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Why is charm charming?

• Unique and powerful probe of flavour 
effects beyond the standard model


• Charm quark is the only up-type quark for 
which we can study mixing and CPV


• Complements searches done in K and 
B systems, interplays with high-pT (top 
physics) and low-energy (EDMs) 
probes


• Gives the best bounds on generic new 
physics models after kaon mixing


• LHCb has the opportunity to exploit fully 
the charm sector as a probe for new 
physics
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Figure 2. Current constraints of neutral meson oscillation measurements on new �F = 2
dimension six operator contributions, given in terms of the e↵ective operator scale (for generic
flavour structures on the left and in the MFV limit on the right) or Wilson coe�cients’ size (in
the centre). Bounds on the CP conserving and CP violating contributions are shown in blue
and red, respectively (see text for details).

operators involving only SM fields [4] via the matching procedure

LBSM ! L⌫SM +
X

d>4

Q(d)
i

⇤d�4
, (3)

where d is the canonical operator dimension. Below the EW breaking scale, these new
contributions can lead to (a) shifts in the Wilson coe�cients corresponding to Qi present in
Le↵

weak already within the SM; (b) the appearance of new e↵ective local operators. In both cases,
the resulting e↵ects on the measured flavour observables can be computed systematically. Given
the overall good agreement of SM predictions with current experimental measurements, such
procedure typically results in severe bounds on the underlying NP flavour breaking sources in
LBSM.

Let us consider the canonical example of NP in �F = 2 processes associated with oscillations
of neutral mesons (for recent extended discussion see [5]). The leading (d = 6) NP operators
are of the form Q(6)

AB ⇠ z

ij [q̄i�A
qj ]⌦ [q̄i�B

qj ], where qi denote the SM quark fields, while �A,B

denote the Cli↵ord algebra generators. Assuming z

ij to be generic O(1) complex numbers,
z ⇠ exp(i�NP), the reach of current constraints in terms the probed NP scales ⇤ are shown
in Fig. 2 (left). It is important to stress that most of these constraints are currently limited
by theory (i.e. lattice QCD inputs [6]) and parametric uncertainties. Consequently, significant
future improvements will require a corroborative e↵ort of mostly lattice QCD methods on the
theory side, as well as improved experimental determinations of SM CKM parameters by flavour
experiments, most notably LHCb and Belle II. Among the few �F = 2 observables which
remain largely free from theoretical uncertainties are those related to CP violation in D

0 and
Bs oscillations. These are expected to remain e↵ective experimental null-tests of the SM in the
foreseeable future.

The current severe flavour bounds could be interpreted as a requirement on beyond SM
(BSM) degrees of freedom to exhibit a large mass gap with respect to the EW scale (if the
NP flavour and CP breaking sources are of order one and not aligned with Yu,d). Conversely,
TeV scale NP (c.f. Fig. 2 (centre)) can only be reconciled with current experimental results,
provided it exhibits su�cient flavour symmetry or structure, such that |zij | ⌧ 1 (the extreme
case being minimal flavour violation (MFV) [7], where one requires Yu,d to be the only sources
of flavour breaking even BSM) . However, even in this most minimalistic scenario, the suggestive
pattern of masses and mixing observed in both the quark and lepton (neutrino) sectors remains
largely unexplained. It thus remains as one of the ultimate goals of flavour physics to determine
whether the observed hierarchies and structures of flavour parameters are purely accidental, or
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Charm mixing and CP violation

• Mixing is well established, but CP 
violation is not


• Available mixing measurements are 
mostly based on decays to two-body 
final states


• These are primarily sensitive to y 
(x≤0 excluded only at 2.1σ)


• It is crucial to improve sensitivity on x 
as the most sensitive CP-violation 
observables are proportional to x sin!


• Need more measurements of 
multibody decays
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First LHCb measurement of charm mixing with 
multibody decays
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New for LHCP



• Multiple interfering amplitudes enhance the sensitivity to mixing

• Requires a challenging time-dependent Dalitz-plot analysis

Mixing with D0→KSπ+π–
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D0→KSπ+π– with a model-independent approach

• Avoid amplitude analysis by integrating over Dalitz-plot bins with constant 
strong-phase variation [PRD 82 (2010) 034033]  
 
 
 
 
 
 
 
 

• Constrain hadronic parameters (Tk,ck,sk) to values measured by the CLEO 
experiment [PRD 82 (2010) 112006]


• Mostly insensitive to variation of efficiency over the Dalitz plot
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Figure 6.1: Equal-�� binning scheme designed to improve sensitivity to ��Ks⇡+⇡�

extraction [67].

crucial for this measurement, the analysis is summarised here. The CLEO analysis
is based on the quantum correlated decays of  (3770) ! D0

¯D0, D0 ! KS⇡+⇡�.
Given that CP ( (3770)) = �1, if one reconstructs the companion D0 in a CP eigen-
state, one gets immediate information about the CP content of the signal ¯D0 candi-
date. With a CP tag and assuming no direct CP violation, the decay amplitude of
¯D0 ! KS⇡+⇡� is given by

aCP±
(m2

+,m2
�)

=

1p
2

⇣

a(m2
+,m2

�) ± a(m2
�,m2

+)

⌘

(6.12)

for the CP-even (+) and CP-odd (-) states of ¯D0 ! KS⇡+⇡� decay. The number of
events in the bin i of a CP-tagged Dalitz plot is then

M±
i = h±CP (Ti ± 2ci

p

TiT�i + T�i) (6.13)

where h±CP = S±/2Sf is a normalization factor with Sf being the number of flavour
tagged signal decays and S± is the number of D0 mesons decaying into a CP eigen-
state irrespective of the other D meson (corrected for efficiencies). Alternatively,
one can use the branching fractions of D0 to a flavour tag (Bf ) and to a CP eigen-
state (B±) to get the normalization factor h±CP = B±/2Bf . This makes the sample
single-tagged. This way, one can gain access to ci by measuring the number of

84

+k

�k

LHCb-PAPER-2015-042  
(in preparation)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.034033
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.112006


Analysis overview

• Flavour tagging provided by D*+→D0π+


• Simultaneous fit to all Dalitz bins


• Δm-m(D0) fit separates charm signal 
from background


• t-log("2IP) fit determines the time 
evolution separating primary D* from a 
small fraction of B→D*X decays.


• Decay-time acceptance determined from 
data


• Validated by measuring the D0 lifetime 
consistent with the world-average value
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Figure 7: Additional plots. The ln�2
IP projection from the mixing-insensitive fit to data. The

curves show the results of the second fit, described in Sec. 4.4, in slices of decay time. The
components are: the total (solid black), the prompt component (solid green) the secondary
component (dot-dashed blue), and the combinatorial component (dashed red). From top left to
bottom right, the slices of t

D

are: 0.30–0.35, 0.35–0.45, 0.45–0.55, 0.55–0.75, 0.75–1.05, 1.05–1.35,
1.35–2.00, 2.00–2.65, 2.65–3.55, 3.55–4.25, 4.25–5.00 ps. In the final bins (t

D

> 2.65 ps), the
number of events in the mass sidebands is small and fluctuations are visible in the nonparametric
combinatorial background PDF.
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Figure 2: Decay time projection from the mixing-insensitive fit to data. The curves show the
results of the fit described in Sec. 4.4: the total (solid black), the prompt component (solid
green), the secondary component (dot-dashed blue), and the combinatorial component (dashed
red). Both plots show the same data sample but with linear (left) and logarithmic (right) vertical
scales.

4.5 Fits to mD and �m310

The third step consists of separate fits to the (m
D

,�m) distributions of the phase space311

bins. The fits include three components: D⇤+ signal (sig), background from genuine D

0
312

that are combined with an unrelated soft pion (Dbg), and combinatorial background (cmb).313

In each case, the PDF is assumed to factorise into m

D

-dependent and �m-dependent314
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• First model-independent 
measurement of x and y  
 
 
 

• Compatible (but not yet competitive) 
with other experiments


!

!

!
!

!
!
!
!
!
!
!
!

• Statistical precision limited by lack 
of trigger in 2011 for KS decaying 
downstream of the VELO

• Approximately 10x more signal 

yield expected in 2012 data
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Figure 1: Fitted m

D

distribution of selected data with fit superimposed. Both plots show the
same data sample but with (left) linear and (right) logarithmic vertical scales. The curves
show the results of the first fit, described in Sec. 4.2: the total (solid black), the background
component (dotted), and the signal component (grey, right only). There is a small deviation
from the fit curve at m

D

< 1.79GeV/c2; this is due to partially reconstructed backgrounds such
as D0 ! K

0
S⇡

+
⇡

�
⇡

0 which do not a↵ect the signal region.

signal at short decay times. Other criteria in the reconstruction and selection have similar188

e↵ects. The time-dependent fits must, therefore, take account of this nonuniform decay189

time acceptance. A data-driven method known as swimming [27] is used. This approach190

follows that used in previous LHCb measurements of the mixing and indirect CP violation191

parameters, y
CP

and A�, in D

0 decays [28, 29], and at prior experiments [30–33].192

The principle of the method is that the decay time acceptance is determined by a193

series of well-defined and reproducible selection criteria. A D

⇤+ candidate is selected if194

and only if all of these criteria are fulfilled. (In practice they are applied to the measured195

rather than the true decay time; the resolution is neglected here and considered as a196

systematic e↵ect in Sec. 5.) Given a D

⇤+ candidate, the tests of these requirements can be197

repeated. Moreover, they can be carried out after modifying the candidate—specifically,198

with a di↵erent decay time. By repeatedly testing the criteria for many decay time values199

spanning the allowed range, the acceptance function for an individual candidate may be200

determined empirically. Aside from a correction factor discussed later in this section, the201

value of this function is 1 for those decay times at which all of the criteria are fulfilled, and202

0 at all other times. Since candidates with t

D

< 0.3 ps are rejected, the acceptance function203

is zero below that point. It must also be zero at very large decay times, both because of204

the upper bound on t

D

and because of the finite length of the vertex detector. Therefore,205

the acceptance function will take the form of a top-hat function [⇥(t
D

� t0)�⇥(t
D

� t1)],206

where ⇥ is the Heaviside function and t1 > t0, or of the sum of several nonoverlapping207

top-hat functions. The decay times at which the acceptance changes between 0 and 1 are208

referred to as the turning points.209

For approximately 90% of selected candidates, the acceptance is a single top-hat with210

exactly two turning points. The remaining candidates have a more complicated acceptance211
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Results (preliminary)
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4.3. Track reconstruction 51

VELO track

upstream track

T-track

long track

downstream track

VELO
TT

T-stations

Figure 4.6: Sketch of the di↵erent types of tracks. Figure taken from Ref. [53].

4.3 Track reconstruction

The track reconstruction is performed in three di↵erent stages. First, the pattern
recognition tries to identify measurements in the tracking detectors which one charged
particle initiates. All tracking detectors are either located outside of the magnetic
field (VELO) or inside the fringe field (TT and T -stations). Thus, the trajectories of
charged particles are to a good approximation straight lines in the tracking systems of
the LHCb detector. This and that they originate from the primary interaction region is
exploited by the pattern recognition algorithms. The momentum of a charged particle
is determined by measuring the slopes of its trajectory before and after the magnet.
The reconstructed tracks can be categorised into five distinct types, see Figure 4.6:

Long tracks are associated to particles which traverse the whole tracking system.
They contain measurements from the VELO, the T stations and optionally from
the TT. They have the best possible momentum and impact parameter6 resolution
and are the basis of most reconstructed decays. The momentum resolution varies
from 0.4% at 2GeV/c to 0.6% at 100GeV/c. The impact parameter resolution is
about 20µm for particles with p

T

> 2GeV/c.

Downstream tracks are built out of measurements from the TT and the T stations.
Their momentum resolution is comparable to long tracks for low momentum
particles but gets worse for high momentum particles. The impact parameter
resolution is significantly worse as the trajectory has to be propagated through
a part of the magnetic field. They are important to reconstruct the decays of
K0

S mesons and ⇤ baryons as these often decay outside of the VELO due to their
relatively long lifetime.

Upstream tracks contain measurements from the VELO and the TT and belong to
charged particles that are bent out of the detector due to their relatively small

6The impact parameter is defined as the distance of closest approach between a particle trajectory
and the primary vertex. In the case of multiple primary vertices, usually the nearest is taken.

51

x = (0.86± 0.53± 0.17)⇥ 10�2

y = (0.03± 0.46± 0.13)⇥ 10�2

LHCb-PAPER-2015-042  
(in preparation)

x = (0.56± 0.19+0.07
�0.13)⇥ 10�2

y = (0.30± 0.15+0.05
�0.08)⇥ 10�2

x = (0.16± 0.23± 0.14)⇥ 10�2

y = (0.57± 0.20± 0.15)⇥ 10�2

Belle [PRD 89 (2014) 091103]


BaBar [PRL 105 (2010) 081803]



First LHCb amplitude analysis of charm decays
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Amplitude analysis of D0→KSK±π∓

• Benchmark for future LHCb 
multibody analysis

• D0→KSπ+π–


• D+→π+π–π+


• etc…


• Useful for future measurements of 
charm mixing and determinations 
of γ in B–→D0K– decays


• Full Run 1 dataset with KS 
decaying both in the VELO or 
downstream of the VELO

10

D*+�D0(�KSK–π+)π+ (favoured)

D*+�D0(�KSK+π-)π+ (suppressed)
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Figure 2: (Color online) Mass (left) and �m (right) distributions for the D0 ! K0

SK
�⇡+ (top) and

D0 ! K0

SK
+⇡� (bottom) samples with fit results superimposed. The long-dashed (blue) curve

represents the D⇤(2010)+ signal, the dash-dotted (green) curve represents the contribution of real
D0 mesons combined with incorrect ⇡+

slow

and the dotted (red) curve represents the combined
combinatorial and D0 ! K0

S⇡
+⇡�⇡0 background contribution. The vertical solid lines show the

signal region boundaries, and the vertical dotted lines show the sideband region boundaries.

quoted in Table 1 for both decay modes.144

The Dalitz plots [30] for data in the two-dimensional signal region are shown in Fig. 3.145

Both decays are dominated by a pronounced K⇤(892)± structure. The K⇤(892)0 is also146

visible as a destructively interfering contribution in the D0 ! K0

SK
�⇡+ mode and the147

low-m2

K

0
S⇡

region of the D0 ! K0

SK
+⇡� mode, while a clear excess is seen in the high-m2

K

0
S⇡

148

region. A second kinematic fit that additionally constrains the D0 mass to its known value149
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Details on amplitude model

• Isobar model  
 
 
 
 

• Considered up to 15 resonances:


• K*(892,1410,1680)±,0 and K*0,2(1430)±,0 → K(S)π


• a0(980,1450)±, a2(1320)± and ρ(1450,1700)± → KSK


• Relativistic Breit-Wigner shapes for all but


• ρ(1450,1700)± → Gounaris-Sakurai function for P-wave ππ scattering


• a0(980)± → Flatté form for near-threshold state


• Two different parameterisations for K(S)π S-wave: LASS or generalised LASS (GLASS)

11
LHCb-PAPER-2015-026  

(in preparation)

A(m1,m2) = ∑k ak eio  fk(m1,m2)2 2 2 2k/

amplitude       phase       lineshape

Table 1: Signal yields and estimated background rates in the two-dimensional signal region. The
larger mis-tag rate in the D0 ! K0

SK
+⇡� mode is due to the di↵erent branching fractions for the

two modes. Only statistical uncertainties are quoted.

Mis-tag Combinatorial
Mode Signal yield background [%] background [%]

D0 ! K0

SK
�⇡+ 113 290 ± 130 0.89 ± 0.09 3.04 ± 0.14

D0 ! K0

SK
+⇡� 76 380 ± 120 1.93 ± 0.16 2.18 ± 0.15
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Figure 3: Dalitz plots of the D0 ! K0

SK
�⇡+ (left) and D0 ! K0

SK
+⇡� (right) candidates in the

two-dimensional signal region.

is performed and used for all subsequent parts of this analysis. This fit further improves150

the resolution in the two-body invariant mass coordinates and forces all candidates to lie151

within the kinematically allowed region of the Dalitz plot. Finally, a veto is applied to152

candidates close to the kinematic boundaries; this is detailed in Sect. 4.3.153

4 Analysis formalism154

The dynamics of a decay D0 ! ABC, where A, B, C and D0 are all pseudoscalar mesons, is155

completely described by two variables. The conventional choice is to use a pair of squared156

invariant masses, this paper will use m

2

K

0
S⇡

⌘ m

2(K0

S⇡) and m

2

K⇡ ⌘ m

2(K⇡) as this choice157

highlights the dominant resonant structure of the D0 ! K0

SK
±⇡⌥ decay modes.158
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Figure 12: (Color online) Distribution of m2

K⇡ in the D0 ! K0

SK
�⇡+ mode with fit curves from the

best GLASS model superimposed. The solid blue curve shows the full PDF P
K

0
SK

�⇡+(m2

K

0
S⇡
,m2

K⇡).

The dotted blue (red) curve shows the mis-tag (combinatorial) background contribution, and
all other curves show isobar model components. Solid curves show direct contributions from
particular resonances, while the dashed curves show interference terms. The purple curve labeled
‘remainder’ is an exception; this is the sum of all model contributions which are not drawn
explicitly. The lower plot shows the normalized residuals di�mip

mi
, where d

i

and m
i

are the number

of candidates and average PDF value in bin i.
48

preliminary

"2/bin = 1.12

Table 1: Signal yields and estimated background rates in the two-dimensional signal region. The
larger mis-tag rate in the D0 ! K0

SK
+⇡� mode is due to the di↵erent branching fractions for the

two modes. Only statistical uncertainties are quoted.
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Figure 3: Dalitz plots of the D0 ! K0

SK
�⇡+ (left) and D0 ! K0

SK
+⇡� (right) candidates in the

two-dimensional signal region.

is performed and used for all subsequent parts of this analysis. This fit further improves150

the resolution in the two-body invariant mass coordinates and forces all candidates to lie151

within the kinematically allowed region of the Dalitz plot. Finally, a veto is applied to152

candidates close to the kinematic boundaries; this is detailed in Sect. 4.3.153

4 Analysis formalism154

The dynamics of a decay D0 ! ABC, where A, B, C and D0 are all pseudoscalar mesons, is155

completely described by two variables. The conventional choice is to use a pair of squared156

invariant masses, this paper will use m

2
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2(K0

S⇡) and m

2

K⇡ ⌘ m

2(K⇡) as this choice157

highlights the dominant resonant structure of the D0 ! K0

SK
±⇡⌥ decay modes.158
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Figure 18: (Color online) Distribution of m2

K⇡ in the D0 ! K0

SK
+⇡� mode with fit curves from

the best GLASS model superimposed. The caption of Fig. 12 describes the meaning of the various
curves.
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Table 1: Signal yields and estimated background rates in the two-dimensional signal region. The
larger mis-tag rate in the D0 ! K0

SK
+⇡� mode is due to the di↵erent branching fractions for the

two modes. Only statistical uncertainties are quoted.

Mis-tag Combinatorial
Mode Signal yield background [%] background [%]

D0 ! K0

SK
�⇡+ 113 290 ± 130 0.89 ± 0.09 3.04 ± 0.14

D0 ! K0

SK
+⇡� 76 380 ± 120 1.93 ± 0.16 2.18 ± 0.15

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

m

2
K⇡ [ GeV2

/c

4 ]

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

m

2 K
0 S
⇡

[G
eV

2 /
c

4
]

LHCb
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�⇡+ (left) and D0 ! K0

SK
+⇡� (right) candidates in the

two-dimensional signal region.

is performed and used for all subsequent parts of this analysis. This fit further improves150

the resolution in the two-body invariant mass coordinates and forces all candidates to lie151

within the kinematically allowed region of the Dalitz plot. Finally, a veto is applied to152

candidates close to the kinematic boundaries; this is detailed in Sect. 4.3.153

4 Analysis formalism154

The dynamics of a decay D0 ! ABC, where A, B, C and D0 are all pseudoscalar mesons, is155

completely described by two variables. The conventional choice is to use a pair of squared156

invariant masses, this paper will use m

2

K

0
S⇡

⌘ m

2(K0

S⇡) and m

2
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2(K⇡) as this choice157
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Plenty of auxiliary measurements (preliminary)
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B(D0 ! K0
SK

�⇡+)

B(D0 ! K0
SK

+⇡�)
= 0.655± 0.004± 0.006

B(D0 ! K⇤+K�)

B(D0 ! K⇤�K+)
= 0.370± 0.003± 0.012

RK0
SK⇡ = 0.573± 0.007± 0.019

RK⇤K = 0.831± 0.004± 0.010

�K0
SK⇡ � �K⇤K = (0.2± 0.6± 1.1)�

F+ = 0.777± 0.003± 0.009

Model-dependent search for CP 
violation

Consistent with CP symmetry 
with ~50% p-value

Ratio of suppressed to favoured BF

Coherence factor

Coherence factor and strong-phase 
difference

CP-even fraction

SU(3) Favours small η-η’ mixing angle

All world’s best results

LHCb-PAPER-2015-026  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More CP violation searches
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CP violation in D0→KSKS

• Decay amplitude dominated by long-
distance contributions

• Short-distance amplitudes largely 

cancel, but interference can enhance 
the CP asymmetry to O(1%)


• Experimentally challenging: vertexing of 
two (very) long-lived particles


• Only previous measurement from CLEO 
has poor precision [PRD 63 (2001) 071101]

16

VcdV*ud ≈ –VcsV*us

ACP = (23± 19)⇥ 10�2

W s
c

u

d

d

W d
c

u

s

s

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.63.071101


CP violation in D0→KSKS

• Flavour tagging provided by D*+→D0π+


• Candidates separated according to 
where the two KS decay


• Total of ~600 candidates in full Run 1 
dataset 
 

• Significant improvement over previous 
measurement, though with no  
indication of CP violation


• Run 2 sensitivity will greatly improve 
thanks to more dedicated trigger lines

17
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Figure 3: Distributions of �m split into (left) D⇤+, (right) D⇤� and (top) LD, (bottom) DD,
including the fit function. The solid (black) line corresponds to the total fit, the dashed (grey)
line corresponds to the background, while the dash-dotted (blue) line represents the signal
contribution.

are determined using the control channel. However, the control channel contains charged
kaons which introduce an additional detection asymmetry, as the interaction cross-sections
of K+ and K� with the detector material are di↵erent. In Ref. [24], the charged kaon
detection asymmetry has been measured to be in the range 0.008 to 0.012. Assuming
the pion detection asymmetry to be negligible, and including possible trigger e↵ects, a
correction of �0.010± 0.005 is applied to the observed asymmetry in the control channel,
resulting in a corrected value of �0.009± 0.005. The absolute value of this number and
its uncertainty are added in quadrature and assigned as a conservative estimate of the
systematic uncertainty due to production and detection asymmetries.

Other checks have been performed but found to have statistically insignificant e↵ects.
These tests include the split into di↵erent trigger types, di↵erent run periods, and di↵erent

6

D*–

D*–

D*–

ACP = (�2.9± 5.2± 2.2)⇥ 10�2

4.3. Track reconstruction 51

VELO track

upstream track

T-track

long track

downstream track

VELO
TT

T-stations

Figure 4.6: Sketch of the di↵erent types of tracks. Figure taken from Ref. [53].

4.3 Track reconstruction

The track reconstruction is performed in three di↵erent stages. First, the pattern
recognition tries to identify measurements in the tracking detectors which one charged
particle initiates. All tracking detectors are either located outside of the magnetic
field (VELO) or inside the fringe field (TT and T -stations). Thus, the trajectories of
charged particles are to a good approximation straight lines in the tracking systems of
the LHCb detector. This and that they originate from the primary interaction region is
exploited by the pattern recognition algorithms. The momentum of a charged particle
is determined by measuring the slopes of its trajectory before and after the magnet.
The reconstructed tracks can be categorised into five distinct types, see Figure 4.6:

Long tracks are associated to particles which traverse the whole tracking system.
They contain measurements from the VELO, the T stations and optionally from
the TT. They have the best possible momentum and impact parameter6 resolution
and are the basis of most reconstructed decays. The momentum resolution varies
from 0.4% at 2GeV/c to 0.6% at 100GeV/c. The impact parameter resolution is
about 20µm for particles with p

T

> 2GeV/c.

Downstream tracks are built out of measurements from the TT and the T stations.
Their momentum resolution is comparable to long tracks for low momentum
particles but gets worse for high momentum particles. The impact parameter
resolution is significantly worse as the trajectory has to be propagated through
a part of the magnetic field. They are important to reconstruct the decays of
K0

S mesons and ⇤ baryons as these often decay outside of the VELO due to their
relatively long lifetime.

Upstream tracks contain measurements from the VELO and the TT and belong to
charged particles that are bent out of the detector due to their relatively small

6The impact parameter is defined as the distance of closest approach between a particle trajectory
and the primary vertex. In the case of multiple primary vertices, usually the nearest is taken.

51

LHCb-PAPER-2015-030  
[arXiv:1508.06087]

http://arxiv.org/abs/1508.06087


arXiv:1508.06087 PLB 724 (2013) 203
JHEP 04 (2015) 043 PLB 725 (2013) 16
PLB 740 (2015) 158 JHEP 06 (2013) 112
JHEP 10 (2014) 005 JHEP 06 (2013) 65
JHEP 10 (2014) 025 PLB 723 (2013) 33
JHEP 07 (2014) 041 NPB 871 (2013) 1

PRL 112 (2014) 041801 PRL 110 (2013) 101802
PLB 728 (2014) 234 PLB 718 (2013) 902
PLB 728 (2014) 585 JHEP 10 (2012) 151

PRL 111 (2013) 251801 PLB 713 (2012) 186
PLB 726 (2013) 623 JHEP 04 (2012) 129
JHEP 12 (2013) 90 PRL 108 (2012) 111602
JHEP 09 (2013) 145 PRD 84 (2011) 112008

Charming results from LHCb…
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More Run 1 results to come… and Run 2 just started  
(with 2x more charm produced at 13 TeV)
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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,
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J
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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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) < 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.
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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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