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Why is charm charming?

• Unique and powerful probe of BSM flavor 
effects


• Charm quark is up-type: complements 
searches done in K and B systems, 
interplays with high-pT (top physics) and 
low-energy (EDMs) probes


• SM effects are <10-3 due to CKM/GIM 
suppressions: calls for O(1M) yields and 
control over systematics


• Predictions are hard: charm is a discovery 
tool not a precision probe


• Only recently reached sensitivity to 
possible BSM physics

2



Flavor changing neutral currents
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Charm FCNC decays

• Short-distance rate ≲10-9, but rates dominated by long-distance dynamics


• Multibody decays such as D+→π+μ+μ− or D0→π+π−μ+μ−


• Long-distance effects alleviated by  
avoiding μμ resonances (convenient 
as rate normalisation and control  
sample)


• Angular observables/asymmetries are  
theoretically clean and increase 
sensitivity to BSM physics


• Experimentally: keep efficiency high and strongly suppress background


• PID against misidentified hadronic decays (106 larger) 


• For neutral mesons, use D0 from D*+→D0π+ decays to beat huge combinatorics
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Search for D0→π+π−μ+μ− — Results
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Table 1
D0 → π+π−µ+µ− fitted yields in the four m(µ+µ−) regions. The corresponding signal fractions under the assumption of a phase-space model,
as described in Section 7, are listed in the last column.

Range description m(µ+µ−) [MeV/c2] D0 → π+π−µ+µ− yield Fraction

low-m(µ+µ−) 250–525 2 ±2 30.6%
ρ/ω 565–950 23 ±6 43.4%
φ 950–1100 63 ±10 10.1%
high-m(µ+µ−) > 1100 3 ±2 8.9%

Fig. 2. Distributions of m(π+π−µ+µ−) for D0 → π+π−µ+µ− candidates in the (a) low-m(µ+µ−), (b) ρ/ω, (c) φ , and (d) high-m(µ+µ−) regions, with %m in the range
144.4–146.6 MeV/c2. The data are shown as points (black) and the fit result (dark blue line) is overlaid. The components of the fit are also shown: the signal (filled area),
the D0 → π+π−π+π− background (green dashed line) and the non-peaking background (red dashed-dotted line).

region, where the baryonic background is concentrated, suppress-
ing this background to a negligible level.

Another potentially large background from the D0 → π+π−η
decay, followed by the decay η → µ+µ−γ , does not peak at
the D0 mass since candidates in which the m(µ+µ−) is within
±20 MeV/c2 of the nominal η mass are removed from the final fit.
The remaining contribution to low values of the m(π+π−µ+µ−)
invariant mass is included in the combinatorial background.

4. Mass fit

The shapes and yields of the signal and background contribu-
tions are determined using an unbinned maximum likelihood fit
to the two-dimensional [m(π+π−µ+µ−π+),%m] distributions in
the ranges 1810–1920 and 140–151.4 MeV/c2, respectively. This
range is chosen to contain all reconstructed D0 → π+π−µ+µ−

candidates.
The D0 → π+π−µ+µ− data are split into four regions of

m(µ+µ−): two regions containing the ρ/ω and φ resonances
and two signal regions, referred to as low-m(µ+µ−) and high-
m(µ+µ−), respectively. The definitions of these regions are pro-
vided in Table 1.

The D0 mass and %m shapes for D0 → π+π−µ+µ− candi-
dates are described by a double Crystal Ball function [22,23], which
consists of a Gaussian core and independent left and right power-
law tails, on either sides of the core. The parameters of these

shapes are determined from the D0 → π+π−π+π− control sam-
ple independently for each of the four m(µ+µ−) regions.

The D0 → π+π−π+π− peaking background is also split into
the predefined dimuon mass regions and is fitted with a double
Crystal Ball function. This provides a well-defined shape for this
prominent background, which is included in the fit to the signal
sample. The yield of the misidentified component is allowed to
vary and fitted in each region of the analysis. The combinatorial
background is described by an exponential function in the D0 can-
didate mass, while the shape in %m is described by the empirical
function f%(%m,a) = 1−e−(%m−%m0)/a , where the parameter %m0
is fixed to 139.6 MeV/c2. The two-dimensional shape used in the
fit implicitly assumes that m(π+π−µ+µ−π+) and %m are not
correlated.

All the floating coefficients are allowed to vary independently
in each of the m(µ+µ−) regions. Migration between the regions is
found to be negligible from simulation studies. The yield observed
in the φ region is used to normalise the yields in the signal re-
gions.

One-dimensional projections for the D0 candidate invariant
mass and %m spectra, together with the result of the fits, are
shown in Figs. 2 and 3, respectively. The signal yields, which in-
clude contributions from the tails of the m(µ+µ−) resonances
leaking into the low- and high-m(µ+µ−) ranges, are shown in Ta-
ble 1. No significant excess of candidates is seen in either of the
two signal regions.

signal region (low q2)

signal region (high q2)! region

"/ω region

D0→4π
D0→ππμμ

comb bkg

PLB 728 (2014) 234

2011 data

World’s best upper 
bound (100× better 

than previous results)

2011 data

2011 data2011 data

B < 5.5(6.7)⇥ 10�7

@ 90(95)% CL



Direct CP violation
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CP asymmetries in charm decays

• Define CP asymmetry as


!

• To be nonzero, needs two or more interfering amplitudes with different 
weak and strong phases: look only at Cabibbo-suppressed decays such 
as D0→π+π-, D0→K+K-, D0→K+K-π+π-, D0→π+π-π0, D+→π+π+π-, Ds+→KSπ+, 
D+→KSK+, …


• For neutral mesons, tag flavor at production time with D0 from flavor-
conserving D*+→D0π+ or flavour-specific B→D0μ−X decays


• Develop fully data-driven methods to control spurious/unwanted asymmetries
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• Observed (raw) asymmetries suffer from instrumental and production effects


!

!

!

• Difference of raw asymmetries to cancel unwanted effect and is robust 
against systematic uncertainties 

• Similar strategy for most of other CP asymmetry measurements

Experimental method
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�ACP = ACP (K
+K�)�ACP (�

+��) = A(K+K�)�A(�+��)

Detection asymmetry of 
tagging track (π+ or μ-)

Production asymmetry of 
parent hadron (D* or B)

A(h+h�) = ACP (h
+h�) +AD +AP

The CP asymmetry you 
want to measure

N(D0 ! h+h�)�N(D̄0 ! h+h�)

N(D0 ! h+h�) +N(D̄0 ! h+h�)
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First evidence of direct CPV in charm?

• Available measurements point to an 
intriguingly large value of ΔACP  

!

!

• At odds with expectations… but picture is 
still blurry           


• Stimulated an interesting discussion: 
wrong expectations? wrong 
measurements? both? something new 
sneaking in?
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PRL 100 (2008) 061803, PRL 109 (2012) 111801, arXiv:1212.1975, 
PRL 108 (2012) 111602, LHCb-CONF-2013-003, PLB 723 (2013) 33

Update with full Run I dataset in progress

[HFAG March ‘13]
�ACP (h

+h�) = (�0.33± 0.12)%

[HFAG ICHEP ‘12]
�ACP (h

+h�) = (�0.68± 0.15)%



Search for CPV in multibody decays

• Exploit enriched dynamics of multi-body decays to seek enhancements of CPV in 
subregions of the phase space. Could go unnoticed in measurements of global 
asymmetries


• Insensitive to global asymmetries (physical or spurious)


• Study phase-space-dependent production/detection asymmetries with CF decays (in 
the SM, direct CPV can only occur in SCS decays)
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• Compute local CP asymmetry in 
different bins of the Dalitz plot


• No CPV means that distribution of 
local asymmetry is gaussian with 
zero mean and unit sigma


• Get p-value from


• Test several binning schemes 
(same number of events/same 
strong phase)


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

Search for local CPV across Dalitz plot
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Local CPV in multibody decays — Results
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Mixing and indirect CP violation
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• Built upon previous iteration of the analysis 
[PRL 110 (2013) 101802] with full Run I dataset


• Reconstruct RS and WS decays using D* to 
identify flavor at production  
 
 
 
 
 
 
 

• Fit ratio of WS/RS yields in bins of decay time 
to separate mixing from DCS contribution


• Fit D*+ and D*− independently to search for CPV 
(K±π∓ asymmetry from CF D+ decays)

Mixing and CPV with D0→K+π−
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Mixing and CPV with D0→K+π−— Results
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• Time-dependent WS/RS ratio:


!

!

!

• Indirect CPV (|q/p|≠1 or !≠0) if difference 
between ratios varies vs time: 
 

• Direct CPV in DCS decay if nonzero 
intercept:

World’s best bound on CPV in charm 
mixing and in DCS decays
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Mixing with D0→K+π−— Results
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RD (10�3) y

0 (10�3) x

02 (10�3)
LHCb 3.568± 0.066 4.8± 1.0 0.055± 0.049
BaBar 3.03± 0.19 9.7± 5.4 �0.22± 0.37
Belle 3.53± 0.13 4.6± 3.4 0.09± 0.22
CDF 3.51± 0.35 4.3± 4.3 0.08± 0.18

BaBar: PRL 98 (2007) 211802
LHCb: PRL 111 (2013) 251801

Belle: PRL 112 (2014) 111801
CDF: PRL 111 (2013) 231802

= mixing probability > 5σ

http://inspirehep.net/record/1198431


Effective-lifetime asymmetry

• Measure asymmetry between effective 
lifetimes of SCS D*-tagged D0→K+K− (~3M) 
and D0→π+π− (~1M) decays  
 

!

!

• Nonzero if indirect CPV (|q/p|≠1 or !≠0) 
occurs


• Evaluate acceptance vs decay-time for each 
candidate using only data


• Validate analysis on larger sample of CF 
D0→K-π+ decays
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-0.2 -0.1 -0 0.1 0.2 0.3

 AK (%)

World average -0.014 ± 0.052 %

LHCb 2013 //  0.033 ± 0.106 ± 0.014 %

LHCb 2013 KK -0.035 ± 0.062 ± 0.012 %

BaBar 2012  0.088 ± 0.255 ± 0.058 %

Belle 2012 -0.030 ± 0.200 ± 0.080 %

   HFAG-charm 
  CHARM 2013 • No signs of indirect CP violation at 0.1% level

Effective-lifetime asymmetry — Results
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World’s best results with only 
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Impact on world average
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Abstract: A search for the doubly charmed baryon Ξ+
cc in the decay mode Ξ+

cc→ Λ+
c K

−π+

is performed with a data sample, corresponding to an integrated luminosity of 0.65 fb−1, of

pp collisions recorded at a centre-of-mass energy of 7TeV. No significant signal is found in

the mass range 3300–3800MeV/c2. Upper limits at the 95% confidence level on the ratio of

the Ξ+
cc production cross-section times branching fraction to that of the Λ+

c , R, are given as

a function of the Ξ+
cc mass and lifetime. The largest upper limits range from R < 1.5×10−2

for a lifetime of 100 fs to R < 3.9× 10−4 for a lifetime of 400 fs.
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of pp collision data collected at a centre-of-mass energy of
p
s = 7TeV with the LHCb

detector. We confirm the existence of the D⇤
s1(2700)+ and D⇤

s

J

(2860)+ excited states and

measure their masses and widths to be
m(D⇤

s1(2700)+) = 2709.2± 1.9(stat)± 4.5(syst) MeV/c2,

�(D⇤
s1(2700)+) = 115.8± 7.3(stat)± 12.1(syst) MeV/c2,

m(D⇤
s

J

(2860)+) = 2866.1± 1.0(stat)± 6.3(syst) MeV/c2,

�(D⇤
s

J

(2860)+) = 69.9± 3.2(stat)± 6.6(syst) MeV/c2.
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• Charm is a unique probe of BSM 
couplings to up-quark sector


• LHCb leads thanks to O(1M) charm 
decays collected:


• world’s best bounds on FCNC 
c→uμμ transitions


• world’s best determination of 
mixing and bounds on CPV


• Charm papers are ~10% of total 
LHCb output… but often among 
top cited


• Much more to come as Run I 
dataset still being analysed
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A search for non-resonant D
+
(s)

→ π
+ µ

+ µ
− and D

+
(s)

→ π
− µ

+ µ
+ decays is performed using proton–

proton collision data, corresponding to an integrated luminosity of 1.0 fb
−1 , at

√ s = 7 TeV recorded by

the LHCb experiment in 2011. No signals are observed and the 90% (95%) confidence level (CL) limits on

the branching fractions are found to be

B
(

D
+ → π

+ µ
+ µ

−) < 7.3 (8.3) × 10−
8 ,

B
(

D
+
s

→ π
+ µ

+ µ
−)

< 4.1 (4.8) × 10−
7 ,

B
(

D
+ → π

− µ
+ µ

+)
< 2.2 (2.5) × 10−

8 ,

B
(

D
+
s

→ π
− µ

+ µ
+)

< 1.2 (1.4) × 10−
7 .

These limits are the most stringent to date.
© 2013 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

Flavour-changing neutral current (FCNC) processes are rare

within the Standard Model (SM) as they cannot occur at tree

level. At the loop level, they are suppressed by the GIM mecha-

nism [1] but are nevertheless well established in B+ → K
+ µ

+ µ
−

and K
+ → π

+ µ
+ µ

− decays with branching fractions of the or-

der 10−
7 and 10−

8 , respectively [2,3]. In contrast to the B me-

son system, where the very high mass of the top quark in the

loop weakens the suppression, the GIM cancellation is almost ex-

act in D meson decays leading to expected branching fractions

for c → uµ
+ µ

− processes in the (1–3) × 10−
9 range [4–6]. This

suppression provides a unique opportunity to search for FCNC D

meson decays and to probe the coupling of up-type quarks in elec-

troweak processes, as illustrated in Fig. 1(a), (b).

The decay D
+
s

→ π
+ µ

+ µ
− , although not a FCNC process, pro-

ceeds via the weak annihilation diagram shown in Fig. 1(c). This

can be used to normalise a potential D
+ → π

+ µ
+ µ

− signal

where an analogous weak annihilation diagram proceeds, albeit

suppressed by a factor |V cd|2 . Normalisation is needed in order

to distinguish between FCNC and weak annihilation contributions.

Note that, throughout this Letter, the inclusion of conjugate pro-

cesses is implied.

Many extensions of the SM, such as supersymmetric models

with R-parity violation or models involving a fourth quark gen-

eration, introduce additional diagrams that a priori need not be

✩ © CERN for the benefit of the LHCb Collaboration.

suppressed in the same manner as the SM contributions [5,7].

The most stringent limit published so far is B(D
+ → π

+ µ
+ µ

− ) <

3.9 × 10−
6 (90% CL) by the D0 Collaboration [8]. The FOCUS Col-

laboration places the most stringent limit on the D
+
s

weak annihi-

lation decay with B(D
+
s

→ π
+ µ

+ µ
− ) < 2.6 × 10−

5 [9].

Lepton number violating (LNV) processes such as D
+ →

π
− µ

+ µ
+ (shown in Fig. 1(d)) are forbidden in the SM, because

they may only occur through lepton mixing facilitated by a non-SM

particle such as a Majorana neutrino [10]. The most stringent lim-

its on the analysed decays at 90% CL are B(D
+ → π

− µ
+ µ

+ ) <

2 × 10−
6 and B(D

+
(s)

→ π
− µ

+ µ
+ ) < 1.4 × 10−

5 set by the BaBar

Collaboration [11]. B meson decays set the most stringent limits

on LNV decays in general, with B(B+ → π
− µ

+ µ
+ ) < 1.3 × 10−

8

at 95% CL set by the LHCb Collaboration [12].

This Letter presents the results of a search for D
+
(s)

→ π
+ µ

+ µ
−

and D
+
(s)

→ π
− µ

+ µ
+ decays using pp collision data, correspond-

ing to an integrated luminosity of 1.0 fb
−1 , at

√ s = 7 TeV recorded

by the LHCb experiment. The signal channels are normalised

to the control channels D
+
(s)

→ π
+ φ with

φ → µ
+ µ

− , which

have branching fraction products of B(D
+ → π

+ (φ → µ
+ µ

− )) =

(1.60 ± 0.13) × 10−
6 and B(D

+
s

→ π
+ (φ → µ

+ µ
− )) = (1.29 ±

0.14) × 10−
5 [13].

2. The LHCb detector and trigger

The LHCb detector [14] is a single-arm forward spectrometer

covering the pseudorapidity range 2 < η < 5, designed for the

study of particles containing b or c quarks. The detector includes

0370-2693/ © 2013 CERN. Published by Elsevier B.V. All rights reserved.
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integrated luminosity of 0.9 fb −1, of pp collisions collected at a centre-of-mass energy of 7 TeV by the

LHCb experiment. The observed number of events is consistent with the background expectations and

corresponds to an upper limit of B(D 0 → µ+
µ−

) < 6.2 (7.6) × 10 −9
at 90% (95%) confidence level. This

result represents an improvement of more than a factor twenty with respect to previous measurements.

© 2013 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction
Flavour-changing neutral current (FCNC) processes are highly

suppressed in the Standard Model (SM) since they are only al-

lowed at loop level and are affected by Glashow–Iliopoulos–Maiani

(GIM) suppression [1]. They have been extensively studied in pro-

cesses that involve K and B mesons. In D meson decays, FCNC

processes are even more suppressed by the GIM mechanism, due

to the absence of a high-mass down-type quark. The D 0 → µ+
µ−

decay is very rare in the SM because of additional helicity suppres-

sion. The short distance perturbative contribution to the branching

fraction (B) is of the order of 10 −18
while the long distance non-

perturbative contribution, dominated by the two-photon interme-

diate state, is about 2.7 × 10 −5 × B(D 0 → γ γ ) [2]. The current

upper limit on B(D 0 → γ γ ) of 2.2 × 10 −6
at 90% confidence level

(CL) [3] translates into an upper bound for the SM prediction for

B(D 0 → µ+
µ−

) of about 6 × 10 −11. Given the current upper limit

on B(D 0→ µ+
µ−

) of 1.4 × 10 −7
at 90% CL [4], there is therefore

more than three orders of magnitude in B(D 0→ µ+
µ−

) to be ex-

plored before reaching the sensitivity of the theoretical prediction.

Different types of beyond the Standard Model (BSM) physics

could contribute to D 0 → µ+
µ−

decays and some could give en-

hancements with respect to the short distance SM prediction of

several orders of magnitude. These include R-parity violating mod-

els [2,5] and models with Randall–Sundrum warped extra dimen-

sions [6], with predictions for B(D 0 → µ+
µ−

) up to a few times

10 −10. In general, searches for BSM physics in charm FCNC pro-

cesses are complementary to those in the B and K sector, since

they provide unique access to up-type dynamics, the charm being

the only up-type quark undergoing flavour oscillations.

In this Letter, the search for the D 0 → µ+
µ−

decay is per-

formed using D ∗+ → D 0
(µ+

µ−
)π +

decays, with the D ∗+
pro-

✩
© CERN for the benefit of the LHCb Collaboration.

duced directly at a pp collision primary vertex (PV). The inclusion

of charge conjugated processes is implied throughout the Letter.

The data samples used in this analysis were collected during

the year 2011 in pp collisions at a centre-of-mass energy of 7 TeV

and correspond to an integrated luminosity of about 0.9 fb −1.

2. Detector and simulation
The LHCb detector [7] is a single-arm forward spectrometer

covering the pseudorapidity range 2 < η < 5, designed for the

study of particles containing b or c quarks. The detector includes

a high precision tracking system consisting of a silicon-strip ver-

tex detector surrounding the pp interaction region, a large-area

silicon-strip detector located upstream of a dipole magnet with a

bending power of about 4 Tm, and three stations of silicon-strip

detectors and straw drift tubes placed downstream. The combined

tracking system provides momentum measurement with relative

uncertainty that varies from 0.4% at 5 GeV/c to 0.6% at 100 GeV/c,

and an impact parameter (IP) resolution of 20 µm for tracks with

high transverse momentum. Charged hadrons are identified using

two ring-imaging Cherenkov (RICH) detectors. Photon, electron and

hadron candidates are identified by a calorimeter system consisting

of scintillating-pad and pre-shower detectors, an electromagnetic

calorimeter and a hadronic calorimeter. Muons are identified by a

system composed of alternating layers of iron and multi-wire pro-

portional chambers. The trigger consists of a hardware stage, based

on information from the calorimeters and muon systems, followed

by a software stage that applies a full event reconstruction [8].

Events are triggered and offline-selected in a way that is sim-

ilar for the signal channel D ∗+ → D 0
(µ+

µ−
)π +, the normali-

sation channel D ∗+ → D 0
(π +

π −
)π +, and the control channels

J/ψ → µ+
µ−, D ∗+ → D 0

(K −
π +

)π +, and D 0 → K −
π +

selected

without the D ∗
requirement.

All events are triggered at the hardware stage by requiring

one muon with transverse momentum pT > 1.5 GeV/c or two

0370-2693/ © 2013 CERN. Published by Elsevier B.V. All rights reserved.
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Observation ofD0 ! !D0 Oscillations
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We report a measurement of the time-dependent ratio of D0 ! Kþ!" to D0 ! K"!þ decay rates in

D#þ-tagged events using 1:0 fb"1 of integrated luminosity recorded by the LHCb experiment. We

measure the mixing parameters x02 ¼ ð"0:9& 1:3Þ ( 10"4, y0 ¼ ð7:2& 2:4Þ ( 10"3, and the ratio of

doubly-Cabibbo-suppressed to Cabibbo-favored decay rates RD ¼ ð3:52& 0:15Þ ( 10"3, where the

uncertainties include statistical and systematic sources. The result excludes the no-mixing hypothesis

with a probability corresponding to 9.1 standard deviations and represents the first observation ofD0 " !D0

oscillations from a single measurement.

DOI: 10.1103/PhysRevLett.110.101802 PACS numbers: 12.15.Ff, 13.25.Ft, 14.40.Lb

Meson-antimeson oscillations are a manifestation of
flavor changing neutral currents that occur because
the flavor eigenstates differ from the physical mass
eigenstates of the meson-antimeson system. Short-range
quark-level transitions as well as long-range processes
contribute to this phenomenon. The former are governed
by loops in which virtual heavy particles are exchanged,
making the study of flavor oscillations an attractive area
to search for physics beyond the standard model (SM).
Oscillations have been observed in the K0 " !K0 [1],
B0 " !B0 [2], and B0

s " !B0
s [3] systems, all with rates in

agreement with SM expectations. Evidence of D0 " !D0

oscillations has been reported by three experiments using
different D0 decay channels [4–8]. Only the combination
of these measurements provides confirmation of D0 " !D0

oscillations, also referred to as charm mixing, with more
than 5" significance [9]. While it is accepted that charm
mixing occurs, a clear observation of the phenomenon
from a single measurement is needed to establish it
conclusively.

Charm mixing is characterized by two parameters: the
mass and decay width differences, "m and "#, between
the two mass eigenstates expressed in terms of the dimen-
sionless quantities x ¼ "m=# and y ¼ "#=2#, where # is
the average D0 decay width. The charm mixing rate is
expected to be small, with predicted values of jxj, jyj &
Oð10"2Þ, including significant contributions from nonper-
turbative long-range processes that compete with the
short-range electroweak loops [10–13]. This makes the
mixing parameters difficult to calculate and complicates
the unambiguous identification of potential non-SM con-
tributions in the experimental measurements [14–16].

In the analysis described in this Letter, D0 " !D0 oscil-
lations are observed by studying the time-dependent ratio
of D0 ! Kþ!" to D0 ! K"!þ decay rates [17]. The D0

flavor at production time is determined using the charge
of the soft (low-momentum) pion, !þ

s , in the strong
D#þ ! D0!þ

s decay. The D#þ ! D0ð! K"!þÞ!þ
s pro-

cess is referred to as right-sign (RS), whereas the D#þ !
D0ð! Kþ!"Þ!þ

s is designated as wrong-sign (WS). The
RS process is dominated by a Cabibbo-favored (CF) decay
amplitude, whereas the WS amplitude includes contribu-
tions from both the doubly-Cabibbo-suppressed (DCS)
D0 ! Kþ!" decay, as well as D0 " !D0 mixing followed
by the favored !D0 ! Kþ!" decay. In the limit of small
mixing (jxj, jyj ) 1), and assuming negligible CP viola-
tion, the time-dependent ratio, R, of WS to RS decay rates
is approximated by [10]

RðtÞ * RD þ
ffiffiffiffiffiffiffi
RD

p
y0

t

#
þ x02 þ y02

4

"
t

#

#
2
; (1)

where t=# is the decay time expressed in units of the
average D0 lifetime #, RD is the ratio of DCS to CF decay
rates, x0 ¼ x cos$þ y sin$, y0 ¼ y cos$" x sin$, and $
is the strong phase difference between the DCS and CF
amplitudes.
The analysis is based on a data sample corresponding to

1:0 fb"1 of
ffiffiffi
s

p ¼ 7 TeV pp collisions recorded by LHCb
during 2011. The LHCb detector [18] is a single-arm
forward spectrometer covering the pseudorapidity range
2< %< 5, designed for the study of particles containing b
or c quarks. Detector components particularly relevant for
this analysis are the silicon Vertex Locator, which provides
identification of displaced, secondary vertices of b- and
c-hadron decays; the tracking system, which measures
charged particles with momentum resolution "p=p that
varies from 0.4% at 5 GeV=c to 0.6% at 100 GeV=c,
corresponding to a typical mass resolution of approxi-
mately 8 MeV=c2 for a two-body charm-meson decay;
and the ring imaging Cherenkov detectors, which provide
kaon-pion discrimination.

*Full author list given at the end of the article.
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