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Introduction 
Mixing and Indirect CPV in Charm Sector  

• Brief  overview  
• Status so far 
• Prospects with Belle II 
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Mixing in neutral meson  
Their mass eigenstates do not a priori coincide with flavor eigenstates 
..these states are produced, oscillate and then decay

19 August 2019

Mixing in neutral mesons

Mixing parameters x, and y; characteristic of neutral meson mixing

where Δm =  mass differences  
and ΔΓ = lifetimes differences

source: Chin.Phys. C38 (2014) 090001.
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Figure 1: The widths and mass differences of the physical states of the flavoured neutral mesons. The
width corresponds to the inverse lifetime while the mass difference determines the oscillation frequency.
The values used are taken from Ref. [44].

B mesons. Their masses, lifetimes, and mixing parameters are shown in Table 2. Figure 1 gives a
graphical representation of the widths and mass differences of the four neutral meson systems. The
kaon system is the only one to have y ⇡ 1, resulting in two mass eigenstates with vastly different
lifetimes, hence their names K-short (K0

S) and K-long (K0
L). Furthermore, also x ⇡ 1 which results

in a sizeable sinusoidal oscillation frequency as shown in Eq. 1.10). The two B-meson systems
have reasonably small width splitting; however, they have sizeable values for x. Particularly for the
B0

s system this leads to fast oscillations which require high experimental accuracy to be resolved.
Similarly, only recent measurements were able to measure the B0

s width splitting to be unambigu-
ously non-zero. The charm meson system is the only one where both x and y are significantly less
than 1, hence the nearly overlapping curves in Fig. 1.

Experimentally, the different mixing parameters lead to rather different challenges for mea-
surements in the various meson systems. The vast lifetime difference in the kaon system leads to
the possibility of studying nearly clean samples of just one of the two mass eigenstates by either
measuring decays close to a production target where K0

S decays dominate, or far away where most
K0

S have decayed before entering the detection region. In the B systems the oscillation frequency
puts a challenge to the decay-time resolution, particularly for B0

s mesons as mentioned before. The
smallness of y requires, to first order, large data samples to acquire the necessary statistical pre-

7

�4 x	≡	∆m/Γ	and	y	≡	∆Γ/(2Γ)

x,	y	~	1 x,	y	~	10-3

x~1,	y<10-3 x>1,	y~10-3

19 August 2019

Mixing in neutral mesons

Mixing parameters x, and y;

source: Chin.Phys. C38 (2014) 090001.

What variables we can measure for mixing  ? 
Mixing in CP eigenstates yCP 
Direct measurement of x and  y 
Mixing rate R 
Through interference: x'2 and  y' 

• "x “ → Rate of oscillation between M and MBar 
• "y" → Non-oscillating changes in expo-decay
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Mixing in D0 system

● Mass eigenstates are superposition of 'avour eigenstates:

● Mixing parameterized by mass/width splittings:

● In SM, D-mixing is heavily suppressed (both CKM, and GIM suppressed)

● SM expectation: |x|, |y| ~ O(10
-3

 – 10
-2

).

● NP could signi;cantly a<ect the measured values

● Precision measurements need huge satistics (KEKB → SuperKEKB) and 

clean, accurate signals (Belle → Belle II) 

If p ≠ q, CP is violated

�5

Heavily suppressed (both CKM, and GIM suppressed) 
Small x, y parameters ~ 10–3-10–2 

Non-SM particles contributing to the box diagram could significantly affect the measured values : Towards NP 

Mixing in charm mesons 

19 August 2019

Mixing in neutral mesons

Belle II                2017-2022,        L=50 ab-1,                     and  more charm will arrive 

source: arXiv:1503.00032v2  

Why mixing measurement need to be improved 
For non-CPV mixing, the theory is limited by "long-distance effects” —>  low-energy QCD.   
For fits allowing for CPV (hope to see more than expected  —> towards NP)

Charm Physics Marco Gersabeck

Experiment Year
p

s sacc(D0) L n(D0)

CLEO-c 2003-2008 3.77GeV 8nb 0.5 fb�1 4.0⇥106

BESIII 2010-2011 3.77GeV 8nb 3 fb�1 2.4⇥107

BaBar 1999-2008 10.6GeV 1.45nb 500 fb�1 7.3⇥108

Belle 1999-2010 10.6�10.9GeV 1.45nb 1000 fb�1 1.5⇥109

CDF 2001-2011 2TeV 13 µb 10 fb�1 1.3⇥1011

LHCb 2011 7TeV 1.4mb 1 fb�1 1.4⇥1012

LHCb 2012 8TeV 1.6mb⇤ 2 fb�1 3.2⇥1012

Table 1: Charm production values for different experiments based on the example of the production of D0

mesons inside the respective detector acceptances as defined in the text. The LHCb D0 production cross-
section at

p
s = 8TeV has been extrapolated from that at

p
s = 7TeV assuming linear scaling with

p
s.

has been measured to 13 µb inside the detector acceptance2 for proton anti-proton collisions at the
Tevatron with

p
s = 1.96TeV [38]. CDF has collected a total of about 10 fb�1 while LHCb has

collected 3 fb�1 during the first run of the LHC, corresponding to 0.13⇥ 1012 and 4.6⇥ 1012 D0

mesons produced in the respective detector acceptances. Table 1 summarises the different charm
productions with the example of the production of D0 mesons.

The production of charm quarks in hadron collisions occurs predominantly in very asymmet-
ric collisions which result in heavily boosted quarks with high rapidities. While the asymmetry of
the collisions has its origin in two different beam energies at B-factories, it comes from the fact
that LHC collisions occur among partons rather than the protons as a whole. At LHC energies it is
mostly the gluons participating in the collisions and the fractional energy of the two colliding par-
tons is likely to differ. This difference leads to a smaller centre-of-mass energy as well as a boost
of the collision system. Therefore, LHCb is ideally suited for performing decay-time dependent
studies of charm decays. At the same time, the cc cross-section at the LHC is about 10% of the
total inelastic cross-section which allows to have reasonably low background levels for a hadronic
environment. The coverage of nearly the full solid angle of the e+e�-collider experiments men-
tioned here makes them very powerful instruments for analysing decays involving neutral particles
that may remain undetected or for inclusive studies. In addition, the low multiplicity of collision
products makes these collisions particularly clean laboratories due to the low level of backgrounds.

1.2 Charm spectroscopy

Open charm mesons and baryons and charmonium mesons exhibit a rich structure of excited states.
Based on the quark model the expected spectra have been predicted thirty years ago [16]. The 1S
ground states D(s), and D⇤

(s) have spin-parity JP = 0�, and 1�, respectively, and exist for the neutral
(cū) and charged (cd̄, cs̄) mesons. In general, the configuration with P = (�1)J is called natural
parity and denoted as D⇤, while P =�(�1)J is called unnatural parity. The ground state transition
D⇤+! D0p+ will be of importance for identifying the flavour of D0 mesons later in this paper.

The first orbital excitations (nL = 1P multiplets) have been already observed for both charm
and charm-strange mesons. For the latter for example, these are D⇤

s0(2317) (0+), two 1+ states
Ds1(2460) and Ds1(2536), as well as D⇤

s2(2573) with spin-parity 2+. The two lightest ones were

2The CDF acceptance is defined as pT > 5.5GeV/c, |y|< 1.

4
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�6 Indirect CPV

What variables we can measure for indirect CPV ? 
Direct measurement of |q/p| or 𝜙 
ACP for interference between mixing and decay 

Direct CPV (Decay) Indirect CPV (Mixing)
Interference of  
Mixing and Decay 
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CP violation in charm sector is special ! 
Charm, after strange and beauty (in B0), where CP violation remains to be discovered ! 
Only up-type quark family, where mixing and CPV (may) occur 
Mixing is heavily suppressed (both CKM, and GIM suppressed)  

• Small x, y parameters ~10–3-10–2 
• Non-SM particles contributing to the box diagram could significantly affect x, y  (NP?)  

Study of their oscillations in time can provide insights into CPV in mixing 

Indirect CPV in charm
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Provide clean signal of BB pairs; low background with respect to hadron colliders 
Large samples of B and D decays (5×1010 pairs of b and c over planned operation) 
Lorentz boost (asymmetric energy)  allows precision measurement mixing parameters, and CP violations.

�8

see more at Belle II TDR: arXiv: 1011.0352

New VXD of Belle II provides better vertex resolution (for D0 its around 40 μm → next slide) 
IP resolution is improved by PXD being at radius of 1.4 cm (better D0 proper time resolution: next slide) 
Better particle identification w/ upgraded SVD, CDC, TOP and ARICH; better K/𝜋 separation (D0 → K—𝝅+) 
Better reconstruction efficiency with improved tracking efficiency: eg: D* → D0𝝅+ etc 
More tracking volume from upgraded CDC and SVD provides higher Ks efficiency ~ 30%

Powerful SuperKEKB

Belle II improvements in view of charm measurement

• Better reconstruction of final states containing photons from particle decays such as 𝜋0, η etc 
• Straight forward Dalitz plot analyses with low background 
• Many control samples to study systematics

Belle II and SuperKEKB
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Central Drift Chamber 
 small cells, long lever arm, fast electronics

�9  Belle II

Vertex Detector  
2 Layers PXD DEPFET and 4 Layers DSSD

Particle Identification 
Time of Propagation in barrel region 

and ARICH in forward region

KL and muon Detector 
Resistive Plate Chamber (barrel) 

Scintillator + WLSF + MPPC (end-caps)

EM calorimeter  
CsI(Ti), waveform Sampling (barrel) 

Pure CsI for end caps e+ ( 4 GeV) 

see more at Belle II TDR: arXiv: 1011.0352

( 7 GeV) e— 
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�10  Belle II

Vertex Detector  
2 Layers PXD DEPFET and 4 Layers DSSD

see more at Belle II TDR: arXiv: 1011.0352

PXD 
● Very thin (50 μm) pixel sensor 
● Inner most layer very close to IP (r = 1.4 cm) 
● Very low material budget 
● Excellent spatial granularity (σ ≤15 μm)

SVD 
● Excellent timing resolution (σ ~ 2-3 ns) 
● Low material budget 
● Larger outer radius (6.05 cm → 14 cm) 
● Inner radius: 3.8 cm 
● covers the full Belle II angular acceptance of 17-150 degree

First run with full vertex detector in early 2019  (Phase 3 of Belle II) 
Key player for D-mixing sensitivity measurements !  

Highly granular pixel sensors provide most accurate 2D position information  
Reconstruction of primary and secondary vertices of short-lived particles (<100 μm from IP)
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A factor 2 improvement with respect to Belle
�11

see more at Belle II TDR: arXiv: 1011.0352

A factor of 2 improvement in "track impact parameter"  
with respect to Belle

Better vertex resolution  ~ 40 μm

Vertex Detector  
2 Layers PXD DEPFET and 4 Layers DSSD

Vertex performance 

*with respect to previous generation B factories.
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D0

K—

K+

𝝅+

D*

D0 decay vertex:  
mass constrained fit 

�12 D→hh decay time resolution  (D* tag) ~ 0.14 ps  
-- 2× better than belle and BaBar 

Vertex Detector  
2 Layers PXD DEPFET and 4 Layers DSSD

D0

D0 production vertex:  
beam-spot constrained fit 

D0 decay vertex:  
mass constrained fit

K—

K+

D→hh decay time resolution  (prompt) ~ 0.15 ps 

Belle II Physics Book: https://arxiv.org/pdf/1808.10567.pdf)

Time resolution

Y = 60nm


X =10μm

https://arxiv.org/pdf/1808.10567.pdf
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�13 Prospects

Charm Mixing and Indirect CPV prospects at Belle II

Challenging: higher event rate and radiation damage to detectors from machine background processes

source: Belle II Physics Book: arXiv: 1808.10567

Table 114: The experimental status of D0D0 mixing and CP violation in di↵erent decays.

Decay Type Final State LHCb Belle BaBar CDF CLEO BES III
DCS 2-body(WS) K+⇡� F F • F X
DCS 3-body(WS) K+⇡�⇡0 XACP

• XACP

CP-eigenstate K+K�, ⇡+⇡� •(a)
ACP

• • XACP
X

Self-conjugated
3-body decay

K0
S⇡

+⇡� X X XACP
X

K0
SK+K� X(b) X

Self-conjugated
SCS 3-body decay

⇡+⇡�⇡0 XACP
XACP

Xmixing
ACP

K+K�⇡0 XACP

SCS 3-body K0
SK±⇡⌥ X

�K
0
S

K⇡
X

�K
0
S

K⇡

Semileptonic decay K+`�⌫` X X X

Multi-body(n�4)
⇡+⇡�⇡+⇡� XACP

K+⇡�⇡+⇡� F XACP
X

K+K�⇡+⇡� X(c)
ACP

XAT
XACP

 (3770) ! D0D via correlations X�K⇡ XyCP

F for observation (> 5�); • for evidence (> 3�); X for measurement.

(a) LHCb measured the indirect CP asymmetry in Phys. Rev. Lett. 112, 041801 (2014).
(b) Belle measured yCP in D0

! K0
S� in Phys. Rev. D 80, 052006 (2009).

(c) LHCb searched for CP violation using T-odd correlations in JHEP 10 (2014) 005.

parameters |q/p|, �. The fit results are compared with the generated (true) values and the

residuals plotted. The RMS of these distributions are taken as the precision Belle II should

achieve for these parameters. Below we provide details of this study and the results.

The yield of flavour-tagged D0 ! K+⇡� decays collected by Belle was 4 024 in 400 fb�1

of data and 11 478 in 976 fb�1 of data, corresponding to two independent analyses. Scal-

ing the latter result, which has higher statistics, by luminosity gives the expected Belle II

signal yields listed in Table 115. Thus for our MC study we generate separate samples

of D⇤+ ! D0⇡+, D0 ! K+⇡� and D⇤� ! D 0⇡�, D 0 ! K�⇡+ decays corresponding to

5 ab�1, 20 ab�1, and 50 ab�1 of data. It is expected that it will take Belle II approximately

two years, five years, and 10 years, respectively, to collect these samples.

Table 115: Flavor-tagged D0 ! K+⇡� signal yields obtained by Belle, and those expected

for Belle II.

Luminosity Belle Belle II

(ab�1)

0.400 4 024

0.976 11 478

5.0 58 800

20 235 200

50 588 010

408/689
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Rediscovering the CP modes with D⇤±

D⇤± ! D0(K�K+)⇡± : CP-even D final state, singly-Cabibbo-suppressed mode.
PID cut > 0.5 is applied on both K .

Branching fraction: (3.96±0.08)⇥10�3.
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We got 58± 9 signal events.
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D⇤± ! D0
(K�⇡+

)⇡±

Cabibbo-favoured mode.

Branching fraction for D0 final states: (3.88±0.05)%.
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We got 1188± 37 signal events.
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We got 1188± 37 signal events.
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�14

Re-discoveries of D meson decays 

First Belle II collision data

Rediscovering the CP modes with D⇤±

D⇤± ! D0(K�K+)⇡± : CP-even D final state, singly-Cabibbo-suppressed mode.
PID cut > 0.5 is applied on both K .

Branching fraction: (3.96±0.08)⇥10�3.
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We got 58± 9 signal events.
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D⇤± ! D0
(K 0

S⇡
�⇡+

)⇡±

D0 ! K0
S⇡

�⇡+: Important for �3 determination.

Branching fraction: (2.83 ± 0.20)%.
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We got 212± 16 signal events.
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�⇡+: Important for �3 determination.

Branching fraction: (2.83 ± 0.20)%.
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The RS and WS fmK!;!mg distributions are described
by four components: signal, random !!s , misreconstructed
D0, and combinatorial background. The signal component
has a characteristic peak in bothmK! and !m. The random
!!s component models reconstructed D0 decays combined
with a random slow pion and has the same shape in mK! as
signal events but does not peak in !m. Misreconstructed
D0 events have one or more of theD0 decay products either
not reconstructed or reconstructed with the wrong particle
hypothesis. They peak in !m but not in mK!. For RS
events, most of these are semileptonic D0 decays. For
WS events, the main contribution is RS D0 ! K"!!

decays where the K" and the !! are misidentified as !"

and K!, respectively. Combinatorial background events
are those not described by the above components; they
do not exhibit any peaking structure in mK! or !m.

The functional forms of the probability density functions
(PDFs) for the signal and background components are
chosen based on studies of Monte Carlo (MC) samples.
However, all parameters are determined from two-
dimensional likelihood fits to data over the full mK! and
!m region.

We fit the RS and WS data samples simultaneously
with shape parameters describing the signal and random
!!s components shared between the two data samples. We
find 1 141 500# 1200 RS signal events and 4030# 90 WS
signal events. The dominant background component is the
random !!s background. Projections of the WS data and fit
are shown in Fig. 1.

The measured proper-time distribution for the RS signal
is described by an exponential function convolved with a
resolution function whose parameters are determined by
the fit to the data. The resolution function is the sum of
three Gaussians with widths proportional to the estimated
event-by-event proper-time uncertainty "t. The random
!!s background is described by the same proper-time
distribution as signal events, since the slow pion has little
weight in the vertex fit. The proper-time distribution of the
combinatorial background is described by a sum of two
Gaussians, one of which has a power-law tail to account for
a small long-lived component. The combinatorial back-
ground and real D0 decays have different "t distributions,

as determined from data using a background-subtraction
technique [9 ] based on the fit to mK! and !m.

The fit to the RS proper-time distribution is performed
over all events in the full mK! and !m region. The PDFs
for signal and background in mK! and !m are used in the
proper-time fit with all parameters fixed to their previously
determined values. The fitted D0 lifetime is found to be
consistent with the world-average lifetime [10].

The measured proper-time distribution for the WS signal
is modeled by Eq. (1) convolved with the resolution func-
tion determined in the RS proper-time fit. The random !!s
and misreconstructed D0 backgrounds are described by the
RS signal proper-time distribution since they are real D0

decays. The proper-time distribution for WS data is shown
in Fig. 2. The fit results with and without mixing are shown
as the overlaid curves.

The fit with mixing provides a substantially better de-
scription of the data than the fit with no mixing. The
significance of the mixing signal is evaluated based on
the change in negative log likelihood with respect to the
minimum. Figure 3 shows confidence-level (C.L.) contours
calculated from the change in log likelihood ("2! lnL) in
two dimensions (x 02 and y 0) with systematic uncertainties
included. The likelihood maximum is at the unphysical
value of x 02 $ "2:2% 10"4 and y 0 $ 9:7% 10"3. The
value of"2! lnL at the most likely point in the physically
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FIG. 2. (a) Projections of the proper-time distribution of com-
bined D0 and D0 WS candidates and fit result integrated over the
signal region 1:843<mK! < 1:883 GeV=c2 and 0:1445<
!m< 0:1465 GeV=c2. The result of the fit allowing (not allow-
ing) mixing but not CP violation is overlaid as a solid (dashed)
curve. (b) The points represent the difference between the data
and the no-mixing fit. The solid curve shows the difference
between fits with and without mixing.

PRL 98, 211802 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
25 MAY 2007

211802-5

So far... 

Belle II predictions 

�15 Mixing measurements

Phys. Rev. Lett. 98 (2007) 211803

BaBar collaborationBelle collaboration

Phys. Rev. Lett. 98 (2007) 211802

• Compare effective lifetime of CP eigenstates with flavor ones 
• yCP is most powerful parameter that can constraint "y"

Category 1. Mixing in CP eigenstates  

CP eigenstates, D0 → K+K−/𝜋+𝜋— 
and decays to CP mixed state, D0 → K−𝜋+1

CP eigenstates, D0 → KsK+K− 
via Dalitz model 2

D0 → 𝜋—𝜋+𝜋—𝜋+ ? 
D0 → Ks𝜋+𝜋—𝜋0 ? ?

1.1 ± 6.1 ± 5.2

1

Source Belle II Physics Book: arXiv: 1808.10567
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structed and generated MC decay times), is not well de-
scribed by a Gaussian. We find that this distribution can be
fitted with a sum of three Gaussians of different widths
!pull
k and fractions w k, constrained to the same mean. We

therefore choose a parametrization

 R!t" t0# $
Xn

i$1

fi
X3

k$1

w kG!t" t0;!ik; t0#; (4)

with !ik $ sk!
pull
k !i, where the sk are three scale factors

introduced to account for differences between the simu-
lated and real !pull

k , and t0 allows for a (common) offset of
the Gaussian terms from zero.

The background B!t# is parametrized assuming two life-
time components: an exponential and a " function, each
convolved with corresponding resolution functions as pa-
rametrized by Eq. (4). Separate B!t# parameters for each
final state are determined by fits to the t distributions of
events inM sidebands. The tuned MC simulation is used to
select the sideband region that best reproduces the timing
distribution of background events in the signal region. We
find good agreement between the tuned MC simulation and
data sidebands, with a normalized #2 of 0.85, 0.83, and
0.83 for KK, K$, and $$, respectively.

The R!t" t0# and background parametrizations are vali-
dated using MC simulation and the large D0 ! K"$%

sample selected from data. In the simulation, the ratio of
scale factors sk (k $ 1; 2; 3) is consistent between decay
modes, within small statistical uncertainties. The offset t0
is also independent of the final state, but it changes slightly
for simulated samples describing different running periods.
Four such periods, coinciding with changes to the detector,
have been identified based on small variations of the mean
t value forD0 ! K"$% in the data. We perform a separate
fit to each period and average the results to obtain the final
value of yCP. The free parameters of each simultaneous fit
are %D0 , yCP, the three sk factors for the K"$% mode, two
terms that rescale the sk values in the K% K" and $% $"

channels, the offset t0, and normalization terms for the
three decay modes. Fits to the D0 ! K"$% sample show
good agreement with the parameters of R!t" t0# obtained
from simulation.

For the second running period, we modify Eq. (4) to add
mode-dependent offsets !t between the first two Gaussian
terms, making the resolution function asymmetric; these
three parameters are also left free in the fit. We find that
such a function is required to yield the D0 ! K"$% life-
time consistent with that in the other running periods. (This
behavior has been reproduced with a MC model includ-
ing a small relative misalignment of the vertex detector
and the drift chamber. While small changes in the shape of
the resolution function, as described below, influence the
individual measured lifetimes, they have a very small ef-
fect on the value of yCP.) The lifetime fit results are shown
in Fig. 1(f): The mean %D0 $ &408:7' 0:6!stat#( fs is in

good agreement with the current world average !410:1 '
1:5# fs [1].

Fits to the D0 ! K% K", K"$% , and $% $" data for the
four running periods are shown in Figs. 2(a)– 2(c), by sum-
ming both the data points and the fit functions. Averaging
the fit results, we find yCP $ &1:31 ' 0:32!stat#(%, 4.1 stan-
dard deviations from zero. The agreement between the
data and the fit functions is good: #2=ndof $ 1:08 for
ndof $ 289 degrees of freedom. Fitting K% K"=K"$%

and $% $"=K"$% events separately, we obtain yCP $
&1:25 ' 0:39!stat#(% and yCP $ &1:44 ' 0:57!stat#(%, re-
spectively, in agreement with each other. The yCP values
for the four running periods are also consistent, with
#2=ndof $ 1:53=3.

To measure the CPV parameter A", we separately de-
termine the apparent lifetimes of D0 and #D0 in decays to
the CP eigenstates; the data are fit in four running pe-
riods as for yCP. As the scale factors si are now determined
from the K% K" and $% $" samples rather than (mainly)
from the large K"$% sample, to ensure convergence of
the fits we fix the scale factor s3 for the widest Gaussian to
the value obtained from the yCP fit. We obtain A" $
&0:01 ' 0:30!stat#(%, consistent with zero; the quality of
the fit is good, with #2=ndof $ 1:00 for ndof $ 390.
Separate fits to the two CP eigenstates find compatible
values: A" $ &0:15 ' 0:35!stat#(% for K% K" and
"&0:28 ' 0:52!stat#(% for $% $".
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FIG. 2. Results of the simultaneous fit to decay-time distribu-
tions of (a) D0 ! K% K", (b) D0 ! K"$% , and (c) D0 !
$% $" decays. The cross-hatched area represents background
contributions, the shape of which was fitted using M sideband
events. (d) Ratio of decay-time distributions between D0 !
K% K";$% $" and D0 ! K"$% decays. The solid line is a fit
to the data points.

PRL 98, 211803 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
25 MAY 2007

211803-4

BaBar: Phys.Rev. D87 (2013) 012004   
LHCb: JHEP 1204 (2012) 129 
Belle: arXiv:1212.3478 

w/ D0 → K-𝜋+ (RS)  and D0 → K+𝜋- (WS)
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Belle II predictions 

• better precision is expected 
     -- by factor of 3 for x, y resolutions 
• even more.. 
   --w/ improved decay time resolution

Phys. Rev. Lett. 105 (2010) 081803,

BaBar collaboration

�16
-- Simultaneous measurement of decay-time evolution and resonance amplitudes  
-- D0→KsK—K+ for study which also allow to probe indirect CPV

Category 2. Measurement of x and y variables Mixing measurements

Belle collaboration

Phys.Rev. D89, (2014) 091103

Belle data =  0.921 ab-1

Belle II Simulation

So far... 

*Under no CPV
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�17
Golden channel is D0 → K+𝝅— (many syst auto-cancelled)

Category 3. Mixing via interference Mixing measurements

LHCb: Phys. Rev. Lett. 110 (2013) 101802,  
CDF: Phys. Rev. Lett. 100 (2008) 121802 
CDF : Phys.Rev.Lett. 111, (2013) 231802 
LHCb: Phys. Rev. Lett. 111 (2013) 251801 
Belle : Phys. Rev. Lett. 112, (2014) 111801

Belle collaboration

Belle II predictions 

LHCb collaboration

So far... 
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vassuming no CP violation

�18

CF and DCS can also lead to exited states of same quark content  
Channel is D0 → K+𝝅—𝝅0 (resonance K+ρ− and K*+𝜋—)

Category 3. Mixing via interference Mixing measurements

Belle collaboration

Belle II predictions 

Belle, Phys. Rev. Lett., 95, 231801 (2005)

*assuming Belle II reconstruction efficiency is same as Belle

So far... 

19 August 2019

y’

* one order of magnitude precise than BaBar

assuming no CP violation

BaBar, Phys. Rev. Lett., 103, 211801 (2009)
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Belle II (50 ab-1) 
x = 8.0 ± 0.9 x 10-3, y = 7.0 ± 0.4 x 10-3

�19

So far no single measurement has been able to measure precisely   
Combined results by Heavy-Flavour Averaging group (HFA) : World Average 

              Belle II impact on the World Average

Mixing measurements

Belle II predictions 

w/o CPV in mixing and decay

.. but hint of D0 and D0 mixing by many measurements

World Average  
x = 3.2 ± 1.4 X 10-3, y = 6.9 ± 0.6 x 10-3

w/ CPV in mixing and decay

So far... 

where Δm =  mass differences  
and ΔΓ = lifetimes differences

mixing parameters
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�20 Measuring indirect CPV

Golden channel are : D0 → KsK—K+ or D0 → Ks𝜋+𝜋—  
Provide most precise mixing parameters 
To avoid systematic limitation > reduce model limitation OR 
improve model independent strong phase difference (at BESIII)

1. Direct measurement of |p/q| and 𝜙

Belle II predictions 

Belle collaboration

NO sign of CPV so far ..

So far... 

Phys. Rev. D 89, 091103 (2014)
Table 118: Expected precision for mixing parameters x, y, and CP -violating parameters

|q/p|, � from D0 ! K0
S⇡

+⇡� decays.

Data stat. syst. Total stat. syst. Total

red. irred. red. irred.

�x (10�2) �y (10�2)

976 fb�1 0.19 0.06 0.11 0.20 0.15 0.06 0.04 0.16

5 ab�1 0.08 0.03 0.11 0.14 0.06 0.03 0.04 0.08

50 ab�1 0.03 0.01 0.11 0.11 0.02 0.01 0.04 0.05

|q/p| (10�2) � (�)

976 fb�1 15.5 5.2-5.6 7.0-6.7 17.8 10.7 4.4-4.5 3.8-3.7 12.2

5 ab�1 6.9 2.3-2.5 7.0-6.7 9.9-10.1 4.7 1.9-2.0 3.8-3.7 6.3-6.4

50 ab�1 2.2 0.7-0.8 7.0-6.7 7.0-7.4 1.5 0.6 3.8-3.7 4.0-4.2

With the high statistics of Belle II, the systematic uncertainty due to the D0 decay model

is expected to become the dominant uncertainty. This can be avoided by using strong phase

di↵erences measured experimentally, i.e., by BESIII using double-tagged events recorded on

the  (3770) resonance. Using this method, the authors of Ref. [975] estimate the resulting

precision for x, y. The resulting statistical errors for a sample of 100 ⇥ 106 reconstructed

D0 ! K0
S
⇡+⇡� decays are �x = 0.017% and �y = 0.019%. The systematic errors are esti-

mated by propagating the errors on the binned strong phases as measured by CLEOc [752];

the results are �x(syst) = 0.076% and �y(syst) = 0.087%. These systematic errors, while

larger than the statistical errors, constitute upper bounds, as more precise measurements of

the binned strong phases are expected from BESIII.

Singly Cabibbo-suppressed decays D0 ! K0
SK±⇡⌥. Author: L. Li, A. Schwartz

Whereas the CF and DCS amplitudes producing a K+⇡� final state give rise to

branching fractions that di↵er by a factor of ⇠ 300, for singly Cabibbo-suppressed (SCS)

final states there is approximate equality between the two branching fractions, i.e.,

B(D0 ! K0
S
K�⇡+) = (0.35 ± 0.05)% and B(D0 ! K0

S
K+⇡�) = (0.26 ± 0.05)%. This simi-

larity implies that the decay amplitudes have similar magnitudes, which in turn gives greater

interference between the amplitudes and thus greater sensitivity to mixing and indirect CP

violation.

Experimentally, SCS D0 ! K0
S
K±⇡⌥ decays should have greater purity than DCS D0 !

K+⇡� decays due to the larger branching fraction. These SCS decays have been studied by

both CLEO [976] and LHCb [977]. An MC study [978] indicates that the precision obtainable

for y should be similar to that obtained for y0 using D0 ! K+⇡� decays.

13.6. CP asymmetries of D ! PP 0 decays

13.6.1. Theory. Authors: M. Jung, U. Nierste, S. Schacht

CP asymmetries in non-leptonic D decays have long been considered a quasi-null test of

the Standard Model (SM), since they vanish for Cabibbo-allowed and doubly-suppressed
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Belle: Phys.Rev.Lett. 96 151801,2006 
BaBar: Phys. Rev. Lett. 98 (2007) 211802

Measurement of RD, x’2 and y'2 
Small phase (𝜙) gives direct access to |q/p|

2. CP asymmetries in WS decay: D0 → K+𝝅— 



Prospects of  charm mixing and indirect CPV at Belle IIJitendra Kumar 18 August 2018

�21 Summary

SuperKEKB and Belle II will be an excellent platform for charm measurements 
• SuperKEKB Will record 50 x larger data sample than KEKB / Belle (by 2025). 
• Upgraded VXD will provide factor two better D0 decay time resolution than Belle/BaBar. 
• First collision data successfully recorded this year.  
• First data with full vertex detector early 2019. 

Better precision on x and y variables ≤ 0.1 % is expected. 
Error extrapolations from Belle measurements is predicted as;

     Stay tuned.. for new and precise measurements..

σstat:  Scaling Belle statistical error by the ratio of integrated luminosities 
σsyst:  Only those who scale with luminosity such as background shapes measured with control samples  
σirred: Those who do not scale with luminosity such as decay time resolution due to detector misalignment

�Belle II =
q
(�2

stat + �2
syst) · (LBelle/50 ab�1) + �2

irred

Source Belle II Physics Book: arXiv: 1808.10567


