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A change of scenery
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TODAY

Key LHCb contributions w/Upgrade IIThis talk
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Another change of scenery 
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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]
[Belle II physics book]

Expect a strong contribution from BELLE for modes with neutrals

https://arxiv.org/abs/1808.10567
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Exploring the landscape of charm CPV

Theory handle on CPV expectations limited. Hard to estimate and relate 
strong phases.  

SU(3) breaking is there, but it might be not that broken!
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Our mission: measure CP asymmetries and branching fractions in as 
many SU(3) related decays as possible,  different diagrams, including 
neutrals and pseudo 2-body!EX
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B(D0 ! K+K�)

B(D0 ! ⇡+⇡�)
⇡ 3



DIRECT CPV
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S. Stahl, 21/03/19 Experimental status of charm physics 8

Two charm samples at LHCb

Prompt produced charm:
● (Slow) pion charge tags Mavour
● Unambiguous tag due to 
full D* reconstruction

● Hardware trigger: 40% triggered by 
D, 60% parasitically

● Higher statistics

Semileptonic B decays:
● Muon charge tags Mavour
● B partially reconstructed
● Hardware trigger: High muon 
trigger e*ciency

● Cross-checks and some other 
advantages

Direct CPV in charm
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ACP =
N(D0 ! K+K�)�N(D0 ! K+K�)

N(D0 ! K+K�) +N(D0 ! K+K�)

Need: flavour tagging of D0

ACP =
N(D⇤+ ! D0(! K+K�)⇡+)�N(D⇤� ! D0(! K+K�)⇡�)

N(D⇤+ ! D0(! K+K�)⇡+) +N(D⇤� ! D0(! K+K�)⇡�)

Now also dependent on Production + 
Detection asymmetries
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Two approaches
1. Avoid the problem 

Measure quantities which are “safe” from production and detection 
asymmetries: perfect cancellation of both production and detection 
asymmetries. 

2. Apply corrections 
Dependent on excellent detector calibration, simulation and Cabibbo-
favoured normalisation channels. 
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�ACP = ACP(D
0 ! K+K�)�ACP(D

0 ! ⇡+⇡�)

ACP(D
0 ! K+K�)

Inevitable to complete the picture

Discovery channel
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Measuring ACP(K+K-)
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ACP(D
0 ! K+K�) =Ameas(D

0 ! K+K�)�Ameas(D
0 ! K�⇡+)

� (Ameas(D
+ ! K�⇡+⇡+)�Ameas(D

+ ! K0
S⇡

+))Adet(K
�⇡+)

LHCb-PUB-2014-006, M. Vesterinen

Cancel Aprod

Cancel Adet just introduced
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Measuring ACP(K+K-)
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ACP(D
0 ! K+K�) =Ameas(D

0 ! K+K�)�Ameas(D
0 ! K�⇡+)

� (Ameas(D
+ ! K�⇡+⇡+)�Ameas(D

+ ! K0
S⇡

+))Adet(K
�⇡+)

LHCb-PUB-2014-006, M. Vesterinen

Dipole  
magnet

Positively 
charged kaon

Negatively 
charged kaonz

x

B field

Cancel Aprod

Cancel Adet just introduced



Amsterdam Workshop 𐄁 April 9 2019 𐄁

Measuring ACP(K+K-)
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ACP(D
0 ! K+K�) =Ameas(D

0 ! K+K�)�Ameas(D
0 ! K�⇡+)

� (Ameas(D
+ ! K�⇡+⇡+)�Ameas(D

+ ! K0
S⇡

+))Adet(K
�⇡+)

LHCb-PUB-2014-006, M. Vesterinen

Dipole  
magnet

Positively 
charged kaon

Negatively 
charged kaonz

x

B field

Classification of detection asymmetries at LHCb

6.2 Detector acceptance

The asymmetries arising from the design of the detector, along with beam parameters

are discussed in this section. As elaborated in Sect. 6.1, both fast simulation techniques

and a deterministic model of LHCb are used to estimate the impact of all e↵ects. The

impact of each source is determined by considering the di↵erence with respect to the

detection asymmetry presented Fig. 6.2, i.e. the detection asymmetry in a situation with

no beam-crossing angle, but with the left-right asymmetric beam spot (as measured in

2016).

6.2.1 Charge-asymmetric hadronic cross-sections

The cross-sections on deuterium, as reported in Ref. [41], are illustrated in Fig. 6.6 for

charged kaons, pions and protons. The charge asymmetry in the total cross-section of

pions on deuterium is negligible for momenta � 5 GeV/c, the momentum range relevant

for LHCb physics analyses. For kaons and protons, however, the di↵erence in cross

sections is sizeable.

The charge-dependent cross-sections are combined with the simulated material thick-

ness to determine the collision probability, using Eq. 6.5. The resulting expectation for

the magnet-averaged detection asymmetry is shown as a black line in the left panel of

Fig. 6.7 for kaons. By averaging over magnet polarities, asymmetries in the path lengths

are cancelled, such that e↵ectively the path-length-averaged asymmetry remains. A

comparison with the expected asymmetry from the deterministic model shows a good

agreement in general with an overestimation for low momenta. This is understood to be

caused by the underestimation of reconstruction e�ciency for elastically scattered par-
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Figure 6.6: Total cross-sections for (left) pions and kaons, and (right) pions and protons on a

deuterium target for relevant momenta. Data points are obtained from Ref. [41],

together with the overlaid fit function.

74

O(1%) for LHCb

Cancel Aprod

Cancel Adet just introduced
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Measuring ACP(K+K-)
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Table 6.5: Extrapolated signal yields and statistical precision on direct CP violation observables for the
promptly produced samples.

Sample (L) Tag Yield Yield �(�ACP ) �(ACP (hh))
D0 !K�K+ D0 !⇡�⇡+ [%] [%]

Run 1–2 (9 fb�1) Prompt 52M 17M 0.03 0.07
Run 1–3 (23 fb�1) Prompt 280M 94M 0.013 0.03
Run 1–4 (50 fb�1) Prompt 1G 305M 0.007 0.015
Run 1–5 (300 fb�1) Prompt 4.9G 1.6G 0.003 0.007

6.2.1 Measurement of ACP in D0! K+K� and D0! ⇡+⇡� and CP violation
in other two-body modes

The singly Cabibbo-suppressed D0 ! K�K+ and D0 ! ⇡�⇡+ decays discussed in Sect. 6.1.4
for indirect CP violation studies, also play a critical role in the measurement of time-integrated
direct CP violation. The amount of CP violation in these decays is expected to be below the
percent level [241–248], but large theoretical uncertainties due to long-distance interactions
prevent precise SM predictions. In the presence of physics beyond the SM, the expected CP
asymmetries could be enhanced [249], although an observation near the current experimental
limits would be consistent with the SM expectation. The direct CP violation is associated with
the breaking of CP symmetry in the decay amplitude. It is measured through the time-integrated
CP asymmetry in the h�h+ decay rates

ACP (D0 ! h�h+) ⌘ �(D0 ! h�h+) � �(D0 ! h�h+)

�(D0 ! h�h+) + �(D0 ! h�h+)
. (6.5)

The sensitivity to direct CP violation is enhanced through a measurement of the di↵erence in CP
asymmetries between D0 !K�K+ and D0 !⇡�⇡+ decays, �ACP = ACP (K�K+)�ACP (⇡�⇡+),
in which detector asymmetries largely cancel.

The individual asymmetries ACP (K�K+) and ACP (⇡�⇡+) can also be measured. A mea-
surement of the time-integrated CP asymmetry in D0 ! K�K+ has been performed at LHCb
with 3 fb�1 collected at centre-of-mass energies of 7 and 8 TeV. The flavour of the charm meson
at production is determined from the charge of the pion in D⇤+ ! D0⇡+ decays, or via the
charge of the muon in semileptonic b-hadron decays (B ! D0µ�⌫µX). The analysis strategy
so far relies on the D+ ! K�⇡+⇡�, D+ ! K0

s ⇡+ and D⇤+ ! D0(! K�⇡+)⇡+ decays as
control samples [250]. In this case, due to the weighting procedures aiming to fully cancel the
production and reconstruction asymmetries, the e↵ective prompt signal yield for ACP (K�K+)
is reduced. The expected signal yields and the corresponding statistical precision in Upgrade II
are summarised in Table 6.5.

The �ACP observable is robust against systematic uncertainties. The main sources of system-
atic uncertainties are inaccuracies in the fit model, the weighting procedure, the contamination
of the prompt sample with secondary D0 mesons and the presence of peaking backgrounds.
There are no systematic uncertainties which are expected to have irreducible contributions which
exceed the ultimate statistical precision. This channel is already entering the upper range of the
physically interesting sensitivities, and will likely continue to provide the world’s best sensitivity
to direct CP violation in charm in Upgrade II. The power of these two-body CP eigenstates at
LHCb Upgrade II is illustrated in Fig. 6.4, which shows the indirect (see Sect. 6.1.4) and direct
CP constraints that will come from these modes.

There are a significant number of other two-body modes of strong physics interest where
Upgrade II will also make important contributions. These include the decay modes D0 ! K0

S
K0

S

(0.28%), D0 ! K0
S
K⇤0 (0.6 ⇥ 10�4), D0 ! K0

S
K⇤0 (0.8 ⇥ 10�4), D+

s ! K0
S
⇡+ (3.2 ⇥ 10�4),

59

In the SU(3) limit: 2|ACP(KK)| = |Δ ACP|.  
Would need to resolve a O(0.07%) CP asymmetry

Luminosity scaling only

LHCb-PUB-2018-009

Development in detector calibration essential
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Magnet side-stations
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Figure 6.1: The momentum spectra in LHCb simulation of slow pions from the decay D⇤+ ! D0⇡+

that leave hits in the UT. The slow pions observed in the SciFi in Upgrade I and those that will
be added by the Magnet Stations (MS) for Upgrade II are indicated.

x = (M1 � M2)/� and y = (�1 � �2)/(2�), where � = (�1 + �2)/2 is the average width.
The deviation of |q/p| from unity parameterises CP violation in mixing. The relative phase
� = arg(qAf/(pAf )) between q/p and the ratio of D0 and D0 decay amplitudes to a common
final state f , Af/Af , is sensitive to CP violation in the interference between mixing and decay.
Within the SM � is approximately independent of the decay-mode.

6.1.1 Measurements with D0! K⌥⇡±

The mixing and CP -violation parameters in D0–D0 oscillations can be accessed through the
comparison of the decay-time-dependent ratio of D0 ! K+⇡� to D0 ! K�⇡+ rates with the
corresponding ratio for the charge-conjugate processes.

The neutral D-meson flavour at production can be determined from the charge of the
low-momentum pion (slow pion) produced in the flavour-conserving strong-interaction decay
D⇤+ ! D0⇡+. This flavour-tagging technique is used throughout many measurements in this
chapter. These low-momentum pions are strongly deflected by the magnetic field in the
experiment. The addition of the Magnet Stations (see Sect. 2.3.1) will allow the momentum and
charge of previously lost pions to be determined. As illustrated in Fig. 6.1 the flavour-tagged
charm sample can be increased by 40% in size by the inclusion of Magnet Station information.

The D⇤+ ! D0(! K�⇡+)⇡+ process, which is dominated by a Cabibbo-favoured amplitude,
is denoted as right-sign (RS). Wrong-sign (WS) decays, D⇤+ ! D0(! K+⇡�)⇡+, arise from
the doubly Cabibbo-suppressed D0 ! K+⇡� decay and the Cabibbo-favoured D0 ! K+⇡�

decay that follows D0–D0 oscillation. Since the mixing parameters are small, |x|, |y| ⌧ 1, the
CP -averaged decay-time-dependent ratio of WS-to-RS rates is approximated as [225–227]

RK⇡(t) ⇡ RK⇡
D +

q
RK⇡

D y0
K⇡ (�t) +

x02
K⇡ + y02

K⇡

4
(�t)2 , (6.1)

where t is the D proper decay time. The parameter RK⇡
D is the ratio of suppressed-to-favoured

decay rates at t = 0. The parameters x0
K⇡ and y0

K⇡ depend linearly on the mixing parameters,
x0

K⇡ ⌘ x cos �K⇡ +y sin �K⇡ and y0
K⇡ ⌘ y cos �K⇡ �x sin �K⇡, through the strong-phase di↵erence

�K⇡ between the suppressed and favoured amplitudes. If CP violation occurs, the decay-rate ratios

52

Control of “wrong-charge ghosts” critical!
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Beyond ACP(K+K-): KSKS

Significant theory interest in ACP(D0 -> KsKs)  
Estimations vary from ≤ 1% to O(3/2 ΔACP)
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(ii) C, color-suppressed internal W-emission tree
amplitude;

(iii) P, QCD-penguin amplitude;
(iv) S, singlet QCD-penguin amplitude involving

SUð3ÞF-singlet mesons (e.g., !ð0Þ, !, ");
(v) PEW, color-favored EW-penguin amplitude; and
(vi) PC

EW, color-suppressed EW-penguin amplitude;
(2) weak annihilation amplitudes:
(i) E, W-exchange amplitude;
(ii) A, W-annihilation amplitude; (E and A are often

jointly called ‘‘weak annihilation’’ amplitudes.)
(iii) PE, QCD-penguin exchange amplitude;
(iv) PA, QCD-penguin annihilation amplitude;
(v) PEEW, EW-penguin exchange amplitude; and
(vi) PAEW, EW-penguin annihilation amplitude; (PE

and PA are also jointly called ‘‘weak penguin
annihilation’’ amplitudes) and

(3) flavor-singlet weak annihilation amplitudes: all
involving SUð3ÞF-singlet mesons,

(i) SE, singlet W-exchange amplitude;
(ii) SA, singlet W-annihilation amplitude;
(iii) SPE, singlet QCD-penguin exchange amplitude;
(iv) SPA, singlet QCD-penguin annihilation amplitude;
(v) SPEEW, singlet EW-penguin exchange amplitude;

and
(vi) SPAEW, singlet EW-penguin annihilation amplitude.

The reader is referred to Ref. [25] for details.
It should be stressed that these diagrams are classified

purely according to the topologies of weak interactions and
flavor flows with all strong interaction effects encoded, and
hence they are not Feynman graphs. All quark graphs used

in this approach are topological and meant to include
strong interactions to all orders, i.e., gluon lines and quark
loops are included implicitly in all possible ways.
Therefore, analyses of topological graphs can provide
information on FSI’s.
The decomposition of the decay amplitudes of SCS

D ! PP and D ! VP modes in terms of topological
diagrams is displayed in Tables I and II. Since we will
concentrate exclusively on SCS D decays, the primes on
the amplitudes given in Ref. [28] are dropped. For sim-
plicity, flavor-singlet weak annihilation and weak penguin
annihilation amplitudes are neglected in these two tables.
The topological amplitudes T, C, E, A are extracted

from the CF D ! PP decays to be (in units of
10# 6 GeV) [28] (see also [29])

T¼3:14 % 0:06; C¼ð2:61 % 0:08Þe# ið152% 1Þ& ;

E¼ð1:53þ 0:07
# 0:08Þeið122% 2Þ& ; A¼ð0:39þ 0:13

# 0:09Þeið31
þ 20
# 33Þ& (4)

for " ¼ 40:4& [30], where " is the ! # !0 mixing angle
defined in the flavor basis

!

!0

 !
¼

cos" # sin"

sin" cos"

 !
!q

!s

 !
; (5)

with !q ¼ 1ffiffi
2

p ðu !u þ d !dÞ and !s ¼ s!s.

For D ! VP decays, there exist two different types of
topological diagrams since the spectator quark of the
charmed meson may end up in the pseudoscalar or vector
meson. For reduced amplitudes T and C in D ! VP de-
cays, the subscript P (V) implies that the pseudoscalar
(vector) meson contains the spectator quark of the charmed

FIG. 1. Topology of possible flavor diagrams: (a) color-allowed tree T, (b) color-suppressed tree C, (c) QCD-penguin P, (d) singlet
QCD-penguin S diagrams with 2 (3) gluon lines for M2 being a pseudoscalar meson P (a vector meson V), where M2 is generally the
emitted meson or it contains a quark from the weak vertex for the annihilation diagram, (e) W-exchange E, (f) W-annihilation A,
(g) QCD-penguin exchange PE, and (h) QCD-penguin annihilation PA diagrams. The color-suppressed EW-penguin PC

EW and color-
favored EW-penguin PEW diagrams are obtained by replacing the gluon line from (c) and all the gluon lines from (d), respectively, by a
single Z-boson or photon line. The EW-penguin exchange PEEW and EW-penguin annihilation PAEW diagrams are obtained from
(g) and (h), respectively, by replacing the left gluon line by a single Z-boson or photon line. The gluon line of (e) and (f) and the right
gluon line of (g) and (h) can be attached to the quark lines in all possible ways.

DIRECT CP VIOLATION IN TWO-BODY HADRONIC . . . PHYSICAL REVIEW D 85, 034036 (2012)

034036-3

(ii) C, color-suppressed internal W-emission tree
amplitude;

(iii) P, QCD-penguin amplitude;
(iv) S, singlet QCD-penguin amplitude involving

SUð3ÞF-singlet mesons (e.g., !ð0Þ, !, ");
(v) PEW, color-favored EW-penguin amplitude; and
(vi) PC

EW, color-suppressed EW-penguin amplitude;
(2) weak annihilation amplitudes:
(i) E, W-exchange amplitude;
(ii) A, W-annihilation amplitude; (E and A are often

jointly called ‘‘weak annihilation’’ amplitudes.)
(iii) PE, QCD-penguin exchange amplitude;
(iv) PA, QCD-penguin annihilation amplitude;
(v) PEEW, EW-penguin exchange amplitude; and
(vi) PAEW, EW-penguin annihilation amplitude; (PE

and PA are also jointly called ‘‘weak penguin
annihilation’’ amplitudes) and

(3) flavor-singlet weak annihilation amplitudes: all
involving SUð3ÞF-singlet mesons,

(i) SE, singlet W-exchange amplitude;
(ii) SA, singlet W-annihilation amplitude;
(iii) SPE, singlet QCD-penguin exchange amplitude;
(iv) SPA, singlet QCD-penguin annihilation amplitude;
(v) SPEEW, singlet EW-penguin exchange amplitude;

and
(vi) SPAEW, singlet EW-penguin annihilation amplitude.

The reader is referred to Ref. [25] for details.
It should be stressed that these diagrams are classified

purely according to the topologies of weak interactions and
flavor flows with all strong interaction effects encoded, and
hence they are not Feynman graphs. All quark graphs used

in this approach are topological and meant to include
strong interactions to all orders, i.e., gluon lines and quark
loops are included implicitly in all possible ways.
Therefore, analyses of topological graphs can provide
information on FSI’s.
The decomposition of the decay amplitudes of SCS

D ! PP and D ! VP modes in terms of topological
diagrams is displayed in Tables I and II. Since we will
concentrate exclusively on SCS D decays, the primes on
the amplitudes given in Ref. [28] are dropped. For sim-
plicity, flavor-singlet weak annihilation and weak penguin
annihilation amplitudes are neglected in these two tables.
The topological amplitudes T, C, E, A are extracted

from the CF D ! PP decays to be (in units of
10# 6 GeV) [28] (see also [29])

T¼3:14 % 0:06; C¼ð2:61 % 0:08Þe# ið152% 1Þ& ;

E¼ð1:53þ 0:07
# 0:08Þeið122% 2Þ& ; A¼ð0:39þ 0:13

# 0:09Þeið31
þ 20
# 33Þ& (4)

for " ¼ 40:4& [30], where " is the ! # !0 mixing angle
defined in the flavor basis

!

!0

 !
¼

cos" # sin"

sin" cos"

 !
!q

!s

 !
; (5)

with !q ¼ 1ffiffi
2

p ðu !u þ d !dÞ and !s ¼ s!s.

For D ! VP decays, there exist two different types of
topological diagrams since the spectator quark of the
charmed meson may end up in the pseudoscalar or vector
meson. For reduced amplitudes T and C in D ! VP de-
cays, the subscript P (V) implies that the pseudoscalar
(vector) meson contains the spectator quark of the charmed

FIG. 1. Topology of possible flavor diagrams: (a) color-allowed tree T, (b) color-suppressed tree C, (c) QCD-penguin P, (d) singlet
QCD-penguin S diagrams with 2 (3) gluon lines for M2 being a pseudoscalar meson P (a vector meson V), where M2 is generally the
emitted meson or it contains a quark from the weak vertex for the annihilation diagram, (e) W-exchange E, (f) W-annihilation A,
(g) QCD-penguin exchange PE, and (h) QCD-penguin annihilation PA diagrams. The color-suppressed EW-penguin PC

EW and color-
favored EW-penguin PEW diagrams are obtained by replacing the gluon line from (c) and all the gluon lines from (d), respectively, by a
single Z-boson or photon line. The EW-penguin exchange PEEW and EW-penguin annihilation PAEW diagrams are obtained from
(g) and (h), respectively, by replacing the left gluon line by a single Z-boson or photon line. The gluon line of (e) and (f) and the right
gluon line of (g) and (h) can be attached to the quark lines in all possible ways.

DIRECT CP VIOLATION IN TWO-BODY HADRONIC . . . PHYSICAL REVIEW D 85, 034036 (2012)

034036-3

Uncertainty [%]
Belle I ± 1.53 ± 0.17
LHCb ’12-‘16 ± 2.8 ± 0.9
LHCb Run 2 ± 1.5
Belle II ± 0.23
LHCb Upgrade-II  ± 0.12 - 0.23*

Upgrade-II essential!
Main challenge: event trigger

[1]: Nierste, Schacht ’15 
[2]: Hiller, Jung, Schacht ‘13 
[2]: Cheng, Chaing ‘12

*: Unofficial extrapolation based on presented improvements

Moving closer to our competition

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.171801
https://indico.cern.ch/event/804245/contributions/3345605/attachments/1811038/2957839/Moriond_2019_Tuci.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.034036
https://arxiv.org/pdf/1311.3883.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.034036
http://moriond.in2p3.fr/2019/EW/slides/5_Thursday/3_YSF/5_Tuci.pdf
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Outlook on 2-body CPV
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Overview of the possible reach

�14

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+➝$π+ 0.49 LHCb (4.8/fb) 0.06 0.4

Values in parentheses are my own (unofficial) projections

[A. Di Canto, LHCb-PUB-2018-009]

.12-.23

https://indico.cern.ch/event/760368/timetable/?view=standard#31-direct-and-indirect-cpv-in
https://arxiv.org/abs/1808.10567
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Direct CPV beyond 2-body

Interest in quasi two-body modes, such as 
D0→K*K, Ds→ρ K. Tend to spread over phase-
space. Usually overlapping amplitudes in D → hhh 
decays, widely varying strong phase.  

✴ Strong phase can change sign  

• Both model-dependent and model-
independent approaches pursued.  

• E.g. Energy test (unbinned), SCP (binned).  

• Model-dependent needed to interpret results.

�15

Table 6.9: Overview of sensitivities to various CP -violation scenarios for D0 ! ⇡+⇡�⇡+⇡�

decays as extrapolated from Ref. [224]. The relative changes in magnitude and phase of the
amplitude of the resonance R to which sensitivity is expected are given in % and �, respectively.
The P -wave ⇢0(770) is a P -odd component. The phase change in this resonance is tested with
the P -odd CP -violation test. Results for all other scenarios are given with the standard P -even
test.

R (partial wave) 9 fb�1 23 fb�1 50 fb�1 300 fb�1

a1 ! ⇢0⇡ (S) 1.4% 0.6% 0.4% 0.17%
a1 ! ⇢0⇡ (S) 0.8� 0.35� 0.24� 0.10�

⇢0⇢0 (D) 1.4% 0.6% 0.4% 0.17%
⇢0⇢0 (P) 0.8� 0.35� 0.24� 0.10�
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Figure 6.5: The binned SCP test [255] applied to simplified simulation for the D0 ! ⇡+⇡�⇡+⇡�

decay. The left hand plot shows the significance of the (normalised) asymmetry in each bin for the
event yield expected following Runs 1 and 2, with the right hand plot using the expected event
yield corresponding to 300 fb�1. The contributions from the four main intermediate resonances
associated with the D0 meson decay (as determined using CLEO-c data [257]) are simulated;
CP -violation is introduced to the matter and anti-matter samples in the test by varying the
relative yield of the D0 ! ⇢0⇢0 contribution in the samples being compared by ±0.4%. Large
bin significances and a significant �2 value are only observed in the dataset corresponding to
300 fb�1; in order to observe this CP -violation the Upgrade II dataset is required.

reconstructed about 660,000 D0 ! ⇡+⇡�⇡0 decays [199], i.e. about five times larger than that
from the full BaBar data set [258], with comparable purity. Preliminary estimates for Run 2
data, give about 500 000 signal decays per fb�1, making future CP -violation searches in this
channel very promising. Similarly, large samples of D+

(s) ! ⌘(0)⇡+ decays, with ⌘(0) ! ⇡+⇡��,

or D+ ! ⇡+⇡0 decays, with ⇡0 ! e+e��, are already possible with the current detector. The
D+

(s) ! ⌘0⇡+ mode, as an example, has been used by LHCb during Run 1 to perform the most
precise measurement of CP asymmetries in these channels to date, with uncertainties below the
1% level [259].

More challenging final states consisting only of neutral particles, such as ⇡0⇡0 or ⌘⌘, can still
be reconstructed with ⇡0 ! �� or ⌘! �� candidates made of photons which, after interacting
with the detector material, have converted into an e+e� pair. Such conversions must occur before

63
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Charm mixing 
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D0 D0

hD0
1,2| = p hD0|⌥ q hD0|

P (D0 ! D0) /
����
p

q

����
2

e��t

✓
cosh(

1

2
��t)� cos(�mt)

◆

Like all other neutral mesons, also D0 mesons mix. 
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Charm mixing 
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D0 D0

hD0
1,2| = p hD0|⌥ q hD0|

P (D0 ! D0) ⇡
����
p

q

����
2

e��tx
2 + y2

2
(�t)2

CPV in mixing

#diffraction

#absorption

Observables

x

Mixing phaseLike all other neutral mesons, also D0 mesons mix…  
but rarely!

y

'D

|q/p|
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Charm mixing 
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D0 D0

hD0
1,2| = p hD0|⌥ q hD0|

P (D0 ! D0) ⇡
����
p

q

����
2

e��tx
2 + y2

2
(�t)2

Like all other neutral mesons, also D0 mesons mix…  
but rarely!

@MarcoGersabeck#TUPIFP 2.0

Mixing averages
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Most often, the D0 did not change flavour before decay

[HFLAV]

CPV in mixing

#diffraction

#absorption

Observables

x

Mixing phase

y

'D

|q/p|

https://hflav-eos.web.cern.ch/hflav-eos/charm/
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Charm mixing 
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CPV in mixing

#diffraction

#absorption

Observables

x

Mixing phase

y

Effective lifetime asymmetry 
AΓ

Effective lifetime 
yCP

'D

Strong phases/amplitude model

Strong phase

|q/p|, φD, x, y
|q/p|, φD, x’, y’

|q/p|

x sin(φD)*

Multibody decays 
Ksππ

D0 -> K π (WS) 
D0 -> Kπππ (WS)

y cos(φD)*

*: if |q/p|≠1, then more complex
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CPV in mixing: the classic WS
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Goal: CPV in mixing, but start simple.

K+π-

K-π+

D0(t=0)
D0

D0
δ'D

δ

Mixing: tiny 
DCS: tiny
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CPV in mixing: the classic WS
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K+π-

K-π+

D0(t=0)
D0

D0
δ'D

δ

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 25: E�ciency-corrected ratios of WS-to-RS yields for (a) D⇤+ decays, (b) D⇤� decays,
and (c) their di↵erences as functions of decay time in units of D0 lifetime. Projections of fits
allowing for (dashed line) no CP violation, (dotted line) no direct CP violation, and (solid line)
any CP violation are overlaid. The abscissa of the data points corresponds to the average decay
time over the bin; the error bars indicate the statistical uncertainties.
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Figure 26: Two-dimensional confidence regions in the (x02, y0) plane obtained assuming (a) no
CP violation, (b) no direct CP violation, and (c) any CP violation. The dashed (solid) curves
in (b) and (c) indicate the contours of the mixing parameters associated with D0 (D0) decays.
The best-fit value for D0 (D0) decays is shown with an open (filled) point. The solid, dashed,
and dotted curves in (a) indicate the contours of CP -averaged mixing parameters at 68.3%,
95.5%, and 99.7% confidence levels (CL), respectively. The best-fit value is shown with a point.
Systematic uncertainties are included.
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Purely mixingInterferenceMeasure this for D0 and D0 separately, 
to measure asymmetry in mixing

Naive idea: x, y mixing due to diffraction (Im) and absorption (Re).  
An additional phase shift, δ, rotates the two contributions to x’ and y’. 
But common to both D0 and D~0
 
Measure 2, solve for 2 unknowns: |q/p|, φD (assume no direct CPV)
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K+π-

K-π+

D0(t=0)
D0

D0
δ'D

δ

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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y′ ≡ y cos δ − x sin δ ~ y
δ ~ 180º

CPV in mixing: the classic WS
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A “golden mode”: Ks π+ π- 
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• Multiple interfering amplitudes enhance the sensitivity to mixing

• Requires a challenging time-dependent Dalitz-plot analysis

Multibody decays with rich Dalitz structures
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A “golden mode”: Ks π+ π- 
• Use the strong phase to our advantage: look at multibody 

decays with a varying strong phase across phase space 

• Exploiting this requires a phase-space dependent analysis 

• If the phases are known (either by an amplitude analysis + global 
phase external input or external input completely), can resolve |
q/p|, φD, x and y with a high precision from all local 
measurements.

�25
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Charm mixing 
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CPV in mixing

#diffraction

#absorption

Observables

x

Mixing phase

y

Effective lifetime asymmetry 
AΓ

Effective lifetime 
yCP

'D

Strong phases/amplitude model

Strong phase

|q/p|, φD, x, y
|q/p|, φD, x’, y’

|q/p|

x sin(φD)*

Multibody decays 
Ksππ

D0 -> K π (WS) 
D0 -> Kπππ (WS)

y cos(φD)*

*: if |q/p|≠1, then more complex

Complete programme
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Outlook to charm mixing CPV
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Conclusion
• After the discovery of direct CPV in charm, the goal is to measure 

CPV in as many modes as possible: expect LHCb to stay the 
strongest player for charged final states, and BELLE-II having this 
honour for final states with neutrals. 

• Role for multi-body decays, both for mixing parameters and direct 
CPV in quasi two-body modes 
➡ Great potential for LHCb 
➡ Will benefit greatly from external measurements of strong phases 

• Could benefit from magnet side-stations, require good ghost rejection 

• Programme requires a close collaboration with the trigger group

�28



CP in charm at Upgrade II 

Upgrade 2 workshop, Amsterdam April 9, 2019 
Laurent Dufour 
Thanks to Angelo Di Canto, Tim Evans, Mauricio Martinelli and Mark Williams

In the context of recent developments in (my understanding of) 
charm physics
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CP violation in the charm sector

‣ Long-distance physics effects 

‣ Expectation: little CP violation. 

✓ Enormous production at the LHC
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More golden modes

�31@MarcoGersabeck#TUPIFP 2.0

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

 12

|q/p|

φ

0.8 0.9 1 1.1 1.2

0.2−

0

0.2

0.4
HFLAV World Average 2017
This work
WA + This work

contours hold 68%, 95% CL

D. Müller, CERN-THESIS-2017-257

Potential of D0→K±π∓π+π− at LHCb
Can do a similar trick for D0 -> K+ π π π decays  

(but require external input)!

Proof of principle
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Belle II prospects 

�32

Belle ACP sensitivities at Belle II (decays with neutrals)

mode L (fb�1) ACP (%) Belle II at 50 ab�1

D0 ! ⇡0⇡0 966 �0.03± 0.64± 0.10 ±0.09
D0 ! K 0

SK
0
S 921 �0.02± 1.53± 0.02± 0.17 ±0.21

D0 ! K 0
s ⇡

0 966 �0.21± 0.16± 0.07 ±0.03
D0 ! K 0

s ⌘ 791 +0.54± 0.51± 0.16 ±0.07
D0 ! K 0

s ⌘
0 791 +0.98± 0.67± 0.14 ±0.09

D0 ! ⇡+⇡�⇡0 532 +0.43± 1.30 ±0.13
D0 ! K+⇡�⇡0 281 �0.60± 5.30 ±0.40
D0 ! �� 943 �9.4± 6.6± 0.1 ±0.90
D0 ! ⇢0� 943 +5.6± 15.2± 0.6 ±2.10

D0 ! K
⇤0
� 943 �0.3± 2.0± 0.04 ±0.27

D+ ! ⌘⇡+ 791 +1.74± 1.13± 0.19 ±0.14
D+ ! ⌘0⇡+ 791 �0.12± 1.12± 0.17 ±0.14
D+ ! K 0

s ⇡
+ 977 �0.36± 0.09± 0.07 ±0.03

D+ ! K 0
s K

+ 977 �0.25± 0.28± 0.14 ±0.05
D+ ! ⇡+⇡0 921 +2.31± 1.24± 0.23 ±0.17
D+

s ! K 0
s ⇡

+ 673 +5.45± 2.50± 0.33 ±0.29
D+

s ! K 0
s K

+ 673 +0.12± 0.36± 0.22 ±0.05

M. Starič (IJS) Charm CPV in decays with neutrals IPPP Durham, April 2019 17 / 20

https://indico.cern.ch/event/760368/contributions/3316190/
attachments/1822851/2982255/staric_charmCPV-neutrals.pdf
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Effective decay width 

�33

D0
phimix

CP even state

Measure the time-dependence CPV of D0 -> K+K-. Two terms:

S. Stahl, 21/03/19 Experimental status of charm physics 35

Asymmetry of e6ective decay widths
● Asymmetry between D0 and D0 e)ective decay widths

(LHCb Run 1 data)

Phys. Rev. Le. 118, 261803 (2017)

D0

S. Stahl, 21/03/19 Experimental status of charm physics 35

Asymmetry of e6ective decay widths
● Asymmetry between D0 and D0 e)ective decay widths

(LHCb Run 1 data)

Phys. Rev. Le. 118, 261803 (2017)

Good knowledge of the CPV in mixing requires good knowledge of x
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D -> P P

�34
meson. For E and A amplitudes with the final state q1 !q2,
the subscript P (V) denotes that the pseudoscalar (vector)
meson contains the antiquark !q2.

There are two different ways of extracting topological
amplitudes: either

"ðD ! VPÞ ¼ pc

8!m 2
D

X

pol:

jAj2 (6)

by summing over the polarization states of the vector
meson, or through the relation

"ðD ! VPÞ ¼ p3
c

8!m 2
D

j ~Aj2; (7)

by taking the polarization vector out of the amplitude,
where A ¼ ðm V=m D Þ ~Að" $ pD Þ. There exist two solu-
tions, denoted by (A) and (S), for the TV , CP, and EP

amplitudes, depending on whether Eq. (6) or Eq. (7) is
used to extract the invariant amplitudes. Assuming that TP

and TV are relatively real, we obtain two best solutions
(A1) and (S1) for TP, CV , and EV [28] (see also Ref. [31])

ðAÞ TV ¼ 4:16þ0:16
& 0:17; CP ¼ ð5:14þ0:30

& 0:33Þeið162' 3Þ( ; EP ¼ ð3:09 ' 0:11Þe& ið93' 5Þ( ;

ðSÞ TV ¼ 2:15þ0:08
& 0:09; CP ¼ ð2:68þ0:14

& 0:15Þeið164' 3Þ( ; EP ¼ ð1:69 ' 0:06Þe& ið103' 4Þ( ;

ðA1Þ TP ¼ 8:11þ0:32
& 0:43; CV ¼ ð4:15þ0:34

& 0:57Þeið164
þ36
& 10Þ( ; EV ¼ ð1:51þ0:97

& 0:69Þe& ið124þ57
& 26

Þ( ;

ðS1Þ TP ¼ 3:14þ0:31
& 0:50; CV ¼ ð1:33þ0:36

& 0:51Þeið177
þ16
& 13Þ( ; EV ¼ ð1:31þ0:40

& 0:47Þe& ið106þ13
& 16Þ( : (8)

Solutions (A) and (A1) in units of 10& 6 are obtained using
Eq. (7), while solutions (S) and (S1) in units of 10& 6ð" $
pD Þ are extracted using Eq. (6). Note that all solutions are
extracted from the CF D ! VP decays and that the AP and
AV amplitudes cannot be completely determined based on
currently available data [28].

Under the flavor SU(3) symmetry, one can use the
topological amplitudes extracted from the CF modes to
predict the rates for the SCS and DCS decays. The branch-

ing fractions of SCS D ! PP decays predicted in this way
are shown in the last column of Table I. In general, the
agreement with experiment is good except for discrepan-
cies in some modes. For example, the predicted rates for
!þ!& and !0!0 are too large, while those for KþK& ,
!þ"ð0Þ, andKþ"ð0Þ are too small compared to experiments.
The decay D0 ! K0 !K0 is prohibited by the SU(3)
symmetry, but the measured rate is comparable to that of
D0 ! !0!0.

TABLE I. Branching fractions and invariant amplitudes for singly Cabibbo-suppressed decays of charmed mesons to two
pseudoscalar mesons. It is understood that the amplitudes with the CKM factor #p ) V*

cpVup are summed over p ¼ d, s. Data are
taken from [26]. Predictions based on our best-fitted results in (4) with exact flavor SU(3) symmetry are given in the last column.

Mode Representation Bexp ( + 10& 3) Btheory ( + 10& 3)

D0 !þ!& #p½ðT þ EÞ$pd þ Pp þ PEþ PA- 1:400 ' 0:026 2:24 ' 0:10
!0!0 1ffiffi

2
p #p½ð& Cþ EÞ$pd þ Pp þ PEþ PAÞ- 0:80 ' 0:05 1:35 ' 0:05

!0" #p½& E$pd cos% & 1ffiffi
2

p C$ps sin% þ ðPp þ PEÞ cos% - 0:68 ' 0:07 0:75 ' 0:02

!0"0 #p½& E$pd sin% þ 1ffiffi
2

p C$ps cos% þ ðPp þ PEÞ sin% - 0:89 ' 0:14 0:74 ' 0:02

"" 1ffiffi
2

p #pf½ðCþ EÞ$pd þ Pp þ PEþ PA-cos2% þ ð& 1ffiffi
2

p C sin2% þ 2Esin2% Þ$psg 1:67 ' 0:20 1:44 ' 0:08

""0 #pf12 ½ðCþ EÞ$pd þ Pp þ PEþ PA- sin2% þ ð 1ffiffi
2

p C cos2% & E sin2% Þ$psg 1:05 ' 0:26 1:19 ' 0:07

KþK& #p½ðT þ EÞ$ps þ Pp þ PEþ PAÞ- 3:96 ' 0:08 1:92 ' 0:08
K0 !K0 #pðE0

p þ 2PAÞa 0:692 ' 0:116 0
Dþ !þ!0 1ffiffi

2
p #dðT þ CÞ 1:19 ' 0:06 0:88 ' 0:10

!þ" #p½ 1ffiffi
2

p ðT þ Cþ 2AÞ$pd cos% & C$ps sin% þ
ffiffiffi
2

p
ðPp þ PEÞ cos% - 3:53 ' 0:21 1:48 ' 0:26

!þ"0 #p½ 1ffiffi
2

p ðT þ Cþ 2AÞ$pd sin% þ C$ps cos% þ
ffiffiffi
2

p
ðPp þ PEÞ sin% - 4:67 ' 0:29 3:70 ' 0:37

Kþ !K0 #p½A$pd þ T$ps þ Pp þ PE- 5:66 ' 0:32 5:46 ' 0:53
Dþ

s !þK0 #p½T$pd þ A$ps þ Pp þ PE- 2:42 ' 0:16 2:73 ' 0:26
!0Kþ 1ffiffi

2
p #p½& C$pd þ A$ps þ Pp þ PE- 0:62 ' 0:21 0:86 ' 0:09

Kþ" 1ffiffi
2

p #p½C$pd þ A$ps þ Pp þ PE- cos% & #p½ðT þ Cþ AÞ$ps þ Pp þ PE- sin% 1:75 ' 0:35 0:78 ' 0:09

Kþ"0 1ffiffi
2

p #p½C$pd þ A$ps þ Pp þ PE- sin% þ #p½ðT þ Cþ AÞ$ps þ Pp þ PE- cos% 1:8 ' 0:6 1:07 ' 0:17

aThe subscript p in E0
p refers to the quark-antiquark pair popping out of the vacuum in the final state.

HAI-YANG CHENG AND CHENG-WEI CHIANG PHYSICAL REVIEW D 85, 034036 (2012)
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