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Charm physics 

Why heavy flavour? 
•  Search for effects from new, heavy particles in loop diagrams. 

•  CP violation and rare decays allow to make precision tests. 
•  Complementary to direct searches at GPD’s. 
 
 
•  Huge amounts of charm decays available at hadron colliders.  
•  Ultra-high precision tests possible. 
•  Sensitive to other flavour couplings compared to B decays. 
 

•  Broad field, dominated for long time by electron collider experiments 
•  Hadron collider experiments come more into play. 

•  Many on-going activities. This talk focuses on: 
•  Open charm production and production asymmetries 
•  D mass measurements 
•  D0 mixing 
•  CP violation in the charm system 
•  Rare charm decays (including new result) 

Why charm physics? 

Status of charm physics 
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Open charm cross section 
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Open charm cross section 

•  Understanding of QCD in hadronic collisions at new energy scale. 
•  Background estimate for SM processes, such as Higgs production. 
•  Powerful test of QCD@NLO calculations. 

•  FONLL: Fixed-Order Next-to-Leading Logarithm  JHEP 1210 (2012) 137 (M. Cacciari et al.) 
•  GM-VFNS: Generalized Mass Variable Flavour Number Scheme EPJ C72 (2012) 2082 (B. Kniehl et al.) 

•  LHCb: 
•  Exclusive final states at 7 TeV  Nucl.Phys.B871 (2013) 1-20 and LHCb-CONF-2010-013. 
•  Inclusive final states in high-pT region LHCb-CONF-2013-002. 

•  ALICE: 
•  Exclusive final states at 2.76 and 7 TeV JHEP 07 (2012) 191. 
•  Inclusive (electron) states at 7 TeV PLB 721(2013)13. 

•  ATLAS: 
•  Exclusive final states at 7 TeV ATLAS-CONF-2011-017. 
•  D* production in jets at 7 TeV PRD85 (2012) 052005. 

Motivation 

Measurements at LHC 

Measured cross sections above FONLL and below GM-VFNS 
prediction, but in general in good agreement. 
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Charm production versus energy 

JHEP 07 (2012) 191  

•  pA and dA collisions scaled down to # 
binary collisions from Glauber model. 

•  Compared to NLO (MNR) calculations. 
Nucl. Phys. B 373 295 (1992). 

Comparison plot from ALICE paper 

Large charm cross section 

Factor 20 more than beauty cross section. More details in 
QCD2 session. 
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Charm production asymmetry 
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•  Need good understanding of production asymmetry for precise 
measurements of CP violation. 

•  Subtract from observed charge asymmetry. 
•  More relevant at pp collider compared to pp collider. 

•  Production mechanism is charge symmetric: 

•  But, hadronisation can cause asymmetry: 
•  Beam drag (colour connection between the c and the beam remnants)  

•  c prefers to form a meson, c a baryon ⇒ σ(D−)>σ(D+) ⇒ AP < 0. 
•  Other hadronisation effects (which could depend on pT or rapidity)  

Motivation 

Mechanism 

Dd,s asymmetry Open charm cross-sections Double charm production Excited B0
s B±

c production Excited ⇤0
b ⇤0

b polarisation

D
d ,s production asymmetry

• We measure AP =
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• An asymmetry could be caused during the hadronisation:
• Beam drag (color connection between the c and the beam remnants)

•
c prefers to form a meson, c a baryon

) �(D�) > �(D+) ) AP < 0

• Other hadronisation e↵ects (which could depend on pT or
rapidity)

• Very important to perform precise CP violation studies at
hadron collider where to measure a CP asymmetry, the
production asymmetry needs to be subtracted

Jean Wicht (CERN) Open c and b hadron production in LHCb 3/20

AP =
σ (Dd,s

+ )−σ (Dd,s
− )

σ (Dd,s
+ )+σ (Dd,s

− )

Define: 

Dd,s production asymmetry 
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D± production asymmetry 
LHCb (1.0 fb−1), PLB 718 (2013) 902 

Method 
•  D+ reconstructed as D+→KS

0(π+π−)π+ 
•  Cabibbo favoured mode: expect negligible CP violation. 

•  Correct for small effect from neutral kaon asymmetry (0.03%). 
•  Correct for pion detection asymmetry. 

•  Use Ds
+ production asymmetry measurement: PLB 713 (2012) 186 

•  Measurement: AP = (−0.96 ± 0.26 ± 0.18)% 
•  For 2 < y < 4.75 and 2 < pT < 18 GeV. 
•  Sub-percent precision. 
•  Systematics (PID, π± asymmetry) can be reduced with more data. 
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Figure 4: Production asymmetry as a function of (a) transverse momentum pT and (b)
pseudorapidity ⌘. The straight line fits have slopes of (0.09± 0.07)⇥ 10�2 (GeV/c)�1 and
(�0.36± 0.28)%, and values of �2 per degree of freedom of 5.5/6 and 2.2/4, respectively.
The error bars include only the statistical uncertainty on the D+ signal sample and are
uncorrelated within a given plot.

Table 1: Production asymmetry for D+ mesons, in percent, in (pT, ⌘) bins, for 2.0 <
pT < 18.0GeV/c and 2.20 < ⌘ < 4.75. The uncertainties shown are statistical only; the
systematic uncertainty is 0.17% (see Table 2).

⌘
pT (GeV/c) (2.20, 2.80) (2.80, 3.00) (3.00, 3.25) (3.25, 3.50) (3.50, 3.80) (3.80, 4.75)
(2.00, 3.20) �0.0± 2.5 �2.2± 1.2 �0.4± 0.8 �0.4± 0.7 �1.2± 0.6 �1.2± 0.5
(3.20, 4.00) �0.4± 0.9 �0.4± 0.7 �0.4± 0.5 �1.1± 0.5 +0.1± 0.5 �1.2± 0.5
(4.00, 4.55) +0.1± 0.8 �1.0± 0.8 �1.3± 0.6 �2.0± 0.6 �0.1± 0.6 �2.1± 0.7
(4.55, 5.20) �1.6± 0.7 �0.6± 0.8 �0.5± 0.6 �0.7± 0.6 �1.6± 0.6 �2.0± 0.8
(5.20, 6.00) �0.5± 0.7 �0.8± 0.8 +0.2± 0.7 �0.3± 0.7 �0.6± 0.7 �1.2± 0.9
(6.00, 7.00) �1.4± 0.8 +0.5± 1.0 �0.9± 0.9 �0.6± 0.9 �0.7± 0.9 �1.6± 1.2
(7.00, 9.50) �0.4± 0.8 �0.4± 1.1 �0.2± 1.1 +1.7± 1.1 �1.4± 1.1 +1.2± 1.4
(9.50, 18.00) �0.6± 1.3 +1.8± 2.3 �2.5± 2.2 +1.8± 2.4 +1.1± 2.5 �7± 11

production asymmetry is (�0.96 ± 0.19 ± 0.18)%. The uncertainties are the statistical
errors on the D+ ! K0

S⇡
+ yields and that due to the tagged D0 ! K�⇡+⇡�⇡+ sample

used to calculate the pion e�ciencies. Summing these in quadrature, we obtain

AP = (�0.96± 0.26 (stat.))%.

The production asymmetry as a function of pT and ⌘ is given in Fig. 4. No significant
dependence of the asymmetry on these variables is observed. As a cross-check, the average
production asymmetry is calculated for magnet-up and magnet-down data separately, and
found to be fully consistent: (�1.07± 0.41)% and (�0.85± 0.34)%, respectively.

7
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D mass measurements 
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D mass measurements 

•  In contrast to B mesons, relatively few precision measurement exist. 
•  Knowledge on D+ and Ds

+ mass relatively limited. 
•  Limits precision on Bc mass in Bc

+→J/ψ Ds
+ channel 

•  D0 mass also needed for understanding nature of X(3872)  
•  X(3872) could be a D0D*0 molecule 

•  Use low Q-value modes: D0→K−K+K−π+, D0→K−K+π−π+ and D(s) →K+K−π+ 
•  Main systematics from momentum scale and energy loss correction 

•  Calibrate momentum scale using B+→J/ψ K+ and B+→J/ψ K+π−π+ 

LHCb 1.0 fb−1, arXiv:1304.6865 

Table 3: LHCb measurements, compared to the best previous measurements and to the results
of a global fit to available open charm mass data [4]. The quoted uncertainties are the quadratic
sums of the statistical and systematic contributions. All values are in MeV/c2.

LHCb Best previous
Quantity

measurement measurement
PDG fit

M(D0) 1864.75± 0.19 1864.85± 0.18 [5] 1864.86± 0.13
M(D+)�M(D0) 4.76± 0.14 4.7 ± 0.3 [7] 4.76± 0.10
M(D+

s

)�M(D+) 98.68± 0.05 98.4 ± 0.3 [10] 98.88± 0.25

The dataset has also been divided according to the magnet polarity and data-taking217

period and for the charged modes by the sign of the product of the magnet polarity and218

the D meson charge. In addition, for modes where the event samples are sizable the219

measurements are repeated in bins of the D meson kinematic variables. None of these220

tests reveal any evidence of a systematic bias.221

6 Summary222

Measurements of D meson masses and mass di↵erences have been performed using 1.0 fb�1
223

of pp collision data collected at a centre-of-mass energy of
p

s = 7 TeV with the LHCb224

detector. The results are225

M(D0) = 1864.75 ± 0.15 (stat) ± 0.11 (syst) MeV/c2,
M(D+) � M(D0) = 4.76 ± 0.11 (stat) ± 0.07 (syst) MeV/c2,
M(D+

s

) � M(D+) = 98.68 ± 0.03 (stat) ± 0.04 (syst) MeV/c2.
226

The dominant systematic uncertainty is related to the knowledge of the momentum scale.227

As shown in Table 3, these measurements are in agreement with previous measure-228

ments [4]. The results for the mass di↵erences have smaller uncertainty than any previously229

reported value. The measured value of the D0 mass has a similar precision to the published230

CLEO result [5]. The results for the D0 mass reinforce the conclusion that if the X(3872)231

state is a molecule it is extremely loosely bound.232

The measurements presented here, together with those given in Ref. [4] for the D+ and233

D0 mass, and the mass di↵erences M(D+)�M(D0), M(D+
s

)�M(D+) can be used to234

determine a more precise, value of the D+
s

mass235

M(D+
s

) = 1968.19± 0.20± 0.14± 0.08 MeV/c2

where the first uncertainty is the quadrature sum of the statistical and uncorrelated236

systematic uncertainty, the second is due to the momentum scale and the third due to the237

energy loss. This value is consistent with but more precise than that obtained from the fit238

9

  [5] CLEO, PRL 98:092002 (2007) 
  [7] Mark II, PRD 24, 78–97 (1981) 
[10] BaBar, PRD 65:091104 (2002) 

Motivation 

New measurement (LHCb) 
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D0 mass measurement 

à Same precision as previous best 
measurement from CLEO (2007). 
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Figure 1: Invariant mass distributions for the (a) K+K�⇡+⇡� and (b) K+K�K�⇡+ final states.
In each case the result of the fit described in the text is superimposed (solid line) together with
the background component (dotted line). The pull, i.e. the di↵erence between the fitted and
measured value divided by the uncertainty on the measured value, is shown below each plot.

Table 1: Signal yields, mass values, resolution scale factors and binned �2/ndf (using 100 bins)
obtained from the fits shown in Fig. 1 and Fig. 2 together with the values corrected for the e↵ect
of QED radiative corrections as described in the text.

Fitted mass Corrected mass Resolution
Decay mode Yield

[MeV/c2] [MeV/c2] scale factor
�2/ndf

D0 ! K+K�⇡+⇡� 4608± 89 1864.68± 0.12 1864.74± 0.12 1.031± 0.021 0.83
D0 ! K+K�K�⇡+ 849± 36 1864.73± 0.15 1864.75± 0.15 0.981± 0.042 0.92
D+ ! K+K�⇡+ 68, 787± 321 1869.44± 0.03 1869.50± 0.03 0.972± 0.003
D+

s

! K+K�⇡+ 248, 694± 540 1968.13± 0.03 1968.19± 0.03 0.971± 0.002
2.5

resulting values of the D+ and D+
s

masses are in agreement with the current world averages.
These modes have relatively large Q-values and consequently the systematic uncertainty
due to the knowledge of the momentum scale is at the level of 0.3 MeV/c2. Hence, it is
chosen not to quote these values as measurements. Similarly, the systematic uncertainty
due to the momentum scale for the D0 ! K+K�⇡+⇡� mode is estimated to be 0.2 MeV/c2

and the measured mass in this mode is not used in the D0 mass determination.
The quality of the fits is judged from the �2/ndf, quoted in Table 1, and the fit residuals.

It has been checked using simulated pseudo-experiments that the sizeable trends seen
in the residuals for the K+K�⇡+ mode, where the dataset is largest, do not bias the
mass di↵erence measurement. The fitted resolution scale factors are all within a few
percent of unity, indicating that the calibration parameters obtained from the B+ study
are applicable in this analysis. The uncertainties on the masses reported by the fits are in

5

]2 mass [MeV/c0D
1863.5 1864 1864.5 1865 1865.5 1866

ACCM

KEDR

CLEO

 0.16±PDG Average 1864.92 

LHCb

 0.12±New average 1864.84 

]2 mass [MeV/c0D
1863.5 1864 1864.5 1865 1865.5 1866

LHCb 1.0 fb−1, arXiv:1304.6865 

D0→K−K+K−π+  Comparison plot 

New average formed using PDG prescription 

Also preliminary results available from BaBar and Tomaradze et.al.  
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D+ − D0 mass measurement 
]2 mass [MeV/c0D
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LHCb
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]2 mass [MeV/c0D
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Figure 5: Measurements of the D0 mass and averages performed using the PDG prescription [4].
The value recently reported by Tomaradze et al. is included
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Figure 6: Measurements of the D+�D0 mass di↵erence and averages performed using the PDG
prescription [4].
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Figure 2: Invariant mass distribution for the K+K�⇡+ final state. The result of the fit described
in the text is superimposed (solid line) together with the background component (dotted line).
The pull, i.e. the di↵erence between the fitted value and the measured value divided by the
uncertainty, is shown below the plot.

good agreement with the results obtained in pseudo-experiments.
Using the values in Table 1, the mass di↵erences are evaluated to be

M(D+)�M(D0) = 4.76 ± 0.12 (stat) MeV/c2,
M(D+

s

)�M(D+) = 98.68 ± 0.03 (stat) MeV/c2,

where the uncertainties are statistical only.

5 Systematic uncertainties

To evaluate the systematic uncertainty, the complete analysis is repeated, including
the track fit and the momentum scale calibration when needed, varying within their
uncertainties the parameters to which the mass determination is sensitive. The observed
changes in the central values of the fitted masses relative to the nominal results are assigned
as systematic uncertainties.

The dominant source of uncertainty is the limited knowledge of the momentum scale.
The mass fits are repeated with the momentum scale varied by ±0.03%. A further
uncertainty is related to the understanding of the energy loss in the material of the
tracking system. The amount of material traversed in the tracking system by a particle is

6

D+ 

Ds
+ 

D(s)
+ →K+K−π+ Comparison plot 

à First reported result in more than 30 years, 
factor 3 better than PDG average. 

LHCb 1.0 fb−1, arXiv:1304.6865 

New average formed using PDG prescription 
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Ds
+ − D0 mass measurement 
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Figure 7: Measurements of the D+
s

� D+ mass di↵erence and averages performed using the
PDG prescription [4].
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à Factor 5 improvement on PDG average 
(midway between BaBar and CDF) 

à Will reduce uncertainty on Bc mass. 
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Figure 2: Invariant mass distribution for the K+K�⇡+ final state. The result of the fit described
in the text is superimposed (solid line) together with the background component (dotted line).
The pull, i.e. the di↵erence between the fitted value and the measured value divided by the
uncertainty, is shown below the plot.

good agreement with the results obtained in pseudo-experiments.
Using the values in Table 1, the mass di↵erences are evaluated to be

M(D+)�M(D0) = 4.76 ± 0.12 (stat) MeV/c2,
M(D+

s

)�M(D+) = 98.68 ± 0.03 (stat) MeV/c2,

where the uncertainties are statistical only.

5 Systematic uncertainties

To evaluate the systematic uncertainty, the complete analysis is repeated, including
the track fit and the momentum scale calibration when needed, varying within their
uncertainties the parameters to which the mass determination is sensitive. The observed
changes in the central values of the fitted masses relative to the nominal results are assigned
as systematic uncertainties.

The dominant source of uncertainty is the limited knowledge of the momentum scale.
The mass fits are repeated with the momentum scale varied by ±0.03%. A further
uncertainty is related to the understanding of the energy loss in the material of the
tracking system. The amount of material traversed in the tracking system by a particle is

6

D+ 

Ds
+ 

D(s)
+ →K+K−π+ Comparison plot 

LHCb 1.0 fb−1, arXiv:1304.6865 

New average formed using PDG prescription 
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D0 mixing 
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D0 mixing 

Charm mixing with D0→K+!!

• Exploit interference between mixing and doubly-Cabibbo-suppressed 
decay amplitudes

• Compare to RS events which are dominated by Cabibbo-favored amplitude

• Assuming |x|,|y|<<1 and no CPV
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•  Mixing occurs in neutral mesons: K0, B0, Bs, D0. 
•  D0 – D0 mixing expected to be very small. 

•  Dominated by long range contributions (y); hard to predict. 

 

•  Measure time-dependent ratio of wrong sign to right sign D0 decays 

•  In the limit of small mixing |x|,|y| << 1, and no CP violation: 

Measure the time-dependent ratio of D0 decays with Wrong Sign to Right Sign 
 
 
 
 
 
 
 
 
 
In the limit of small mixing |x|,|y| << 1 and for no CPV: 
 
 
 
 
 
 
 
 
 
 

δ is a strong phase difference between DCS and CF amplitudes 

Charm oscillations with D0
!K+

!
-

• Exploit interference between mixing and doubly-Cabibbo-suppressed decay 
amplitudes

• Assuming |x|,|y|<<1 and no CPV

x� = x cos � + y sin � y� = y cos � � x sin �

R(t) =
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CF

D0 – anti-D0 mixing 
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Charm oscillations with D0
!K+

!
-

• Exploit interference between mixing and doubly-Cabibbo-suppressed decay 
amplitudes

• Assuming |x|,|y|<<1 and no CPV

x� = x cos � + y sin � y� = y cos � � x sin �

R(t) =
NWS(t)

NRS(t)
= RD +

�
RDy�t+

x�2 + y�2

4
t2

5

_

D0

D*+ ! D0 !+

K+
!
-

D0

mix CF

DCS

K-
!
+

wrong-sign events

right-sign events

CF

the ratio of 
DCS to CF 
decay rates 

the interference of  
the DCS and mixed decays 

mixing  
parameters 

D0 K+ π�#

D0 
mixing 

DCS (λ2) 

CF (1) 

δ 

R(t) = N(D0�K+��)
N(D0�K��+)

WS D0 K� π+ CF (1) 
RS 

D0 
mixing DCS (λ2) 

negligible 

Ratio of DCS to 
CF decay rates 

Interference of DCS 
and mixed decays 

Mixing 
parameters 

δ is strong phase between 
DCS and CF amplitudes 

Motivation 

Measurement 
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D0 mixing at LHCb Time-dependent fit strategy

• In each decay-time bin

1. Fit RS sample to 
determine shape’s 
parameters

2. Fit WS sample with 
signal shape fixed to 
RS and bkg shape 
free to float

3. Calculate WS/RS 
ratio from measured 
yields
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Table 1: Results of the time-dependent fit to the data. The uncertainties include statistical
and systematic sources; ndf indicates the number of degrees of freedom.

Fit type Parameter Fit result Correlation coe⇤cient
(⇥2/ndf) (10�3) RD y⇥ x⇥2

Mixing RD 3.52± 0.15 1 �0.954 +0.882
(9.5/10) y⇥ 7.2± 2.4 1 �0.973

x⇥2 �0.09± 0.13 1
No mixing RD 4.25± 0.04
(98.1/12)
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Figure 3: Estimated confidence-level (CL) regions in the (x⇥2, y⇥) plane for 1� CL = 0.317
(1�), 2.7⇥ 10�3 (3�) and 5.73⇥ 10�7 (5�). Systematic uncertainties are included. The
cross indicates the no-mixing point.

estimated uncertainties on RD, y⇥ and x⇥2 become respectively 6%, 10% and 11% smaller,
showing that the quoted uncertainties are dominated by their statistical component. To
evaluate the significance of this mixing result we determine the change in the fit ⇥2 when
the data are described under the assumption of the no-mixing hypothesis (dashed line
in Fig. 2). Under the assumption that the ⇥2 di⇥erence, �⇥2, follows a ⇥2 distribution
for two degrees of freedom, �⇥2 = 88.6 corresponds to a p-value of 5.7 ⇥ 10�20, which
excludes the no-mixing hypothesis at 9.1 standard deviations. This is illustrated in Fig. 3
where the 1�, 3� and 5� confidence regions for x⇥2 and y⇥ are shown.

As additional cross-checks, we perform the measurement in statistically independent
sub-samples of the data, selected according to di⇥erent data-taking periods, and find
compatible results. We also use alternative decay-time binning schemes or alternative
fit methods to separate signal and background, and find no significant variations in the

6

28

R(t) =
NWS(t)

NRS(t)
= RD +

p
RDy

0
t+

x

02 + y

02

4
t

2

x10-3 

•  No mixing excluded at 9.1σ 
•  First observation of D0 mixing 

by a single measurement. 

Right sign sample Wrong sign sample 

Ratio versus decay time 

Results 

More details in HF2 session: 
T. Pilar 
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Figure 2: Decay-time evolution of the ratio, R, of WS D

0 ! K

+
⇡

� to RS D

0 ! K

�
⇡

+

yields (points) with the projection of the mixing allowed (solid line) and no-mixing (dashed
line) fits overlaid.

systematic biases are not included in the fit, the estimated uncertainties on R

D

, y0 and
x

02 become respectively 6%, 10% and 11% smaller, showing that the quoted uncertainties
are dominated by their statistical component. To evaluate the significance of this mixing
result we determine the change in the fit �

2 when the data are described under the
assumption of the no-mixing hypothesis (dashed line in Fig. 2). Under the assumption that
the �

2 di↵erence, ��

2, follows a �

2 distribution for two degrees of freedom, ��

2 = 88.6
corresponds to a p-value of 5.7⇥ 10�20, which excludes the no-mixing hypothesis at 9.1
standard deviations. This is illustrated in Fig. 3 where the 1�, 3� and 5� confidence
regions for x02 and y

0 are shown.
As additional cross-checks, we perform the measurement in statistically independent

sub-samples of the data, selected according to di↵erent data-taking periods, and find
compatible results. We also use alternative decay-time binning schemes, selection criteria
or fit methods to separate signal and background, and find no significant variations in
the estimated parameters. Finally, to assess the impact of events where more than one
candidate is reconstructed, we repeat the time-dependent fit on data after randomly
removing the additional candidates and selecting only one per event; the change in the
measured value of R

D

, y0 and x

02 is 2%, 6% and 7% of their uncertainty, respectively.
In conclusion, we measure the decay time dependence of the ratio between D

0 ! K

+
⇡

�

and D

0 ! K

�
⇡

+ decays using 1.0 fb�1 of data and exclude the no-mixing hypothesis at
9.1 standard deviations. This is the first observation of D0 �D

0 oscillations in a single
measurement. The measured values of the mixing parameters are compatible with and
have substantially better precision than those from previous measurements [4, 6, 22].

6
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D0 mixing at CDF 

No mixing excluded to 6.1σ 

Blue: corrected for non-
prompt contribution 

Comparison of results 

New result, CDF Public Note 10990 

RD = (3.51± 0.35)×10−3

y '  = (4.3± 4.3)×10−3

x '2 = (0.08± 0.18)×10−3

Ratio versus decay time 

More details in HF2 session: 
P. Maestro 
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CP violation in charm 
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CP violation in charm 

•  CP violation well established in the kaon and B decays 
•  No CP violation yet observed in charm system 

Current status 

Why look for CP violation in the charm sector 

•  Charm system special: FCNC processes with up-type quarks 
•  Complementary to those with down quarks (B or K mesons). 
•  Direct CP violation possible in singly-Cabibbo suppressed decays 

•  Interference between tree and penguin. Naïve expectation ≤ 0.1% 
•  Indirect CP violation prediction much smaller 
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Direct CP violation in D0 decays 

1 Introduction1

The combined symmetry of charge conjugation and parity (CP ) is broken in the weak2

interaction of the Standard Model by a single phase in the Cabibbo-Kobayashi-Maskawa3

matrix [1, 2]. Physics beyond the Standard Model may reveal itself in the form of4

additional sources of CP violation. In both the K

0 and B

0 systems CP violation has been5

unambiguously observed, and is in agreement with the Standard Model predictions. In6

contrast, CP violation involving charm quarks has yet to be established. The amount of7

CP violation in charm decays was generally expected to be much smaller than the 1% level8

in the Standard Model [3, 4]. The LHCb collaboration, however, reported evidence with9

3.5 standard deviations significance for direct CP violation in two-body, singly-Cabibbo-10

suppressed D

0 decays [5]. The di↵erence in CP asymmetries between D

0! K

�
K

+ and11

D

0! ⇡

�
⇡

+ decays was found to be �A

CP

= (�0.82 ± 0.21 (stat)± 0.11 (syst))%. This12

result sparked a theoretical debate on whether or not this could be accommodated within13

the Standard Model. For a comprehensive review see Ref. [6].14

After the LHCb paper, the CDF and Belle collaborations presented measurements15

of �A

CP

= (�0.62 ± 0.21 (stat) ± 0.10 (syst))% [7] and �A

CP

= (�0.87 ± 0.41 (stat) ±16

0.06 (syst))% [8], respectively. These numbers are included in the average from the Heavy17

Flavor Averaging Group (HFAG) [9], together with a previous measurement [10] from the18

BaBar collaboration, yielding a world average of the di↵erence in direct CP violation of19

�a

dir
CP

= (�0.68± 0.15)%.120

In all previous results D

⇤+ ! D

0
⇡

+ decays2 have been used as the source of the D

0
21

sample, and the emitted pion was used to determine the flavour of the neutral D meson22

(i.e., whether it is D

0 or D

0). In this paper a measurement of �A

CP

is presented using D

0
23

mesons produced in semileptonic b-hadron decays where the flavour of the neutral D meson24

is tagged by the accompanying charged lepton. This approach provides an independent25

determination of �A

CP

.26

2 Method and formalism27

The measured (raw) asymmetry for a D

0 decay to a CP eigenstate f is defined as28

Araw =
N(D0 ! f)�N(D0 ! f)

N(D0 ! f) + N(D0 ! f)
, (1)

where N denotes the observed yield for the given decay. The initial flavour of the neutral29

D meson is tagged by the charge of the accompanying muon in the semileptonic b-hadron30

decay to the DµX final state. A positive muon is associated with a D

0 meson, and a31

negative muon with a D

0 meson. The X denotes any other particle(s) produced in the32

semileptonic B decay, which are not reconstructed (e.g., the neutrino).33

1The relation between �A
CP

and �adir
CP

is explained in Sect. 6.
2
The inclusion of charge-conjugated modes is implied throughout this paper, unless explicitly stated

otherwise.

1

Araw ≈ ACP + AD + AP

Detection asymmetry Production asymmetry CP asymmetry 

ΔACP = Araw(K
−K + )− Araw(π

−π + )
= ACP (K

−K + )− ACP (π
−π + )

Detection and production asymmetry cancel at first order. 

All of order 1% or smaller 

Measured 
asymmetry 

Analysis
strategy 

•  ΔACP mainly measurement of direct CP violation 
•  In SM, assuming SU(3)F symmetry:  aCP

dir (K −K + ) = −aCP
dir (π −π + )
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The ΔACP surprise 

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 measured5

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. The data12

sample used in this analysis is statistically independent of that in an analysis using D13

mesons tagged by the charge of the associated muon produced in semileptonic B decays [11];14

an average of the two results is presented in Sec. 7.15

Table 1: Previous experimental results on �ACP . For Ref. [7], the CP asymmetries
for D0 ! K�K+, ⇡�⇡+ were computed separately so �ACP has been calculated with
uncertainties summed 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 decay-time-dependent CP asymmetry ACP (f ; t) for D0 decays to a CP eigenstate16

f is defined as17

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

�(D0(t) ! f) + �(D0(t) ! f)
. (1)

In general ACP (f ; t) depends on f . The flavour of the initial state (D0 or D0) is tagged18

by the charge of the slow pion (⇡+
s ) in the decays D⇤+ ! D0⇡+

s and D⇤� ! D0⇡�
s . In this19

note, mention of a particular mode implies the inclusion of the charge-conjugate mode,20

except when we refer to CP asymmetries. For f = K�K+ and f = ⇡�⇡+, ACP (f ; t) can21

be expressed in terms of a direct component associated with CP violation in the decay22

amplitudes and an indirect component associated with CP violation in the mixing or in23

the interference between mixing and decay. In the limit of U-spin symmetry, the direct24

component is equal in magnitude and opposite in sign for K�K+ and ⇡�⇡+ [12], though25

U-spin violation can enter through strong interaction contributions and would weaken this26

conclusion [13]. The magnitudes of CP asymmetries in decays to these final states are27

expected to be small in the SM [12,14–16], with predictions of up to O(10�3). However,28

1

[PRL108.111602] 
[PRL109.111801] 
[arXiv:1212.1975] 
[PRL100.061803] 

à 4.6σ from no CPV 

Enhanced penguin contributions? 
à Triggered discussion if SM or NP. 

e.g. 
Brod et al,, JHEP 1210 (2012) 161  
Feldmann et al, JHEP 1206 (2012) 007  
Bhattacharya et al, Phys. Rev. D 85, 054014  
Hiller et al, Phys. Rev. D 87, 014024  

 (%)CPA
-1 0 1

-0.5

5.8

Belle

CDF

LHCb

BaBar

World average

(*) HFAG average accounts 
for (small) effects from 
indirect CP violation 

ΔACP = (−0.68 ± 0.15)%  

World average (HFAG) (*) 
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Recent update of ΔACP 

ΔACP = (−0.33 ± 0.12)%  

World average (HFAG) (*) 

No confirmation (yet) of CP 
violation in charm sector. 

 (%)CPA
-1 0 1

-0.5

5.8

LHCb

Belle

CDF

LHCb preliminary

BaBar

World average

(muon tagged)

(pion tagged)
-11.0 fb

-11.0 fb

-10.6 fb

•  LHCb performed two independent analyses on full 2011 data set 
•  Preliminary update of pion-tagged analysis  LHCb-CONF-2013-003 

•  ΔACP = (−0.34 ± 0.15 ± 0.10)%  
•  New measurement of muon-tagged analysis  arXiv:1303.2614 

•  ΔACP = (+0.49 ± 0.30 ± 0.14)%  

(*) HFAG average accounts 
for (small) effects from 
indirect CP violation 

More details in HF2 session: 
T. Pilar 



23/27 Charm physics, Jeroen van Tilburg LHCP2013, Barcelona, 13-18 May 2013 

Direct CP violation in D(s)
+  

LHCb, 1.0 fb−1, arXiv:1303.4906 
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Figure 5: 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.

6 Results and conclusion

Searches for CP violation in the � region of the D

+ ! K

�
K

+
⇡

+ Dalitz plot and in the
D

+
s

! K

0
S⇡

+ decay mode are performed. The results are

A

CP

(D+ ! �⇡

+) = (�0.04± 0.14± 0.13)%,

A

CP

|
S

(D+ ! �⇡

+) = (�0.18± 0.17± 0.18)%,

A

CP

(D+
s

! K

0
S⇡

+) = (+0.61± 0.83± 0.13)%,

consistent with existing measurements. The first and third measurements assume negligible
CP violation e↵ects in the D

+ ! K

0
S⇡

+ and D

+
s

! �⇡

+ control channels, respectively.
The A

CP

|
S

observable is shown to increase the sensitivity of the analysis to certain types
of CP violation significantly, but there is no evidence for CP violation in either decay.
This is the most precise analysis of CP violation in the � region of the D

+ ! K

�
K

+
⇡

+

Dalitz plot to date.
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à No evidence for CP 
violation observed 

•  Use Cabibbo favoured modes to subtract production and detection asymmetry 
•  Control channels D+→ KS

0 π+ and Ds
+→ ϕ π+  decays 

•  Also CP violation across ϕ mass in D+ →K+K−π+ Dalitz plane is measured: ACP|S  

CP violation in D+→ ϕ π+ and Ds
+→ KS

0 π+  decays 

CPV in  D+ → φ π+  and  D+
s → K0

sπ+  

A.Ukleja                                   Charm mixing and CPV at LHCb Beauty 10/04/2013    30   

No evidence for CPV is observed 
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6 Results and conclusion

Searches for CP violation in the � region of the D

+ ! K
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K
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+ Dalitz plot and in the
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0
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+ decay mode are performed. The results are
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CP
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A

CP
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consistent with existing measurements. The first and third measurements assume negligible
CP violation e↵ects in the D

+ ! K

0
S⇡

+ and D

+
s

! �⇡

+ control channels, respectively.
The A

CP

|
S

observable is shown to increase the sensitivity of the analysis to certain types
of CP violation significantly, but there is no evidence for CP violation in either decay.
This is the most precise analysis of CP violation in the � region of the D

+ ! K

�
K

+
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+

Dalitz plot to date.
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CP violation in D+ → φπ+ and Ds
+ → KS

0π+
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• No evidence of CPV observed

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

Ds+ → Ks0π+

D+ → φπ+

LHCB-PAPER-2012-052
1.0fb-1 collected during 2011

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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CP violation in D+ → φπ+ and Ds
+ → KS
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• No evidence of CPV observed

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

Ds+ → Ks0π+

D+ → φπ+

LHCB-PAPER-2012-052
1.0fb-1 collected during 2011

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

Acknowledgements334

We express our gratitude to our colleagues in the CERN accelerator departments for335

the excellent performance of the LHC. We thank the technical and administrative sta↵336

13

•  LHCb measurements are the most precise of CP violation in φ region to date 
for both D+ → φ π+  and  D+

s → K0
sπ+   

LHCb-PAPER-2012-052 

errors ~1‰ 
1.6M events 

More details in 
HF2 session: 
T. Pilar 
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Rare charm decays 
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Rare charm decays 
LHCb 0.9 fb−1, LHCb-PAPER-2013-013 
Final result shown in public for 1st time Search for D0→ µ+µ− 

•  Similar analysis as B(s)
0→ µ+µ− in previous talk . 

•  Current limits: B(D0→ µ+µ−) < 1.4 x 10−7  (90% CL). Belle PRD 81 (2010) 091102. 
•  Preliminary LHCb result was best previous limit. 

•  SM prediction: B(D0→ µ+µ−) < 6 x 10−11 
•  Dominated by long distance contributions (2γ intermediate state). 

•  Search for D*-tagged D0→ µ+µ− decays. 
•  Use J/ψ→µ+µ−, D0→π+π− and D0→K−π+ as normalization channels. 

•  B(D0→ µ+µ−) < 7.6 x 10−9  (95% CL) 
•  More than factor 20 improvement with respect  

to previous best measurement. 
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Figure 5: CL
s

(solid line) as a function of the assumed D0 ! µ+µ� branching fraction and
median (dashed line), 1� and 2� bands of the expected CL

s

, in the background-only hypothesis,
obtained with the asymptotic CL

s

method. The horizontal line corresponding to CL
s

=0.05 is
also drawn.

Several systematic checks are performed varying the selection requirements, including513

the muon identification cuts, varying the parametrization of the fit components and the514

fit range and removing the multivariate selection cut. The measured B(D0 ! µ+µ�) is515

found to be stable against these variations.516

To test the dependence of the result on the knowledge of the double misidentification517

probability, the uncertainty is doubled in the fit input; B(D0 ! µ+µ�) is consistent with518

the baseline result.519

In addition, the robustness of the result is checked by artificially increasing the value of520

the kaon to muon misidentification as determined from data in Section 5 up to 200% of its521

measured value, and the fitted branching ratio still remains consistent with no significant522

excess of signal with respect to the background expectations.523

7 Summary524

A search for the rare decay D0 ! µ+µ� is performed using a data sample of pp colli-
sions, collected at

p
s = 7 TeV by the LHCb experiment, corresponding to an integrated

luminosity of 0.9 fb�1. The observed number of events is consistent with the background
expectations, yielding an upper limit, using the CL

s

asymptotic method, of

B(D0 ! µ+µ�) < 7.6⇥ 10�9 at 95% CL.

13

CLs exclusion plot 

Method 

Result 

More details in HF2 session: H. Cliff 
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Figure 1: Feynman diagrams for (a,b) the FCNC decay D

+! ⇡

+
µ

+
µ

�, (c) the weak annihilation
of a D

+
(s) meson and (d) a possible LNV D

+
(s) meson decay mediated by a Majorana neutrino.

detector surrounding the pp interaction region, a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of about 4Tm, and three stations of
silicon-strip detectors and straw drift tubes placed downstream. The combined tracking
system has momentum (p) resolution �p/p that varies from 0.4% at 5 GeV/c to 0.6% at
100 GeV/c, and impact parameter (IP) resolution of 20 µm for tracks with high transverse
momentum (pT). The IP is defined as the perpendicular distance between the path of a
charged track and the primary pp interaction vertex (PV) of the event. Charged hadrons
are identified using two ring-imaging Cherenkov detectors [15]. Photon, electron and
hadron candidates are identified by a calorimeter system consisting of scintillating-pad and
preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons
are identified by a system composed of alternating layers of iron and multiwire proportional
chambers. The trigger [16] consists of a hardware stage, based on information from the
calorimeter and muon systems, followed by a software stage that applies a full event
reconstruction. It exploits the finite lifetime and relatively large mass of charm and beauty
hadrons to distinguish heavy flavour decays from the dominant light quark processes.

The hardware trigger selects muons with pT exceeding 1.48 GeV/c, and dimuons whose
product of pT values exceeds (1.3 GeV/c)2. In the software trigger, at least one of the final
state muons is required to have p greater than 8 GeV/c, and an IP greater than 100 µm.
Alternatively, a dimuon trigger accepts candidates where both oppositely-charged muon
candidates have good track quality, pT exceeding 0.5 GeV/c, and p exceeding 6 GeV/c.
In a second stage of the software trigger, two algorithms select D

+
(s) ! ⇡

+
µ

+
µ

� and

D

+
(s)! ⇡

�
µ

+
µ

+ candidates. A generic µ

+
µ

� trigger requires oppositely-charged muons

2

Ds
+→ π+µ+µ−   

Weak annihilation. 
Useful as normalization for D+ mode. 

More details in HF2 session: H. Cliff 

Search for D(s)
+→ π µ µ 

•  Three decays with similar topologies. Previous best limits at 10−5–10−6 levels. 
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detector surrounding the pp interaction region, a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of about 4Tm, and three stations of
silicon-strip detectors and straw drift tubes placed downstream. The combined tracking
system has momentum (p) resolution �p/p that varies from 0.4% at 5 GeV/c to 0.6% at
100 GeV/c, and impact parameter (IP) resolution of 20 µm for tracks with high transverse
momentum (pT). The IP is defined as the perpendicular distance between the path of a
charged track and the primary pp interaction vertex (PV) of the event. Charged hadrons
are identified using two ring-imaging Cherenkov detectors [15]. Photon, electron and
hadron candidates are identified by a calorimeter system consisting of scintillating-pad and
preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons
are identified by a system composed of alternating layers of iron and multiwire proportional
chambers. The trigger [16] consists of a hardware stage, based on information from the
calorimeter and muon systems, followed by a software stage that applies a full event
reconstruction. It exploits the finite lifetime and relatively large mass of charm and beauty
hadrons to distinguish heavy flavour decays from the dominant light quark processes.

The hardware trigger selects muons with pT exceeding 1.48 GeV/c, and dimuons whose
product of pT values exceeds (1.3 GeV/c)2. In the software trigger, at least one of the final
state muons is required to have p greater than 8 GeV/c, and an IP greater than 100 µm.
Alternatively, a dimuon trigger accepts candidates where both oppositely-charged muon
candidates have good track quality, pT exceeding 0.5 GeV/c, and p exceeding 6 GeV/c.
In a second stage of the software trigger, two algorithms select D
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detector surrounding the pp interaction region, a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of about 4Tm, and three stations of
silicon-strip detectors and straw drift tubes placed downstream. The combined tracking
system has momentum (p) resolution �p/p that varies from 0.4% at 5 GeV/c to 0.6% at
100 GeV/c, and impact parameter (IP) resolution of 20 µm for tracks with high transverse
momentum (pT). The IP is defined as the perpendicular distance between the path of a
charged track and the primary pp interaction vertex (PV) of the event. Charged hadrons
are identified using two ring-imaging Cherenkov detectors [15]. Photon, electron and
hadron candidates are identified by a calorimeter system consisting of scintillating-pad and
preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons
are identified by a system composed of alternating layers of iron and multiwire proportional
chambers. The trigger [16] consists of a hardware stage, based on information from the
calorimeter and muon systems, followed by a software stage that applies a full event
reconstruction. It exploits the finite lifetime and relatively large mass of charm and beauty
hadrons to distinguish heavy flavour decays from the dominant light quark processes.

The hardware trigger selects muons with pT exceeding 1.48 GeV/c, and dimuons whose
product of pT values exceeds (1.3 GeV/c)2. In the software trigger, at least one of the final
state muons is required to have p greater than 8 GeV/c, and an IP greater than 100 µm.
Alternatively, a dimuon trigger accepts candidates where both oppositely-charged muon
candidates have good track quality, pT exceeding 0.5 GeV/c, and p exceeding 6 GeV/c.
In a second stage of the software trigger, two algorithms select D

+
(s) ! ⇡

+
µ

+
µ

� and

D

+
(s)! ⇡

�
µ

+
µ

+ candidates. A generic µ

+
µ

� trigger requires oppositely-charged muons

2

D+ → π+µ+µ− 
FCNC decay, BR(SM) ~ 1-3x10−9 

D(s)
+→π−µ+µ+ 

Lepton-number violating decay. 

Rare charm decays 
LHCb 1.0 fb−1, arXiv:1304.6365 

D ! ⇡µµ

Search for D±
(s) ! ⇡µµ

Observed limits compatible with background-only hypothesis.
Preliminary results at 95% CL, excluding resonant regions:

B(D± ! ⇡±µ+µ�) < 8.3 ⇥ 10�8,

B(D±s ! ⇡±µ+µ�) < 4.8 ⇥ 10�7,

B(D± ! ⇡⌥µ±µ±) < 2.5 ⇥ 10�8,

B(D±s ! ⇡⌥µ±µ±) < 1.4 ⇥ 10�7.

Previous best limit for µ+µ� channel:
DØ: B(D± ! ⇡±µ+µ�) < 3.9 ⇥ 10�6 (90% CL) [PRL 100: 101801 (2008)],
BaBar: B(D± ! ⇡±µ+µ�) < 6.5 ⇥ 10�6 (90% CL) [hep-ex/1107.4465].

Previous best limit for B(D± ! ⇡⌥µ±µ±) < 2 ⇥ 10�6 (90% CL), BaBar
[hep-ex/1107.4465].

New!

LHCb-PAPER-2012-051

Chris Thomas (Oxford) Rare charm decays at LHCb 10 April 2013 25 / 26

Limits at 95% CL,  
excluding resonant regions: Results 
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Summary 

•  Many more interesting results (soon) available: 
•  Charmonium and double charm production 
•  Recent results in D(s)J spectroscopy. 
•  More CP violation analyses ongoing 

•  AΓ, yCP WS mixing asymmetry, D0→ KS
0 h+h− 

•  Large statistics is the strength at hadron colliders 
•  High sensitivity to small CP violation effects 
•  Access to very rare decays 
•  Systematics is challenging 

•  Charm physics at hadron colliders is delivering many results 
•  Shown LHCb results are on 2011 data only à 3 x more data on tape 

•  Interesting times ahead of us! 
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Backup slides 
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Charm production measurements 

•  Exclusive final states at 7 TeV: 

   Preliminary, extrapolated using tuned-Pythia,           LHCb-CONF-2010-013  

•  Inclusive final states in high-pT region: 

•  Exclusive final states at 2.76 and 7 TeV: (extrapolated using FONLL) 

•  Inclusive (electrons) at 7 TeV: 

•  Exclusive final states at 7 TeV: (extrapolated using Powheg-Pythia)  

LHCb 

ALICE 

ATLAS 

σ cc
tot = (6.1± 0.9) mb

σ cc (pT > 5GeV & 2.5 < y < 4.0) = (104.6± 2.7stat ±11.4syst ) µb

σ cc (pT < 8GeV & 2.0 < y < 4.5) = (1419±12stat ±116syst ± 65frag ) µb  Nucl.Phys.B871 (2013) 1-20 

σ cc
tot (2.76 TeV) = (4.8± 0.8(stat)−1.3

+1.0 (syst)± 0.06(BR)± 0.1(frag)± 0.1(lum)−0.4
+2.6 (extr)) mb

σ cc
tot (7 TeV)    = (8.5± 0.5(stat)−2.4

+1.0 (syst)± 0.1(BR)± 0.2(frag)± 0.3(lum)−0.4
+5.0 (extr)) mb

σ cc
tot = (7.13± 0.28(stat)−0.66

+0.90 (syst)± 0.78(lum)−1.90
+3.82 (extr)) mb

ATLAS-CONF-2011-017 

LHCb-CONF-2013-002 

JHEP 07 (2012) 191  

σ cc
tot (7 TeV)   = (10.0±1.7(stat)−5.5

+5.4 (syst)± 0.4(BR)−0.5
+3.5 (extr)) mb PLB 721(2013)13 
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Ds
± production asymmetry 

LHCb (1.0 fb−1), PLB 713 (2012) 186 
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Figure 10: Observed production asymmetry AP as a function of (a) y, and (b) pT. The
errors shown are statistical only.

where the first uncertainty is statistical from the D±
s

yields, the second statistical due to
the error on the e�ciency ratio and the third systematic. The systematic uncertainty on
AP has several contributions. Uncertainties due the background shape in the D±

s

mass
fit are evaluated using a higher order polynomial function, that gives a 0.06% change.
Statistical uncertainty on MC e�ciency adds 0.06%. Constraining the signal shapes of
the D+

s

and D�
s

to be the same makes a 0.04% di↵erence. Possible changes in detector
acceptance during magnet up and magnet down data taking periods are estimated to
contribute 0.03%. The systematic uncertainty from the pion e�ciency ratio contributes
0.02%. Di↵erences in the momentum distributions of K� and K+ that arise from inter-
ference with an S-wave component under the � peak can introduce a false asymmetry
[11]. For our relatively high momentum D±

s

mesons this is a 0.02% e↵ect. Contamination
from b decays causes a negligible e↵ect. Adding all sources in quadrature, the overall
systematic uncertainty on AP is estimated to be 0.10%.

Table 3: AP (%) shown as a function of both y and pT.

pT (GeV) y
2.0� 3.0 3.0� 3.5 3.5� 4.5

2.0� 6.5 0.2± 0.5 �0.7± 0.5 �0.9± 0.4
6.5� 8.5 �0.3± 0.4 0.1± 0.5 �1.2± 0.5
8.5� 25.0 0.2± 0.3 �0.3± 0.5 �1.0± 0.8
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Method 
•  Ds

+ reconstructed as Ds
+→ϕ(K+K−)π+ 

•  Cabibbo favoured mode: expect negligible CP violation. 
•  Need to measure detection and reconstruction asymmetry from pion: 

•  Use reconstructed D*-tagged D0→K−π+π+π− where one pion is missing. 
•  Measure efficiency ratio for π+ and π− 
•  No large asymmetry measured; ratio compatible with 1. 

•  Measurement: AP = (−0.33 ± 0.22 ± 0.10)% 
•  For 2 < y < 4.5 and pT > 2 GeV. 
•  Sub-percent precision. 
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HFAG average of D0 mixing 

x = 0.49−0.18
+0.17

y = 0.74± 0.09 Not including preliminary CDF result 


