0(1430)
0 phase 0.52 (3.2�) �0.89 (4.0�)

4� in  phase 0.70 (4.4�) 0.10 (0.4�)

with the � meson [7, 12]. A recent amplitude analysis of this decay mode from the55

CLEO-c collaboration [12] yields a matrix element with a relative ‘strong’ phase that56

varies rapidly across the � region, as shown in Fig. 1. This variation is expected in vector57

resonances [15, 16]. The isobar amplitude model favoured by CLEO-c (fit ‘B’ in Ref. [12])58

contains major contributions from the �, K⇤(892)0, K⇤
0(1430)

0 and  resonances. The59

phase is measured relative to that of the K⇤(892)0 meson. The variation in phase means60

that it is possible that a constant CP violating asymmetry could be cancelled out when61

the di↵erent parts of the � mass resonance are combined to calculate A
CP

. Hence we62

define a complementary observable called A
CP

|
S

. The area around the � resonance in the63

Dalitz plot is split into four rectangular regions A�D defined clockwise from the top-left64

as shown in Fig. 1. The division is chosen to minimise the change in phase within each65

region. A di↵erence between the two diagonals, each made of two regions with similar66

phases, is calculated as follows:67

A
CP

|
S

=
1

2

�
AA

raw + AC

raw � AB

raw � AD

raw

�
. (5)

This observable is not a↵ected by the D± production asymmetry and will be shown in68

Sect. 5 to be robust against systematic biases from the detector.69

To test the hypothesis that A
CP

|
S

can sometimes be more sensitive to CP violation70

than A
CP

, plausible types of artificial CPV are introduced into the CLEO-c amplitude71

model [12]. The matrix elements for D+ and D� decays are separately modified in a72

number of ways, as specified in Table 1, and events are generated from the resulting73

probability density functions. In each simulated sample, approximately the same number74

of events as in the dataset are produced, and the values of A
CP

and A
CP

|
S

are compared.75

The e↵ects of background and of the reconstruction and signal selection e�ciency variation76

across the � region are negligibly small and are ignored.77

The level of CPV in the pseudo-experiments is chosen to give an expected result with78

significance between three and five Gaussian standard deviations in at least one observable.79

For each type of CPV, 20 Dalitz plots are simulated. The mean values of A
CP

and A
CP

|
S

80

in these pseudo-experiments are given in Table 1, together with the significance with which81

3

used CLEO to model 
phase change across φ 
resonance

Phys. Rev. D78 (2008) 072003

simulation
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Figure 2: Invariant mass distribution of selected (a) D+ ! �⇡+, (b) D� ! �⇡�, (c)
D+ ! K0

S⇡
+ and (d) D� ! K0

S⇡
� candidates. The data are represented by symbols with

error bars. The red dashed peaks indicate the signal decays, the green solid lines represent
the combinatorial background shape, and the green dotted lines represent backgrounds from
mis-reconstructedD+

s

! �⇡+⇡0 decays in (a) and (b), andD+
s

! K0
S⇡

+⇡0 orD+
s

! K0
SK

+

decays in (c) and (d). The blue solid lines show the sum of all fit components.

4 Determination of the yields and asymmetries160

For the measurement of A
CP

, the signal yields are measured in 12 bins of transverse161

momentum pT and pseudorapidity ⌘, using binned likelihood fits to the distribution of the162

invariant masses m, where m is either m
�⇡

+ or m
K

0
S⇡

+ . The values of A
CP

in each bin are163

calculated and a weighted average over the bins is performed to obtain the final result.164

This procedure is adopted because the distributions of the two decays in pT � ⌘ kinematic165

region di↵er slightly, as shown in Fig. 4, and the D± production asymmetry may also166

vary over this range [9]. The pT � ⌘ binning therefore avoids a small systematic bias. The167

shapes of the D+
(s) ! K0

S⇡
+ mass peaks are described by single Cruij↵ functions [25],168

f(m) / exp


�(m� µ)2

2� + (m� µ)2↵
L,R

�
(6)

6

Log
Scale

• Very low background 
levels
• 1.6M D+ → φπ+

• 3.6M D+ → Ks0π+ 
• 26k Ds+ → Ks0π+ 
• 1.1M Ds+ → φπ+ 

102

102

103

104
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105
D+ → φπ+ Ds+ → φπ+
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Ds+ → Ks0π+
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• No evidence of CPV observed

• Most precise measurement to date for 
both Ds+ → Ks0π+ and D+ → φπ+

Ds+ → Ks0π+

D+ → φπ+

Previous measurements Ds+ → Ks0π+ 

• Belle (Phys. Rev. Lett. 104, 181602 (2010))
• CLEO-c (Phys. Rev. D 81, 052013 (2010))

Previous measurements D+ → φπ+

• Belle (Phys.Rev.Lett. 108 071801 (2012))
• BaBar (Phys. Rev. D 71, 091101(R) (2005)) 
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Figure 5: The invariant mass distribution of selected D+
s

! ⇡�⇡+⇡+ decays. The data are
represented by symbols with error bars. The red dashed peaks indicate the signal decays,
the green solid lines represent the combinatorial background shape, and the green dotted
lines represent backgrounds from mis-reconstructed D+

s

! �⇡+⇡0 decays. The blue solid
line shows the sum of all fit components. Both plots show D+

s

and D�
s

decays together.

6 Results and conclusion325

Searches for CP violation in the � region of the D+ ! K�K+⇡+ Dalitz plot and in the326

D+
s

! K0
S⇡

+ decay mode are performed. The results are327

A
CP

(D+ ! �⇡+) = (�0.04± 0.14± 0.13)%,

A
CP

|
S

= (�0.18± 0.17± 0.18)%,

A
CP

(D+
s

! K0
S⇡

+) = (0.61± 0.83± 0.13)%,

which are consistent with existing measurements. The first and third measurements assume328

negligible CP violation e↵ects in the D+ ! K0
S⇡

+ and D+
s

! �⇡+ control channels,329

respectively. The A
CP

|
S

observable is shown to increase the sensitivity of the analysis330

to certain types of CP violation significantly, but there is no evidence of CP violation331

in either decay. This is the most precise analysis of the � region of the D+ ! K�K+⇡+
332

Dalitz plot to date.333
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 (%)CPAΔ
-1 0 1

-0.5

5.8

Belle

CDF

LHCb

BaBar

World average

• ∆ACP measured by 
• BaBar (Phys. Rev. Lett. 100 (2008)))
• Belle (arXiv:1212.5320)
• LHCb (Phys. Rev. Lett. 108 (2012))
• CDF (Phys. Rev. Lett. 109 (2012))

• World average 4.6σ deviation from 
zero

• Level of CP violation potentially 
accommodated within SM 
(arXiv:1202.3795, many more)

• Can also be explained by NP 
(arXiv:1202.2866, many more)

• Lively debate amongst theorists. 

March 2012∆ACP = ACP(D0→ K+K-) - ACP(D0→π+π-)

neglecting indirect CPV

http://arxiv.org/abs/1202.3795
http://arxiv.org/abs/1202.3795
http://arxiv.org/abs/1202.3795
http://arxiv.org/abs/1202.3795
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D* decays (Prompt)
Use slow pion from D* decays to tag 
D flavor                         or

D⇤+

Semileptonic B decay (Secondary)
Use muon charge to tag D flavor

    orB ! D̄0µ+⌫µX

B ! D0µ�⌫µX

µ�

Update

D⇤+ ! D0⇡+
s

D⇤� ! D̄0⇡�
s

⇡+
s

LHCb uses two methods to tag the D0 flavor
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• Update of analysis from 2011 0.6 fb-1 → 1.0 fb-1 (full 2011 dataset)
• Update includes new reconstruction 
• Improved tracking alignment
• Improved particle identification from RICH calibration.
• Constrain the D* vertex to the primary vertex
•                                                       
• Improves δm resolution by factor ∼2.5.
• Kinematic re-weighting of D* (ensures D0→KK and D0→ππ have the same 

kinematics)

�m ⌘ m(h+h�⇡+)�m(h+h�)�m(⇡+)
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ACP from D* decays
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LHCB-CONF-2013-003
1.0fb-1 collected during 2011

ARAW (f) = ACP (f) +AD(f) +AD(⇡+
s ) +Ap(D

⇤+)

Zero for self-
conjugate final 

states
(K+K-/π+π-)

'

measure Production
asymmetry

πs detection 
asymmetry 
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LHCB-CONF-2013-003
1.0fb-1 collected during 2011

ARAW (f) = ACP (f) +AD(f) +AD(⇡+
s ) +Ap(D

⇤+)

Taking                                  the production and slow pion 
detection asymmetries will cancel.

ARAW (f)�ARAW (f 0)

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

�⇡+) ⌘ �ACP

Phys.Rev. D80 (2009) 076008

'

measure want f’s detection 
asymmetry

Production
asymmetry

πs detection 
asymmetry 
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LHCB-CONF-2013-003
1.0fb-1 collected during 2011

• Fit in δm
•                                                         

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

5 Results and systematic uncertainties119

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

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

subsamples, and is found to be:122

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

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

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

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

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

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

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

contributions (....); by repeating the analysis with the asymmetry extracted through129

7
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Figure 5: Fits to the �m spectra, where the D0 is reconstructed in the final state ⇡�

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

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

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

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

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

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

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

6 Di↵erences from the previous result136

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

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

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

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

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

8

D0→ππ

D0→KK
�m ⌘ m(h+h�⇡+)�m(h+h�)�m(⇡+)
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LHCB-CONF-2013-003
1.0fb-1 collected during 2011

• Preliminary result

• Considerably closer to zero than previous result
• Larger data set
• Improved detector alignment and calibration
• Improvement in analysis technique
• Detailed systematic studies
• Many cross checks confirm our result
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Figure 4: Fits to the �m spectra, where the D0 is reconstructed in the final state K� K+.
Candidates are weighted as described in Sec. 3 and split into four disjoint subsamples
according to magnet polarity and hardware (L0) trigger decision. The normalized residuals
(pulls) are shown below the fit.

5 Results and systematic uncertainties119

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

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

subsamples, and is found to be:122

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

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

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

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

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

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

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

contributions (....); by repeating the analysis with the asymmetry extracted through129
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D* decays (Prompt)
Use slow pion from D* decays to tag 
D flavor                         or

D⇤+

Semileptonic B decay (Secondary)
Use muon charge to tag D flavor

    orB ! D̄0µ+⌫µX

B ! D0µ�⌫µX

µ�

Update

D⇤+ ! D0⇡+
s

D⇤� ! D̄0⇡�
s

⇡+
s

LHCb uses two methods to tag the D0 flavor
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arXiv:1303.2614
1.0fb-1 collected during 2011

Taking                                  the production and muon  
detection asymmetries cancel.

μ detection 
asymmetry 

b-hadron 
production
asymmetry

ARAW (f)�ARAW (f 0)

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

�⇡+) ⌘ �ACP

ARAW (f) = ACP (f) +AD(f) +AD(µ+) +Ap(B)

Detection and production 
asymmetries 

independent from D* 
analysis

http://arxiv.org/abs/1303.2614
http://arxiv.org/abs/1303.2614
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Figure 1: Invariant mass distributions for (a,c) D0! K�K+ and (b,d) D0! ⇡�⇡+ candidates
for the two magnet polarities. The result of the asymmetry fit is overlaid, showing the contribution
from signal, combinatorial background and D0! K�⇡+ reflection. Underneath each plot the
pull in each mass bin is shown.

5.1 Di↵erences in kinematic distributions134

Since the detection and production asymmetry may have a kinematic dependence, the135

cancellation in Eq. (4) is only valid if the kinematic distributions of the muon and B136

hadron are similar for both D

0 ! K

�
K

+ and D

0 ! ⇡

�
⇡

+ decays. After the trigger137

and selection requirements the kinematic distributions for the two decay modes are,138

however, slightly di↵erent. Although the selection requirements are largely the same, the139

particle identification requirements introduce di↵erences in the momentum distributions.140

In addition, due to the di↵erence in available phase space, the pions in D
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+ decays. For142

the muon, the trigger and selection requirements are identical. Nevertheless, due to the143

correlation between the D

0 meson and the muon, the muon kinematic distributions are144

also di↵erent for the two decay modes. Therefore, detection and production asymmetries145

may not cancel completely in the calculation of �A

raw
CP

. Figure 2 shows the pT and146

pseudorapidity ⌘ distributions for the D

0 meson and the muon. The background has been147

statistically subtracted using the sPlot method [15]. In order to obtain the same kinematic148

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

5.1 Di↵erences in kinematic distributions134

Since the detection and production asymmetry may have a kinematic dependence, the135

cancellation in Eq. (4) is only valid if the kinematic distributions of the muon and B136

hadron are similar for both D

0 ! K

�
K

+ and D

0 ! ⇡

�
⇡

+ decays. After the trigger137

and selection requirements the kinematic distributions for the two decay modes are,138

however, slightly di↵erent. Although the selection requirements are largely the same, the139

particle identification requirements introduce di↵erences in the momentum distributions.140

In addition, due to the di↵erence in available phase space, the pions in D

0! ⇡

�
⇡

+ decays141

have a harder momentum spectrum compared to the kaons in D

0! K

�
K

+ decays. For142

the muon, the trigger and selection requirements are identical. Nevertheless, due to the143

correlation between the D

0 meson and the muon, the muon kinematic distributions are144

also di↵erent for the two decay modes. Therefore, detection and production asymmetries145

may not cancel completely in the calculation of �A

raw
CP

. Figure 2 shows the pT and146

pseudorapidity ⌘ distributions for the D

0 meson and the muon. The background has been147

statistically subtracted using the sPlot method [15]. In order to obtain the same kinematic148

distributions for both decays, the D

0 candidates are given a weight depending on their149

5

D0→ππ

• Clean signal 
• 0.6M D→K+K- candidates
• 0.2M D→π+π- candidates

http://arxiv.org/abs/1303.2614
http://arxiv.org/abs/1303.2614
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Figure 4: Fits to the �m spectra, where the D0 is reconstructed in the final state K� K+.
Candidates are weighted as described in Sec. 3 and split into four disjoint subsamples
according to magnet polarity and hardware (L0) trigger decision. The normalized residuals
(pulls) are shown below the fit.

5 Results and systematic uncertainties119

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

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

subsamples, and is found to be:122

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

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

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

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

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

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

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

contributions (....); by repeating the analysis with the asymmetry extracted through129

7

Table 3: Contributions to the systematic uncertainty of �A
CP

.

Source of uncertainty Uncertainty
Production asymmetry:
Di↵erence in B

0 fraction 0.02%
Di↵erence in B decay time acceptance 0.02%

Production and detection asymmetry:
Di↵erent weighting 0.05%
Higher-order corrections negligible

Background from real D0:
Mistag asymmetry 0.02%
Mistag rate negligible

Background from fake D

0:
D

0 mass fit model 0.05%
Low lifetime background in D

0! ⇡

�
⇡

+ 0.11%
⇤

+
c

background in D

0! K

�
K

+ 0.03%
Quadratic sum 0.14%

9 Conclusion342

After correcting for the mistag probability, the di↵erence between the weighted raw343

asymmetries of the D

0! K

�
K

+ and D

0! ⇡

�
⇡

+ decays (cf. Table 2) is found to be344

�A

CP

= (0.49± 0.30 (stat)± 0.14 (syst))% .

When neglecting indirect CP violation the di↵erence with the previous published LHCb345

result using promptD0 decays [2] is 3.2 standard deviations, assuming that the uncertainties346

have a Gaussian distribution. This result does not confirm the evidence for direct CP347

violation in the charm sector.348
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Semileptonic decays 

• Statistical correlation between the two data samples is negligible
• Systematic uncertainties essentially uncorrelated

• These measurements are compatible at 3% level (χ2 = 4.85)

rejection and reducing the statistical uncertainty. With this change, the value of �ACP187

becomes (�0.34± 0.15)%. The expected variation between the results of analyses with188

and without this constraint has been evaluated using simulated pseudoexperiments, and189

found to be 0.05% from the change in resolution alone. We also note that the e↵ect of the190

constraint that the soft pion point to the primary vertex may be correlated with the e↵ect191

of excluding events in which the soft pion has a large impact parameter with respect to192

the primary vertex, for which a systematic uncertainty of 0.08% is assigned. Hence this193

change, as all others, is consistent within uncertainties.194

7 Combination with LHCb result from semileptonic195

B decays196

A separate measurement of �ACP has been performed at LHCb in which the D0 mesons197

are produced in semileptonic B ! D0µ�⌫̄µX decays and the charge of the muon is198

used to tag the flavour of the D0 meson. This analysis is described in Ref. [11]. The199

statistical correlation between the two data samples is negligible, and due to the di↵erent200

production environment and tagging technique the systematic uncertainties are also201

essentially uncorrelated. The results of the two measurements are shown below along with202

their combination under the assumption that indirect CP violation is negligible:203

D⇤+ tag (this analysis): �ACP = [�0.34± 0.15(stat.)± 0.10(syst.)]%
Semileptonic analysis: �ACP = [+0.49± 0.30(stat.)± 0.14(syst.)]%
Combination: �ACP = [�0.15± 0.16]%

204

The two measurements are compatible at the 3% level (�2 = 4.85).205

8 Conclusions206

The di↵erence of time-integrated CP violation between D0 ! K�K+ and D0 ! ⇡�⇡+
207

decays has been measured based on a data sample corresponding to an integrated luminosity208

of 1.0 fb�1. The result is209

�ACP = [�0.34± 0.15 (stat.)± 0.10 (syst.)]% . (9)

The result is consistent with the previous measurements, but does not confirm the evidence210

of CP violation in the charm sector that had previously been reported.211
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Preliminary combination:

neglecting indirect CPV 

arXiv:1303.2614LHCB-CONF-2013-003

• See Alan Schwartz’s talk for a discussion of the impact of these measurements

http://arxiv.org/abs/1303.2614
http://arxiv.org/abs/1303.2614
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 First single D0 mixing measurement above 5σ [PRL 110, 101802 (2013)]

 Best limits on CPV for D+ → φπ+ and Ds+ → KS0π+ (arXiv:1303.4906)

 Using D0 from D* decays and D0 from B decays, we have measured:
 ∆ACP = (−0.34 ± 0.15(stat.) ± 0.10(syst.))% via D* decays  

(LHCB-CONF-2013-003)
 ∆ACP = (0.49 ± 0.30(stat) ± 0.14(syst))% via semileptonic B decays

(arXiv:1303.2614)
 Many cross checks performed
 Preliminary combination ∆ACP = (−0.15 ± 0.16)% (not including indirect CPV)

 These analyses were performed on 1.0 fb-1 @ 7 TeV data from 2011.
 2 fb-1 data @ 8 TeV from 2012 still to be added to our many CPV searches. 
 The LHCb detector is working beautifully, look forward to more results soon!

http://arxiv.org/abs/1303.4906
http://arxiv.org/abs/1303.4906
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∆ACP Preliminary new world average
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arXiv:1303.2614
LHCB-CONF-2013-003
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Knowledge of the Neutral Charm System 

39
Averages by HFAG (March 2012, April 2013)
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∆ACP from D* decays : Cross checks

40

LHCB-CONF-2013-003
1.0fb-1 collected during 2011

• ∆ACP stability checked
• Against time at which data was 

taken
• Various reconstructed quantities:

• D0 pT

• D0 η
• D0 p
• D0 decay time

• Analysis performed on large Monte 
Carlo samples to check for bias

• Many more
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∆ACP from D* decays

41

LHCB-CONF-2013-003
1.0fb-1 collected during 2011

• Preliminary result

• Source of systematic uncertainties
• Soft pions with large IPχ2 for pointing to PV
• Effect due to multiple scattering

• Results in poor mass distribution
• Should not depend on D0 decay mode

• Raw asymmetry observed in these 
candidates

• Analysis repeated with these candidates 
removed

• Dominant systematic 0.08%
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Figure 4: Fits to the �m spectra, where the D0 is reconstructed in the final state K� K+.
Candidates are weighted as described in Sec. 3 and split into four disjoint subsamples
according to magnet polarity and hardware (L0) trigger decision. The normalized residuals
(pulls) are shown below the fit.

5 Results and systematic uncertainties119

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

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

subsamples, and is found to be:122

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

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

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

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

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

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

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

contributions (....); by repeating the analysis with the asymmetry extracted through129

7
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∆ACP via Semileptonic: Cross checks

42

arXiv:1303.2614
1.0fb-1 collected during 2011

• Many cross checks carried out
• ∆ACP stable with
• reconstructed quantities:

• D0 decay time
• B flight distance
• reconstructed D0-μ mass
• angle between μ and D0 daughters
• pT of D0 and μ
• η of D0 and μ

• data taking period
• many more

http://arxiv.org/abs/1303.2614
http://arxiv.org/abs/1303.2614
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∆ACP from semileptonic B decays
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arXiv:1303.2614
1.0fb-1 collected during 2011

Table 3: Contributions to the systematic uncertainty of �A
CP

.

Source of uncertainty Uncertainty
Production asymmetry:
Di↵erence in B

0 fraction 0.02%
Di↵erence in B decay time acceptance 0.02%

Production and detection asymmetry:
Di↵erent weighting 0.05%
Higher-order corrections negligible

Background from real D0:
Mistag asymmetry 0.02%
Mistag rate negligible

Background from fake D

0:
D

0 mass fit model 0.05%
Low lifetime background in D

0! ⇡

�
⇡

+ 0.11%
⇤

+
c

background in D

0! K

�
K

+ 0.03%
Quadratic sum 0.14%

9 Conclusion342

After correcting for the mistag probability, the di↵erence between the weighted raw343

asymmetries of the D

0! K

�
K

+ and D

0! ⇡

�
⇡

+ decays (cf. Table 2) is found to be344

�A

CP

= (0.49± 0.30 (stat)± 0.14 (syst))% .

When neglecting indirect CP violation the di↵erence with the previous published LHCb345

result using promptD0 decays [2] is 3.2 standard deviations, assuming that the uncertainties346

have a Gaussian distribution. This result does not confirm the evidence for direct CP347

violation in the charm sector.348
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Figure 4: Decay time distribution for signal candidates with the result from the fit overlaid for
(left) D0! K�K+ and (right) D0! ⇡�⇡+. The distribution for background candidates in a
±34MeV/c2 window around the nominal D0 mass is shown in red.

7 Systematic uncertainties239

The contributions to the systematic uncertainty on �A

CP

are described below.240

• Di↵erence in B0 fraction. Due to the momentum requirements in the trigger and241

selection, the relative contribution from B

0 and B

+ decays can be di↵erent between242

the D

0! K

�
K

+ and D

0! ⇡

�
⇡

+ modes. In combination with a di↵erent e↵ective243

production asymmetry for candidates from B

0 and B

+ mesons (the production244

asymmetry from B

0 mesons is diluted due to B

0 mixing) this could lead to a245

non-vanishing bias in �A

CP

due to the production asymmetry. Assuming isospin246

symmetry, the production cross-sections for B

0 and B

+ mesons are expected to247

be equal. Therefore, the ratio between B

0 and B

+ decays is primarily determined248

by their branching fractions to the D

0
µ final state. Using the inclusive branching249

fractions [20], B+,0 ! D

0 anything, the B

0 fraction is expected to be f(B0) =250

(37.5 ± 2.9)%. From the simulation the di↵erence in the B

0 fraction due to the251

di↵erence in selection e�ciencies is found to be at maximum 1%. Further assuming252

a B production asymmetry of 1.0% [21] and conservatively assuming that this only253

comes from the B+ mode (i.e., the B0 production asymmetry is zero), the di↵erence254

in the e↵ective production asymmetry between the two modes is 0.02%, which is255

taken as a systematic uncertainty on �A

CP

.256

• Di↵erence in B decay time acceptance. A di↵erence between D

0 ! K

�
K

+
257

and D

0 ! ⇡

�
⇡

+ modes in the B decay time acceptance in combination with B

0
258

mixing changes the e↵ective B production asymmetry. Its e↵ect is estimated from259

integrating the expected B decay time distributions at di↵erent starting values, such260

that the mean lifetime ratio corresponds to the observed B decay length di↵erence261

(⇠ 5%) in the two modes. Using the estimated B

0 fraction and assuming a 1.0%262

production asymmetry, the e↵ect on �A

CP

is found to be 0.02%.263
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0 fraction due to the251

di↵erence in selection e�ciencies is found to be at maximum 1%. Further assuming252

a B production asymmetry of 1.0% [21] and conservatively assuming that this only253

comes from the B+ mode (i.e., the B0 production asymmetry is zero), the di↵erence254

in the e↵ective production asymmetry between the two modes is 0.02%, which is255

taken as a systematic uncertainty on �A

CP

.256

• Di↵erence in B decay time acceptance. A di↵erence between D

0 ! K

�
K

+
257

and D

0 ! ⇡

�
⇡

+ modes in the B decay time acceptance in combination with B

0
258

mixing changes the e↵ective B production asymmetry. Its e↵ect is estimated from259

integrating the expected B decay time distributions at di↵erent starting values, such260

that the mean lifetime ratio corresponds to the observed B decay length di↵erence261

(⇠ 5%) in the two modes. Using the estimated B

0 fraction and assuming a 1.0%262

production asymmetry, the e↵ect on �A

CP

is found to be 0.02%.263

10

D0→KK D0→ππ

• Result

• Main source of systematic from low lifetime background in D0→π+π- decays
• More low lifetime background in D0→π+π- than D0→K+K-

• We required positive decay times in our analysis
• Analysis repeated including negative decay times 
• Systematic uncertainty of 0.11%    

http://arxiv.org/abs/1303.2614
http://arxiv.org/abs/1303.2614
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Analysis using method from 2011

First half 2011
candidates
(600pb-1)
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Analysis using method from 2011

15% not selected with new 
reconstruction

First half 2011
candidates

Full 2011 candidates
1.0fb-1
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Analysis using method from 2011

15% not selected with new 
reconstruction

First half 2011
candidates

Full 2011 candidates

∆ACP = (−0.80 ± 0.23)%

∆ACP = (−0.78 ± 0.23)%

New 
Reconstruction
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Analysis using method from 2011

First half 2011
candidates

Full 2011 candidates
first 600 pb-1 including additional 
17% KK and 34% ππ (improved RICH 
calibration)

15% not selected with new 
reconstruction

∆ACP = (−0.80 ± 0.23)%

∆ACP = (−0.78 ± 0.23)%

New 
Reconstruction
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Analysis using method from 2011

First half 2011
candidates

Full 2011 candidates

last 400pb-1 recorded by LHCb 
2011 

∆ACP = (−0.28 ± 0.26)%

first 600 pb-1 including additional 
17% KK and 34% ππ (improved RICH 
calibration)

15% not selected with new 
reconstruction

∆ACP = (−0.80 ± 0.23)%

∆ACP = (−0.78 ± 0.23)%

New 
Reconstruction
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Analysis using method from 2011

First half 2011
candidates

Full 2011 candidates
∆Acp = (−0.45 ± 0.16) %

60

last 400pb-1 recorded by LHCb 
2011 

∆ACP = (−0.28 ± 0.26)%

first 600 pb-1 including additional 
17% KK and 34% ππ (improved RICH 
calibration)

15% not selected with new 
reconstruction

∆ACP = (−0.80 ± 0.23)%

∆ACP = (−0.78 ± 0.23)%

New 
Reconstruction
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kinematic re-
weighting

∆Acp = (−0.45 ± 0.16) % ∆Acp = (−0.45 ± 0.17) %

force D* vertex to 
the Primary 

Vertex
∆Acp = (−0.45 ± 0.17) % ∆Acp = (−0.34 ± 0.15) %
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• Previous results:

∆ACP from D* decays

53

1 Introduction1

CP violation in the charm sector is a promising place to probe for the e↵ects of physics2

beyond the SM. There has been a renaissance of interest in the past few years since3

evidence for D0
mixing was first seen [1,2]. Mixing is now well established [3] at a level4

which is consistent with Standard Model expectations [4], and has recently been confirmed5

with a high level of significance by LHCb [5], In this note, we present a measurement of6

the di↵erence in time-integrated CP asymmetry between D0 ! K�K+ and D0 ! ⇡�⇡+
7

at LHCb. Previous measurements of this di↵erence, or of the separate asymmetries, have8

been performed by the CDF, BaBar, and Belle collaborations [6–9], and by LHCb [10].9

These results are summarised in Table 1. The prior LHCb result used a sample of 600 pb�1
10

of data taken during 2011 at
p

s = 7 TeV. In this note that result is updated to the full11

2011 sample, with several changes to the reconstruction and analysis procedure. The12

data sample used in this analysis is statistically independent of that in an analysis using13

D mesons tagged by the charge of the associated muon produced in semileptonic B14

decays [11].15

Table 1: Previous experimental results on �ACP . For Ref. [7], all uncertainties have been
added in quadrature.

Experiment �ACP Reference
LHCb (�0.82± 0.21± 0.11)% [10]
CDF (�0.62± 0.21± 0.10)% [6]
Belle (�0.87± 0.41± 0.06)% [9]
BaBar (+0.24± 0.62± 0.26)% [7]

The time-dependent CP asymmetry ACP (f ; t) for D0 decays to a CP eigenstate f16

(with f = f̄) is defined as17

ACP (f ; t) ⌘ �(D0(t)! f)� �(D0(t)! f)

�(D0(t)! f) + �(D0(t)! f)
, (1)

where � is the decay rate for the process indicated. In general ACP (f ; t) depends on f .18

The flavour of the initial state (D0 or D̄0) is tagged at t = 0 by the charge of the slow pion19

(⇡+
s ) in the decay chain D⇤+ ! D0⇡+

s . The inclusion of charge-conjugate modes is implied20

throughout, except in the definition of asymmetries. For f = K�K+ and f = ⇡�⇡+,21

ACP (f ; t) can be expressed in terms of two contributions: a direct component associated22

with CP violation in the decay amplitudes, and an indirect component associated with23

CP violation in the mixing or in the interference between mixing and decay. In the limit24

of U-spin symmetry, the direct component is equal in magnitude and opposite in sign25

for K�K+ and ⇡�⇡+, though the size of U-spin breaking e↵ects remains to be quantified26

precisely [12]. The magnitudes of CP asymmetries in decays to these final states are27

expected to be small in the SM [12–15], with predictions of up to O(10�3). However, the28

1

Phys. Rev. Lett. 108 (2012) 111602

Phys. Rev. Lett. 109 (2012) 111801
arXiv:1212.5320
Phys. Rev. Lett. 100 (2008)



∆ACP from D* decays

Analysis technique
• D* re-weighted in p and pT (D0→KK and D0→ππ  same kinematics)
• Break dataset into 4 subsets

• Hardware trigger (L0) on D0 daughters (Trigger on Signal)
• Magnet Up
• Magnet Down

• Hardware trigger (L0) on other particles from pp collision (Trigger 
Independent of Signal)

• Magnet Up
• Magnet Down

• ∆ACP calculated for each subset and result is weighted average

54
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∆ACP from D* decays

• Kinematic Re-weighting
• Re-weight D* candidates so both D0→KK and D0→ππ have the same 

kinematics

55
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∆ACP from D* decays

• Kinematic Re-weighting
• Re-weight D0 so both KK and ππ have the same kinematics

56

∆ACP from D* decays

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

Effect of weighting on D* 

CERN-LHC seminar, 12 March 2013 
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Only small differences 
before weighting Obviously, D* kinematics agree after weighting for D* kinematics 
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∆ACP from D* decays

• Kinematic Re-weighting
• Re-weight D0 so both KK and ππ have the same kinematics

57

∆ACP from D* decays

27/54 New results on CP violation in the charm sector, Jeroen van Tilburg 

Effect of weighting on D0 

CERN-LHC seminar, 12 March 2013 
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Effect of weighting on slow pion 

CERN-LHC seminar, 12 March 2013 
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∆ACP from D* decays : Cross checks
• Effects investigated for systematics

• Peaking backgrounds
• Tighter particle ID cuts
• Different D* selection
• Comparing results with and 

without kinematic re-weighting
• ∆ACP stability checked

• Against time which data was 
taken

• Various reconstructed quantities:
• D0 pT

• D0 η
• Analysis performed on large Monte 

Carlo samples to check for bias
• ∆⟨t⟩/τ(D0) = (11.27 ± 0.13)% 
• many more

59

LHCB-CONF-2013-003



Systematic uncertainties ∆ACP

60

• Sources of systematic 
uncertainties for D* 
analysis
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Systematic uncertainties ∆ACP

61

• Soft pions which do not point to 
primary vertex (before 
constraint)
• Effect due to multiple 

scattering
• Results in poor mass 

distribution
• Should not depend on D0 

decay mode
• Raw asymmetry 

observed in these 
candidates

• Analysis repeated with these 
candidates removed

• Dominant systematic 0.08%

LHCB-CONF-2013-003



Systematic uncertainties ∆ACP

62

• Tighter particle identification cut
• Analysis repeated with tighter 

particle identification cuts.
• Fiducial cuts

• Analysis repeated with altered 
fiducial cuts.

• Re-weighting
• Re-weighting D0 such that D0→π+π- 

and D0→K+K- kinematics match.
• Analysis repeated without kinematic 

re-weighting.

LHCB-CONF-2013-003



Systematic uncertainties ∆ACP

63

• Multiple candidates
• Analysis repeated with a random 

candidate in events with multiple 
candidates removed.

• Peaking background
• D mass peaks used to test for 

potential peaking background 
contributions.

• Fit model
• Analysis repeating with 

the asymmetry extracted through 
sideband subtraction instead of a 
fit.

LHCB-CONF-2013-003
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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
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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
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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

ΔACP

http://dx.doi.org/10.1103/PhysRevLett.108.111602
http://dx.doi.org/10.1103/PhysRevLett.108.111602
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∆ACP from semileptonic B decays

LHCB-PAPER-2013-003

• D0 candidates given weight 
depending on pT and η 
distribution
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∆ACP from semileptonic B decays
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• D0 candidates given weight 
depending on pT and η 
distribution

• Muon kinematics also in 
good agreement after re-
weighting
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Figure 1: Invariant mass distributions for (a,c) D0! K�K+ and (b,d) D0! ⇡�⇡+ candidates
for the two magnet polarities. The result of the asymmetry fit is overlaid, showing the contribution
from signal, combinatorial background and D0! K�⇡+ reflection. Underneath each plot the
pull in each mass bin is shown.

5.1 Di↵erences in kinematic distributions134

Since the detection and production asymmetry may have a kinematic dependence, the135

cancellation in Eq. (4) is only valid if the kinematic distributions of the muon and B136

hadron are similar for both D

0 ! K

�
K

+ and D

0 ! ⇡

�
⇡

+ decays. After the trigger137

and selection requirements the kinematic distributions for the two decay modes are,138

however, slightly di↵erent. Although the selection requirements are largely the same, the139

particle identification requirements introduce di↵erences in the momentum distributions.140

In addition, due to the di↵erence in available phase space, the pions in D

0! ⇡

�
⇡

+ decays141

have a harder momentum spectrum compared to the kaons in D

0! K

�
K

+ decays. For142

the muon, the trigger and selection requirements are identical. Nevertheless, due to the143

correlation between the D

0 meson and the muon, the muon kinematic distributions are144

also di↵erent for the two decay modes. Therefore, detection and production asymmetries145

may not cancel completely in the calculation of �A

raw
CP

. Figure 2 shows the pT and146

pseudorapidity ⌘ distributions for the D

0 meson and the muon. The background has been147

statistically subtracted using the sPlot method [15]. In order to obtain the same kinematic148

distributions for both decays, the D

0 candidates are given a weight depending on their149

5
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559k 
D0 → KK 

D0→ππD0→KK

D0→KK D0→ππ

222k 
D0 → ππ 
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Figure 4: Decay time distribution for signal candidates with the result from the fit overlaid for
(left) D0! K�K+ and (right) D0! ⇡�⇡+. The distribution for background candidates in a
±34MeV/c2 window around the nominal D0 mass is shown in red.

7 Systematic uncertainties239

The contributions to the systematic uncertainty on �A

CP

are described below.240

• Di↵erence in B0 fraction. Due to the momentum requirements in the trigger and241

selection, the relative contribution from B

0 and B

+ decays can be di↵erent between242

the D

0! K

�
K

+ and D

0! ⇡

�
⇡

+ modes. In combination with a di↵erent e↵ective243

production asymmetry for candidates from B

0 and B

+ mesons (the production244

asymmetry from B

0 mesons is diluted due to B

0 mixing) this could lead to a245

non-vanishing bias in �A

CP

due to the production asymmetry. Assuming isospin246

symmetry, the production cross-sections for B

0 and B

+ mesons are expected to247

be equal. Therefore, the ratio between B

0 and B

+ decays is primarily determined248

by their branching fractions to the D

0
µ final state. Using the inclusive branching249

fractions [20], B+,0 ! D

0 anything, the B

0 fraction is expected to be f(B0) =250

(37.5 ± 2.9)%. From the simulation the di↵erence in the B

0 fraction due to the251

di↵erence in selection e�ciencies is found to be at maximum 1%. Further assuming252

a B production asymmetry of 1.0% [21] and conservatively assuming that this only253

comes from the B+ mode (i.e., the B0 production asymmetry is zero), the di↵erence254

in the e↵ective production asymmetry between the two modes is 0.02%, which is255

taken as a systematic uncertainty on �A

CP

.256

• Di↵erence in B decay time acceptance. A di↵erence between D

0 ! K

�
K

+
257

and D

0 ! ⇡

�
⇡

+ modes in the B decay time acceptance in combination with B

0
258

mixing changes the e↵ective B production asymmetry. Its e↵ect is estimated from259

integrating the expected B decay time distributions at di↵erent starting values, such260

that the mean lifetime ratio corresponds to the observed B decay length di↵erence261

(⇠ 5%) in the two modes. Using the estimated B

0 fraction and assuming a 1.0%262

production asymmetry, the e↵ect on �A

CP

is found to be 0.02%.263
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Figure 4: Decay time distribution for signal candidates with the result from the fit overlaid for
(left) D0! K�K+ and (right) D0! ⇡�⇡+. The distribution for background candidates in a
±34MeV/c2 window around the nominal D0 mass is shown in red.

7 Systematic uncertainties239

The contributions to the systematic uncertainty on �A

CP

are described below.240

• Di↵erence in B0 fraction. Due to the momentum requirements in the trigger and241

selection, the relative contribution from B

0 and B

+ decays can be di↵erent between242

the D

0! K

�
K

+ and D

0! ⇡

�
⇡

+ modes. In combination with a di↵erent e↵ective243

production asymmetry for candidates from B

0 and B

+ mesons (the production244

asymmetry from B

0 mesons is diluted due to B

0 mixing) this could lead to a245

non-vanishing bias in �A

CP

due to the production asymmetry. Assuming isospin246

symmetry, the production cross-sections for B

0 and B

+ mesons are expected to247

be equal. Therefore, the ratio between B

0 and B

+ decays is primarily determined248

by their branching fractions to the D

0
µ final state. Using the inclusive branching249

fractions [20], B+,0 ! D

0 anything, the B

0 fraction is expected to be f(B0) =250

(37.5 ± 2.9)%. From the simulation the di↵erence in the B

0 fraction due to the251

di↵erence in selection e�ciencies is found to be at maximum 1%. Further assuming252

a B production asymmetry of 1.0% [21] and conservatively assuming that this only253

comes from the B+ mode (i.e., the B0 production asymmetry is zero), the di↵erence254

in the e↵ective production asymmetry between the two modes is 0.02%, which is255

taken as a systematic uncertainty on �A

CP

.256

• Di↵erence in B decay time acceptance. A di↵erence between D

0 ! K

�
K

+
257

and D

0 ! ⇡

�
⇡

+ modes in the B decay time acceptance in combination with B

0
258

mixing changes the e↵ective B production asymmetry. Its e↵ect is estimated from259

integrating the expected B decay time distributions at di↵erent starting values, such260

that the mean lifetime ratio corresponds to the observed B decay length di↵erence261

(⇠ 5%) in the two modes. Using the estimated B

0 fraction and assuming a 1.0%262

production asymmetry, the e↵ect on �A

CP

is found to be 0.02%.263
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Systematic uncertainties
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In this equation the indirect CP violation is aind
CP

= �(A
m

/2)y cos�+ x sin�, x and y are203

the D

0 mixing parameters, A
m

represents the CP violation from mixing, ⌧ is the average204

D

0 lifetime, �a

dir
CP

and a

dir
CP

are the direct CP violation di↵erence and average of the two205

decay modes, and �hti and hti are the di↵erence and average of the two mean decay206

times. Under SU(3) flavour symmetry, the direct asymmetries in the individual modes207

are expected to have opposite sign and therefore add constructively in the di↵erence.208

Furthermore, since y is of order 1% and in case hti/⌧ is O(1) or less and �hti/⌧ is close209

to zero, �A

CP

is essentially equal to the di↵erence in direct CP violation, �a

dir
CP

. While210

y and cos� can be obtained from the HFAG averages [6], in order to interpret �A

CP

in211

terms of direct and indirect CP violation, the mean decay time hti in each channel needs212

to be measured.213

The measurement of the mean decay time is performed through a fit to the decay time214

distribution of the signal candidates. Candidates with negative measured decay times are215

included in the fit to have a better handle on the acceptance and the resolution function.216

The measured decay time distribution is modelled by an exponential decay function, with217

mean lifetime ⌧ , convolved with a double Gaussian resolution function and multiplied with218

an acceptance function of the form219

A(t) = 1� ae

�(t/(b⌧))2
, (10)

where a and b are acceptance parameters. The fit model is motivated by simulation studies.220

The values for the fraction and width of the second Gaussian and the acceptance parameter221

b are taken from the simulation and fixed in the fit. The only goal of this measurement222

is to evaluate the mean true decay time, which includes acceptance e↵ects, and not to223

evaluate the e↵ective lifetime. Therefore, the only role of the acceptance parametrisation224

is to allow a fit to the distribution such that the resolution e↵ect can be removed and the225

true decay time distribution, which appears in Eq. (9), can be evaluated. The observed226

decay time distributions with the fit result superimposed are shown in Fig. 4.227

The decay time resolutions, taken as the width of the first Gaussian, obtained from228

the lifetime fit are 63.3± 0.3 fs for D0! K

�
K

+ and 58.3± 0.4 fs for D0! ⇡

�
⇡

+, which229

are about 10% larger than expected from simulations. The main systematic uncertainties230

come from the uncertainty in the acceptance function and from background decays (real231

and fake D

0 decays). Using the world average of the D

0 lifetime, ⌧(D0) = 410.1± 1.5 fs,232

the di↵erence and average of the mean decay times relative to ⌧(D0) are found to be233

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

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

where the uncertainty in ⌧(D0) is included as a systematic uncertainty. Note again that234

hti is not a measurement of the D

0 e↵ective lifetime since this number still contains235

e↵ects from the LHCb acceptance. The small value of �hti implies that the measured236

value of �A

CP

is to a good approximation equal to the di↵erence in direct CP violation,237

�A

CP

= �a

dir
CP

.238
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LHCB-PAPER-2013-003

D0→ππ

D0→KK

Contain LHCb acceptance 
effects

• Pairing a D0 with random muon (mistag)
• Dilutes signal
• Difference in mistag probability between 

D0 and anti-D0 is (0.006 ± 0.021)%
• Decay Time

• Decay time acceptance can differ 
between KK and ππ.

• Difference in direct and indirect CPV 
component

• Small Δ<t> → ΔACP = ΔaCPdir

• Low lifetime background in D0



∆ACP from semileptonic B decays

• Raw asymmetries and ∆ACP split for each magnet polarity

72



∆ACP from semileptonic B decays
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• Source of systematic uncertainties



CP violation in D+ → φπ+ and Ds+ → KS0π+
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 (%)CPA
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 (%)CPA
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CP violation in D+ → φπ+ and Ds+ → KS0π+ 

Current status

• Ds+ → Ks0π+ previously measured by 
• CLEO-c 
• Belle 

• D+ → φπ+ measured by 
• Belle 
• BaBar
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Ds+ → Ks0π+

D+ → φπ+



CP violation in D+ → φπ+ and Ds+ → KS0π+
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Figure 2: Invariant mass distribution of selected (a) D+ ! �⇡+, (b) D� ! �⇡�, (c)
D+ ! K0

S⇡
+ and (d) D� ! K0

S⇡
� candidates. The data are represented by symbols with

error bars. The red dashed peaks indicate the signal decays, the green solid lines represent
the combinatorial background shape, and the green dotted lines represent backgrounds from
mis-reconstructedD+

s

! �⇡+⇡0 decays in (a) and (b), andD+
s

! K0
S⇡

+⇡0 orD+
s

! K0
SK

+

decays in (c) and (d). The blue solid lines show the sum of all fit components.

4 Determination of the yields and asymmetries160

For the measurement of A
CP

, the signal yields are measured in 12 bins of transverse161

momentum pT and pseudorapidity ⌘, using binned likelihood fits to the distribution of the162

invariant masses m, where m is either m
�⇡

+ or m
K

0
S⇡

+ . The values of A
CP

in each bin are163

calculated and a weighted average over the bins is performed to obtain the final result.164

This procedure is adopted because the distributions of the two decays in pT � ⌘ kinematic165

region di↵er slightly, as shown in Fig. 4, and the D± production asymmetry may also166

vary over this range [9]. The pT � ⌘ binning therefore avoids a small systematic bias. The167

shapes of the D+
(s) ! K0

S⇡
+ mass peaks are described by single Cruij↵ functions [25],168

f(m) / exp


�(m� µ)2

2� + (m� µ)2↵
L,R

�
(6)

6

1.6M 
D+/- → φπ+/- 3.6M 

Ds+ → φπ+ 

26K 
Ds+ → Ks0π+ 

1.1M 
D+ → Ks0π+ 

LHCB-PAPER-2012-052

Log
Scale

76
Very low background

1fb-1 collected during 2011



CP violation in D+ → φπ+ and Ds+ → KS0π+
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LHCB-PAPER-2012-052
1fb-1 collected during 2011

Table 5: Systematic uncertainties on the three measurements. The abbreviation n/a is
used where the systematic e↵ect does not apply. The row labelled ‘Backgrounds’ represents
the uncertainty in modelling the cross-feed in A

CP

and the uncertainty from ignoring the
background in A

CP

|
S

.

Source A
CP

(D+) [%] A
CP

(D+
s

) [%] A
CP

|
S

[%]
Triggers 0.114 0.114 n/a
D+

s

control sample size n/a n/a 0.169
Kaon asymmetry 0.031 0.002 0.009
Binning 0.029 0.029 n/a
Resolution 0.007 0.006 0.056
Fitting 0.033 0.033 n/a
Kaon CP violation 0.028 0.028 n/a
Fiducial e↵ects 0.022 0.022 n/a
Backgrounds 0.008 n/a 0.007
D from B 0.003 0.015 0.003
Regeneration 0.010 0.010 n/a
Total 0.132 0.128 0.178

the Dalitz plot below the f0(980) resonance. The requirement on ⇡�⇡+ invariant mass311

m2
⇡

�
⇡

+ > 0.75GeV 2/c4 is applied to both ⇡�⇡+ meson pairs. The mass distribution of the312

candidates that remain is fitted with a Cruij↵ function in the 12 kinematic bins described313

in Sect. 4 and the raw charge asymmetries in the D+
s

decay are calculated.314

The weighted average of the raw asymmetry di↵erences in the 12 kinematic bins is315

(0.220±0.115)%. The systematic uncertainty on this is similar to that on the main analysis,316

or 0.13%, so the result di↵ers from zero by 1.27 standard deviations. This discrepancy is317

assumed to be a statistical fluctuation and no additional uncertainty is assigned.318

Many additional cross-checks and comparisons of the data samples are performed.319

The raw asymmetries are consistent with those observed in the measurements of the D+
320

and D+
s

production asymmetries [9, 10]. The di↵erent triggers used in the analysis give321

statistically compatible results. A study of the values of A
CP

in individual bins gives no322

indication of any dependence on pT and ⌘. The regions A�D used in the calculation of323

A
CP

|
S

have fully compatible asymmetries.324

12

• Main sources of systematic uncertainty
• Detector efficiency differences (magnet up/magnet down)
• Uncertainties in background model
• kaon interaction asymmetries
• CP violation in the neutral kaon system 



D0 mixing
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D0 mixing

• Majority of systematic uncertainties 
cancel in ratio

• Main sources of systematics which do 
not cancel in ratio
• Pollution from D0’s from B decays 

results in wrong time.
• Some double mis-ID events (D0→K-π+ 

seen as D0→K+π-) pollutes WS sample
• Other sources of uncertainty 

(production/detection efficiencies) of 
order 10-4 can be neglected.

• Systematics account for ∼10% of overall 
uncertainty

79



Charm Mixing and CP Violation at LHCb

Paras Naik, University of Bristol                                        1 May 2013, Brookhaven Forum

Search for CP asymmetries 
in D0 → π+π+π−π− decays

80



Charm Mixing and CP Violation at LHCb

Paras Naik, University of Bristol                                        1 May 2013, Brookhaven Forum 81

Method
 D0 → π+π+π−π− is singly Cabibbo-suppressed, and the SM can allow (very) 

small CP Violation effects due to penguin diagrams.

 Adaptively bin the five parameter phase space to search for local CP 
asymmetries in this channel.
 Model-independent Miranda method (PRD 80, 096006)

 Plot histogram of number of bins vs. SCP
 Expected distribution for no CPV has a mean of 0 and width of 1  

Example from D+ → K+K−π+

PRD 84 (2011) 112008

Simulation by Bediaga et al. (PRD 80, 096006)
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Preliminary Results
 Using 1.0 fb-1 of data (~1.8 x 105 D0 → π+π+π−π− decays) we calculate:

and p-values under the assumption of no CPV.

 Observe no CPV with probability value of 99.8%
 66 bins, result stable with different bin choices
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More Slides
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Vertex Locator (VELO)

84

 Reconstruction of primary and (displaced) secondary vertices 

 Excellent Impact Parameter resolution of ~ 20 μm

 Proper time resolution 30 to 50 fs
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Experiment Overview 

85

 The LHCb detector is a single arm forward spectrometer with a polar 
angular coverage from 10 to 300 mrad in the horizontal plane and 
250 mrad in the vertical plane.

 Unique regime: 2 < η < 5, down to pT ~ 0

 Trigger
 Designed to select B decays.
 Also favors higher pT secondary charm.

Designed for b!
(Also good for c!) b

b
_

b

b
_p p

http://en.wikipedia.org/wiki/Radians
http://en.wikipedia.org/wiki/Radians
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Even More Slides
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LHCb Experiment: Particle ID

87

 Particle ID provided by Ring Imaging Cherenkov (RICH) detectors
 Particles traveling faster than the speed of light through a medium of 

refractive index n will emit photons through Cherenkov radiation:
 cos(θ) = 1/nβ

 The Cherenkov angle and the momentum of the particle allows PID.

 The ability to identify particles at LHCb is critical to many of our analyses.

RICH1 RICH2
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∆ACP from D* decays

88

LHCB-CONF-2013-003
1.0fb-1 collected during 2011

ARAW (f) = ACP (f) +AD(f) +AD(⇡+
s ) +Ap(D

⇤+)

Taking                                  the production and slow pion 
detection asymmetries will cancel

ARAW (f)�ARAW (f 0)

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

�⇡+) ⌘ �ACP

• Indirect and direct CPV can contribute
• Indirect CPV is ∼universal

• Indirect CPV cancels in A(K+K−)−A(π+π−) if lifetime acceptance same 
for KK and ππ

• If not contribution Aind[<tKK>acc−<tππ>acc]/τ0

Phys.Rev. D80 (2009) 076008

'

Production
asymmetry

πs detection 
asymmetry 
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LHCb Experiment

89

 Smooth running of the detector thanks to over 800 members.
 High beam quality provided by the LHC makes our analyses possible.

z



Charm Mixing and CP Violation at LHCb

Paras Naik, University of Bristol                                        1 May 2013, Brookhaven Forum

D0 mixing at LHCb

90

PRL 110, 101802 (2013)
1.0fb-1 collected during 2011

• Take the time-dependent ratio of wrong sign to 
right sign decays

• Most systematics cancel in ratio

• First single measurement with 
over 5σ significance

τ/t
0 2 4 6 20

R
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 LHCbσ1
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 CDFσ1

No-mixing

LHCb 1σ inc. systematics

for no CPV

no mixing 
hypothesis 

excluded at 9.1σ

x’2 = (-0.09 ± 0.13)×10-3

y’ = (7.2 ± 2.4)×10-3

systematics uncertainties are 11% of σ(x’2), 10% of σ(y’)

R(t) =
NWS(t)

NRS(t)
' RD +

p
RDy

0
t+

x

02 + y

02

4
t

2

strong phase
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∆ACP from semileptonic B decays

91

arXiv:1303.2614
1.0fb-1 collected during 2011

Taking                                  the production and muon  
detection asymmetries will cancel if kinematics of muon 
and B meson are the same for both                    and

μ detection 
asymmetry 

b-hadron 
production
asymmetry

ARAW (f)�ARAW (f 0)

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

�⇡+) ⌘ �ACP

ARAW (f) = ACP (f) +AD(f) +AD(µ+) +Ap(B)

Detection and production 
asymmetries 

independent from D* 
analysis

D0 ! K+K� D0 ! ⇡+⇡�

http://arxiv.org/abs/1303.2614
http://arxiv.org/abs/1303.2614
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LHCb Experiment

92



D0 mixing
•  First evidence in 2007 by BaBar and Belle

• [Phys.Rev.Lett. 98 (2007) 211802, Phys.Rev.Lett. 98 (2007) 211803 ]

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] 

Mixing in charmed mesons

11

Charm mixing small compared to other mesons in SM:

D0

cc̄
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2q

�
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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

Mixing via box-diagram
Short range

Mixing via hadronic intermediate states 
Long range

Time-evolution described by Schrödinger equation:

Mass eigenstates are
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Common Strategies for D Mixing & CP Violation
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 Use control modes / normalization channels for initial studies with data

 Perform systematic studies on data
 Prompt-secondary distinction
 Lifetime acceptance correction

 Using prompt charm
 More events
 Need to measure contribution from secondary

 Using charm from B decays
 Lower cross-section, but higher pT = higher trigger efficiency
 Need to precisely measure D production vertex
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Mixing using WS Kπ decays
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 Two contributions to decay:
 DCS decay
 CF decay after D0 mixing

 Measure time x’2 and y’ in evolution of WS decays
 δ: relative strong phase between two decay amplitudes
 RD: ratio between DCS decay rate and CF decay rate
 BR(WS) ~ BR(RS) / 250
 WS selection needs to be much tighter than RS to suppress background
 Expect dataset for significant improvement in mixing measurement in the 

course of next year
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yCP & AΓ
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 Two ways to measure CPV in mixing:
 Lifetime ratio yCP shows CPV if different from y

 Lifetime difference in decay to CP eigenstate shows CPV if ≠0

 yCP: can use untagged D0 decays 

 AΓ: need flavor-tagged D0 decays...
 D*+ → D0π+, D*– → D ̅0π– 
 The slow pion tags the flavor of the D0.

Am = |q/p|2 − 1 and  φ = arg(q/p) parameterize CPV in mixing – very small in SM

yCP = (1.107 ± 0.217)% current world-average 
dominated by BaBar using 

2.7M Kπ and 260k KK events in 0.38/ab

AΓ = (0.123 ± 0.248)% current world-average based on 
~2M Kπ, ~180,000 KK, ~80,000 ππ events 

at BaBar + Belle
Belle: Phys.Rev.Lett.98:211803,2007
BaBar: Phys.Rev.D78:011105,2008

BaBar: Phys.Rev.D80:071103,2009

http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0703036
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0703036
http://arxiv.org/abs/0712.2249
http://arxiv.org/abs/0712.2249
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Prompt-Secondary Separation
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 Separate prompt and secondary charm
 Prompt charm

 Defined as charm mesons produced at the primary interaction point.
 This includes if they are from quickly decaying resonances

 Examples: via D* decays, ψ(3770)
 Secondary charm

 Residual background from charm mesons decaying from long-lived particles. 
 We can measure the prompt fraction 

 Look at impact parameter distribution 
of the charm meson

prompt

D from B
D

B
IP

K
π
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Experiment Overview (2)
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 Accurate decay time resolution from our vertex locator (VELO)
 Particle ID provided by Ring Imaging Cherenkov (RICH) detectors
 High muon reconstruction efficiency from muon stations
 Good momentum resolution from tracking stations, Δp/p = 0.35% — 0.55%



LHCb detector

• Forward detector
• Precision tracking
• Excellent vertex resolution
• Excellent K/π separation 

provided by two Ring Imaging 
Cherenkov detectors
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(VeLo)

Tracking stations
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Warm magnet
can switch polarity Muon system



LHCb detector

• Forward detector
• Precision tracking
• Excellent vertex resolution
• Excellent K/π separation 

provided by two Ring 
Imaging Cherenkov 
detectors

RICH1 RICH2
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Luminosity
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 1.0 fb-1 at 7 TeV collected by LHCb in 2011
 Today’s Analyses

 2 fb-1 at 8 TeV collected by LHCb in 2012 (future analyses)

 Nominal instantaneous luminosity: ℒ = 4 × 1032 cm-2s-1 
 LHCb instantaneous luminosity kept constant (luminosity leveling). 

2011

2012


