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Recent world leading results 
on charm, and exotic b decays



Why shall we bother about charm?

Discovery tool FCNC and CP 
violation are highly suppressed in the 
standard model. Potential room for 
new physics to show up


Unique Gives sensitivity to new 
physics coupling to up-type quarks 
(complementary to K and B(s) decays)


Challenging Predictions are difficult 
(impossible?), not a precision probe. 
However, an interesting laboratory for 
non-perturbative QCD and (exotic) 
hadron dynamics
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Two concurrent charm factories (not at threshold)

3

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 neutrals 
and unique access to final 
states with invisible particles


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



Belle II status

• Continued data-taking 
through Covid-19 pandemic 


• Peak instantaneous luminosity 
of ~2.6×1032 cm–2s–1


• However, slower luminosity 
integration rate than initially 
planned


• As of today, collected 
~126 fb–1

4



Prospects of data collection
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LHCb-PUB-2018-009

(+ 1yr delay due to Covid-19)

The Belle II Physics Book

(+ latest luminosity projections)
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The rule of thumb
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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 prompt charm production



• Charm production rate in hadron 
collisions is O(106) times larger


• However, at Belle II better 
reconstruction efficiency for some 
final state compensates

The rule of thumb
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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
"L · "p/|"p|2 where "L is the vector joining the de-

cay and production vertices of the D0, "p 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
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• Charm production rate in hadron 
collisions is O(106) times larger


• However, at Belle II better 
reconstruction efficiency for some 
final state compensates

The rule of thumb
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The selection criteria described above are chosen by

maximizing RWSNRS
S /

√

RWSNRS
S +NWS

B , where RWS
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When counting NRS
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"L · "p/|"p|2 where "L is the vector joining the de-

cay and production vertices of the D0, "p 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
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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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we require the D∗+ meson momentum calculated in the
center-of-mass system to be greater than 2.5, 2.6, and 3.0
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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
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The measured D0 proper decay time is calculated as
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"L · "p/|"p|2 where "L is the vector joining the de-

cay and production vertices of the D0, "p 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
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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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CP violation in charm decays
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Charm CP violation is not about the penguins!

• CP violation in B decays comes from 
interference between tree and 
penguin loop (dominated by top)


• In charm decays, the penguin is 
irrelevant (CKM and GIM suppressed)


• Interference is between tree and 
rescattering amplitudes. Assuming 
O(1) rescattering

9

[JHEP 1907 (2019) 020]
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Discovery of CP violation in charm decays

• Difference of time-integrated CP asymmetries in 2-
body Cabibbo-suppressed decays: 
 
 
 
 
 

• In the limit of SU(3)/U-spin symmetry, ACP(K+K–) and 
ACP(π+π–) have same magnitude and opposite signs 
⟹ |ΔACP| ≈ 1.3×10–3


• In addition to be robust against experimental biases, 
ΔACP provides 2× enhanced sensitivity to CP violation

10

CERN, 2021–02–16 T. Pajero, University of Oxford | CP violation in charm at LHCb
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• Observed value is at the upper end of the SM predictions, challenges first-principles 
QCD calculations   Grossman et al. 2007, Li et. al 2012, Cheng & Chiang 2012, Khodjamirian & Petrov 2017


• Prompted intense theoretical study: O(1–10) enhancement of QCD rescattering or NP? 
Chala et al. 2019, Grossman & Schacht 2019, Buccella et al. 2019, Cheng & Chiang 2019, Soni 2019,  
Dery & Nir 2019, Li et al. 2019,  Wang et al. 2020, Bause et al. 2020, Dery et al. 2020


• Measurements of further decay channels can help unveiling the underlying dynamics.

ΔACP = Araw(K+K−) − Araw(π+π−)
≈ ad

K+K− − ad
π+π− = (−1.54 ± 0.29) × 10−3 (5.3σ)

• Nuisance asymmetries cancel out 
in the difference;


• dynamical asymmetries add up 
(  in the U-spin limit).ad

K+K− ≈ − ad
π+π−

6/fb

CERN, 2021–02–16 T. Pajero, University of Oxford | CP violation in charm at LHCb
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• Measurements of further decay channels can help unveiling the underlying dynamics.

ΔACP = Araw(K+K−) − Araw(π+π−)
≈ ad

K+K− − ad
π+π− = (−1.54 ± 0.29) × 10−3 (5.3σ)

• Nuisance asymmetries cancel out 
in the difference;


• dynamical asymmetries add up 
(  in the U-spin limit).ad

K+K− ≈ − ad
π+π−

[PRL 122 (2019) 211803]
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= (�1.54± 0.29)⇥ 10�3

5.3σ deviation from zero
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What is next?

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


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


• Experimentally look for CP violation in radiative/semileptonic 
decays and test sum rules between SU(3) related modes, e.g.: 
 
 

• Huge program of measurements, where complementarity 
between LHCb and Belle II will be crucial

11

1 Introduction

The observation of Charge-Parity (CP ) violation in two-body decays of neutral D
mesons [1] motivates searches for similar e↵ects in charged D meson decays. The two-
body D+

(s)! h+⇡0 and D+
(s) ! h+⌘ decays, where h+ denotes a ⇡+ or K+ meson,1 are

mediated by Cabibbo favoured (CF), singly Cabibbo suppressed (SCS) or doubly Cabibbo
suppressed (DCS) processes. The SCS modes D+

s ! K+⇡0, D+
! ⇡+⌘ and D+

s ! K+⌘
receive contributions from two di↵erent weak phases, proportional to the products of
the CKM matrix elements VcdV

⇤
ud and VcsV

⇤
us, allowing CP violation at tree-level. In the

Standard Model (SM), the CP asymmetries are expected to be of the order 10�4–10�3 [2–7].
The CF mode D+

s ! ⇡+⌘ and the DCS modes D+
! K+⇡0 and D+

! K+⌘ receive
contributions from only one weak phase at tree-level, requiring interference with loop-level
processes to exhibit CP violation. The D+

s ! ⇡+⇡0 mode proceeds via an annihilation
topology decay and is therefore highly suppressed.

The SCS D+
! ⇡+⇡0 mode is of particular interest as the CP asymmetry in the SM

is expected to be zero as a result of isospin constraints [3–6]. The CP asymmetries of the
signal decays are defined to be

ACP (D
+
(s)! h+h0) ⌘

�(D+
(s)! h+h0)� �(D�

(s)! h�h0)

�(D+
(s)! h+h0) + �(D�

(s)! h�h0)
, (1)

where � is the partial decay rate and h0 denotes either a ⇡0 or an ⌘ meson. A non-zero
value of ACP (D+

! ⇡+⇡0), coupled with a verification that the isospin sum rule

R =
ACP (D0

! ⇡+⇡�)

1 +
⌧D0

B+�

⇣
B00
⌧D0

+ 2
3
B+0

⌧D+

⌘ +
ACP (D0

! ⇡0⇡0)

1 +
⌧D0

B00

⇣
B+�
⌧D0

+ 2
3
B+0

⌧D+

⌘ �
ACP (D+

! ⇡+⇡0)

1 + 3
2

⌧D+

B+0

⇣
B00
⌧D0

+ B+�
⌧D0

⌘ (2)

is consistent with zero, would be an indication of physics beyond the SM [7–10]. Here,
⌧D+ and ⌧D0 represent the D+ and D0 lifetimes and B+�, B00 and B+0 represent the
branching fractions of D0

! ⇡+⇡�, D0
! ⇡0⇡0 and D+

! ⇡+⇡0 decays, respectively. A
recent measurement from the Belle collaboration determined the CP asymmetry to be
ACP (D+

! ⇡+⇡0) = (2.31± 1.24± 0.23)% [10], where the first uncertainty is statistical
and the second is systematic, corresponding to a value of R = (�2.2± 2.7)⇥ 10�3.

In this article measurements of CP asymmetries of seven D+
(s)! h+⇡0 and D+

(s)! h+⌘

modes are performed, using samples corresponding to either 9 fb�1 or 6 fb�1 of integrated
luminosity, respectively, collected by the LHCb experiment in proton-proton (pp) collisions
at the LHC. The 6 fb�1 data set comprises data collected during 2015–2018 (Run 2)
at a centre-of-mass energy of 13TeV, whilst the 9 fb�1 data set additionally includes
data collected during 2011–2012 (Run 1) at centre-of-mass energies of 7TeV and 8TeV.
The neutral ⇡0 and ⌘ mesons are reconstructed via decays to the e+e�� final state.
The reconstruction of electron and positron tracks, in addition to the charged hadron
track from the D+

(s) meson decay, enables the determination of the displaced D+
(s) meson

decay vertex and suppresses background from particles originating from the primary pp
interaction. The signal receives contributions from the suppressed three-body Dalitz
decays ⇡0

! e+e�� and ⌘ ! e+e�� with branching fractions (1.174 ± 0.035)% and

1Inclusion of charge conjugated processes is implied throughout, except when discussing asymmetry
definitions.

1

= 0
[arXiv:2103.11058]

https://arxiv.org/abs/2103.11058


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


• If ∆ACP is due to new physics, then 
expect 
 

• Current best measurement from Belle 
 

• Similar performances expected for Belle 
II. Sensitivity with 50/ab ~0.17%

12

ACP(π+π0) = (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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distributions. Left (right) panels correspond to Dþ (D−) samples.
Points with error bars, colored curves, and residual plots are
described in the caption of Fig. 1.
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panels correspond to Dþ (D−) samples. Points with error bars
are the data. The solid blue curves are the results of the fit. The
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signal, total- and peaking-background contributions, respectively.
The normalized residuals are shown below each distribution,
and the post-fit χ2 per degree of freedom (χ2=d:o:f:) is given
in each panel.
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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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Points with error bars, colored curves, and residual plots are
described in the caption of Fig. 1.
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[Phys. Rev. D 97 (2018) 011101]

LHCb
 0.6)%± 0.9 ±(-1.3 

[LHCb-PAPER-2021-001]

Average
 0.8)%±(0.4 

ACP(D+→π+π0) at LHCb

• No displaced vertex with a single track


• Use π0→e+e–𝛾 and π0→𝛾𝛾 with one converted 
photon


• Lower BFs compensated by much larger 
production rate compared to B factories


• CP asymmetry with 9/fb competitive with 
Belle (1/ab) 
 

• Updated sum rule consistent with zero: 
 

13

100 120 140 160 180
] 2c) [MeV/γ−e+e(m

500

1000

1500

2000

2500)2 c
C

an
di

da
te

s /
 (1

 M
eV

/ LHCb
-19 fb

1800 1900 2000 2100
] 2c) [MeV/0π+π(m

500

1000

1500

2000

2500

3000

)2 c
C

an
di

da
te

s /
 (5

 M
eV

/ Data
Total

0π±π→±D
0π±π→±sD

Pure comb.
 comb.0πReal-

LHCb
-19 fb

Table 6: Final ACP (%) results for the D+
(s)! h+⌘ modes. The uncertainties of ACP (D

+
(s)! h+⌘)

are statistical and systematic respectively. The uncertainties of ARaw(D
+
(s)! h+⌘) are purely

statistical. The uncertainties of AMix(K0) are systematic. Externally measured values of
ACP (D

+
(s)! K0

Sh
+) are taken from Refs. [18, 36–40].

D+
! ⇡+⌘ D+

s ! ⇡+⌘

ARaw(D
+
(s)! h+⌘) �0.55 ± 0.76 0.75 ± 0.65

Aw
Raw(D

+
(s)! K0

Sh
+) �0.46 ± 0.04 �0.02 ± 0.37

ACP (D
+
(s)! K0

Sh
+) �0.02 ± 0.12 0.13 ± 0.20

AMix(K0) �0.070± 0.004 �0.070± 0.004

ACP (D
+
(s)! h+⌘) �0.2± 0.8± 0.4 0.8± 0.7± 0.5

D+
! K+⌘ D+

s ! K+⌘

ARaw(D
+
(s)! h+⌘) �5.39 ± 10.40 1.28 ± 3.67

Aw
Raw(D

+
(s)! K0

Sh
+) 0.33 ± 0.10 0.36 ± 0.10

ACP (D
+
(s)! K0

Sh
+) �0.01 ± 0.08 0.09 ± 0.26

AMix(K0) �0.073± 0.004 �0.073± 0.004

ACP (D
+
(s)! h+⌘) �6± 10± 4 0.9± 3.7± 1.1

asymmetries are determined to be

ACP (D
+
! ⇡+⇡0) = (�1.3± 0.9± 0.6)%,

ACP (D
+
! K+⇡0) = (�3.2± 4.7± 2.1)%,

ACP (D
+
! ⇡+⌘) = (�0.2± 0.8± 0.4)%,

ACP (D
+
! K+⌘) = (�6 ± 10 ± 4 )%,

ACP (D
+
s ! K+⇡0) = (�0.8± 3.9± 1.2)%,

ACP (D
+
s ! ⇡+⌘) = ( 0.8± 0.7± 0.5)%,

ACP (D
+
s ! K+⌘) = ( 0.9± 3.7± 1.1)%,

where the first uncertainty is statistical and the second systematic. All of the results are
consistent with CP symmetry and the first five constitute the most precise measurements
to date. Very recently the Belle collaboration has also reported precise measurements
of ACP (D+

s ! K+⇡0), ACP (D+
s ! ⇡+⌘) and ACP (D+

s ! K+⌘) [41]. The result for
ACP (D+

! ⇡+⇡0) is consistent with the SM expectation and the previous measurement
by the Belle collaboration [10]. Using the relevant lifetimes, branching fractions and CP
asymmetries from Ref. [11] and an updated average of ACP (D+

! ⇡+⇡0) = (0.43± 0.79)%
calculated using the measurements by Belle [10], CLEO [42] and the result presented here,
the isospin sum rule defined in Eq. 2 is found to be consistent with zero, with a value of
R = (0.1± 2.4)⇥ 10�3.
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CP violation in D0→Ks0Ks0 decays at LHCb

• CP violation enhanced by interference 
in W-exchange tree-level diagrams 

• New result from LHCb with 6/fb 
competitive with Belle (1/ab)
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A confirmation channel for the observation?

15

• Only exchange diagrams vanishing in the   
limit contribute at tree level


• CPV could be enhanced up to the percent level  
Nierste & Schacht 2015 
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As in the case of the D0 æ K+K≠ and D0 æ fi+fi≠ decays, because of the slow
mixing rate of charm mesons (x,y≥ O(10≠3)), the CP asymmetry can be expanded as

ACP (K0

S K0

S ) = adec

CP
(K0

S K0

S ) ≠ Èt(K0

S K0

S )Í
·(D0) A�, (1.45)

where, as a reminder, Èt(K0

S K0

S )Í denotes the mean decay time of D0 æ K0

S K0

S decays
in the reconstructed sample. Since A� has been measured to be compatible with zero at
a level of 10≠4, while ÈtÍ/· is of order of 1, the second term of Eq.1.45 can be therefore
neglected, being much smaller than the expected sensitivity on ACP , and ACP ƒ adec

CP
.

Therefore the study of CP asymmetry in D0 æ K0

S K0

S channel is a test of CP violation
in the decay.

The measurement of CP asymmetry in D0 æ K0

S K0

S decays is sensitive to a di�erent
mix of CP -violating amplitudes w.r.t D0 æ K+K≠ and D0 æ fi+fi≠ [43]. Therefore it
provides independent information on CPV and improving the measurement, and possibly
detecting the e�ect, will help in the understanding of the mechanism of CP violation in
charm decays.

1.5.3 Experimental status
The existing measurements on the D0 æ K0

S K0

S decay channel are listed in Tab 1.1. All
measurements, and their average, are compatible with no CP asymmetry within uncer-
tainties.

Table 1.1: Existing measurements of ACP (D0 æ K
0
S K

0
S ).

ACP (K0

S K0

S ) (%) Yield Year Collaboration
≠23. ± 19. 65 ± 14 2008 CLEO [53]
≠2.9 ± 5.2 ± 2.2 635 ± 74 2015 LHCb Run 1 [54]
≠0.02 ± 1.53 ± 0.17 5399 ± 87 2016 Belle [55]

4.3 ± 3.4 ± 1.0 1067 ± 41 2018 LHCb 2015+2016 [56]
0.4 ± 1.4 World average [10]

e+e≠ machines The first measurement of ACP (K0

S K0

S ) was made by CLEO, who mea-
sured ACP with a statistical uncertainty of 19% [53]. The data used correspond to an
integrated luminosity of 13.7 fb≠1 collected at the �(4S) resonance. The world’s best
measurement has been instead made by Belle, who measured ACP with a statistical un-
certainty of 1.53% [55]. In this case the data correspond to an integrated luminosity of
921 fb≠1, collected at or slightly below the �(4S) resonance and at the �(5S) resonance.
To note that at the recent ICHEP2020 conference, the Belle II collaboration has shown
that a total of 177 ± 14 D0 æ K0

S K0

S events have been already collected [57] after 1.5
years of data-taking.

Hadron colliders At hadron colliders, the only experiment who measured ACP (K0

S K0

S )
is the LHCb experiment. On Run 1 data, which correspond to an integrated luminosity
of about 3 fb≠1 and have been collected at a centre of mass energy of 7 TeV and 8

1.5. State of the art at LHCb and motivations for this work 23

As in the case of the D0 æ K+K≠ and D0 æ fi+fi≠ decays, because of the slow
mixing rate of charm mesons (x,y≥ O(10≠3)), the CP asymmetry can be expanded as

ACP (K0

S K0

S ) = adec

CP
(K0

S K0

S ) ≠ Èt(K0

S K0

S )Í
·(D0) A�, (1.45)

where, as a reminder, Èt(K0

S K0

S )Í denotes the mean decay time of D0 æ K0

S K0

S decays
in the reconstructed sample. Since A� has been measured to be compatible with zero at
a level of 10≠4, while ÈtÍ/· is of order of 1, the second term of Eq.1.45 can be therefore
neglected, being much smaller than the expected sensitivity on ACP , and ACP ƒ adec

CP
.

Therefore the study of CP asymmetry in D0 æ K0

S K0

S channel is a test of CP violation
in the decay.

The measurement of CP asymmetry in D0 æ K0

S K0

S decays is sensitive to a di�erent
mix of CP -violating amplitudes w.r.t D0 æ K+K≠ and D0 æ fi+fi≠ [43]. Therefore it
provides independent information on CPV and improving the measurement, and possibly
detecting the e�ect, will help in the understanding of the mechanism of CP violation in
charm decays.

1.5.3 Experimental status
The existing measurements on the D0 æ K0

S K0

S decay channel are listed in Tab 1.1. All
measurements, and their average, are compatible with no CP asymmetry within uncer-
tainties.

Table 1.1: Existing measurements of ACP (D0 æ K
0
S K

0
S ).

ACP (K0

S K0

S ) (%) Yield Year Collaboration
≠23. ± 19. 65 ± 14 2008 CLEO [53]
≠2.9 ± 5.2 ± 2.2 635 ± 74 2015 LHCb Run 1 [54]
≠0.02 ± 1.53 ± 0.17 5399 ± 87 2016 Belle [55]

4.3 ± 3.4 ± 1.0 1067 ± 41 2018 LHCb 2015+2016 [56]
0.4 ± 1.4 World average [10]

e+e≠ machines The first measurement of ACP (K0

S K0

S ) was made by CLEO, who mea-
sured ACP with a statistical uncertainty of 19% [53]. The data used correspond to an
integrated luminosity of 13.7 fb≠1 collected at the �(4S) resonance. The world’s best
measurement has been instead made by Belle, who measured ACP with a statistical un-
certainty of 1.53% [55]. In this case the data correspond to an integrated luminosity of
921 fb≠1, collected at or slightly below the �(4S) resonance and at the �(5S) resonance.
To note that at the recent ICHEP2020 conference, the Belle II collaboration has shown
that a total of 177 ± 14 D0 æ K0

S K0

S events have been already collected [57] after 1.5
years of data-taking.

Hadron colliders At hadron colliders, the only experiment who measured ACP (K0

S K0

S )
is the LHCb experiment. On Run 1 data, which correspond to an integrated luminosity
of about 3 fb≠1 and have been collected at a centre of mass energy of 7 TeV and 8

PRD 63 (2001) 071101

Today will present results with full Run 2 data

• 2015–2016 data reanalysed — improved methodology increases precision by 30%.
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Figure 1: Fit projections on the �m observable for the most representative candidates categories
contributing to the measurement. See text for the definition of kNN ouput.

candidate is randomly selected for the analysis.135

Distributions of the �m variable for some representative subsamples obtained in this136

way are shown in Fig. 1. An unbinned weighted maximum likelihood fit is performed to137

the joint distribution of �m and the two m(K0
S), including candidates of both flavors to138

extract the value of ACP . The total probability density function (pdf) is parameterized by139

the sum of eight components: the signal component, peaking in the three observables, and140

seven additional components, each describing a possible background source. This includes141

D0 ! K0
S⇡

+⇡� decays, which peaks in �m and one m(K0
S) distributions but not in the142

other, and all possible combinations of unrelated particles (e.g, two real K0
S which results143

in a fake D⇤, one real K0
S and a fake one, random combinations of pions which result in144

fake K0
S and a fake D⇤). The peaking component in the �m distribution is described by145

a Gaussian function (in PV-incompatible samples), or a Johnson SU distribution [15] (in146

PV-compatible samples). The peaking component in the m(K0
S) distribution is described147

by the sum of two Gaussian functions with di↵erent widths and a common mean, for both148

L-type and D-type K0
S. The non-peaking component in the �m distribution is described149

by an empirical threshold function, while in the m(K0
S) distribution is described with150

a first and second order Chebyshev polynomial, in the case of L and D K0
S candidates,151

respectively. In each subsample, the parameters defining the signal and background pdfs152

are shared between D⇤+ and D⇤� mass distributions, while the normalization of each153

background components is allowed to di↵er between D⇤+ and D⇤� decays.154

Each event participating in the fit is appropriately weighted with the aim of correcting155

for all spurious asymmetries, with the help of the calibration D0 ! K+K� sample. Care156

has been taken to ensure the calibration sample contains the same proportions of primary157

and secondary decays as the signal sample. The calibration sample is similarly split158

between PV-compatible and PV-incompatible, and a ±20 MeV/c2 cut around the nominal159

D0 mass is applied. In addition, only events in a ±1.5 MeV/c2 range around the �m160
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Figure 9.2: Values of ACP obtained by CLEO [53],Belle [55], LHCb [54]
compared with the one presented in this document, along with their aver-
age. The quoted uncertainty is including both statistical and systematic

contributions. On the bottom, a zoom between -0.1 and 0.05 is shown.

9.2 Future prospects
This measurement is based on 5.7 fb≠1 of data collected by the LHCb experiment from
2015 to 2018 at a centre of mass energy of 13 TeV. LHCb is currently being upgraded and
in 2022 will start to acquire data with an almost completely new detector and trigger
system; it will likely collect additional 14 fb≠1 of data before 2025. Assuming the same
e�ciency of Run 2, the expected statistical sensitivity that will be reached in Run 3 is:

‡stat(Run 3) ƒ ‡stat(Run 2)
Û

1
2.5 ƒ 0.8%,

which is still smaller that the current systematic uncertainty. It is worth noting that the
dominant sources to the current systematic uncertainty, i.e. the fit model and the weight-
ing procedure, are expected to scale with the increased statistics. Additional 27 fb≠1 of
data will be collected during Run 4, that will allow to reach a total of 50 fb≠1 of data
collected by LHCb. Assuming again the same e�ciency of Run 2, the expected statistical
sensitivity at the end of Run 4 (2030) is therefore

‡stat(Run 1 ≠ 4) ƒ ‡stat(Run 2)
Û

1
8 ƒ 0.4%.

(−1.9 ± 1.0) %

ACP(D0 → K0
SK0

S) = (−3.1 ± 1.2(stat) ± 0.4(sys) ± 0.2) %

LHCb-PAPER-2020-047

compatible with zero

within 2.4 σ

World best measurement 
Previous was Belle (0.0 ± 1.5 ± 0.2) %

Sys. mainly from

choice of fit model

LHCb preliminary

resampling of the data, and is found to be negligible. The uncertainty due to the presence191

of residual background in the D0 !K+K� sample has also been evaluated and found to192

be a minor e↵ect, never exceeding 0.5%.193

Another important source of systematic uncertainty is due to the knowledge of the194

shape of the fitted distribution, as the fit function used is purely empirical. Potential195

bias in the fitting procedure is evaluated by fitting our model to simulated samples of196

pseudo-experiments generated from alternative models. The number and type of peaking197

components and the behavior of the background at the kinematic threshold are varied,198

and the largest observed variations taken as the systematic uncertainty, ranging between199

0.4% and 5.6%, depending on subsample.200

A systematic uncertainty is also assessed for possible residual di↵erences in secondary201

decays fractions between signal and calibration samples. This is estimated by varying, up202

to a factor 2, the fraction of secondary decays in the D0 ! K+K� sample and observing203

the shift in the value of ACP , resulting in an uncertainty of 0.1%–0.2% in all subsamples.204

Finally, a 0.15% uncertainty in the input value of ACP (K+K�) is separately taken into205

account, coming from the Run 1 LHCb measurement ACP (K+K�) = (0.04±0.12±0.10)%206

[7].207

The results obtained in each subsample are summarized in Table 1. The subsamples208

corresponding to di↵erent kNN classifier ranges are fitted simultaneously with common209

parameters, so they do not produce separate results. As a check of goodness of fit, a �2
210

has been calculated for each 1-d projection (Fig. 1). All p-values are found to be > 0.2.211

Table 1: Measurements of ACP (D0 ! K0
SK

0
S) and yields in individual subsamples. For asymme-

tries, the first uncertainty is statistical and the second is systematic.

Sample 2017 + 2018 2015 + 2016
ACP [%] Yield ACP [%] Yield

LL PV-comp. � 4.3± 1.6± 0.4 4056± 77 0.3± 2.5± 0.6 1388± 41
LL PV-inc. � 3.0± 7.9± 1.1 430± 41 � 11 ± 17 ± 2 178± 31
LD PV-comp. � 2.9± 3.8± 0.7 1145± 49 � 7.2± 5.8± 1.1 411± 25
LD PV-inc. � 5 ± 17 ± 2 349± 64 � 10 ± 31 ± 4 58± 18
DD � 35 ± 47 ± 6 87± 28 � �

All partial results in Tab. 1 are statistically compatible with each other. The mean
of all 2015-2016 measurements, weighed with the squared inverse of their statistical
uncertainty, is

ACP (K0
SK

0
S)2015/16 = (�1.1± 2.3± 0.5± 0.2)%,

where the first uncertainty is statistical, the second is the systematic obtained by taking212

the individual contributions as uncorrelated, and the third is from the uncertainty on213

ACP (K+K�). This result is compatible with the previously published value based214

on the same data sample [6], but has a ' 30% better precision, corresponding to an215

e↵ective doubling of statistics. The sensitivity increase is due to the combined e↵ect of216

several improvements in the analysis, mostly the new weighing technique, the inclusion of217

secondaries, appropriate segmentation of the sample, and multi-dimensional likelihood fit.218

6

[PRD 92 (2015) 054036]

https://arxiv.org/abs/1508.00074


D0→Ks0Ks0 decays at Belle II
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Prospects for direct CP violation
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Decay mode Current best sensitivity

(stat + syst) [10–3]

Belle II 50/ab

(stat+syst) [10–3]

LHCb 50-300/fb

(stat only) [10–3]

ΔACP 0.29 LHCb (9/fb) 0.6 0.07-0.03

D0➝K+K– 1.8 LHCb (3/fb) 0.3 0.17-0.07

D0➝π+π– 1.8 LHCb (3/fb) 0.5 0.17-0.07

D0➝π0π0 6.5 Belle (1/ab) 0.9 (?)

D+➝π0π+ 11/13 LHCb (9/fb)/Belle (1/ab) 1.7 (5.9-2.4)

D0➝KSKS 13/15 LHCb (9/fb)/Belle (1/ab) 2.1 7.0-2.8

Ds➝KSπ+ 18 LHCb (6.8/fb)
 2.9 (0.75)-0.32

D+➝KSK+ 0.76 LHCb (6.8/fb) 0.4 (0.28)-0.12

D0➝𝜙𝛾 66 Belle (1/ab) 10 (?)

D0➝ρ0𝛾 150 Belle (1/ab) 20 (?)

D0➝K+π– 9.1 LHCb (5/fb) (4.0) 1.4-0.5

(numbers in parentheses are my own, unofficial projections)

LHCb-PUB-2018-009

The Belle II Physics Book

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


• The eigenstates of the neutral D meson are 
a mixture of the flavor states 
 
 
 
 

• This results in D0-D̄0 (ΔC = 2) transitions 
before decay that provide an additional 
interfering pattern for CP-violation effects


• Expected to be suppressed by a further 
order in U-spin breaking w.r.t. ΔC = 1 
processes ⟹ 𝜙~O(0.1) degrees


• No experimental evidence to date
0.4− 0.3− 0.2− 0.1− 0 0.1 0.2 0.3 0.4

|q/p|-1

40−

30−

20−

10−

0

10

20

30

40

A
rg

(q
/p

) [
de

gr
ee

s] σ 1 
σ 2 
σ 3 
σ 4 
σ 5 

��	��
����
 ����

Time-dependent CP violation
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Improved decay-time resolution at Belle II
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BABAR

Belle II
Belle

D0 decay time [ps]

~2× better than Belle/BaBar,

similar to charm from semileptonic B decays at LHCb, 

and only ~2× worse than prompt charm at LHCb

D0→K–π+


decays



Time-dependent CP asymmetry in D0➝h+h–

• Small D0-D̄0 mixing rate (x,y ≪ 1) 
implies that time-dependent CP 
asymmetries can be approximated as 
 

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


• Naive expectation is O(10–5-10–4)


• Experimental sensitivity is (and will 
remain) dominated by LHCb

19

ACP (h
+h�) ⇡ adirCP (h

+h�)� t

⌧
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Updated measurement from LHCb Run 2
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Figure 12: Linear fit to the time-dependent asymmetry of the (top) D0! K+K� and (bottom)
D0! ⇡+⇡� samples.

These results are combined with previous LHCb measurements [44–46], with which616

they are consistent, yielding the LHCb legacy results with the 2011–2012 and 2015–2018617

data samples,618

�YK+K� = (�0.3 ± 1.3 ± 0.3) ⇥ 10�4,

�Y⇡+⇡� = (�3.6 ± 2.4 ± 0.4) ⇥ 10�4,

�Y = (�1.0 ± 1.1 ± 0.3) ⇥ 10�4,

�YK+K� � �Y⇡+⇡� = (+3.3 ± 2.7 ± 0.2) ⇥ 10�4.

Finally, the arithmetic average of �YK+K� and �Y⇡+⇡� , which would allow final-state619

dependent contributions to be suppressed by a factor of ✏ [22], where ✏ is the parameter620

quantifying the breaking of the U -spin symmetry in these decays, is621

1
2(�YK+K� + �Y⇡+⇡�) = (�1.9 ± 1.3 ± 0.4) ⇥ 10�4.

These results are consistent with no time-dependent CP violation in D0 ! K+K� and622

D0! ⇡+⇡� decays, and improve by nearly a factor of two on the precision of the previous623

world average [47]. In particular, they tighten the bounds on the size of the phase624

�M
2 , which parametrises dispersive CP -violating contributions to D0 mixing, by around625

35% [61].626
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x is the key

21

• Sensitivity to CP-violation phase 
in mixing limited also by the 
knowledge of x12 ≈ x (which is 
only 3σ away from zero)


• Most sensitive mixing 
measurements are based on 
decays to two-body final states 
(which are primarily sensitive to y)


• Need mixing measurements with 
decays to multi-body final states 
that are not CP-eigenstates
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Belle (1/ab)

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

x = (                               )%

x from D0→KSπ+π–

• Multiple interfering amplitudes enhance 
the sensitivity to mixing locally on the 
Dalitz plot 
 

• LHCb Run 1 and Belle give the best 
determinations of x with ~1M 
D0→KSπ+π– decays each


• In Run 2 LHCb has collected ~40× more 
signal ⟹ expect σ(x) ~ 0.5×10–3


• Belle II is expected to collect ~50M 
decays with 50/ab. Difficult to compete 
if LHCb keeps reasonable efficiency in 
Run 3 and 4

22
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LHCb (2/fb)

x = (0.27 ± 0.16 ± 0.04)%

[PRL 122 (2019) 231802]

http://arxiv.org/abs/1404.2412
https://arxiv.org/abs/1903.03074


More multi-bodies

• 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–, …

23

~300k D0→K+π–π0 

expected at Belle II (50/ab)
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D0→K+π−π+π−
• Doubly Cabibbo-suppressed decay

➡ Equivalent to WS Kπ but with phase space  
(4-body = 5-dimensional)

• No simultaneous access to CF decay

➡ Mixing parameters are rotated by strong phase difference

➡ But retain linear access to x’  
through phase variations

• Great potential for CP violating  
parameters

• Similar story for other c→dsu̅  
decays, e.g. D0→K+π−π0

➡ Potential for Belle II
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~750M D0→KSπ+π–π0

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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[PRD 95 (2017) 091101]

Belle 
(1/ab)

https://cds.cern.ch/record/2297069
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.091101


Exotic charm production in b decays
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FIG. 65 The current status of the charmonium-like spectrum. The dashed (red) horizontal lines indicate the expected states and their
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charmonium states, with masses and spin-parity (JPC) quantum number assignments taken from ref. (9), and labeled by their spectroscopic
assignment. The open-flavor decay channel thresholds are shown with longer solid (brown) horizontal lines. The candidates for exotic
charmonium-like states are also shown with shorter solid (blue or magenta) horizontal lines with labels reflecting their most commonly
used names. All states are organized according to their quantum numbers given on horizontal axis. The last column includes states with
unknown quantum numbers, the two pentaquark candidates and the lightest charmonium 2�� state. The lines connecting the known
states indicate known photon or hadron transitions between them: dashed-green are � transitions; (thick E1, thin M1), solid-magenta are
⇡; thin (thick) dashed-blue are ⌘ (�); dashed-red are p; dotted-blue are ⇢

0 or !; and solid-blue other ⇡⇡ transitions, respectively.

lar states are expected to be near the masses of their
constituent hadrons and have appropriate S-wave J

PC

quantum numbers. This is the case for the Zb(10610)
and the Zb(10650), which are within a few MeV of the
BB̄

⇤ and B
⇤
B̄

⇤ thresholds, respectively, and applies rea-
sonably well to the Zc(3900) and Zc(4020), which are
' 10 MeV above the DD̄

⇤ and D
⇤
D̄

⇤ thresholds, re-
spectively. However, the interpretation of these states
as molecules is controversial. Peaks at masses that are
slightly above threshold are dangerously similar to expec-
tations for kinematically induced cusps (146; 147; 148)
(see Fig. 8b and related text). Anomalous triangle singu-
larities are another mechanism that can produce above-

threshold peaks that are not related to a physical res-
onance (372). Moreover, unlike the X(3872), no evi-
dence for these states have been found in lattice QCD
calculations (373; 374; 375; 376). On the other hand,
detailed studies of the BESIII’s Zc(3900) ! J/ ⇡ and
DD̄

⇤ signals (149) and Belle’s corresponding Zb sig-
nals (157; 377; 378) show that the observed peaks can
be identified as virtual states with associated poles in
the complex scattering t-matrices.

The J
P = 1+ Z(4430) (now with a mass near

4478 MeV) has been proposed as a radial excitation of the
Zc(3900), comprised of a molecule-like DD̄

⇤(2S) configu-
ration (379; 380), where the D

⇤(2S) is the radial excita-

Charmonium-like above threshold

• Mesons/baryons are 
predominantly 
(q̄q/qqq) bound states below 
the open flavor threshold


• There is a zoo of more 
complex states above 
threshold, which have not 
yet been understood

25

Observed states: 
 
 
 
 
          

Conventional charmonium
Unconventional neutral states

Unconventional charged states
Pentaquark candidates

Expected states

Kinematic thresholds

[Rev. Mod. Phys. 90 (2018) 15003]

https://arxiv.org/abs/1708.04012


Possible types of exotic states
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BELLE II PROGRESS

● Reconstruction of final states

B±→π+π-J/Ψ(l +l -) K±

B0→π+π-J/Ψ(l +l -) K
S

● Selection criteria (standard)

Particle identification

Continuum: nTracks, R2

Kinematics: M
π+π-

, M
bc

, |ΔE|

● First X(3872) at Belle II

14.4±4.6 events (4.6σ)

Belle: ~170 events in 772 Mi. BB pairs

X(3872)

Page 10

Phys. Rev. D 84, 052004, 2011

All started with X(3872)
• Discovered by Belle ~18 years ago 

[PRL 91 (2003) 262001]


• The only exotic charmonium-like candidate 
which shows up consistently in different 
production mechanisms and in many 
different decays modes


• Mixture of a compact (cqc̄q̄) state and a 
molecule?


• Near DD̄* threshold and narrow width in 
decays to cc̄ states favors molecular 
interpretation


• X(3872) production rates in prompt 
processes more likely for a compact 
state


• More experimental results needed/expected 
to clarify the nature of this state 27

4.2 The X(3872) State

The first evidence for a multiquark state involving cc̄ and light quarks came from the
decay B ! K⇡+⇡�J/ , in which the ⇡+⇡�J/ system showed a narrow peak around
3872 MeV [35]. It has been confirmed by many other experiments [25], as illustrated in
Fig. 1. Its width is less than 1.2 MeV, and its JPC has been established as 1++ [80].
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Figure 1: Production and decay of the X(3872) state. Detailed figure descriptions can be
found in the original references, from which the plots have been adapted: top row left
Ref. [80], middle Ref. [81], right [82], middle row left Ref. [83], middle Ref. [84], right
Ref. [85], bottom row left Ref. [86], and right Ref. [87].

The mass of X(3872), whose 2016 average [25] is 3871.69 ± 0.17 MeV, is su�ciently
close to the threshold for D0D̄⇤0, namely (1864.83±0.05)+(2006.85±0.05) = (3871.68±
0.07) MeV, that one cannot tell whether it is a candidate for a bound state or resonance

9

[Ann. Rev. Nucl. Part. Sci. 68 (2018) 17]

c c̄

q q̄

https://arxiv.org/abs/hep-ex/0309032
https://arxiv.org/abs/1711.10626


Di-charmonium states

• Very significant structure in J/ψJ/ψ mass spectrum


• Interpretation of data is not clear:


• One, or more (interfering?) resonances 
Possible near-threshold effects? 


• However, no known mechanism for binding 
forces between two charmonium states, and 
the X(6900) peak seems too wide to be a 
molecule


• Likely theoretical 
interpretation: compact 
ccc̄c̄ tetraquark/ 
diquark-antidiquark state(s)


• More experimental questions remain unanswered: 
Quantum numbers? Other decay modes?

28
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m = 6905 ± 11 ± 7 MeV/c2 
Γ = 80 ± 19 ± 33 MeV

m = 6868 ± 11 ± 11 MeV/c2 
Γ = 168 ± 33 ± 69 MeV

[Science Bulletin 65 (2020) 1983]

c c̄

c c̄

https://arxiv.org/abs/2006.16957


Charming and strange exotic states

• The 0+ is a good candidate 
for a compact csūd̄ state


• However, proximity to the thresholds 
motivates other explanations: e.g., molecular 
state or rescattering/triangular amplitudes 29

Charming and strange exotic state

• The 0+ state is a 
good candidate for a 
“nearly”-doubly-
heavy tetraquark

Heavy Quark Exotics, CFNS Workshop, Nov 5, 2020, Tomasz Skwarnicki

arXiv:2009.00026 (accepted by PRD)
LHCb-PAPER-2020-025 

1.3𝑘 𝐵ା → 𝐷ା𝐷ି𝐾ା

u

d
c

s

Proximity of the thresholds motivates other 
explanations  - molecular or triangle diagrams
See Tim Burns 
at Workshop on Implications of LHCb measurements and future prospects
Oct. 29, 2020
https://indico.cern.ch/event/857473/contributions/4062687/attachments/2132793/3591749/talk_IW2020_Burns.pdf

m0 = 2866 ± 7 ± 2 MeV/c2 
Γ0 = 57 ± 12 ± 4 MeV

m1 = 2904 ± 5 ± 1 MeV/c2 
Γ1 = 110 ± 11 ± 4 MeV

[PRD 102 (2020) 112003]B+→D+D–K+

c d̄

s ū

http://arxiv.org/abs/2009.00026
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Charming and strange exotic states
• Multiple J/ψ𝜙 structures 

observed in B+→J/ψ𝜙K+ since 
CDF reported the X(4140) 
[PRL 102 (2009) 242002]


• All are broad: unclear if 
due to exotic hadrons or 
rescattering effects


• Latest analysis from LHCb shows one 1+ (or two?) 
Zcs+→J/ψK+ candidate(s) with phase variation 
consistent with a resonance 

• Not consistent with the narrow threshold structure 
previously reported by BESIII in Ds−D*0 + D*−D0 
mass distribution [PRL 126 (2021) 102001] 30
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[arXiv:2103.01803]

m = 4003 ± 6        MeV/c2         Γ = 131 ± 15 ± 26 MeV+ 4 
–14

https://arxiv.org/abs/0903.2229
https://arxiv.org/abs/2011.07855
https://arxiv.org/pdf/2103.01803


4200 4250 4300 4350 4400 4450 4500 4550 4600
 [MeV]pψ/Jm

0

200

400

600

800

1000

1200

W
ei

gh
te

d 
ca

nd
id

at
es

/(2
 M

eV
)

data
total fit
background

LHCb

+(4312)cP
+(4440)cP +(4457)cP

0*D +
cΣ

0D +
cΣ

Σc*+D̄0

Σc*+D̄*0

More pentaquark states?

• States in J/ψp are likely baryon-meson 
molecular states, more isospin partners 
are expected


• Evidence for one (or two?) charming and 
strange narrow states in J/ψ𝛬 close to 
threshold
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Ξc0D̄*0 [arXiv:2012.10380]

[PRL 122 (2019) 222001]
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c̄

c

u
q

𝛬b→ J/ψpK–

Ξb→ J/ψ𝛬K–

http://arxiv.org/abs/2012.10380
https://arxiv.org/abs/1904.03947


Conclusions

• Precision charm physics has just started. Huge experimental progress expected in the 
next decade(s) at LHCb, Belle II, BESIII… if we fully exploit the excellent 
complementarity between the experiments


• First observation of direct CP violation, and in reach of standard-model expectation 
for CP violation in mixing


• Not shown today: virgin field of new-physics searches, including LF(U)V, in c→u𝓁𝓁’ 
and c→uνν̄ transitions


• Citing Y. Grossman: a win-win situation


• Hopefully, we will see physics beyond the standard model


• If not, we are learning about QCD


• More and more exotic hadrons are popping up above open flavor threshold (also with 
b-quark content, not covered here). Nature of all the states is still unclear


• A lot of work to do for both experimentalists and theorists 
32
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