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Vertex locator 
20 μm impact parameter 

resolution, corresponding to 
~45 fs decay-time resolution 

for b/c hadrons

Muon stations 
µ identification efficiency 

~97% for 1-3% π→μ mis-
id probability RICHes 

Excellent Kπ separation across 
a large range in momentum

RICHes 
K identification efficiency ~95% 
for ~5% π→K mis-id probability 

Dipole + tracking stations 
Δp/p = 0.4-0.6% at 5-100 GeV/c

Calorimeters 
Particle identification 

and energy 
measurements for 
electrons/photons 
1%+10%/√(E[GeV])

The beauty of the LHC
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https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227


Finally two concurrent beauty factories
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LHCb Belle II

• Huge advantage in production 
rate, but also large 
backgrounds — stringent 
online selections 

• Superior decay-time resolution 
and access to larger decay 
times (boost) 

• …but tricky efficiency effects 
(e.g. decay-time acceptance) 

• Cleaner environment allows for 
more generous selections — 
milder efficiency effects  

• Better reconstruction of final 
states with neutrals/invisible 
particles 

• Much easier separation 
between promptly produced 
charm and secondary (from-B) 
decays

charm



Prospects of data collection
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1 fb–1 1 ab–1~
@ LHCb @ Belle II



The rule of thumb
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1 fb–1 1 ab–1~
@ LHCb @ Belle II

does not hold for charm
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we require the D∗+ meson momentum calculated in the
center-of-mass system to be greater than 2.5, 2.6, and 3.0
GeV/c for the data taken below the Υ(4S), at the Υ(4S),
and above the Υ(4S) resonance, respectively. This mo-
mentum requirement also removes D∗+ → D0π+

s decays
from B meson decays, which do not give the proper decay
time of the D0 meson due to the finite B-meson lifetime.
The selection criteria described above are chosen by

maximizing RWSNRS
S /

√

RWSNRS
S +NWS

B , where RWS

is the nominal ratio of WS to RS decay rates [3], NRS
S

is the number of events in the RS signal region of the
D∗+-D0 mass difference, ∆M ≡ M(D∗+ → D0(→
Kπ)π+

s ) − M(D0 → Kπ), and NWS
B is that in the WS

sideband regions of ∆M . We define the signal region as
∆M ∈ [0.144, 0.147] GeV/c2 and the background side-
bands as ∆M ∈ [0.141, 0.142] or [0.149, 0.151] GeV/c2.
When counting NRS

S , we subtract background candidates
in the signal region using candidates in the RS sideband
regions.
The measured D0 proper decay time is calculated as

t = mD0 L⃗ · p⃗/|p⃗|2 where L⃗ is the vector joining the de-
cay and production vertices of the D0, p⃗ is the D0 mo-
mentum, and mD0 and τ are the nominal D0 mass and
lifetime [3]. We require the uncertainty on t to satisfy
σt/τ < 1.0, and t/τ ∈ [−5, 10]. These selections are de-
termined from 5000 simplified simulated experiments by
maximizing our sensitivity to the mixing parameters and
minimizing the systematic biases in them.
Using these selections, we find no significant back-

grounds in WS candidates that peak in the signal region
from a large-statistics sample of fully simulated e+e− →
hadrons events in our GEANT3-based [15] Monte Carlo
(MC) simulation. Figure 1 shows the time-integrated
distributions of ∆M from RS and WS candidate events
after applying all the selections described above.
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FIG. 1: Time-integrated distributions for the mass difference
of RS (left) and WS (right) candidates. Points with error bars
are the data; full and dashed lines are, respectively, the signal
and background fits described in the text.

The time-integrated RS signal shown in Fig. 1 is
parametrized as a sum of Gaussian and Johnson SU [16]
distributions with a common mean. The time-dependent
RS signal in each bin of the proper decay time is fit

with a Johnson SU only. The shapes of the WS sig-
nal are fixed using the corresponding RS signal shapes,
and fit with only the signal normalization allowed to
vary. The backgrounds in RS and WS decay events are
fit independently and are parametrized with the form
(∆M −mπ+)αe−β(∆M−m

π+), where α and β are free fit
parameters, and mπ+ is the nominal mass of π+ [3]. The
fits give 2 980 710±1885 RS and 11 478±177 WS de-
cays, giving an inclusive ratio of WS to RS decay rates
of (3.851± 0.059)× 10−3. The uncertainty is statistical
only.

We obtain the resolution function of Eq. (3) from the
proper decay time distribution of RS decays after sub-
tracting a small level of background events using the
sideband regions defined above. This is shown in Fig. 2.
We parametrize the proper decay time distribution of RS
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FIG. 2: Distribution of the proper decay time from
background-subtracted RS decays in the signal region (points
with error bars) and in the sideband regions (shaded). The
curve shows the fit to the signal.

decays with the convolution of an exponential and a res-
olution function that is constructed as the sum of four
Gaussians, R(t/τ) =

∑4
i=1 fiGi(t/τ ;µi,σi), where Gi is

a Gaussian distribution with mean µi and width σi and
fi is its weight. The mean µi is further parametrized
with µi = µ1 + aσi, where µ1 is the mean of the core
Gaussian G1 (i = 2, 3, 4). The parameters a and µ1 de-
scribe a possible asymmetry of the resolution function.
All parameters of the resolution function float freely and
the fit is shown in Fig. 2. The D0 lifetime is also a free
fit parameter, for which we obtain (408.5± 0.9) fs, where
the uncertainty is statistical only. This D0 lifetime is
consistent with the world-average value [3] and the other
Belle measurement [17], which gives further confidence in
our parametrization of the resolution function.

To calculate the time-dependent WS to RS decay rate
ratio, we divide the samples shown in Fig. 1 into ten bins
of proper decay time. Our binning choice is made us-

N/L~10k

Belle 
1/ab

[PRL 112 (2014) 111801]

D*+→D0(→K+π–)π+
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cay and production vertices of the D0, p⃗ is the D0 mo-
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σt/τ < 1.0, and t/τ ∈ [−5, 10]. These selections are de-
termined from 5000 simplified simulated experiments by
maximizing our sensitivity to the mixing parameters and
minimizing the systematic biases in them.
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grounds in WS candidates that peak in the signal region
from a large-statistics sample of fully simulated e+e− →
hadrons events in our GEANT3-based [15] Monte Carlo
(MC) simulation. Figure 1 shows the time-integrated
distributions of ∆M from RS and WS candidate events
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FIG. 1: Time-integrated distributions for the mass difference
of RS (left) and WS (right) candidates. Points with error bars
are the data; full and dashed lines are, respectively, the signal
and background fits described in the text.

The time-integrated RS signal shown in Fig. 1 is
parametrized as a sum of Gaussian and Johnson SU [16]
distributions with a common mean. The time-dependent
RS signal in each bin of the proper decay time is fit

with a Johnson SU only. The shapes of the WS sig-
nal are fixed using the corresponding RS signal shapes,
and fit with only the signal normalization allowed to
vary. The backgrounds in RS and WS decay events are
fit independently and are parametrized with the form
(∆M −mπ+)αe−β(∆M−m

π+), where α and β are free fit
parameters, and mπ+ is the nominal mass of π+ [3]. The
fits give 2 980 710±1885 RS and 11 478±177 WS de-
cays, giving an inclusive ratio of WS to RS decay rates
of (3.851± 0.059)× 10−3. The uncertainty is statistical
only.

We obtain the resolution function of Eq. (3) from the
proper decay time distribution of RS decays after sub-
tracting a small level of background events using the
sideband regions defined above. This is shown in Fig. 2.
We parametrize the proper decay time distribution of RS
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FIG. 2: Distribution of the proper decay time from
background-subtracted RS decays in the signal region (points
with error bars) and in the sideband regions (shaded). The
curve shows the fit to the signal.

decays with the convolution of an exponential and a res-
olution function that is constructed as the sum of four
Gaussians, R(t/τ) =

∑4
i=1 fiGi(t/τ ;µi,σi), where Gi is

a Gaussian distribution with mean µi and width σi and
fi is its weight. The mean µi is further parametrized
with µi = µ1 + aσi, where µ1 is the mean of the core
Gaussian G1 (i = 2, 3, 4). The parameters a and µ1 de-
scribe a possible asymmetry of the resolution function.
All parameters of the resolution function float freely and
the fit is shown in Fig. 2. The D0 lifetime is also a free
fit parameter, for which we obtain (408.5± 0.9) fs, where
the uncertainty is statistical only. This D0 lifetime is
consistent with the world-average value [3] and the other
Belle measurement [17], which gives further confidence in
our parametrization of the resolution function.

To calculate the time-dependent WS to RS decay rate
ratio, we divide the samples shown in Fig. 1 into ten bins
of proper decay time. Our binning choice is made us-

N/L~10k
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D*+→D0(→K+π–)π+

N/L~0.5k
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greater than 2.2 GeV=c in the center-of-mass frame. This
requirement significantly reduces background from random
D0πþs combinations.
After all selection criteria, the fraction of signal events

with multiple D" candidates is 8.6%. If this is due to
multiple D0 candidates, we retain the one having the
smallest

P
χ2K0

S
, where χ2K0

S
is the test statistic of the K0

S

vertex-constraint fit. In case several D" candidates remain,
the one having the charged pion with the smallest trans-
verse impact parameter is retained. This choice correctly
identifies the true D" → D0½K0

SK
0
S$πs decay with an effi-

ciency of 98%. The best-candidate selection efficiency is
the same for D"þ and D"− candidates. For the normaliza-
tion mode, the fraction of signal events with multiple D"

candidates is 27.3%. If this is due to multiple D0 candi-
dates, we retain the one having the smallest value for the
sum of χ2K0

S
and χ2π0 , where χ

2
π0 is the test statistic of the π

0

mass-constraint fit. This procedure for D0 → K0
Sπ

0 selects
the correct candidate with an efficiency of 89%.
We describe the ΔM distributions for D0 → K0

SK
0
S and

D0 → K0
Sπ

0 using the sum of two symmetric and one
asymmetric Gaussian functions with a common most
probable value. All the mode-dependent shape parameters
are fixed from MC estimations, except for the mean and a
common calibration factor for the symmetric Gaussians that
accounts for a data-MC difference in the ΔM resolution.
The backgrounds caused by processes with the same final

state as the reconstructedmodes, mainly,D0 → K0
Sπ

þπ− for
the signal mode and D0 → πþπ−π0 for the normalization
mode, peak in the ΔM distribution. These peaking back-
grounds are estimated directly from the data using the
K0

S mass sidebands defined as 0.470GeV=c2<Mππ<
0.478GeV=c2 and 0.516GeV=c2<Mππ<0.526GeV=c2.
The peaking background has the same ΔM shape as the
signal, and its yield is fixed based on the estimation
described above to 267 events for D → K0

Sπ
þπ− and

1923 events for D0 → πþπ−π0. The combinatorial back-
ground shapes are modeled with an empirical threshold
function fðxÞ ¼ ðx −mπÞa exp½−bðx −mπÞ$, where mπ is
the nominal charged pion mass, and a and b are shape
parameters.
An extended unbinned maximum likelihood fit to

the two combined-charge D" ΔM distributions yields
5399 ( 87 D0→K0

SK
0
S events and 537360( 833 D0→

K0
Sπ

0 events. A simultaneous fit of the ΔM distributions
for D"þ and D"− (see Fig. 1) is used to calculate the raw
asymmetry inD0 → K0

SK
0
S. A similar procedure is followed

for the D0 → K0
Sπ

0 sample. The signal and background
shape parameters are common for both the particle and
antiparticle. Both asymmetries in signal and background
are allowed to vary in the fit. The value of Araw for the
peaking background in D0 → K0

Sπ
0 is fixed to zero,

whereas its value in D0 → K0
SK

0
S is fixed to the value

obtained in the data for the D0 → K0
Sπ

0 signal. Here we
assume that the peaking background in D0 → K0

Sπ
0 has

zero net ACP. The fitted values of Araw for the D0 → K0
SK

0
S

and D0 → K0
Sπ

0 decay modes are ðþ0.45 ( 1.53Þ% and
ðþ0.16 ( 0.14Þ%, respectively. The resulting time-inte-
grated CP-violating asymmetry in the D0 → K0

SK
0
S decay

is ACP ¼ ð−0.02 ( 1.53Þ%.
For the branching fraction measurement, we use only the

D"þ candidates that have a momentum greater than
2.5 GeV=c in the center-of-mass frame. This suppresses
the component arising from bb̄ events and, hence, sim-
plifies the efficiency estimation and controls the systematic
uncertainty, which is the dominant uncertainty in this
measurement. The ΔM fit yields 4755 ( 79 D0 → K0

SK
0
S

decays and 475439 ( 767 D0 → K0
Sπ

0 decays. The selec-
tion efficiencies are ð9.74 ( 0.02Þ% and ð11.11 ( 0.02Þ%,
respectively. Using Eq. (6), we then obtain BðD0→K0

SK
0
SÞ=

BðD0→K0
Sπ

0Þ¼ð1.101( 0.023Þ%. All quoted uncertain-
ties are statistical.
Table I lists various sources of systematic uncertainties in

ACP and B of D0 → K0
SK

0
S. As the branching fraction
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FIG. 1. Distributions of the mass difference ΔM for selected
D"þ (left) and D"− (right) candidates reconstructed as
D0½K0

Sπ
0$πs (top) and D0½K0

SK
0
S$πs (bottom) decays. The points

with error bars show the data, and the curves show the result of
the fits with the following components: signal (long-dashed red),
peaking background (dotted cyan), combinatorial background
(dashed blue), and their sum (plain blue). The normalized
residuals (pulls) and χ2=DOF, where DOF is the number of
degrees of freedom, are also shown for each plot.
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D*+→D0(→KSKS)π+
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we require the D∗+ meson momentum calculated in the
center-of-mass system to be greater than 2.5, 2.6, and 3.0
GeV/c for the data taken below the Υ(4S), at the Υ(4S),
and above the Υ(4S) resonance, respectively. This mo-
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σt/τ < 1.0, and t/τ ∈ [−5, 10]. These selections are de-
termined from 5000 simplified simulated experiments by
maximizing our sensitivity to the mixing parameters and
minimizing the systematic biases in them.
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grounds in WS candidates that peak in the signal region
from a large-statistics sample of fully simulated e+e− →
hadrons events in our GEANT3-based [15] Monte Carlo
(MC) simulation. Figure 1 shows the time-integrated
distributions of ∆M from RS and WS candidate events
after applying all the selections described above.
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FIG. 1: Time-integrated distributions for the mass difference
of RS (left) and WS (right) candidates. Points with error bars
are the data; full and dashed lines are, respectively, the signal
and background fits described in the text.

The time-integrated RS signal shown in Fig. 1 is
parametrized as a sum of Gaussian and Johnson SU [16]
distributions with a common mean. The time-dependent
RS signal in each bin of the proper decay time is fit

with a Johnson SU only. The shapes of the WS sig-
nal are fixed using the corresponding RS signal shapes,
and fit with only the signal normalization allowed to
vary. The backgrounds in RS and WS decay events are
fit independently and are parametrized with the form
(∆M −mπ+)αe−β(∆M−m

π+), where α and β are free fit
parameters, and mπ+ is the nominal mass of π+ [3]. The
fits give 2 980 710±1885 RS and 11 478±177 WS de-
cays, giving an inclusive ratio of WS to RS decay rates
of (3.851± 0.059)× 10−3. The uncertainty is statistical
only.

We obtain the resolution function of Eq. (3) from the
proper decay time distribution of RS decays after sub-
tracting a small level of background events using the
sideband regions defined above. This is shown in Fig. 2.
We parametrize the proper decay time distribution of RS
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FIG. 2: Distribution of the proper decay time from
background-subtracted RS decays in the signal region (points
with error bars) and in the sideband regions (shaded). The
curve shows the fit to the signal.

decays with the convolution of an exponential and a res-
olution function that is constructed as the sum of four
Gaussians, R(t/τ) =

∑4
i=1 fiGi(t/τ ;µi,σi), where Gi is

a Gaussian distribution with mean µi and width σi and
fi is its weight. The mean µi is further parametrized
with µi = µ1 + aσi, where µ1 is the mean of the core
Gaussian G1 (i = 2, 3, 4). The parameters a and µ1 de-
scribe a possible asymmetry of the resolution function.
All parameters of the resolution function float freely and
the fit is shown in Fig. 2. The D0 lifetime is also a free
fit parameter, for which we obtain (408.5± 0.9) fs, where
the uncertainty is statistical only. This D0 lifetime is
consistent with the world-average value [3] and the other
Belle measurement [17], which gives further confidence in
our parametrization of the resolution function.

To calculate the time-dependent WS to RS decay rate
ratio, we divide the samples shown in Fig. 1 into ten bins
of proper decay time. Our binning choice is made us-
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greater than 2.2 GeV=c in the center-of-mass frame. This
requirement significantly reduces background from random
D0πþs combinations.
After all selection criteria, the fraction of signal events

with multiple D" candidates is 8.6%. If this is due to
multiple D0 candidates, we retain the one having the
smallest

P
χ2K0

S
, where χ2K0

S
is the test statistic of the K0

S

vertex-constraint fit. In case several D" candidates remain,
the one having the charged pion with the smallest trans-
verse impact parameter is retained. This choice correctly
identifies the true D" → D0½K0

SK
0
S$πs decay with an effi-

ciency of 98%. The best-candidate selection efficiency is
the same for D"þ and D"− candidates. For the normaliza-
tion mode, the fraction of signal events with multiple D"

candidates is 27.3%. If this is due to multiple D0 candi-
dates, we retain the one having the smallest value for the
sum of χ2K0

S
and χ2π0 , where χ

2
π0 is the test statistic of the π

0

mass-constraint fit. This procedure for D0 → K0
Sπ

0 selects
the correct candidate with an efficiency of 89%.
We describe the ΔM distributions for D0 → K0

SK
0
S and

D0 → K0
Sπ

0 using the sum of two symmetric and one
asymmetric Gaussian functions with a common most
probable value. All the mode-dependent shape parameters
are fixed from MC estimations, except for the mean and a
common calibration factor for the symmetric Gaussians that
accounts for a data-MC difference in the ΔM resolution.
The backgrounds caused by processes with the same final

state as the reconstructedmodes, mainly,D0 → K0
Sπ

þπ− for
the signal mode and D0 → πþπ−π0 for the normalization
mode, peak in the ΔM distribution. These peaking back-
grounds are estimated directly from the data using the
K0

S mass sidebands defined as 0.470GeV=c2<Mππ<
0.478GeV=c2 and 0.516GeV=c2<Mππ<0.526GeV=c2.
The peaking background has the same ΔM shape as the
signal, and its yield is fixed based on the estimation
described above to 267 events for D → K0

Sπ
þπ− and

1923 events for D0 → πþπ−π0. The combinatorial back-
ground shapes are modeled with an empirical threshold
function fðxÞ ¼ ðx −mπÞa exp½−bðx −mπÞ$, where mπ is
the nominal charged pion mass, and a and b are shape
parameters.
An extended unbinned maximum likelihood fit to

the two combined-charge D" ΔM distributions yields
5399 ( 87 D0→K0

SK
0
S events and 537360( 833 D0→

K0
Sπ

0 events. A simultaneous fit of the ΔM distributions
for D"þ and D"− (see Fig. 1) is used to calculate the raw
asymmetry inD0 → K0

SK
0
S. A similar procedure is followed

for the D0 → K0
Sπ

0 sample. The signal and background
shape parameters are common for both the particle and
antiparticle. Both asymmetries in signal and background
are allowed to vary in the fit. The value of Araw for the
peaking background in D0 → K0

Sπ
0 is fixed to zero,

whereas its value in D0 → K0
SK

0
S is fixed to the value

obtained in the data for the D0 → K0
Sπ

0 signal. Here we
assume that the peaking background in D0 → K0

Sπ
0 has

zero net ACP. The fitted values of Araw for the D0 → K0
SK

0
S

and D0 → K0
Sπ

0 decay modes are ðþ0.45 ( 1.53Þ% and
ðþ0.16 ( 0.14Þ%, respectively. The resulting time-inte-
grated CP-violating asymmetry in the D0 → K0

SK
0
S decay

is ACP ¼ ð−0.02 ( 1.53Þ%.
For the branching fraction measurement, we use only the

D"þ candidates that have a momentum greater than
2.5 GeV=c in the center-of-mass frame. This suppresses
the component arising from bb̄ events and, hence, sim-
plifies the efficiency estimation and controls the systematic
uncertainty, which is the dominant uncertainty in this
measurement. The ΔM fit yields 4755 ( 79 D0 → K0

SK
0
S

decays and 475439 ( 767 D0 → K0
Sπ

0 decays. The selec-
tion efficiencies are ð9.74 ( 0.02Þ% and ð11.11 ( 0.02Þ%,
respectively. Using Eq. (6), we then obtain BðD0→K0

SK
0
SÞ=

BðD0→K0
Sπ

0Þ¼ð1.101( 0.023Þ%. All quoted uncertain-
ties are statistical.
Table I lists various sources of systematic uncertainties in

ACP and B of D0 → K0
SK

0
S. As the branching fraction
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FIG. 1. Distributions of the mass difference ΔM for selected
D"þ (left) and D"− (right) candidates reconstructed as
D0½K0

Sπ
0$πs (top) and D0½K0

SK
0
S$πs (bottom) decays. The points

with error bars show the data, and the curves show the result of
the fits with the following components: signal (long-dashed red),
peaking background (dotted cyan), combinatorial background
(dashed blue), and their sum (plain blue). The normalized
residuals (pulls) and χ2=DOF, where DOF is the number of
degrees of freedom, are also shown for each plot.
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Direct CP violation

9

D    f 2≠ D    f 2
_ _



What do we measure?

10

ACP (D
0 ! h+h�) =

�(D0 ! h+h�)� �(D0 ! h+h�)

�(D0 ! h+h�) + �(D0 ! h+h�)
<latexit sha1_base64="vCDrpmXEQ5oIovw7DbI7MaMxDB8="></latexit>



What do we really measure?
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N(D0 ! h+h�)�N(D0 ! h+h�)
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Detection asymmetry of tagging 
particle (π+ or μ–) — D0 final 

state does not contribute being 
charge symmetric

Production asymmetry of 
parent hadron (D*+ or B̄)

The CP asymmetry we 
want to measure

⇡ ACP (h
+h�) +AD +AP
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• In the limit of SU(3)/U-spin symmetry, ACP(K+K–) and ACP(π+π–) have same 
magnitude and opposite signs ⟹ in addition to be robust against 
experimental biases, ΔACP provides 2× enhanced sensitivity to CP violation



D0➝h+h– decays at LHCb
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primary 
vertex

K+
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• For specific regions of phase space, the 
soft pion of a given charge is kicked out of 
the detector acceptance by the magnetic 
field 
 
 
 
 
 
 
 
 
 
 

• O(1) detection asymmetries break the 
linear decomposition of the raw asymmetry

Fiducial requirements
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Production asymmetry

• In pp collision charm quarks are 
produced mostly through gluon 
fusion (which is charge symmetric) 

• However, the c and the c̄ quarks 
may ‘‘recombine’’ with some of the 
proton valence quarks (beam-drag 
effect) creating an asymmetric 
production of charm mesons or 
baryons 

• The effect is enhanced in the 
forward region, where the charm 
pair is collinear with the protons’ 
direction
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Kinematic weighting

• Detection and production asymmetries are expected to depend on kinematics 

• Their cancelation may not be accurate if the kinematic distributions of the 
reconstructed D0➝K+K– and D0➝π+π– candidates differ 

• Observed differences are removed through a weighting procedure — the 
resulting net effect on ΔACP is anyhow marginal (below 10–4)
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Results
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Results
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–15.4  ±  2.9  (stat+syst) combined

5.3σ deviation from zero 
first observation of CP violation in charm
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Now what?

• Measured value is in the ballpark of 
the standard model value 

• Difficult to say if new physics is at 
play. Need better control of the QCD 
effects 

• Experimentally look for CP violation 
in radiative decays, test isospin sum 
rules and SU(3) related modes 

• Huge program of measurements, 
where Belle II role with neutrals will 
be crucial
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CP violation in D+→π+π0 decays

• In the standard model ∆ACP comes from 
∆U=0 transitions 

• CP violation in ∆U=1, e.g. in D+→π+π0, 
would unambiguously be new physics 

• Current best measurement from Belle (1/ab) 
 

• D*+ tagging crucial in suppressing the 
background 

• Similar performances expected for Belle II. 
Sensitivity with 50/ab ~0.17%, maybe 
possible at LHCb but difficult
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ACP = (2.3 ± 1.2 ± 0.2)%

of a Crystal Ball (CB) [18] and a Gaussian function to
model the signal peak for both tagged and untagged fits.
The background in the tagged fit is parametrized by the
sum of a reversed CB and a linear polynomial, while that
for the untagged fit uses a quadratic rather than a linear
polynomial. All signal shape parameters for the tagged fit
are fixed to MC values except for an overall mean and a
width scaling factor, which are floated. We introduce the
scaling factor to account for the possible difference
between data and simulations. For the untagged fit, all
shape parameters are fixed to MC values, aside from the
overall mean, which is floated, and the width scaling factor,
which is fixed from the tagged-data fit. For the background,
the cutoff and tail parameters of the reversed CB are fixed
from MC events, and all other shape parameters are
floated. For the tagged fit, the two p!

D! intervals are
required to have a common signal asymmetry but have
separate background asymmetries. For the tagged sample,
the total signal yield obtained from the fit is 6632" 256
with Aππ

raw ¼ ðþ0.52" 1.92Þ%; the corresponding
results for the untagged sample are 100934" 1952 and

ðþ3.77" 1.60Þ%. The quoted uncertainties are statistical.
Figures 1 and 2 show the projections of the simultaneous
fit performed on the tagged and untagged data samples,
respectively.
For the Dþ → K0

Sπ
þ normalization channel, a fitting

range of 1.80–1.94 GeV=c2 is chosen and the simultaneous
fits for the tagged sample, with two p!

D! intervals, and the
untagged sample are performed as for the D → ππ signal
channel. The narrower fitting range can be afforded
because of the better D-mass resolution. The signal peak
is modeled with the sum of a Gaussian and an asymmetric
Gaussian function, with all shape parameters floated. The
background shape is parametrized with a linear polynomial,
whose slope is floated. The total signal yield obtained from
the tagged fit is 68434" 308 with AKπ

raw¼ð−0.29"0.44Þ%;
the corresponding results for the untagged sample are
982029" 1797 and ð−0.25 " 0.17Þ%. The quoted uncer-
tainties are again statistical. Figure 3 shows the projections
of the simultaneous fit performed on the tagged and
untagged data samples.
From the results of the fit to the signal and normalization

channels, we calculate ΔAraw (tagged) ¼ ðþ0.81" 1.97"
0.19Þ% and ΔAraw (untagged)¼ ðþ4.02" 1.61" 0.32Þ%.
The first uncertainty quoted in each measurement is
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Points with error bars, colored curves, and residual plots are
described in the caption of Fig. 1.
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of a Crystal Ball (CB) [18] and a Gaussian function to
model the signal peak for both tagged and untagged fits.
The background in the tagged fit is parametrized by the
sum of a reversed CB and a linear polynomial, while that
for the untagged fit uses a quadratic rather than a linear
polynomial. All signal shape parameters for the tagged fit
are fixed to MC values except for an overall mean and a
width scaling factor, which are floated. We introduce the
scaling factor to account for the possible difference
between data and simulations. For the untagged fit, all
shape parameters are fixed to MC values, aside from the
overall mean, which is floated, and the width scaling factor,
which is fixed from the tagged-data fit. For the background,
the cutoff and tail parameters of the reversed CB are fixed
from MC events, and all other shape parameters are
floated. For the tagged fit, the two p!

D! intervals are
required to have a common signal asymmetry but have
separate background asymmetries. For the tagged sample,
the total signal yield obtained from the fit is 6632" 256
with Aππ

raw ¼ ðþ0.52" 1.92Þ%; the corresponding
results for the untagged sample are 100934" 1952 and

ðþ3.77" 1.60Þ%. The quoted uncertainties are statistical.
Figures 1 and 2 show the projections of the simultaneous
fit performed on the tagged and untagged data samples,
respectively.
For the Dþ → K0

Sπ
þ normalization channel, a fitting

range of 1.80–1.94 GeV=c2 is chosen and the simultaneous
fits for the tagged sample, with two p!

D! intervals, and the
untagged sample are performed as for the D → ππ signal
channel. The narrower fitting range can be afforded
because of the better D-mass resolution. The signal peak
is modeled with the sum of a Gaussian and an asymmetric
Gaussian function, with all shape parameters floated. The
background shape is parametrized with a linear polynomial,
whose slope is floated. The total signal yield obtained from
the tagged fit is 68434" 308 with AKπ

raw¼ð−0.29"0.44Þ%;
the corresponding results for the untagged sample are
982029" 1797 and ð−0.25 " 0.17Þ%. The quoted uncer-
tainties are again statistical. Figure 3 shows the projections
of the simultaneous fit performed on the tagged and
untagged data samples.
From the results of the fit to the signal and normalization

channels, we calculate ΔAraw (tagged) ¼ ðþ0.81" 1.97"
0.19Þ% and ΔAraw (untagged)¼ ðþ4.02" 1.61" 0.32Þ%.
The first uncertainty quoted in each measurement is
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untagged

tagged with D*+→D+π0
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Prospects for direct CP violation
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Decay mode Current best sensitivity 
(stat + syst) [10–3]

LHCb 300/fb 
(stat only) [10–3]

Belle II 50/ab 
(stat+syst) [10–3]

ΔACP 0.29 LHCb (9/fb) 0.03 0.6
D0➝K+K– 1.8 LHCb (3/fb) 0.07 0.3
D0➝π+π– 1.8 LHCb (3/fb) 0.07 0.5
D0➝π0π0 6.5 Belle (1/ab) (?) 0.9
D0➝K+π– 9.1 LHCb (5/fb) 0.5 (4.0)
D0➝KSKS 15 Belle (1/ab) 2.8 2.1
Ds➝KSπ+ 18 LHCb (6.8/fb)
 0.32 2.9
D+➝KSK+ 0.76 LHCb (6.8/fb) 0.12 0.4
D0➝𝜙𝛾 66 Belle (1/ab) (?) 10
D0➝ρ0𝛾 150 Belle (1/ab) (?) 20
D+➝𝜙π+ 0.49 LHCb (4.8/fb) 0.06 0.4
D+➝π0π+ 13 Belle (1/ab) (?) 1.7

LHCb-PUB-2018-009

The Belle II Physics Book

https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.10567


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 m2
K0

S⇡
⌘ m2(K0

S⇡) and m2
K⇡ ⌘ m2(K⇡) as this choice157

highlights the dominant resonant structure of the D0
! K0

SK
±⇡⌥ decay modes.158
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Figure 9: (Color online) Decay rate and phase variation across the Dalitz plot. The top row
shows |MK0

SK±⇡⌥(m2
K0

S⇡
,m2

K⇡)|2 in the best GLASS isobar models, the center row shows the phase

behavior of the same models and the bottom row shows the same function subtracted from the
phase behavior in the best LASS isobar models. The left column shows the D0

! K0
SK

�⇡+ mode
with D0

! K0
SK

+⇡� on the right. The small inhomogeneities that are visible in the bottom row
relate to the GLASS and LASS models preferring slightly di↵erent values of the K⇤(892)± mass
and width. 22
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D0→KSK–π+

CPV in multi-body decays

• Enriched dynamics of multi-body decays 
allows to look for CP violation in 
subregions of the phase space 

• Additional sensitivity with respect to 
global asymmetries (which could 
average to zero for small values of δ)  
 

• Mostly insensitive to production and 
detection asymmetries 

• Both model-dependent and model-
independent measurements are possible 

• 4-body final states give also access to CP 
violation in P-odd amplitudes (~cos δ)

20

ACP ⇠ sin� sin �

µ tagged Run 1 (3/fb)



CP
S

-4 -2 0 2 40

0.1

0.2

0.3

0.4

• Compute local CP asymmetry in 
different bins of the Dalitz plot 

• In absence of CP violation, the 
distribution of local asymmetry is 
Gaussian with zero mean and 
unit variance 

• Get p-value from 

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

Search for ‘‘local’’ CP violation across Dalitz plot
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• Statistical comparison of two distributions 
based on distance in phase space between 
pairs of particles 
 

• Compare with T distribution of no CP-violation 
case (randomize D flavor)

• Consistent with CP symmetry (in P-even 
amplitudes)
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2.7σ

Local CPV in D0→π+π–π+π– decays
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D̄0

phase space

ψij

product:

[I] D0(CT > 0), [II] D0(CT < 0), [III] D0(�CT > 0), [IV] D0(�CT < 0). (1)

Samples I and III are related by the CP transformation, and so are II and IV. The test
for the presence of P -even CP asymmetry is performed by comparing the combined sample
I+ II with the combined sample III+ IV. This corresponds to the integration over CT and
is the default test, in which D0 and D0 samples are compared in the phase space spanned
with invariant masses only. Similarly, the test for a P -odd CP asymmetry is performed by
comparing the combined sample I+IV with the combined sample II+III. This comparison
is performed in the same phase space as the default P -even approach and allows the P -odd
contribution to the CP asymmetry to be probed, since the P -even contribution cancels.
No triple-product asymmetry measurements exist for D0

! ⇡+⇡�⇡+⇡� decays and the
previous LHCb study [16] was performed in the phase space based on the invariant masses
only. Consequently, this is the first time a P -odd CP asymmetry is investigated in this
decay mode.

5 Energy test

Model-independent searches for local CP violation are typically carried out using a binned
�2 approach to compare the relative density in a bin of phase space of a decay with that
of its CP -conjugate. This method was used in a previous study of D0

! ⇡+⇡�⇡+⇡�

decays [4]. As discussed in the previous section, five coordinates are required to describe
four-body decays. A model-independent unbinned statistical method called the energy
test was introduced in Refs. [22,23]. The potential for increased sensitivity of this method
over binned �2 analyses in Dalitz plot analyses was shown in Refs. [8, 24] and it was first
applied to experimental data in Ref. [5].

This Letter introduces the first application of the energy test technique to four-body
decays, where it is used to compare two event samples in tests of both P -even and P -odd
type CP violation. The P -even energy test separates events according to their flavour, and
then compares these D0 and D0 samples. The P -odd energy test separates events using
both their flavour and sign of the triple product, as described in the previous section.

A test statistic, T , is used to compare the average distances of events in phase space.
The variable T is based on a function  ij ⌘  (dij) which depends on the distance dij
between events i and j. It is defined as

T =
nX

i,j>i

 ij

n(n� 1)
+

nX

i,j>i

 ij

n(n� 1)
�

n,nX

i,j

 ij

nn
, (2)

where the first and second terms correspond to an average weighted distance between
events within the n events of the first sample and between the n events of the second
sample, respectively. The third term measures the average weighted distance between
events in the first sample and events in the second sample. If the distributions of events
in both samples are identical, T will randomly fluctuate around a value close to zero.

The normalisation factors in the denominators of the terms of Eq. 2 remove the impact
of global asymmetries between D0 and D0 samples. In the P -odd test, subsamples of both
D0 and D0 samples are combined. Consequently, any global asymmetries in these could
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• Statistical comparison of two distributions 
based on distance in phase space between 
pairs of particles 
 

• Compare with T distribution of no CP-violation 
case (randomize D flavor)

• Use triple product to access P-odd CP violation  
 

• Results is marginally consistent with CP 
symmetry (2.7σ)

Local CPV in D0→π+π–π+π– decays
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product:

[I] D0(CT > 0), [II] D0(CT < 0), [III] D0(�CT > 0), [IV] D0(�CT < 0). (1)

Samples I and III are related by the CP transformation, and so are II and IV. The test
for the presence of P -even CP asymmetry is performed by comparing the combined sample
I+ II with the combined sample III+ IV. This corresponds to the integration over CT and
is the default test, in which D0 and D0 samples are compared in the phase space spanned
with invariant masses only. Similarly, the test for a P -odd CP asymmetry is performed by
comparing the combined sample I+IV with the combined sample II+III. This comparison
is performed in the same phase space as the default P -even approach and allows the P -odd
contribution to the CP asymmetry to be probed, since the P -even contribution cancels.
No triple-product asymmetry measurements exist for D0

! ⇡+⇡�⇡+⇡� decays and the
previous LHCb study [16] was performed in the phase space based on the invariant masses
only. Consequently, this is the first time a P -odd CP asymmetry is investigated in this
decay mode.

5 Energy test

Model-independent searches for local CP violation are typically carried out using a binned
�2 approach to compare the relative density in a bin of phase space of a decay with that
of its CP -conjugate. This method was used in a previous study of D0

! ⇡+⇡�⇡+⇡�

decays [4]. As discussed in the previous section, five coordinates are required to describe
four-body decays. A model-independent unbinned statistical method called the energy
test was introduced in Refs. [22,23]. The potential for increased sensitivity of this method
over binned �2 analyses in Dalitz plot analyses was shown in Refs. [8, 24] and it was first
applied to experimental data in Ref. [5].

This Letter introduces the first application of the energy test technique to four-body
decays, where it is used to compare two event samples in tests of both P -even and P -odd
type CP violation. The P -even energy test separates events according to their flavour, and
then compares these D0 and D0 samples. The P -odd energy test separates events using
both their flavour and sign of the triple product, as described in the previous section.

A test statistic, T , is used to compare the average distances of events in phase space.
The variable T is based on a function  ij ⌘  (dij) which depends on the distance dij
between events i and j. It is defined as

T =
nX

i,j>i

 ij

n(n� 1)
+

nX

i,j>i

 ij

n(n� 1)
�

n,nX
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 ij
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, (2)

where the first and second terms correspond to an average weighted distance between
events within the n events of the first sample and between the n events of the second
sample, respectively. The third term measures the average weighted distance between
events in the first sample and events in the second sample. If the distributions of events
in both samples are identical, T will randomly fluctuate around a value close to zero.

The normalisation factors in the denominators of the terms of Eq. 2 remove the impact
of global asymmetries between D0 and D0 samples. In the P -odd test, subsamples of both
D0 and D0 samples are combined. Consequently, any global asymmetries in these could
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Mixing-induced CP violation
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Experimental status
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Mixing with D0→K+π–

• The latest analysis from LHCb (5/fb) 
measures 
 
 
 
and provides stringent bounds on direct 
CPV in DCS decays and CPV in mixing 
 

• Belle II sensitivity with 50/ab not 
sufficient to compete with LHCb 9/fb
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Figure 25: E�ciency-corrected ratios of WS-to-RS yields for (a) D⇤+ decays, (b) D⇤� decays,
and (c) their di↵erences as functions of decay time in units of D0 lifetime. Projections of fits
allowing for (dashed line) no CP violation, (dotted line) no direct CP violation, and (solid line)
any CP violation are overlaid. The abscissa of the data points corresponds to the average decay
time over the bin; the error bars indicate the statistical uncertainties.
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Figure 26: Two-dimensional confidence regions in the (x02, y0) plane obtained assuming (a) no
CP violation, (b) no direct CP violation, and (c) any CP violation. The dashed (solid) curves
in (b) and (c) indicate the contours of the mixing parameters associated with D0 (D0) decays.
The best-fit value for D0 (D0) decays is shown with an open (filled) point. The solid, dashed,
and dotted curves in (a) indicate the contours of CP -averaged mixing parameters at 68.3%,
95.5%, and 99.7% confidence levels (CL), respectively. The best-fit value is shown with a point.
Systematic uncertainties are included.
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Measurement of yCP

• Effective lifetime of decays to CP-
even final state (relative to CP-mixed)  
 

• Equal to y in case of CP symmetry 

• Use µ-tagged decays to reduce 
biases on D0 decay time 

• Result with Run 1 data is as precise 
as the world average 

• If LHCb does not manage to analyze 
the π-tagged sample, could be a 
measurement where Belle II can 
compete27
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• Analysis adds double-tagged (Bæ Dú+µ≠X, Dú+
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secondary D0 to the sample used in the prompt analysis (PRL
111, 251801).

• Calculate the ratio of D0
æ K+⇡≠ (WS) to D0

æ K≠⇡+ (RS)
yields in bins of D0 decay time.

• Prompt sample is biased to large D0 decay times; double-tagged
sample has flatter acceptance =∆ lower decay time on average.
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Measurement of yCP

• Effective lifetime of decays to CP-
even final state (relative to CP-mixed)  
 

• Equal to y in case of CP symmetry 

• Use µ-tagged decays to reduce 
biases on D0 decay time 

• Result with Run 1 data is as precise 
as the world average 

• If LHCb does not manage to analyze 
the π-tagged sample, could be a 
measurement where Belle II can 
compete28
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yCP (%)

World average  0.715 ± 0.111 %

LHCb 2019  0.570 ± 0.130 ± 0.090 %

Belle 2016  1.110 ± 0.220 ± 0.090 %

BESIII 2015 -2.000 ± 1.300 ± 0.700 %

BaBar 2012  0.720 ± 0.180 ± 0.124 %

Belle 2009  0.110 ± 0.610 ± 0.520 %

CLEO 2002 -1.200 ± 2.500 ± 1.400 %

FOCUS 2000  3.420 ± 1.390 ± 0.740 %

E791 1999  0.732 ± 2.890 ± 1.030 %
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Time-dependent CP asymmetry in D0➝h+h–

• Small D0-D̄0 mixing rate implies that 
time-dependent CP asymmetries 
can be approximated as  
 

• Mixing-induced CP violation results 
in a nonzero value of the linear term 

• Standard model expectation is at 
least one order of magnitude below 
the current experimental sensitivity

29
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Detection asymmetries
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• Time-dependent detection asymmetries studied 
with large-yield samples of D0→K–π+ decays 

• Removed by equalizing the 3D momentum 
distributions of D0 and D̄0 candidates 
(separately for data-taking period and magnet 
polarity)
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Time-dependent CP asymmetry in D0➝h+h–
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Time-dependent CP asymmetry in D0➝h+h–
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A𝛤 = [–1.1 ± 1.7 (stat) ± 0.5 (stat)] × 10–4
PRELIMINARY

• Averaging the four samples and combining with Run 1 
[PRL 118 (2017) 261803, JHEP 04 (2015) 043]
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Experimental status
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.No mixing

.No CP violation

𝜙 
= 



x is the key
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• Experimental sensitivity to the 
CP-violation in mixing limited by 
the knowledge of x12 ≈ x 

• A𝛤 ≈ –x12 sin𝜙12 (superweak approx.) 

• Available mixing 
measurements are mostly 
based on decays to two-body 
final states (yCP≈y, y’≈y) 

• Need more measurements 
with multi-body final states
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Mixing with D0→KSπ+π–

• Multiple interfering amplitudes 
enhance the sensitivity to mixing  
 

• Requires a time-dependent 
Dalitz-plot analysis 

• Pioneered by CLEO in 2005, 
then followed by B factories with 
larger yields 

• Belle 1/ab result has been for 
long the best determination of x 
available
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[PRD 89 (2014) 091103]

Belle

ϱ

K*(892)–

K*(892)+

f0(980)

K0*(1430)–

K0*(1430)+

5

D-wave decays, we include 12 intermediate resonances
described by relativistic Breit-Wigner parameterizations
with mass dependent widths, Blatt-Weisskopf penetra-
tion factors as form factors and Zemach tensors for the
angular dependence [18]. For the ππ S-wave dynamics,
we adopt the K-matrix formalism with P -vector approx-
imation [19]. For the K0

Sπ S-wave, we follow the same
description as in Ref. [13]. We tested different decay am-
plitude models by adding or removing resonances with
small contributions or by using alternative parameteri-
zations.

The random πs background contains real D0 and D0

candidates; for these events, the charge of the πs is uncor-
related with the flavor of the neutral D. Thus the PDF is
taken to be (1− fw)|M(f, t)|2 + fw|M(f, t)|2, convolved
with the same resolution function as that used for the sig-
nal, where fw is the wrong-tagged fraction. We measure
fw by performing a fit to the candidates that populate
the Q sideband 3 MeV < |Q− 5.85 MeV| < 14.15 MeV,
resulting in fw = 0.511± 0.003. The DP and decay time
PDFs for combinatorial background are determined from
the M sideband (30 MeV/c2< |M−mD0 | < 50 MeV/c2).
The decay time PDF is described using the sum of a delta
function and an exponential component convolved by a
triple-Gaussian as a resolution function. We validate the
fitting procedure with fully simulated MC experiments.
The fitter returns the mixing parameters consistent with
the inputs for signal samples with and without back-
ground events included.
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Figure 2: Dalitz distribution and Dalitz variables (m2
+, m

2
−

and m2
ππ) projections for the selected data sample. The full

line represents the result of the fit described in the text.

We first perform a decay-time integrated fit to the DP
distribution by setting the amplitudes and phases for in-
termediate states free separately for D0 and D0 decays.
We observe that the two sets of parameters are consis-
tent and so, hereinafter, assume Af = Af . In our sub-
sequent fit to the data sample, we set the free parame-
ters to be (x, y), the D0 lifetime τ , the parameters of
the proper decay time resolution function, and the am-
plitude model parameters. We extract the mixing pa-
rameters x = (0.56 ± 0.19)% and y = (0.30 ± 0.15)%,
with the statistical correlation coefficient between x and
y of 0.012. We also determine the D0 mean lifetime τ
= (410.3± 0.6) fs, in agreement with the world aver-
age [17]. The projections of the DP distribution and
D0 proper time are shown in Figs. 2 and 3, respec-
tively. Table I lists the results for the DP resonance
parameters. To evaluate the fit quality of the amplitude
fit, we perform a two-dimensional χ2 test over the DP
plane, obtaining χ2/ndf=1.207 for 14264− 49 degrees of
freedom (ndf). The fit correctly reproduces the DP of
the data, with some small discrepancies at the dips of
the distribution in the central m2

ππ region (1.0GeV2/c4

< m2
ππ <1.3GeV2/c4).

Table II: Fit results for the mixing parameters x and y from
the CP -conserved fit and the CPV -allowed fit. The errors
are statistical, experimental systematic, and systematic due
to the amplitude model, respectively.

Fit type Parameter Fit result

No CPV x(%) 0.56± 0.19+0.03
−0.09

+0.06
−0.09

y(%) 0.30± 0.15+0.04
−0.05

+0.03
−0.06

CPV x(%) 0.56± 0.19+0.04
−0.08

+0.06
−0.08

y(%) 0.30± 0.15+0.04
−0.05

+0.03
−0.07

|q/p| 0.90+0.16
−0.15

+0.05
−0.04

+0.06
−0.05

arg(q/p)(◦) −6± 11±3+3
−4

We also search for CPV inD0/D0 → K0
Sπ

+π− decays.
The CPV parameters |q/p| and arg(q/p) are included
in the PDF. The values for the mixing parameters from
this fit are essentially identical to the ones from the CP -
conserved fit. The resulting CPV parameters are |q/p| =
0.90+0.16

−0.15 and arg(q/p) = (−6±11)◦ [∗]. The results from
the two fits are listed in Table II.

We consider several contributions to the experimen-

[∗] The correlations among the mixing and CPV parameters are:

Correlation coefficient

x y |q/p| arg(q/p)

x 1 0.054 -0.074 -0.031

y 1 0.034 -0.019

|q/p| 1 0.044

arg(q/p) 1
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D0→KSπ+π– at LHCb

• KS→π+π– are difficult to reconstruct in LHCb 

• In the early stages of the trigger only KS 
decaying inside the VELO (t < 0.5 𝜏Ks) 
can be reconstructed  

• Trigger relies mostly on the two pions 
from the D0 decay ⟹ non-uniform 
efficiency over the Dalitz plot (which is 
also correlated with the D0 decay time) 

• Could be overcome using µ-tagged D0 
decays ⟹ reduced efficiency and larger 
background levels 

• A time-dependent amplitude analysis is very 
challenging at LHCb
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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 pT > 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
K

0
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
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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  
 

• Constrain hadronic parameters 
(cb, sb) using measurements 
with quantum-correlated D0D0 
pairs, i.e. at CLEO and BESIII
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Bin-flip method
• Inspired by the WS D0→Kπ analysis: ratio 

of events in bin –b to events in bin b to 
suppress  effects due to non-uniform 
efficiency variations and enhance 
sensitivity to  x 
 

• Mixing parameters from simultaneous fit 
to all bins. Split in D0 and D̄0 to access 
also indirect CP violation 

• Model-independent and completely data 
driven 

• Comes with the price of degraded 
sensitivity to mixing effects from CP-even/
odd amplitudes (i.e. to y)
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Table 1: Fit results. The first contribution to the uncertainty is statistical, the second systematic.

Parameter Value Stat. correlations Syst. correlations
[10�3] yCP �x �y yCP �x �y

xCP 2.7 ± 1.6 ± 0.4 �0.17 0.04 �0.02 0.15 0.01 �0.02
yCP 7.4 ± 3.6 ± 1.1 �0.03 0.01 �0.05 �0.03
�x �0.53± 0.70± 0.22 �0.13 0.14
�y 0.6 ± 1.6 ± 0.3

decay-time bin j separately for prompt and semileptonic samples, and for long and152
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candidates. Background is subtracted using weights derived from the153
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e�ciency variations across the Dalitz plot; their slopes, due to charm oscillations, are172
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uncertainty on yCP (0.94⇥ 10�3). Possible asymmetric nonuniformities with respect to the181
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Table 2: Point estimates and 95.5% confidence-level (CL) intervals for the derived parameters.
The uncertainties include statistical and systematic contributions.

Parameter Value 95.5% CL interval

x [10�2] 0.27 +0.17
� 0.15 [�0.05, 0.60]

y [10�2] 0.74±0.37 [ 0.00, 1.50]
|q/p| 1.05 +0.22

� 0.17 [ 0.55, 2.15]
� �0.09 +0.11

� 0.16 [�0.73, 0.29]

sample (see Supplemental material), and on various partitions of the data, supports the
robustness of the analysis, including the correction of the (m(⇡+⇡�), t) correlations.

In summary, we report a measurement of the normalized mass di↵erence
between neutral charm-meson eigenstates using the recently proposed bin-flip
method. Allowing for CP violation in charm mixing, or in the interference
between mixing and decay, we measure the CP -averaged normalized mass dif-
ference xCP = [2.7± 1.6 (stat)± 0.4 (syst)]⇥ 10�3, and the CP -violating parameter
�x = [�0.53± 0.70 (stat)± 0.22 (syst)]⇥ 10�3. In addition, we report the CP -averaged
normalized width di↵erence yCP = [7.4± 3.6 (stat)± 1.1 (syst)]⇥ 10�3, along with the
corresponding CP -violating parameter �y = [0.6± 1.6 (stat)± 0.3 (syst)]⇥ 10�3. We use
the results to form a likelihood function of x, y, |q/p|, and � and derive confidence intervals
(Table 2) using a likelihood-ratio ordering that assumes the observed correlations to be
independent of the true parameter values [22]. The resulting determination of the mass
di↵erence is the most precise from a single experiment, as are the determinations of the
CP -violation parameters. While our result is consistent with x = 0 within two standard
deviations, combined with the current global knowledge it yields x = (3.9 +1.1

� 1.2)⇥ 10�3 [5],
strongly contributing to the emerging evidence for a nonzero (positive) mass di↵erence
between the neutral charm-meson eigenstates. The global constraints on CP violation in
the D0-D0 system are also greatly improved, with precisions on |q/p| and � more than
doubled compared to previous averages [5].
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42first evidence for nonzero (positive) value of x

|q/p| = 0.969+0.050
� 0.045

� = (�3.9+4.5
� 4.6)

�
<latexit sha1_base64="feSi3Lv17c65pRtuZwTX29hMLmI="></latexit>

x = (3.9 +1.1
� 1.2 )⇥ 10�3

y = (6.51+0.63
� 0.69)⇥ 10�3

<latexit sha1_base64="l8TxYmvUQ0/8893G0WVOh7fRbDs="></latexit>
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Prospects for D0→KSπ+π–

• In Run 1+2 LHCb has collected ~36M π-tagged D0→KSπ+π– decays and 
~10M µ-tagged decays 

• Expected sensitivity (my own extrapolation, not official) 
 
 
 
 
 

• Belle II will collect ~50M (π-tagged) decays with 50/ab. Difficult to 
compete if LHCb keeps same efficiency in the Upgrade 

• Can Belle II do D0→KLπ+π–? (it is being considered for 𝛾/φ3)

43

Uncertainty (×10–3) xCP yCP Δx Δy
CLEO inputs 0.3 1.0 0.07 0.13
Data statistics 0.4 0.8 0.16 0.34
Total 0.5 1.3 0.18 0.39

https://indico.cern.ch/event/760368/contributions/3316114/attachments/1822993/2982509/gamma_190403_kt.pdf


More multibodies

• Lots of other promising final 
states not yet explored/fully 
exploited experimentally: e.g. 
D0→K+π–π0,   D0→KSπ+π–π0,  
D0→K+π–π+π–, … 

• Model-independent 
analyses would have  
to rely on BESIII  
measurements of the 
strong-phase parameters
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11.1 Fitting with the full Belle data sample918

We then performed the fit with the full Belle data sample. We have used the919

same fitting model as in the full generic MC sample. The fit is shown in Fig. 55920

and the parameters from the data and MC fits (from Fig. 27) are shown in Table921

15. The residual distribution of �M and MD0 are shown in Fig. 56. We found that922

the significance is very much similar in both data and MC. This confirms the fact923

that our fitting model is working very well. The signal yield is found to be 744,509924

± 1622, which is about 10% less compared to the generic MC sample. The signal925

enhanced �M and MD0 distributions are shown in Fig. 57.926

Figure 55: The total fit with the full Belle data sample for �M (left) and MD0 (right)
where the signal, combinatoric and random slow pion components are shown with dotted
red, magenta and green, respectively.

Figure 56: Residual distributions for MD0 (left) and �M (right) from the 2D fit with the
full Bell data set.
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~750M D0→KSπ+π–π0 

at Belle (1/ab)

[PRD 95 (2017) 091101]

[arXiv:1808.10567]
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Fig. 156: Time-dependent fit to the Dalitz plot of WS D0 ! K+⇡�⇡0 decays. The decay

times are smeared by the expected Belle II decay-time resolution of 140 fs. The second row

shows projections of the fitted Dalitz variables m2
K+⇡� (left), m2

⇡�⇡0 (middle), and m2
K+⇡0

(right).
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Fig. 157: Residuals resulting from fitting the time-dependent Dalitz plot of WS D0 !
K+⇡�⇡0 decays, for 10 experiments corresponding to 50 ab�1 of data (see text). The red

lines and arrows show the input (true) values of x00 and y00.

are discussed below. In addition, these errors do not include the e↵ect of backgrounds. From

a study with Belle data, we find that the presence of backgrounds increases the fitted errors

on x00 and y00 by approximately 40%. Applying this scaling to the values of Eq. (458) gives

errors of �x00 = 0.080% and �y00 = 0.070%. These estimates are probably conservative, as

backgrounds should be smaller at Belle II than at Belle due to improved vertex resolution,

improved mass resolution, and improved particle identification.

The systematic errors in this measurement can be classified as “reducible,” i.e., those that

decrease with increasing data sample size, and “irreducible,” i.e., those that do not. The

reducible systematic errors in the BaBar analysis [992] were dominated by uncertainty in the

412/688

~225k D0→K+π–π0 

expected at Belle II (50/ab) 
σ(x’’≈ x)~0.5×10–3



Summary

• Observed (direct) CP violation in charm decays 

• Measured asymmetry seems consistent with standard model, 
although predictions suffer from large uncertainties due to strong-
interaction effects 

• Additional searches for CP violation in different decay modes can 
help to clarify the picture, together with improved theory calculations 

• Yet no signs for mixing-induced CP violation. Precision still ~10× larger 
than naive standard model expectation, so plenty of room for new 
physics 

• Huge experimental progress expected in the next decade(s) at LHCb 
and Belle II (with valuable inputs from BESIII) if we fully exploit the 
excellent complementarity between the two experiments
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“Charm is the new beauty!”
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“Charm is the new beauty!”
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Supplementary slides on rare charm decays
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Introduction

Charm Rare Decays

Wide variety of physics, ranging from forbidden to not-so-rare decays

[PRD 66 (2002) 014009]

Short distance contributions to e↵ective c ! u transitions are tiny,
branching fractions dominated by long distance contributions
SM predictions for the short distance part are normally BF < 10�9, not
yet there

Andrea Contu (INFN) Rare Charm at LHCb 9 Feb 2018 6 / 19

• A rainbow of different physics, ranging from forbidden to (not-so-rare) radiative decays  
 
 
 
 
 
 
 
 
 
 

• So far LHCb focused mostly on final states with 2 muons: 
• Best limit on D0→µ+µ– [PLB 725 (2013) 15], D(s)→π+µ+µ–, π–µ+µ+ [PLB 724 (2013) 203], D0→h+h–

µ+µ– [PLB 728 (2014) 234], D0→e+µ– [PLB 754 (2016) 167], 𝛬c→pµ+µ– [PRD 97 (2018) 091101] 

• First observation of D0→K–π+V(→µ+µ–) [PLB 757 (2016) 558], K+K–V(→µ+µ–), π+π–V(→µ+µ–) 
[PRL 119 (2017) 181805, PRL 121 (2018) 091801], 𝛬c→pV(→µ+µ–) [PRD 97 (2018) 091101]

Rare charm decays at LHCb
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http://arxiv.org/abs/1305.5059
http://arxiv.org/abs/1304.6365
http://arxiv.org/abs/1310.2535
http://arxiv.org/abs/1512.00322
http://arxiv.org/abs/1712.07938
http://arxiv.org/abs/1510.08367
http://arxiv.org/abs/1707.08377
http://arxiv.org/abs/1806.10793
http://arxiv.org/abs/1712.07938
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• Overwhelming contribution from long-distance 
amplitudes proceeding through intermediate 
vector resonances in the dimuon spectrum 

• Such penalty is overly compensated by the 
rich and diverse dynamics of multibody decays 
 
 
 
 
 

• Access to angular and CP asymmetries 
can greatly increase sensitivity to short-
distance physics 

• O(1%) asymmetries may be generated by 
NP [JHEP 04 (2013) 135, PRD 87 (2013) 054026, PRD 98 
(2018) 035041]

The richness of D0→h+h–µ+µ– decays
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Figure 2: The differential branching ratio dB(D0
! ⇡

+
⇡
�
µ
+
µ
�)/dq2 (left) and dB(D0

! K
+
K

�
µ
+
µ
�)/dq2

(right) in the SM for central values of input. The lowest curve (blue solid) corresponds to the non-resonant

prediction including uncertainties from mc/
p
2  µ 

p
2mc represented by the band. The long-dashed

purple curve illustrates the impact of C
BSM
9 = 1 on the non-resonant distribution. The resonance curves

are our evaluation for �⇢ � �� = ⇡ (red solid), as from SU(3)F , and �⇢ � �� = 0 (red dotted) to illustrate

uncertainties related to strong phases, compared to the model [12] (green, dashed). The latter employs fixed

�⇢ � �� = ⇡ and the relative sign between the ⇢ and the ! is as in (26), see footnote 5.

the only one from (1) with a proper distribution at high q
2 above the �. The latter decay is special

as it is the only mode from (1) which only proceeds through the annihilation-type topology. On the

other hand, the decays D
+
! K

+
K̄

0
l
+
l
� are expected to have a more pronounced non-resonant

contribution in p
2 as the presumably leading resonance in K

+
K̄

0 is a2(1320), with only a small

branching ratio to KK̄. The rare, semileptonic 4-body Ds decays are somewhere between the two

D
0-decays, with contributions from both topologies, however, with color-enhanced annihilation at

q
2
' m

2
� and m

2
⌘(0)

. We stress that we employ such a phenomenological description only to obtain

BSM signatures, worked out in the next section. The SM predictions, that is, specific observables

being null tests, are independent of the resonance model.

V. BSM SIGNATURES

In this section we work out BSM signatures of SM null tests model-independently and in BSM

scenarios with leptoquarks. For null tests related to the angular observables I5�9 largest effects

are expected from SM-BSM interference near the resonances ⇢/! and �. The dependence on the

semileptonic |�c| = |�u| = 1 coefficients can be taken from (21), (22).

In section V A and V B we study the angular null tests I5,6,7 and CP asymmetries, respectively.

In section V C we discuss ratios of dimuon to dielectron branching ratios as a probe of LNU. LFV

15

0.0 0.5 1.0 1.5 2.0 2.5

-0.01

0.00

0.01

0.02

q2 [GeV
2]

<
I 6
>
(D

0
�
�
�
�
�
�
�
�
�
)

Figure 3: Angular observables hI5,6,7i integrated over p
2, see (35), (36), for D

0
! ⇡

+
⇡
�
µ
+
µ
� normalized

to �(D0
! ⇡

+
⇡
�
µ
+
µ
�) for C

(0)
9 = �C

(0)
10 = 0.5, C(0)

9 = �C
(0)
10 = 0.5i and relative strong phase �⇢ � �� = ⇡.

I5,6 are given in (19), (17).

We define the integrated angular coefficients hI8i analogous to hI5,7i, (36), and hI9i analogous

to hI6i, (35). From here we obtain the integrated CP asymmetries hAki = (hIki � hĪki)/�ave.

Numerical values for high q
2, q

2
min = (1.1GeV)2 in BSM-benchmarks are given in table II. To

obtain the ranges given we varied strong phases and explicitly verified that the sign of C9 in the

first and C
0
9 in the second case does not matter, in agreement with (22). In the analysis of the CP

asymmetries in (26) we effectively take into account the CKM factors V
⇤
cdVud and V

⇤
csVus for the

⇢/! and �, respectively. The SM predictions for hA8,9i
SM at high q

2 are below the permille level,

and zero for hA5,6i
SM due to the GIM-mechanism, CSM

10 = 0. CP-asymmetries integrated over the

full q2 region are at most permille level in BSM models, and smaller in the SM.

[PRD 98 (2018) 035041]

~AFB

https://arxiv.org/abs/1209.4235
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.054026
http://arxiv.org/abs/1805.08516
http://arxiv.org/abs/1805.08516
http://arxiv.org/abs/1805.08516


• Rarest charm-hadron decays ever observed: 
 
 
 
 
where the uncertainties are statistical, systematic and due to the BF of the 
normalization decay

D0→h+h–µ+µ–: branching fraction
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[PRL 119 (2017) 181805]

B(D0 ! ⇡+⇡�µ+µ�) = (9.64± 0.48± 0.51± 0.97)⇥ 10�7

B(D0 ! K+K�µ+µ�) = (1.54± 0.27± 0.09± 0.16)⇥ 10�7
<latexit sha1_base64="xd1TR+DwV5eb0NuaiMGn4HKlkAc="></latexit><latexit sha1_base64="xd1TR+DwV5eb0NuaiMGn4HKlkAc="></latexit><latexit sha1_base64="xd1TR+DwV5eb0NuaiMGn4HKlkAc="></latexit><latexit sha1_base64="xd1TR+DwV5eb0NuaiMGn4HKlkAc="></latexit>

UL @ 
95% CL

UL @ 95% CL
UL @ 

95% CL

Run 1 (2/fb)

http://arxiv.org/abs/1707.08377
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[PRL 121 (2018) 091801]

Run 1+2 (5/fb)

~1k

~100

http://arxiv.org/abs/1806.10793


Which final states for Belle II?

• Electron modes to test LFU: e.g. 
D(s)→h+e+e–, D0→h–h+e+e–

D0→π0e+e–, … 

• First observation of D0→K–

π+e+e– at BaBar with 0.5/ab 
 
 
 

• Radiative and neutrals: e.g. 
D0→V0𝛾, D0→𝛾𝛾, D(s)→Kππ𝛾, …

52

[PRL 122 (2019) 081802]
Δm and the four-body mass distributions are not correlated
and are treated as independent observables in the fit. For the
D0 → K−πþeþe− signal, a Gaussian-like function with
different lower and upper widths is used for both Δm and
mðK−πþeþe−Þ. This asymmetric function is used in order
to describe the imperfect bremsstrahlung energy recovery
for the electrons. The background in the D0 → K−πþeþe−

channel is modeled with an ARGUS threshold function
[35] for Δm and a first-order Chebyshev polynomial for
mðK−πþeþe−Þ. For the D0 → K−πþπþπ− normalization
mode, the Δm and mðK−πþπ−πþÞ distributions are each
represented by two Cruijff functions with shared means
[36]. The background is represented by an ARGUS thresh-
old function for Δm and a second-order Chebyshev
polynomial for mðK−πþπ−πþÞ. All yields and shape
parameters are allowed to vary in the fits except for the
ARGUS function threshold end point, which is set to the
kinematic threshold for the D$þ → D0πþ decay.
Decays of intermediate mesons to the final state eþe−γ

can potentially appear in the mðeþe−Þ spectrum as the
photon is not reconstructed. However, the constraint
mðD0Þ > 1.81GeV=c2 is effective in reducing the back-
ground from these decays despite their relatively high
branching fractions. We investigate the backgrounds by
generating simulation samples D0 → K−πþV, with inter-
mediate decays ρ0=ω=ϕ → eþe− and η=η0 → eþe−γ. In the
simulations, QED radiative corrections are provided by
PHOTOS [30]. The branching fractions are taken from
Ref. [34], except for the unknown BðD0 → K−πþηÞ, which
is estimated to be ð1.8% 0.9Þ% from the related decay
D0 → K0

Sπ
0η. After applying the selection criteria, we

expect to find 0.3% 0.2 eþe−γ background decays in the
0.675 < mðeþe−Þ < 0.875 GeV=c2 range.
The fitted yield for the D0 → K−πþπþπ− normalization

data sample is 260870% 520. For the D0 → K−πþeþe−

signal mode, the fitted yield, after the subtraction
of the eþe−γ background, is 68% 9 in the range
0.675 < mðeþe−Þ < 0.875 GeV=c2. The significance S ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2Δ lnL

p
of the signal yield in this mass range, including

statistical and systematic uncertainties, is 9.7 standard
deviations (σ), where Δ lnL is the change in the log-
likelihood from the maximum value to the value when
the number of D0 → K−πþeþe− signal decays is set to
Nsig ¼ 0.
Figure 1 shows the results of the fit to themðK−πþeþe−Þ

and Δm distributions of the D0 → K−πþeþe− signal mode
in the mass range 0.675 < mðeþe−Þ < 0.875 GeV=c2.
Figure 2 shows the projection of the fit to the D0 →
K−πþeþe− signal mode as a function of mðeþe−Þ and
mðK−πþÞ, where the background has been subtracted using
the sPlot technique [37]. A peaking structure is visible in
mðeþe−Þ centered near the ρ0 mass. A broader structure is
seen in mðK−πþÞ near the known mass of the K̄$ð892Þ0
meson. Both distributions are similar to the distributions
shown in Ref. [21] for the decay D0 → K−πþμþμ−.

We test the performance of the maximum likelihood fit
by generating ensembles of MC simulation pseudodata
samples from both the PDF distributions and the fully
simulated MC events. The mean number of signal, nor-
malization, and background yields used in the ensembles is
taken from the fits to the data sample. The yields are
allowed to fluctuate according to a Poisson distribution and
all fit parameters are allowed to vary. No significant bias is
observed in the normalization mode. The largest fit bias
observed in the signal mode is 0.4% 0.1. The biases are
much smaller than the statistical uncertainties in the yields.
The fit biases are subtracted from the fitted yields before
calculating the signal branching fractions.
To cross-check the normalization procedure, the signal

mode D0 → K−πþeþe− in Eq. (1) is replaced with the
decay D0 → K−πþ, which has a well-known branching
fraction [34]. The D0 → K−πþ decay is selected using the
same criteria as used for the D0 → K−πþπþπ− mode,
which is used as the normalization mode. The D0 →
K−πþ yield is determined using an unbinned maximum
likelihood fit to Δm and the two-body invariant mass
mðK−πþÞ. Three Crystal Ball functions [38] with shared
means are used for the D0 → K−πþ signal Δm and
mðK−πþÞ distributions. The backgrounds are represented
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FIG. 1. Fits to D0 → K−πþeþe− data distributions for
(a) mðK−πþeþe−Þ and (b) Δm mass for candidates with
0.675 < mðeþe−Þ < 0.875 GeV=c2.

PHYSICAL REVIEW LETTERS 122, 081802 (2019)

081802-5

B(D0 ! K�⇡+[e+e�]⇢0/!)

= (4.0± 0.5)⇥ 10�6
<latexit sha1_base64="TZZB4uyT/RpB/TaqGl7Vr0IKjZQ="></latexit>

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.122.081802
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D0➝h+h– decays at LHCb

• Prompt charm (π tagged): well identified kaons/pions forming a displaced secondary 
vertex, paired with low-momentum pion to form a D*+ vertex that coincides with the 
primary vertex 

• From semileptonic B decays (µ tagged): well identified and displaced muon paired with D0 
candidate, requirement on corrected mass to (partly) compensate for undetected neutrino
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Systematic uncertainties
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Source ⇡-tagged µ-tagged
Fit model 0.6 2
Mistag – 4
Weighting 0.2 1
Secondary decays 0.3 –
B fractions – 1
B reco. e�ciency – 2
Peaking background 0.5 –
Total 0.9 5

[10–4]

[PRL 122 (2019) 211803]

https://arxiv.org/abs/1903.08726


Fit model

• Mass model with O(10M) 
candidates is never perfect 

• Impact on asymmetries is generally 
marginal 

• However, mass shapes may also be 
charge asymmetric (momentum 
scale/resolution is slightly 
asymmetric) 

• Tested a variety of alternative 
models, bias on signal asymmetry 
estimated using pseudoexperments
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https://arxiv.org/abs/1903.08726


Peaking background

• Backgrounds due to D*+→ D0π+ decays, where the D0 is mis- or partially 
reconstructed would peak in m(D0π+) 

• Bias on signal asymmetry estimated by measuring backgrounds asymmetry 
and contamination in the D0-mass signal region

57

]2c) [MeV/+K−K(m
1800 1850 1900 1950

 )2 c
C

an
di

da
te

s /
 ( 

2.
8 

M
eV

/

510

610

710
Data

+K−K → 0D
+π−K → 0D

0π+π−K → 0D
+π+K−K → s

+D
Combinatorial

LHCb

]2c) [MeV/+π−π(m
1800 1850 1900 1950

 )2 c
C

an
di

da
te

s /
 ( 

2.
8 

M
eV

/

510

610

Data
+π−π → 0D
+π−K → 0D
lν

+l−π → 0D
Combinatorial

LHCb

[PRL 122 (2019) 211803]

https://arxiv.org/abs/1903.08726


Consistency checks

• Measured value of ΔACP studied as a function of several 
variables (e.g., magnet polarity, data-taking period, 
kinematics)  
 
 
 
 
 
 

• No evidence found for unexpected dependences
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Interpretation of ΔACP

• The time-integrated asymmetry receives contribution from 
CP violation in the decay amplitudes (direct) and in D0-D̄0 
mixing (indirect)  

• Indirect contribution is to a good approximation 
independent of the decay mode 

• Since Δ⟨t⟩~0.1𝜏, ΔACP is mostly a measurement of direct 
CP violation
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ACP (h
+h�) ⇡ adirCP (h

+h�) +
hti
⌧
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Experimental status of CP violation in D0➝h+h–
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CP violation in D0
æ h+h≠

[HFlav], updated by M. Gersabeck

Patrick Koppenburg Publishing LHCb papers 22/03/2019 — University of Manchester [26 / 64]�adirCP = (�16.4± 2.8)⇥ 10�4

aindCP = ( 2.8± 2.6)⇥ 10�4
<latexit sha1_base64="1U4oc4kkyANJkXBI3/OMIRyoips="></latexit>

1,3,5σ



Individual asymmetries at LHCb

• Use large samples of Cabibbo-favored D0→K−π+, D+→K−π+π+ and 
D+→K̄0π+ decays (where no CPV is expected) to cancel detector 
and production asymmetries

61

ACP (h
+h�) = A(h+h�)�A(K�⇡+) +AD(K�⇡+)

AD(K�⇡+) = A(K�⇡+⇡+)�A(K0⇡+)�A(K0)

Correction for CPV in neutral kaon 
system and for different interaction 

with matter

Removes D+ production 
asymmetry and π+ detection 

asymmetry

Removes production asymmetry 
and tag μ/π detection asymmetry

 ACP(D0→K+K–) = (1.4 ± 1.5 ± 1.0)×10–3 
ACP(D0→π+π–)  = (2.4 ± 1.5 ± 1.1)×10–3

[PLB 767 (2017) 177]
Run 1 (3/fb)

https://arxiv.org/abs/1610.09476


Neutral kaons asymmetry

• Neutral kaons violates CP and their mixing 
can be affected by material interactions (i.e. 
regeneration of KS in KL beams) 

• Both effects lead to tiny detection 
asymmetries when using KS that decay in 
the VELO (LL)  
 
 

• Uncertainty limited by the knowledge of the 
detector material — if not under control, 
may impact the ultimate precision 

• CP asymmetries with one KS mesons in the 
final state are currently limited to LL 
candidates (~1/3 of reconstructed decays)

164 9. Neutral kaon asymmetry
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Figure 9.1: The reconstructed K
0
S decay vertex position, R and Z, the thickness in nuclear

collision length d/�T and the decay time distributions, separately for long-reconstructed (LL)
and downstream-reconstructed (DD) candidates. The RF foil is located at R = 8mm, the VELO
ends at z ⇡ 1m, the TT starts at 2.2m. RICH1 is situated between VELO and TT. The decay
time is given in terms of the K

0
S lifetime ⌧S.

downstream-reconstructed K
0
S candidates traverse additionally the material of RICH1.

The reconstructed decay time of long-reconstructed K
0
S candidates is significantly smaller

than one K
0
S lifetime, while that of downstream-reconstructed candidates goes up to

three lifetimes.

9.2 Asymmetry formalism

The phenomenology of mixing and CP violation in a neutral meson system is given in
Chapter 2.3. Here, the formulas are adapted to the common notation in the neutral
kaon system. The e↵ective Schroedinger equation of neutral kaon mixing in vacuum
can be written as2

i
d

dt

✓��K0(t)
↵

��K0(t)
↵
◆

vac

=

✓
M � i

2
�

◆✓��K0(t)
↵

��K0(t)
↵
◆

vac

(9.1)

2The convention ~ = c = 1 is used here to simplify the formulas.
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Figure 9.2: The time-dependent neutral kaon asymmetry for (a) large and (b) small K0
S decay

times. The underlying model assumes an average K
0
S momentum of 30GeV/c and a constant

material distribution.
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Figure 9.3: The time-integrated neutral kaon asymmetry. The integration is performed from 0
to tmax. The underlying model assumes an average K

0
S momentum of 30GeV/c and a constant

material distribution.

9.3 Calculated asymmetry for data samples

The material in the VELO and the RICH is not homogeneously distributed. There
are several detection layers with di↵erent materials and vacuum or air in between.
Therefore, the flight path of a particle is divided into sections, see Figure 9.4. The
detector geometry as it is implemented in the event simulation and reconstruction is
used. The amplitudes ↵L,S(tn) are calculated for a time di↵erence tn � tn�1 with the
start values ↵L,S(tn�1) = ↵L,S(0) according to Equation 9.5:

↵S(tn) = ↵S(tn � tn�1) with ↵L,S(0) = ↵L,S(tn�1) , (9.17)

↵L(tn) = ↵L(tn � tn�1) with ↵L,S(0) = ↵L,S(tn�1) . (9.18)

The iterative calculation of ↵S and ↵L is performed with initial K0 and K
0 states for

the flight path of every K
0
S candidate in the D

+ ! K
0
⇡
+ samples recorded by the

LHCb experiment. The usage of K0
S candidates selected in data takes automatically

the decay-time acceptance of reconstructed K
0
S decays into account. The expected
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 A(KS LL) = (−0.73 ± 0.05)×10–3 
A(KS DD) = (–6.2 ± 0.3)×10–3
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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 pT > 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
K

0
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.
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Phase-space binning
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Using the customary convention for charm mixing, which assumes the absence of any final-137

state-dependent weak phase (which cannot be present in absence of direct CP violation)138

so that � = arg(q/p), the interpretation of zCP and �z becomes straightforward:139

xCP = � Im (zCP ) =
1
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yCP = �Re (zCP ) =
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The absence of indirect CP violation results in xCP = x, yCP = y, �x = �y = 0. The140

observable �y is more frequently indicated as A�.141

By construction, the method is less sensitive to the parameters associated with the142

width di↵erence (yCP and �y) than to those associated with the mass di↵erence (xCP143

and �x). This is because mixing terms proportional to amplitudes with defined CP144

eigenvalue (such as the CP -odd D0
! K0

S⇢
0 amplitude), that are mostly sensitive to the145

width di↵erence, partly cancel in the ratio between yields observed in the upper and lower146

Dalitz regions. An estimate of the reduced sensitivity can be obtained by retaining just147

terms that are linear in decay time, and further expanding the ratio of Equation 20 for148

htij
p
rb Re (Xbz) ⌧ 1 under the simplifying assumption of CP conservation,149

R±
bj ⇡

rb + htij
p
rb Re (X?

b z)

1 + htij
p
rb Re (Xbz)

⇡ rb + htij
p
rb
⇥
Re (X?

b z)� rb Re (Xbz)
⇤

= rb + htij
p
rb
⇥
(1� rb)cb y � (1 + rb)sb x

⇤
, (25)

where we defined Xb ⌘ cb � isb. The coe�cient multiplying y is in average a factor of150

two smaller than that multiplying x [21]. Therefore, the sensitivities to yCP and �y are151

expected to be a factor two smaller than the sensitivities to xCP and �x, respectively.152

1.1 Dalitz bin definition and CLEO inputs153

In absence of direct CP violation, the real and imaginary parts of the coe�cients154

Xb ⌘ cb � isb have the following explicit expressions (Equation 7):155
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where ��(m2

+
,m2

�) = �(m2

+
,m2

�)��(m2

�,m
2

+
) and �(m2

+
,m2

�) is the phase of Af (m2

+
,m2

�).156
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Figure 1: Iso-�� binning of the K0

S⇡
+⇡� Dalitz plot developed by CLEO [21] using the

BaBar 2008 amplitude model [22].

Several Dalitz-plot binning schemes were developed by the CLEO collaboration for157

measuring (cb, sb) [21]. We use the scheme that minimizes the variation of the strong-phase158

di↵erence �� across each bin. Using the “BaBar 2008” amplitude model [22] to evaluate159

the variation of ��, a total of n = 8 bins are defined in each Dalitz semispace such that160

2⇡(b� 3/2)/n < ��(m2

+
,m2

�) < 2⇡(b� 1/2)/n, b = 1, ..., n. (28)

The resulting binning scheme (Figure 1) is provided by CLEO as a look-up table made161

of equally-spaced (m2

+
,m2

�) points (the spacing used is 0.0054 GeV2/c4 in both m2

+
and162

m2

� directions). The measured values of cb, sb are given in Table 1. Their correlations163

are in Table 2. These are used as direct inputs to the mixing fit, which is described in164

Section 4.4. For reference, also the values of F(�)b and rb are reported in Table 3.165

It is important to notice that while an amplitude model is required for the definition166

of the bins, the method remains (by construction) unbiased even if the wrong model is167

used [14–17].168

7

b cb sb

1 0.655± 0.036± 0.042 �0.025± 0.098± 0.043
2 0.511± 0.068± 0.063 0.141± 0.183± 0.066
3 0.024± 0.140± 0.080 1.111± 0.131± 0.044
4 �0.569± 0.118± 0.098 0.328± 0.202± 0.072
5 �0.903± 0.045± 0.042 �0.181± 0.131± 0.026
6 �0.616± 0.103± 0.072 �0.520± 0.196± 0.059
7 0.100± 0.106± 0.124 �1.129± 0.120± 0.096
8 0.422± 0.069± 0.075 �0.350± 0.151± 0.045

Table 1: Measured values of cb and sb from CLEO for the BaBar 2008 iso-�� binning
scheme [21]. The first uncertainty is statistical and the second is systematic. The
correlations are reported in Table 2.
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Sensitivity study

• Generated 1M signal-only D0→KSπ+π– decays using the BaBar amplitude 
model and compared sensitivity to x and y with different analysis methods 
(all other nuisance parameters fixed) 
 
 
 
 

• Bin-flip method gives better sensitivity to x than the original model-
independent method 

• Similar ratios of sensitivities hold for the CP-violation parameters when 
fitting D0 and D0 decays separa

64

x �! x± = xCP ±�x

y �! y± = yCP ±�y
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Analysis method �(x) �(y)
Model-dependent 0.11% 0.10%
Original model-independent 0.20% 0.18%
Bin-flip model-independent 0.15% 0.29%

Table 1: Expected statistical sensitivities from 10
6
signal-only candidates gen-

erated according to the BaBar 2010 amplitude model, in the “world-average

mixing without CP violation” scenario, and fit with di↵erent analysis methods

assuming no CP violation. For each method, only the mixing parameters are

allowed to float in the fit.
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A new parametrization
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xCP = �=(zCP ) =
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zCP ±�z = �(q/p)±1(y + ix)
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