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CP violation experiments
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๏    or: 
๏ Known initial state but comparatively low cross section

๏   with general-purpose detectors
๏ Huge cross section but messy. Not what they’re built for.

๏ or dedicated detector with tuned-down pile-up: LHCb. 
๏ Optimised vertexing, hadron PID and a software trigger

e+e− → Υ(4S) → BB → ψ(3770) → DD

pp → gg → bb
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Topics and parallel sessions
๏ Precision measurement of  meson oscillations

๏ Observation of  meson mass difference

๏ Observation of direct CP violation with  mesons

๏ Time-dependent CP violation search with  mesons

๏ CP violation searches with  mesons

๏ CP violation in charmless  decays

๏ Unitarity Triangle: 

๏ Unitarity Triangle: 

๏ CP violating phase with  mesons
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Wed 11:40: Joan Ruiz Vidal  
“CPV and mixing in charm at LHCb”

Wed 10:40: Jordy Butter  
 “CPV and CKM measurements 

with beauty decays at LHCb”

Wed 10:00: Markus Reif  
“Hadronic B decays at Belle II”

Wed 12:00: Radek Zlebcik  
“Charm and TDCPV in B decays at Belle II”

Wed 11:20: Yu Zhang  
“Hadronic charm decays at BESIII”

https://indico.cern.ch/event/949705/contributions/4555594/
https://indico.cern.ch/event/949705/contributions/4555596/
https://indico.cern.ch/event/949705/contributions/4555574/
https://indico.cern.ch/event/949705/contributions/4555577/
https://indico.cern.ch/event/949705/contributions/4555569/
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 mixing frequency: Bs ↔ Bs ΔmsB0
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๏ Mixing occurs if the eigenstates of the hamiltonian 
are not aligned with the interactions eigenstates:
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Neutral mesons with strange, charm or beauty quantum numbers can mix with their
antiparticles, as these quantum numbers are not conserved by the weak interaction. The
neutral meson comprising an antibeauty quark and a strange quark, the B0

s meson, and
its antiparticle, the B0

s meson, are one such example. In the B0

s–B
0

s system, the observed
particle and antiparticle states are linear combinations of the heavy (H) and light (L)
mass eigenstates. The mass eigenstates have masses mH and mL and decay widths �H

and �L [1]. As a consequence, the B0

s–B
0

s system oscillates with a frequency given by the
mass di↵erence, �ms = mH �mL. This oscillation frequency is an important parameter
of the Standard Model of particle physics. In combination with the B0–B0 oscillation
frequency, �md, it provides a powerful constraint on the Cabibbo–Kobayashi–Maskawa
quark-mixing matrix [2–5]. A precise measurement of �ms is also required to reduce the
systematic uncertainty associated with measurements of matter-antimatter di↵erences in
the B0

s–B
0

s system [6].
In this paper, we present a measurement of �ms using B0

s mesons that decay to a
charmed-strange D�

s meson and a pion, B0

s ! D�
s ⇡

+, and the decays with opposite charge,
B0

s! D+

s ⇡
�. We refer to both charge combinations as B0

s ! D�
s ⇡

+ throughout the paper,
and similarly for decays of the D�

s meson. The measurement is performed using data
collected between 2015 and 2018, denoted Run 2 of the Large Hadron Collider (LHC),
corresponding to an integrated luminosity of 6 fb�1 of proton-proton (pp) collisions at a
centre-of-mass energy of 13TeV.

The first measurement of �ms was obtained by the CDF collaboration [7]. More
recently, the LHCb collaboration has performed several measurements of �ms using data
collected at the LHC: a measurement using B0

s ! D�
s ⇡

+ decays [8]; two measurements
using B0

s ! J/ K+K� decays [9, 10]; and a measurement using B0

s ! D⌥
s ⇡

±⇡±⇡⌥

decays [11]. Theoretical predictions for �ms are available [5,12–16], with the most precise
prediction in Ref. [17]. The prediction is consistent with but significantly less precise than
existing experimental results.

The B0

s ! D�
s ⇡

+ decay-time distribution, in the absence of detector e↵ects, can be
written as

P (t) ⇠ e��st


cosh

✓
��st

2

◆
+ C · cos(�mst)

�
, (1)

where �s = (�H + �L)/2 is the inverse of the B0

s lifetime, known as the decay width in the
literature, and ��s = �H � �L is the decay-width di↵erence between the heavy and light
mass eigenstates. The parameter C takes the value C = �1 for decays in which the initially
produced meson mixed into its antiparticle before decaying, i.e. B0

s ! B0

s ! D�
s ⇡

+, and
C = 1 for unmixed decays, i.e. B0

s ! D�
s ⇡

+. The mixed decay is referred to as B0

s! D�
s ⇡

+

throughout the paper. The mass di↵erence �ms corresponds to a frequency in natural
units, and is measured in inverse picoseconds.

The LHCb detector [18, 19] is designed to study the decays of beauty and charm
hadrons produced in pp collisions at the LHC. It instruments a region around the proton
beam axis, covering the polar angles between 10 and 250mrad, in which approximately
a quarter of the b-hadron decay products are fully contained. The detector includes a
high-precision tracking system with a dipole magnet, providing measurements of the
momentum and decay-vertex position of particles. Di↵erent types of charged particles are
distinguished using information from two ring-imaging Cherenkov detectors, a calorimeter
and a muon system.

Simulated samples of B0

s ! D�
s ⇡

+ decays and data control samples are used to verify

1

๏ Mixing occurs if the eigenstates of the hamiltonian 
are not aligned with the interactions eigenstates:
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Illustration: initial → mixed → mix back → mix again …
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Flavour tagging vital to identify initial flavour
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๏ Result with  combined with earlier result using  (JHEP 03 (2021) 137)

๏ Consistent with, but far more precise than, SM prediction (due to QCD calculation limitations)

Bs → Dsπ Bs → Dsπππ

 with Δms Bs → D±
s π∓

7

๏ Identify decay flavour with Cabibbo-favoured 
  vs.  transition 

๏ DCS contribution negligible

๏ Identify initial flavour with flavour tagging. 

๏ Effecting performance at LHCb: 6.1% of ideal.

๏ An initial mass fit identifies 379k signal events

b → cπ− b → cπ+

� � � �ԣ <Tb>�
����
����

.
2+

�v
bf

Uy
Xy

9
Tb

V

G>*#ϩ 7#ȯ

ӷЈ֎ ݂ ӹ֎ ᅺ� ӷЈ֎ ݂ ӹ֎ ᅺ� lMi�;;2/

��� ��� ��� ���ԣ KQ/mHQ �ᅺ�ᅡԜ֎ <Tb>���������������������

�
bv

K
K

2i
`v

G>*#ϩ 7#ȯ

.�i�
6Bi

Figure 2: Decay-time distribution of the signal decays. Distribution of the (left) decay
time of the B0

s ! D�
s ⇡

+ signal decays and (right) decay-time asymmetry between mixed and
unmixed signal decays. The fit described in the text is overlaid.

Table 1: Systematic uncertainties a↵ecting the measurement of �ms. Sources of
systematic uncertainties. The total systematic uncertainty is obtained by adding the contributions
in quadrature.

Description Systematic uncertainty [ ps�1]
Reconstruction e↵ects:
momentum scale uncertainty 0.0007
detector length scale 0.0018
detector misalignment 0.0020

Invariant mass fit model:
background parametrisation 0.0002
B0

s ! D⇤�
s ⇡+ and B0! D�

s ⇡
+ contributions 0.0005

Decay-time fit model:
decay-time resolution model 0.0011
neglecting correlation among observables 0.0011

Cross-checks:
kinematic correlations 0.0003

Total systematic uncertainty 0.0032

is the most precise measurement to date. The precision is further enhanced by combining
this result with the values determined in Refs. [8, 11]. Reference [8] uses B0

s ! D�
s ⇡

+

decays collected in 2011. Reference [11] uses a sample of B0

s ! D�
s ⇡

+⇡+⇡� decays selected
from the combined 2011–2018 data set, corresponding to 9 fb�1. The measurements are
statistically independent. The systematic uncertainties related to the momentum scale,
length scale and residual detector misalignment are assumed to be fully correlated. The
correlation between �ms and the fixed parameters ��s and �s is negligible and ignored
in the combination procedure. A covariance matrix is constructed by adding statistical
and systematic uncertainties in quadrature for each input, including correlations between
systematic uncertainties. The results are averaged by minimizing the �2 from the full
covariance matrix. The value of �ms obtained is 17.7666 ± 0.0057 ps�1. Additionally,
these results are combined with those from Refs. [9, 10] where �ms is determined using
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Figure 3: Summary of LHCb measurements. Comparison of LHCb �ms measurements
from Refs. [8–11], the result presented in this article and their average. The measurement
described in this paper is labeled as D�

s ⇡
+ 6 fb�1. The band indicates the size of the uncertainty

on the average for comparison purposes. The combination procedure and inputs are described
in the text.

B0

s ! J/ K+K� decays in the 2011–2012 (3 fb�1) and 2015–2016 (2 fb�1) data sets,
respectively. The result for �ms is 17.7656± 0.0057 ps�1. The di↵erent measurements,
and the resulting combination, are shown in Fig. 3.

In summary, this paper presents the most precise measurement of the �ms oscillation
frequency, 17.7683 ± 0.0051 (stat) ± 0.0032 (syst) ps�1, where the first uncertainty is
statistical and the second systematic. The result is obtained using a sample of B0

s ! D�
s ⇡

+

decays collected with the LHCb detector during Run 2 of the LHC. Combining the result
of this paper with previous measurements by the LHCb collaboration yields a �ms value
of 17.7656± 0.0057 ps�1. This value is compatible with, and considerably more precise
than, the predicted value from lattice QCD [12–14] and sum rule calculations [15, 16]
of 18.4+0.7

�1.2 ps
�1 [17]. The combined result represents a significant improvement over

previous measurements, and is a legacy measurement of the original LHCb detector.
The experiment is currently undergoing a major upgrade to operate at five times the
instantaneous luminosity from 2022 onwards [37]. The largest sources of systematic
uncertainty for this measurement, namely those related to the detector length scale and
misalignment, will be a focal point to further improve upon this result for future data
taking periods.

Methods

The LHCb detector. The LHCb detector [18, 19] is a single-arm forward spectrometer
covering the pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing
b or c quarks. The detector includes a high-precision tracking system consisting of a
silicon-strip vertex detector surrounding the pp interaction region [38], a large-area silicon-
strip detector located upstream of a dipole magnet with a bending power of about 4Tm,
and three stations of silicon-strip detectors and straw drift tubes [39] placed downstream
of the magnet. The tracking system provides a measurement of the momentum, p, of

6

Neutral mesons with strange, charm or beauty quantum numbers can mix with their
antiparticles, as these quantum numbers are not conserved by the weak interaction. The
neutral meson comprising an antibeauty quark and a strange quark, the B0

s meson, and
its antiparticle, the B0

s meson, are one such example. In the B0

s–B
0

s system, the observed
particle and antiparticle states are linear combinations of the heavy (H) and light (L)
mass eigenstates. The mass eigenstates have masses mH and mL and decay widths �H

and �L [1]. As a consequence, the B0

s–B
0

s system oscillates with a frequency given by the
mass di↵erence, �ms = mH �mL. This oscillation frequency is an important parameter
of the Standard Model of particle physics. In combination with the B0–B0 oscillation
frequency, �md, it provides a powerful constraint on the Cabibbo–Kobayashi–Maskawa
quark-mixing matrix [2–5]. A precise measurement of �ms is also required to reduce the
systematic uncertainty associated with measurements of matter-antimatter di↵erences in
the B0

s–B
0

s system [6].
In this paper, we present a measurement of �ms using B0

s mesons that decay to a
charmed-strange D�

s meson and a pion, B0

s ! D�
s ⇡

+, and the decays with opposite charge,
B0

s! D+

s ⇡
�. We refer to both charge combinations as B0

s ! D�
s ⇡

+ throughout the paper,
and similarly for decays of the D�

s meson. The measurement is performed using data
collected between 2015 and 2018, denoted Run 2 of the Large Hadron Collider (LHC),
corresponding to an integrated luminosity of 6 fb�1 of proton-proton (pp) collisions at a
centre-of-mass energy of 13TeV.

The first measurement of �ms was obtained by the CDF collaboration [7]. More
recently, the LHCb collaboration has performed several measurements of �ms using data
collected at the LHC: a measurement using B0

s ! D�
s ⇡

+ decays [8]; two measurements
using B0

s ! J/ K+K� decays [9, 10]; and a measurement using B0

s ! D⌥
s ⇡

±⇡±⇡⌥

decays [11]. Theoretical predictions for �ms are available [5,12–16], with the most precise
prediction in Ref. [17]. The prediction is consistent with but significantly less precise than
existing experimental results.

The B0

s ! D�
s ⇡

+ decay-time distribution, in the absence of detector e↵ects, can be
written as

P (t) ⇠ e��st


cosh

✓
��st

2

◆
+ C · cos(�mst)

�
, (1)

where �s = (�H + �L)/2 is the inverse of the B0

s lifetime, known as the decay width in the
literature, and ��s = �H � �L is the decay-width di↵erence between the heavy and light
mass eigenstates. The parameter C takes the value C = �1 for decays in which the initially
produced meson mixed into its antiparticle before decaying, i.e. B0

s ! B0

s ! D�
s ⇡

+, and
C = 1 for unmixed decays, i.e. B0

s ! D�
s ⇡

+. The mixed decay is referred to as B0

s! D�
s ⇡

+

throughout the paper. The mass di↵erence �ms corresponds to a frequency in natural
units, and is measured in inverse picoseconds.

The LHCb detector [18, 19] is designed to study the decays of beauty and charm
hadrons produced in pp collisions at the LHC. It instruments a region around the proton
beam axis, covering the polar angles between 10 and 250mrad, in which approximately
a quarter of the b-hadron decay products are fully contained. The detector includes a
high-precision tracking system with a dipole magnet, providing measurements of the
momentum and decay-vertex position of particles. Di↵erent types of charged particles are
distinguished using information from two ring-imaging Cherenkov detectors, a calorimeter
and a muon system.

Simulated samples of B0

s ! D�
s ⇡

+ decays and data control samples are used to verify

1

c.f. ~ 31% at Belle(II)
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On the other hand, charm mixing is slow
๏ Probability of mixing too small to measure complete oscillations

๏ Though flavour tagging is near-perfect:  or 

๏ Instead, look for a time-dependant change in the rate of DCS decays

D*+ → D0π+ B− → D0μ−ν

Thus, if the mixing e↵ect is occurs rarely, say in ⇠1/500 times, one has two paths or similar magnitude, going to an identical
final state, see Fig 8. This is exactly the criteria for a system to exhibit interference and we next show this new interference
is a larger e↵ect than looking for the mixing directly with semileptonic decays.
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Figure 8: Illustration of the two ways in which a D0 may transition of a K+ ⇡� final state: (1) directly with
a suppressed transition or (2) via an oscillation to a D0 and a favoured transition. Inspection of the Feynman
diagrams reveal the reason for the suppression: one diagram have small CKM vertex factors, VcdV⇤us whilst
the other’s are of-order unity, V⇤csVud.

As the final state is accessible to both D0 and D0, we must consider the time-dependent rate of finding an initially-tagged
D0 in the suppressed final state K+⇡� by either route.

�(D0 ! K+⇡�) =
��� hK+⇡�|D(t)i

���2

=
��� g+(t) hK+⇡�|D0i + g�(t) hK+⇡�|D0i

���2

=
��� g+(t) rDe�i�D + g�(t)

���2 (31)

where we reasonably neglect CP violation, q/p = 1.

Plugging Eq. 29 and 30 into Eq. 31 and expanding,
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Use of standard identities, remembering cos(i✓) = cosh ✓ and sin(i✓) = i sinh ✓ gives,
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Where the last step uses a small-angle approximation for the trigonometric and hyperbolic functions:

cos x ⇡ 1 � x2

2 ; cosh x ⇡ 1 + x2

2 ; sinh x ⇡ sin x ⇡ x .

The derivation for the favoured events initially tagged D0, for which a tiny fraction also oscillate before decay, is almost
identical except one must take the complex conjugate of the decay amplitude which propagates to one sign-flip in the
interference term. However in this case, the interference term is orders of magnitude smaller than the direct rate (which is
no longer moderated by r2

D) and can thus be safely neglected.
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Thus, if the mixing e↵ect is occurs rarely, say in ⇠1/500 times, one has two paths or similar magnitude, going to an identical
final state, see Fig 8. This is exactly the criteria for a system to exhibit interference and we next show this new interference
is a larger e↵ect than looking for the mixing directly with semileptonic decays.
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Figure 8: Illustration of the two ways in which a D0 may transition of a K+ ⇡� final state: (1) directly with
a suppressed transition or (2) via an oscillation to a D0 and a favoured transition. Inspection of the Feynman
diagrams reveal the reason for the suppression: one diagram have small CKM vertex factors, VcdV⇤us whilst
the other’s are of-order unity, V⇤csVud.

As the final state is accessible to both D0 and D0, we must consider the time-dependent rate of finding an initially-tagged
D0 in the suppressed final state K+⇡� by either route.

�(D0 ! K+⇡�) =
��� hK+⇡�|D(t)i
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=
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���2

=
��� g+(t) rDe�i�D + g�(t)

���2 (31)

where we reasonably neglect CP violation, q/p = 1.

Plugging Eq. 29 and 30 into Eq. 31 and expanding,
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Where the last step uses a small-angle approximation for the trigonometric and hyperbolic functions:

cos x ⇡ 1 � x2

2 ; cosh x ⇡ 1 + x2

2 ; sinh x ⇡ sin x ⇡ x .

The derivation for the favoured events initially tagged D0, for which a tiny fraction also oscillate before decay, is almost
identical except one must take the complex conjugate of the decay amplitude which propagates to one sign-flip in the
interference term. However in this case, the interference term is orders of magnitude smaller than the direct rate (which is
no longer moderated by r2

D) and can thus be safely neglected.
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Taking the the ratio of rates, remembering the total width is just the inverse lifetime, � = 1/⌧ and further neglecting the
quadruply-suppressed r2

D(x2 + y2)/4 term one arrives at a quadratic in multiples of the D0 lifetime,

R =
D0 ! K+⇡�

D0 ! K+⇡�
' r2

D + rD
�
y cos �D � x sin �D

� ✓ t
⌧

◆
+

y2 + x2

4

✓ t
⌧

◆2
. (32)

This function is fitted to the data in Fig. 9.

Figure 9: (a) Histogram of “right-sign” D⇤� ! [K+⇡�]D⇡
� events. (b) Histogram of “wrong-sign” D⇤+ !

[K+⇡�]D⇡
+ events. (c) The ratio of R in bins of D0/D0 lifetime with a best-fit curve of Eq. 32.

One sees the dominant feature of the data is the approximately linear rise in number of “wrong-sign” D⇤+ ! [K+⇡�]D⇡
+

events as a function of time. The slight curving of the fit is the quadratic term - to which the semileptonic decays have
sensitivity - which we see yields comparatively little information.7 This justifies the use of D ! K⇡ decays rather than
semileptonic decays (as done with kaons) for which the linear term, proportional to x&y, is not present.

From the fit values of the mixing parameters and the phase can be extracted; the world average (Moriond 2019) is,

x = 0.0039 ± 0.0012 y = 0.0065 ± 0.0007 , and �D = (12 ± 9)�

which are small quantities. For the purpose of comparison to kaon oscillations, one can calculate from x the mass-
di↵erence, �M as the D0 lifetime is 0.41 ps,

�M [eV] = x � =
x
⌧

=
0.0037

0.41 ⇥ 10�12 ⇡ 9.5 ⇥ 10�3 [ps�1]

=
x
⌧
· ~

e
= 9.5 ⇥ 10�3 · 1.05 ⇥ 10�34

1.6 ⇥ 10�19 ⇡ 6.2 ⇥ 10�6 [eV] .

Which is close (less than a factor 2) to the same quantity in kaons, as expected from the CKM picture. Thus we understand
that it is only the exceptionally long K0

L lifetime that permits kaon oscillations to be seen rather easily. Neutral B mesons
also have short lifetimes but their mixing rate is much higher so mixing e↵ects are readily seen.

CP violation in charm

7to further persuade that semileptonic decays can only access the quadratic term, look again at Eq. 12 and notice the mixing dependence on cos�Mt
which for small �Mt = xt/� in the case of D mesons, is ⇡ 1 + x2

2 (�t)2...

19

Phys. Rev. D97 (2018) 031101LHCb shownPioneered by Babar Phys. Rev. Lett. 98 (2007) 211802, Phys. Rev. Lett. 98 (2007) 211803,and Belle

Thus, if the mixing e↵ect is occurs rarely, say in ⇠1/500 times, one has two paths or similar magnitude, going to an identical
final state, see Fig 8. This is exactly the criteria for a system to exhibit interference and we next show this new interference
is a larger e↵ect than looking for the mixing directly with semileptonic decays.
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Figure 8: Illustration of the two ways in which a D0 may transition of a K+ ⇡� final state: (1) directly with
a suppressed transition or (2) via an oscillation to a D0 and a favoured transition. Inspection of the Feynman
diagrams reveal the reason for the suppression: one diagram have small CKM vertex factors, VcdV⇤us whilst
the other’s are of-order unity, V⇤csVud.

As the final state is accessible to both D0 and D0, we must consider the time-dependent rate of finding an initially-tagged
D0 in the suppressed final state K+⇡� by either route.
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where we reasonably neglect CP violation, q/p = 1.

Plugging Eq. 29 and 30 into Eq. 31 and expanding,
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Where the last step uses a small-angle approximation for the trigonometric and hyperbolic functions:

cos x ⇡ 1 � x2

2 ; cosh x ⇡ 1 + x2

2 ; sinh x ⇡ sin x ⇡ x .

The derivation for the favoured events initially tagged D0, for which a tiny fraction also oscillate before decay, is almost
identical except one must take the complex conjugate of the decay amplitude which propagates to one sign-flip in the
interference term. However in this case, the interference term is orders of magnitude smaller than the direct rate (which is
no longer moderated by r2

D) and can thus be safely neglected.
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Figure 1: Distribution of M(D0⇡+
s ) for selected (a) right-sign D0 ! K�⇡+ and (b) wrong-sign

D0 ! K+⇡� candidates.

and ⇡+⇡� masses more than 40MeV/c2 away from the D0 mass are retained. Accidental
combinations of a genuine D0 with a random soft pion are first suppressed by removing
the 13% of events where more than one D⇤+ candidate is reconstructed. We then use
an artificial neural-network discriminant that exploits the ⇡+

s pseudorapidity, transverse
momentum, and particle-identification information, along with the track multiplicity of
the event. The discriminant is trained on an independent RS sample to represent the WS
signal features and on WS events containing multiple candidates to represent background.
Finally, we remove from the WS sample events where the same D0 candidate is also used
to reconstruct a RS decay, which reduces the background by 16% with no significant loss
of signal.

4 Yield determination

The RS and WS signal yields are determined by fitting the M(D0⇡+
s ) distribution of D0

signal candidates. The decay-time-integrated M(D0⇡+
s ) distributions of the selected RS

and WS candidates are shown in Fig. 1. The smooth background is dominated by favored
D0 ! K�⇡+ and D0 ! K+⇡� decays associated with random soft-pion candidates. The
sample contains approximately 1.77⇥108 RS and 7.22⇥105 WS signal decays. Each sample
is divided into 13 subsamples according to the decay time, and signal yields are determined
for each subsample using an empirical shape [11]. We assume that the signal shapes are
common to WS and RS decays for a given D⇤ meson flavor whereas the descriptions of
the backgrounds are independent. The decay-time-dependent WS-to-RS rate ratios R+

and R� observed in the D0 and D0 samples, respectively, and their di↵erence, are shown
in Fig. 2. The ratios and di↵erence include corrections for the relative e�ciencies for
reconstructing K�⇡+ and K+⇡� final states.
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and ⇡+⇡� masses more than 40MeV/c2 away from the D0 mass are retained. Accidental
combinations of a genuine D0 with a random soft pion are first suppressed by removing
the 13% of events where more than one D⇤+ candidate is reconstructed. We then use
an artificial neural-network discriminant that exploits the ⇡+

s pseudorapidity, transverse
momentum, and particle-identification information, along with the track multiplicity of
the event. The discriminant is trained on an independent RS sample to represent the WS
signal features and on WS events containing multiple candidates to represent background.
Finally, we remove from the WS sample events where the same D0 candidate is also used
to reconstruct a RS decay, which reduces the background by 16% with no significant loss
of signal.

4 Yield determination

The RS and WS signal yields are determined by fitting the M(D0⇡+
s ) distribution of D0

signal candidates. The decay-time-integrated M(D0⇡+
s ) distributions of the selected RS

and WS candidates are shown in Fig. 1. The smooth background is dominated by favored
D0 ! K�⇡+ and D0 ! K+⇡� decays associated with random soft-pion candidates. The
sample contains approximately 1.77⇥108 RS and 7.22⇥105 WS signal decays. Each sample
is divided into 13 subsamples according to the decay time, and signal yields are determined
for each subsample using an empirical shape [11]. We assume that the signal shapes are
common to WS and RS decays for a given D⇤ meson flavor whereas the descriptions of
the backgrounds are independent. The decay-time-dependent WS-to-RS rate ratios R+

and R� observed in the D0 and D0 samples, respectively, and their di↵erence, are shown
in Fig. 2. The ratios and di↵erence include corrections for the relative e�ciencies for
reconstructing K�⇡+ and K+⇡� final states.
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On the other hand, charm mixing is slow
๏ Probability of mixing too small to measure complete oscillations

๏ Though flavour tagging is near-perfect:  or 

๏ Instead, look for a time-dependant change in the rate of DCS decays

D*+ → D0π+ B− → D0μ−ν

Thus, if the mixing e↵ect is occurs rarely, say in ⇠1/500 times, one has two paths or similar magnitude, going to an identical
final state, see Fig 8. This is exactly the criteria for a system to exhibit interference and we next show this new interference
is a larger e↵ect than looking for the mixing directly with semileptonic decays.
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Figure 8: Illustration of the two ways in which a D0 may transition of a K+ ⇡� final state: (1) directly with
a suppressed transition or (2) via an oscillation to a D0 and a favoured transition. Inspection of the Feynman
diagrams reveal the reason for the suppression: one diagram have small CKM vertex factors, VcdV⇤us whilst
the other’s are of-order unity, V⇤csVud.

As the final state is accessible to both D0 and D0, we must consider the time-dependent rate of finding an initially-tagged
D0 in the suppressed final state K+⇡� by either route.
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identical except one must take the complex conjugate of the decay amplitude which propagates to one sign-flip in the
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D) and can thus be safely neglected.

�(D0 ! K+⇡�) ' e��t
" 

1 +
y2 � x2

4
(�t)2

!
+ rD

�
y cos �D + x sin �D

�
�t + r2

D
y2 + x2

4
(�t)2

#

⇡ e��t

18

Thus, if the mixing e↵ect is occurs rarely, say in ⇠1/500 times, one has two paths or similar magnitude, going to an identical
final state, see Fig 8. This is exactly the criteria for a system to exhibit interference and we next show this new interference
is a larger e↵ect than looking for the mixing directly with semileptonic decays.

D0

oscillation

D0

K+ ⇡�

A / rD e�i�

A
⌘

1 c

ū
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Taking the the ratio of rates, remembering the total width is just the inverse lifetime, � = 1/⌧ and further neglecting the
quadruply-suppressed r2

D(x2 + y2)/4 term one arrives at a quadratic in multiples of the D0 lifetime,

R =
D0 ! K+⇡�

D0 ! K+⇡�
' r2

D + rD
�
y cos �D � x sin �D

� ✓ t
⌧

◆
+

y2 + x2

4

✓ t
⌧

◆2
. (32)

This function is fitted to the data in Fig. 9.

Figure 9: (a) Histogram of “right-sign” D⇤� ! [K+⇡�]D⇡
� events. (b) Histogram of “wrong-sign” D⇤+ !

[K+⇡�]D⇡
+ events. (c) The ratio of R in bins of D0/D0 lifetime with a best-fit curve of Eq. 32.

One sees the dominant feature of the data is the approximately linear rise in number of “wrong-sign” D⇤+ ! [K+⇡�]D⇡
+

events as a function of time. The slight curving of the fit is the quadratic term - to which the semileptonic decays have
sensitivity - which we see yields comparatively little information.7 This justifies the use of D ! K⇡ decays rather than
semileptonic decays (as done with kaons) for which the linear term, proportional to x&y, is not present.

From the fit values of the mixing parameters and the phase can be extracted; the world average (Moriond 2019) is,

x = 0.0039 ± 0.0012 y = 0.0065 ± 0.0007 , and �D = (12 ± 9)�

which are small quantities. For the purpose of comparison to kaon oscillations, one can calculate from x the mass-
di↵erence, �M as the D0 lifetime is 0.41 ps,

�M [eV] = x � =
x
⌧

=
0.0037

0.41 ⇥ 10�12 ⇡ 9.5 ⇥ 10�3 [ps�1]

=
x
⌧
· ~

e
= 9.5 ⇥ 10�3 · 1.05 ⇥ 10�34

1.6 ⇥ 10�19 ⇡ 6.2 ⇥ 10�6 [eV] .

Which is close (less than a factor 2) to the same quantity in kaons, as expected from the CKM picture. Thus we understand
that it is only the exceptionally long K0

L lifetime that permits kaon oscillations to be seen rather easily. Neutral B mesons
also have short lifetimes but their mixing rate is much higher so mixing e↵ects are readily seen.

CP violation in charm

7to further persuade that semileptonic decays can only access the quadratic term, look again at Eq. 12 and notice the mixing dependence on cos�Mt
which for small �Mt = xt/� in the case of D mesons, is ⇡ 1 + x2

2 (�t)2...
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1 Introduction

The mass eigenstates of neutral charm mesons are linear combinations of the flavor
eigenstates, |D1,2i = p|D0i± q|D0i, where p and q are complex-valued coe�cients. This
results in D0–D0 oscillations. In the limit of charge-parity (CP ) symmetry, oscillations
are characterized by the dimensionless di↵erences in mass, x ⌘ �m/� ⌘ (m2 �m1)/�,
and decay width, y ⌘ ��/2� ⌘ (�2 � �1)/2�, between the CP -even (D2) and CP -odd
(D1) mass eigenstates, where � is the average decay width of neutral D mesons. If CP
symmetry does not hold, the oscillation probabilities for mesons produced as D0 and D0

can di↵er, further enriching the phenomenology. Long- and short-distance amplitudes
govern the oscillations of neutral D mesons [1–3]. Long-distance amplitudes depend on the
exchange of low-energy gluons and are challenging to calculate. Short-distance amplitudes
may include contributions from a broad class of particles not described in the standard
model, which might a↵ect the oscillation rate or introduce a di↵erence between the D0

and D0 meson decay rates. The study of CP violation in D0 oscillations therefore o↵ers
sensitivity to non-standard-model phenomena [4–7].

The first evidence for D0–D0 oscillations was reported in 2007 [8, 9]. More recently,
precise results from the LHCb collaboration [10–15] improved the knowledge of the mixing
parameters, x = (4.6+1.4

�1.5)⇥10�3 and y = (6.2±0.8)⇥10�3 [16], although neither a nonzero
value for the mass di↵erence nor a departure from CP symmetry have been established.

This paper reports measurements of CP -averaged and CP -violating mixing parameters
in D0–D0 oscillations based on 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 analysis uses data corresponding to an integrated luminosity of 5.0 fb�1

from proton-proton (pp) collisions at 7, 8, and 13 TeV center-of-mass energies, recorded
with the LHCb experiment from 2011 through 2016. This analysis improves upon a
previous measurement [12], owing to the tripling of the sample size and an improved
treatment of systematic uncertainties. The inclusion of charge-conjugate processes is
implicitly assumed unless stated otherwise.

The neutral D-meson flavor at production is determined from the charge of the low-
momentum pion (soft pion), ⇡+

s , produced in the flavor-conserving strong-interaction
decay D⇤(2010)+ ! D0⇡+

s . The shorthand notation D⇤+ is used to indicate the D⇤(2010)+

meson throughout. We denote as right-sign (RS) the D⇤+ ! D0(! K�⇡+)⇡+
s process,

which is dominated by a Cabibbo-favored amplitude. Wrong-sign (WS) decays, D⇤+ !
D0(! K+⇡�)⇡+

s , arise from the doubly Cabibbo-suppressed D0 ! K+⇡� decay and the
Cabibbo-favored 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 [1–4]

R(t) ⇡ RD +
p
RD y0

t

⌧
+

x02 + y02

4

✓
t

⌧

◆2

, (1)

where t is the proper decay time, ⌧ is the average D0 lifetime, and RD is the ratio
of suppressed-to-favored decay rates. The parameters x0 and y0 depend on the mixing
parameters, x0 ⌘ x cos � + y sin � and y0 ⌘ y cos � � x sin �, through the strong-phase
di↵erence � between the suppressed and favored amplitudes, A(D0 ! K+⇡�)/A(D0 !
K+⇡�) = �

p
RDe�i�, which was measured at the CLEO-c and BESIII experiments [17,18].

If CP violation occurs, the decay-rate ratios R+(t) and R�(t) of mesons produced as D0
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Figure 1: Distribution of M(D0⇡+
s ) for selected (a) right-sign D0 ! K�⇡+ and (b) wrong-sign

D0 ! K+⇡� candidates.

and ⇡+⇡� masses more than 40MeV/c2 away from the D0 mass are retained. Accidental
combinations of a genuine D0 with a random soft pion are first suppressed by removing
the 13% of events where more than one D⇤+ candidate is reconstructed. We then use
an artificial neural-network discriminant that exploits the ⇡+

s pseudorapidity, transverse
momentum, and particle-identification information, along with the track multiplicity of
the event. The discriminant is trained on an independent RS sample to represent the WS
signal features and on WS events containing multiple candidates to represent background.
Finally, we remove from the WS sample events where the same D0 candidate is also used
to reconstruct a RS decay, which reduces the background by 16% with no significant loss
of signal.

4 Yield determination

The RS and WS signal yields are determined by fitting the M(D0⇡+
s ) distribution of D0

signal candidates. The decay-time-integrated M(D0⇡+
s ) distributions of the selected RS

and WS candidates are shown in Fig. 1. The smooth background is dominated by favored
D0 ! K�⇡+ and D0 ! K+⇡� decays associated with random soft-pion candidates. The
sample contains approximately 1.77⇥108 RS and 7.22⇥105 WS signal decays. Each sample
is divided into 13 subsamples according to the decay time, and signal yields are determined
for each subsample using an empirical shape [11]. We assume that the signal shapes are
common to WS and RS decays for a given D⇤ meson flavor whereas the descriptions of
the backgrounds are independent. The decay-time-dependent WS-to-RS rate ratios R+

and R� observed in the D0 and D0 samples, respectively, and their di↵erence, are shown
in Fig. 2. The ratios and di↵erence include corrections for the relative e�ciencies for
reconstructing K�⇡+ and K+⇡� final states.
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Thus, if the mixing e↵ect is occurs rarely, say in ⇠1/500 times, one has two paths or similar magnitude, going to an identical
final state, see Fig 8. This is exactly the criteria for a system to exhibit interference and we next show this new interference
is a larger e↵ect than looking for the mixing directly with semileptonic decays.
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a suppressed transition or (2) via an oscillation to a D0 and a favoured transition. Inspection of the Feynman
diagrams reveal the reason for the suppression: one diagram have small CKM vertex factors, VcdV⇤us whilst
the other’s are of-order unity, V⇤csVud.

As the final state is accessible to both D0 and D0, we must consider the time-dependent rate of finding an initially-tagged
D0 in the suppressed final state K+⇡� by either route.
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where we reasonably neglect CP violation, q/p = 1.
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The derivation for the favoured events initially tagged D0, for which a tiny fraction also oscillate before decay, is almost
identical except one must take the complex conjugate of the decay amplitude which propagates to one sign-flip in the
interference term. However in this case, the interference term is orders of magnitude smaller than the direct rate (which is
no longer moderated by r2

D) and can thus be safely neglected.

�(D0 ! K+⇡�) ' e��t
" 

1 +
y2 � x2

4
(�t)2

!
+ rD

�
y cos �D + x sin �D

�
�t + r2

D
y2 + x2

4
(�t)2

#

⇡ e��t

18

9

]2c) [MeV/+π0D(M
2005 2010 2015 2020

2 c
C

an
di

da
te

s p
er

 0
.1

 M
eV

/

0

5

10

15

20

25

610×

LHCb
(a)

Data
Fit
Background

]2c) [MeV/+π0D(M
2005 2010 2015 2020

2 c
C

an
di

da
te

s p
er

 0
.1

 M
eV

/

0
20
40
60
80

100
120
140
160
180
200
220
240

310×

LHCb
(b)

Data
Fit
Background

Figure 1: Distribution of M(D0⇡+
s ) for selected (a) right-sign D0 ! K�⇡+ and (b) wrong-sign

D0 ! K+⇡� candidates.

and ⇡+⇡� masses more than 40MeV/c2 away from the D0 mass are retained. Accidental
combinations of a genuine D0 with a random soft pion are first suppressed by removing
the 13% of events where more than one D⇤+ candidate is reconstructed. We then use
an artificial neural-network discriminant that exploits the ⇡+

s pseudorapidity, transverse
momentum, and particle-identification information, along with the track multiplicity of
the event. The discriminant is trained on an independent RS sample to represent the WS
signal features and on WS events containing multiple candidates to represent background.
Finally, we remove from the WS sample events where the same D0 candidate is also used
to reconstruct a RS decay, which reduces the background by 16% with no significant loss
of signal.

4 Yield determination

The RS and WS signal yields are determined by fitting the M(D0⇡+
s ) distribution of D0

signal candidates. The decay-time-integrated M(D0⇡+
s ) distributions of the selected RS

and WS candidates are shown in Fig. 1. The smooth background is dominated by favored
D0 ! K�⇡+ and D0 ! K+⇡� decays associated with random soft-pion candidates. The
sample contains approximately 1.77⇥108 RS and 7.22⇥105 WS signal decays. Each sample
is divided into 13 subsamples according to the decay time, and signal yields are determined
for each subsample using an empirical shape [11]. We assume that the signal shapes are
common to WS and RS decays for a given D⇤ meson flavor whereas the descriptions of
the backgrounds are independent. The decay-time-dependent WS-to-RS rate ratios R+

and R� observed in the D0 and D0 samples, respectively, and their di↵erence, are shown
in Fig. 2. The ratios and di↵erence include corrections for the relative e�ciencies for
reconstructing K�⇡+ and K+⇡� final states.
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On the other hand, charm mixing is slow
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๏ Probability of mixing too small to measure complete oscillations
๏ Though flavour tagging is near-perfect:  or 

๏ Instead, look for a time-dependant change in the rate of DCS decays

D*+ → D0π+ B− → D0μ−ν

Thus, if the mixing e↵ect is occurs rarely, say in ⇠1/500 times, one has two paths or similar magnitude, going to an identical
final state, see Fig 8. This is exactly the criteria for a system to exhibit interference and we next show this new interference
is a larger e↵ect than looking for the mixing directly with semileptonic decays.
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Figure 8: Illustration of the two ways in which a D0 may transition of a K+ ⇡� final state: (1) directly with
a suppressed transition or (2) via an oscillation to a D0 and a favoured transition. Inspection of the Feynman
diagrams reveal the reason for the suppression: one diagram have small CKM vertex factors, VcdV⇤us whilst
the other’s are of-order unity, V⇤csVud.

As the final state is accessible to both D0 and D0, we must consider the time-dependent rate of finding an initially-tagged
D0 in the suppressed final state K+⇡� by either route.
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where we reasonably neglect CP violation, q/p = 1.
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Where the last step uses a small-angle approximation for the trigonometric and hyperbolic functions:

cos x ⇡ 1 � x2

2 ; cosh x ⇡ 1 + x2

2 ; sinh x ⇡ sin x ⇡ x .

The derivation for the favoured events initially tagged D0, for which a tiny fraction also oscillate before decay, is almost
identical except one must take the complex conjugate of the decay amplitude which propagates to one sign-flip in the
interference term. However in this case, the interference term is orders of magnitude smaller than the direct rate (which is
no longer moderated by r2

D) and can thus be safely neglected.
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Thus, if the mixing e↵ect is occurs rarely, say in ⇠1/500 times, one has two paths or similar magnitude, going to an identical
final state, see Fig 8. This is exactly the criteria for a system to exhibit interference and we next show this new interference
is a larger e↵ect than looking for the mixing directly with semileptonic decays.
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a suppressed transition or (2) via an oscillation to a D0 and a favoured transition. Inspection of the Feynman
diagrams reveal the reason for the suppression: one diagram have small CKM vertex factors, VcdV⇤us whilst
the other’s are of-order unity, V⇤csVud.

As the final state is accessible to both D0 and D0, we must consider the time-dependent rate of finding an initially-tagged
D0 in the suppressed final state K+⇡� by either route.
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where we reasonably neglect CP violation, q/p = 1.
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cos x ⇡ 1 � x2

2 ; cosh x ⇡ 1 + x2
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The derivation for the favoured events initially tagged D0, for which a tiny fraction also oscillate before decay, is almost
identical except one must take the complex conjugate of the decay amplitude which propagates to one sign-flip in the
interference term. However in this case, the interference term is orders of magnitude smaller than the direct rate (which is
no longer moderated by r2

D) and can thus be safely neglected.
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Thus, if the mixing e↵ect is occurs rarely, say in ⇠1/500 times, one has two paths or similar magnitude, going to an identical
final state, see Fig 8. This is exactly the criteria for a system to exhibit interference and we next show this new interference
is a larger e↵ect than looking for the mixing directly with semileptonic decays.

D0

oscillation

D0

K+ ⇡�

A / rD e�i�

A
⌘

1 c

ū
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Figure 8: Illustration of the two ways in which a D0 may transition of a K+ ⇡� final state: (1) directly with
a suppressed transition or (2) via an oscillation to a D0 and a favoured transition. Inspection of the Feynman
diagrams reveal the reason for the suppression: one diagram have small CKM vertex factors, VcdV⇤us whilst
the other’s are of-order unity, V⇤csVud.

As the final state is accessible to both D0 and D0, we must consider the time-dependent rate of finding an initially-tagged
D0 in the suppressed final state K+⇡� by either route.
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where we reasonably neglect CP violation, q/p = 1.

Plugging Eq. 29 and 30 into Eq. 31 and expanding,
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The derivation for the favoured events initially tagged D0, for which a tiny fraction also oscillate before decay, is almost
identical except one must take the complex conjugate of the decay amplitude which propagates to one sign-flip in the
interference term. However in this case, the interference term is orders of magnitude smaller than the direct rate (which is
no longer moderated by r2

D) and can thus be safely neglected.

�(D0 ! K+⇡�) ' e��t
" 

1 +
y2 � x2

4
(�t)2

!
+ rD

�
y cos �D + x sin �D

�
�t + r2

D
y2 + x2

4
(�t)2

#

⇡ e��t

18

Taking the the ratio of rates, remembering the total width is just the inverse lifetime, � = 1/⌧ and further neglecting the
quadruply-suppressed r2

D(x2 + y2)/4 term one arrives at a quadratic in multiples of the D0 lifetime,

R =
D0 ! K+⇡�

D0 ! K+⇡�
' r2

D + rD
�
y cos �D � x sin �D

� ✓ t
⌧

◆
+

y2 + x2

4

✓ t
⌧

◆2
. (32)

This function is fitted to the data in Fig. 9.

Figure 9: (a) Histogram of “right-sign” D⇤� ! [K+⇡�]D⇡
� events. (b) Histogram of “wrong-sign” D⇤+ !

[K+⇡�]D⇡
+ events. (c) The ratio of R in bins of D0/D0 lifetime with a best-fit curve of Eq. 32.

One sees the dominant feature of the data is the approximately linear rise in number of “wrong-sign” D⇤+ ! [K+⇡�]D⇡
+

events as a function of time. The slight curving of the fit is the quadratic term - to which the semileptonic decays have
sensitivity - which we see yields comparatively little information.7 This justifies the use of D ! K⇡ decays rather than
semileptonic decays (as done with kaons) for which the linear term, proportional to x&y, is not present.

From the fit values of the mixing parameters and the phase can be extracted; the world average (Moriond 2019) is,

x = 0.0039 ± 0.0012 y = 0.0065 ± 0.0007 , and �D = (12 ± 9)�

which are small quantities. For the purpose of comparison to kaon oscillations, one can calculate from x the mass-
di↵erence, �M as the D0 lifetime is 0.41 ps,

�M [eV] = x � =
x
⌧

=
0.0037

0.41 ⇥ 10�12 ⇡ 9.5 ⇥ 10�3 [ps�1]

=
x
⌧
· ~

e
= 9.5 ⇥ 10�3 · 1.05 ⇥ 10�34

1.6 ⇥ 10�19 ⇡ 6.2 ⇥ 10�6 [eV] .

Which is close (less than a factor 2) to the same quantity in kaons, as expected from the CKM picture. Thus we understand
that it is only the exceptionally long K0

L lifetime that permits kaon oscillations to be seen rather easily. Neutral B mesons
also have short lifetimes but their mixing rate is much higher so mixing e↵ects are readily seen.

CP violation in charm

7to further persuade that semileptonic decays can only access the quadratic term, look again at Eq. 12 and notice the mixing dependence on cos�Mt
which for small �Mt = xt/� in the case of D mesons, is ⇡ 1 + x2

2 (�t)2...

19

1 Introduction

The mass eigenstates of neutral charm mesons are linear combinations of the flavor
eigenstates, |D1,2i = p|D0i± q|D0i, where p and q are complex-valued coe�cients. This
results in D0–D0 oscillations. In the limit of charge-parity (CP ) symmetry, oscillations
are characterized by the dimensionless di↵erences in mass, x ⌘ �m/� ⌘ (m2 �m1)/�,
and decay width, y ⌘ ��/2� ⌘ (�2 � �1)/2�, between the CP -even (D2) and CP -odd
(D1) mass eigenstates, where � is the average decay width of neutral D mesons. If CP
symmetry does not hold, the oscillation probabilities for mesons produced as D0 and D0

can di↵er, further enriching the phenomenology. Long- and short-distance amplitudes
govern the oscillations of neutral D mesons [1–3]. Long-distance amplitudes depend on the
exchange of low-energy gluons and are challenging to calculate. Short-distance amplitudes
may include contributions from a broad class of particles not described in the standard
model, which might a↵ect the oscillation rate or introduce a di↵erence between the D0

and D0 meson decay rates. The study of CP violation in D0 oscillations therefore o↵ers
sensitivity to non-standard-model phenomena [4–7].

The first evidence for D0–D0 oscillations was reported in 2007 [8, 9]. More recently,
precise results from the LHCb collaboration [10–15] improved the knowledge of the mixing
parameters, x = (4.6+1.4

�1.5)⇥10�3 and y = (6.2±0.8)⇥10�3 [16], although neither a nonzero
value for the mass di↵erence nor a departure from CP symmetry have been established.

This paper reports measurements of CP -averaged and CP -violating mixing parameters
in D0–D0 oscillations based on 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 analysis uses data corresponding to an integrated luminosity of 5.0 fb�1

from proton-proton (pp) collisions at 7, 8, and 13 TeV center-of-mass energies, recorded
with the LHCb experiment from 2011 through 2016. This analysis improves upon a
previous measurement [12], owing to the tripling of the sample size and an improved
treatment of systematic uncertainties. The inclusion of charge-conjugate processes is
implicitly assumed unless stated otherwise.

The neutral D-meson flavor at production is determined from the charge of the low-
momentum pion (soft pion), ⇡+

s , produced in the flavor-conserving strong-interaction
decay D⇤(2010)+ ! D0⇡+

s . The shorthand notation D⇤+ is used to indicate the D⇤(2010)+

meson throughout. We denote as right-sign (RS) the D⇤+ ! D0(! K�⇡+)⇡+
s process,

which is dominated by a Cabibbo-favored amplitude. Wrong-sign (WS) decays, D⇤+ !
D0(! K+⇡�)⇡+

s , arise from the doubly Cabibbo-suppressed D0 ! K+⇡� decay and the
Cabibbo-favored 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 [1–4]

R(t) ⇡ RD +
p
RD y0

t

⌧
+

x02 + y02

4

✓
t

⌧

◆2

, (1)

where t is the proper decay time, ⌧ is the average D0 lifetime, and RD is the ratio
of suppressed-to-favored decay rates. The parameters x0 and y0 depend on the mixing
parameters, x0 ⌘ x cos � + y sin � and y0 ⌘ y cos � � x sin �, through the strong-phase
di↵erence � between the suppressed and favored amplitudes, A(D0 ! K+⇡�)/A(D0 !
K+⇡�) = �

p
RDe�i�, which was measured at the CLEO-c and BESIII experiments [17,18].

If CP violation occurs, the decay-rate ratios R+(t) and R�(t) of mesons produced as D0

1

1 Introduction

The mass eigenstates of neutral charm mesons are linear combinations of the flavor
eigenstates, |D1,2i = p|D0i± q|D0i, where p and q are complex-valued coe�cients. This
results in D0–D0 oscillations. In the limit of charge-parity (CP ) symmetry, oscillations
are characterized by the dimensionless di↵erences in mass, x ⌘ �m/� ⌘ (m2 �m1)/�,
and decay width, y ⌘ ��/2� ⌘ (�2 � �1)/2�, between the CP -even (D2) and CP -odd
(D1) mass eigenstates, where � is the average decay width of neutral D mesons. If CP
symmetry does not hold, the oscillation probabilities for mesons produced as D0 and D0

can di↵er, further enriching the phenomenology. Long- and short-distance amplitudes
govern the oscillations of neutral D mesons [1–3]. Long-distance amplitudes depend on the
exchange of low-energy gluons and are challenging to calculate. Short-distance amplitudes
may include contributions from a broad class of particles not described in the standard
model, which might a↵ect the oscillation rate or introduce a di↵erence between the D0

and D0 meson decay rates. The study of CP violation in D0 oscillations therefore o↵ers
sensitivity to non-standard-model phenomena [4–7].

The first evidence for D0–D0 oscillations was reported in 2007 [8, 9]. More recently,
precise results from the LHCb collaboration [10–15] improved the knowledge of the mixing
parameters, x = (4.6+1.4

�1.5)⇥10�3 and y = (6.2±0.8)⇥10�3 [16], although neither a nonzero
value for the mass di↵erence nor a departure from CP symmetry have been established.

This paper reports measurements of CP -averaged and CP -violating mixing parameters
in D0–D0 oscillations based on 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 analysis uses data corresponding to an integrated luminosity of 5.0 fb�1

from proton-proton (pp) collisions at 7, 8, and 13 TeV center-of-mass energies, recorded
with the LHCb experiment from 2011 through 2016. This analysis improves upon a
previous measurement [12], owing to the tripling of the sample size and an improved
treatment of systematic uncertainties. The inclusion of charge-conjugate processes is
implicitly assumed unless stated otherwise.

The neutral D-meson flavor at production is determined from the charge of the low-
momentum pion (soft pion), ⇡+

s , produced in the flavor-conserving strong-interaction
decay D⇤(2010)+ ! D0⇡+

s . The shorthand notation D⇤+ is used to indicate the D⇤(2010)+

meson throughout. We denote as right-sign (RS) the D⇤+ ! D0(! K�⇡+)⇡+
s process,

which is dominated by a Cabibbo-favored amplitude. Wrong-sign (WS) decays, D⇤+ !
D0(! K+⇡�)⇡+

s , arise from the doubly Cabibbo-suppressed D0 ! K+⇡� decay and the
Cabibbo-favored 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 [1–4]

R(t) ⇡ RD +
p
RD y0

t

⌧
+

x02 + y02
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dimensionless parameters O(1%)
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Figure 2: 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)
direct and indirect CP violation are overlaid. The last two curves overlap. The abscissa of each
data point corresponds to the average decay time over the bin. The error bars indicate the
statistical uncertainties.

5 Determination of oscillation parameters

The mixing parameters are determined by minimizing a �2 function that includes terms
for the di↵erence between the observed and predicted ratios and for systematic e↵ects,
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The observed WS-to-RS yield ratio and its statistical uncertainty in the decay-time bin i are
denoted by r±i and �±

i , respectively. The associated predicted value eR±
i corresponds to the

decay-time integral over bin i of Eq. (1), including bin-specific corrections. The parameters
associated with these corrections are determined separately for data collected in di↵erent
LHC and detector configurations and vary independently in the fit within their constraint
�2
corr in Eq. (2). Such corrections account for small biases due to (i) the decay-time

evolution of the 1%–10% fraction of signal candidates originating from b-hadron decays,
(ii) the approximately 0.3% component of the background from misreconstructed charm
decays that peak in the signal region, and (iii) the e↵ect of instrumental asymmetries in the
K±⇡⌥ reconstruction e�ciencies. The secondary-D⇤+ fraction is determined by fitting, in
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Thus, if the mixing e↵ect is occurs rarely, say in ⇠1/500 times, one has two paths or similar magnitude, going to an identical
final state, see Fig 8. This is exactly the criteria for a system to exhibit interference and we next show this new interference
is a larger e↵ect than looking for the mixing directly with semileptonic decays.
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Figure 8: Illustration of the two ways in which a D0 may transition of a K+ ⇡� final state: (1) directly with
a suppressed transition or (2) via an oscillation to a D0 and a favoured transition. Inspection of the Feynman
diagrams reveal the reason for the suppression: one diagram have small CKM vertex factors, VcdV⇤us whilst
the other’s are of-order unity, V⇤csVud.

As the final state is accessible to both D0 and D0, we must consider the time-dependent rate of finding an initially-tagged
D0 in the suppressed final state K+⇡� by either route.

�(D0 ! K+⇡�) =
��� hK+⇡�|D(t)i

���2

=
��� g+(t) hK+⇡�|D0i + g�(t) hK+⇡�|D0i

���2

=
��� g+(t) rDe�i�D + g�(t)

���2 (31)

where we reasonably neglect CP violation, q/p = 1.

Plugging Eq. 29 and 30 into Eq. 31 and expanding,
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Use of standard identities, remembering cos(i✓) = cosh ✓ and sin(i✓) = i sinh ✓ gives,
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Where the last step uses a small-angle approximation for the trigonometric and hyperbolic functions:

cos x ⇡ 1 � x2

2 ; cosh x ⇡ 1 + x2

2 ; sinh x ⇡ sin x ⇡ x .

The derivation for the favoured events initially tagged D0, for which a tiny fraction also oscillate before decay, is almost
identical except one must take the complex conjugate of the decay amplitude which propagates to one sign-flip in the
interference term. However in this case, the interference term is orders of magnitude smaller than the direct rate (which is
no longer moderated by r2

D) and can thus be safely neglected.
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Figure 1: Distribution of M(D0⇡+
s ) for selected (a) right-sign D0 ! K�⇡+ and (b) wrong-sign

D0 ! K+⇡� candidates.

and ⇡+⇡� masses more than 40MeV/c2 away from the D0 mass are retained. Accidental
combinations of a genuine D0 with a random soft pion are first suppressed by removing
the 13% of events where more than one D⇤+ candidate is reconstructed. We then use
an artificial neural-network discriminant that exploits the ⇡+

s pseudorapidity, transverse
momentum, and particle-identification information, along with the track multiplicity of
the event. The discriminant is trained on an independent RS sample to represent the WS
signal features and on WS events containing multiple candidates to represent background.
Finally, we remove from the WS sample events where the same D0 candidate is also used
to reconstruct a RS decay, which reduces the background by 16% with no significant loss
of signal.

4 Yield determination

The RS and WS signal yields are determined by fitting the M(D0⇡+
s ) distribution of D0

signal candidates. The decay-time-integrated M(D0⇡+
s ) distributions of the selected RS

and WS candidates are shown in Fig. 1. The smooth background is dominated by favored
D0 ! K�⇡+ and D0 ! K+⇡� decays associated with random soft-pion candidates. The
sample contains approximately 1.77⇥108 RS and 7.22⇥105 WS signal decays. Each sample
is divided into 13 subsamples according to the decay time, and signal yields are determined
for each subsample using an empirical shape [11]. We assume that the signal shapes are
common to WS and RS decays for a given D⇤ meson flavor whereas the descriptions of
the backgrounds are independent. The decay-time-dependent WS-to-RS rate ratios R+

and R� observed in the D0 and D0 samples, respectively, and their di↵erence, are shown
in Fig. 2. The ratios and di↵erence include corrections for the relative e�ciencies for
reconstructing K�⇡+ and K+⇡� final states.
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and ⇡+⇡� masses more than 40MeV/c2 away from the D0 mass are retained. Accidental
combinations of a genuine D0 with a random soft pion are first suppressed by removing
the 13% of events where more than one D⇤+ candidate is reconstructed. We then use
an artificial neural-network discriminant that exploits the ⇡+

s pseudorapidity, transverse
momentum, and particle-identification information, along with the track multiplicity of
the event. The discriminant is trained on an independent RS sample to represent the WS
signal features and on WS events containing multiple candidates to represent background.
Finally, we remove from the WS sample events where the same D0 candidate is also used
to reconstruct a RS decay, which reduces the background by 16% with no significant loss
of signal.

4 Yield determination

The RS and WS signal yields are determined by fitting the M(D0⇡+
s ) distribution of D0

signal candidates. The decay-time-integrated M(D0⇡+
s ) distributions of the selected RS

and WS candidates are shown in Fig. 1. The smooth background is dominated by favored
D0 ! K�⇡+ and D0 ! K+⇡� decays associated with random soft-pion candidates. The
sample contains approximately 1.77⇥108 RS and 7.22⇥105 WS signal decays. Each sample
is divided into 13 subsamples according to the decay time, and signal yields are determined
for each subsample using an empirical shape [11]. We assume that the signal shapes are
common to WS and RS decays for a given D⇤ meson flavor whereas the descriptions of
the backgrounds are independent. The decay-time-dependent WS-to-RS rate ratios R+

and R� observed in the D0 and D0 samples, respectively, and their di↵erence, are shown
in Fig. 2. The ratios and di↵erence include corrections for the relative e�ciencies for
reconstructing K�⇡+ and K+⇡� final states.

4

neglected before

as before

new term

https://cds.cern.ch/record/2293449
https://cds.cern.ch/record/2293449
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.98.211802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.98.211802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.98.211803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.98.211803


Malcolm John - University of Oxford Lepton/Photon, January 2022

Bin-flip method with D → K0
Sπ+π−
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๏ Use charge-conjugate multi-body decay. Subdivided into bins with a variety of  (called  here) 
๏ Measure the relative phases between bin +b and –b,  using quantum-correlated  pairs in a 

 dataset (      ). At LHCb, measure time-dependent “DCS” ratio  in each bin-pair.

δD Xb
Xb D0D0

e+e− → ψ(3770) Rb
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Observation of the neutral charm  Δm
๏ Formalism expanded and generalised to include the binning scheme and CP violation
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Figure 2: “Binning” of the D0
! K0

S⇡
+⇡� Dalitz plot. Colors indicate the absolute value of the

bin index b.

for CP -violating e↵ects. Usage of multibody decay modes is typically challenging, as it
requires knowledge of the variation of the hadronic parameters and excellent control of
e�ciencies, resolutions, and background e↵ects.

This Letter reports on a measurement of the mixing and CP violation parameters in
D0

! K0
S⇡

+⇡� decays using the “bin-flip” method [21], a model-independent approach
which obviates the need for detailed models of the e�ciency, resolution, and contributing
amplitudes. Mixing and CP violation are parametrized by zCP and �z, which are defined
by zCP±�z ⌘ � (q/p)±1 (y+ix). The results are expressed in terms of the CP -even mixing
parameters xCP ⌘ � Im(zCP ) and yCP ⌘ �Re(zCP ), and of the CP -violating di↵erences
�x ⌘ � Im(�z) and �y ⌘ �Re(�z). Conservation of CP symmetry implies xCP = x,
yCP = y, and �x = �y = 0. The method has already been employed by the LHCb
collaboration, yielding the single most precise measurement of xCP and �x [18].

In the bin-flip method, data are partitioned into disjoint regions (bins) of the Dalitz
plot, which are defined to preserve nearly constant strong-phase di↵erences ��(m2

�,m
2
+)

between the D0 and D0 amplitudes within each bin [22]. Two sets of eight bins are formed
symmetrically about the m2

+ = m2
� bisector, as illustrated in Fig. 2. The region satisfying

m2
+ > m2

�, which includes regions dominated by the CF D0
! K⇤(892)�⇡+ decay, is given

a positive index +b, while the opposite region, where the relative contribution from decays
following an oscillation is enhanced, is given a negative index �b. The data are further
split into 13 bins of decay time, chosen such that the bins are approximately equally
populated. The squared-mass and decay-time resolutions are typically 0.006GeV2/c4 and
60 fs, respectively, which are smaller than the bin sizes used. Thus, they are neglected
and accounted for in the systematic uncertainties.

For each decay-time interval (j), the ratio of the number of decays in each negative
Dalitz-plot bin (�b) to its positive counterpart (+b) is measured. The usage of ratios
minimizes the need for precise modeling of the e�ciency variation across phase space
and decay time. For small mixing parameters and CP -conserving decay amplitudes, the

2

expected ratios for initially produced D0 (D0) mesons, R+
bj (R

�
bj), are [21]

R±
bj ⇡

rb + rb
ht2ij
4

Re(z2CP ��z2) +
ht2ij
4

|zCP ±�z|2 +
p
rbhtij Re[X⇤

b (zCP ±�z)]

1 +
ht2ij
4

Re(z2CP ��z2) + rb
ht2ij
4

|zCP ±�z|2 +
p
rbhtij Re[Xb(zCP ±�z)]

. (1)

The parameter rb is the value of Rbj at t = 0, while Xb is the amplitude-weighted strong-
phase di↵erence between opposing bins. Finally, htij (ht2ij) corresponds to the average
(squared) decay time in each positive Dalitz-plot region where the mixed contribution is
negligible, in units of the D0 lifetime ⌧ = ~/� [5], calculated directly from background-
subtracted data. The other parameters are determined from a simultaneous fit of the
observed R±

bj ratios, in which external information on cb ⌘ Re(Xb) and sb ⌘ � Im(Xb) [22,
23] is used as a constraint.

Samples of D0
! K0

S⇡
+⇡� decays are reconstructed from proton–proton (pp) collisions

collected by the LHCb experiment from 2016 to 2018, corresponding to an integrated
luminosity of 5.4 fb�1. The strong-interaction decay D⇤+

! D0⇡+ is used to identify
the flavor of the neutral charm meson at production. Throughout this Letter, D⇤+

indicates the D⇤(2010)+ meson and soft pion indicates the pion from its decay. The LHCb
detector [24,25] is a single-arm forward spectrometer covering the pseudorapidity range
2 < ⌘ < 5, designed for the study of particles containing b or c quarks.

Decays of K0
S! ⇡+⇡� are reconstructed in two di↵erent categories: the first involving

K0
S mesons that decay early enough for the pions to be reconstructed in all tracking

detectors; and the second containing K0
S mesons that decay later such that track segments

of the pions cannot be formed in the vertex detector, which surrounds the pp interaction
(primary vertex) region, resulting in a worse momentum resolution. The latter category
contains more candidates but has slightly worse mass and decay-time resolution as well as
larger e�ciency variations.

The online event selection consists of a hardware stage, selecting events based on
calorimeter and muon detector information, followed by two software stages. In the first
software stage, the pion pair from the D0 decay is required to satisfy criteria on momenta
and final-state charged-particle displacements from any primary vertex for at least one
pion (one-track) or both together with a vertex quality requirement (two-track). The
second software stage fully reconstructs D⇤+

! D0⇡+, D0
! K0

S⇡
+⇡� candidates using

further requirements on particle identification, momenta, and track and vertex quality.
Specific ranges of displacement and invariant mass are imposed on the reconstructed D0

and K0
S candidates. Due to di↵ering e�ciencies, the sample is split into four categories,

depending on whether or not the K0
S meson is reconstructed in the VELO and whether or

not they satisfy the one-track requirement.
O✏ine, a kinematic fit constrains the tracks to form vertices according to the decay

topology, the K0
S candidate mass to the known value [5], and the D⇤+ candidate to a

primary vertex [26]. In the reconstruction of the Dalitz-plot coordinates, an additional
constraint on the D0 candidate mass to the known value improves the resolution. Charm
mesons originating from the decays of b hadrons are suppressed by requiring that the
D0 and soft pion candidates originate from a primary vertex. Candidates are rejected if
two of the reconstructed tracks use the same hits in the vertex detector. About 6% of
the candidates are from collision events in which multiple candidates are reconstructed,

3

 at  rb = Rbj t = 0

for Dalitz bin b and 
decay-time bin j

1 Introduction

The mass eigenstates of neutral charm mesons are linear combinations of the flavor
eigenstates, |D1,2i = p|D0i± q|D0i, where p and q are complex-valued coe�cients. This
results in D0–D0 oscillations. In the limit of charge-parity (CP ) symmetry, oscillations
are characterized by the dimensionless di↵erences in mass, x ⌘ �m/� ⌘ (m2 �m1)/�,
and decay width, y ⌘ ��/2� ⌘ (�2 � �1)/2�, between the CP -even (D2) and CP -odd
(D1) mass eigenstates, where � is the average decay width of neutral D mesons. If CP
symmetry does not hold, the oscillation probabilities for mesons produced as D0 and D0

can di↵er, further enriching the phenomenology. Long- and short-distance amplitudes
govern the oscillations of neutral D mesons [1–3]. Long-distance amplitudes depend on the
exchange of low-energy gluons and are challenging to calculate. Short-distance amplitudes
may include contributions from a broad class of particles not described in the standard
model, which might a↵ect the oscillation rate or introduce a di↵erence between the D0

and D0 meson decay rates. The study of CP violation in D0 oscillations therefore o↵ers
sensitivity to non-standard-model phenomena [4–7].

The first evidence for D0–D0 oscillations was reported in 2007 [8, 9]. More recently,
precise results from the LHCb collaboration [10–15] improved the knowledge of the mixing
parameters, x = (4.6+1.4

�1.5)⇥10�3 and y = (6.2±0.8)⇥10�3 [16], although neither a nonzero
value for the mass di↵erence nor a departure from CP symmetry have been established.

This paper reports measurements of CP -averaged and CP -violating mixing parameters
in D0–D0 oscillations based on 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 analysis uses data corresponding to an integrated luminosity of 5.0 fb�1

from proton-proton (pp) collisions at 7, 8, and 13 TeV center-of-mass energies, recorded
with the LHCb experiment from 2011 through 2016. This analysis improves upon a
previous measurement [12], owing to the tripling of the sample size and an improved
treatment of systematic uncertainties. The inclusion of charge-conjugate processes is
implicitly assumed unless stated otherwise.

The neutral D-meson flavor at production is determined from the charge of the low-
momentum pion (soft pion), ⇡+

s , produced in the flavor-conserving strong-interaction
decay D⇤(2010)+ ! D0⇡+

s . The shorthand notation D⇤+ is used to indicate the D⇤(2010)+

meson throughout. We denote as right-sign (RS) the D⇤+ ! D0(! K�⇡+)⇡+
s process,

which is dominated by a Cabibbo-favored amplitude. Wrong-sign (WS) decays, D⇤+ !
D0(! K+⇡�)⇡+

s , arise from the doubly Cabibbo-suppressed D0 ! K+⇡� decay and the
Cabibbo-favored 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 [1–4]

R(t) ⇡ RD +
p
RD y0

t

⌧
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4

✓
t

⌧

◆2

, (1)

where t is the proper decay time, ⌧ is the average D0 lifetime, and RD is the ratio
of suppressed-to-favored decay rates. The parameters x0 and y0 depend on the mixing
parameters, x0 ⌘ x cos � + y sin � and y0 ⌘ y cos � � x sin �, through the strong-phase
di↵erence � between the suppressed and favored amplitudes, A(D0 ! K+⇡�)/A(D0 !
K+⇡�) = �

p
RDe�i�, which was measured at the CLEO-c and BESIII experiments [17,18].
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๏ Formalism expanded and generalised to include the binning scheme and CP violation
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Figure 2: “Binning” of the D0
! K0

S⇡
+⇡� Dalitz plot. Colors indicate the absolute value of the

bin index b.

for CP -violating e↵ects. Usage of multibody decay modes is typically challenging, as it
requires knowledge of the variation of the hadronic parameters and excellent control of
e�ciencies, resolutions, and background e↵ects.

This Letter reports on a measurement of the mixing and CP violation parameters in
D0

! K0
S⇡

+⇡� decays using the “bin-flip” method [21], a model-independent approach
which obviates the need for detailed models of the e�ciency, resolution, and contributing
amplitudes. Mixing and CP violation are parametrized by zCP and �z, which are defined
by zCP±�z ⌘ � (q/p)±1 (y+ix). The results are expressed in terms of the CP -even mixing
parameters xCP ⌘ � Im(zCP ) and yCP ⌘ �Re(zCP ), and of the CP -violating di↵erences
�x ⌘ � Im(�z) and �y ⌘ �Re(�z). Conservation of CP symmetry implies xCP = x,
yCP = y, and �x = �y = 0. The method has already been employed by the LHCb
collaboration, yielding the single most precise measurement of xCP and �x [18].

In the bin-flip method, data are partitioned into disjoint regions (bins) of the Dalitz
plot, which are defined to preserve nearly constant strong-phase di↵erences ��(m2

�,m
2
+)

between the D0 and D0 amplitudes within each bin [22]. Two sets of eight bins are formed
symmetrically about the m2

+ = m2
� bisector, as illustrated in Fig. 2. The region satisfying

m2
+ > m2

�, which includes regions dominated by the CF D0
! K⇤(892)�⇡+ decay, is given

a positive index +b, while the opposite region, where the relative contribution from decays
following an oscillation is enhanced, is given a negative index �b. The data are further
split into 13 bins of decay time, chosen such that the bins are approximately equally
populated. The squared-mass and decay-time resolutions are typically 0.006GeV2/c4 and
60 fs, respectively, which are smaller than the bin sizes used. Thus, they are neglected
and accounted for in the systematic uncertainties.

For each decay-time interval (j), the ratio of the number of decays in each negative
Dalitz-plot bin (�b) to its positive counterpart (+b) is measured. The usage of ratios
minimizes the need for precise modeling of the e�ciency variation across phase space
and decay time. For small mixing parameters and CP -conserving decay amplitudes, the

2

expected ratios for initially produced D0 (D0) mesons, R+
bj (R

�
bj), are [21]

R±
bj ⇡

rb + rb
ht2ij
4

Re(z2CP ��z2) +
ht2ij
4

|zCP ±�z|2 +
p
rbhtij Re[X⇤

b (zCP ±�z)]

1 +
ht2ij
4

Re(z2CP ��z2) + rb
ht2ij
4

|zCP ±�z|2 +
p
rbhtij Re[Xb(zCP ±�z)]

. (1)

The parameter rb is the value of Rbj at t = 0, while Xb is the amplitude-weighted strong-
phase di↵erence between opposing bins. Finally, htij (ht2ij) corresponds to the average
(squared) decay time in each positive Dalitz-plot region where the mixed contribution is
negligible, in units of the D0 lifetime ⌧ = ~/� [5], calculated directly from background-
subtracted data. The other parameters are determined from a simultaneous fit of the
observed R±

bj ratios, in which external information on cb ⌘ Re(Xb) and sb ⌘ � Im(Xb) [22,
23] is used as a constraint.

Samples of D0
! K0

S⇡
+⇡� decays are reconstructed from proton–proton (pp) collisions

collected by the LHCb experiment from 2016 to 2018, corresponding to an integrated
luminosity of 5.4 fb�1. The strong-interaction decay D⇤+

! D0⇡+ is used to identify
the flavor of the neutral charm meson at production. Throughout this Letter, D⇤+

indicates the D⇤(2010)+ meson and soft pion indicates the pion from its decay. The LHCb
detector [24,25] is a single-arm forward spectrometer covering the pseudorapidity range
2 < ⌘ < 5, designed for the study of particles containing b or c quarks.

Decays of K0
S! ⇡+⇡� are reconstructed in two di↵erent categories: the first involving

K0
S mesons that decay early enough for the pions to be reconstructed in all tracking

detectors; and the second containing K0
S mesons that decay later such that track segments

of the pions cannot be formed in the vertex detector, which surrounds the pp interaction
(primary vertex) region, resulting in a worse momentum resolution. The latter category
contains more candidates but has slightly worse mass and decay-time resolution as well as
larger e�ciency variations.

The online event selection consists of a hardware stage, selecting events based on
calorimeter and muon detector information, followed by two software stages. In the first
software stage, the pion pair from the D0 decay is required to satisfy criteria on momenta
and final-state charged-particle displacements from any primary vertex for at least one
pion (one-track) or both together with a vertex quality requirement (two-track). The
second software stage fully reconstructs D⇤+

! D0⇡+, D0
! K0

S⇡
+⇡� candidates using

further requirements on particle identification, momenta, and track and vertex quality.
Specific ranges of displacement and invariant mass are imposed on the reconstructed D0

and K0
S candidates. Due to di↵ering e�ciencies, the sample is split into four categories,

depending on whether or not the K0
S meson is reconstructed in the VELO and whether or

not they satisfy the one-track requirement.
O✏ine, a kinematic fit constrains the tracks to form vertices according to the decay

topology, the K0
S candidate mass to the known value [5], and the D⇤+ candidate to a

primary vertex [26]. In the reconstruction of the Dalitz-plot coordinates, an additional
constraint on the D0 candidate mass to the known value improves the resolution. Charm
mesons originating from the decays of b hadrons are suppressed by requiring that the
D0 and soft pion candidates originate from a primary vertex. Candidates are rejected if
two of the reconstructed tracks use the same hits in the vertex detector. About 6% of
the candidates are from collision events in which multiple candidates are reconstructed,

3

 at  rb = Rbj t = 0

for Dalitz bin b and 
decay-time bin j
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Figure 4: (Top) CP -averaged yield ratios and (bottom) di↵erences of D0 and D0 yield ratios as
a function of t/⌧ , shown for each Dalitz-plot bin with fit projections overlaid.
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Figure 4: (Top) CP -averaged yield ratios and (bottom) di↵erences of D0 and D0 yield ratios as
a function of t/⌧ , shown for each Dalitz-plot bin with fit projections overlaid.
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1 Introduction

The mass eigenstates of neutral charm mesons are linear combinations of the flavor
eigenstates, |D1,2i = p|D0i± q|D0i, where p and q are complex-valued coe�cients. This
results in D0–D0 oscillations. In the limit of charge-parity (CP ) symmetry, oscillations
are characterized by the dimensionless di↵erences in mass, x ⌘ �m/� ⌘ (m2 �m1)/�,
and decay width, y ⌘ ��/2� ⌘ (�2 � �1)/2�, between the CP -even (D2) and CP -odd
(D1) mass eigenstates, where � is the average decay width of neutral D mesons. If CP
symmetry does not hold, the oscillation probabilities for mesons produced as D0 and D0

can di↵er, further enriching the phenomenology. Long- and short-distance amplitudes
govern the oscillations of neutral D mesons [1–3]. Long-distance amplitudes depend on the
exchange of low-energy gluons and are challenging to calculate. Short-distance amplitudes
may include contributions from a broad class of particles not described in the standard
model, which might a↵ect the oscillation rate or introduce a di↵erence between the D0

and D0 meson decay rates. The study of CP violation in D0 oscillations therefore o↵ers
sensitivity to non-standard-model phenomena [4–7].

The first evidence for D0–D0 oscillations was reported in 2007 [8, 9]. More recently,
precise results from the LHCb collaboration [10–15] improved the knowledge of the mixing
parameters, x = (4.6+1.4

�1.5)⇥10�3 and y = (6.2±0.8)⇥10�3 [16], although neither a nonzero
value for the mass di↵erence nor a departure from CP symmetry have been established.

This paper reports measurements of CP -averaged and CP -violating mixing parameters
in D0–D0 oscillations based on 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 analysis uses data corresponding to an integrated luminosity of 5.0 fb�1

from proton-proton (pp) collisions at 7, 8, and 13 TeV center-of-mass energies, recorded
with the LHCb experiment from 2011 through 2016. This analysis improves upon a
previous measurement [12], owing to the tripling of the sample size and an improved
treatment of systematic uncertainties. The inclusion of charge-conjugate processes is
implicitly assumed unless stated otherwise.

The neutral D-meson flavor at production is determined from the charge of the low-
momentum pion (soft pion), ⇡+

s , produced in the flavor-conserving strong-interaction
decay D⇤(2010)+ ! D0⇡+

s . The shorthand notation D⇤+ is used to indicate the D⇤(2010)+

meson throughout. We denote as right-sign (RS) the D⇤+ ! D0(! K�⇡+)⇡+
s process,

which is dominated by a Cabibbo-favored amplitude. Wrong-sign (WS) decays, D⇤+ !
D0(! K+⇡�)⇡+

s , arise from the doubly Cabibbo-suppressed D0 ! K+⇡� decay and the
Cabibbo-favored 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 [1–4]

R(t) ⇡ RD +
p
RD y0

t

⌧
+

x02 + y02

4
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◆2

, (1)

where t is the proper decay time, ⌧ is the average D0 lifetime, and RD is the ratio
of suppressed-to-favored decay rates. The parameters x0 and y0 depend on the mixing
parameters, x0 ⌘ x cos � + y sin � and y0 ⌘ y cos � � x sin �, through the strong-phase
di↵erence � between the suppressed and favored amplitudes, A(D0 ! K+⇡�)/A(D0 !
K+⇡�) = �

p
RDe�i�, which was measured at the CLEO-c and BESIII experiments [17,18].

If CP violation occurs, the decay-rate ratios R+(t) and R�(t) of mesons produced as D0
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and D0 meson decay rates. The study of CP violation in D0 oscillations therefore o↵ers
sensitivity to non-standard-model phenomena [4–7].

The first evidence for D0–D0 oscillations was reported in 2007 [8, 9]. More recently,
precise results from the LHCb collaboration [10–15] improved the knowledge of the mixing
parameters, x = (4.6+1.4

�1.5)⇥10�3 and y = (6.2±0.8)⇥10�3 [16], although neither a nonzero
value for the mass di↵erence nor a departure from CP symmetry have been established.

This paper reports measurements of CP -averaged and CP -violating mixing parameters
in D0–D0 oscillations based on 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 analysis uses data corresponding to an integrated luminosity of 5.0 fb�1

from proton-proton (pp) collisions at 7, 8, and 13 TeV center-of-mass energies, recorded
with the LHCb experiment from 2011 through 2016. This analysis improves upon a
previous measurement [12], owing to the tripling of the sample size and an improved
treatment of systematic uncertainties. The inclusion of charge-conjugate processes is
implicitly assumed unless stated otherwise.

The neutral D-meson flavor at production is determined from the charge of the low-
momentum pion (soft pion), ⇡+

s , produced in the flavor-conserving strong-interaction
decay D⇤(2010)+ ! D0⇡+

s . The shorthand notation D⇤+ is used to indicate the D⇤(2010)+

meson throughout. We denote as right-sign (RS) the D⇤+ ! D0(! K�⇡+)⇡+
s process,

which is dominated by a Cabibbo-favored amplitude. Wrong-sign (WS) decays, D⇤+ !
D0(! K+⇡�)⇡+

s , arise from the doubly Cabibbo-suppressed D0 ! K+⇡� decay and the
Cabibbo-favored 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 [1–4]

R(t) ⇡ RD +
p
RD y0

t

⌧
+

x02 + y02

4

✓
t

⌧

◆2

, (1)

where t is the proper decay time, ⌧ is the average D0 lifetime, and RD is the ratio
of suppressed-to-favored decay rates. The parameters x0 and y0 depend on the mixing
parameters, x0 ⌘ x cos � + y sin � and y0 ⌘ y cos � � x sin �, through the strong-phase
di↵erence � between the suppressed and favored amplitudes, A(D0 ! K+⇡�)/A(D0 !
K+⇡�) = �

p
RDe�i�, which was measured at the CLEO-c and BESIII experiments [17,18].

If CP violation occurs, the decay-rate ratios R+(t) and R�(t) of mesons produced as D0

1

dimensionless parameters O(1%)

The mixing and CP violation parameters are measured to be

xCP = ( 3.97± 0.46± 0.29)⇥ 10�3,

yCP = ( 4.59± 1.20± 0.85)⇥ 10�3,

�x = (�0.27± 0.18± 0.01)⇥ 10�3,

�y = ( 0.20± 0.36± 0.13)⇥ 10�3,

where the first uncertainty is statistical and the second systematic. The statistical
uncertainty contains a subleading component due to the limited precision of the external
measurements of the strong phases and control samples used for the detection asymmetry.
This amounts to approximately (0.23, 0.66, 0.04, and 0.08) ⇥ 10�3 for xCP , yCP , �x,
and �y, respectively. The measurements are statistically limited, though the systematic
uncertainty on yCP is comparable to the statistical uncertainty. The results are used
to form a likelihood function of x, y, |q/p|, and � using a likelihood-ratio ordering that
assumes the observed correlations to be independent of the true parameter values [30].
The best fit point is

x = (3.98+0.56
� 0.54)⇥ 10�3,

y = ( 4.6+1.5
� 1.4 )⇥ 10�3,

|q/p| = 0.996± 0.052,

� = 0.056+0.047
� 0.051.

In summary, a measurement of mixing and CP violation in D0
! K0

S⇡
+⇡� decays has

been performed with the bin-flip method, using pp collision data collected by the LHCb
experiment and corresponding to an integrated luminosity of 5.4 fb�1. This resulted in the
first observation of a nonzero value of the mass di↵erence x of neutral charm meson mass
eigenstates with a significance of more than seven standard deviations, and significantly
improves limits on mixing-induced CP violation in the charm sector.
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Figure 1: Depiction of the interference of mixing and decay if a D0 and a D0 meson decay to a
common final state f .

Neutral charm mesons propagating freely can change (oscillate) into their own antipar-
ticles, as the mass eigenstates are linear combinations of the flavor eigenstates. These
flavor-changing neutral currents do not occur at tree level in the Standard Model (SM)
and allow for hypothetical particles of arbitrarily high mass to contribute significantly to
the process. This can a↵ect the mixing of mesons and antimesons such that measurements
of these processes can probe physics beyond the SM [1–4].

The mass eigenstates of charm mesons can be written as |D1,2i ⌘ p|D0
i± q|D0

i, where
p and q are complex parameters and, in the limit of charge-parity (CP ) symmetry, |D1i

(|D2i) is defined as the CP even (odd) eigenstate. Mixing of flavor eigenstates is described
by the dimensionless parameters x ⌘ (m1 �m2)c2/� and y ⌘ (�1 � �2)/(2�), where m1(2)

and �1(2) are the mass and decay width of the D1(2) state, respectively, and � is the
average decay width [5]. In D0 and D0 decays to a common final state, f , CP violation
in mixing manifests itself if |q/p| 6= 1 or in the interference between mixing and decay
if �f ⌘ arg(qĀf/pAf ) 6= 0. Here Af (Āf) denotes the amplitude of the decay process
D0

! f (D0
! f). In the D0

! K0
S⇡

+⇡� decay studied in this Letter, CP violation in
the decay (|Af |

2
6= |Āf |

2) is not considered, as in the SM it is negligible for the doubly
Cabibbo-suppressed (DCS) and Cabibbo-favored (CF) amplitudes contributing to this
process. With this assumption, the CP -violating phase is independent of the final state,
�f ⇡ � ⇡ arg(q/p) [6, 7].

The current world average of the mixing and CP -violating parameters yields
x = (3.7± 1.2)⇥ 10�3, y = (6.8 +0.6

� 0.7)⇥10�3, |q/p| = 0.951 +0.053
� 0.042, and � = �0.092 +0.085

� 0.079 [8].
Measurements using decays such as D0

! K+⇡� have resulted in precise measurements
of y and have allowed for the observation of mixing [9, 10]. However, the data remain
marginally compatible with x = 0, and are consistent with CP symmetry. Theoretical
predictions for the mixing parameters are of similar magnitude but less precise [11,12],
while predictions of the CP -violating phase are around 0.002 [13] and are well below the
current experimental precision.

Sensitivity to the mixing and CP -violating parameters is o↵ered by the self-conjugate,
multibody D0

! K0
S⇡

+⇡� decay [14–18]. Inclusion of the charge-conjugate process is
implied unless stated otherwise. This final state is accessible in both D0 and D0 decays
and leads to interference between the mixing and decay amplitudes, as demonstrated
pictorially in Fig. 1. The dynamics of the decay are expressed as a function of two invariant
masses following the Dalitz-plot formalism, in which a three-body decay is parametrized
by a pair of two-body invariant masses [19, 20]. The squared invariant mass m2(K0

S⇡
±) is

denoted as m2
± for D0 decays and m2

⌥ for D0 decays. A mixture of DCS and CF decay
amplitudes results in large variations of the strong phase and, with mixing, causes a
decay-time evolution of the density of decays across the phase space. A joint analysis
of the Dalitz-plot and decay-time distributions may be used to determine the mixing
parameters. Splitting the sample by flavor of the charm meson at production probes

1
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๏ Lifetime asymmetry of  and  to a CP eigenstate,  expected to be D0 D0 f = K+K−, π+π− 𝒪 (10−5)

1 Introduction

The breaking of the invariance of fundamental interactions under the combined charge
conjugation (C) and parity (P ) transformation, commonly named CP violation, is a
necessary condition to explain the much larger abundance of matter with respect to
antimatter in the universe [1]. Within the standard model (SM) of particle physics, the
weak interaction provides a source of CP violation through a single complex phase in
the Cabibbo–Kobayashi–Maskawa (CKM) matrix that governs the interaction of quarks
with the W boson [2, 3]. This CKM paradigm has been tested successfully in the decays
of down-type quarks (s or b) in K and B mesons. However, the measured size of CP
violation is too small to explain the aforementioned matter–antimatter asymmetry [4],
suggesting the existence of additional sources of CP violation beyond the SM.

Hadrons containing charm quarks are the only ones where CP violation and flavour-
changing neutral currents (FCNC) involving up-type quarks (u, c or t) can be studied,
and provide a unique opportunity to detect new interactions beyond the SM that leave
down-type quarks una↵ected [5]. Within the SM both CP violation and FCNC for charm
hadrons are predicted to be smaller than for kaons and beauty hadrons. The Glashow–
Iliopoulos–Maiani mechanism is more e↵ective owing to the smaller mass of the beauty
with respect to the top quark and to the smallness of the CKM matrix elements connecting
the first two generations of quarks with the third. Furthermore, the contributions from
the strange and down quarks cancel in the U -spin limit, where U spin is the SU(2)
subgroup of SU(3)F relating the down and strange quarks. In particular, the combination
of CKM matrix elements responsible for CP violation in charm decays in the SM is
Im(VcbV

⇤
ub/VcsV

⇤
us) ⇡ �6⇥ 10�4, corresponding to CP asymmetries typically of the order

of 10�4 to 10�3 [5].
The LHCb collaboration reported the first observation of CP violation in the decay

of D0 mesons in 2019 [6]. However, theoretical uncertainties on nonperturbative e↵ects
of the strong interaction do not allow a rigorous assessment of its compatibility with
the SM [5,7–11]. This has prompted a renewed interest of the theory community in the
field [12–20]. Complementary searches for time-dependent CP violation in D0 decays,
which has not been observed so far, have the potential to clarify this picture [21].

Cabibbo-suppressed D0 ! f decays, where the final state f = K+K� or ⇡+⇡� is
common to D0 and D0 mesons, provide one of the most sensitive tests of time-dependent
CP violation through the measurement of the time-dependent asymmetry between the
D0 and D0 decay rates,

ACP (f, t) ⌘
�(D0! f, t)� �(D0! f, t)

�(D0! f, t) + �(D0! f, t)
, (1)

where �(D0! f, t) indicates the decay rate of an initial D0 meson decaying into the final
state f at time t. The dependence of the asymmetry on decay time is due to the oscillation
of D0 into D0 mesons. This process is parametrised through the mixing parameters x12

and y12, defined as x12 ⌘ 2|M12/�| and y12 ⌘ |�12/�| [22], where H ⌘ M � i
2� is the

e↵ective Hamiltonian governing the time evolution of the D0–D0 system and � is the
average decay width of the mass eigenstates. Since both mixing parameters are smaller
than 1% [23–30], the asymmetry can be expanded to linear order in the mixing parameters
as

ACP (f, t) ⇡ adf +�Yf
t

⌧D0
, (2)
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Asymmetry of the effective decay widths 

where ⌧ is defined as ⌧ ⌘ �t, a normalisation factor common to the two equations is
implicit, and the coe�cients c±f and c0±f are equal to

c±f =
⇥
⌥x12 sin�

M
f � y12 cos�

�
f

⇤ ����
Āf

Af

����
±1

⇡ ⌥x12 sin�
M
f � y12(1⌥ adf ),

(13)

c0±f = 1
4

h
y212 � x2

12 + (y212 + x2
12 ± 2x12y12 sin�12)

����
Āf

Af

����
±2 i

⇡ 1
2

⇥
y212 ± x12y12 sin�12 ⌥ (x2

12 + y212)a
d
f

⇤
,

(14)

where �12 ⌘ arg(M12/�12) = �M
f � ��

f . In the approximate expressions, the relation

adf ⌘ |Af |2 � |Āf |2

|Af |2 + |Āf |2
⇡ 1�

����
Āf

Af

���� (15)

has been used, and all terms have been expanded to first order in the CP -violation parame-
ters adf , sin�

M
f and sin��

f . Both phases �M
f and ��

f are measured to be approximately equal
to zero rather than ⇡ with a significance greater than 5 standard deviations [21, 30, 46].

The �Yf parameter is defined as [21]

�Yf ⌘
c+f � c�f

2
⇡ (�x12 sin�

M
f + y12a

d
f ), (16)

and has first been measured (although with a relative minus sign in the definition of �Y)
in Ref. [24] as

�Yf ⇡ �
�̂D0!f � �̂D0!f

2�̂D0!K�⇡+

, (17)

by modelling the time distributions of D0 ! f and D0 ! K�⇡+ decays, see Eq. (12),
with an exponential function, exp(��̂⌧), and assuming that the e↵ective decay width �̂
is equal to unity for D0! K�⇡+ decays. This method neglects the contributions to the
e↵ective decay widths from c0±f , assuming that �̂D0/D0!f = 1 � c±f . The A� observable,
which has been used as alternative to �Yf in Refs. [26, 72, 73], is similarly defined as the
asymmetry of the e↵ective decay widths of D0 and D0 mesons into the final state f ,

Af
� ⌘

�̂D0!f � �̂D0!f

�̂D0!f + �̂D0!f

, (18)

and is related to �Yf as

Af
� = � �Yf

1 + yfCP
, (19)

where the yfCP parameter is defined as yfCP ⌘ �(c+f + c�f )/2 and is equal to y12 up to second
order in the CP -violation parameters defined above. However, as the statistical precision
improves, approximating the time-dependent decay widths with the e↵ective ones might
not be a good approximation any longer, since CP -even corrections to the exponential
decay rate quadratic in the mixing parameters might be of the same order as the CP -odd
first-order ones.
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Āf

Af

����
±1

⇡ ⌥x12 sin�
M
f � y12(1⌥ adf ),

(13)

c0±f = 1
4

h
y212 � x2

12 + (y212 + x2
12 ± 2x12y12 sin�12)

����
Āf
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asymmetry of the e↵ective decay widths of D0 and D0 mesons into the final state f ,

Af
� ⌘

�̂D0!f � �̂D0!f

�̂D0!f + �̂D0!f
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and is related to �Yf as

Af
� = � �Yf

1 + yfCP
, (19)

where the yfCP parameter is defined as yfCP ⌘ �(c+f + c�f )/2 and is equal to y12 up to second
order in the CP -violation parameters defined above. However, as the statistical precision
improves, approximating the time-dependent decay widths with the e↵ective ones might
not be a good approximation any longer, since CP -even corrections to the exponential
decay rate quadratic in the mixing parameters might be of the same order as the CP -odd
first-order ones.
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1 Introduction

The breaking of the invariance of fundamental interactions under the combined charge
conjugation (C) and parity (P ) transformation, commonly named CP violation, is a
necessary condition to explain the much larger abundance of matter with respect to
antimatter in the universe [1]. Within the standard model (SM) of particle physics, the
weak interaction provides a source of CP violation through a single complex phase in
the Cabibbo–Kobayashi–Maskawa (CKM) matrix that governs the interaction of quarks
with the W boson [2, 3]. This CKM paradigm has been tested successfully in the decays
of down-type quarks (s or b) in K and B mesons. However, the measured size of CP
violation is too small to explain the aforementioned matter–antimatter asymmetry [4],
suggesting the existence of additional sources of CP violation beyond the SM.

Hadrons containing charm quarks are the only ones where CP violation and flavour-
changing neutral currents (FCNC) involving up-type quarks (u, c or t) can be studied,
and provide a unique opportunity to detect new interactions beyond the SM that leave
down-type quarks una↵ected [5]. Within the SM both CP violation and FCNC for charm
hadrons are predicted to be smaller than for kaons and beauty hadrons. The Glashow–
Iliopoulos–Maiani mechanism is more e↵ective owing to the smaller mass of the beauty
with respect to the top quark and to the smallness of the CKM matrix elements connecting
the first two generations of quarks with the third. Furthermore, the contributions from
the strange and down quarks cancel in the U -spin limit, where U spin is the SU(2)
subgroup of SU(3)F relating the down and strange quarks. In particular, the combination
of CKM matrix elements responsible for CP violation in charm decays in the SM is
Im(VcbV

⇤
ub/VcsV

⇤
us) ⇡ �6⇥ 10�4, corresponding to CP asymmetries typically of the order

of 10�4 to 10�3 [5].
The LHCb collaboration reported the first observation of CP violation in the decay

of D0 mesons in 2019 [6]. However, theoretical uncertainties on nonperturbative e↵ects
of the strong interaction do not allow a rigorous assessment of its compatibility with
the SM [5,7–11]. This has prompted a renewed interest of the theory community in the
field [12–20]. Complementary searches for time-dependent CP violation in D0 decays,
which has not been observed so far, have the potential to clarify this picture [21].

Cabibbo-suppressed D0 ! f decays, where the final state f = K+K� or ⇡+⇡� is
common to D0 and D0 mesons, provide one of the most sensitive tests of time-dependent
CP violation through the measurement of the time-dependent asymmetry between the
D0 and D0 decay rates,

ACP (f, t) ⌘
�(D0! f, t)� �(D0! f, t)

�(D0! f, t) + �(D0! f, t)
, (1)

where �(D0! f, t) indicates the decay rate of an initial D0 meson decaying into the final
state f at time t. The dependence of the asymmetry on decay time is due to the oscillation
of D0 into D0 mesons. This process is parametrised through the mixing parameters x12

and y12, defined as x12 ⌘ 2|M12/�| and y12 ⌘ |�12/�| [22], where H ⌘ M � i
2� is the

e↵ective Hamiltonian governing the time evolution of the D0–D0 system and � is the
average decay width of the mass eigenstates. Since both mixing parameters are smaller
than 1% [23–30], the asymmetry can be expanded to linear order in the mixing parameters
as

ACP (f, t) ⇡ adf +�Yf
t

⌧D0
, (2)
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Figure 12: Asymmetry, Asig(t), as a function of decay time for (top) D0! K+K� and (bottom)
D0 ! ⇡+⇡� candidates. A linear fit is superimposed. The �2/ndf of the fits are 15/19 and
21/19, respectively.

and is consistent with zero. Neglecting final-state dependent contributions to �Yf , the
two values are combined using the best linear unbiased estimator [70, 71]. The result,

�Y = (�2.7± 1.3± 0.3)⇥ 10�4,

is consistent with zero within two standard deviations, and both its statistical and
systematic uncertainties are improved by more than a factor of two with respect to the
previous most precise measurement [44].

These results are combined with previous LHCb measurements [43–45], with which
they are consistent, yielding the LHCb legacy results with the 2011–2012 and 2015–2018
data samples,

�YK+K� = (�0.3± 1.3± 0.3)⇥ 10�4,

�Y⇡+⇡� = (�3.6± 2.4± 0.4)⇥ 10�4,

�Y = (�1.0± 1.1± 0.3)⇥ 10�4,

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

Finally, the arithmetic average of �YK+K� and �Y⇡+⇡� , which would allow final-state
dependent contributions to be suppressed by a factor of ✏ [21], where ✏ is the parameter
quantifying the breaking of the U -spin symmetry in these decays, is

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

These results are consistent with no time-dependent CP violation in D0! K+K� and
D0! ⇡+⇡� decays, and improve by nearly a factor of two on the precision of the previous
world average [46].
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Table 1: Summary of the systematic uncertainties, in units of 10�4. The statistical uncertainties
are reported for comparison.

Source �YK+K� [10�4] �Y⇡+⇡� [10�4]

Subtraction of the m(D0⇡+
tag) background 0.2 0.3

Flavour-dependent shift of D⇤-mass peak 0.1 0.1
D⇤+ from B-meson decays 0.1 0.1
m(h+h�) background 0.1 0.1
Kinematic weighting 0.1 0.1

Total systematic uncertainty 0.3 0.4
Statistical uncertainty 1.5 2.8

where the first uncertainty is statistical and the second is systematic, and is compatible
with zero as expected. Note, however, that this measurement was not performed blindly.
Additional robustness tests are performed to check that the measured value of �Yh+h�

does not display unexpected dependencies on various observables, including the selections
that are satisfied by the D0 candidate at the hardware and at the first software stage of the
trigger; the momentum, the transverse momentum and the pseudorapidity of the D0 and
⇡+

tag mesons; the D0 flight distance in the plane transverse to the beam; the position of the
PV along the beamline; and the number of PVs in the event. No significant dependencies
of �Yh+h� on any of these variables are found. The measurement is repeated for the
signal channels, assigning a zero weight in the weighting procedure of Sect. 5 only to
the candidates in the tridimensional-space intervals for which the corresponding intervals
of the K�⇡+ sample have fewer than 40 candidates or an asymmetry greater than 20%.
In this way, the choice of the zero weights is made independent of the value of �Yh+h� .
The stability of the measurement is further checked as a function of the threshold of the
minimum number of candidates and of the maximum asymmetry per interval. The results
of all these tests are compatible with the baseline one within the statistical uncertainty.
Finally, possible biases due to the decay-time resolution, approximately 0.11 ⌧D0 , are
determined in simulation to be less than 0.01⇥ 10�4, and thus are neglected.

8 Results

The time-dependent asymmetries of the D0! K+K� and D0! ⇡+⇡� channels, after the
kinematic weighting and the subtraction of the contribution from B-meson decays, are
displayed in Fig. 12. Linear fits are superimposed, and the resulting slopes are

�YK+K� = (�2.3± 1.5± 0.3)⇥ 10�4,

�Y⇡+⇡� = (�4.0± 2.8± 0.4)⇥ 10�4,

where the first uncertainties are statistical and the second are systematic. Assuming that
all systematic uncertainties are 100% correlated, except those on the m(h+h�) background,
which are taken to be uncorrelated, the di↵erence of �Yf between the two final states is
equal to

�YK+K� ��Y⇡+⇡� = (1.7± 3.2± 0.1)⇥ 10�4,
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where ⌧ is defined as ⌧ ⌘ �t, a normalisation factor common to the two equations is
implicit, and the coe�cients c±f and c0±f are equal to

c±f =
⇥
⌥x12 sin�

M
f � y12 cos�

�
f

⇤ ����
Āf

Af

����
±1

⇡ ⌥x12 sin�
M
f � y12(1⌥ adf ),

(13)

c0±f = 1
4

h
y212 � x2

12 + (y212 + x2
12 ± 2x12y12 sin�12)

����
Āf

Af

����
±2 i

⇡ 1
2

⇥
y212 ± x12y12 sin�12 ⌥ (x2

12 + y212)a
d
f

⇤
,

(14)

where �12 ⌘ arg(M12/�12) = �M
f � ��

f . In the approximate expressions, the relation

adf ⌘ |Af |2 � |Āf |2

|Af |2 + |Āf |2
⇡ 1�

����
Āf

Af

���� (15)

has been used, and all terms have been expanded to first order in the CP -violation parame-
ters adf , sin�

M
f and sin��

f . Both phases �M
f and ��

f are measured to be approximately equal
to zero rather than ⇡ with a significance greater than 5 standard deviations [21, 30, 46].

The �Yf parameter is defined as [21]

�Yf ⌘
c+f � c�f

2
⇡ (�x12 sin�

M
f + y12a

d
f ), (16)

and has first been measured (although with a relative minus sign in the definition of �Y)
in Ref. [24] as

�Yf ⇡ �
�̂D0!f � �̂D0!f

2�̂D0!K�⇡+

, (17)

by modelling the time distributions of D0 ! f and D0 ! K�⇡+ decays, see Eq. (12),
with an exponential function, exp(��̂⌧), and assuming that the e↵ective decay width �̂
is equal to unity for D0! K�⇡+ decays. This method neglects the contributions to the
e↵ective decay widths from c0±f , assuming that �̂D0/D0!f = 1 � c±f . The A� observable,
which has been used as alternative to �Yf in Refs. [26, 72, 73], is similarly defined as the
asymmetry of the e↵ective decay widths of D0 and D0 mesons into the final state f ,

Af
� ⌘

�̂D0!f � �̂D0!f

�̂D0!f + �̂D0!f

, (18)

and is related to �Yf as

Af
� = � �Yf

1 + yfCP
, (19)

where the yfCP parameter is defined as yfCP ⌘ �(c+f + c�f )/2 and is equal to y12 up to second
order in the CP -violation parameters defined above. However, as the statistical precision
improves, approximating the time-dependent decay widths with the e↵ective ones might
not be a good approximation any longer, since CP -even corrections to the exponential
decay rate quadratic in the mixing parameters might be of the same order as the CP -odd
first-order ones.
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order in the CP -violation parameters defined above. However, as the statistical precision
improves, approximating the time-dependent decay widths with the e↵ective ones might
not be a good approximation any longer, since CP -even corrections to the exponential
decay rate quadratic in the mixing parameters might be of the same order as the CP -odd
first-order ones.
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On the contrary, the definition of ACP (t) in Eq. (1) employed in Refs. [42–45,69] and
in the present article is always dominated by the first-order terms, since the CP -even
second-order terms cancel in the di↵erence in the numerator. In particular, the coe�cient
of the linear expansion of ACP (t) in Eq. (2) is equal to �Yf up to a multiplicative factor
of 4|Af |2|Āf |2/(|Af |2 + |Āf |2)2, whose di↵erence with unity is approximately equal to
(adf)

2/2 . 10�6 [6, 41]. This coe�cient has been denoted as �Af
� in Refs. [42–45, 69],

neglecting the 1% correction due to yfCP in Eq. (19).
The final-state dependent contributions to �Yf in Eq. (16) can be isolated by defining

�M
f ⌘ �M

2 +��f , where �M
2 is the intrinsic CP -violating mixing phase of D0 mesons, defined

as the argument of the dispersive mixing amplitude M12 with respect to its dominant
�U = 2 component, and ��f is the relative weak phase of the subleading amplitude
responsible for CP violation in the decay with respect to the dominant decay amplitude [21].
By defining �f the strong-phase analogue of ��f , and using ��f = �adf cot �f , Eq. (16)
can be written as

�Yf ⇡ �x12 sin�
M
2 + y12a

d
f

✓
1 +

x12

y12
cot �f

◆
, (20)

where the first term is universal and the second encloses the final-state dependence. The
term y12|adf | is estimated to be less than 0.1 ⇥ 10�4 by using available experimental
data [6,46] and the minimal assumption that adK+K� and ad⇡+⇡� have opposite signs, which
is motivated by U -spin symmetry arguments as well as by experimental evidence [6, 27].
The factor x12

y12
cot �f can enhance the dependence on the final state, even though the phase

�f is expected to be of O(1) due to large rescattering at the charm mass scale. On the
other hand, the SM predictions for �M

2 are of the order 2mrad or less [21, 31–33], even
though enhancements up to one order of magnitude due to low-energy nonperturbative
strong interactions cannot be excluded [21, 32].

An alternative parametrisation of CP violation and mixing is based on the ex-
plicit expansion of the mass eigenstates of H in terms of the flavour eigenstates,
|D1,2i ⌘ p |D0i± q

��D0
↵
, with |p|2 + |q|2 = 1 (CPT invariance is assumed). The cor-

responding mixing parameters are defined as x ⌘ (m2 �m1)/� and y ⌘ (�2 � �1)/(2�),
where m1,2 and �1,2 are the masses and decay widths of the mass eigenstates. Adopting
the convention that |D1i (|D2i) is the approximately CP -odd (CP -even) eigenstate, the
following relations hold, x12 ⇡ x and y12 ⇡ y, up to corrections quadratic in the CP
violation parameter sin�12 [21,22,36]. In this parametrisation, the parameter �Yf defined
in Eq. (16) is equal to

�Yf =
1

2
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where ��f
is defined as ��f

⌘ arg[�(qĀf )/(pAf )]. Neglecting terms of order higher than
one in the CP -violation parameters (|q/p|� 1), sin��f

and adf , Eq. (21) can be written as

�Yf ⇡ x sin��f
� y

✓����
q

p

����� 1

◆
+ yadf . (22)

Finally, the dependence on the final state can be separated from the universal component
by defining ��f

⌘ �2� ��f , see Ref. [21], where �2 is a final-state independent weak phase
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๏ Achieved using a difference method to cancel 
common systematics

๏ Using both  (top) and  
self-tagging sources of  decays,

D*+ → D0π+ B− → D0μ−ν
D0

Observation of a direct CP violating effect in charm
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By making a full combination with previous LHCb measurements [42,43], the following
value of �ACP is obtained

�ACP = (�15.4± 2.9)⇥ 10�4,

where the uncertainty includes statistical and systematic contributions. The significance of
the deviation from zero corresponds to 5.3 standard deviations. This is the first observation
of CP violation in the decay of charm hadrons.

The interpretation of �ACP in terms of direct CP violation and A� requires knowledge
of the di↵erence of reconstructed mean decay times for D0

! K�K+ and D0
! ⇡�⇡+

decays normalized to the D0 lifetime, as shown in Eq. (3). The values corresponding to the
present measurements are �hti⇡-tagged /⌧(D0) = 0.135± 0.002 and �htiµ-tagged /⌧(D0) =
�0.003 ± 0.001, whereas that corresponding to the full combination is � hti /⌧(D0) =
0.115± 0.002. The uncertainties include statistical and systematic contributions, and the
world average of the D0 lifetime is used [66].

By using in addition the LHCb average A� = (�2.8± 2.8)⇥ 10�4 [46,47], from Eq. (3)
it is possible to derive

�adirCP = (�15.7± 2.9)⇥ 10�4,

which shows that, as expected, �ACP is primarily sensitive to direct CP violation. The
overall improvement in precision brought by the present analysis to the knowledge of
�adirCP is apparent when comparing with the value obtained from previous measurements,
�adirCP = (�13.4± 7.0)⇥ 10�4 [65].

In summary, this Letter reports the first observation of a nonzero CP asymmetry in
charm decays, using large samples of D0

! K�K+ and D0
! ⇡�⇡+ decays collected with

the LHCb detector. The result is consistent with, although in magnitude at the upper end
of, SM expectations, which lie in the range 10�4–10�3 [16–34]. In particular, the result
challenges predictions based on first-principle QCD dynamics [19,33]. It complies with
predictions based on flavor-SU(3) symmetry, if one assumes a dynamical enhancement
of the penguin amplitude [16,26–30,32]. In the next decade, further measurements with
charmed particles, along with possible theoretical improvements, will help clarify the
physics picture, and establish whether this result is consistent with the SM or indicates
the presence of new dynamics in the up-quark sector.
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Ā
f

|B
sH
i = p |B

s
i � q |B

s
i

|B
sL
i = p |B

s
i + q |B

s
i

g± =
1
2

h
e
�i M

L
t��

L
t/2 ± e

�i M
H

t��
H

t/2
i

|B
s
(t)i = g+ |Bs

i + q

p
g� |Bs

i

|B
s
(t)i = p

q
g� |Bs

i + g+ |Bs
i (1)

P(t) =
���hB

s
| B

s
(t)i
���2

�(P
t=0 ! f ) = |A

f
|2
h
|g+(t)|2 + |�|2 |g�(t)|2 + 2< ⇥�⇤g+(t) g

⇤
�(t)
⇤i

(2)

�(P
t=0 ! f ) = |A

f
|2
h
|g+(t)|2 + |�|�2|g�(t)|2 + |�|�22< ⇥� g+(t) g

⇤
�(t)
⇤i

(3)

� =
qA

f

pA
f

�A
CP
⌘ A

CP
(K+K

�) � A
CP

(⇡+⇡�)

⇡ � a
dir
CP
+
�hti
⌧

D
0
�Y

1

44 M events 14 M events

3 M events9 M events

To be determined if KK or ππ or neither are consistent with zero

https://cds.cern.ch/record/2668357
https://cds.cern.ch/record/2668357


Malcolm John - University of Oxford Lepton/Photon, January 2022

Other direct CPV searches with charm

18

๏ Belle dataset ( ) used to improve branching fractions and search for CP asymmetries0.98 ab−1

JHEP 2021, 75Belle:
Phys. Rev. D 103, 112005Belle:

All consistent with  zero

J
H
E
P
0
9
(
2
0
2
1
)
0
7
5

74Department of Physics, Faculty of Science, University of Tabuk, Tabuk 71451, Saudi Arabia
75Tata Institute of Fundamental Research, Mumbai 400005, India
76Department of Physics, Technische Universität München, 85748 Garching, Germany
77School of Physics and Astronomy, Tel Aviv University, Tel Aviv 69978, Israel
78Department of Physics, Tohoku University, Sendai 980-8578, Japan
79Earthquake Research Institute, University of Tokyo, Tokyo 113-0032, Japan
80Department of Physics, University of Tokyo, Tokyo 113-0033, Japan
81Tokyo Institute of Technology, Tokyo 152-8550, Japan
82Tokyo Metropolitan University, Tokyo 192-0397, Japan
83Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, U.S.A.
84Wayne State University, Detroit, MI 48202, U.S.A.
85Yamagata University, Yamagata 990-8560, Japan
86Yonsei University, Seoul 03722, South Korea

E-mail: lilk@ucmail.uc.edu

Abstract: We measure the branching fractions and CP asymmetries for the singly
Cabibbo-suppressed decays D0 → π+π−η, D0 → K+K−η, and D0 → φη, using 980 fb−1

of data from the Belle experiment at the KEKB e+e− collider. We obtain

B(D0 → π+π−η) = [1.22± 0.02 (stat)± 0.02 (syst)± 0.03 (Bref)] × 10−3 ,

B(D0 → K+K−η) = [1.80+0.07
−0.06 (stat)± 0.04 (syst)± 0.05 (Bref)] × 10−4 ,

B(D0 → φη) = [1.84± 0.09 (stat)± 0.06 (syst)± 0.05 (Bref)] × 10−4 ,

where the third uncertainty (Bref) is from the uncertainty in the branching fraction of the
reference mode D0 → K−π+η. The color-suppressed decay D0 → φη is observed for the
first time, with very high significance. The results for the CP asymmetries are

ACP (D0 → π+π−η) = [0.9± 1.2 (stat)± 0.5 (syst)]% ,

ACP (D0 → K+K−η) = [−1.4± 3.3 (stat)± 1.1 (syst)]% ,

ACP (D0 → φη) = [−1.9± 4.4 (stat)± 0.6 (syst)]% .

The results for D0 → π+π−η are a significant improvement over previous results. The
branching fraction and ACP results for D0 → K+K−η, and the ACP result for D0 → φη,
are the first such measurements. No evidence for CP violation is found in any of these
decays.

Keywords: Branching fraction, Charm physics, CP violation, e+-e− Experiments
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modes. Our results for the branching fractions relative to
that of the reference mode Dþ

s → ϕð→ KþK−Þπþ (Bϕπþ)
are

BðDþ
s → Kþπ0Þ=Bϕπþ ¼ ð3.28 % 0.23 % 0.13Þ%

BðDþ
s → KþηÞ=Bϕπþ ¼ ð7.81 % 0.22 % 0.24Þ%

BðDþ
s → πþπ0Þ=Bϕπþ ¼ ð0.16 % 0.25 % 0.09Þ%

BðDþ
s → πþηÞ=Bϕπþ ¼ ð84.80 % 0.47 % 2.64Þ%:

Multiplying these results by the world-average value
Bϕπþ ¼ ð2.24 % 0.08Þ% [24] gives

BðDþ
s →Kþπ0Þ¼ð0.735% 0.052% 0.030% 0.026Þ×10−3

BðDþ
s →KþηÞ¼ð1.75% 0.05% 0.05% 0.06Þ×10−3

BðDþ
s →πþπ0Þ¼ð0.037% 0.055% 0.021% 0.001Þ×10−3

BðDþ
s →πþηÞ¼ð19.00% 0.10% 0.59% 0.68Þ×10−3;

where the third uncertainty listed is due to Bϕπþ . As we do
not observe any signal for Dþ

s → πþπ0, we set an upper
limit on its branching fraction,

BðDþ
s → πþπ0Þ < 1.2 × 10−4 ð90%C:L:Þ:

Our results for Dþ
s → Kþη and Dþ

s → πþπ0 are the most
precise to date. Our result for Dþ

s → πþη is consistent with
a previous, less precise Belle result [29] and independent of
it. All of these results are consistent within 2 standard
deviations with world-average values [24], and also with
recent results from the BESIII experiment [13]. For Dþ

s →
ðKþ; πþÞπ0 and Dþ

s → πþη, our results agree with theory
predictions [1,2,10,11]. However, for Dþ

s → Kþη, our
result is significantly higher than theory predictions.
Our results for the CP asymmetries are

ACPðDþ
s → Kþπ0Þ ¼ 0.064 % 0.044 % 0.011

ACPðDþ
s → KþηÞ ¼ 0.021 % 0.021 % 0.004

ACPðDþ
s → πþηÞ ¼ 0.002 % 0.003 % 0.003:

These results are the most precise to date and represent a
significant improvement in precision over current world-
average values [24]. They show no evidence of CP
violation but are consistent with theory predictions
[1,2,8], which are very small. Our improved results for
branching fractions and CP asymmetries can be input into
sum rules to provide more stringent predictions for CP
violation in charm decays [14].
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1 Introduction

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

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

mediated by Cabibbo favoured (CF), singly Cabibbo suppressed (SCS) or doubly Cabibbo
suppressed (DCS) processes. The contributing decay topologies are shown in Fig. 1. The
SCS modes D+

s ! K+⇡0, D+
! ⇡+⌘ and D+

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

⇤
ud

and VcsV
⇤
us, allowing CP violation at tree-level. In the Standard Model (SM), the CP

asymmetries are expected to be of the order 10�4–10�3 [2–7]. The CF mode D+
s ! ⇡+⌘

and the DCS modes D+
! K+⇡0 and D+

! K+⌘ receive contributions from only one
weak phase at tree-level. The D+

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

1 Charm paper diagrams

c

d̄, s̄

u

d̄, s̄

W+ d̄, s̄

d, s

D+
(s)

⇡+, K+

⇡0, ⌘

(a) Colour-suppressed tree-level

c

d̄, s̄

d, s

d̄, s̄

W+ d̄, s̄

u

D+
(s) ⇡0, ⌘

⇡+, K+

(b) Colour-favoured Tree-level VcdVud(s)

c

d̄, s̄

ū
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1

Figure 1: Processes that contribute to the studied decays at tree-level include (top left) colour-
favoured, (top right) colour-suppressed and (bottom left) annihilation topology decays. Contri-
butions can also be received at loop-level from processes such as (bottom right) penguin topology
decays.

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

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

ACP (D
+
(s) ! h+h0) ⌘

�(D+
(s) ! h+h0) � �(D�

(s) ! h�h0)

�(D+
(s) ! h+h0) + �(D�

(s) ! h�h0)
, (1)

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

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

R =
ACP (D0

! ⇡+⇡�)

1 +
⌧D0

B+�

⇣
B00
⌧D0

+ 2
3
B+0

⌧D+

⌘ +
ACP (D0

! ⇡0⇡0)

1 +
⌧D0

B00

⇣
B+�
⌧D0

+ 2
3
B+0

⌧D+

⌘ �
ACP (D+

! ⇡+⇡0)

1 + 3
2

⌧D+

B+0

⇣
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⌧D0

+ B+�
⌧D0

⌘ (2)

1Inclusion of charge conjugated processes is implied throughout, except when discussing asymmetry
definitions.
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suppressed (DCS) processes. The contributing decay topologies are shown in Fig. 1. The
SCS modes D+
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di↵erent weak phases, proportional to the products of the CKM matrix elements VcdV
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Figure 1: Diagram of D+
s ! K+⇡0 decays.

1

Figure 1: Processes that contribute to the studied decays at tree-level include (top left) colour-
favoured, (top right) colour-suppressed and (bottom left) annihilation topology decays. Contri-
butions can also be received at loop-level from processes such as (bottom right) penguin topology
decays.

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

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

ACP (D
+
(s) ! h+h0) ⌘

�(D+
(s) ! h+h0) � �(D�

(s) ! h�h0)

�(D+
(s) ! h+h0) + �(D�

(s) ! h�h0)
, (1)

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

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

R =
ACP (D0

! ⇡+⇡�)

1 +
⌧D0

B+�

⇣
B00
⌧D0

+ 2
3
B+0

⌧D+

⌘ +
ACP (D0

! ⇡0⇡0)

1 +
⌧D0

B00

⇣
B+�
⌧D0

+ 2
3
B+0

⌧D+

⌘ �
ACP (D+

! ⇡+⇡0)

1 + 3
2

⌧D+

B+0

⇣
B00
⌧D0

+ B+�
⌧D0

⌘ (2)

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

1

๏ Final state should symmetric in flavour.
๏ So must be a  as .
๏ Thus  . (  in  exchange)
๏  in gluon line would be a flavour 

change, so second diagram forbidden.
๏ So one set of CKM factors contributes.
๏ Thus: zero CP violation.

I = 2 I3 = 1
ΔI = 3

2 ΔI = 1
2 W+

ΔI = 1

๏ Very challenging reconstruction for LHCb. Trick: use , including conversionsπ0 → γe+e−

LHCb:

๏ Belle: 6.6k events (  ) 0.92 ab−1 ๏ LHCb 26k events (  ) 6 fb−1

(4 ± 8) × 10−3
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๏ Long-standing puzzle. Assuming isospin symmetry of the spectator quark, expect .IKπ = 0
B → Kπ
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Figure 1: Invariant-mass distribution of the selected candidates with fit projections overlayed.
The data set is divided by the charge of the B meson, with B+ ! K+⇡0 shown on the left and
B� ! K�⇡0 on the right.

be corrected for in order to extract ACP from Araw. The combined e↵ect of the nuisance
asymmetries is measured with a control sample of B+ ! (J/ ! µ+µ�)K+ decays, using
the same data sample as the signal channel.

In the hardware trigger, events with a B+ ! (J/ ! µ+µ�)K+ decay are required
to trigger on particles other than the kaon, in order to avoid introducing additional
trigger asymmetries. At the software stage the event must trigger on the kaon in the
same manner as signal events. The o✏ine selection requires that the B-meson lifetime be
greater than 0.1 ps and that the kaon and muons have a significant IP with respect to all
PVs. Additional requirements on the momentum of the kaon and B candidates as well as
kaon particle identification are imposed to match the signal selection. The momentum
distributions of the B+ and K+ candidates are weighted to match those of the signal
candidates using the GBR technique [33], as the production and detection asymmetries
may depend on kinematics of the decay.

The raw asymmetry in the B+ ! J/ K+ signal yields is determined via an unbinned
maximum-likelihood fit in which the invariant-mass distribution of the B+ ! J/ K+

candidates is modeled by the sum of two Gaussian functions sharing a common mean,
while the combinatorial background is modeled by an exponential distribution. The total
yield of B+ ! J/ K+ decays is measured to be 372874 ± 776 for Magnet Down and
306821± 699 for Magnet Up data samples with a purity of approximately 99%. The raw
asymmetry is found to be �0.009± 0.002 for Magnet Up, and �0.012± 0.002 for Magnet
Down samples. The CP asymmetry for the decay B+ ! (J/ ! µ+µ�)K+ is taken to be
ACP (B+ ! J/ K+) = 0.002± 0.003 from Ref. [38]. After subtracting ACP , the remaining
asymmetry is attributed to the combination of production, detection, reconstruction, and
triggering e↵ects, which can then be determined from

AB
prod. + AK

det. = Araw(B
+ ! J/ K+)� ACP (B

+ ! J/ K+). (5)

This estimate of the nuisance asymmetry is then used in Eq. 4 to determine ACP (B+ !
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1. INTRODUCTION AND MOTIVATION

The study of charmless B decays is a keystone of the worldwide flavor program. Pro-
cesses mediated by b ! sqq̄ transitions probe contributions of non-standard-model dynamics
in loop decay-amplitudes. However, reliable extraction of weak phases and unambiguous
interpretation of measurements involving these amplitudes is spoiled by large hadronic un-
certainties, which are rarely tractable in perturbative calculations. Appropriately chosen
combinations of measurements from decay modes related by flavor symmetries are used to
significantly reduce the impact of such unknowns. An especially fruitful approach consists
in combining measurements from decays related by isospin symmetries. This approach has
been proposed to address the so-called K⇡ puzzle, a long-standing anomaly associated with
the significant di↵erence between direct CP -violating asymmetries observed in B0 ! K+⇡�

and B+ ! K+⇡0 decays [1]. The asymmetries are expected to be equal at the leading order
in the electroweak perturbation theory, as the two decays di↵er only by the spectator quark.
The isospin sum rule

IK⇡ = AK
+

⇡
� + AK

0
⇡

+
B(K0⇡+)

B(K+⇡�)

⌧B
0

⌧B
+

� 2AK
+

⇡
0
B(K+⇡0)

B(K+⇡�)

⌧B
0

⌧B
+

� 2AK
0
⇡

0
B(K0⇡0)

B(K+⇡�)
(1)

properly accounts for subleading amplitudes by combining the branching fractions (B) and
direct CP -violating asymmetries (A) of B decays to all four final states K+⇡�, K0⇡+, K+⇡0

and K0⇡0, and the lifetime (⌧) ratio between B+ and B0. This rule o↵ers a stringent null
test of the standard model (SM), which predicts IK⇡ = 0 in the limit of isospin symmetry
and no electroweak penguin (EWP) contributions, and with an uncertainty much below 1%
when including SM EWP amplitudes [2–4]. Belle II has the unique capability of studying
jointly, and within a consistent experimental environment, all relevant final states.

The Belle II experiment, complete with its vertex detector, started colliding beam oper-
ations in March 2019 and is currently ongoing. The sample of electron-positron collisions
used in this work corresponds to an integrated luminosity of 62.8 fb�1 and was collected at
the ⌥ (4S) resonance. This document reports the first Belle II measurement of the direct
CP -violating asymmetry in B0 ! K0⇡0 decays, which requires flavor tagging of the pair-
produced neutral B partner, and an updated measurement of its branching fraction that
supersedes the previous Belle II result in Ref. [5].

All analysis procedures are first developed and finalized in simulated data. For the branch-
ing fraction measurement, we test the analysis on the data subset used in [5], corresponding
to 55% of the total sample, prior to the application to the full data set. A signal selec-
tion is applied to suppress the major sources of backgrounds, building on previous work [5].
An initial fit then determines the sample composition in terms of signal; background from
e+e� ! qq̄ continuum events, where q indicates any quark of the first or second family (u,
d, s, and c); and background from non-signal B decays. The fit uses

• the energy di↵erence �E ⌘ E⇤
B�

p
s/2 between the total energy of the reconstructed B

candidate and half of the collision energy, both in the ⌥ (4S) frame, which discriminates
misreconstructed from properly reconstructed B decays.

• the modified beam-energy-constrained mass,

M 0
bc ⌘

s

s/4 �
✓

~p⇤(⇡+⇡�)K
0
S

+
~p⇤(��)⇡

0

p⇤(��)⇡
0

⇥
q

(
p

s/2 � E⇤(⇡+⇡�)K
0
S
)2 � m(��)2

⇡
0

◆2

(2)
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๏ LHCb now provide new information with 16.7k events.

Table 1: Systematic uncertainties on ACP (B+! K+⇡0).

Systematic Value (⇥10�3)
Signal modeling shape 4.3
Combinatorial background shape 1.3
Partial reco. background shape 1.3
Peaking partial reco. background shape 1.2
Peaking partial reco. background o↵set 1.3
Peaking partial reco. background resolution 1.4
B+ ! ⇡+⇡0 yield 1.3
B+ ! ⇡+⇡0 CP asymmetry 1.5
Multiple candidates 1.3
Production/detection asymmetry stat. 2.1
Production/detection asymmetry weights 0.5

Sum in quadrature 6.1

K+⇡0).This is done separately for the Magnet Up and Magnet Down data. By averaging
the Magnet Up and Magnet Down results, the direct CP asymmetry is determined to be
ACP (B+! K+⇡0) = 0.025± 0.015, where the uncertainty is statistical only.

To assess the systematic uncertainty due to mismodeling of the signal and background
line shapes, pseudoexperiments are generated for variations of the m(K+⇡0) fit model.
The leading source of systematic uncertainty is from modeling the signal component
in the fit. This uncertainty is assessed by replacing the default model with a single
Gaussian distribution. Systematic uncertainties are assessed for numerous fit variations:
replacing the exponential distribution for the combinatorial background with a linear
function, individually replacing each low-mass background model with an Argus function,
allowing the position and resolution of the peaking low-mass background to vary freely
and independently of the signal distribution, and varying the yield and asymmetry of
B+ ! ⇡+⇡0 background. Pseudoexperiments are also generated to assess the systematic
uncertainty due to including events with multiple candidates in the base analysis.

The statistical uncertainty on the determination of the raw B+ ! J/ K+ asymmetry
is also considered as a systematic uncertainty, and is the subdominant source of systematic
uncertainty. Additionally, the di↵erence between the nuisance asymmetries with and
without applying the GBR weights is taken to be a systematic uncertainty. The estimated
values for all systematic uncertainties are shown in Table 1, where the common value
of 0.0013 is from the statistical uncertainty of the pseudoexperiments generated. The
ACP (B+ ! J/ K+) precision of 0.003 is considered separately as an external-input
uncertainty.

In conclusion, the direct CP asymmetry of the decay B+! K+⇡0 has been measured
with the LHCb detector using a data sample corresponding to a luminosity of 5.4 fb�1. It
is found to be

ACP (B+! K+⇡0) = 0.025± 0.015± 0.006± 0.003,

where the first uncertainty is statistical, the second is systematic and the third due to
external inputs, exceeding the precision of the current world average [22]. This result
is consistent with the world average and consistent with zero at approximately 1.5 �.
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of the Russian Federation, Agreement 14.W03.31.0026; University of Tabuk research grants
S-0256-1438 and S-0280-1439 (Saudi Arabia); Slovenian Research Agency and research grant
Nos. J1-9124 and P1-0135; Agencia Estatal de Investigacion, Spain grant Nos. FPA2014-
55613-P and FPA2017-84445-P, and CIDEGENT/2018/020 of Generalitat Valenciana; Min-
istry of Science and Technology and research grant Nos. MOST106-2112-M-002-005-MY3
and MOST107-2119-M-002-035-MY3, and the Ministry of Education (Taiwan); Thailand
Center of Excellence in Physics; TUBITAK ULAKBIM (Turkey); Ministry of Education
and Science of Ukraine; the US National Science Foundation and research grant Nos. PHY-
1807007 and PHY-1913789, and the US Department of Energy and research grant Nos.
DE-AC06-76RLO1830, DE-SC0007983, DE-SC0009824, DE-SC0009973, DE-SC0010073,
DE-SC0010118, DE-SC0010504, DE-SC0011784, DE-SC0012704, DE-SC0021274; and the
Vietnam Academy of Science and Technology (VAST) under grant DL0000.05/21-23.

[1] M. Gronau and J. L. Rosner, Combining CP asymmetries in B ! K⇡ decays, Phys. Rev. D
59 (1999) 113002.

[2] M. Gronau, A Precise sum rule among four B ! K⇡ CP asymmetries, Phys. Lett. B 627
(2005) no. 1, 82–88.

[3] T. E. Browder, T. Gershon, D. Pirjol, A. Soni, and J. Zupan, New Physics at a Super
Flavor Factory, Rev. Mod. Phys. 81 (2009) 1887–1941.

18

๏ First measurement of  by Belle IIAK0π0

each r-bin interval, the wrong tag fractions (wr) and tagging e�ciencies (✏r) are determined
in control samples reconstructed in 2019 Belle II data [16] and constrained using Gaussian
likelihoods in our fit. Systematic uncertainties are associated by varying the parameters from
the control decay mode in the fit to the signal decay. The asymmetry AK

0
⇡

0 is determined
from a simultaneous maximum-likelihood fit to the unbinned Mbc-�E-q distributions with
signal-to-background fractions constrained by the yield fit of Sec. 5. The signal probability
density function (PDF) of q is the integral of the known B0 ! K0⇡0 decay-time evolution [17]

Psig(q) =
1

2
(1 + q · (1 � 2wr) · (1 � 2�d)AK

0
⇡

0)
(4)

with the time-integrated mixing parameter �d set to its known value �d = 0.1858 ±
0.0011 [10]. We assume the background from charmless B decays to be flavor symmet-
ric as well as the continuum sample. The resulting asymmetry is AK

0
⇡

0 = �0.40+0.46
�0.44, where

the uncertainty includes only the statistical contribution. In Fig. 3, the results of the fit on
well-tagged events are displayed separately in Mbc and �E projections.
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FIG. 3. Flavor-specific (Mbc, �E) projections on 2019-2020 Belle II data. The top panel shows
candidates where Btag is tagged as a B̄0 (signal-side: B0) and the bottom panel for candidates
where Btag is tagged as a B0 (signal-side: B0). The distribution and fit are integrated over r-bin
in the good tag region 0.25  r  1 and in the signal region (left panel: �0.16 < �E < 0.08 GeV,
right panel: Mbc > 5.27 GeV/c2).
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each r-bin interval, the wrong tag fractions (wr) and tagging e�ciencies (✏r) are determined
in control samples reconstructed in 2019 Belle II data [16] and constrained using Gaussian
likelihoods in our fit. Systematic uncertainties are associated by varying the parameters from
the control decay mode in the fit to the signal decay. The asymmetry AK

0
⇡

0 is determined
from a simultaneous maximum-likelihood fit to the unbinned Mbc-�E-q distributions with
signal-to-background fractions constrained by the yield fit of Sec. 5. The signal probability
density function (PDF) of q is the integral of the known B0 ! K0⇡0 decay-time evolution [17]

Psig(q) =
1

2
(1 + q · (1 � 2wr) · (1 � 2�d)AK

0
⇡

0)
(4)

with the time-integrated mixing parameter �d set to its known value �d = 0.1858 ±
0.0011 [10]. We assume the background from charmless B decays to be flavor symmet-
ric as well as the continuum sample. The resulting asymmetry is AK

0
⇡

0 = �0.40+0.46
�0.44, where

the uncertainty includes only the statistical contribution. In Fig. 3, the results of the fit on
well-tagged events are displayed separately in Mbc and �E projections.
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FIG. 3. Flavor-specific (Mbc, �E) projections on 2019-2020 Belle II data. The top panel shows
candidates where Btag is tagged as a B̄0 (signal-side: B0) and the bottom panel for candidates
where Btag is tagged as a B0 (signal-side: B0). The distribution and fit are integrated over r-bin
in the good tag region 0.25  r  1 and in the signal region (left panel: �0.16 < �E < 0.08 GeV,
right panel: Mbc > 5.27 GeV/c2).
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Figure 1: Invariant-mass distribution of the selected candidates with fit projections overlayed.
The data set is divided by the charge of the B meson, with B+ ! K+⇡0 shown on the left and
B� ! K�⇡0 on the right.

be corrected for in order to extract ACP from Araw. The combined e↵ect of the nuisance
asymmetries is measured with a control sample of B+ ! (J/ ! µ+µ�)K+ decays, using
the same data sample as the signal channel.

In the hardware trigger, events with a B+ ! (J/ ! µ+µ�)K+ decay are required
to trigger on particles other than the kaon, in order to avoid introducing additional
trigger asymmetries. At the software stage the event must trigger on the kaon in the
same manner as signal events. The o✏ine selection requires that the B-meson lifetime be
greater than 0.1 ps and that the kaon and muons have a significant IP with respect to all
PVs. Additional requirements on the momentum of the kaon and B candidates as well as
kaon particle identification are imposed to match the signal selection. The momentum
distributions of the B+ and K+ candidates are weighted to match those of the signal
candidates using the GBR technique [33], as the production and detection asymmetries
may depend on kinematics of the decay.

The raw asymmetry in the B+ ! J/ K+ signal yields is determined via an unbinned
maximum-likelihood fit in which the invariant-mass distribution of the B+ ! J/ K+

candidates is modeled by the sum of two Gaussian functions sharing a common mean,
while the combinatorial background is modeled by an exponential distribution. The total
yield of B+ ! J/ K+ decays is measured to be 372874 ± 776 for Magnet Down and
306821± 699 for Magnet Up data samples with a purity of approximately 99%. The raw
asymmetry is found to be �0.009± 0.002 for Magnet Up, and �0.012± 0.002 for Magnet
Down samples. The CP asymmetry for the decay B+ ! (J/ ! µ+µ�)K+ is taken to be
ACP (B+ ! J/ K+) = 0.002± 0.003 from Ref. [38]. After subtracting ACP , the remaining
asymmetry is attributed to the combination of production, detection, reconstruction, and
triggering e↵ects, which can then be determined from

AB
prod. + AK

det. = Araw(B
+ ! J/ K+)� ACP (B

+ ! J/ K+). (5)

This estimate of the nuisance asymmetry is then used in Eq. 4 to determine ACP (B+ !
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In 2019, LHCb announced the observation of CP-violation in charm after an analysis of ⇠ 70M decays. Specifically, the
analysis chose to measure a di↵erence in two charge asymmetries as many systematic errors cancel in the subtraction,

�ACP = ACP

⇣
D0 ! K+K�

⌘
� ACP

⇣
D0 ! ⇡+⇡�

⌘
= (�0.15 ± 0.03)% ,

where, ACP(D0 ! f ) =
N(D0 ! f ) � N(D0 ! f )
N(D0 ! f ) + N(D0 ! f )

,

and the initial flavour of the neutral charm meson is known by also reconstructing its parent particle,

B0 ! D0µ�⌫̄ vs. B0 ! D0µ+⌫ or D⇤� ! D0⇡� vs. D⇤+ ! D0⇡+ .

Because these are neutral mesons, it is not clear is the CP violation is direct CP violation or a time-dependent phenomenon.
The LHCb dataset will increase by a factor 7 in the 2020s to resolve this question.
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If the CKM matrix describes all possible quark coupling via the weak force then total probability must be conserved, the
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Similarly (but smaller) :

βs = arg (−
V*cbVcs

V*tbVts )

Forming inner product of 1st and 3rd columns gives the UT
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1 Introduction

Precision measurements of CP violation in the decays of neutral B mesons provide stringent
tests of the quark sector of the Standard Model (SM), in which CP violation arises due
to a single irreducible phase of the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing
matrix [1, 2]. The B0 ! [cc]K0

S family of decay modes, where [cc] denotes a charmonium
resonance (J/ ,  (2S), ⌘c, etc.), is ideal for studying CP violation [3, 4]. Such decays
proceed via a b ! [cc]s transition, where higher-order contributions that could introduce
additional strong and weak phases in the decay amplitudes are expected to be small [5–7].
As B0 and B0 mesons decay into a common final state in B0 ! [cc]K0

S decays,1 the
interference between the direct decay and decay after B0–B0 mixing induces CP violation.

Since CP violation in the mixing is known to be negligible [8], the decay-time- and
flavour-dependent decay rate for B0 and B0 mesons can be expressed as

�(t, d) / e�
t
⌧

h
cosh(�� t/2)+A�� sinh(�� t/2)�d ·S sin(�m t)+d ·C cos(�m t)

i
, (1)

where in the equation the symbols are as follows: t is the proper decay time; ⌧ is the mean
lifetime of the B0 and B0 meson; �m and �� are the mass and decay width di↵erences of
the two B0 mass eigenstates; d represents the B0 meson flavour at production and takes
values of +1/�1 for mesons with an initial flavour of B0/B0; and S, C, and A�� are the
CP -violation observables. The asymmetry between the B0 and B0 decay rates is given by

A[cc]K0
S
(t) ⌘ �(B0(t)! [cc]K0

S ) � �(B0(t)! [cc]K0

S )

�(B0(t)! [cc]K0
S ) + �(B0(t)! [cc]K0

S )

=
S sin(�m t) � C cos(�m t)

cosh(�� t/2) + A�� sinh(�� t/2)
⇡ S sin(�m t) � C cos(�m t) ,

(2)

where the approximate expression is valid under the assumption �� = 0, which is well
motivated at the current experimental precision [8]. The observable C is related to
CP violation in the direct decay, while the observable S corresponds to CP violation
in the interference. The world average of C = �0.004 ± 0.015 as given by the Heavy
Flavor Averaging Group [8] is compatible with zero. The observable S can be writ-
ten as a function of one of the angles of the unitarity triangle of the CKM matrix,
� ⌘ arg [� (VcdV

⇤
cb) / (VtdV

⇤
tb)], which is the most precisely measured angle in the unitary

triangle. In the limit of negligible higher-order contributions, which is assumed when
combining results from di↵erent B0 ! [cc]K0

S modes, S can be identified as sin 2�.
Applying CKM unitarity and using measurements of other CKM-related quantities

leads to a SM prediction of sin 2� = 0.740 +0.020

�0.025
by the CKMfitter group [9] and of

sin 2� = 0.724±0.028 by the UTfit collaboration [10]. The Belle and BaBar collaborations
have already constrained sin 2� to a high precision in the B0 ! J/ K0

S mode. They
reported S = 0.670 ± 0.032 [11] and S = 0.657 ± 0.038 [12], respectively. The LHCb
collaboration performed a measurement using B0 ! J/ K0

S decays, where J/ meson
was reconstructed from two muons, and obtained a value of S = 0.73 ± 0.04 [13].

This article presents a study of decay-time-dependent CP violation in the decays
B0 ! J/ K0

S and B0 !  (2S)K0

S using data collected with the LHCb experiment in pp

1The inclusion of charge-conjugate processes is implied throughout the article, unless otherwise noted.
The notation B0 refers to a neutral B meson containing a b and a d quark including the charge-conjugate
state.
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Figure 3: Signal yield asymmetries (NB0 � NB0)/(NB0 + NB0) versus the decay time for
(left) B0 ! J/ K0

S and (right) B0 !  (2S)K0
S decays. The symbol NB0 (NB0) is the number of

decays with a B0 (B0) flavour tag. The solid curves are the projections of the PDF with the
combined flavour tagging decision.
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Figure 4: Two-dimensional likelihood scans for the combination of the (left) B0 ! J/ K0
S modes

and (right) all B0 ! [cc]K0
S modes. The confidence level for the inner (outer) contour is 39%

(87%).

modes, i.e. B0 ! J/ K0

S , where the J/ is either reconstructed from two muons or two
electrons, and B0 !  (2S)K0

S , the CP -violation observables are determined to be

C(B0 ! [cc]K0

S ) = �0.017 ± 0.029 ,

S(B0 ! [cc]K0

S ) = 0.760 ± 0.034 ,

with a correlation coe�cient of 0.42. These results are consistent with indirect mea-
surements by the CKMfitter group [9] and the UTfit collaboration [10]. Furthermore,
they improve the precision of sin 2� at LHCb by 20 %, and are expected to improve the
precision of the world average.
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S , the CP -violation observables are determined to be
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S ) = �0.017 ± 0.029 ,
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S ) = 0.760 ± 0.034 ,

with a correlation coe�cient of 0.42. These results are consistent with indirect mea-
surements by the CKMfitter group [9] and the UTfit collaboration [10]. Furthermore,
they improve the precision of sin 2� at LHCb by 20 %, and are expected to improve the
precision of the world average.
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proceed via a b ! [cc]s transition, where higher-order contributions that could introduce
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where the approximate expression is valid under the assumption �� = 0, which is well
motivated at the current experimental precision [8]. The observable C is related to
CP violation in the direct decay, while the observable S corresponds to CP violation
in the interference. The world average of C = �0.004 ± 0.015 as given by the Heavy
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ten as a function of one of the angles of the unitarity triangle of the CKM matrix,
� ⌘ arg [� (VcdV

⇤
cb) / (VtdV

⇤
tb)], which is the most precisely measured angle in the unitary

triangle. In the limit of negligible higher-order contributions, which is assumed when
combining results from di↵erent B0 ! [cc]K0

S modes, S can be identified as sin 2�.
Applying CKM unitarity and using measurements of other CKM-related quantities

leads to a SM prediction of sin 2� = 0.740 +0.020

�0.025
by the CKMfitter group [9] and of

sin 2� = 0.724±0.028 by the UTfit collaboration [10]. The Belle and BaBar collaborations
have already constrained sin 2� to a high precision in the B0 ! J/ K0

S mode. They
reported S = 0.670 ± 0.032 [11] and S = 0.657 ± 0.038 [12], respectively. The LHCb
collaboration performed a measurement using B0 ! J/ K0

S decays, where J/ meson
was reconstructed from two muons, and obtained a value of S = 0.73 ± 0.04 [13].

This article presents a study of decay-time-dependent CP violation in the decays
B0 ! J/ K0

S and B0 !  (2S)K0

S using data collected with the LHCb experiment in pp

1The inclusion of charge-conjugate processes is implied throughout the article, unless otherwise noted.
The notation B0 refers to a neutral B meson containing a b and a d quark including the charge-conjugate
state.

1

(the amplitude of the sine wave 
after correction for mis-tagging)

https://cds.cern.ch/record/2284162
https://cds.cern.ch/record/2284162
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https://hflav-eos.web.cern.ch/hflav-eos/triangle/pdg2021/index.shtml#sin2b

https://hflav-eos.web.cern.ch/hflav-eos/triangle/pdg2021/index.shtml#sin2b
https://hflav-eos.web.cern.ch/hflav-eos/triangle/pdg2021/index.shtml#sin2b
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 : the CP-violating phase of  mixingϕs = − 2βs B0
s

24

๏  is analogous to  but is much smaller in the SM due to smallness of the complex phase in 

๏ LHCb/ATLAS/CMS use time-dependent analysis of  (LHCb also )

βs β Vts

Bs → J/ψ (K+K−)ϕ
Bs → J/ψπ+π−

HFLAV/PDG 2021

HFLAV:  

SM: –

ϕs = − 0.050 ± 0.019

2βs = − 0.037 ± 0.001

https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2021/
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Unitarity angle  : ADS/GLWγ
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These data come from the B-factories, KEKB and
PEP2 (1999-2008) operated with an asymmetric
e+e� collision energy of

p
s = 10.58 GeV/c2 (9.0 vs.

3.1 GeV/c2). This is the same CoM energy as used by
ARGUS, to produce BB̄ pairs at the ⌥(4S ) resonance.

This measurement relies on quantum coherence. Only
when one B decays is the ‘clock’ started. Hence the
time-dependent CP study is conducted in both positive
and negative time (expressed as �t in the plot). The
sign of the time depends on when the ‘flavour tagging’
associated decay (’of the other B’) occurred before or
after the signal J/ K0

S (or J/ K0
L) decay.

The period of the time-dependent CP asymmetry is de-
fined by �M but the amplitude is sin 2�. The ampli-
tude is diluted by the imperfect tagging and the final
measurement of sin 2� requires a measurement of the
tagging e�ciency. This is achieved by applying the
tagging algorithms to samples of charged B± decays,
as their b-flavour is known.

The result of these data and and all others gives,

sin(2�) = 0.699 ± 0.017 ) � = (22.2 ± 0.7)�

5.4 Direct CP violation: the Unitarity Triangle angle �

Of the three Unitarity angles, � is the only one that is not dependent on a virtual coupling to the top quark in a box
diagram. This means mixing is not needed and we can look for direct CP violation. Charged B± ! DK± decays do not
mix and so can be e↵ected by direct CP violation in the decay amplitudes only.

b

ū

u

ū

W�

s

c̄

B�

K�

D̄0

b

ū

c

ū

W�
s

ū

B� D0

K�

Because the the left and right processes produce a D0 and D0 respectively, it is necessary to reconstruct them in a decay
that is accessible to both; for example D ! K+K�. Also, the � sensitivity aries because these two diagrams interference
and one of them has a dependency on Vub (the second has a negligible weak phase). We write that the amplitude of the
right-hand [most abundant] process as Afav and the left-hand suppressed process as,

Asup = Afav · rBei�B e�i�  CP ! Asup = AfavrBei�B e+i� .

24

In 2019, LHCb announced the observation of CP-violation in charm after an analysis of ⇠ 70M decays. Specifically, the
analysis chose to measure a di↵erence in two charge asymmetries as many systematic errors cancel in the subtraction,

�ACP = ACP

⇣
D0 ! K+K�

⌘
� ACP

⇣
D0 ! ⇡+⇡�

⌘
= (�0.15 ± 0.03)% ,

where, ACP(D0 ! f ) =
N(D0 ! f ) � N(D0 ! f )
N(D0 ! f ) + N(D0 ! f )

,

and the initial flavour of the neutral charm meson is known by also reconstructing its parent particle,

B0 ! D0µ�⌫̄ vs. B0 ! D0µ+⌫ or D⇤� ! D0⇡� vs. D⇤+ ! D0⇡+ .

Because these are neutral mesons, it is not clear is the CP violation is direct CP violation or a time-dependent phenomenon.
The LHCb dataset will increase by a factor 7 in the 2020s to resolve this question.

5 CP-violation in B mesons

If the CKM matrix describes all possible quark coupling via the weak force then total probability must be conserved, the
matrix must be unitary. This, in turn, requires the matrix to satisfy unitarity relations, for example that the dot product of
any two rows, or any two columns must equal 1 and thus the dot product of two di↵erent columns must be 0.

1. V⇤usVud+V⇤csVcd+V⇤tsVtd = 0 first and second columns
2. V⇤ubVud+V⇤cbVcd+V⇤tbVtd = 0 first and third columns
3. V⇤ubVus+V⇤cbVcs+V⇤tbVts = 0 second and third columns

The sum of three complex numbers equalling zero are triangles in the complex plane. Consulting the CKM matrix in the
Wolfenstein parameterisation neglecting terms smaller than O(�4),

0
BBBBBBBB@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1
CCCCCCCCA =

0
BBBBBBBBBB@

1 � �2/2 � �4/8 � A�3(⇢ � i⌘)
�� 1 � �2/2 � �4/8(1 + 4A2) A�2

A�3(1 � ⇢ � i⌘) �A�2 + �
4

2 A (1 � 2(⇢ + i⌘)) 1 � �4/2A2

1
CCCCCCCCCCA
+ O(�5) (33)

it is informative to notice the size of the triangles,

1. O(�) + O(�) + O(�5) s � d triangle : K0 decays
2. O(�3) + O(�3) + O(�3) b � d triangle : B0 decays
3. O(�4) + O(�2) + O(�2) b � s triangle : Bs decays

The relative height of these triangles give an indication of the magnitude of the CP violation e↵ect involved. The first
triangle relates to the neutral kaon system and its modest height reflect the size of the observed CP violation, (0.22)(5�1) =
0.0023 and |✏ | = 2.3 ⇥ 10�3. The second triangle suggests large CP asymmetries O(1) seem possible. Graphically, it is,

V⇤ubVud

V⇤tbVtd

V⇤cbVcd

VudV⇤ub
V⇤cbVcd

VtdV⇤tb
V⇤cbVcd

(0, 0) (1, 0)

(1 � �2

2 )(⇢, ⌘)

�

↵

�

where we “rotate and scale” in the second diagram, i.e. choose a convention where one side is unity. The three internal
angles are CP-violating quantities that can be studied in many B-decay modes.

↵ = arg
 
� V⇤tbVtd

V⇤ubVud

!
� = arg

 
�V⇤cbVcd

V⇤tbVtd

!
� = arg

 
�V⇤ubVud

V⇤cbVcd

!
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๏ The CP-violating phase in tree-level  transitions is . Negligible penguin/theory errorb → u ⊕ b → c γ

๏ Gives rise to large, direct asymmetries 

JHEP 04 (2021) 081

suppressed decay paths (favoured B decay followed by suppressed D decay, and suppressed
B decay followed by favoured D decay), resulting in large CP asymmetries. These decays
are herein referred to as ADS modes [11]. In this work, the GLW D ! K+K� and
D ! ⇡+⇡� modes are considered, as well as the ADS D ! K+⇡� mode; the favoured
D ! K�⇡+ decay is used for normalisation purposes and to define shape parameters in
the fit to data. The B� ! D(⇤)K� and B� ! D(⇤)⇡� GLW modes have previously been
studied by the LHCb collaboration [12], as have the B� ! DK� and B� ! D⇡� ADS
modes [13]. This paper reports updated and improved results for these modes, and a
first measurement of the B� ! D⇤K� and B� ! D⇤⇡� ADS modes at LHCb. A sample
of charged B mesons produced in proton-proton (pp) collisions and collected with the
LHCb experiment is used, corresponding to integrated luminosities of 2.0, 1.0, and 5.7 fb�1

taken at centre-of-mass energies of
p

s = 7, 8, and 13 TeV, respectively. The small D⇤�D
mass di↵erence and the conservation of angular momentum in D⇤ ! D⇡0 and D⇤ ! D�
decays results in distinctive signatures for the B� ! D⇤h� signal in the Dh� invariant
mass, enabling yields to be obtained with a partial reconstruction technique. Since the
reconstruction e�ciency for low momentum neutral pions and photons is relatively low in
LHCb [14], the partial reconstruction method provides significantly larger yields compared
to full reconstruction. However, the statistical sensitivity per signal decay is reduced since
several signal and background components in the same region of Dh� invariant mass must
be distinguished.

A total of 28 measurements of CP observables are reported, nine of which correspond
to the fully reconstructed B� ! Dh� decays while the remaining 19 relate to the partially
reconstructed B� ! D⇤h� decays. A summary of all measured CP observables is provided
in Tables 1 and 2. The CP observables for the decay B⌥ ! X with D ! f are defined in
terms of partial rates, which are related to the underlying parameters �, rXB , �XB , rfD, and
�fD. Including D-mixing e↵ects [15], the partial rates for f 2 {K±⇡⌥, K+K�, ⇡+⇡�} are

�(B⌥ !
⇥
[f ]Dh⌥⇤

X
) / (rfD)2 + (rXB )2 + 2rfDrXB cos(�XB + �fD ⌥ �) (1)

�↵y(1 + (rXB )2)rfD cos �fD � ↵y(1 + (rfD)2)rXB cos(�XB ⌥ �)

+↵x(1 � (rXB )2)rfD sin �fD � ↵x(1 � (rfD)2)rXB sin(�XB ⌥ �) ,

where x and y are the charm mixing parameters, and ↵ is an analysis-specific coe�cient
that quantifies the decay-time acceptance of the candidate D mesons. It is noted that
rfD = 1 and �fD = 0 for the GLW modes, so the CP observables are una↵ected by charm
mixing. The favoured mode partial widths are similarly defined,

�(B⌥ !
⇥
[K⌥⇡±]Dh⌥⇤

X
) / 1 + (rK⇡

D )2(rXB )2 + 2rK⇡
D rXB cos(�XB � �K⇡

D ⌥ �) (2)

�↵y(1 + (rXB )2)rK⇡
D cos �K⇡

D � ↵y(1 + (rK⇡
D )2)rXB cos(�XB ⌥ �)

�↵x(1 � (rXB )2)rK⇡
D sin �K⇡

D + ↵x(1 � (rK⇡
D )2)rXB sin(�XB ⌥ �) ,

although the mixing e↵ects are negligible. The GLW modes D ! K+K� and D ! ⇡+⇡�

are described using common CP observables in the analysis, accounting for small di↵erences
due to the charm CP asymmetry di↵erence �ACP [3]. In addition to the CP observables,
the branching fractions B(B� ! D⇤0⇡�) and B(D⇤0 ! D0⇡0) are measured.
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Figure 3: Invariant-mass distribution of B± ! [K⌥⇡±]Dh± candidates with the fit result
overlaid. A legend is provided in Fig. 1.

Figure 4: Invariant-mass distribution of B± ! [K+K�]Dh± candidates with the fit result
overlaid. A legend is provided in Fig. 1.

8

๏  not measured directly, but must be inferred along with other nuisance parameters, γ rB, δB, δD, rD

https://cds.cern.ch/record/2748074
https://cds.cern.ch/record/2748074


Malcolm John - University of Oxford Lepton/Photon, January 2022

Unitarity angle  : γ K0
Sh+h−

26

๏ Recent work at BESIII (    ) has ensured  systematics remain ‘small’ for LHCb throughout 2020sci, si

JHEP 02 (2021) 169

Figure 2: Dalitz plot for D decays of (left) B+ ! DK+ and (right) B� ! DK� candidates
in the signal region, in the (top) D ! K0

S⇡
+⇡� and (bottom) D ! K0

SK
+K� channels. The

horizontal and vertical axes are interchanged between the B+ and B� decay plots to aid
visualisation of the CP asymmetries between the two distributions.

to �. This requirement rejects approximately 98% of the combinatorial background that
survives all other selection requirements, while having an e�ciency of approximately 93%
in simulated B± ! DK± decays. The selection applied to B± ! DK± and B± ! D⇡±

candidates is identical between the two decay modes with the exception of the PID
requirement on the companion track.

A signal region is defined as within 30MeV/c2 of the B-meson mass [58]. The phase-
space distributions for candidates in this range are shown in the Dalitz plots of Fig. 2
for B± ! DK± candidates. The data are split by the final state of the D decay and by
the charge of the B meson. Small di↵erences between the phase-space distributions in
B+ ! DK+ and B� ! DK� decays are visible in the K0

S⇡
+⇡� final state.

5 The DK and D⇡ invariant-mass spectra

The analysis uses a two-stage strategy to determine the CP observables. First, an extended
maximum-likelihood fit to the invariant-mass spectrum of all selected B± candidates in

8

Figure 1: Binning schemes for (left) D ! K0
S⇡

+⇡� decays and (right) D ! K0
SK

+K� decays.
The diagonal line separates the positive and negative bins, where the positive bins are in the
region in which m2

� > m2
+ is satisfied.

A small disadvantage is that the measurement of � will incorporate information from
both B± ! DK± and B± ! D⇡± decay modes and the contribution of each cannot be
disentangled. However, since the size of contribution from the B± ! D⇡± decay to the
precision is expected to be negligible in comparison to that from the B± ! DK± decay,
this is considered an acceptable compromise.

The measurements of ci and si are available in four di↵erent 2 ⇥ 8 binning schemes
for the D ! K0

S⇡
+⇡� decay. This analysis uses the scheme called the optimal binning,

where the bins have been chosen to optimise the statistical sensitivity to �, as described in
Ref. [27]. The optimisation was performed assuming a strong-phase di↵erence distribution
as predicted by the BaBar model presented in Ref. [45]. For the K0

SK
+K� final state,

three choices of binning schemes are available, containing 2 ⇥ 2, 2 ⇥ 3, and 2 ⇥ 4 bins.
The guiding model used to determine the bin boundaries is taken from the BaBar study
described in Ref. [46]. The D ! K0

SK
+K� decay mode is dominated by the intermediate

K0
S� and K0

Sa(980) states which are CP -odd and CP -even, respectively, and the narrow
K0

S� resonance is encapsulated within the second bin of the 2⇥ 2 scheme. Therefore, most
of the sensitivity is encompassed by this scheme, and the additional small gains from the
more detailed schemes are o↵set by low yields and fit instabilities that arise when these
bins are used. Therefore, the 2⇥2 bin is used for the analysis of the D ! K0

SK
+K� decay

mode. The measurements of ci and si are not biased by the use of a specific amplitude
model in defining the bin boundaries. The choice of the model only a↵ects this analysis
to the extent that a poor model description of the underlying decay would result in a
reduced statistical sensitivity of the � measurement. The binning choices for the two
decay modes are shown in Fig. 1.

Measurements of the ci and si parameters in the optimal binning scheme for the
D ! K0

S⇡
+⇡� decay and in the 2 ⇥ 2 binning scheme for the D ! K0

SK
+K� decay are

available from both the CLEO and BESIII collaborations. A combination of results from
both collaborations is presented in Ref. [29] and Ref. [30] for the D ! K0

S⇡
+⇡� and

D ! K0
SK

+K� decays, respectively. The combinations are used within this analysis.

5

and reconstruction e↵ects lead to a non-uniform e�ciency over phase space, denoted by
⌘(m2

�, m2
+). At LHCb the typical e�ciency variation over phase space for a D ! K0

Sh
+h�

decay from a region of high e�ciency to low e�ciency is approximately 60% [21]. The
fractional yield of pure D0 decays in bin i in the presence of this e�ciency profile is
denoted Fi, given by

Fi =

R
i dm2

�dm2
+|AD(m2

�, m2
+)|2 ⌘(m2

�, m2
+)P

j

R
j dm2

�dm2
+|AD(m2

�, m2
+)|2 ⌘(m2

�, m2
+)

, (3)

where the sum in the denominator is over all Dalitz plot bins, indexed by j. Neglecting
CP violation in these charm decays, the charge-conjugate amplitudes satisfy the relation
AD(m2

�, m2
+) = AD(m2

+, m2
�), and therefore Fi = F�i, where F i is the fractional yield of

D0 decays to bin i. The physics parameters of interest, rDK
B , �DK

B , and �, are translated
into four CP -violating observables [40] that are measured in this analysis and are the real
and imaginary parts of the ratio of the suppressed and favoured B decay amplitudes,

xDK
± ⌘ rDK

B cos(�DK
B ± �) and yDK

± ⌘ rDK
B sin(�DK

B ± �). (4)

Using the relations ci = c�i and si = �s�i the B+ (B�) yields, N+ (N�), in bin i and �i
are given by

N+
+i = hB+

h
F�i +

⇣�
xDK
+

�2
+
�
yDK
+

�2⌘
F+i + 2

p
FiF�i

�
xDK
+ c+i � yDK

+ s+i

�i
,

N+
�i = hB+

h
F+i +

⇣�
xDK
+

�2
+
�
yDK
+

�2⌘
F�i + 2

p
FiF�i

�
xDK
+ c+i + yDK

+ s+i

�i
,

N�
+i = hB�

h
F+i +

⇣�
xDK

�
�2

+
�
yDK

�
�2⌘

F�i + 2
p

FiF�i

�
xDK

� c+i + yDK
� s+i

�i
,

N�
�i = hB�

h
F�i +

⇣�
xDK

�
�2

+
�
yDK

�
�2⌘

F+i + 2
p

FiF�i

�
xDK

� c+i � yDK
� s+i

�i
,

(5)

where hB+ and hB� are normalisation constants. The value of rDK
B is allowed to be

di↵erent for each charge and is constructed from either (rDK
B )2 =

�
xDK
+

�2
+

�
yDK
+

�2

or (rDK
B )2 =

�
xDK

�
�2

+
�
yDK

�
�2

. A single value of rDK
B is determined when the CP

observables are subsequently interpreted to determine the physics parameters of interest.
The normalisation constants can be written as a function of �, analogous to the global
asymmetries studied in decays where the D meson decays to a CP eigenstate [8]. However,
not only is this global asymmetry expected to be small since the CP -even content of the
D ! K0

S⇡
+⇡� and D ! K0

SK
+K� decay modes is close to 0.5, it is also expected to be

heavily biased due to the e↵ects of K0
S CP violation [39] on total yields. Therefore the

global asymmetry is ignored and the loss of information is minimal. An advantage of this
approach is that the normalisation constants hB+ and hB� are independent of each other,
and will implicitly contain the e↵ects of the production asymmetry of B± mesons in pp
collisions and the detection asymmetries of the charged kaon from the B decay. This leads
to a CP -violation measurement that is free of systematic uncertainties associated to these
e↵ects.

The system of equations provides 4N observables and 4+2N unknowns, assuming that
the available measurements of ci and si are used. This is solvable for N � 2, but in practice
the simultaneous fit of the Fi, xDK

± , and yDK
± parameters leads to large uncertainties on

the CP observables, and hence some external knowledge of the Fi parameters is desirable.
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and reconstruction e↵ects lead to a non-uniform e�ciency over phase space, denoted by
⌘(m2

�, m2
+). At LHCb the typical e�ciency variation over phase space for a D ! K0
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+h�

decay from a region of high e�ciency to low e�ciency is approximately 60% [21]. The
fractional yield of pure D0 decays in bin i in the presence of this e�ciency profile is
denoted Fi, given by
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where the sum in the denominator is over all Dalitz plot bins, indexed by j. Neglecting
CP violation in these charm decays, the charge-conjugate amplitudes satisfy the relation
AD(m2
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+) = AD(m2
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�), and therefore Fi = F�i, where F i is the fractional yield of

D0 decays to bin i. The physics parameters of interest, rDK
B , �DK

B , and �, are translated
into four CP -violating observables [40] that are measured in this analysis and are the real
and imaginary parts of the ratio of the suppressed and favoured B decay amplitudes,
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where hB+ and hB� are normalisation constants. The value of rDK
B is allowed to be

di↵erent for each charge and is constructed from either (rDK
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or (rDK
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. A single value of rDK
B is determined when the CP

observables are subsequently interpreted to determine the physics parameters of interest.
The normalisation constants can be written as a function of �, analogous to the global
asymmetries studied in decays where the D meson decays to a CP eigenstate [8]. However,
not only is this global asymmetry expected to be small since the CP -even content of the
D ! K0

S⇡
+⇡� and D ! K0

SK
+K� decay modes is close to 0.5, it is also expected to be

heavily biased due to the e↵ects of K0
S CP violation [39] on total yields. Therefore the

global asymmetry is ignored and the loss of information is minimal. An advantage of this
approach is that the normalisation constants hB+ and hB� are independent of each other,
and will implicitly contain the e↵ects of the production asymmetry of B± mesons in pp
collisions and the detection asymmetries of the charged kaon from the B decay. This leads
to a CP -violation measurement that is free of systematic uncertainties associated to these
e↵ects.

The system of equations provides 4N observables and 4+2N unknowns, assuming that
the available measurements of ci and si are used. This is solvable for N � 2, but in practice
the simultaneous fit of the Fi, xDK

± , and yDK
± parameters leads to large uncertainties on

the CP observables, and hence some external knowledge of the Fi parameters is desirable.
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Figure 5: Confidence levels at 68.2% and 95.5% probability for (left, blue) (xDK±
+ , yDK±

+ ),

(left, red) (xDK±
� , yDK±

� ), and (right, green) (xD⇡±
⇠ , yD⇡±

⇠ ) as measured in B± ! DK± and

B± ! D⇡± decays with a profile likelihood scan. The black dots show the central values

is divided into the Dalitz plot bins according to the Fi such that it has the distribution of
a D0 decay in the B+ categories and the distribution of a D0 decay in the B� categories.

There is a small fraction of bins where either the partially reconstructed background or
combinatoric background yield is less than one. These bins are identified in a preliminary
fit and the background yield is fixed to zero. This procedure is carried out to improve the
fit stability.

Pseudoexperiments are performed to investigate any potential biases or remaining
instabilities in the fit. The candidate yields and mass distributions in these pseudoex-
periments are based on the global fit results. The pull distributions are well described
by a Gaussian function and are found to have mean and width consistent with 0 and 1,
respectively.

The results for xDK
± , yDK

± , xD⇡
⇠ , and yD⇡

⇠ are presented in Fig. 5 along with their
likelihood contours, where only statistical uncertainties are considered. The two vectors
defined by the origin and the end-point coordinates (xDK

� , yDK
� ) and (xDK

+ , yDK
+ ) give the

values for rDK
B for B� and B+ decays. The signature for CP violation is that these vectors

must have non-zero length and have a non-zero opening angle between them, since this
angle is equal to 2�, as illustrated on the figure. Therefore, the data exhibit unambiguous
features of CP violation as expected. The relation between the hadronic parameters in
B± ! D⇡± and B± ! DK± decays is also illustrated in Fig 5, where the vector defined
by the coordinates (xD⇡

⇠ ,yD⇡
⇠ ) is the relative magnitude of rB between the two decay modes.

It is consistent with the expectation of 5% [41]. The normalization constants give global
asymmetries that are consistent with the expectation of asymmetries from production,
detection and neutral kaon e↵ects.

A series of cross checks is carried out by performing separate fits by splitting the
data sample into data-taking periods by year, type of K0

S candidate, D-decay, hardware
trigger path, and magnet polarity. The results are consistent between the datasets. As an
additional cross check, the two-stage fit procedure is repeated with a number of di↵erent
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where the first uncertainty is statistical, the second arises from systematic effects in the
method or detector considerations, and the third from external inputs of strong-phase
measurements from the combination of CLEO and BESIII [27, 29] results. The correlation
matrices for each source of uncertainty are available in the appendices in tables 3–5.

The CP observables are interpreted in terms of the underlying physics parameters
γ, and rB and δB for each B± decay mode. The interpretation is done via a maximum
likelihood fit using a frequentist treatment as described in ref. [44]. The solution for the
physics parameters has a two-fold ambiguity as the equations are invariant under the
simultaneous substitutions γ → γ + 180◦ and δB → δB + 180◦. The solution that satisfies
0 < γ < 180◦ is chosen, and leads to

γ = (68.7+5.2
−5.1)◦,

rDK±
B = 0.0904+0.0077

−0.0075,

δDK±
B = (118.3+5.5

−5.6)◦,

rDπ±
B = 0.0050± 0.0017,
δDπ±
B = (291+24

−26)◦.

(8.2)

Pseudoexperiments are carried out to confirm that the value of γ is extracted without bias.
This is the most precise single measurement of γ to date. The result is consistent with the
indirect determination γ =

(
65.66+0.90

−2.65
)◦

[6]. The confidence limits for γ are illustrated in
figure 7, while figure 8 shows the two-dimensional confidence regions obtained for the (γ,
rB) and (rB, δB) parameter combinations. The results for γ, rDK

B ,and δDK
B are consistent

with their current world averages [5, 6] which include the LHCb results obtained with the
2011–2016 data. The knowledge of rDπ

B and δDπ
B from other sources is limited, with the

combination of many observables presented in ref. [44] providing two possible solutions.
The results here have a single solution, and favour a central value that is consistent with
the expectation for rDπ

B , given the value of rDK
B and CKM elements [41]. This is likely to

remove the two-solution aspect in future combinations of γ and associated hadronic pa-
rameters. The low value of rDπ

B means that the direct contribution to γ from B± → Dπ±

decays in this measurement is minimal. However the ability to use this decay mode to
determine the efficiency has approximately halved the total LHCb related experimental
systematic uncertainty in comparison to ref. [10]. The new inputs from the BESIII col-
laboration have led to the strong-phase related uncertainty on γ to be approximately 1◦,
which is a significant reduction compared to the propagated uncertainty when only CLEO
measurements were available.

9 Conclusions

In summary, the decays B± → DK± and B± → Dπ± with D → K0
Sπ

+π− or
D → K0

SK
+K− obtained from the full LHCb dataset collected to date, corresponding to an

integrated luminosity of 9 fb−1, have been analysed to determine the CKM angle γ. The
sensitivity to γ comes almost entirely from B± → DK± decays where the signal yields of re-
constructed events are approximately 13600 (1900) in the D → K0

Sπ
+π− (D → K0

SK
+K−)

– 21 –

https://cds.cern.ch/record/2742273
https://cds.cern.ch/record/2742273
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112002


Malcolm John - University of Oxford Lepton/Photon, January 2022

Unitarity angle  : γ K0
Sh+h−

27

๏ Recent work at BESIII (    ) has ensured  systematics remain ‘small’ for LHCb throughout 2020sci, si

JHEP 02 (2021) 169

Figure 2: Dalitz plot for D decays of (left) B+ ! DK+ and (right) B� ! DK� candidates
in the signal region, in the (top) D ! K0

S⇡
+⇡� and (bottom) D ! K0

SK
+K� channels. The

horizontal and vertical axes are interchanged between the B+ and B� decay plots to aid
visualisation of the CP asymmetries between the two distributions.

to �. This requirement rejects approximately 98% of the combinatorial background that
survives all other selection requirements, while having an e�ciency of approximately 93%
in simulated B± ! DK± decays. The selection applied to B± ! DK± and B± ! D⇡±

candidates is identical between the two decay modes with the exception of the PID
requirement on the companion track.

A signal region is defined as within 30MeV/c2 of the B-meson mass [58]. The phase-
space distributions for candidates in this range are shown in the Dalitz plots of Fig. 2
for B± ! DK± candidates. The data are split by the final state of the D decay and by
the charge of the B meson. Small di↵erences between the phase-space distributions in
B+ ! DK+ and B� ! DK� decays are visible in the K0

S⇡
+⇡� final state.

5 The DK and D⇡ invariant-mass spectra

The analysis uses a two-stage strategy to determine the CP observables. First, an extended
maximum-likelihood fit to the invariant-mass spectrum of all selected B± candidates in

8

Figure 1: Binning schemes for (left) D ! K0
S⇡

+⇡� decays and (right) D ! K0
SK

+K� decays.
The diagonal line separates the positive and negative bins, where the positive bins are in the
region in which m2

� > m2
+ is satisfied.

A small disadvantage is that the measurement of � will incorporate information from
both B± ! DK± and B± ! D⇡± decay modes and the contribution of each cannot be
disentangled. However, since the size of contribution from the B± ! D⇡± decay to the
precision is expected to be negligible in comparison to that from the B± ! DK± decay,
this is considered an acceptable compromise.

The measurements of ci and si are available in four di↵erent 2 ⇥ 8 binning schemes
for the D ! K0

S⇡
+⇡� decay. This analysis uses the scheme called the optimal binning,

where the bins have been chosen to optimise the statistical sensitivity to �, as described in
Ref. [27]. The optimisation was performed assuming a strong-phase di↵erence distribution
as predicted by the BaBar model presented in Ref. [45]. For the K0

SK
+K� final state,

three choices of binning schemes are available, containing 2 ⇥ 2, 2 ⇥ 3, and 2 ⇥ 4 bins.
The guiding model used to determine the bin boundaries is taken from the BaBar study
described in Ref. [46]. The D ! K0

SK
+K� decay mode is dominated by the intermediate

K0
S� and K0

Sa(980) states which are CP -odd and CP -even, respectively, and the narrow
K0

S� resonance is encapsulated within the second bin of the 2⇥ 2 scheme. Therefore, most
of the sensitivity is encompassed by this scheme, and the additional small gains from the
more detailed schemes are o↵set by low yields and fit instabilities that arise when these
bins are used. Therefore, the 2⇥2 bin is used for the analysis of the D ! K0

SK
+K� decay

mode. The measurements of ci and si are not biased by the use of a specific amplitude
model in defining the bin boundaries. The choice of the model only a↵ects this analysis
to the extent that a poor model description of the underlying decay would result in a
reduced statistical sensitivity of the � measurement. The binning choices for the two
decay modes are shown in Fig. 1.

Measurements of the ci and si parameters in the optimal binning scheme for the
D ! K0

S⇡
+⇡� decay and in the 2 ⇥ 2 binning scheme for the D ! K0

SK
+K� decay are

available from both the CLEO and BESIII collaborations. A combination of results from
both collaborations is presented in Ref. [29] and Ref. [30] for the D ! K0

S⇡
+⇡� and

D ! K0
SK

+K� decays, respectively. The combinations are used within this analysis.
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and reconstruction e↵ects lead to a non-uniform e�ciency over phase space, denoted by
⌘(m2

�, m2
+). At LHCb the typical e�ciency variation over phase space for a D ! K0

Sh
+h�

decay from a region of high e�ciency to low e�ciency is approximately 60% [21]. The
fractional yield of pure D0 decays in bin i in the presence of this e�ciency profile is
denoted Fi, given by

Fi =

R
i dm2

�dm2
+|AD(m2

�, m2
+)|2 ⌘(m2

�, m2
+)P

j

R
j dm2

�dm2
+|AD(m2

�, m2
+)|2 ⌘(m2

�, m2
+)

, (3)

where the sum in the denominator is over all Dalitz plot bins, indexed by j. Neglecting
CP violation in these charm decays, the charge-conjugate amplitudes satisfy the relation
AD(m2

�, m2
+) = AD(m2

+, m2
�), and therefore Fi = F�i, where F i is the fractional yield of

D0 decays to bin i. The physics parameters of interest, rDK
B , �DK

B , and �, are translated
into four CP -violating observables [40] that are measured in this analysis and are the real
and imaginary parts of the ratio of the suppressed and favoured B decay amplitudes,
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B cos(�DK
B ± �) and yDK
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B ± �). (4)
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where hB+ and hB� are normalisation constants. The value of rDK
B is allowed to be

di↵erent for each charge and is constructed from either (rDK
B )2 =

�
xDK
+

�2
+

�
yDK
+

�2

or (rDK
B )2 =

�
xDK

�
�2

+
�
yDK

�
�2

. A single value of rDK
B is determined when the CP

observables are subsequently interpreted to determine the physics parameters of interest.
The normalisation constants can be written as a function of �, analogous to the global
asymmetries studied in decays where the D meson decays to a CP eigenstate [8]. However,
not only is this global asymmetry expected to be small since the CP -even content of the
D ! K0

S⇡
+⇡� and D ! K0

SK
+K� decay modes is close to 0.5, it is also expected to be

heavily biased due to the e↵ects of K0
S CP violation [39] on total yields. Therefore the

global asymmetry is ignored and the loss of information is minimal. An advantage of this
approach is that the normalisation constants hB+ and hB� are independent of each other,
and will implicitly contain the e↵ects of the production asymmetry of B± mesons in pp
collisions and the detection asymmetries of the charged kaon from the B decay. This leads
to a CP -violation measurement that is free of systematic uncertainties associated to these
e↵ects.

The system of equations provides 4N observables and 4+2N unknowns, assuming that
the available measurements of ci and si are used. This is solvable for N � 2, but in practice
the simultaneous fit of the Fi, xDK

± , and yDK
± parameters leads to large uncertainties on

the CP observables, and hence some external knowledge of the Fi parameters is desirable.
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observables are subsequently interpreted to determine the physics parameters of interest.
The normalisation constants can be written as a function of �, analogous to the global
asymmetries studied in decays where the D meson decays to a CP eigenstate [8]. However,
not only is this global asymmetry expected to be small since the CP -even content of the
D ! K0

S⇡
+⇡� and D ! K0
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+K� decay modes is close to 0.5, it is also expected to be

heavily biased due to the e↵ects of K0
S CP violation [39] on total yields. Therefore the

global asymmetry is ignored and the loss of information is minimal. An advantage of this
approach is that the normalisation constants hB+ and hB� are independent of each other,
and will implicitly contain the e↵ects of the production asymmetry of B± mesons in pp
collisions and the detection asymmetries of the charged kaon from the B decay. This leads
to a CP -violation measurement that is free of systematic uncertainties associated to these
e↵ects.

The system of equations provides 4N observables and 4+2N unknowns, assuming that
the available measurements of ci and si are used. This is solvable for N � 2, but in practice
the simultaneous fit of the Fi, xDK

± , and yDK
± parameters leads to large uncertainties on

the CP observables, and hence some external knowledge of the Fi parameters is desirable.
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Figure 5: Confidence levels at 68.2% and 95.5% probability for (left, blue) (xDK±
+ , yDK±

+ ),

(left, red) (xDK±
� , yDK±

� ), and (right, green) (xD⇡±
⇠ , yD⇡±

⇠ ) as measured in B± ! DK± and

B± ! D⇡± decays with a profile likelihood scan. The black dots show the central values

is divided into the Dalitz plot bins according to the Fi such that it has the distribution of
a D0 decay in the B+ categories and the distribution of a D0 decay in the B� categories.

There is a small fraction of bins where either the partially reconstructed background or
combinatoric background yield is less than one. These bins are identified in a preliminary
fit and the background yield is fixed to zero. This procedure is carried out to improve the
fit stability.

Pseudoexperiments are performed to investigate any potential biases or remaining
instabilities in the fit. The candidate yields and mass distributions in these pseudoex-
periments are based on the global fit results. The pull distributions are well described
by a Gaussian function and are found to have mean and width consistent with 0 and 1,
respectively.

The results for xDK
± , yDK

± , xD⇡
⇠ , and yD⇡

⇠ are presented in Fig. 5 along with their
likelihood contours, where only statistical uncertainties are considered. The two vectors
defined by the origin and the end-point coordinates (xDK

� , yDK
� ) and (xDK

+ , yDK
+ ) give the

values for rDK
B for B� and B+ decays. The signature for CP violation is that these vectors

must have non-zero length and have a non-zero opening angle between them, since this
angle is equal to 2�, as illustrated on the figure. Therefore, the data exhibit unambiguous
features of CP violation as expected. The relation between the hadronic parameters in
B± ! D⇡± and B± ! DK± decays is also illustrated in Fig 5, where the vector defined
by the coordinates (xD⇡

⇠ ,yD⇡
⇠ ) is the relative magnitude of rB between the two decay modes.

It is consistent with the expectation of 5% [41]. The normalization constants give global
asymmetries that are consistent with the expectation of asymmetries from production,
detection and neutral kaon e↵ects.

A series of cross checks is carried out by performing separate fits by splitting the
data sample into data-taking periods by year, type of K0

S candidate, D-decay, hardware
trigger path, and magnet polarity. The results are consistent between the datasets. As an
additional cross check, the two-stage fit procedure is repeated with a number of di↵erent
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where the first uncertainty is statistical, the second arises from systematic effects in the
method or detector considerations, and the third from external inputs of strong-phase
measurements from the combination of CLEO and BESIII [27, 29] results. The correlation
matrices for each source of uncertainty are available in the appendices in tables 3–5.

The CP observables are interpreted in terms of the underlying physics parameters
γ, and rB and δB for each B± decay mode. The interpretation is done via a maximum
likelihood fit using a frequentist treatment as described in ref. [44]. The solution for the
physics parameters has a two-fold ambiguity as the equations are invariant under the
simultaneous substitutions γ → γ + 180◦ and δB → δB + 180◦. The solution that satisfies
0 < γ < 180◦ is chosen, and leads to

γ = (68.7+5.2
−5.1)◦,

rDK±
B = 0.0904+0.0077

−0.0075,

δDK±
B = (118.3+5.5

−5.6)◦,

rDπ±
B = 0.0050± 0.0017,
δDπ±
B = (291+24

−26)◦.

(8.2)

Pseudoexperiments are carried out to confirm that the value of γ is extracted without bias.
This is the most precise single measurement of γ to date. The result is consistent with the
indirect determination γ =

(
65.66+0.90

−2.65
)◦

[6]. The confidence limits for γ are illustrated in
figure 7, while figure 8 shows the two-dimensional confidence regions obtained for the (γ,
rB) and (rB, δB) parameter combinations. The results for γ, rDK

B ,and δDK
B are consistent

with their current world averages [5, 6] which include the LHCb results obtained with the
2011–2016 data. The knowledge of rDπ

B and δDπ
B from other sources is limited, with the

combination of many observables presented in ref. [44] providing two possible solutions.
The results here have a single solution, and favour a central value that is consistent with
the expectation for rDπ

B , given the value of rDK
B and CKM elements [41]. This is likely to

remove the two-solution aspect in future combinations of γ and associated hadronic pa-
rameters. The low value of rDπ

B means that the direct contribution to γ from B± → Dπ±

decays in this measurement is minimal. However the ability to use this decay mode to
determine the efficiency has approximately halved the total LHCb related experimental
systematic uncertainty in comparison to ref. [10]. The new inputs from the BESIII col-
laboration have led to the strong-phase related uncertainty on γ to be approximately 1◦,
which is a significant reduction compared to the propagated uncertainty when only CLEO
measurements were available.

9 Conclusions

In summary, the decays B± → DK± and B± → Dπ± with D → K0
Sπ

+π− or
D → K0

SK
+K− obtained from the full LHCb dataset collected to date, corresponding to an

integrated luminosity of 9 fb−1, have been analysed to determine the CKM angle γ. The
sensitivity to γ comes almost entirely from B± → DK± decays where the signal yields of re-
constructed events are approximately 13600 (1900) in the D → K0

Sπ
+π− (D → K0

SK
+K−)
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๏ First major result on  using Belle + BelleII dataγ
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Figure 10. p-value as a function of (left) �3 and (right) rDK
B calculated using the methods described

in Ref. [53].

[5]. The results are

�3 = (78.4± 11.4± 0.5± 1.0)� ,

rDK
B = 0.129± 0.024± 0.001± 0.002,

�DK
B = (124.8± 12.9± 0.5± 1.7)� ,

rD⇡
B = 0.017± 0.006± 0.001± 0.001,

�D⇡
B = (341.0± 17.0± 1.2± 2.6)� .

(8.2)

The statistical confidence intervals for �3 and rDK
B are illustrated in Fig. 10, while Fig. 11

shows the two-dimensional statistical confidence regions obtained for the (�3, rDK
B ) and

(�3, �B) parameter combinations. Fig. 12 shows the two-dimensional statistical confidence
region obtained for the (�D⇡

B , rD⇡
B ) parameter combination; the 95% confidence region is

compatible with the most precise values of these parameters reported [54]. The �3 result is
consistent with the previous Belle analysis [20] but the statistical precision on �3 is improved
from 15� due to improved K0

S selection and background suppression. The uncertainty
related to strong-phase inputs has also decreased from 4� because of the new measurements
reported by the BESIII collaboration [16, 17]. Furthermore, the experimental systematic
uncertainty has decreased from 4� primarily from the improved background suppression
and the use of the B+ ! D⇡+ sample to determine the acceptance.

9 Conclusion

The results of the first Belle and Belle II combined model-independent measurement of the
CKM unitarity triangle angle �3 are presented. The analysis uses B+ ! D(K0

Sh
�h+)h+

decays reconstructed from a combined sample of 711 fb�1 of Belle data and 128 fb�1 of
Belle II data. Independently measured strong-phase difference parameters ci and si are
used, which come from a combination of results reported by the CLEO and BESIII collab-
orations [16, 17]. We measure �3 = (78.4± 11.4± 0.5± 1.0)�, where the first uncertainty
is statistical, the second is the total experimental systematic uncertainty and the third is
the systematic uncertainty due to the external ci and si measurements.

– 21 –
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๏ All  results are combined with time-dependent charm resultsB → DX
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Figure 2: One dimensional 1 � CL profiles for � from the combination using inputs from B0
s

(light blue), B0 (orange), B+ mesons (red) and all species together (dark blue).

Table 4: Confidence intervals and best-fit values for � when splitting the combination inputs by
initial B meson species.

Species Value [�]
68.3% CL 95.4% CL

Uncertainty Interval Uncertainty Interval

B+ 61.7 +4.4
�4.8 [56.9, 66.1] +8.6

�9.5 [52.2, 70.3]

B0 82.0 +8.1
�8.8 [73.2, 90.1] +17

�18 [64, 99]

B0
s 79 +21

�24 [55, 100] +51
�47 [32, 130]

Table 5: Confidence intervals and best-fit values for � when splitting the combination inputs by
time-dependent and time-integrated methods.

Method Value [�]
68.3% CL 95.4% CL

Uncertainty Interval Uncertainty Interval

Time-dependent 79 +21
�24 [55, 100] +51

�47 [32, 130]

Time-integrated 64.9 +3.9
�4.5 [60.4, 68.8] +7.8

�9.6 [55.3, 72.7]

shows external constraints from CLEO-c [65] and BES-III [66]. These are required to
constrain �K⇡

D when obtaining the “All Charm Modes” contours, but are not used in the
full combination. In the top right and bottom plots the orange bands show the constraints
from D0

! h+h� modes, but these cannot provide bands in (x, y) or (|q/p|,�) without
other constraints [67]. Consequently, when these orange bands are produced in the top
right plot (|q/p|,�, rK⇡

D , �K⇡
D ) are fixed to their best fit values from Table 3, while in the

bottom plot (x, y, rK⇡
D , �K⇡

D ) are fixed to their best fit values. In the bottom figure the
red contour is mostly hidden behind the blue; this is because no significant additional
sensitivity to CP violation in the charm system is provided by the inclusion of the beauty
observables in the simultaneous fit.

The value of � = (65.4+3.8
�4.2)

� determined from this combination is compatible with,
but lower than that of the previous LHCb combination � = (74+5.0

�5.8)
� [24]. This change

9

x [%]
y

[%
]

Figure 3: Two-dimensional profile likelihood contours for (left) the charm mixing parameters x
and y, and (right) the � and |q/p| parameters. The blue contours show the current charm world
average from Ref. [18]; the brown contours show the result of this combination. Contours are
drawn out from 1 (68.3%) to 5 standard deviations.

is driven by improved treatments of background sources in the major inputs described
in Refs. [26, 27]. An assessment of the compatibility between this and the previous
combination, which considers the full parameter space and the correlation between the
current set of inputs and the previous set of inputs, finds they are compatible at the level
of 2.1�. The new result is in excellent agreement with the global CKM fit results [19, 20].

The charm mixing parameters, x and y, are determined simultaneously with � in this
combination for the first time. The precision on x is driven by the recent measurement
described in Ref. [50]. The result y = (0.630+0.033

�0.030)% is more precise than the world
average, y = (0.603+0.057

�0.056)% [18], by approximately a factor of two, driven entirely by the
improved measurement of �K⇡

D from the beauty system and the simultaneous averaging
methodology employed in this article. The correlation between �K⇡

D and �DK±

B± is �57%,
highlighting B±

! DK± decays as the source of this improvement.
The beauty part of the combination is cross-checked with an independent framework

using a Bayesian statistical treatment. A flat prior is used for � and the relevant hadronic
parameters and results in a value of � = (65.6+3.7

�3.8)
�, in agreement with the default

frequentist results. Good agreement between the frequentist and Bayesian interpretations
is also seen for the other hadronic parameters. A second cross-check using an independent
fitting framework with frequentist interpretation gives consistent results to better than
1% precision. Finally, the charm sector of the combination was validated by accurately
reproducing the HFLAV results [18].

The relative impact of systematic uncertainties on the input observables is studied,
and found to contribute approximately 1.4� to the result for �, demonstrating that the
uncertainty of this combination is still dominated by the data sample size.

In previous combinations, the experimental input from B0
! D⌥⇡± decays was

included with an external theoretical prediction of rD
⌥⇡±

B0 = 0.0182 ± 0.0038 [35]. This
prediction assumes SU(3) symmetry, and was the only input from theory. This external
input is no longer used, and the combination gives an experimental determination of
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Figure 5: Profile likelihood contours for the charm decay parameters, showing the breakdown of
sensitivity amongst di↵erent sub-combinations of modes. The contours indicate the 68.3% and
95.4% confidence region.

decays and eight inputs from D-meson decays. The result,

� = (65.4+3.8
�4.2)

� ,

provides the most precise measurement from a single experiment. The charm mixing
parameters are found to be

x = (0.400+0.052
�0.053)% ,

y = (0.630+0.033
�0.030)% ,

which are the most precise determinations to date. In particular, the uncertainty on y is
reduced by a factor of two by using the new procedure described in this paper.
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Conclusion

LS LOWRY, Peel Park, Salford (1944)

๏ LHCb is delivering a wealth of measurements on heavy-flavour CP violation and mixing

๏ All major results are compatible with the SM expectation

๏ But the search goes on. LHCb upgrade will provide a factor 5-10 more statistics

๏ And BelleII aims to improve B-factory statistics by a factor ~50

๏ No time to be playing football in the park.


