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Mixing in a Nutshell

I Mixing in Neutral Mesons:
mass 6=flavor eigenstates

I Mixing Hamiltonian: H = M− i
2Γ

I Mass Eigenstates:

|D1,2〉 = p|D0〉 ± q|D0〉,
|p|2 + |q|2 = 1

x = m2−m1

Γ y = Γ2−Γ1

2Γ , Γ = Γ1+Γ2

2

3 Types of CPV

Direct CPV (Charged and Neutral)

Af = 〈f |H|D〉,Af = 〈f |H|D〉
∣∣∣Af

Af

∣∣∣ 6= 1

CPV in Mixing (Neutral)

φ = arg
(

q
p

)
6= 0 (weak phase)

or
∣∣∣ qp
∣∣∣ 6= 1

CPV in Interference (Neutral)

arg
(

q
p
Af

Af

)
6= 0
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Charm Mixing in the SM
I Only up-type quark system with

mixing/CPV

I Mixing enters at 1 loop level in SM,
GIM and CKM suppressed

I Non-perturbative long-range effects
may dominate short-range
interactions, difficult to calculate

I x , y expected to be small in short and
long range limits, CPV expected to be
O(10−3) in SM

I If enhancement of CPV is seen, could
be caused by New Physics (NP)

What and Why How Background Studies Next Steps and Proposal

Theory
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The Detector

VELO:

40 fs στ

RICH: K/π Separation
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Fig. 17 Kaon identification efficiency and pion misidentification rate
measured on data as a function of track momentum. Two different
! logL(K − π) requirements have been imposed on the samples, re-
sulting in the open and filled marker distributions, respectively

Fig. 18 Kaon identification efficiency and pion misidentification rate
measured using simulated events as a function of track momentum.
Two different ! logL(K − π) requirements have been imposed on the
samples, resulting in the open and filled marker distributions, respec-
tively

Fig. 19 Proton identification efficiency and pion misidentification rate
measured on data as a function of track momentum. Two different
! logL(p − π) requirements have been imposed on the samples, re-
sulting in the open and filled marker distributions, respectively

Fig. 20 Proton identification efficiency and kaon misidentification rate
measured on data as a function of track momentum. Two different
! logL(p − K) requirements have been imposed on the samples, re-
sulting in the open and filled marker distributions, respectively

Fig. 21 Pion misidentification fraction versus kaon identification efficiency as measured in 7 TeV LHCb collisions: (a) as a function of track
multiplicity, and (b) as a function of the number of reconstructed primary vertices. The efficiencies are averaged over all particle momenta

TT & T Stations:

∆p/p = 0.4%− 0.6% for 5− 100 GeV Tracks

Dipole Magnet:

Charge Separation

I σ(cc̄)LHCb, 7TeV =
1419± 133µb
Nucl.Phys.B 871(2013), 1

I σ(bb̄)LHCb, 7TeV =
75.3± 14.1µb
Phys. Lett. B 694 (2010), 209

I ∼ 350M reconstructed
charm decays in 2011!
(LHCb-TALK-2012-078)

I Results presented
today from√
s = 7 TeV

2011 Data, 1fb−1
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D0 − D
0
Mixing

I Use Decay D∗+ → D0π+
s (+c .c .), use

πs to tag D0 flavor

I D0 → K−π+ (Right Sign)

I D0 → K+π−(Wrong Sign)

What and Why How Background Studies Next Steps and Proposal

D0 K+π−

D
0

DCS

MIX CF
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R(t) = N(WS(t))

N(RS(t))
≈ RD +

√
RDy′Γt + x′2+y′2

4
(Γt)2

PV
D∗

D0

πs K

π

A. Davis University of Cincinnati

D0 − D̄0 mixing and CPV from B → µD∗X 37 / 25

Events are triggered by signatures consistent with a
hadronic charm decay. The hardware trigger demands a
hadronic energy deposition with a transverse component of
at least 3 GeV. Subsequent software-based triggers require
two oppositely-charged tracks to form a D0 candidate with
a decay vertex well separated from the associated primary
pp collision vertex (PV). Additional requirements on the
quality of the online-reconstructed tracks, their transverse
momenta (pT) and their impact parameters (IP), defined
as the distance of closest approach of the reconstructed
trajectory to the PV, are applied in the final stage of the
software trigger. For the offline analysis, only D0 candi-
dates selected by this trigger algorithm are considered.

The D0 daughter particles are both required to have
pT > 800 MeV=c, p > 5 GeV=c, and !2ðIPÞ> 9. The
!2ðIPÞ is defined as the difference between the !2 of the
PV reconstructed with and without the considered particle,
and is a measure of consistency with the hypothesis that the
particle originates from the PV. SelectedD0 candidates are
required to have pT > 3:5 GeV=c and are combined with a
track with pT > 300 MeV=c and p > 1:5 GeV=c to form a
D#þ candidate. Contamination from D mesons originating
from b-hadron decays (secondary D) is reduced by requir-
ing the !2ðIPÞ of theD0 and of"þ

s candidates to be smaller
than 9 and 25, respectively. In addition, the ring imaging
Cherenkov system is used to distinguish between pions and
kaons and to suppress the contamination from misidenti-
fied two-body charm decays in the sample. Backgrounds
from misidentified singly Cabibbo-suppressed decays are
specifically removed by requiring the D0 candidate mass
reconstructed under the KþK% and "þ"% hypotheses to
differ by more than 40 MeV=c2 from the known D0 mass
[19]. Contamination from electrons to the soft pion sample
is also suppressed using particle identification information.
Finally, it is required that theD0 and the "þ

s form a vertex,

which is constrained to the measured PV. Only candidates
with reconstructed K" mass within 24 MeV=c2 of the
known D0 mass and with reconstructed D0"þ

s mass below
2:02 GeV=c2 are considered further. The D0"þ

s mass,
MðD0"þ

s Þ, is calculated using the vector sum of the mo-
menta of the three charged particles and the known D0 and
"þ masses [19]; no mass hypotheses for the D0 daughters
enter the calculation, ensuring that all two-body signal
decays have the same MðD0"þ

s Þ distribution [20]. Events
with multiple RS or WS D#þ candidates occur about 2.5%
of the time, and all candidates are kept.
Figure 1 shows the MðD0"þ

s Þ distribution for the
selected RS and WS candidates. Overlaid is the result of
a binned !2 fit used to separate the D#þ signal component,
with a mass resolution of about 0:3 MeV=c2, from the
background component, which is dominated by associa-
tions of real D0 decays and random pions. The signal mass
shape is modeled as the sum of one Johnson SU [21] and
three Gaussian distributions, which account for the asym-
metric tails and the central core of the distribution, respec-
tively. The background is described by an empirical
function of the form ½MðD0"þ

s Þ %m0'ae%b½MðD0"þ
s Þ%m0',

where the threshold m0 is fixed to the sum of the known
D0 and "þ masses [19]. We reconstruct approximately
3:6( 104 WS and 8:4( 106 RS decays. To determine
the time-dependent WS/RS ratio, the data are divided
into thirteen D0 decay time bins, chosen to have a similar
number of candidates in each bin. The decay time is
estimated from the distance L between the PV and the
D0 decay vertex and from the D0 momentum as t=# ¼
mD0L=p#, where mD0 and # are the known D0 mass and
lifetime [19], respectively. The typical decay-time resolu-
tion is*0:1#. The signal yields for the RS andWS samples
are determined in each decay time bin using fits to the
MðD0"þ

s Þ distribution. The shape parameters and the
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FIG. 1 (color online). Time-integratedD0"þ
s mass distributions for the selected RSD0 ! K%"þ (left) and WSD0 ! Kþ"% (right)

candidates with fit projections overlaid. The bottom plots show the normalized residuals between the data points and the fits.
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∼ 8.4M

RS Decays

∼ 36k

WS Decays

PRL 110, 101802 (2013)
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R(t) = N(WS(t))
N(RS(t)) ≈ RD +

√
RDy

′Γt + x ′2+y ′2
4 (Γt)2

x ′ = x cos δ + y sin δ, y ′ = y cos δ − x sin δ

The decay time, ti, is the average value in each bin of the
RS sample. The fit parameters, !, include the three mixing
parameters (RD, y

0, x02) and five nuisance parameters used
to describe the decay time evolution of the secondary D
fraction (!B) and of the peaking background (!p). The
nuisance parameters are constrained to the measured val-
ues by the additional !2

B and !2
p terms, which account for

their uncertainties including correlations.
The analysis procedure is defined prior to fitting the data

for the mixing parameters. Measurements on pseudoex-
periments that mimic the experimental conditions of the
data, and where D0 ! "D0 oscillations are simulated, indi-
cate that the fit procedure is stable and free of any bias.

The fit to the decay-time evolution of the WS/RS ratio is
shown in Fig. 2 (solid line), with the values and uncertain-
ties of the parameters RD, y

0 and x02 listed in Table I. The
value of x02 is found to be negative but consistent with zero.
As the dominant systematic uncertainties are treated within
the fit procedure (all other systematic effects are negli-
gible), the quoted errors account for systematic as well as
statistical uncertainties. When the systematic biases are not
included in the fit, the estimated uncertainties on RD, y

0,
and x02 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 difference, !!2, follows a !2

distribution for two degrees of freedom, !!2 ¼ 88:6 cor-
responds 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 y0 are shown.
As additional cross-checks, we perform the measure-

ment in statistically independent subsamples of the data,
selected according to different 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 RD, y0, and x02 is 2%, 6%, and 7% of their
uncertainty, respectively.
In conclusion, we measure the decay time dependence of

the ratio between D0 ! Kþ#! and D0 ! K!#þ decays
using 1:0 fb!1 of data and exclude the no-mixing hypothe-
sis at 9.1 standard deviations. This is the first observation of
D0 ! "D0 oscillations in a single measurement. The mea-
sured values of the mixing parameters are compatible with
and have substantially better precision than those from
previous measurements [4,6,23].
We express our gratitude to our colleagues in the CERN

accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative staff at
the LHCb institutes. We acknowledge support from CERN
and from the national agencies: CAPES, CNPq, FAPERJ,

TABLE I. 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 coefficient
(!2=ndf) (10!3) RD y0 x02

Mixing RD 3:52% 0:15 1 !0:954 þ0:882
(9:5=10) y0 7:2% 2:4 1 !0:973

x02 !0:09% 0:13 1
No mixing RD 4:25% 0:04
(98:1=12)
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FIG. 3. Estimated confidence-level (C.L.) regions in the
(x02, y0) plane for 1! C:L: ¼ 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.
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FIG. 2 (color online). Decay-time evolution of the ratio, R, of
WS D0 ! Kþ#! to RS D0 ! K!#þ yields (points) with the
projection of the mixing allowed (solid line) and no-mixing
(dashed line) fits overlaid.
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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 coefficient
(χ2/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
(1σ), 2.7 × 10−3 (3σ) and 5.73 × 10−7 (5σ). 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 χ2 when
the data are described under the assumption of the no-mixing hypothesis (dashed line
in Fig. 2). Under the assumption that the χ2 difference, ∆χ2, follows a χ2 distribution
for two degrees of freedom, ∆χ2 = 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 1σ, 3σ and 5σ 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 different 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
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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 No mixing excluded at 9.1σ

PRL 110, 101802 (2013)

Comparison to
other experiments

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

S⇡
+ and (d) D� ! K0

S⇡
� candidates. The data are represented by symbols

with error bars. The red dashed curves indicate the signal lineshapes, the green solid
lines represent the combinatorial background shape, and the green dotted lines represent
background from mis-reconstructed D+

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

K0
S⇡

+⇡0 or D+
s ! K0

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

fit components.

4 Determination of the yields and asymmetries

For the measurement of ACP , the signal yields are measured in 12 bins of transverse
momentum pT and pseudorapidity ⌘, using binned likelihood fits to the distributions of
the invariant masses m, where m is either m�⇡+ or mK0

S⇡
+ . The values of ACP in each bin

are calculated and a weighted average over the bins is performed to obtain the final result.
This procedure is adopted because the distributions of the two decays in pT and ⌘ di↵er
slightly, as shown in Fig. 4, and the D± production asymmetry may also vary over this
range [11]. The pT � ⌘ binning therefore reduces a potential source of systematic bias.
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φ resonance in Dalitz plot, could
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vary across Dalitz plot
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Figure 1: Variation of the overall phase of the D+ decay amplitude in the � mass
region of the Dalitz plot, from a simulation study based on the CLEO-c amplitude
model in which the phase is defined relative to that of the K⇤(892)0 resonance [14]. To
calculate ACP |S, the region is divided into rectangular zones as shown, corresponding to
1.00 < m(K�K+) < 1.02 GeV/c2 and 1.02 < m(K�K+) < 1.04 GeV/c2 along the y-axis,
and to m2(K�⇡+) < 1.48 GeV2/c4 and m2(K�⇡+) > 1.48 GeV2/c4 along the x-axis.

and of any asymmetry associated with the detection of the pion [12]. In the proximity
of the � meson mass of 1019.46 ± 0.02 MeV/c2 [7] in the D+ ! K�K+⇡+ Dalitz plot,
the kaons have almost identical momentum distributions. Therefore the kaon interaction
asymmetry cancels between the K+ and K� meson daughters of the � resonance. Hence the
search is restricted to decays with K+K� invariant masses in the range 1.00 < mK�K+ <
1.04 GeV/c2.

A concurrent measurement of the CP asymmetry in the D+
s ! K0

S⇡
+ decay, approxi-

mated as

ACP (D+
s ! K0

S⇡
+) = Araw(D+

s ! K0
S⇡

+) � Araw(D+
s ! �⇡+) + ACP (K0/K0), (3)

is performed using the D+
s ! �⇡+ decay as a control channel. This decay is also Cabibbo-

suppressed, with similar contributions from loop amplitudes as the D+ ! �⇡+ decay, but
the number of signal candidates is substantially lower. This is partly due to the lower
D+

s production cross-section [13] and partly because only K0
S mesons with decay times of

less than 40 ps are used in this analysis. In Eq. (3), the e↵ect of the CPV in the neutral
kaon system has a sign opposite to that in Eq. (1) relative to the raw asymmetry in the
D+

(s) ! K0
S⇡

+ decay because the D+
s decays predominantly to a K0 meson while the D+

decays to a K0.
Within the Standard Model, CPV in singly Cabibbo-suppressed charm decays with

contributing tree and penguin amplitudes is expected to be [15]

ACP ⇡
����Im

✓
VubV

⇤
cb

VusV ⇤
cs

◆����R sin �S, (4)
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Figure 3: Observed density of decays in the D+ ! K�K+⇡+ Dalitz plot, with the regions
A-D labelled as described in the text.
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Figure 4: Distributions of transverse momentum pT and pseudorapidity ⌘ for (a) D+ !
K0

S⇡
+ and (b) D+ ! �⇡+ candidates with invariant masses m in the range 1845 < m <

1895 MeV/c2. Candidates that do not fall into the 12 rectangular bins are not used in the
analysis.

The shapes of the D+
(s) ! K0

S⇡
+ mass peaks are described by single Cruij↵ functions [24],

f(m) / exp

 �(m � µ)2

2�2 + (m � µ)2↵L,R

�
(6)

with the peak position defined by the free parameter µ, the width by �, and the tails by
↵L and ↵R. The parameter ↵L is used for m < µ and ↵R for m > µ. In the �⇡+ final state,
Crystal Ball functions [25] are added to the Cruij↵ functions to account for the tails of
the mass peaks. The signal lineshapes are tested on simulated data and found to describe
the data well. The background is fitted with a straight line and an additional Gaussian
component centred at low mass to account for partially reconstructed D+

s ! K0
S (�)⇡+⇡0
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I 4-body decay: many resonances
I KKππ : D0 → φρ,K1(1270)±K∓,K∗(1410)±K∓,etc
I 4π : D0 → ρρ, a1(1260)+π−, etc

I Tree-level and penguin SCS amplitudes

I Look for Direct CPV in regions of 4-body phase space
→5 combinations of 2- and 3-body invariant mass squared

I D0 → (1, 2, 3, 4) : s(1, 2), s(2, 3), s(3, 4), s(1, 2, 3), s(2, 3, 4)

I Identical particles assigned randomly

PV
D⇤
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⇡s h4

h2

h3

h1
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I No Direct CPV in D0 → K−π+π+π− → use as control
channel
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Figure 1: Distributions of (a,c,e) m(hhhh) and (b,d,f) �m for (a,b) D0! K�K+⇡�⇡+, (c,d)
D0! ⇡�⇡+⇡+⇡�, and (e,f) D0! K�⇡+⇡+⇡� candidates for magnet up polarity. Projections
of the two-dimensional fits are overlaid, showing the contributions for signal, combinatorial
background, and random soft pion background. The contributions from D0! K�⇡+⇡�⇡+⇡0

and D+
s ! K�K+⇡�⇡+⇡+ contamination are also shown for the D0! K�K+⇡�⇡+ sample.

The distributions for D0 candidates and magnet down data samples are consistent with the
distributions shown.
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Figure 1: Distributions of (a,c,e) m(hhhh) and (b,d,f) �m for (a,b) D0! K�K+⇡�⇡+, (c,d)
D0! ⇡�⇡+⇡+⇡�, and (e,f) D0! K�⇡+⇡+⇡� candidates for magnet up polarity. Projections
of the two-dimensional fits are overlaid, showing the contributions for signal, combinatorial
background, and random soft pion background. The contributions from D0! K�⇡+⇡�⇡+⇡0

and D+
s ! K�K+⇡�⇡+⇡+ contamination are also shown for the D0! K�K+⇡�⇡+ sample.

The distributions for D0 candidates and magnet down data samples are consistent with the
distributions shown.
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of the two-dimensional fits are overlaid, showing the contributions for signal, combinatorial
background, and random soft pion background. The contributions from D0! K�⇡+⇡�⇡+⇡0

and D+
s ! K�K+⇡�⇡+⇡+ contamination are also shown for the D0! K�K+⇡�⇡+ sample.

The distributions for D0 candidates and magnet down data samples are consistent with the
distributions shown.
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Figure 1: Distributions of (a,c,e) m(hhhh) and (b,d,f) �m for (a,b) D0! K�K+⇡�⇡+, (c,d)
D0! ⇡�⇡+⇡+⇡�, and (e,f) D0! K�⇡+⇡+⇡� candidates for magnet up polarity. Projections
of the two-dimensional fits are overlaid, showing the contributions for signal, combinatorial
background, and random soft pion background. The contributions from D0! K�⇡+⇡�⇡+⇡0

and D+
s ! K�K+⇡�⇡+⇡+ contamination are also shown for the D0! K�K+⇡�⇡+ sample.

The distributions for D0 candidates and magnet down data samples are consistent with the
distributions shown.
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and D+
s ! K�K+⇡�⇡+⇡+ contamination are also shown for the D0! K�K+⇡�⇡+ sample.

The distributions for D0 candidates and magnet down data samples are consistent with the
distributions shown.
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and D+
s ! K�K+⇡�⇡+⇡+ contamination are also shown for the D0! K�K+⇡�⇡+ sample.

The distributions for D0 candidates and magnet down data samples are consistent with the
distributions shown.
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Figure 5: Distributions of (a,c,e) SCP and (b,d,f) raw asymmetry per bin for (a,b)
D0! K�K+⇡�⇡+ decays partitioned with 32 bins, for (c,d) D0! ⇡�⇡+⇡+⇡� decays par-
titioned with 128 bins and for (e,f) the control channel D0! K�⇡+⇡+⇡� partitioned with 128
bins. The points show the data distribution and the solid line is a reference Gaussian distribution
corresponding to the no CPV hypothesis.
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bins. The points show the data distribution and the solid line is a reference Gaussian distribution
corresponding to the no CPV hypothesis.
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D0! K�K+⇡�⇡+ decays partitioned with 32 bins, for (c,d) D0! ⇡�⇡+⇡+⇡� decays par-
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bins. The points show the data distribution and the solid line is a reference Gaussian distribution
corresponding to the no CPV hypothesis.
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bins. The points show the data distribution and the solid line is a reference Gaussian distribution
corresponding to the no CPV hypothesis.
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Charm System LHCb D0 − D
0
Mixing D+ → φπ

+ & D+
s → K 0

Sπ
+ D0 → K−K+

π
+
π
− & → π

−
π

+
π

+
π
− Summary

Summary

I With 1 fb−1 of 2011 LHCb data:
I D0 − D

0
mixing verified (9.1σ)

I CPV constrained in D+ → φπ+ and D+
s → K 0

Sπ
+

I No evidence for CPV in 5D phase space of D0 → K−K+π+π−

or D0 → π−π+π+π−

I 2 fb−1 of 2012 data are currently being analyzed.

I Stay tuned for much more soon!
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