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Finally two concurrent charm factories

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

• Superior decay-time resolution 
and access to larger decay 
times 

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

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

• Better reconstruction of final 
states with neutrals/invisible 
particles 

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



Prospects of data collection
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Two-body decays

• Final states made of charged 
particles (including cases with 
one KS) are by far dominated 
by LHCb — much larger 
yields, similar purities 

• Subject of this talk 

• A crucial contribution from 
Belle II is expected on final 
state with neutrals 

• See Marko’s talk later
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we require the D∗+ meson momentum calculated in the
center-of-mass system to be greater than 2.5, 2.6, and 3.0
GeV/c for the data taken below the Υ(4S), at the Υ(4S),
and above the Υ(4S) resonance, respectively. This mo-
mentum requirement also removes D∗+ → D0π+

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

maximizing RWSNRS
S /

√

RWSNRS
S +NWS

B , where RWS

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

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

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

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

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

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

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

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

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

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

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

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

∑4
i=1 fiGi(t/τ ;µi,σi), where Gi is

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

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

5/fb

720k 11.5k

Belle 
1/ab

[PRD 97 (2018) 031101(R)] [PRL 112 (2014) 111801]

https://arxiv.org/abs/1712.03220
https://arxiv.org/abs/1401.3402


Direct CP violation
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D    f 2≠ D    f 2
_ _



• Observed (raw) asymmetries suffer from instrumental and production effects  
 

• Difference of raw asymmetries to cancel unwanted effects  

• Similar strategy for most of other CP asymmetry measurements — one or 
more suitable additional modes are needed to remove detection/production 
asymmetries

CP asymmetries with D0→h+h– decays

�6

�ACP = ACP (K
+K�)�ACP (�

+��) = A(K+K�)�A(�+��)

Detection asymmetry of 
tagging track (π+ or μ-)

Production asymmetry of 
parent hadron (D* or B)

A(h+h�) = ACP (h
+h�) +AD +AP

The CP asymmetry you 
want to measure

N(D0 ! h+h�)�N(D̄0 ! h+h�)

N(D0 ! h+h�) +N(D̄0 ! h+h�)



Observation of CPV in charm

• Combining with previous Run 1 result (for a total of 9/fb) and with 
independent sample of D0 mesons from semileptonic B decays 
 
 
which is 5.3 standard deviations away from zero
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Figure 1: Mass distributions of selected (top) ⇡-tagged and (bottom) µ-tagged candidates for
(left) K�K+ and (right) ⇡�⇡+ final states of the D0-meson decays, with fit projections overlaid.

knowledge of the signal and background mass models. It is evaluated by generating
pseudoexperiments according to the baseline fit model, then fitting alternative models to
those data. A value of 0.6⇥ 10�4 is assigned as a systematic uncertainty, corresponding to
the largest variation observed using the alternative functions. A similar study is performed
with the µ-tagged sample and a value of 2⇥ 10�4 is found.

In the case of µ-tagged decays, the main systematic uncertainty is due to the possibility
that the D0 flavor is not tagged correctly by the muon charge because of misreconstruction.
The probability of wrongly assigning the D0 flavor (mistag) is studied with a large sample
of µ-tagged D0

! K�⇡+ decays by comparing the charges of kaon and muon candidates.
The associated systematic uncertainty is estimated to be 4⇥10�4, also taking into account
the fact that wrongly tagged decays include a fraction of doubly Cabibbo-suppressed
D0

! K+⇡� and mixed D0
! D0

! K+⇡� decays, calculated to be (0.390± 0.006)% for
both the K+⇡� and K�⇡+ final states using input from Ref. [48].
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[arXiv:1903.08726]

 ΔACP = (−1.54 ± 0.29)×10–3

6/fb 
Run 2

https://arxiv.org/abs/1903.08726
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… what are we gonna do with it?

If we nd 
CP violation 
in charm

TUPiFP 2018
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it’s BSM!

it’s SM!



Understand its origin

• Measure CP asymmetries in many flavor-SU(3) related two-body decays — Belle II 
role will be crucial (final states with neutrals) 

• Individual CP asymmetries rely on ability to determine the production and 
detection asymmetry with Cabibbo-favored decays where CPV is assumed to be 
negligible 

• e.g. ACP(D0→h+h–) is measured at LHCb (3/fb) using D0→K–π+, D+→K–π+π+ and 
D+→KSπ+ decays [PLB 767 (2017) 177] 
 
 

• Latest HFLAV average for the direct CP asymmetries is (ACP ≈ aCPdir + aCPind ⟨t/𝜏⟩) 
 
 

�10

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

 aCPdir(D0→K+K–) = (–0.9 ± 1.6)×10–3 
aCPdir(D0→π+π–) = (0.6 ± 1.6)×10–3

https://arxiv.org/abs/1610.09476
http://www.slac.stanford.edu/xorg/hflav/charm/MORIOND19/results_mix_cpv.html


The key: control detection asymmetries

• Detector layout and/or differences in 
interaction cross section result in 
different reconstruction efficiencies for 
positively and negatively charged 
particles 
 
 

• Some detection asymmetries can be 
largely reduced when averaging data 
collected with opposite magnet 
polarities — not enough for high-
precision measurements 

• More in Mika’s talk later
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Introduction

• If we want to measure CP asymmetries in modes with an odd number 
of kaons*, then we need to measure the kaon detection asymmetry.

* Or modes with  a kinematically asymmetric K+K- pair (e.g. asl with Bs → Ds (→K*K)μνX) 

The updated RS/WS D0 → Kπ analysis will fit for RD+ and RD-, 
which requires external input for the K+π- detection asymmetry.

2Wednesday, February 13, 13

Chin. Phys. C 38 (2014) 090001

Dipole 
magnet

µ+

µ–

Courtesy	of	M.	Vesterinen

AD(f) =
"(f)� "(f̄)

"(f) + "(f̄)

http://pdg.lbl.gov/


Neutral kaons asymmetry

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

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

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

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

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

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

0
S lifetime ⌧S.

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

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

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

three lifetimes.

9.2 Asymmetry formalism

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

i
d

dt

✓��K0(t)
↵

��K0(t)
↵
◆

vac

=

✓
M � i

2
�

◆✓��K0(t)
↵

��K0(t)
↵
◆

vac

(9.1)

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

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

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

0
S momentum of 30GeV/c and a constant

material distribution.

9.3 Calculated asymmetry for data samples

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

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

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

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

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

+ ! K
0
⇡
+ samples recorded by the

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

the decay-time acceptance of reconstructed K
0
S decays into account. The expected

168

[CERN-THESIS-2014-274]

 A(KS LL) = (−0.73 ± 0.05)×10–3 
A(KS DD) = (–6.2 ± 0.3)×10–3

4.3. Track reconstruction 51

VELO track

upstream track

T-track

long track

downstream track

VELO
TT

T-stations

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

4.3 Track reconstruction

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

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

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

0
S mesons and ⇤ baryons as these often decay outside of the VELO due to their

relatively long lifetime.

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

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

51
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http://cds.cern.ch/record/1997600
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Example of other two-body modes

• Combined with Run 1 results yield 
 
 
 
 
(the neutral kaon asymmetry is subtracted)
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3.8/fb Run 2 [arXiv:1903.08726]

ACP(Ds→KSπ+) = (1.6 ± 1.7 ± 0.5)×10–3 
 ACP(D+→KSK+) = (–0.04 ± 0.61 ± 0.45)×10–3 

ACP(D+→𝜙π+) = (0.03 ± 0.40 ± 0.29)×10–3

https://arxiv.org/abs/1903.08726


Overview of the possible reach
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Decay mode Current best sensitivity 
(stat + syst) [10–3]

LHCb 
300/fb 

(stat only) [10–3]

Belle II 
50/ab 

(stat+syst) [10–3]

ΔACP 0.29 LHCb (9/fb) 0.03 (0.6)
D0➝K+K– 1.8 LHCb (3/fb) 0.07 0.3
D0➝π+π– 1.8 LHCb (3/fb) 0.07 0.5
D0➝K+π– 9.1 LHCb (5/fb) 0.5 (4.0)
D0➝KSKS 15 Belle (1/ab) 2.8 2.3
Ds➝KSπ+ 18 LHCb (6.8/fb)
 0.32 2.9
D+➝KSK+ 0.76 LHCb (6.8/fb) 0.12 0.4
D0➝KSK̄*0 3.0 LHCb (3/fb) (0.06) (?)
D0➝KSK*0 4.0 LHCb (3/fb) (0.08) (?)
D+➝𝜙π+ 0.49 LHCb (4.8/fb) 0.06 0.4

Values in parentheses are my own (unofficial) projections



Mixing and indirect CP violation
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D0    D0   f 2≠ D0    D0   f 2
_ _

|D1,2>=p|D0>±q|D0>
_

x=(m1-m2)/|
_

y=(| 1-| 2)/2|
___
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Mixing with two-body modes
• Mostly sensitive to the normalised width difference — need multi-

body decays to precisely measure x (see Jolanta’s talk tomorrow) 
• D0→K+π– 

• Requires independent measurement of the strong-phase 
difference between D0→K+π– and D̄0→K+π– to access x and y 

• Gives direct access to |q/p| and 𝜙 
• D0→K+K– and D0→π+π– 

• Cannot directly access any of the underlying parameters, but 
with independent determination of (x,y) can provide tight 
bounds on (|q/p|, 𝜙)



Mixing and CPV with D0→K+π–

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

• Dominant systematic (<50% of the 
statistical uncertainty) is due to 
contamination of charm from b-hadron 
decays
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Figure 26: Two-dimensional confidence regions in the (x02, y0) plane obtained assuming (a) no
CP violation, (b) no direct CP violation, and (c) any CP violation. The dashed (solid) curves
in (b) and (c) indicate the contours of the mixing parameters associated with D0 (D0) decays.
The best-fit value for D0 (D0) decays is shown with an open (filled) point. The solid, dashed,
and dotted curves in (a) indicate the contours of CP -averaged mixing parameters at 68.3%,
95.5%, and 99.7% confidence levels (CL), respectively. The best-fit value is shown with a point.
Systematic uncertainties are included.

40

5/fb

[PRD 97 (2018) 031101(R)]

x′2 = (3.9 ± 2.7)×10−5 
y′ = (5.28 ± 0.52)×10−3
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Mixing and CPV with D0→K+π–: prospects
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• Precision on |q/p| and 𝜙 expected to be ~1% (~1 degree) with 300/fb 

• Systematic uncertainties estimated using control samples of data — 
measurement expected to remain dominated by statistics
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Indirect CPV in D0→h+h– decays

• Time-dependent asymmetry between 
D0 and D̄0 to CP-even final states: 
linear term is –A𝛤 ≈ x sin𝜙 

• Combining K+K– and π+π– modes in 
3/fb of LHCb data yields 
 

• Huge samples of D0→K–π+ decays 
used to control time-dependent 
detector-induced asymmetries 

• No official projections from Belle II 
(but yields scale as for D0→K+π–), 
hence Belle II with 50/ab will not 
reach LHCb precision with 9/fb
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[PRL 118 (2017) 261803]

A𝛤 = (–0.13 ± 0.28 ± 0.10)×10−3

LHCb
K+K– π+π–

Yield 
[109]

σ(A𝛤) 
[10–5]

Yield 
[109]

σ(A𝛤) 
[10–5]

9/fb 0.06 13 0.02 24

50/fb 0.79 3.5 0.24 6.5

300/fb 5.3 1.4 1.6 2.5

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.261803


What about yCP?

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

• Most precise measurement from LHCb 
(3/fb) using D0 from semileptonic B 
decays [PRL 122 (2019) 011802] 

• No official projections available — 
would require nontrivial assumptions 
on systematics 

• Could be a measurement where LHCb 
and Belle II can compete
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-4 -3 -2 -1 0 1 2 3 4 5

yCP (%)

World average  0.715 ± 0.111 %

LHCb 2019  0.570 ± 0.130 ± 0.090 %

Belle 2016  1.110 ± 0.220 ± 0.090 %

BESIII 2015 -2.000 ± 1.300 ± 0.700 %

BaBar 2012  0.720 ± 0.180 ± 0.124 %

Belle 2009  0.110 ± 0.610 ± 0.520 %

CLEO 2002 -1.200 ± 2.500 ± 1.400 %

FOCUS 2000  3.420 ± 1.390 ± 0.740 %

E791 1999  0.732 ± 2.890 ± 1.030 %
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yCP ⌘ ⌧(K�⇡+)

⌧(h+h�)
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�1 + �2
⌘ y

https://arxiv.org/abs/1810.06874


Summary
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The future can be bright… 
but getting there it’s quite 

a challenge


