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CP violation in Charm

• No unambiguous evidence for CP violation in the 
charm sector

• In SM, the CP-violating effects in charm are small 
but hard to predict

• Huge amount of prompt and secondary charm 
decays collected and reconstructed at LHCb

• Sensitivity to measure small CP violating effects
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Direct CPV
CPV in the decay amplitude;

time independent



We are looking for CP asymmetry

Time-integrated CP asymmetry in 
D0→h+h- with semileptonic decays

The flavour of the initial state 

is tagged by the semileptonic decay

D0,D0( )

the charge of the muon identifies the D0 flavour

ACP f( ) =
Γ D0 → f( )−Γ D0 → f( )
Γ D0 → f( )+Γ D0 → f( )
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B→D0µ−νµX

D0 decays to CP eigenstates

PV
D0

 μ X

h

h
B

νμ

f = f = K +K −

or

f = f = π +π −



Time-integrated CP asymmetry

We measure the physical CP asymmetry plus asymmetries due to detection effects 
and production 

Physics CP 
asymmetry

Detection 
asymmetry of
muons

Production 
asymmetry
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Araw f( ) = ACP f( )+ AD µ( )+ AP B( )

The raw asymmetry for tagged D0 decays to a final state f is given by:

where N(X) refers to the number of reconstructed events of decay X after 
background subtraction

Araw f( ) =
N B→D0µ−X( )− N B→D0µ+X( )
N B→D0µ−X( )+ N B→D0µ+X( )

Main experimental challenge: separate the asymmetries



Time-integrated CP asymmetry

ΔACP ≡ Araw KK( )− Araw ππ( ) = ACP KK( )− ACP ππ( )

the production and the muon detection asymmetries 
will cancel

if we take the raw asymmetry difference: 
experimentally more robust
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Araw f( ) = ACP f( )+ AD µ( )+ AP B( )



Challenge: Individual CP asymmetries

ACP KK( ) = Araw KK( )− AD µ( )− AP B( )  

B→D0 → Kπ( )µ−νµX

AD Kπ( )

Assume 
no CPV

in CF final 
states

First measurement by LHCb of an individual CP asymmetry

ACP ππ( ) = ACP KK( )−ΔACP

ACP/i (K0)

measurewant

D+ → K −π +π +

D+ → KS
0π +

#
$
%

&%
AD π +( ),AP D+( )
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Yields
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Figure 1: Invariant mass distributions for muon-tagged (a) D0! K�K+, (b) D0! ⇡�⇡+ and

(c) D0! K�⇡+ candidates and for prompt (d) D+! K�⇡+⇡+ and D+! K
0
⇡+ candidates.

The results of the fits are overlaid.

and CP -violating e↵ects are of the same order and same sign in LHCb. To estimate the206

total K0 detection asymmetry, the mixing, the CP violation and absorption in material207

need to be described coherently. The amplitudes in the K0
L and K0

S basis of an arbitrary208
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• Using 3 fb-1data (2011 and 2012 
data)

• Regular magnet polarity swap

• 2011 and 2012 data and the up-
down magnet polarities 
independently analysed

• Kinematical re-weighting

• Mistag probability obtained from 
D0 → K±π∓

• Careful treatment of kaon 
interactions with matter

Signal:  sum of 2 Gaussian functions with a 
power-law tail

Bckg: combinatorial: exponential function
Mis-ID: gaussian function
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~0.7 mln~2.1 mln

~9 mln ~40 mln

~3.7 mln

arXiv:1405.2797 [hep-ex]
submitted to JHEP

http://arxiv.org/abs/1405.2797
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Results

Correlation ρ = 0.28

Table 6: Contributions to the systematic uncertainty of �A
CP

and A
CP

(K�K+).

Source of uncertainty �A
CP

A
CP

(K�K+)
Production asymmetry:

Di↵erence in b-hadron mixture 0.02% 0.02%
Di↵erence in B decay time acceptance 0.02% 0.02%

Production and detection asymmetry:
Di↵erent weighting 0.02% 0.05%
Non-cancellation - 0.03%
Neutral kaon asymmetry - 0.01%

Background from real D0 mesons:
Mistag asymmetry 0.03% 0.03%

Background from fake D0 mesons:
D0 mass fit model 0.06% 0.06%
Wrong background modelling 0.03% 0.03%

Quadratic sum 0.08% 0.10%

di↵erent slope parameters for each tag. Nevertheless, background contributions from358

di↵erent origins can have di↵erent shapes and asymmetries. Such an e↵ect is expected to359

be largest in theD0! K�K+ decay, due to possible contributions from other charm decays,360

and is studied by generating pseudoexperiments with di↵erent background compositions361

in the two Cabibbo-suppressed decays. Three types of background shapes are simulated:362

an exponential function to describe the combinatorial background observed in data,363

another exponential function with a di↵erent slope inspired by partially-reconstructed364

background from simulatedD+! K�⇡+⇡+ decays, and a linear shape inspired by partially-365

reconstructed background from simulated ⇤+
c

! pK�⇡+ decays. The asymmetries in the366

background are varied by up to ±3%. Such large asymmetries are incompatible with the367

asymmetries observed in the background and therefore constitute an upper bound on368

the magnitude of any possible e↵ect. The largest bias in the raw asymmetry (0.03%) is369

propagated as a systematic uncertainty for �A
CP

and A
CP

(K�K+).370

The systematic shift in the raw asymmetries when removing multiple candidates is371

below 0.005% and therefore neglected. Higher-order corrections to Eq. (2) are at the372

10�6 level and are neglected as well. The systematic uncertainty from the neutral kaon373

asymmetry (0.01%) is taken from Sect. 5.3 and the systematic uncertainty from wrong374

combinations of muons and D0 mesons is taken from Sect. 5.4. All systematic uncertainties375

are summarised in Table 6 for �A
CP

and A
CP

(K�K+). The correlation coe�cient between376

the total systematic uncertainties is ⇢ = 0.40.377

15

no CPV

Systematic uncertainties:
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arXiv:1405.2797 [hep-ex]
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Most precise measurement of individual asymmetries

NEW

http://arxiv.org/abs/1405.2797
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World averages
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CP violation in SCS D+(s)→K0Sh+ decays

Araw f( ) = ACP f( )+ ACP/int K 0 /K 0( )+ AD h+( )+ AP D(s)
++( )

Similarly for the control channel D+(s)→Φh+ 

ACP Ds
± → Ks

0π ±( ) ≈ Araw Ds
± → Ks

0π ±( )− Araw Ds
± →Φπ ±( )

ACP D± → Ks
0K ±( ) ≈ Araw D± → Ks

0K ±( )− Araw Ds
± → Ks

0K ±( )( )− Araw D± → Ks
0π ±( )− Araw Ds

± →Φπ ±( )( )

Measure:
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Cancel production and detection asymmetries
ACP/int(K0): small effect from mixing , only K0 decays with 

short times used

ADD
CP = Araw Ds

± → Ks
0π ±( )− Araw Ds

± → Ks
0K ±( )( )− Araw D± → Ks

0π ±( )− Araw D± → Ks
0K ±( )( )

ACP
DD ≈ ACP Ds

± → Ks
0π ±( )+ ACP D± → Ks

0K ±( )

h+ = K+ or π+



Yields
• Using 3 fb-1data (2011 and 

2012 data)

• Regular magnet polarity swap

• 2011 and 2012 data 
independently analysed

• Simultaneous fit for up-down 
magnet polarities and D+/D-

• Kinematical re-weighting

Signal: Cruijff function
Bkgd: comb: 1st order Chebychev 
polynomial; cross-feed: gaussian 

with power-law tail; partially 
reconstructed: gaussian
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~4.8 mln ~0.2 mln

~1 mln ~1.5 mln

~7 mln ~13.1 mln

D+(s)

D-(s)D+(s)

D+(s) D-(s)
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LHCb-PAPER-2014-018



PRELIMINARY Results

Most precise 
measurement of 
these quantities

Systematic uncertainties:

No indication 
for CPV
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LHCb-PAPER-2014-018

NEW



CPV in D+ → π- π+ π+

Model-independent 
searches for CP violation:

Local asymmetries might manifest:

• larger than the phase space integrated ones

• may change sign across the Dalitz plot

• additional information about the dynamics

Over 3M D+ & D- decays in 1 fb-1 (2011 data)

2 complementary methods:

✓ Search for asymmetry significances in bins of phase space

✓ Search for local asymmetries through un-binned 
comparison with nearest neighbours

PLB 728 (2014) 
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http://dx.doi.org/10.1016/j.physletb.2013.12.035
http://dx.doi.org/10.1016/j.physletb.2013.12.035


Binned method
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PLB 728 (2014) 585-595

p-values for no-CPV hypothesis
 > 50% for different binnings

removes sensitivity to 
global asymmetries

LHCb

PLB 728 (2014) 585-595

No CPV

With 2011 data sensitive to 1o-10o differences in phase and 1-10% 
in magnitude

asymmetry significance

http://dx.doi.org/10.1016/j.physletb.2013.12.035
http://dx.doi.org/10.1016/j.physletb.2013.12.035


Mixing in charm
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D0 →D0 →D0 →D0

Flavour eigenstatesMass eigenstates



CPV and mixing in charm

• Measure the ratio of  WS to RS events

• x’±=|q/p|±1(x’ cosΦ ± y’ sinΦ)

• y’±=|q/p|±1(y’ cosΦ ∓ x’ sinΦ)

• Measurements use prompt D0→Kπ decays 
(3 fb-1): split by flavour
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PRL 111 (2013) 251801

Most stringent 
constraint on the 
magnitude of q/p
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Indirect CPV
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CPV in mixing and/or the interference 
of direct CPV and mixing;

time dependent



Indirect CP violation in D0→h+h-

• Measure asymmetries of effective lifetimes of decays to CP 
eigenstates:

AГ ≈ AM y cosϕ + x sinϕ ≡ -aCPind

(Neglecting Ad y cos ϕ)

• Measurements use prompt D0→K-K+ and D0→π-π+ decays (1 fb-1)

AГ(KK) = (-0.35±0.62±0.12)×10-3

AГ(ππ) = (0.33±1.06±0.14)×10-3
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PRL 112 (2014) 041801 
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HFAG averages

aCPind = 0.00013 ± 0.00052
ΔaCPdir = -0.00253 ± 0.00104
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No CPV



Conclusions
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• Precision CPV measurements in the charm sector 
at LHCb

• Reached sub-10-3 precision

• No evidence for direct and indirect CPV


