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gravity-defying
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perfectly temperature-adjusted

23 Siegen
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very well organised
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Conference
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with a beautiful song
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Siegen

• Named after the river Sieg


• …which is not named after the 
German word “Sieg” /ziːk/ = victory


• Instead, it stems from “Sicambri” 
(also “Sugambri”), a Germanic tribe 
(with Celtic associations - they had 
names like Baetorix, Deudorix,…)
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Sicambri

• When Caesar defeated the Eburones, 
he invited all of the peoples that were 
interested to destroy the remainder. 
The Sicambri responded to Caesar's 
call. They took large amounts of 
cattle, slaves and plunder. 


• Caesar commented that "these men 
are born for war and raids". "No 
swamp or marsh will stop them". 


• After the raid on the Eburones they 
moved on against the Romans.


• Charming.
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Sicambrian spirit in Siegen

9



Jonas Rademacker (University of Bristol)                                         Conference Summary                                                             Charm 2023, Siegen

Sicambrian spirit in Siegen

9

Alexey: “Its a sign of an engaging talk if audience 
members fight with each other”
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Sicambrian spirit in Siegen
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Blaženka: “Do not kill the messenger, kill Alex Lenz”

Alexey: “Its a sign of an engaging talk if audience 
members fight with each other”
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Sicambrian spirit in Siegen

9

Blaženka: “Do not kill the messenger, kill Alex Lenz”

Every session chair:

Alexey: “Its a sign of an engaging talk if audience 
members fight with each other”
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Facilites
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11th CHARM workshop, 17–21 July 2023, Tara Nanut Petrič, tara.nanut@cern.ch 5

Machines

√s Yield D⁰ → KK Coverage Flight distance σt

Charm factory (e⁺e⁻) BESIII 3.7 - 4.6 GeV 3fb⁻¹: 0.06M

@20 fb⁻¹: 0.5M* Almost full / /

B factory (e⁺e⁻) Belle 10.6 GeV 0.25 M Almost full ~200 μm ~200 fs

Belle II 10.6 GeV @50 ab⁻¹: 25M* Almost full ~200 μm 70-90 fs

Hadron (pp) LHCb
  Run3: 13 TeV

  Run2: 13 TeV

  Run1: 7,8 TeV

  @23 fb⁻¹:  500M*

  Run2: 60M

  Run1: 8M

4% of solid 
angle; catching 
~40% of σQQ̅

0.4 -1 cm 50 fs

Charm factory 
• Background-free 

• Lowest statistics 

• No boost 

• Quantum coherence 

• Inclusive charm, neutrals and neutrinos 

• Absolute branching fractions

B factory 
• Low background 

• Low statistics 

• Low boost 

• Good for neutrals and neutrinos 

• (Some) absolute branching 
fractions 

Hadron collider 
• High background 

• High statistics 

• High boost 

• Challenging for neutrals and 
neutrinos 

• Complex and biasing triggers 

!, σcc,̅ acceptance, trigger efficiencies 

*extrapolations
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e+e− → D(*)D(*)  
+ some other 

stuff

e+e− → cc̄  + 
lots of other 

stuff

pp → cc̄

Tara Nanut Petrič

BES III 
STCF in the 

future
BELLE-II LHCb

e+e− → ψ(3770) → DD
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Flavour tagging
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 D*+ → D0π+

D*− → D0π−
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Figure 1: Mass distributions of selected (top) ⇡±-tagged and (bottom) µ±-tagged candidates for
(left) K�K+ and (right) ⇡�⇡+ final states of the D0-meson decays, with fit projections overlaid.

are shared among positive and negative tags. In the analysis of the µ-tagged sample, the
fits are performed to the m(D0) distributions. The signal is described by the sum of two
Gaussian functions convolved with a truncated power-law function that accounts for final-
state photon radiation e↵ects, whereas the combinatorial background is described by an
exponential function. A small contribution from D0

! K�⇡+ decays with a misidentified
kaon or pion is also visible, which is modeled as the tail of a Gaussian function. Separate
fits are performed to subsamples of data collected with di↵erent magnet polarities and
in di↵erent years. All partial �ACP values corresponding to each subsample are found
to be in good agreement and then averaged to obtain the final results. If single fits are
performed to the overall ⇡-tagged and µ-tagged samples, small di↵erences of the order of
a few 10�5 are found. The m(D0⇡+) and m(D0) distributions corresponding to the entire
samples are displayed in Fig. 1 (see also Ref. [60] for the corresponding asymmetries as a
function of mass). The ⇡-tagged (µ-tagged) signal yields are approximately 44 (9) million

5

B → D0μ−ν̄μX
B → D0μ+νμX
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(LHCb, BaBar, BELLE)

(LHCb)

e+e− → ψ(3770) → D1D2
(BES III)

https://inspirehep.net/literature/1726338
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Flavour tagging: Opposite Side D tagging @ BELLE-II
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Figure 2 – Mass distribution for D0 ! K�⇡+ decays with di↵erent requirements on the predicted dilution in
comparison with D⇤+-tagged decays.

and kinematic properties of particles reconstructed in the rest of the e+e� ! cc̄ event. The
latter includes particles from the decay of the other charm hadron in the event and those possibly
produced in association with the signal meson. The CFT selects particles most collinear with
the signal meson as these are most likely to correctly tag the flavor. It uses a binary classification
algorithm to predict the product qr, where q is the tagging decision (q = +1 for D0 and q = �1
for D̄0) and r is the dilution (r = 0 indicates that the flavor is not known, while r = 1 corresponds
to a perfect prediction). The input variables are a set of reconstructed quantities of the selected
particles related to kinematics and particle identification discriminators.

The CFT is trained using simulation and calibrated with data collected by Belle II corre-
sponding to an integrated luminosity of 362fb�1. The tagging power, defined as ✏e↵tag = ✏e↵hr2i
(✏e↵ being the tagging e�ciency), represents the e↵ective sample size when a tagging decision is
needed. We obtain:

✏e↵tag = (47.91 ± 0.07(stat) ± 0.51(syst))% (2)

This value is found to be independent of the signal neutral-D decay mode. The CFT will roughly
double the e↵ective sample size with respect to measurements that so far have relied exclusively
on D⇤+ tagged events. The increase in sample size is accompanied by an increase in background
(see Figure 2).

2.2 Measurement of the ⌦0
c lifetime

The lifetime hierarchy of heavy hadrons is predicted in the context of heavy-quark expansion
while expressing the decay rate as an expansion in inverse powers of the heavy-quark mass.
For charmed hadrons, an accurate prediction is challenging as higher-order terms in 1/mc and
contributions of spectator quarks cannot be neglected, leading to overall large uncertainties 10.
According to early measurements and in agreement with theoretical predictions, the ⌦0

c was
believed to be the shortest lived among the four singly charmed baryons that decay weakly. We
measure the ⌦0

c lifetime using ⌦0
c ! ⌦�⇡+ decays with ⌦� ! ⇤0(! p⇡�)K� and data collected

by Belle II corresponding to 207 fb�1 to be:

⌧(⌦0
c) = (243 ± 48(stat) ± 11(syst))fs (3)

This result provides an independent experimental confirmation of earlier determinations by the
LHCb experiment 11,12 which challenged the existing world average value and set the ⌦0

c as the
second-longest living charmed baryon. With this program of charm lifetime measurements, we
continue to demonstrate the excellent performance and alignment of the vertex detector.

e+e− → cc̄ → D + rest of event

“rest of event” 
analysed by 

neural net which 
returns tag and 

estimated dilution

BELLE II: PRD 107, 112010 (2023)

Marco Starič

https://inspirehep.net/literature/2649274
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CP Violation
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CP violation?

We need sources!
Could it be the Complex 2HDM?

  

CP violation?

We need sources!
Could it be the Complex 2HDM?

  

CP violation?

We need sources!
Could it be the Complex 2HDM?

º

The mirror seemed to be 
operating rather annoyingly 

well

CharmBeauty
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Discovery of CP violation in Charm in 2019
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ΔACP = ACP(KK) − ACP(ππ)

= (−15.4 ± 2.9) × 10−4

Eva Gersabeck

LHCb: PRL 122 (2019) 211803

Bigger than generally 
expected. Still unclear 

if/how this can be 
accommodated SM.

Luiz Vale Silva

ΔACP = ACP(D0 → K+K−) − ACP(D0 → π+π−)

Saur, FSY, Sci.Bull.2020

CC: topological approach + QCDF

LLY: factorization-assisted topology (FAT)

Th: the only predictions of O(10-3)

Exp: LHCb, PRL122, 211803 (2019)

7

Topological diagrammatic 
approach successfully 

predicted the charm CPV !!!

Cheng, Chiang, 2012

Li, Lu, FSY, 2012

Fu-Sheng Yu

https://inspirehep.net/record/1726338
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 in ACP D0, D0 → K+K−

15

LHCb: arXiv:2209.03179 (2022)

U-spin says: 
adirect

ππ ≈ − adirect
KK

Eva Gersabeck

https://inspirehep.net/literature/2148148
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 in ACP D0, D0 → K+K−

15

adirect
KK = (7.7 ± 5.7) × 10−4

adirect
ππ = (23.2 ± 6.1) × 10−4

LHCb: arXiv:2209.03179 (2022)

U-spin says: 
adirect

ππ ≈ − adirect
KK

experiment says:

Eva Gersabeck

https://inspirehep.net/literature/2148148
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No other direct CPV in HFLAV 2021 summary
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No other direct CPV in HFLAV 2021 summary
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CP Asymmetries
(through End of May 2021)

Note:
In the case of D+, Ds+ and Λc+ decays, the (time-integrated) CP asymmetry measures direct CP violation.
For D0 decays, the CP asymmetry measures direct and indirect CP violation combined.

For lifetime asymmetries of D0 decays to CP eigenstates, see Results for AΓ and ΔACP

For Sum Rule of isospin-related D->ππ channels, see Sum Rule test.

In the tables below we report asymmetries for the actual final state, i.e. resonant substructure is not considered.

CP Asymmetries in D0 decays

Year Experiment CP Asymmetry in the decay mode D0 to π+π- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2017 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett.B 767 177 (2017). +0.0007 ± 0.0014 ± 0.0011
2012 CDF T. Aaltonen et al. (CDF Collab.), Phys. Rev. D 85, 012009 (2012). +0.0022 ± 0.0024 ± 0.0011
2008 BABAR B. Aubert et al. (BABAR Collab.), Phys. Rev. Lett. 100, 061803 (2008). -0.0024 ± 0.0052 ± 0.0022
2008 BELLE M. Staric et al. (BELLE Collab.), Phys. Lett.B 670, 190 (2008). +0.0043 ± 0.0052 ± 0.0012
2002 CLEO S.E. Csorna et al. (CLEO Collab.), Phys. Rev. D 65, 092001 (2002). +0.019 ± 0.032 ± 0.008
2000 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Lett. B 491, 232 (2000). +0.048 ± 0.039 ± 0.025
1998 E791 E.M. Aitala et al. (E791 Collab.), Phys. Lett. B 421, 405 (1998). -0.049 ± 0.078 ± 0.030

HFLAV average +0.0012 ± 0.0014

Year Experiment CP Asymmetry in the decay mode D0 to π0π0 [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2014 BELLE N.K. Nisar et al. (BELLE Collab.), Phys. Rev. Lett. 112, 211601 (2014). -0.0003 ± 0.0064 ± 0.0010
2001 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 63, 071101 (2001). +0.001 ± 0.048

HFLAV average -0.0003 ± 0.0064

Year Experiment CP Asymmetry in the decay mode D0 to K0sπ0 [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2014 BELLE N.K. Nisar et al. (BELLE Collab.), Phys. Rev. Lett. 112, 211601 (2014). -0.0021 ± 0.0016 ± 0.0007
2001 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 63, 071101 (2001). +0.001 ± 0.013

HFLAV average -0.0020 ± 0.0017

Year Experiment CP Asymmetry in the decay mode D0 to K0sη [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2011 BELLE B.R. Ko et al. (BELLE Collab.), Phys. Rev. Lett. 106, 211801 (2011). +0.0054 ± 0.0051 ± 0.0016

Year Experiment CP Asymmetry in the decay mode D0 to K0sη' [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2011 BELLE B.R. Ko et al. (BELLE Collab.), Phys. Rev. Lett. 106, 211801 (2011). +0.0098 ± 0.0067 ± 0.0014

Year Experiment CP Asymmetry in the decay mode D0 to K0sK0s [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2105.01565 [PRD Lett]. -0.031 ± 0.012 ± 0.004 ± 0.002
2017 Belle N. Dash et al. (BELLE Collab.), JHEP 10, 055 (2015). -0.0002 ± 0.0153 ± 0.0002 ± 0.0017
2015 LHCb R. Aaij et al. (LHCb Collab.), JHEP 10 055 (2015). -0.029 ± 0.052 ± 0.022
2001 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 63, 071101 (2001). -0.23 ± 0.19

HFLAV average -0.019 ± 0.010

Year Experiment CP Asymmetry in the decay mode D0 to K-π+ [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). +0.003 ± 0.003 ± 0.006

Year Experiment CP Asymmetry in the decay mode D0 to K+K- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2017 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett.B 767 177 (2017). +0.0004 ± 0.0012 ± 0.0010
2012 CDF T. Aaltonen et al. (CDF Collab.), Phys. Rev. D 85, 012009 (2012). -0.0024 ± 0.0022 ± 0.0009
2008 BABAR B. Aubert et al. (BABAR Collab.), Phys. Rev. Lett. 100, 061803 (2008). +0.0000 ± 0.0034 ± 0.0013
2008 BELLE M. Staric et al. (BELLE Collab.), Phys. Lett.B 670, 190 (2008). -0.0043 ± 0.0030 ± 0.0011
2002 CLEO S.E. Csorna et al. (CLEO Collab.), Phys. Rev. D 65, 092001 (2002). +0.000 ± 0.022 ± 0.008
2000 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Lett. B 491, 232 (2000). -0.001 ± 0.022 ± 0.015
1998 E791 E.M. Aitala et al. (E791 Collab.), Phys. Lett. B 421, 405 (1998). -0.010 ± 0.049 ± 0.012

HFLAV average -0.0009 ± 0.0011

Year Experiment CP Asymmetry in the decay mode D0 to π+π-π0 [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2015 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett. B 740, 158 (2015). Model independent technique, no evidence for CP violation
2008 BABAR B. Aubert et al. (BABAR Collab.), Phys. Rev. D 78, 051102 (2008). +0.0031 ± 0.0041 ± 0.0017
2008 BELLE K. Arinstein et al. (BELLE Collab.), Phys. Lett. B 662, 102 (2008). +0.0043 ± 0.0130
2005 CLEO D. Cronin-Hennessy et al. (CLEO Collab.), Phys. Rev. D 72, 031102 (2005). +0.01 (+0.09 -0.07) ± 0.05

HFLAV average +0.0032 ± 0.0042

Year Experiment CP Asymmetry in the decay mode D0 to K-π+π0 [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). +0.001 ± 0.003 ± 0.004

Year Experiment CP Asymmetry in the decay mode D0 to K+π-π0 [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2005 BELLE X.C. Tian et al. (BELLE Collab.), Phys. Rev. Lett. 95, 231801 (2005). -0.006 ± 0.053
2001 CLEO G. Brandenburg et al. (CLEO Collab.), Phys. Rev. Lett. 87, 071802 (2001). +0.09 (+0.25 -0.22)

HFLAV average -0.0014 ± 0.0517

Year Experiment CP Asymmetry in the decay mode D0 to K0sπ+π- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2012 CDF T. Aaltonen et al. (CDF Collab.), Phys. Rev. D 86, 032007 (2012). -0.0005 ± 0.0057 ± 0.0054
2004 CLEO D.M. Asner et al. (CLEO Collab.), Phys. Rev. D 70, 091101 (2004). -0.009 ± 0.021 (+0.016 -0.057)

HFLAV average -0.0008 ± 0.0077

Year Experiment CP Asymmetry in the decay mode D0 to K0sK-π+ [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2016 LHCb R. Aaij et al. (LHCb Collab.), Phys. Rev. D 93, 052018 (2016). Amplitude analysis, no evidence for CP violation

Year Experiment CP Asymmetry in the decay mode D0 to K0sK+π- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2016 LHCb R. Aaij et al. (LHCb Collab.), Phys. Rev. D 93, 052018 (2016). Amplitude analysis, no evidence for CP violation

Year Experiment CP Asymmetry in the decay mode D0 to K-K+π0 [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2008 BABAR B. Aubert et al. (BABAR Collab.), Phys. Rev. D 78, 051102 (2008). -0.0100 ± 0.0167 ± 0.0025

Year Experiment CP Asymmetry in the decay mode D0 to π-π-π+π+ [Amplitude analysis]
2013 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett. B 726, 623 (2013). Model independent technique, no evidence for CP violation

Year Experiment CP Asymmetry in the decay mode D0 to K-π+π+π- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). +0.002 ± 0.003 ± 0.004

Year Experiment CP Asymmetry in the decay mode D0 to K+π-π+π- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2005 BELLE X.C. Tian et al. (BELLE Collab.), Phys. Rev. Lett. 95, 231801 (2005). -0.018 ± 0.044

Year Experiment CP Asymmetry in the decay mode D0 to K+K-π+π- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2019 BELLE J. B. Kim et al. (BELLE Collab.), Phys. Rev. D 99, 011104 (2019). +0.0034 ± 0.0036 ± 0.0006
2019 LHCb R. Aaij et al. (LHCb Collab.), JHEP 02, 126 (2019). Amplitude analysis, no evidence for CP violation
2013 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett. B 726, 623 (2013). Model independent technique, no evidence for CP violation
2012 CLEO M. Artuso et al. (CLEO Collab.), Phys. Rev. D 85, 122002 (2012). Amplitude analysis, no evidence for CP violation
2005 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Lett. B 622, 239 (2005). -0.082 ± 0.056 ± 0.047

HFLAV average +0.0032 ± 0.0036

Year Experiment CP Asymmetry in the decay mode D0 to K*0(->K-π+)γ [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2017 BELLE T. Nanut et al. (BELLE Collab.), Phys. Rev. Lett. 118, 051801 (2017). -0.003 ± 0.020 ± 0.000

Year Experiment CP Asymmetry in the decay mode D0 to φ(->K+K-)γ [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2017 BELLE T. Nanut et al. (BELLE Collab.), Phys. Rev. Lett. 118, 051801 (2017). -0.094 ± 0.066 ± 0.001

Year Experiment CP Asymmetry in the decay mode D0 to ρ0(->π+π-)γ [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2017 BELLE T. Nanut et al. (BELLE Collab.), Phys. Rev. Lett. 118, 051801 (2017). +0.056 ± 0.152 ± 0.006

Year Experiment CP Asymmetry in the decay mode D0 to K+K-μ+μ- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2018 LHCb R. Aaij et al. (LHCb Collab.), Phys. Rev. Lett. 121, 091801 (2018). +0.00 ± 0.11 ± 0.02

Year Experiment CP Asymmetry in the decay mode D0 to π+π-μ+μ- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2018 LHCb R. Aaij et al. (LHCb Collab.), Phys. Rev. Lett. 121, 091801 (2018). +0.049 ± 0.038 ± 0.007

CP Asymmetries in D+ decays

Year Experiment CP Asymmetry in the decay mode D+ to μ+ν [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2008 CLEO B.I. Eisenstein et al. (CLEO Collab.), Phys. Rev. D 78, 052003 (2008). +0.08 ± 0.08

Year Experiment CP Asymmetry in the decay mode D+ to π+π0 [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2103.11058 [JHEP]. -0.013 ± 0.009 ± 0.006
2018 BELLE V. Babu et al. (BELLE Collab.), Phys. Rev. D 97, 011101 (2018). +0.0231 ± 0.0124 ± 0.0023
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). +0.029 ± 0.029 ± 0.003

HFLAV average +0.004 ± 0.008

Year Experiment CP Asymmetry in the decay mode D+ to π+η [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2103.11058 [JHEP]. -0.002 ± 0.008 ± 0.004
2011 BELLE E. Won et al. (BELLE Collab.), Phys. Rev. Lett. 107, 221801 (2011). +0.0174 ± 0.0113 ± 0.0019
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). -0.020 ± 0.023 ± 0.003

HFLAV average +0.003 ± 0.007

Year Experiment CP Asymmetry in the decay mode D+ to π+η' [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2017 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett. B 771, 21 (2017). -0.0061 ± 0.0072 ± 0.0053 ± 0.0012
2011 BELLE E. Won et al. (BELLE Collab.), Phys. Rev. Lett. 107, 221801 (2011). -0.0012 ± 0.0112 ± 0.0017
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). -0.040 ± 0.034 ± 0.003

HFLAV average -0.006 ± 0.007

Year Experiment CP Asymmetry in the decay mode D+ to K+π0 [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2103.11058 [JHEP]. -0.032 ± 0.047 ± 0.021
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). -0.035 ± 0.107 ± 0.009

HFLAV average -0.033 ± 0.046

Year Experiment CP Asymmetry in the decay mode D+ to K+η [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2103.11058 [JHEP]. -0.06 ± 0.10 ± 0.04

Year Experiment CP Asymmetry in the decay mode D+ to K0sπ+ [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). -0.011 ± 0.006 ± 0.002
2012 BELLE B.R. Ko et al. (BELLE Collab.), Phys. Rev. Lett. 109, 021601 (2012). -0.00363 ± 0.00094 ± 0.00067
2011 BABAR P. del Amo Sanchez et al. (BABAR Collab.), Phys. Rev. D 83, 071103 (2011). -0.0044 ± 0.0013 ± 0.0010
2002 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Rev. Lett. 88, 041602 (2002). -0.016 ± 0.015 ± 0.009

HFLAV average -0.0041 ± 0.0009

Year Experiment CP Asymmetry in the decay mode D+ to K0sK+ [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2013 BABAR J.P. Lees et al. (BABAR Collab.), Phys. Rev. D 87, 052012 (2013). +0.0013 ± 0.0036 ± 0.0025
2013 BELLE B.R. Ko et al. (BELLE Collab.), JHEP 02, 098 (2013). -0.0025 ± 0.0028 ± 0.0014
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). -0.002 ± 0.015 ± 0.009
2002 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Rev. Lett. 88, 041602 (2002). +0.071 ± 0.061 ± 0.012

HFLAV average -0.0011 ± 0.0025

Year Experiment CP Asymmetry in the decay mode D+ to ( K0/K0) K+
(subtraction of the effects due to the K0-K0 system) [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]

2019 LHCb R. Aaij et al. (LHCb Collab.), Phys. Rev. Lett. 122, 191803 (2019). -0.00004 ± 0.00061 ± 0.00045
2013 BABAR J.P. Lees et al. (BABAR Collab.), Phys. Rev. D 87, 052012 (2013). +0.0046 ± 0.0036 ± 0.0025
2013 BELLE B.R. Ko et al. (BELLE Collab.), JHEP 02, 098 (2013). +0.0008 ± 0.0028 ± 0.0014

HFLAV average +0.0001 ± 0.0007

Year Experiment CP Asymmetry in the decay mode D+ to φπ+ [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2019 LHCb R. Aaij et al. (LHCb Collab.), Phys. Rev. Lett. 122, 191803 (2019). +0.00003 ± 0.00040 ± 0.00029

Year Experiment CP Asymmetry in the decay mode D+ to π+π-π+ [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2014 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett. B 728, 585 (2014). Model independent technique, no evidence for CP violation
1997 E791 E.M. Aitala et al. (E791 Collab.), Phys. Lett. B 403, 377 (1997). -0.017 ± 0.042

Year Experiment CP Asymmetry in the decay mode D+ to K-π+π+ [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2014 D0 V.M. Abazov et al. (D0 Collab.), Phys. Rev. D 90, 111102 (2014). -0.0016 ± 0.0015 ± 0.0009
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). -0.003 ± 0.002 ± 0.004

HFLAV average -0.0018 ± 0.0016

Year Experiment CP Asymmetry in the decay mode D+ to K0sπ+π0 [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). -0.001 ± 0.007 ± 0.002

Year Experiment CP Asymmetry in the decay mode D+ to K+K-π+ [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). -0.001 ± 0.009 ± 0.004
2013 BABAR J.P. Lees et al. (BABAR Collab.), Phys. Rev. D 87, 052010 (2013). +0.0037 ± 0.0030 ± 0.0015
2008 CLEO P. Rubin et al. (CLEO Collab.), Phys. Rev. D 78, 072003 (2008). Dalitz plot analysis, no evidence for CP violation
2000 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Lett. B 491, 232 (2000). +0.006 ± 0.011 ± 0.005
1997 E791 E.M. Aitala et al. (E791 Collab.), Phys. Lett. B 403, 377 (1997). -0.014 ± 0.029

HFLAV average +0.0032 ± 0.0031

Year Experiment CP Asymmetry in the decay mode D+ to K-π+π+π0 [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). -0.003 ± 0.006 ± 0.004

Year Experiment CP Asymmetry in the decay mode D+ to K0sπ+π+π- [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). +0.000 ± 0.012 ± 0.003

Year Experiment CP Asymmetry in the decay mode D+ to K0sK+π+π- [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2005 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Lett. B 622, 239 (2005). -0.042 ± 0.064 ± 0.022

CP Asymmetries in Ds+ decays

Year Experiment CP Asymmetry in the decay mode Ds+ to μ+ν [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2009 CLEO J.P. Alexander et al. (CLEO Collab.), Phys. Rev. D 79, 052001 (2009). +0.048 ± 0.061

Year Experiment CP Asymmetry in the decay mode Ds+ to π+η [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2021 BELLE Y. Guan et al. (BELLE Collab.), arXiv:2103.09969 [PRD]. +0.002 ± 0.003 ± 0.003
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2103.11058 [JHEP]. +0.008 ± 0.007 ± 0.005
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). +0.011 ± 0.030 ± 0.008

HFLAV average +0.003 ± 0.004

Year Experiment CP Asymmetry in the decay mode Ds+ to π+η' [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2017 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett. B 771, 21 (2017). -0.0082 ± 0.0036 ± 0.0022 ± 0.0027
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). -0.022 ± 0.022 ± 0.006

HFLAV average -0.0088 ± 0.0049

Year Experiment CP Asymmetry in the decay mode Ds+ to K0sπ+ [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 BABAR J.P. Lees et al. (BABAR Collab.), Phys. Rev. D 87, 052012 (2013). +0.006 ± 0.020 ± 0.003
2010 BELLE B.R. Ko et al. (BELLE Collab.), Phys. Rev. Lett. 104, 181602 (2010). +0.0545 ± 0.0250 ± 0.0033
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). +0.163 ± 0.073 ± 0.003

HFLAV average +0.0311 ± 0.0154

Year Experiment CP Asymmetry in the decay mode Ds+ to ( K0/K0) π+
(subtraction of the effects due to the K0-K0 system) [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]

2019 LHCb R. Aaij et al. (LHCb Collab.), Phys. Rev. Lett. 122, 191803 (2019). +0.0016 ± 0.0017 ± 0.0005
2013 BABAR J.P. Lees et al. (BABAR Collab.), Phys. Rev. D 87, 052012 (2013). +0.003 ± 0.020 ± 0.003

HFLAV average +0.0016 ± 0.0018

Year Experiment CP Asymmetry in the decay mode Ds+ to K0sK+ [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). +0.026 ± 0.015 ± 0.006
2013 BABAR J.P. Lees et al. (BABAR Collab.), Phys. Rev. D 87, 052012 (2013). -0.0005 ± 0.0023 ± 0.0024
2010 BELLE B.R. Ko et al. (BELLE Collab.), Phys. Rev. Lett. 104, 181602 (2010). +0.0012 ± 0.0036 ± 0.0022

HFLAV average +0.0008 ± 0.0026

Year Experiment CP Asymmetry in the decay mode Ds+ to ( K0/K0) K+
(subtraction of the effects due to the K0-K0 system) [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]

2013 BABAR J.P. Lees et al. (BABAR Collab.), Phys. Rev. D 87, 052012 (2013). +0.0028 ± 0.0023 ± 0.0024

Year Experiment CP Asymmetry in the decay mode Ds+ to K+π0 [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2103.11058 [JHEP]. -0.008 ± 0.039 ± 0.012
2021 BELLE Y. Guan et al. (BELLE Collab.), arXiv:2103.09969 [PRD]. +0.064 ± 0.044 ± 0.011
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). -0.266 ± 0.238 ± 0.009

HFLAV average +0.020 ± 0.030

Year Experiment CP Asymmetry in the decay mode Ds+ to K+η [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2021 BELLE Y. Guan et al. (BELLE Collab.), arXiv:2103.09969 [PRD]. +0.021 ± 0.021 ± 0.004
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2103.11058 [JHEP]. +0.009 ± 0.037 ± 0.011
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). +0.093 ± 0.152 ± 0.009

HFLAV average +0.019 ± 0.019
Year Experiment CP Asymmetry in the decay mode Ds+ to K+η' [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). +0.060 ± 0.189 ± 0.009

Year Experiment CP Asymmetry in the decay mode Ds+ to π+π+π- [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). -0.007 ± 0.030 ± 0.006

Year Experiment CP Asymmetry in the decay mode Ds+ to π+π0η [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). -0.005 ± 0.039 ± 0.020

Year Experiment CP Asymmetry in the decay mode Ds+ to π+π0η' [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). -0.004 ± 0.074 ± 0.019

Year Experiment CP Asymmetry in the decay mode Ds+ to K0sK+π0 [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). -0.016 ± 0.060 ± 0.011

Year Experiment CP Asymmetry in the decay mode Ds+ to K0sK0sπ+ [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). +0.031 ± 0.052 ± 0.006

Year Experiment CP Asymmetry in the decay mode Ds+ to K+π+π- [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). +0.045 ± 0.048 ± 0.006

Year Experiment CP Asymmetry in the decay mode Ds+ to K+K-π+ [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). -0.005 ± 0.008 ± 0.004

Year Experiment CP Asymmetry in the decay mode Ds+ to K0sK-π+π+ [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). +0.041 ± 0.027 ± 0.009

Year Experiment CP Asymmetry in the decay mode Ds+ to K0sK+π+π- [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). -0.057 ± 0.053 ± 0.009

Year Experiment CP Asymmetry in the decay mode Ds+ to K+K-π+π0 [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). +0.000 ± 0.027 ± 0.012

CP Asymmetries in decays of charm baryons
For charm baryons CP asymmetry has been accessed through comparison of P asymmetry in decays of, for instance, Λc+ and Λc-, measured with the weak-asymmetry parameters, respectively α(Λc+) and α(Λc-). As under P-parity conservation:

α(Λc+) = -α(Λc-),
the CP-violating asymmetry is defined as:

AαCP = [α(Λc+) + α(Λc-)] /[α(Λc+) - α(Λc-].
The α(Λc) can be measured through an angular analysis exploiting a helicity angle of weakly-decaying baryon in Λc decay chain, for instance Λ->pπ- in Λc+->Λπ+ decays.
This method of accessing CP violation occuring through P-violation can be applied also to other charm baryons, like Ξc0->Ξ-π+ with Ξ-->Λπ-.

Year Experiment CP Asymmetry in the decay mode Λc+ to Λ e+ ν [α(Λc+)+α(Λc-)]/[α(Λc+)-α(Λc-]

2005 CLEO J.W. Hinson et al. (CLEO Collab.), Phys. Rev. Lett. 94, 191801 (2005). 0.00 ± 0.03 ± 0.01 ± 0.02

Year Experiment CP Asymmetry in the decay mode Λc+ to Λπ+ [α(Λc+)+α(Λc-)]/[α(Λc+)-α(Λc-]

2006 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Lett. B 34, 165 (2006). -0.07 ± 0.19 ± 0.12

Year Experiment CP Asymmetry in the decay mode Ξc0 to Ξ-π+ [α(Ξc0)+α(Ξc0)]/[α(Ξc0)-α(Ξc0))]

2021 BELLE Y.B. Li et al. (BELLE Collab.), arXiv:2103.06496 [PRL]. +0.015 ± 0.052 ± 0.017

ΔACP measurements

CP Asymmetries https://hflav-eos.web.cern.ch/hflav-eos/charm/cp_asym/charm_as...
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CP Asymmetries
(through End of May 2021)

Note:
In the case of D+, Ds+ and Λc+ decays, the (time-integrated) CP asymmetry measures direct CP violation.
For D0 decays, the CP asymmetry measures direct and indirect CP violation combined.

For lifetime asymmetries of D0 decays to CP eigenstates, see Results for AΓ and ΔACP

For Sum Rule of isospin-related D->ππ channels, see Sum Rule test.

In the tables below we report asymmetries for the actual final state, i.e. resonant substructure is not considered.

CP Asymmetries in D0 decays

Year Experiment CP Asymmetry in the decay mode D0 to π+π- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2017 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett.B 767 177 (2017). +0.0007 ± 0.0014 ± 0.0011
2012 CDF T. Aaltonen et al. (CDF Collab.), Phys. Rev. D 85, 012009 (2012). +0.0022 ± 0.0024 ± 0.0011
2008 BABAR B. Aubert et al. (BABAR Collab.), Phys. Rev. Lett. 100, 061803 (2008). -0.0024 ± 0.0052 ± 0.0022
2008 BELLE M. Staric et al. (BELLE Collab.), Phys. Lett.B 670, 190 (2008). +0.0043 ± 0.0052 ± 0.0012
2002 CLEO S.E. Csorna et al. (CLEO Collab.), Phys. Rev. D 65, 092001 (2002). +0.019 ± 0.032 ± 0.008
2000 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Lett. B 491, 232 (2000). +0.048 ± 0.039 ± 0.025
1998 E791 E.M. Aitala et al. (E791 Collab.), Phys. Lett. B 421, 405 (1998). -0.049 ± 0.078 ± 0.030

HFLAV average +0.0012 ± 0.0014

Year Experiment CP Asymmetry in the decay mode D0 to π0π0 [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2014 BELLE N.K. Nisar et al. (BELLE Collab.), Phys. Rev. Lett. 112, 211601 (2014). -0.0003 ± 0.0064 ± 0.0010
2001 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 63, 071101 (2001). +0.001 ± 0.048

HFLAV average -0.0003 ± 0.0064

Year Experiment CP Asymmetry in the decay mode D0 to K0sπ0 [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2014 BELLE N.K. Nisar et al. (BELLE Collab.), Phys. Rev. Lett. 112, 211601 (2014). -0.0021 ± 0.0016 ± 0.0007
2001 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 63, 071101 (2001). +0.001 ± 0.013

HFLAV average -0.0020 ± 0.0017

Year Experiment CP Asymmetry in the decay mode D0 to K0sη [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2011 BELLE B.R. Ko et al. (BELLE Collab.), Phys. Rev. Lett. 106, 211801 (2011). +0.0054 ± 0.0051 ± 0.0016

Year Experiment CP Asymmetry in the decay mode D0 to K0sη' [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2011 BELLE B.R. Ko et al. (BELLE Collab.), Phys. Rev. Lett. 106, 211801 (2011). +0.0098 ± 0.0067 ± 0.0014

Year Experiment CP Asymmetry in the decay mode D0 to K0sK0s [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2105.01565 [PRD Lett]. -0.031 ± 0.012 ± 0.004 ± 0.002
2017 Belle N. Dash et al. (BELLE Collab.), JHEP 10, 055 (2015). -0.0002 ± 0.0153 ± 0.0002 ± 0.0017
2015 LHCb R. Aaij et al. (LHCb Collab.), JHEP 10 055 (2015). -0.029 ± 0.052 ± 0.022
2001 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 63, 071101 (2001). -0.23 ± 0.19

HFLAV average -0.019 ± 0.010

Year Experiment CP Asymmetry in the decay mode D0 to K-π+ [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). +0.003 ± 0.003 ± 0.006

Year Experiment CP Asymmetry in the decay mode D0 to K+K- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2017 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett.B 767 177 (2017). +0.0004 ± 0.0012 ± 0.0010
2012 CDF T. Aaltonen et al. (CDF Collab.), Phys. Rev. D 85, 012009 (2012). -0.0024 ± 0.0022 ± 0.0009
2008 BABAR B. Aubert et al. (BABAR Collab.), Phys. Rev. Lett. 100, 061803 (2008). +0.0000 ± 0.0034 ± 0.0013
2008 BELLE M. Staric et al. (BELLE Collab.), Phys. Lett.B 670, 190 (2008). -0.0043 ± 0.0030 ± 0.0011
2002 CLEO S.E. Csorna et al. (CLEO Collab.), Phys. Rev. D 65, 092001 (2002). +0.000 ± 0.022 ± 0.008
2000 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Lett. B 491, 232 (2000). -0.001 ± 0.022 ± 0.015
1998 E791 E.M. Aitala et al. (E791 Collab.), Phys. Lett. B 421, 405 (1998). -0.010 ± 0.049 ± 0.012

HFLAV average -0.0009 ± 0.0011

Year Experiment CP Asymmetry in the decay mode D0 to π+π-π0 [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2015 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett. B 740, 158 (2015). Model independent technique, no evidence for CP violation
2008 BABAR B. Aubert et al. (BABAR Collab.), Phys. Rev. D 78, 051102 (2008). +0.0031 ± 0.0041 ± 0.0017
2008 BELLE K. Arinstein et al. (BELLE Collab.), Phys. Lett. B 662, 102 (2008). +0.0043 ± 0.0130
2005 CLEO D. Cronin-Hennessy et al. (CLEO Collab.), Phys. Rev. D 72, 031102 (2005). +0.01 (+0.09 -0.07) ± 0.05

HFLAV average +0.0032 ± 0.0042

Year Experiment CP Asymmetry in the decay mode D0 to K-π+π0 [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). +0.001 ± 0.003 ± 0.004

Year Experiment CP Asymmetry in the decay mode D0 to K+π-π0 [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2005 BELLE X.C. Tian et al. (BELLE Collab.), Phys. Rev. Lett. 95, 231801 (2005). -0.006 ± 0.053
2001 CLEO G. Brandenburg et al. (CLEO Collab.), Phys. Rev. Lett. 87, 071802 (2001). +0.09 (+0.25 -0.22)

HFLAV average -0.0014 ± 0.0517

Year Experiment CP Asymmetry in the decay mode D0 to K0sπ+π- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2012 CDF T. Aaltonen et al. (CDF Collab.), Phys. Rev. D 86, 032007 (2012). -0.0005 ± 0.0057 ± 0.0054
2004 CLEO D.M. Asner et al. (CLEO Collab.), Phys. Rev. D 70, 091101 (2004). -0.009 ± 0.021 (+0.016 -0.057)

HFLAV average -0.0008 ± 0.0077

Year Experiment CP Asymmetry in the decay mode D0 to K0sK-π+ [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2016 LHCb R. Aaij et al. (LHCb Collab.), Phys. Rev. D 93, 052018 (2016). Amplitude analysis, no evidence for CP violation

Year Experiment CP Asymmetry in the decay mode D0 to K0sK+π- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2016 LHCb R. Aaij et al. (LHCb Collab.), Phys. Rev. D 93, 052018 (2016). Amplitude analysis, no evidence for CP violation

Year Experiment CP Asymmetry in the decay mode D0 to K-K+π0 [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2008 BABAR B. Aubert et al. (BABAR Collab.), Phys. Rev. D 78, 051102 (2008). -0.0100 ± 0.0167 ± 0.0025

Year Experiment CP Asymmetry in the decay mode D0 to π-π-π+π+ [Amplitude analysis]
2013 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett. B 726, 623 (2013). Model independent technique, no evidence for CP violation

Year Experiment CP Asymmetry in the decay mode D0 to K-π+π+π- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). +0.002 ± 0.003 ± 0.004

Year Experiment CP Asymmetry in the decay mode D0 to K+π-π+π- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2005 BELLE X.C. Tian et al. (BELLE Collab.), Phys. Rev. Lett. 95, 231801 (2005). -0.018 ± 0.044

Year Experiment CP Asymmetry in the decay mode D0 to K+K-π+π- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2019 BELLE J. B. Kim et al. (BELLE Collab.), Phys. Rev. D 99, 011104 (2019). +0.0034 ± 0.0036 ± 0.0006
2019 LHCb R. Aaij et al. (LHCb Collab.), JHEP 02, 126 (2019). Amplitude analysis, no evidence for CP violation
2013 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett. B 726, 623 (2013). Model independent technique, no evidence for CP violation
2012 CLEO M. Artuso et al. (CLEO Collab.), Phys. Rev. D 85, 122002 (2012). Amplitude analysis, no evidence for CP violation
2005 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Lett. B 622, 239 (2005). -0.082 ± 0.056 ± 0.047

HFLAV average +0.0032 ± 0.0036

Year Experiment CP Asymmetry in the decay mode D0 to K*0(->K-π+)γ [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2017 BELLE T. Nanut et al. (BELLE Collab.), Phys. Rev. Lett. 118, 051801 (2017). -0.003 ± 0.020 ± 0.000

Year Experiment CP Asymmetry in the decay mode D0 to φ(->K+K-)γ [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2017 BELLE T. Nanut et al. (BELLE Collab.), Phys. Rev. Lett. 118, 051801 (2017). -0.094 ± 0.066 ± 0.001

Year Experiment CP Asymmetry in the decay mode D0 to ρ0(->π+π-)γ [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2017 BELLE T. Nanut et al. (BELLE Collab.), Phys. Rev. Lett. 118, 051801 (2017). +0.056 ± 0.152 ± 0.006

Year Experiment CP Asymmetry in the decay mode D0 to K+K-μ+μ- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2018 LHCb R. Aaij et al. (LHCb Collab.), Phys. Rev. Lett. 121, 091801 (2018). +0.00 ± 0.11 ± 0.02

Year Experiment CP Asymmetry in the decay mode D0 to π+π-μ+μ- [Γ(D0)-Γ(D0bar)]/[Γ(D0)+Γ(D0bar)]
2018 LHCb R. Aaij et al. (LHCb Collab.), Phys. Rev. Lett. 121, 091801 (2018). +0.049 ± 0.038 ± 0.007

CP Asymmetries in D+ decays

Year Experiment CP Asymmetry in the decay mode D+ to μ+ν [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2008 CLEO B.I. Eisenstein et al. (CLEO Collab.), Phys. Rev. D 78, 052003 (2008). +0.08 ± 0.08

Year Experiment CP Asymmetry in the decay mode D+ to π+π0 [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2103.11058 [JHEP]. -0.013 ± 0.009 ± 0.006
2018 BELLE V. Babu et al. (BELLE Collab.), Phys. Rev. D 97, 011101 (2018). +0.0231 ± 0.0124 ± 0.0023
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). +0.029 ± 0.029 ± 0.003

HFLAV average +0.004 ± 0.008

Year Experiment CP Asymmetry in the decay mode D+ to π+η [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2103.11058 [JHEP]. -0.002 ± 0.008 ± 0.004
2011 BELLE E. Won et al. (BELLE Collab.), Phys. Rev. Lett. 107, 221801 (2011). +0.0174 ± 0.0113 ± 0.0019
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). -0.020 ± 0.023 ± 0.003

HFLAV average +0.003 ± 0.007

Year Experiment CP Asymmetry in the decay mode D+ to π+η' [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2017 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett. B 771, 21 (2017). -0.0061 ± 0.0072 ± 0.0053 ± 0.0012
2011 BELLE E. Won et al. (BELLE Collab.), Phys. Rev. Lett. 107, 221801 (2011). -0.0012 ± 0.0112 ± 0.0017
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). -0.040 ± 0.034 ± 0.003

HFLAV average -0.006 ± 0.007

Year Experiment CP Asymmetry in the decay mode D+ to K+π0 [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2103.11058 [JHEP]. -0.032 ± 0.047 ± 0.021
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). -0.035 ± 0.107 ± 0.009

HFLAV average -0.033 ± 0.046

Year Experiment CP Asymmetry in the decay mode D+ to K+η [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2103.11058 [JHEP]. -0.06 ± 0.10 ± 0.04

Year Experiment CP Asymmetry in the decay mode D+ to K0sπ+ [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). -0.011 ± 0.006 ± 0.002
2012 BELLE B.R. Ko et al. (BELLE Collab.), Phys. Rev. Lett. 109, 021601 (2012). -0.00363 ± 0.00094 ± 0.00067
2011 BABAR P. del Amo Sanchez et al. (BABAR Collab.), Phys. Rev. D 83, 071103 (2011). -0.0044 ± 0.0013 ± 0.0010
2002 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Rev. Lett. 88, 041602 (2002). -0.016 ± 0.015 ± 0.009

HFLAV average -0.0041 ± 0.0009

Year Experiment CP Asymmetry in the decay mode D+ to K0sK+ [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2013 BABAR J.P. Lees et al. (BABAR Collab.), Phys. Rev. D 87, 052012 (2013). +0.0013 ± 0.0036 ± 0.0025
2013 BELLE B.R. Ko et al. (BELLE Collab.), JHEP 02, 098 (2013). -0.0025 ± 0.0028 ± 0.0014
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). -0.002 ± 0.015 ± 0.009
2002 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Rev. Lett. 88, 041602 (2002). +0.071 ± 0.061 ± 0.012

HFLAV average -0.0011 ± 0.0025

Year Experiment CP Asymmetry in the decay mode D+ to ( K0/K0) K+
(subtraction of the effects due to the K0-K0 system) [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]

2019 LHCb R. Aaij et al. (LHCb Collab.), Phys. Rev. Lett. 122, 191803 (2019). -0.00004 ± 0.00061 ± 0.00045
2013 BABAR J.P. Lees et al. (BABAR Collab.), Phys. Rev. D 87, 052012 (2013). +0.0046 ± 0.0036 ± 0.0025
2013 BELLE B.R. Ko et al. (BELLE Collab.), JHEP 02, 098 (2013). +0.0008 ± 0.0028 ± 0.0014

HFLAV average +0.0001 ± 0.0007

Year Experiment CP Asymmetry in the decay mode D+ to φπ+ [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2019 LHCb R. Aaij et al. (LHCb Collab.), Phys. Rev. Lett. 122, 191803 (2019). +0.00003 ± 0.00040 ± 0.00029

Year Experiment CP Asymmetry in the decay mode D+ to π+π-π+ [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2014 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett. B 728, 585 (2014). Model independent technique, no evidence for CP violation
1997 E791 E.M. Aitala et al. (E791 Collab.), Phys. Lett. B 403, 377 (1997). -0.017 ± 0.042

Year Experiment CP Asymmetry in the decay mode D+ to K-π+π+ [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2014 D0 V.M. Abazov et al. (D0 Collab.), Phys. Rev. D 90, 111102 (2014). -0.0016 ± 0.0015 ± 0.0009
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). -0.003 ± 0.002 ± 0.004

HFLAV average -0.0018 ± 0.0016

Year Experiment CP Asymmetry in the decay mode D+ to K0sπ+π0 [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). -0.001 ± 0.007 ± 0.002

Year Experiment CP Asymmetry in the decay mode D+ to K+K-π+ [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). -0.001 ± 0.009 ± 0.004
2013 BABAR J.P. Lees et al. (BABAR Collab.), Phys. Rev. D 87, 052010 (2013). +0.0037 ± 0.0030 ± 0.0015
2008 CLEO P. Rubin et al. (CLEO Collab.), Phys. Rev. D 78, 072003 (2008). Dalitz plot analysis, no evidence for CP violation
2000 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Lett. B 491, 232 (2000). +0.006 ± 0.011 ± 0.005
1997 E791 E.M. Aitala et al. (E791 Collab.), Phys. Lett. B 403, 377 (1997). -0.014 ± 0.029

HFLAV average +0.0032 ± 0.0031

Year Experiment CP Asymmetry in the decay mode D+ to K-π+π+π0 [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). -0.003 ± 0.006 ± 0.004

Year Experiment CP Asymmetry in the decay mode D+ to K0sπ+π+π- [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2014 CLEO G. Bonvicini et al. (CLEO Collab.), Phys. Rev. D 89, 072002 (2014). +0.000 ± 0.012 ± 0.003

Year Experiment CP Asymmetry in the decay mode D+ to K0sK+π+π- [Γ(D+)-Γ(D-)]/[Γ(D+)+Γ(D-)]
2005 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Lett. B 622, 239 (2005). -0.042 ± 0.064 ± 0.022

CP Asymmetries in Ds+ decays

Year Experiment CP Asymmetry in the decay mode Ds+ to μ+ν [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2009 CLEO J.P. Alexander et al. (CLEO Collab.), Phys. Rev. D 79, 052001 (2009). +0.048 ± 0.061

Year Experiment CP Asymmetry in the decay mode Ds+ to π+η [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2021 BELLE Y. Guan et al. (BELLE Collab.), arXiv:2103.09969 [PRD]. +0.002 ± 0.003 ± 0.003
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2103.11058 [JHEP]. +0.008 ± 0.007 ± 0.005
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). +0.011 ± 0.030 ± 0.008

HFLAV average +0.003 ± 0.004

Year Experiment CP Asymmetry in the decay mode Ds+ to π+η' [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2017 LHCb R. Aaij et al. (LHCb Collab.), Phys. Lett. B 771, 21 (2017). -0.0082 ± 0.0036 ± 0.0022 ± 0.0027
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). -0.022 ± 0.022 ± 0.006

HFLAV average -0.0088 ± 0.0049

Year Experiment CP Asymmetry in the decay mode Ds+ to K0sπ+ [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 BABAR J.P. Lees et al. (BABAR Collab.), Phys. Rev. D 87, 052012 (2013). +0.006 ± 0.020 ± 0.003
2010 BELLE B.R. Ko et al. (BELLE Collab.), Phys. Rev. Lett. 104, 181602 (2010). +0.0545 ± 0.0250 ± 0.0033
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). +0.163 ± 0.073 ± 0.003

HFLAV average +0.0311 ± 0.0154

Year Experiment CP Asymmetry in the decay mode Ds+ to ( K0/K0) π+
(subtraction of the effects due to the K0-K0 system) [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]

2019 LHCb R. Aaij et al. (LHCb Collab.), Phys. Rev. Lett. 122, 191803 (2019). +0.0016 ± 0.0017 ± 0.0005
2013 BABAR J.P. Lees et al. (BABAR Collab.), Phys. Rev. D 87, 052012 (2013). +0.003 ± 0.020 ± 0.003

HFLAV average +0.0016 ± 0.0018

Year Experiment CP Asymmetry in the decay mode Ds+ to K0sK+ [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). +0.026 ± 0.015 ± 0.006
2013 BABAR J.P. Lees et al. (BABAR Collab.), Phys. Rev. D 87, 052012 (2013). -0.0005 ± 0.0023 ± 0.0024
2010 BELLE B.R. Ko et al. (BELLE Collab.), Phys. Rev. Lett. 104, 181602 (2010). +0.0012 ± 0.0036 ± 0.0022

HFLAV average +0.0008 ± 0.0026

Year Experiment CP Asymmetry in the decay mode Ds+ to ( K0/K0) K+
(subtraction of the effects due to the K0-K0 system) [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]

2013 BABAR J.P. Lees et al. (BABAR Collab.), Phys. Rev. D 87, 052012 (2013). +0.0028 ± 0.0023 ± 0.0024

Year Experiment CP Asymmetry in the decay mode Ds+ to K+π0 [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2103.11058 [JHEP]. -0.008 ± 0.039 ± 0.012
2021 BELLE Y. Guan et al. (BELLE Collab.), arXiv:2103.09969 [PRD]. +0.064 ± 0.044 ± 0.011
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). -0.266 ± 0.238 ± 0.009

HFLAV average +0.020 ± 0.030

Year Experiment CP Asymmetry in the decay mode Ds+ to K+η [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2021 BELLE Y. Guan et al. (BELLE Collab.), arXiv:2103.09969 [PRD]. +0.021 ± 0.021 ± 0.004
2021 LHCb R. Aaij et al. (LHCb Collab.), arXiv:2103.11058 [JHEP]. +0.009 ± 0.037 ± 0.011
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). +0.093 ± 0.152 ± 0.009

HFLAV average +0.019 ± 0.019
Year Experiment CP Asymmetry in the decay mode Ds+ to K+η' [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2010 CLEO H. Mendez et al. (CLEO Collab.), Phys. Rev. D 81, 052013 (2010). +0.060 ± 0.189 ± 0.009

Year Experiment CP Asymmetry in the decay mode Ds+ to π+π+π- [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). -0.007 ± 0.030 ± 0.006

Year Experiment CP Asymmetry in the decay mode Ds+ to π+π0η [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). -0.005 ± 0.039 ± 0.020

Year Experiment CP Asymmetry in the decay mode Ds+ to π+π0η' [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). -0.004 ± 0.074 ± 0.019

Year Experiment CP Asymmetry in the decay mode Ds+ to K0sK+π0 [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). -0.016 ± 0.060 ± 0.011

Year Experiment CP Asymmetry in the decay mode Ds+ to K0sK0sπ+ [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). +0.031 ± 0.052 ± 0.006

Year Experiment CP Asymmetry in the decay mode Ds+ to K+π+π- [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). +0.045 ± 0.048 ± 0.006

Year Experiment CP Asymmetry in the decay mode Ds+ to K+K-π+ [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). -0.005 ± 0.008 ± 0.004

Year Experiment CP Asymmetry in the decay mode Ds+ to K0sK-π+π+ [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). +0.041 ± 0.027 ± 0.009

Year Experiment CP Asymmetry in the decay mode Ds+ to K0sK+π+π- [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). -0.057 ± 0.053 ± 0.009

Year Experiment CP Asymmetry in the decay mode Ds+ to K+K-π+π0 [Γ(Ds+)-Γ(Ds-)]/[Γ(Ds+)+Γ(Ds-)]
2013 CLEO P.U.E. Onyisi et al. (CLEO Collab.), Phys. Rev. D 88, 032009 (2013). +0.000 ± 0.027 ± 0.012

CP Asymmetries in decays of charm baryons
For charm baryons CP asymmetry has been accessed through comparison of P asymmetry in decays of, for instance, Λc+ and Λc-, measured with the weak-asymmetry parameters, respectively α(Λc+) and α(Λc-). As under P-parity conservation:

α(Λc+) = -α(Λc-),
the CP-violating asymmetry is defined as:

AαCP = [α(Λc+) + α(Λc-)] /[α(Λc+) - α(Λc-].
The α(Λc) can be measured through an angular analysis exploiting a helicity angle of weakly-decaying baryon in Λc decay chain, for instance Λ->pπ- in Λc+->Λπ+ decays.
This method of accessing CP violation occuring through P-violation can be applied also to other charm baryons, like Ξc0->Ξ-π+ with Ξ-->Λπ-.

Year Experiment CP Asymmetry in the decay mode Λc+ to Λ e+ ν [α(Λc+)+α(Λc-)]/[α(Λc+)-α(Λc-]

2005 CLEO J.W. Hinson et al. (CLEO Collab.), Phys. Rev. Lett. 94, 191801 (2005). 0.00 ± 0.03 ± 0.01 ± 0.02

Year Experiment CP Asymmetry in the decay mode Λc+ to Λπ+ [α(Λc+)+α(Λc-)]/[α(Λc+)-α(Λc-]

2006 FOCUS J.M. Link et al. (FOCUS Collab.), Phys. Lett. B 34, 165 (2006). -0.07 ± 0.19 ± 0.12

Year Experiment CP Asymmetry in the decay mode Ξc0 to Ξ-π+ [α(Ξc0)+α(Ξc0)]/[α(Ξc0)-α(Ξc0))]

2021 BELLE Y.B. Li et al. (BELLE Collab.), arXiv:2103.06496 [PRL]. +0.015 ± 0.052 ± 0.017

ΔACP measurements

CP Asymmetries https://hflav-eos.web.cern.ch/hflav-eos/charm/cp_asym/charm_as...
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amplitudes with rapidly 
varying strong phases

➡ Fertile ground for 
local CP 
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Multi-body intereference
• Three-body pseudo-

scalar final-state phase 
space can be described 
with two variables

➡ Dalitz plot

• Dalitz plots give access 
to interfering 
amplitudes with rapidly 
varying strong phases

➡ Fertile ground for 
local CP 
asymmetries
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Energy test 
(~unbinned version of 

 test) reveals no 
significant difference 

between CP-conjugate 
Dalitz plots. 

Note however, that 
current sensitivity 

insufficient to discover 
CPV at level seen in 2-

body decays.

χ2

Marco Gersabeck

See also: Longke Li

Eva Gersabeck

Zhi-zhong Xing

https://inspirehep.net/literature/2670819
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BELLE-II: arXiv:2306.00365 (June 2023 (!))
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ulated using Geant4 [27]. Final-state radiation is in-
cluded in the simulation via Photos [28]. Both MC-
simulated events and collision data are reconstructed us-
ing the Belle II analysis software framework [29, 30]. To
avoid introducing bias in our analysis, we analyze the
data in a “blind” manner, i.e, we finalize all selection
criteria and the fitting procedure before evaluating the
lifetime of signal candidates.

We reconstruct D+
s !�⇡+ decays by first reconstruct-

ing � ! K+K� decays and subsequently pairing the
� candidate with a ⇡+ track. We select well-measured
tracks by requiring that each track have at least one hit
(measured point) in the PXD, four hits in the SVD, and
30 hits in the CDC. We select tracks that originate from
near the interaction point (IP) by requiring |�z| < 2.0 cm
and �r < 0.5 cm, where �z is the displacement of the
track from the IP along the z axis, and �r is the radial
displacement in the plane transverse to the z axis. The
IP position is measured at regular intervals of data-taking
using e+e� ! µ+µ� events. The spread of the IP posi-
tion is typically 250 µm in the z direction, 10 µm in the
transverse horizontal direction (x), and only 0.3 µm in
the transverse vertical direction (y).

We identify tracks as pions or kaons based on
Cherenkov light recorded in the TOP and ARICH, and
specific ionization (dE/dx) information from the CDC
and SVD. This information is combined to calculate a
likelihood LK,⇡ for a track to be aK+ or ⇡+. Tracks hav-
ing a ratio LK/(LK + L⇡) > 0.60 are identified as kaon
candidates, while tracks having LK/(LK + L⇡) < 0.55
are identified as pion candidates. These requirements are
90% and 95% e�cient for kaons and pions, respectively.

To reconstruct � ! K+K� decays, we combine two
kaon candidate tracks having opposite charge and an in-
variant mass satisfying 1.010 GeV/c2 < M(K+K�) <
1.030 GeV/c2. This selected range retains 91% of �!
K+K� decays. We pair � candidates with ⇡+ tracks to
form D+

s candidates and require that the invariant mass
satisfy a loose requirement of 1.922 GeV/c2 < M(�⇡+) <
2.020 GeV/c2. We fit the three tracks to a common ver-
tex using the TreeFitter algorithm [31]. The vertex
position resulting from the fit is taken as the decay ver-
tex of the D+

s . The fit includes a constraint that the D+
s

trajectory be consistent with originating from the IP; this
constraint improves the resolution on the D+

s decay time
by a factor of three.

To eliminate D+
s mesons originating from B decays,

which would not have a properly determined decay time,
we require that the momentum of the D+

s in the e+e�

center-of-mass frame be greater than 2.5 GeV/c. This se-
lection eliminates all D+

s mesons from B decays while re-
taining 67% of those produced via e+e�!cc̄. We reduce
background arising from random combinations of � and
⇡+ candidates by requiring | cos ✓K | > 0.45, where ✓K is
the angle in the � rest frame between the K� momentum
and the direction of the D+

s . This requirement reduces

combinatorial background by 40% while retaining 90% of
signal decays. After applying all selection criteria, about
2% of events have more than one D+

s !�⇡+ candidate.
False signal candidates arise mainly from combinations
of � decays with unrelated ⇡+ tracks. These do not peak
in M(�⇡+) and are counted as background in our fits for
signal yield and D+

s lifetime; consequently, they have a
negligible e↵ect on the fitted lifetime. We thus retain all
signal candidates.
The final M(�⇡+) distribution is shown in Fig. 2. We

perform an unbinned maximum likelihood fit to M(�⇡+)
to determine the yield of D+

s !�⇡+ decays. The signal
shape is modeled as the sum of two Gaussian functions
and an asymmetric Student’s t distribution. The back-
ground contains no peaking structure (> 95% consists
of random combinations of � and ⇡+ candidates) and
is well-modeled by a 2nd-order Chebyshev polynomial.
To measure the D+

s lifetime, we select candidates having
an invariant mass satisfying 1.960 GeV/c2 < M(�⇡+) <
1.976 GeV/c2. This range retains 95% of D+

s !�⇡+ de-
cays. In this signal region, the fit yields 115560 signal
decays and 9970 background events; the signal purity
(ratio of signal over the total) is 92%.

1.93 1.94 1.95 1.96 1.97 1.98 1.99 2 2.01 2.02

]2c) [GeV/+πφ(M

0

2000

4000

6000

8000

10000

12000

14000

16000

2
c

C
a

n
d

id
a

te
s 

p
e

r 
1

.0
 M

e
V

/ Data

Total fit

Background

1−
 L dt = 207 fb∫

Belle II 

/ndf = 1.302χ

)2(GeV/c+

sD

M

4−
2−
0
2
4

P
u

ll

FIG. 2. Distribution of M(�⇡+) for D+
s ! �⇡+ candidates,

with the fit result overlaid. Black dots correspond to the data;
the red dashed curve shows the background component; and
the blue solid curve shows the overall fit result. Vertical dot-
ted lines denote the signal region, and vertical dot-dashed
lines denote the upper and lower boundaries of the lower and
upper sidebands (see text). The corresponding pull distribu-
tion is shown in the lower panel, where the pull is defined as
(data� fit)/(uncertainty in data).

The decay time of a D+
s candidate is calculated as

t =

 
~d · ~p
p2

!
m

D+
s
, (1)

where ~d is the displacement vector from the IP to the
D+

s decay vertex, ~p is the D+
s momentum, and m

D+
s

is

the known D+
s mass [17]. The average resolution on t

is 108 fs. We determine the D+
s lifetime by performing

4

an unbinned maximum likelihood fit to two observables:
the decay time t and the per-candidate uncertainty on t
(�t) as calculated from the uncertainties on ~d and ~p. The
likelihood function for the ith candidate is given by

L(⌧ |ti,�t
i) = fsig Psig(t

i|⌧,�t
i)Psig(�t

i) +

(1� fsig)Pbkg(t
i|⌧,�t

i)Pbkg(�t
i), (2)

where fsig is the fraction of events that are signal D+
s !

�⇡+ decays; Psig(t|�t) and Pbkg(t|�t) are probability den-
sity functions (PDFs) for signal and background events,
respectively, for a reconstructed decay time t given an
uncertainty �t; and Psig(�t) and Pbkg(�t) are the respec-
tive PDFs for �t. To reduce highly mismeasured events
that are di�cult to simulate, we impose loose require-
ments �2000 fs < t < 4000 fs and �t < 900 fs. These
requirements reject less than 0.1% of signal candidates.
The signal PDF is the convolution of an exponential

function and a resolution function R:

Psig(t
i|⌧,�t

i) =
1

⌧

Z
e�t0/⌧ R(ti � t0;µ, s,�t

i) dt0, (3)

where R(ti � t0;µ, s,�t
i) is a single Gaussian function

with mean µ and a per-candidate standard deviation
s⇥ �t

i. The scaling factor s accounts for under- or over-
estimation of the uncertainty �t

i. The PDF Pbkg(t |�t)
is determined by fitting the decay-time distribution of
events in the M(�⇡+) “upper” sideband 1.990 GeV/c2 <
M(�⇡+) < 2.020 GeV/c2, which has no contamination
from signal decays with final-state radiation. We model
Pbkg(t|�t) as the sum of three asymmetric Gaussians with
a common mean. We use MC simulation to verify that
the decay-time distribution of background events in this
sideband describes well the decay-time distribution of
background events in the signal region.

The PDFs Psig(�t) and Pbkg(�t) are taken to be finely
binned histograms. The former is determined from the �t

distribution of events in the signal region, after subtract-
ing the �t distribution of events in the M(�⇡+) sideband.
The latter is determined from background events in the
M(�⇡+) sideband. The resulting distribution matches
well that of MC-simulated signal decays. The signal frac-
tion fsig is obtained from the earlier fit to the M(�⇡+)
distribution (Fig. 2) and fixed in this fit. Thus there are
three floated parameters: the lifetime ⌧ , and the mean
parameter µ and scaling factor s of the resolution func-
tion. These are determined by maximizing the total log-
likelihood

P
i lnL(⌧ |ti,�t

i), where the sum runs over all
events in the signal region.

The result of the fit is ⌧ = 498.70± 1.71 fs, where the
uncertainty is statistical only. The projection of the fit
for t is shown in Fig. 3 along with the resulting pulls; the
�2 divided by the number of degrees of freedom (100 �
4 = 96) is 1.02. The values µ = 0.56 ± 0.86 fs and
s = 1.22 ± 0.01 obtained for the resolution function are
similar to those obtained from MC-simulated samples.
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FIG. 3. Distribution of t for D+
s !�⇡+ candidates, with the

fit result overlaid. Black dots correspond to the data; the red
dashed curve shows the background component; and the blue
solid curve shows the overall fit result. The corresponding
pull distribution is shown in the lower panel.

The main systematic uncertainties are listed in Table I
and evaluated as follows. Uncertainty arising from pos-
sible mismodeling of the detector response and possible
correlations between t and �t not accounted for by the
resolution function is assessed by fitting a large ensemble
of MC signal events. The mean fitted value is calculated,
and the signed di↵erence between the mean value and
the input value is assigned as a systematic uncertainty.
There is uncertainty arising from modeling the back-

ground decay-time distribution. We model this distri-
bution using background events in the upper M(�⇡+)
sideband 1.990 GeV/c2 < M(�⇡+) < 2.020 GeV/c2. To
evaluate uncertainty in this model, we choose a lower
sideband 1.922 GeV/c2 < M(�⇡+) < 1.946 GeV/c2,
a combination of the two sidebands, and also the MC-
simulated background spectrum in the signal region. The
largest di↵erence observed between the resulting fitted
lifetime and our nominal result is assigned as a system-
atic uncertainty.
We model both signal and background �t distributions

using histogram PDFs, and there is systematic uncer-
tainty arising from our choice for the number of bins (i.e.,
statistical fluctuations of the sideband data used to ob-
tain the histogram PDF). We evaluate this by changing
the number of bins from the nominal value (80) to other
values in the range 60–400. For each choice of binning,
we refit for ⌧ . The largest di↵erence observed between
the resulting values and our nominal value is taken as a
systematic uncertainty.
As measuring the decay time depends on a precise de-

termination of the displacement vector ~d and momentum
~p (Eq. 1), there is uncertainty arising from possible mis-
alignments of the PXD, SVD, and CDC detectors. We
study the e↵ect of such possible misalignment using MC
events reconstructed with various misalignments. Each

τ(Ds) = 498.2 ± 1.7 +1.1
−0.8 fs

prev. WA: τ(Ds) = 504 ± 4 fs

±2 fs}

116,000  prompt D+
s → ϕπ+

Requiring  in 
 rest frame eliminates  

from  decays.

p(Ds) > 2.5GeV
e+e− D+

s
B → Ds …

Also most precise  lifetimes: BELLE-II PRL 127 (2021) 21, 211801D0, D+

Alan Schwartz

https://inspirehep.net/literature/2664554
https://inspirehep.net/literature/1901002
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https://inspirehep.net/literature/1740743
https://inspirehep.net/literature/1916140
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LHCb Prompt: Science Bulletin 67 (2022) 
479-487

• Heavy Quark Expansion (HQE) predict beauty and charm hadron lifetimes 

• Charm hadron lifetime prediction is challenging: significant higher order correction+QCD contributions

• Charm lifetime measurements allow for HQE validation and refinement increasing reliability and 
precision of SM predictions in flavor dynamics

LHCb Semileptonic: Phys. Rev. Lett. 121, 
092003 (2018) 

• The best measurements of charm-meson lifetimes date back 
to FOCUS; LHCb recently reported precise relative 
measurements of charm-baryon lifetimes 

• The LHCb measurements changed the lifetime                       
hierarchy of singly charmed baryons:                                                                                                                                                                       

• Possible reasons why HQE has initially failed are being 
debated (Science Bulletin 67 (2022) 445-447, 
arXiv:2204.11935)

• No other experimental confirmation of the LHCb results
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BELLE-II : PRD 107 (2023) 3, L031103Ω0
c

BELLE-II : PRL 130 (2023) 7, 071802Λc

https://inspirehep.net/literature/1740743
https://inspirehep.net/literature/1916140
https://inspirehep.net/literature/2138822
https://inspirehep.net/literature/2103917
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HQE, what now?
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• The LHCb measurements changed the lifetime                       
hierarchy of singly charmed baryons:                                                                                                                                                                       

• Possible reasons why HQE has initially failed are being 
debated (Science Bulletin 67 (2022) 445-447, 
arXiv:2204.11935)

• No other experimental confirmation of the LHCb results

τ(Ω0
c) < τ(Ξ0

c) < τ(Λ+
c ) < τ(Ξ+

c ) ⇒ τ(Ξ0
c) < τ(Λ+

c ) < τ(Ω0
c) < τ(Ξ+

c )

PRD 100 (2019) 3, 032001

Sci.Bull. 67 (2022) 5, 479-487

HQE (up to order ):   1/m3 τ(Ω0
c) < τ(Ξ0

c) < τ(Λc) < τ(Ξ+
c )

Obervation

BELLE-II : PRD 107 (2023) 3, L031103Ω0
c

HQE, what now?

BELLE-II : PRL 130 (2023) 7, 071802Λc

To higher order!!

https://inspirehep.net/literature/1740743
https://inspirehep.net/literature/1916140
https://inspirehep.net/literature/2138822
https://inspirehep.net/literature/2103917


Jonas Rademacker (University of Bristol)                                         Conference Summary                                                             Charm 2023, Siegen

Charm lifetimes from HQE

23

SINGLY CHARMED HADRON LIFETIMES - CONCLUSIONS
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Gratrex, Melic, Nisandzic 2204.11935
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with the experiment!

inclusion of newly calculated NLO 

corrections to (Mannel, 

Moreno, Pivovarov 2304.08964)
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reduce uncertainty
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SINGLY CHARMED HADRON LIFETIMES - CONCLUSIONS
King, Lenz, Piscopo, Rauh, Rusov, 2109.13219
Gratrex, Melic, Nisandzic 2204.11935

satisfactory agreement
with the experiment!

inclusion of newly calculated NLO 

corrections to (Mannel, 

Moreno, Pivovarov 2304.08964)

would probably significantly 

reduce uncertainty

Good agreement with experiment

Blaženka Melić

See also Hai-Yang Cheng’s talk for another HQE-based calculation leading to compatible results.
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HQE for doubly-charmed baryons

         and         measurement
at  LHCb Run-3  is feasible

DOUBLY CHARMED HADRON LIFETIMES - CONCLUSIONS
Dulibic, Gratrex, Melic, Nisandzic 2305.02243

is the only measured doubly-charmed 
baryon lifetime (LHCb 2018)
- good agreement 

         and         measurement
at  LHCb Run-3  is feasible

DOUBLY CHARMED HADRON LIFETIMES - CONCLUSIONS
Dulibic, Gratrex, Melic, Nisandzic 2305.02243

is the only measured doubly-charmed 
baryon lifetime (LHCb 2018)
- good agreement 

Blaženka Melić
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Charm mixing in 2013
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Charm mixing in 2015
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Charm mixing in 2018
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What was that??? 
LHCb model-independent mixing with D0 → KSπ+π−

30

LHCb: PRL 127 (2021) 11, 111801

2.3⇥ 106 D0 ! K0
S⇡

+⇡�
<latexit sha1_base64="sWsIepcNYkevJKClwowFpc9gDkM="></latexit><latexit sha1_base64="sWsIepcNYkevJKClwowFpc9gDkM="></latexit><latexit sha1_base64="sWsIepcNYkevJKClwowFpc9gDkM="></latexit><latexit sha1_base64="VXHq5iPlTghhC4HdccMNNMD1/Eg="></latexit><latexit sha1_base64="dV7fe5EwFOJRYaVp0TMBA3PsiZY="></latexit><latexit sha1_base64="dV7fe5EwFOJRYaVp0TMBA3PsiZY="></latexit><latexit sha1_base64="01/PQMXC/o1NwKxuTOsXwMRF/fA="></latexit><latexit sha1_base64="sWsIepcNYkevJKClwowFpc9gDkM="></latexit><latexit sha1_base64="sWsIepcNYkevJKClwowFpc9gDkM="></latexit><latexit sha1_base64="sWsIepcNYkevJKClwowFpc9gDkM="></latexit><latexit sha1_base64="sWsIepcNYkevJKClwowFpc9gDkM="></latexit><latexit sha1_base64="sWsIepcNYkevJKClwowFpc9gDkM="></latexit><latexit sha1_base64="sWsIepcNYkevJKClwowFpc9gDkM="></latexit>
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Figure 3: Distribution of �m for the selected D⇤+
! D0(! K0

S⇡
+⇡�)⇡+ candidates. The

projection of the fit result is superimposed.

usually by pairing the same D0 candidate with di↵erent soft pions. When this occurs, one
candidate is chosen randomly, and the rest are removed from the sample.

Signal yields are determined by fitting the distribution of the mass di↵erence be-
tween the D⇤+ and D0 candidates, denoted as �m. The signal probability density
function is empirically described by a combination of a Johnson SU distribution [27]
and two Gaussian functions, one of which shares a mean with the Johnson SU . The
background is dominated by real D0 decays incorrectly combined with a charged particle
not associated with a D⇤+ decay, and is modeled with a smooth phase-space-like model,
✓(�m�m⇡)e�c(�m�m⇡) (�m�m⇡)

↵, where ✓(x) is the Heaviside step function, m⇡ is
the charged-pion mass [5], and ↵ and c are free parameters. Figure 3 shows the �m
distribution of the entire sample, from which the fit identifies (30.585± 0.011)⇥ 106 signal
decays. This represents a factor of 15 larger yield compared to the previous measurement.

To determine the yields used to form the ratios R±
bj , separate fits are performed for each

set of Dalitz-plot and decay-time bins bj. The signal model assumes the same parameters
for each pair of positive and negative Dalitz-plot bins, and fixes some parameters from a fit
integrated over decay time. Fits are performed independently for D0 and D0 candidates,
as well as for each of the four data subsamples. The measured signal yields are then
corrected for two e↵ects that do not cancel in the ratio: experimentally induced correlations
between the phase space and decay time, and charge-dependent e�ciencies (detection
asymmetries).

Online requirements on the displacement and momenta of the D0 decay products
introduce e�ciency variations that are correlated between the phase-space coordinates
and the D0 decay time. The e↵ect depends predominantly on the invariant mass of
two pions from the D0 decay, with the e�ciency to reconstruct the candidates at low
values decreasing significantly at low D0 decay times. This can bias the measured yield
ratios and produce mixing-like trends. To remove this bias, an approach that estimates
the relative e�ciencies using data is developed. The Dalitz plot is divided into small,
rectangular-like regions formed symmetrically across the bisector. Note that these include
the portions above and below the bisector, unlike the bins shown in Fig. 2. In the limit of
CP symmetry, the contribution of mixing to such symmetric regions depends only on yCP

4

Method: Phys.Rev. D99 (2019) no.1, 012007

3.1 × 107

See also CLEO-c, Phys.Rev. D82 (2010) 112006
BESIII: PRL 124 (2020) 24, 241802

correct for this effect. The values of Ki and K0
i that are used

to evaluate Nexp
i are determined from the flavor-tagged DT

yields, where corrections from doubly Cabibbo-suppressed
decays, efficiency and migration effects have been applied,
which are explained in detail in Ref. [16].
The values of cð0Þi and sð0Þi are obtained by minimizing the

negative log-likelihood function constructed as

−2 logL ¼ −2
X

i

X

j

lnPðNobs
ij ; hNexp

ij iÞK0
Sπ

þπ−;K0
SðLÞπ

þπ−

− 2
X

i

lnPðNobs
i ; hNexp

i iÞCP;K0
SðLÞπ

þπ− þ χ2;

where PðNobs; hNexpiÞ is the Poisson probability to observe
Nobs events given the expected number hNexpi. Here the
sums are over the bins of theD0 → K0

SðLÞπ
þπ− Dalitz plots.

The χ2 term is used to constrain the difference c0i − ci
(s0i − si) to the predicted quantity Δci (Δsi). The values of
Δci andΔsi are estimated based on the decay amplitudes of
D0 → K0

Sπ
þπ− [30] and D0 → K0

Lπ
þπ−, where the latter is

constructed by adjusting the D0 → K0
Sπ

þπ− model taking
the K0

S and K
0
L mesons to have opposite CP, as is discussed

in Refs. [13,14]. The details of assigning Δci (Δsi) and
their uncertainties δΔci (δΔsi) are presented in Table VI
of Ref. [16].
The measured strong-phase parameters cð0Þi and sð0Þi are

presented in Fig. 3 and Table II. The estimation of
systematic uncertainties is described in detail in Ref. [16].
In addition to our results, Fig. 3 includes the predictions of
Ref. [30] and the results from Ref. [14], which show
reasonable agreement.
In summary, measurements of the strong-phase para-

meters between D0 and D̄0 → K0
S;Lπ

þπ− in bins of phase
space have been performed using 2.93 fb−1 of data
collected at

ffiffiffi
s

p
¼ 3.773 GeV with the BESIII detector.

Compared to the previous CLEO measurement [14], two
main improvements have been incorporated. First, addi-
tional tag decay modes are used. In particular the inclusion
of the πþπ−π0 tag improves the sensitivity to ci and the
addition of theK0

Sðπ0π0missÞπþπ− improves the sensitivity to
si. Second, corrections for bin migration have been
included, as their neglect would lead to uncertainties
comparable to the statistical uncertainty. The results
presented in this Letter are on average a factor of
2.5 (1.9) more precise for ci (si) and a factor of
2.8 (2.2) more precise for c0i (s

0
i) than has been achieved

previously. The strong-phase parameters provide an impor-
tant input for a wide range ofCP violation measurements in
the beauty and charm sectors, and also for measurements
of strong-phase parameters in other D decays where
D → K0

Sπ
þπ− is used as a tag [31,31–34].

To assess the impact of our ci and si results on a
measurement of γ, we use a large simulated data set of
B− → DK−, D → K0

Sπ
þπ− events. Based on the MC

simulation, the uncertainty in γ associated with our uncer-
tainties for ci and si is found to be 0.7°, 1.2°, and 0.8° for
the equal ΔδD, optimal and modified optimal binning
schemes, respectively. For comparison, the corresponding
results from CLEO are 2.0°, 3.9°, and 2.1° [14]. Therefore,
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FIG. 2. Dalitz plots of K0
Sπ

þπ− events in data. The effect of the
quantum correlation is clearly visible. The approximate locations
of events from K0

Sρð770Þ0 are indicated by arrows for clarity.
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FIG. 3. The ci and si measured in this work (red dots with error bars), the predictions of Ref. [30] (black open circles) and the results of
Ref. [14] (green open squares with error bars). The left, middle and right plots are from the equal ΔδD, optimal and modified optimal
binnings, respectively. The circle indicates the boundary of the physical region c2i þ s2i ¼ 1.

PHYSICAL REVIEW LETTERS 124, 241802 (2020)

241802-6

Critical: 
BES-III 
input

Adam Davis

https://inspirehep.net/literature/1867376
http://inspirehep.net/record/1702145?ln=en
http://inspirehep.net/record/873121/
https://inspirehep.net/literature/1782978
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Charm mixing in 2022
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Charm in time

When is the “era of charm”? 

In the last decades, the answer is “NOW”!

First CHARM workshop
J/ψ discovery

Observation of DsJ states Observation of charm mixing
Observation of CPV in charm

Frequency of keyword “charm” on inspirehep

Tara Nanut Petrič
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Observation of DsJ states Observation of charm mixing
Observation of CPV in charm

Frequency of keyword “charm” on inspirehep
frequency of the keywords top, 

bottom, beauty, strange

Our 
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correct for this effect. The values of Ki and K0
i that are used

to evaluate Nexp
i are determined from the flavor-tagged DT

yields, where corrections from doubly Cabibbo-suppressed
decays, efficiency and migration effects have been applied,
which are explained in detail in Ref. [16].
The values of cð0Þi and sð0Þi are obtained by minimizing the

negative log-likelihood function constructed as

−2 logL ¼ −2
X

i

X

j

lnPðNobs
ij ; hNexp

ij iÞK0
Sπ

þπ−;K0
SðLÞπ

þπ−

− 2
X

i

lnPðNobs
i ; hNexp

i iÞCP;K0
SðLÞπ

þπ− þ χ2;

where PðNobs; hNexpiÞ is the Poisson probability to observe
Nobs events given the expected number hNexpi. Here the
sums are over the bins of theD0 → K0

SðLÞπ
þπ− Dalitz plots.

The χ2 term is used to constrain the difference c0i − ci
(s0i − si) to the predicted quantity Δci (Δsi). The values of
Δci andΔsi are estimated based on the decay amplitudes of
D0 → K0

Sπ
þπ− [30] and D0 → K0

Lπ
þπ−, where the latter is

constructed by adjusting the D0 → K0
Sπ

þπ− model taking
the K0

S and K
0
L mesons to have opposite CP, as is discussed

in Refs. [13,14]. The details of assigning Δci (Δsi) and
their uncertainties δΔci (δΔsi) are presented in Table VI
of Ref. [16].
The measured strong-phase parameters cð0Þi and sð0Þi are

presented in Fig. 3 and Table II. The estimation of
systematic uncertainties is described in detail in Ref. [16].
In addition to our results, Fig. 3 includes the predictions of
Ref. [30] and the results from Ref. [14], which show
reasonable agreement.
In summary, measurements of the strong-phase para-

meters between D0 and D̄0 → K0
S;Lπ

þπ− in bins of phase
space have been performed using 2.93 fb−1 of data
collected at

ffiffiffi
s

p
¼ 3.773 GeV with the BESIII detector.

Compared to the previous CLEO measurement [14], two
main improvements have been incorporated. First, addi-
tional tag decay modes are used. In particular the inclusion
of the πþπ−π0 tag improves the sensitivity to ci and the
addition of theK0

Sðπ0π0missÞπþπ− improves the sensitivity to
si. Second, corrections for bin migration have been
included, as their neglect would lead to uncertainties
comparable to the statistical uncertainty. The results
presented in this Letter are on average a factor of
2.5 (1.9) more precise for ci (si) and a factor of
2.8 (2.2) more precise for c0i (s

0
i) than has been achieved

previously. The strong-phase parameters provide an impor-
tant input for a wide range ofCP violation measurements in
the beauty and charm sectors, and also for measurements
of strong-phase parameters in other D decays where
D → K0

Sπ
þπ− is used as a tag [31,31–34].

To assess the impact of our ci and si results on a
measurement of γ, we use a large simulated data set of
B− → DK−, D → K0

Sπ
þπ− events. Based on the MC

simulation, the uncertainty in γ associated with our uncer-
tainties for ci and si is found to be 0.7°, 1.2°, and 0.8° for
the equal ΔδD, optimal and modified optimal binning
schemes, respectively. For comparison, the corresponding
results from CLEO are 2.0°, 3.9°, and 2.1° [14]. Therefore,
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FIG. 2. Dalitz plots of K0
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þπ− events in data. The effect of the
quantum correlation is clearly visible. The approximate locations
of events from K0

Sρð770Þ0 are indicated by arrows for clarity.
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FIG. 3. The ci and si measured in this work (red dots with error bars), the predictions of Ref. [30] (black open circles) and the results of
Ref. [14] (green open squares with error bars). The left, middle and right plots are from the equal ΔδD, optimal and modified optimal
binnings, respectively. The circle indicates the boundary of the physical region c2i þ s2i ¼ 1.

PHYSICAL REVIEW LETTERS 124, 241802 (2020)

241802-6

Input from charm threshold and mixing to .γ
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ψ(3770)
D0

D0

ftag

fsignal

B−
D0K−

D0K−

fD K−

measures CKM angle γ

measures charm interference, especially strong phases

D0

D0
fD

measures charm mixing and CPV



Jonas Rademacker (University of Bristol)                                         Conference Summary                                                             Charm 2023, Siegen

B− → DK−, D → K+π−π+π−
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2022-150
LHCb-PAPER-2022-017

September 8, 2022

Measurement of the CKM angle �
with B± ! D[K⌥⇡±⇡±⇡⌥

]h±

decays using a binned phase-space

approach

LHCb collaboration

Abstract

The CKM angle � is determined from CP -violating observables measured in
B±

! D[K⌥⇡±⇡±⇡⌥]h±, (h = K,⇡) decays, where the measurements are per-
formed in bins of the decay phase-space of the D meson. Using proton-proton
collision data collected by the LHCb experiment at centre-of-mass energies of 7, 8
and 13TeV, corresponding to a total integrated luminosity of 9 fb�1, � is determined
to be

� =
�
54.8 + 6.0

� 5.8
+ 0.6
� 0.6

+ 6.7
� 4.3

��
,

where the first uncertainty is statistical, the second systematic and the third from
the external inputs on the coherence factors and strong phases of the D-meson
decays.

Submitted to JHEP

© 2022 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

ar
X

iv
:2

20
9.

03
69

2v
1 

 [h
ep

-e
x]

  8
 S

ep
 2

02
2

0

10

20

30

40

50

60

70

C
a
n
d
id
a
t
e
s
/
(
1
0
M
eV
/c

2
)

B� ! DK�,Bin 1

LHCb

9 fb
�1

Data

B+ ! DK+

B+ ! D⇡+

B0
s ! DK+X

B ! DK+X
B ! D⇡+X
⇤0

b ! Dp⇡�

Crossfeed

Combinatorial

B+ ! DK+,Bin 1

LHCb

9 fb
�1

0

10

20

30

40

50

60

C
a
n
d
id
a
t
e
s
/
(
1
0
M
eV
/c

2
)

B� ! DK�,Bin 2

LHCb

9 fb
�1

B+ ! DK+,Bin 2

LHCb

9 fb
�1

0

10

20

30

40

50

60

C
a
n
d
id
a
t
e
s
/
(
1
0
M
eV
/c

2
)

B� ! DK�,Bin 3

LHCb

9 fb
�1

B+ ! DK+,Bin 3

LHCb

9 fb
�1

5.2 5.4 5.6 5.8

mDK� [ GeV/c2]

0

10

20

30

40

50

60

C
a
n
d
id
a
t
e
s
/
(
1
0
M
eV
/c

2
)

B� ! DK�,Bin 4

LHCb

9 fb
�1

5.2 5.4 5.6 5.8

mDK+ [ GeV/c2]

B+ ! DK+,Bin 4

LHCb

9 fb
�1

Figure 3: Invariant-mass distributions of OS B±
! DK± candidates, divided by the charge of

the B-hadron and phase-space bin. The results of the fit are overlaid.
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statistical
systematic

input from charm threshold

Biggest CPV observed so far

hope for more BES III data at 
ψ(3770)

LHCb: arXiv:2209.03692 (2022)

https://inspirehep.net/literature/2148941
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correct for this effect. The values of Ki and K0
i that are used

to evaluate Nexp
i are determined from the flavor-tagged DT

yields, where corrections from doubly Cabibbo-suppressed
decays, efficiency and migration effects have been applied,
which are explained in detail in Ref. [16].
The values of cð0Þi and sð0Þi are obtained by minimizing the

negative log-likelihood function constructed as

−2 logL ¼ −2
X

i

X

j

lnPðNobs
ij ; hNexp

ij iÞK0
Sπ

þπ−;K0
SðLÞπ

þπ−

− 2
X

i

lnPðNobs
i ; hNexp

i iÞCP;K0
SðLÞπ

þπ− þ χ2;

where PðNobs; hNexpiÞ is the Poisson probability to observe
Nobs events given the expected number hNexpi. Here the
sums are over the bins of theD0 → K0

SðLÞπ
þπ− Dalitz plots.

The χ2 term is used to constrain the difference c0i − ci
(s0i − si) to the predicted quantity Δci (Δsi). The values of
Δci andΔsi are estimated based on the decay amplitudes of
D0 → K0

Sπ
þπ− [30] and D0 → K0

Lπ
þπ−, where the latter is

constructed by adjusting the D0 → K0
Sπ

þπ− model taking
the K0

S and K
0
L mesons to have opposite CP, as is discussed

in Refs. [13,14]. The details of assigning Δci (Δsi) and
their uncertainties δΔci (δΔsi) are presented in Table VI
of Ref. [16].
The measured strong-phase parameters cð0Þi and sð0Þi are

presented in Fig. 3 and Table II. The estimation of
systematic uncertainties is described in detail in Ref. [16].
In addition to our results, Fig. 3 includes the predictions of
Ref. [30] and the results from Ref. [14], which show
reasonable agreement.
In summary, measurements of the strong-phase para-

meters between D0 and D̄0 → K0
S;Lπ

þπ− in bins of phase
space have been performed using 2.93 fb−1 of data
collected at

ffiffiffi
s

p
¼ 3.773 GeV with the BESIII detector.

Compared to the previous CLEO measurement [14], two
main improvements have been incorporated. First, addi-
tional tag decay modes are used. In particular the inclusion
of the πþπ−π0 tag improves the sensitivity to ci and the
addition of theK0

Sðπ0π0missÞπþπ− improves the sensitivity to
si. Second, corrections for bin migration have been
included, as their neglect would lead to uncertainties
comparable to the statistical uncertainty. The results
presented in this Letter are on average a factor of
2.5 (1.9) more precise for ci (si) and a factor of
2.8 (2.2) more precise for c0i (s

0
i) than has been achieved

previously. The strong-phase parameters provide an impor-
tant input for a wide range ofCP violation measurements in
the beauty and charm sectors, and also for measurements
of strong-phase parameters in other D decays where
D → K0

Sπ
þπ− is used as a tag [31,31–34].

To assess the impact of our ci and si results on a
measurement of γ, we use a large simulated data set of
B− → DK−, D → K0

Sπ
þπ− events. Based on the MC

simulation, the uncertainty in γ associated with our uncer-
tainties for ci and si is found to be 0.7°, 1.2°, and 0.8° for
the equal ΔδD, optimal and modified optimal binning
schemes, respectively. For comparison, the corresponding
results from CLEO are 2.0°, 3.9°, and 2.1° [14]. Therefore,
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FIG. 2. Dalitz plots of K0
Sπ

þπ− events in data. The effect of the
quantum correlation is clearly visible. The approximate locations
of events from K0

Sρð770Þ0 are indicated by arrows for clarity.
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correct for this effect. The values of Ki and K0
i that are used

to evaluate Nexp
i are determined from the flavor-tagged DT

yields, where corrections from doubly Cabibbo-suppressed
decays, efficiency and migration effects have been applied,
which are explained in detail in Ref. [16].
The values of cð0Þi and sð0Þi are obtained by minimizing the

negative log-likelihood function constructed as

−2 logL ¼ −2
X
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lnPðNobs
i ; hNexp

i iÞCP;K0
SðLÞπ

þπ− þ χ2;

where PðNobs; hNexpiÞ is the Poisson probability to observe
Nobs events given the expected number hNexpi. Here the
sums are over the bins of theD0 → K0

SðLÞπ
þπ− Dalitz plots.

The χ2 term is used to constrain the difference c0i − ci
(s0i − si) to the predicted quantity Δci (Δsi). The values of
Δci andΔsi are estimated based on the decay amplitudes of
D0 → K0

Sπ
þπ− [30] and D0 → K0

Lπ
þπ−, where the latter is

constructed by adjusting the D0 → K0
Sπ

þπ− model taking
the K0

S and K
0
L mesons to have opposite CP, as is discussed

in Refs. [13,14]. The details of assigning Δci (Δsi) and
their uncertainties δΔci (δΔsi) are presented in Table VI
of Ref. [16].
The measured strong-phase parameters cð0Þi and sð0Þi are

presented in Fig. 3 and Table II. The estimation of
systematic uncertainties is described in detail in Ref. [16].
In addition to our results, Fig. 3 includes the predictions of
Ref. [30] and the results from Ref. [14], which show
reasonable agreement.
In summary, measurements of the strong-phase para-

meters between D0 and D̄0 → K0
S;Lπ

þπ− in bins of phase
space have been performed using 2.93 fb−1 of data
collected at

ffiffiffi
s

p
¼ 3.773 GeV with the BESIII detector.

Compared to the previous CLEO measurement [14], two
main improvements have been incorporated. First, addi-
tional tag decay modes are used. In particular the inclusion
of the πþπ−π0 tag improves the sensitivity to ci and the
addition of theK0

Sðπ0π0missÞπþπ− improves the sensitivity to
si. Second, corrections for bin migration have been
included, as their neglect would lead to uncertainties
comparable to the statistical uncertainty. The results
presented in this Letter are on average a factor of
2.5 (1.9) more precise for ci (si) and a factor of
2.8 (2.2) more precise for c0i (s

0
i) than has been achieved

previously. The strong-phase parameters provide an impor-
tant input for a wide range ofCP violation measurements in
the beauty and charm sectors, and also for measurements
of strong-phase parameters in other D decays where
D → K0

Sπ
þπ− is used as a tag [31,31–34].

To assess the impact of our ci and si results on a
measurement of γ, we use a large simulated data set of
B− → DK−, D → K0

Sπ
þπ− events. Based on the MC

simulation, the uncertainty in γ associated with our uncer-
tainties for ci and si is found to be 0.7°, 1.2°, and 0.8° for
the equal ΔδD, optimal and modified optimal binning
schemes, respectively. For comparison, the corresponding
results from CLEO are 2.0°, 3.9°, and 2.1° [14]. Therefore,
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correct for this effect. The values of Ki and K0
i that are used

to evaluate Nexp
i are determined from the flavor-tagged DT

yields, where corrections from doubly Cabibbo-suppressed
decays, efficiency and migration effects have been applied,
which are explained in detail in Ref. [16].
The values of cð0Þi and sð0Þi are obtained by minimizing the

negative log-likelihood function constructed as

−2 logL ¼ −2
X

i
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ij ; hNexp
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þπ−;K0
SðLÞπ
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− 2
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lnPðNobs
i ; hNexp

i iÞCP;K0
SðLÞπ

þπ− þ χ2;

where PðNobs; hNexpiÞ is the Poisson probability to observe
Nobs events given the expected number hNexpi. Here the
sums are over the bins of theD0 → K0

SðLÞπ
þπ− Dalitz plots.

The χ2 term is used to constrain the difference c0i − ci
(s0i − si) to the predicted quantity Δci (Δsi). The values of
Δci andΔsi are estimated based on the decay amplitudes of
D0 → K0

Sπ
þπ− [30] and D0 → K0

Lπ
þπ−, where the latter is

constructed by adjusting the D0 → K0
Sπ

þπ− model taking
the K0

S and K
0
L mesons to have opposite CP, as is discussed

in Refs. [13,14]. The details of assigning Δci (Δsi) and
their uncertainties δΔci (δΔsi) are presented in Table VI
of Ref. [16].
The measured strong-phase parameters cð0Þi and sð0Þi are

presented in Fig. 3 and Table II. The estimation of
systematic uncertainties is described in detail in Ref. [16].
In addition to our results, Fig. 3 includes the predictions of
Ref. [30] and the results from Ref. [14], which show
reasonable agreement.
In summary, measurements of the strong-phase para-

meters between D0 and D̄0 → K0
S;Lπ

þπ− in bins of phase
space have been performed using 2.93 fb−1 of data
collected at

ffiffiffi
s

p
¼ 3.773 GeV with the BESIII detector.

Compared to the previous CLEO measurement [14], two
main improvements have been incorporated. First, addi-
tional tag decay modes are used. In particular the inclusion
of the πþπ−π0 tag improves the sensitivity to ci and the
addition of theK0

Sðπ0π0missÞπþπ− improves the sensitivity to
si. Second, corrections for bin migration have been
included, as their neglect would lead to uncertainties
comparable to the statistical uncertainty. The results
presented in this Letter are on average a factor of
2.5 (1.9) more precise for ci (si) and a factor of
2.8 (2.2) more precise for c0i (s

0
i) than has been achieved

previously. The strong-phase parameters provide an impor-
tant input for a wide range ofCP violation measurements in
the beauty and charm sectors, and also for measurements
of strong-phase parameters in other D decays where
D → K0

Sπ
þπ− is used as a tag [31,31–34].

To assess the impact of our ci and si results on a
measurement of γ, we use a large simulated data set of
B− → DK−, D → K0

Sπ
þπ− events. Based on the MC

simulation, the uncertainty in γ associated with our uncer-
tainties for ci and si is found to be 0.7°, 1.2°, and 0.8° for
the equal ΔδD, optimal and modified optimal binning
schemes, respectively. For comparison, the corresponding
results from CLEO are 2.0°, 3.9°, and 2.1° [14]. Therefore,
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Combination of charm and beauty inputs for mixing

39

 input improves charm parametersB → DK

LHCb-CONF-2022-003 
& JHEP 12 (2021) 141

Charm 23 Di Palma Roberto PageCharm 23 PageCharm 23 Roberto Di Palma

 FIT RESULTS (familiar formalism) 
°,  ϕ2 = (−2.15 ± 0.90) |q/p | = 0.990 ± 0.015

CPV parameters

FIT RESULTS (Kagan - Silvestrini) 
°, ° ϕM

2 = (1.3 ± 1.3) ϕΓ
2 = (2.6 ± 1.2)
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Roberto di Palma

Bayesian approach (similar results 
as LHCb’s frequentist one)

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2022-003.html
https://inspirehep.net/literature/1939295
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Jonas Rademacker (University of Bristol)                                         Conference Summary                                                             Charm 2023, Siegen

The problem with that:

41

low-energy QCD

Talks by Felix Erben (mixing on the Lattice), Blaženka Malik (mixing with 
HQE). There is progress, but a lot of heavy lifting remains to be done.
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QCD can be beautiful!
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72 new hadrons at the LHC
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Plot by Patrick Koppenburg: https://www.nikhef.nl/~pkoppenb/particles.html

https://www.nikhef.nl/~pkoppenb/particles.html
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35 new hadrons at BELLE
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35 new hadrons at BELLE
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55

Junhao Yin (Korea University) @MIAPbP Heavy Flavour Workshop

11th CHARM workshop, 17–21 July 2023, Tara Nanut Petrič, tara.nanut@cern.ch 9

Exotic states - or maybe not?

Often we speak of “exotic candidates” 
due to ambiguity of interpretations. Example: χc1(3872) ~ X(3872) 

• First heavy state with properties not fitting a conventional 
quarkonium state (width, mass). 

• Discovered 2003, Belle: Happy 20th birthday! 

• Its (non)exotic nature is still ambiguous! 

• Measurements and interpretations are continuing… 

Chunhua’s talk  on XYZ states  [BESIII]  (Tue morning)

 N(exotic (candidates)) ~ N(conventional states)

Relation to experiment: 
• Ongoing interpretations of observed states 
• Finding missing predicted states 

 Theory corner

Happy 20th discovery anniversary !χc(3872)

Tara Nanut Petrič
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26 new hadrons at BES III

47

11th CHARM workshop, 17–21 July 2023, Tara Nanut Petrič, tara.nanut@cern.ch

We are constantly adding new particles!

11

Naming sheme(s)

Future discovered states might need “interim” names until quantum numbers are measured. 

• Naming is based on measured quantum numbers 
• PROBLEM: Not covering (future) exotics

 PDG naming scheme  LHCb-proposed 2023 exotic hadron naming scheme

• Building on PDG scheme. Minimal changes in existing namings (4- or 5-quark states) 
• Expands the convention to pentaquarks and future discoveries, missing isospin and quark 

contents

CERN-LHCb-PUB-2022-013

With historical lack of (extendable) conventions, experiments have been deciding on the go (example: XYZ states). A“self-
evolving” scheme can easily stop being consistent and cannot consistently accommodate new states.

Chunhua Li
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Cecil Powell, 1945
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“It was as if, suddenly, we 
had broken into a walled 
orchard, where protected 

trees had flourished and all 
kinds of exotic fruits had 

ripened in great profusion.”

Cecil Powell and Cesar Lattes discovered the pion with their new emulsion technique.

 After using a newly developed emulsion 
technique to measure cosmic radiation high in 

the Pyrenees (Pic du Midi):
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Charmonium Spectrum
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Charmonium(-like) Spectrum

4

c c
• The charmonium spectrum is 

calculated with the potential 
model.


• Good agreement between theory 
and experiment below the open-
charm threshold.


• Exotic candidates are observed at 
experiments above the open-
charm thresholds.

Hadrons

3

CZY & S.L. Olsen, Nature Reviews Physics 1, 480 (2019)

• Meson:qq, Baryon:qqq

• QCD allows hadrons 

beyond meson and 
baryon exist

Much speculation about the 
nature of these states

Antonio Polosa
Chunhua Li
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Charmonium(-like) Spectrum

4

c c
• The charmonium spectrum is 

calculated with the potential 
model.


• Good agreement between theory 
and experiment below the open-
charm threshold.


• Exotic candidates are observed at 
experiments above the open-
charm thresholds.

Hadrons

3

CZY & S.L. Olsen, Nature Reviews Physics 1, 480 (2019)

• Meson:qq, Baryon:qqq

• QCD allows hadrons 

beyond meson and 
baryon exist

Much speculation about the 
nature of these states

AD Polosa analyses (3872) in analogy to elementary vs 
molecular deuteron and asks:

χc

T H E  L E E  M O D E L

8

n n
p

π−

See the “Lee-model” (’54) in Henley & Thirring, Elementary Quantum Field Theory, McGraw-Hill  
T.D.  Lee, Phys. Rev. 95, 1329 (1954)

|n, in⟩ = Z |n, bare⟩ + ∫k
Ck |p π−(k)⟩

Z + ∫k
|Ck |2 = 1
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Charmonium(-like) Spectrum

4

c c
• The charmonium spectrum is 

calculated with the potential 
model.


• Good agreement between theory 
and experiment below the open-
charm threshold.


• Exotic candidates are observed at 
experiments above the open-
charm thresholds.

Hadrons

3

CZY & S.L. Olsen, Nature Reviews Physics 1, 480 (2019)

• Meson:qq, Baryon:qqq

• QCD allows hadrons 

beyond meson and 
baryon exist

Much speculation about the 
nature of these states

AD Polosa analyses (3872) in analogy to elementary vs 
molecular deuteron and asks:
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CONCLUS IONS

41

• It would be useful to have new comparative studies on the  of 
the X(3872) and of the  particles, and to agree on the way to 
extract information from data (not easy). 

• It would be of great relevance to learn more, on the experimental 
side, about deuteron production at high  . 

• Some states are produced promptly in  collisions, some are not. 
There is no clear reason why.  

• Are there loosely bound molecules  Can we formulate more 
stringient bounds on  particles? 

• Derive Weinberg criterium in a modern language. 
• More basically: are we on the right questions?

r0
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pT
pp

BB̄*?
X±

Antonio Polosa
Chunhua Li
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Charmonium

[Piemonte et al.,1905.03506] JPC = 1≠≠, 3≠≠ elastic DD scattering with ¸ = 1, 3.
Conventional states: 1≠≠ channel, bound state Â(2S) below the DD threshold, Â(3770)
resonance slightly above. Â(3770): g consistent with expt., � = g2p3/(6fis). m3≠≠

compatible with X(3842) [LHCb,1903.12240]. BR(DD)≥ 93%, J/Â÷ and 3 body decays ignored.

[Prelovsek et al.,2011.02542] Coupled channel
DD̄ and DsD̄s S- and D-wave scattering.
J/ÂÊ and ÷c ÷ channels ignored, mc > mphys

c .

JPC = 0++: F State just below DD thresh-
old (mfi > mphys

fi !), not yet observed in expt.
F Narrow resonance just below DsDs which
may be related to X(3915)/‰c0(3930).
F Broad resonance which may be related to
X(3860).
F JPC = 2++ similar to ‰c2(3930).
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Expt: JPC = 0++: X(3860) [Belle,1704.01872], the ‰c0(3930) [LHCb,2009.00025] and the X(3915)
[BaBar,0711.2047], [Belle,0912.4451] below the DsD̄s threshold. Also the X(3960) [LHCb,2210.15153].
Theory: additional shallow bound state suggested in [Gammermann et al.,hep-ph/0612179]. Partner to
X(3872) suggested in [Hildago Duque et al.,1305.4487], [Baru et al.,1605.09649]. See also [Danilkin et al.,2111.15033] and
[Guo et al.,2212.00631].
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Sara Collins 

+ much much more on spectroscopy on the lattice in Sara’s talk

Charmonium and cc̄ exotics

[PDG,2019]

Charmonium system 1

Charmonium System

Updated August 2019.
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The level scheme of meson states containing a minimal quark content of cc. The name of
a state is determined by its quantum numbers IGJPC (see the review “Naming Scheme
for Hadrons”). States with unestablished quantum numbers are called X and are drawn
according to our best estimate of their likely JPC . States included in the Summary
Tables are shown with solid lines; selected states not in the Summary Tables, but with
assigned quantum numbers, are shown with dotted lines. The arrows indicate the most
dominant hadronic transitions. Single photon transitions, including ψ(nS) → γηc(mS),
ψ(nS) → γχcJ(1P ), and χcJ (1P ) → γJ/ψ, are omitted for clarity. For orientation, the
location of the thresholds related to a pair of ground state open charm mesons is indicated
in the figure.

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
June 1, 2020 08:27

Above the DD threshold, many states of interest including the X(3872) (‰c1(3872)) and
Z+

c (3900). Zcs are no C eigenstates.
Challenges: Dense spectrum of states: a number of states with same/di�erent JPC in a
narrow energy region. Multiple two-particle and three-particle decay channels can be open.
X(3872), JPC = 1++, I=0, no recent work (see [Padmanath et al.,1503.03257], elastic DDú

scattering, find a shallow bound state).
Z+

c (3900), JP = 1+, I=1, no evidence as yet via Lüschers method, see, e.g. [CLQCD,1907.03371].
[HALQCD,1602.03465] coupling between DDú and J/ÂÊ channels is responsible for the Zc .

Juan Andres Urrea NinoSee also:
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Figure 2: Distribution of the reconstructed invariant mass m(⌅+
c K�) for all candidates passing

the likelihood ratio selection; the solid (red) curve shows the result of the fit, and the dashed
(blue) line indicates the fitted background. The shaded (red) histogram shows the corresponding
mass spectrum from the ⌅+

c sidebands and the shaded (light gray) distributions indicate the
feed-down from partially reconstructed ⌦c(X)0 resonances.

The likelihood ratios and their PDFs are defined separately for the three data sets at
di↵erent center-of-mass energies due to their di↵erent trigger conditions. The selection
requirements on the likelihood ratios are also chosen separately for the three samples, and
lead to ⌅+

c purities of approximately 83% in the inclusive ⌅+
c sample.

Figure 1 shows the pK�⇡+ mass spectrum of ⌅+
c candidates passing the likelihood

ratio selection for all three data sets combined, along with the result of a fit with the
functional form described above. The ⌅+

c signal region contains 1.05⇥ 106 events. Note
that this inclusive ⌅+

c sample contains not only those produced in the decays of charmed
baryon resonances but also from other sources, including decays of b hadrons and direct
production at the PV.

Each ⌅+
c candidate passing the likelihood ratio selection and lying within the ⌅+

c

signal mass region is then combined in turn with each K� candidate in the event. A
vertex fit is used to reconstruct each ⌅+

c K
� combination, with the constraint that it

originates from the PV. The ⌅+
c K

� candidate must have a small vertex fit �2, a high
kaon identification probability, and transverse momentum pT(⌅+

c K
�) > 4.5GeV.

The ⌅+
c K

� invariant mass is computed as

m(⌅+
c K

�) = m([pK�⇡+]⌅+
c
K�)�m([pK�⇡+]⌅+

c
) +m⌅+

c
, (2)

where m⌅+
c
= 2467.89+0.34

�0.50 MeV is the world-average ⌅+
c mass [16] and [pK�⇡+]⌅+

c
is

the reconstructed ⌅+
c ! pK�⇡+ candidate.

3

  5 excited Ωc → Ξ+
c K−

51

LHCb: PRL 118 (2017) 18, 182001

Patrick Spradlin

Patrick: “this porcupine just popped up”

https://inspirehep.net/literature/1517483
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c K�) for all candidates passing

the likelihood ratio selection; the solid (red) curve shows the result of the fit, and the dashed
(blue) line indicates the fitted background. The shaded (red) histogram shows the corresponding
mass spectrum from the ⌅+

c sidebands and the shaded (light gray) distributions indicate the
feed-down from partially reconstructed ⌦c(X)0 resonances.

The likelihood ratios and their PDFs are defined separately for the three data sets at
di↵erent center-of-mass energies due to their di↵erent trigger conditions. The selection
requirements on the likelihood ratios are also chosen separately for the three samples, and
lead to ⌅+

c purities of approximately 83% in the inclusive ⌅+
c sample.

Figure 1 shows the pK�⇡+ mass spectrum of ⌅+
c candidates passing the likelihood

ratio selection for all three data sets combined, along with the result of a fit with the
functional form described above. The ⌅+

c signal region contains 1.05⇥ 106 events. Note
that this inclusive ⌅+

c sample contains not only those produced in the decays of charmed
baryon resonances but also from other sources, including decays of b hadrons and direct
production at the PV.

Each ⌅+
c candidate passing the likelihood ratio selection and lying within the ⌅+
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signal mass region is then combined in turn with each K� candidate in the event. A
vertex fit is used to reconstruct each ⌅+

c K
� combination, with the constraint that it

originates from the PV. The ⌅+
c K

� candidate must have a small vertex fit �2, a high
kaon identification probability, and transverse momentum pT(⌅+

c K
�) > 4.5GeV.

The ⌅+
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� invariant mass is computed as
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�0.50 MeV is the world-average ⌅+
c mass [16] and [pK�⇡+]⌅+
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the reconstructed ⌅+
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3

  5 excited Ωc → Ξ+
c K−

51

LHCb: PRL 118 (2017) 18, 182001
BELLE: PRD 97 (2018) 5, 051102
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FIG. 2. (a) The Ξ+
c K

− invariant mass distribution. The fit shown by the solid line is the sum of a threshold function (dashed
line) and six Voigtian (Breit-Wigner convolved with Gaussian resolution) functions, with fixed masses, intrinsic widths and
resolutions (dotted lines). (b) A threshold function fit to the Ξ+

c K
+ (wrong-sign) invariant mass distribution. (c) A threshold

function fit to the invariant mass distribution for sidebands to the Ξ+
c candidates in combination with K− candidates.
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Patrick Spradlin

Patrick: “this porcupine just popped up”

https://inspirehep.net/literature/1517483
https://inspirehep.net/literature/1637368
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Figure 2: Distribution of the reconstructed invariant mass m(⌅+
c K�) for all candidates passing

the likelihood ratio selection; the solid (red) curve shows the result of the fit, and the dashed
(blue) line indicates the fitted background. The shaded (red) histogram shows the corresponding
mass spectrum from the ⌅+

c sidebands and the shaded (light gray) distributions indicate the
feed-down from partially reconstructed ⌦c(X)0 resonances.

The likelihood ratios and their PDFs are defined separately for the three data sets at
di↵erent center-of-mass energies due to their di↵erent trigger conditions. The selection
requirements on the likelihood ratios are also chosen separately for the three samples, and
lead to ⌅+

c purities of approximately 83% in the inclusive ⌅+
c sample.

Figure 1 shows the pK�⇡+ mass spectrum of ⌅+
c candidates passing the likelihood

ratio selection for all three data sets combined, along with the result of a fit with the
functional form described above. The ⌅+

c signal region contains 1.05⇥ 106 events. Note
that this inclusive ⌅+

c sample contains not only those produced in the decays of charmed
baryon resonances but also from other sources, including decays of b hadrons and direct
production at the PV.
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FIG. 2. (a) The Ξ+
c K

− invariant mass distribution. The fit shown by the solid line is the sum of a threshold function (dashed
line) and six Voigtian (Breit-Wigner convolved with Gaussian resolution) functions, with fixed masses, intrinsic widths and
resolutions (dotted lines). (b) A threshold function fit to the Ξ+

c K
+ (wrong-sign) invariant mass distribution. (c) A threshold

function fit to the invariant mass distribution for sidebands to the Ξ+
c candidates in combination with K− candidates.

schaft, the Excellence Cluster Universe, and the
VolkswagenStiftung; the Department of Science and
Technology of India; the Istituto Nazionale di Fisica
Nucleare of Italy; National Research Foundation
(NRF) of Korea Grants No. 2014R1A2A2A01005286,
No. 2015R1A2A2A01003280,
No. 2015H1A2A1033649, No. 2016R1D1A1B01010135,
No. 2016K1A3A7A09005603,
No. 2016R1D1A1B02012900; Radiation Science Re-
search Institute, Foreign Large-size Research Facility
Application Supporting project and the Global Science

Experimental Data Hub Center of the Korea Institute
of Science and Technology Information; the Polish
Ministry of Science and Higher Education and the
National Science Center; the Ministry of Education
and Science of the Russian Federation and the Russian
Foundation for Basic Research; the Slovenian Research
Agency; Ikerbasque, Basque Foundation for Science and
MINECO (Juan de la Cierva), Spain; the Swiss National
Science Foundation; the Ministry of Education and the
Ministry of Science and Technology of Taiwan; and the
U.S. Department of Energy and the National Science
Foundation.

5

3 3.05 3.1 3.15 3.2 3.25 3.30

5

10

15

20

25

30

35 (a)

3 3.05 3.1 3.15 3.2 3.25 3.3

2
C

om
bi

na
tio

ns
/2

 M
eV

/c

0
5

10
15
20
25
30
35
40
45 (b)

)2K) (GeV/c+
cΞM(

3 3.05 3.1 3.15 3.2 3.25 3.30
2
4
6
8

10
12
14
16
18 (c)

FIG. 2. (a) The Ξ+
c K

− invariant mass distribution. The fit shown by the solid line is the sum of a threshold function (dashed
line) and six Voigtian (Breit-Wigner convolved with Gaussian resolution) functions, with fixed masses, intrinsic widths and
resolutions (dotted lines). (b) A threshold function fit to the Ξ+

c K
+ (wrong-sign) invariant mass distribution. (c) A threshold

function fit to the invariant mass distribution for sidebands to the Ξ+
c candidates in combination with K− candidates.
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Figure 1: Invariant-mass distribution of the ⌦c(X)
0
candidates in (a) data set 1 and (b) data

set 2, with the fit results overlaid. A bin width of 5MeV is used for plotting. The previously

observed excited ⌦0
c states are shown in blue dashed lines. The ⌦c(3185)

0
state is shown in the

brown area, and the ⌦c(3327)
0
state is shown in the red area. Three feed-down components are

shown as the yellow areas, while the green long-dashed line corresponds to the combinatorial

background.

The enhancement around the ⌅+
c K

� mass threshold is described by the partially
reconstructed decays of ⌦c(X)0 ! ⌅ 0+

c (! ⌅+
c �)K

�, as was done in the previous analy-
sis [2]. In the exclusive analysis using the ⌦�

b ! ⌦c(X)0(! ⌅+
c K

�)⇡� decay [4], these
feed-down components are excluded by requiring an appropriate signal mass window of
the ⌦�

b baryon, while the threshold enhancement is still present. In the ⌦�
b analysis

this structure was modeled as an S-wave Breit–Wigner distribution, but the available
data in Ref. [4] are not su�cient to determine this structure. To check if this structure

Table 1: Fit results of the mass, width, and yield for each state, and for each data set.

Uncertainties are statistical only.

Resonance m (MeV) � (MeV) Yield (data set 1) Yield (data set 2)
⌦c(3000)0 3000.44± 0.07 3.83± 0.23 1225± 83 7533± 263
⌦c(3050)0 3050.18± 0.04 0.67± 0.17 1139± 65 7379± 215
⌦c(3065)0 3065.63± 0.06 3.79± 0.20 2180± 99 13046± 316
⌦c(3090)0 3090.16± 0.11 8.48± 0.44 2234± 136 14434± 486
⌦c(3119)0 3118.98± 0.12 0.60± 0.63 470± 66 3279± 234
⌦c(3185)0 3185.1± 1.7 50± 7 1642± 367 10278± 1565
⌦c(3327)0 3327.1± 1.2 20± 5 489± 173 3649± 723
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state is shown in the red area. Three feed-down components are
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� mass threshold is described by the partially
reconstructed decays of ⌦c(X)0 ! ⌅ 0+

c (! ⌅+
c �)K

�, as was done in the previous analy-
sis [2]. In the exclusive analysis using the ⌦�

b ! ⌦c(X)0(! ⌅+
c K

�)⇡� decay [4], these
feed-down components are excluded by requiring an appropriate signal mass window of
the ⌦�

b baryon, while the threshold enhancement is still present. In the ⌦�
b analysis

this structure was modeled as an S-wave Breit–Wigner distribution, but the available
data in Ref. [4] are not su�cient to determine this structure. To check if this structure

Table 1: Fit results of the mass, width, and yield for each state, and for each data set.

Uncertainties are statistical only.

Resonance m (MeV) � (MeV) Yield (data set 1) Yield (data set 2)
⌦c(3000)0 3000.44± 0.07 3.83± 0.23 1225± 83 7533± 263
⌦c(3050)0 3050.18± 0.04 0.67± 0.17 1139± 65 7379± 215
⌦c(3065)0 3065.63± 0.06 3.79± 0.20 2180± 99 13046± 316
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3

LHCb: 2302.04733 (2023)

Patrick Spradlin

Patrick: “this porcupine just popped up”

https://inspirehep.net/literature/1517483
https://inspirehep.net/literature/1637368
https://inspirehep.net/literature/2630816
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BESIII: arXiv:2305.14631 (2023)
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Figure 3: Mass and angular distributions of D⇤+
s tag sample for JP = 1� hypothesis. Points with error bars are data. The solid red line, dotted

purple line, and long dashed green line are the total fit results, D⇤+
s D�

s , and �D+
s D�

s processes, respectively. The shaded black histograms
indicate the scaled backgrounds derived from the inclusive MC samples.
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Figure 4: Distributions of the normalized moment
⌦
sin2 ✓1

↵
versus �1 for the processes e+e� ! (a) D⇤+

s D�
s , (b) D⇤0D̄0 and (c) D⇤+D�.

Points with error bars are data summing over D⇤-tag sample and D-recoil sample with background events subtracted. The solid red line, dotted
blue line, and the long-dashed green line are the fit results for the JP = 1�, 2+ , and 3� hypothesis, respectively.

Table 2: The significance of JP = 1� over other quantum number
hypotheses. The significance is obtained considering changes in the
difference of NDF. In each case that change is �(NDF) = 4, ac-
counting for the mass and width of the D⇤ and the magnitude and
phase for each component.

Process Hypothesis �(�2 lnL) Significance

D
⇤+
s D

�
s

1� over 2+ 1102 >10�
1� over 3� 2104 >10�

D
⇤0

D̄
0 1� over 2+ 12134 >10�

1� over 3� 12096 >10�

D
⇤+

D
� 1� over 2+ 11308 >10�

1� over 3� 11222 >10�

Fit results for the mass and angular distributions
of the D

⇤
(s)-tag sample for the hypotheses J

P =1� are
shown in Fig. 3. Mass and angular distributions of the

hypotheses JP = 2+ and 3� can be found in the supple-
mental material [37]. The moment hsin2 ✓1i, which rep-
resents an average observed in each �1 bin, is a useful
observable illustrating the different behaviors expected
for different hypotheses (JP = 1�, 2+ and 3�). Fig-
ure 4 shows the hsin2 ✓1i distributions for the three spin-
parity hypotheses, which combine the D

⇤
(s)-tag sample

and the D(s)-recoil sample.

The significances to accept the 1� hypothesis for
D

⇤+
s

, D⇤0, and D
⇤+ are determined by the continuous

test following Refs. [38, 39], where the null hypothe-
sis (H0) represents the J

P of D⇤
(s) taken as 2+ or 3�

and the alternative hypothesis (H1) represents J
P of

D
⇤
(s) taken as a linear combination of either [2+, 1�] or

[3�, 1�]. The angular fits based on the two hypotheses
are performed to data and the likelihood function values

8

Table 1: Requirements of �E, M(D(s)), M(D(s)⇡
0(�) and RM(D(s)) for each data sample.

Data sample �E(MeV) M(D(s))(MeV/c
2) M(D(s)⇡

0(�))(MeV/c
2) RM(D(s))(MeV/c

2)
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D

+
s
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D

⇤0-tag (�30, 30) (1840, 1890) (2005, 2009) (2010, 2090)
D

0-recoil (2010, 2090) (2005, 2009)
D

⇤+-tag (�20, 20) (1850, 1890) (2008.5, 2012.5) (2010, 2090)
D

+-recoil (2010, 2090) (2008.5, 2012.5)
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Figure 1: Two-dimensional distributions of M(D(s)⇡
0(�)) and RM(D(s)), where the red rectangle denotes the signal region.
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Figure 2: Definition of the helicity frame for e+e� ! �⇤ ! D⇤+
s D�

s , D⇤+
s ! �D+

s .

We perform an unbinned maximum likelihood fit to
the angular distribution of the selected events in the sig-
nal region. The background contributions are subtracted
from the log-likelihood values based on selected events
in the inclusive MC falling inside the signal region. The
MINUIT package [35] is used to minimize the negative
net log-likelihood defined by

S = � lnLJ
P

= �↵[lnLJ
P

(Ns)�!bkg lnLJ
P

(Nb)],
(7)

where Ns (Nb) is the relative ratio of the number
of events in data and MC samples. The background
weight, !bkg = 0.025, is the ratio of the integrated lu-

minosities of the data and the MC sample. To achieve an
unbiased uncertainty estimation, the normalization fac-
tor derived in Ref. [36] is taken into account, expressed
as

↵ =
Ns � !bkgNb

Ns + !
2
bkgNb

. (8)

7

 of , , and  is JP D*s D*0 D*+ 1−

You might think we knew that, but we didn’t!
Prior to this measurement, only spin 0 for  excluded PRL 39, (1977) 262 D*0

Patrick Spradlin
Daniel Unverzagt

https://inspirehep.net/literature/2662323
https://doi.org/10.1103/PhysRevLett.39.262
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What is Intrinsic Charm?

Proton wavefunction can be expanded as sum over complete basis of quark and
gluon states: |Ψp〉 =

∑
m |m〉ψm/p(xi, kT,i,λi)

|m〉 are color singlet state fluctuations into Fock components |uud〉, |uudg〉 · · · |uudcc〉
The intrinsic charm fluctuations can be freed by a soft interaction if the system is
probed during the time ∆t = 2plab/M 2

cc that the fluctuations exist

Dominant Fock state configurations have minimal invariant mass, M 2 =
∑

i m
2
T,i/xi,

where m2
T,i = k2T,i + m2

i is the squared transverse mass of parton i in the state;
corresponds to configurations with equal rapidity constituents

LHCb: Evidence of Intrinsic Charm in Z + c-Jet Events

Z+c-jet ratio to Z+all-jet events at
√
s = 13 TeV is more consistent with calculations

including intrinsic charm at high y(Z), up to 1% intrinsic charm content

Differences between calculations without intrinsic charm (no IC) and intrinsic
charm allowed calculations, either with NNPDF 3.0 including IC or CT14 with
a 1% IC content, grows larger with increasing y(Z)

Figure 8: (Left) Leading order diagrams producing Z + c-jet events. (Right) Ratio of Z + c-jets to Z+all-jet events from LHCb. LHCb data from PRL 128,
082001 (2022).
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NNPDF4: Evidence for Intrinsic Charm II

NNPDF Collaboration studied the stability of their results by looking at the depen-
dence on the datasets used in the analysis; the parameterization basis (evolution
basis – linear combinations of q and q distributions – or individual PDF basis);
charm quark mass dependence

The charm momentum fraction (probability for intrinsic charm) is between 0.5%
and 0.8%, albeit with large combined uncertainties, particularly from the MHOU

Statistical significance reaches 3 sigma with LHCb Z + c-jet and EMC data are
included (either and both)
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Intrinsic Charm

Figure 10: Statistical significance of the results for the baseline dataset (without the Z + c-jet and EMC data) and adding in one or both of these higher x
datasets. [NNPDF Collaboration, Nature 608 (2022) 483–487.]

NNPDF

Alternative interpretation e.g. at Guzzi et al., arXiv:2211.01387

Ramona Vogt
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Figure 10: Statistical significance of the results for the baseline dataset (without the Z + c-jet and EMC data) and adding in one or both of these higher x
datasets. [NNPDF Collaboration, Nature 608 (2022) 483–487.]

NNPDF

Alternative interpretation e.g. at Guzzi et al., arXiv:2211.01387

Ramona Vogt

Ramona:“There is evidence, but 
no smoking gun. […] There is a lot 

‘is it or isn’t it’.” 

[Fixed target] data at mid-rapidity 
would help.
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Krista Smith

Charmonia in Media 21 / 32

J/ in pPb Collisions at LHC

At forward rapidity, similar modification as seen at RHIC - suggests similar mechanism

Very di↵erent modification at backward rapidity - essentially no suppression at low pT
z Models predict stronger suppression that what is seen in the data
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J/ in pAu Collisions at RHIC

Nuclear modification at forward, backward rapidity shows similar suppression at low pT
z Forward rapidity modification well described by gluon shadowing[10],[11]

Backward rapidity suppression consistent with Transport Model predictions[7] (includes
nuclear absorption e↵ect)
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nuclear absorption e↵ect)
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Conclusion

Small System Collisions pA

b J/ modification versus pT at backward rapidity suggests di↵erent nuclear
e↵ects contribute at RHIC compared to LHC energies

b Non-zero charm v2 observed in pPb and high multiplicity pp collisions

b If QGP is formed, it does not appear to be dominant e↵ect on J/ 

Large System Collisions AA

b Results indicate regeneration a↵ects charmonia measurements at LHC energies

b Contributions from regeneration in ⌥(1S) measurements appear small, if any

b ⌥(1S) modification shows similar suppression as J/ modification at RHIC
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Leptonic decays
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CHARM2023 14

1* → ℓ*4ℓ

Shulei Zhang (Hunan University)

Γ "" → $"%# = '$%(&%
8* +'! %,#

%,&(1 −
,#%

,&%
)%

1%
1%

2.7%

2.7%CHARM2023 14

1* → ℓ*4ℓ

Shulei Zhang (Hunan University)

Γ "" → $"%# = '$%(&%
8* +'! %,#

%,&(1 −
,#%

,&%
)%

1%
1%

2.7%

2.7%

|Vcd |2

Shulei Zhang 

Lattice
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11* → ℓ*4ℓ

Shulei Zhang (Hunan University)

Γ "!" → $"%# = '$%(&"%
8* +'! %,#%,&" (1 −

,#%

,&"
% )%

this work: 2303.12468

1%

CHARM2023 18

11* → ℓ*4ℓ

Shulei Zhang (Hunan University)

Γ "!" → $"%# = '$%(&"%
8* +'! %,#%,&" (1 −

,#%

,&"
% )%

this work: 2303.12468

1%
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Semileptonic Decays
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Shulei Zhang (Hunan University) CHARM2023 24

D → 7ℓ*4ℓ : D → B(C)ℓ*4ℓ
2010 (2.4%) 
⇩

2021 (0.6%)

0.7%

<0.5%

>4%

1.4%

<1%

Experimental precision is comparable to 
the latest LQCD result 

The measurements of the Cabibbo-suppressed 
decays are still dominated by statistical uncertainties 

Shulei Zhang (Hunan University) CHARM2023 20

1(1) → 7(8) 945
:($(&) → ;(/)ℓ*<ℓ)/=>6 ∝ |!(%(&)|6|A* >6 |6

!:#, π, &(4); (: )5 980 , -5 500 , -5(980)
Ø Use least χ2 method to fit the measured partial decay width in different 6' bin

Ø Taking the correlations among 6' bins into account

Ø FF parameterized in different form  

Lattice

Shulei Zhang 
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,  from semileptonic decays + lattice|Vcd | |Vcs |
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D-meson Semileptonic Decays 
Second-row unitarity tests

W.I. Jay — MIT

Fermilab-MILC [WJ] 
PRD 107 (2023) 9, 094516


arXiv:2212.12648 

|Vcd |2 + |Vcs |2 + |Vcb |2 − 1 = − 0.0286(44)EXP(78)QCD[194]QED(28)EW

|Vcd |

|Vcs ||Vcs |

|Vcd |

ETMC 
PRD 96 (2017) 5, 054514


arXiv:1706.03017

• Consistent with unitarity at ≈1σ
• Uncertainty still dominated by theory
• QCD uncertainty subdominant to QED
• |Vcd|/|Vcs|: qualitatively similar arrangement to what was seen by ETMC 2017

Without QED 
With QED

42

• (Nf=2+1+1) MILC HISQ ensembles
• Lattice spacings: [0.045 - 0.12] fm
• Valence: heavy HISQ 
• Percent-level determinations of |Vcd|, |Vcs|

• Consistent with |Vcs| from HPQCD 2021
• First-ever |Vcd| from  when combined 

with recent first measurements from BESIII
• First time that LQCD and experimental errors are 

commensurate for 
• All results from a blinded analysis

Ds → Kℓν

D → πℓν

D-meson Semileptonic Decays 
 and |Vcd|, |Vcs|D(s) → K/π ℓν

W.I. Jay — MIT

|Vcd |D→π = 0.2338(11)Expt(15)LQCD[22]EW/QED/SIB

|Vcs |D→K = 0.9589(23)Expt(40)LQCD[96]EW/QED/SIB Calculate: LQCD

Measure: Expt.

Fermilab-MILC [WJ] 
PRD 107 (2023) 9, 094516


arXiv:2212.12648 

Mπ ≃ MPDG
π

Lattice analysis with 
latest and fanciest 
HISQ, physical , 
conducted as blind 

analysis.

Mπ

William Jay
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Lepton Flavour Universality

58

47

D-meson Semileptonic Decays 
Lepton Flavor Universality Ratios

W.I. Jay — MIT

Fermilab-MILC [WJ] 
PRD 107 (2023) 9, 094516


arXiv:2212.12648 

• CKM factors cancel in the ratio
→ pure theoretical SM predictions are available

• Theoretical uncertainties cancel in the ratio 
→ lattice QCD gives very precise results

RH→L
μ/e ≡ ℬ(H → Lμν)

ℬ(H → Leν)

D → π D → K

LQCD

Experiment

LQCD

agreement

at ≈ 0.01%

RK
eμ :=

BF(D0 → K−μ+νμ)
BF(D0 → K−e+νe)

=
BF(D+ → K0μ+νμ)
BF(D+ → K0e+νe)

47

D-meson Semileptonic Decays 
Lepton Flavor Universality Ratios

W.I. Jay — MIT

Fermilab-MILC [WJ] 
PRD 107 (2023) 9, 094516


arXiv:2212.12648 

• CKM factors cancel in the ratio
→ pure theoretical SM predictions are available

• Theoretical uncertainties cancel in the ratio 
→ lattice QCD gives very precise results

RH→L
μ/e ≡ ℬ(H → Lμν)

ℬ(H → Leν)

D → π D → K

LQCD

Experiment

LQCD

agreement

at ≈ 0.01%

BES III: 
RK

μe = 0.974 ± 0.007 ± 0.012

William Jay

PRL 122, 011804 (2019) 

Shulei Zhang 
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Inclusive semileptonic baryon decays at BES III

59

CHARM2023 46

Ø 567 pb*+ data @ 4.600		GeV ➔ ;]^B = 228.0 ± 15.1

Ø ℬ(ó2) → òf)FG)	=	(3.95	± 0.34	± 0.09)%	(～9%)

Ø Γ(ó2) → òf)FG)/sΓ(C → òf)FG) = 1.26 ± 0.12

\=* → ]ℓ*4ℓ ∶ \=* → `6*48

Shulei Zhang (Hunan University)

Ø 4.5 0b*+ data @ 4.600-4.699		GeV ➔ ;]^B = 3706 ± 71

Ø ℬ(ó2) → òf)FG)	=	(4.06	± 0.10	± 0.09)%		(～3%)

➔ Unknown	decays:	~0.5%

Ø Γ(ó2) → òf)FG)/sΓ(C → òf)FG) = 1.28 ± 0.05

Phys. Rev. Lett. 121, 251801 (2018) Phys. Rev. D. 107, 052005 (2023) 

Phys. Lett. B 843, 137993 (2023) 
Ø ℬ(ó2) → ój)j*f)FG)	<	3.9×10*0 @90%C.L.

Ø ℬ(ó2) → ûü_
6j*f)FG)	<	3.3×10*0 @90%C.L.

There is significant theory interest in differential distributions for 
inclusive decay rates, relevant for HQE treatment of 

semileptonic decays

Shulei Zhang 

Keri Vos
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Rare charm decays

• Good: Gives access to FCNC in up-type quarks (Kaons 
and B probe down-type FCNC)


• Good: FCNC in charm are even rarer than rare B 
decays, because GIM works so very well.


• Bad: Long distance effects make interpretation difficult


• Still, there are powerful “null tests”.

60
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First observation of  and D0 → KKμμ D0 → ππμμ

• Expected resonant contribution 
(LD) 


• Expected on-resonant 
contribution (SD)


• Possible new physics contribution

• Split into kinematic bins to 
search for NP away from 
decays with intermediate 
resonances

Phys. Rev. Lett. 119, 181805 (2017)

Phys. Rev. D 98, 035041 (2018)

42

D0 → π+π−μ+μ−, K+K−μ+μ−

61

Daniel Unverzagt

Full angular analysis and CPV tests.

LHCb: PRL 128 (2022) 22, 221801

Eleftheria Solomonidi
See also:

https://inspirehep.net/literature/1961265
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(LD) 
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contribution (SD)
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• Split into kinematic bins to 
search for NP away from 
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Phys. Rev. Lett. 119, 181805 (2017)

Phys. Rev. D 98, 035041 (2018)

42

D0 → π+π−μ+μ−, K+K−μ+μ−

61

First observation of  and D0 → KKμμ D0 → ππμμ

• Expected resonant contribution 
(LD) 


• Expected on-resonant 
contribution (SD)


• Possible new physics contribution

525 < m(μμ) < 565 MeV/c2

565 < m(μμ) < 950 MeV/c2

m(μμ) < 525 MeV/c2

950 < m(μμ) < 1100 MeV/c2

m(μμ) > 1100 MeV/c2

Phys. Rev. Lett. 119, 181805 (2017)

Phys. Rev. D 98, 035041 (2018)

Split into kinematic bins to 
search for NP away from decays 
with intermediate resonances 
(LD)

• Split into kinematic bins to 
search for NP away from 
decays with intermediate 
resonances

43

Daniel Unverzagt

Full angular analysis and CPV tests.

LHCb: PRL 128 (2022) 22, 221801

Eleftheria Solomonidi
See also:

https://inspirehep.net/literature/1961265
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D+
(s) → h±ℓ+ℓ(′ )∓

62

Search for 25 rare ( ) or forbidden ( , ) charm decaysh+ℓ+ℓ− hμe h−ℓ+ℓ+

See none, but improve BF limits, typically by one or two orders of 
magnitude, to  at 90% CL10−8 − 6.4 × 10−6

LHCb: JHEP 06 (2021) 044

normalisation mode  
D+

(s) → π+ ϕ(μ+μ−)
signal region away from known di-muon resonance. 

D+
(s) → π+(μ+μ−)non−res

e.g. D+
(s) → π+μ+μ−

Daniel Unverzagt

https://inspirehep.net/record/1827570
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D0 → μ+μ−

63

LHCb: arXiv:2212.11203 (2022)
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Figure 2: Distribution of (left) m(µ+µ�
) and (right) �m for the D0! µ+µ�

candidates in data

from (top) Run 1 and (bottom) Run 2, for the most sensitive BDT interval. The distribution

is superimposed with the fit to data. Each of the two distributions is in the signal region of

the other variable, see text for details. Untagged and tagged decays are included in a single

component for signal and D0! ⇡+⇡�
background.

systematic uncertainty is assigned on this estimate.
The yield of the misidentified D0 ! K�⇡+ decays is constrained from an auxiliary

fit to the m(µ+µ�) sideband data, recomputed with the correct mass hypothesis. The
fit is performed using the �m distribution within a ±10MeV/c2 region around the D0

mass in the K�⇡+ mass hypothesis. A correction is applied to take into account this mass
requirement. The correlation between this estimate and the yield in the final fit is found
not to influence the estimate of the signal branching fraction.

The systematic uncertainties related to both the normalisation, through ↵, and the
background shapes and yields, are included in the fit as Gaussian constraints on the
relevant parameters. The dominant systematic uncertainty comes from the calibration of
the hadronic trigger e�ciency, which is shared through auxiliary parameters among the
normalisation channels, and also with the misidentified D0! ⇡+⇡� yields that depend on
the same estimate. The fit procedure is tested with pseudoexperiments. The values of
the floating shape parameters are obtained from the data fit. Unbiased estimates of the
branching fraction with correct coverage are obtained.

The m(µ+µ�) and �m distributions in data are shown for the most sensitive BDT
interval in Fig. 2 and for all intervals in Ref. [74], overlaid with the result of the fit. The
data are consistent with the expected background. The value obtained for the D0! µ+µ�

branching fraction is B(D0! µ+µ�) = (1.7± 1.0)⇥ 10�9, corresponding to 79± 45 signal
decays. The significance of this signal is estimated comparing the test statistics in data
with the distribution of the test statistics in background-only pseudoexperiments, and is

6

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2022-273
LHCb-PAPER-2022-029

December 21, 2022

Search for rare decays of D0 mesons
into two muons

LHCb collaboration

Abstract

A search for the very rare D0! µ+µ�
decay is performed using data collected by the

LHCb experiment in proton-proton collisions at
p
s = 7, 8 and 13 TeV, corresponding

to an integrated luminosity of 9 fb
�1

. The search is optimised for D0
mesons from

D⇤+ ! D0⇡+
decays but is also sensitive to D0

mesons from other sources. No

evidence for an excess of events over the expected background is observed. An upper

limit on the branching fraction of this decay is set at B(D0! µ+µ�
) < 3.1⇥ 10

�9

at a 90% CL. This represents the world’s most stringent limit, constraining models

of physics beyond the Standard Model.

Submitted to Phys. Rev. Lett.

© 2022 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.
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Most sensitive BDT bin, run II, there 
is also run I and other BDT bins*

*) data are analysed in bins of the boosted decision tree discriminating variable, the results of all bins are then 
combined. This shows, for illustration, the fit in the most sensitive BDT bin.

Best limit today.

SM: short-distance: 𝒪(10−18)
SM: long-distance via :  γγ
3 × 10−13 − 2 × 10−11

LHCb run I+II:

G. Burdman et al PRD 66 (2002) 014009  
using BELLE’s  limit PRD 93 (2016) 5, 051102D0 → γγ

For comparison: ℬ(Bs → μμ) = 2 × 10−9

Daniel Unverzagt

• First limit for :


• Assuming LFU, increases constraints on 
 set by CMD-3 by two orders of 

magnitude

D*(2007)0 → μ+μ−

D*(2007)0 → e+e−

ℬ(D*(2007)0 → μ+μ−) ≤ 2.6 × 10−8 (90 % CL)

Search for the decay  in  decays D*(2007)0 → μ+μ− B− → π−μ+μ−
arXiv:2304.01981v2 [hep-ex] 5 Apr 2023

30

Also: LHCb: arXiv:2304.01981 (2023) 

https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2022-029.html
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%20hep-ph/0112235
https://inspirehep.net/literature/1408879
https://inspirehep.net/literature/2649222
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D0 → μ+μ−
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Figure 2: Distribution of (left) m(µ+µ�
) and (right) �m for the D0! µ+µ�

candidates in data

from (top) Run 1 and (bottom) Run 2, for the most sensitive BDT interval. The distribution

is superimposed with the fit to data. Each of the two distributions is in the signal region of

the other variable, see text for details. Untagged and tagged decays are included in a single

component for signal and D0! ⇡+⇡�
background.

systematic uncertainty is assigned on this estimate.
The yield of the misidentified D0 ! K�⇡+ decays is constrained from an auxiliary

fit to the m(µ+µ�) sideband data, recomputed with the correct mass hypothesis. The
fit is performed using the �m distribution within a ±10MeV/c2 region around the D0

mass in the K�⇡+ mass hypothesis. A correction is applied to take into account this mass
requirement. The correlation between this estimate and the yield in the final fit is found
not to influence the estimate of the signal branching fraction.

The systematic uncertainties related to both the normalisation, through ↵, and the
background shapes and yields, are included in the fit as Gaussian constraints on the
relevant parameters. The dominant systematic uncertainty comes from the calibration of
the hadronic trigger e�ciency, which is shared through auxiliary parameters among the
normalisation channels, and also with the misidentified D0! ⇡+⇡� yields that depend on
the same estimate. The fit procedure is tested with pseudoexperiments. The values of
the floating shape parameters are obtained from the data fit. Unbiased estimates of the
branching fraction with correct coverage are obtained.

The m(µ+µ�) and �m distributions in data are shown for the most sensitive BDT
interval in Fig. 2 and for all intervals in Ref. [74], overlaid with the result of the fit. The
data are consistent with the expected background. The value obtained for the D0! µ+µ�

branching fraction is B(D0! µ+µ�) = (1.7± 1.0)⇥ 10�9, corresponding to 79± 45 signal
decays. The significance of this signal is estimated comparing the test statistics in data
with the distribution of the test statistics in background-only pseudoexperiments, and is

6

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2022-273
LHCb-PAPER-2022-029

December 21, 2022

Search for rare decays of D0 mesons
into two muons

LHCb collaboration

Abstract

A search for the very rare D0! µ+µ�
decay is performed using data collected by the

LHCb experiment in proton-proton collisions at
p
s = 7, 8 and 13 TeV, corresponding

to an integrated luminosity of 9 fb
�1

. The search is optimised for D0
mesons from

D⇤+ ! D0⇡+
decays but is also sensitive to D0

mesons from other sources. No

evidence for an excess of events over the expected background is observed. An upper

limit on the branching fraction of this decay is set at B(D0! µ+µ�
) < 3.1⇥ 10

�9

at a 90% CL. This represents the world’s most stringent limit, constraining models

of physics beyond the Standard Model.

Submitted to Phys. Rev. Lett.

© 2022 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

ar
X

iv
:2

21
2.

11
20

3v
1 

 [h
ep

-e
x]

  2
1 

D
ec

 2
02

2

Most sensitive BDT bin, run II, there 
is also run I and other BDT bins*

*) data are analysed in bins of the boosted decision tree discriminating variable, the results of all bins are then 
combined. This shows, for illustration, the fit in the most sensitive BDT bin.

Best limit today.

SM: short-distance: 𝒪(10−18)
SM: long-distance via :  γγ
3 × 10−13 − 2 × 10−11

LHCb run I+II:

G. Burdman et al PRD 66 (2002) 014009  
using BELLE’s  limit PRD 93 (2016) 5, 051102D0 → γγ

For comparison: ℬ(Bs → μμ) = 2 × 10−9

Daniel Unverzagt

• First limit for :


• Assuming LFU, increases constraints on 
 set by CMD-3 by two orders of 

magnitude

D*(2007)0 → μ+μ−

D*(2007)0 → e+e−

ℬ(D*(2007)0 → μ+μ−) ≤ 2.6 × 10−8 (90 % CL)

Search for the decay  in  decays D*(2007)0 → μ+μ− B− → π−μ+μ−
arXiv:2304.01981v2 [hep-ex] 5 Apr 2023

30

Also: LHCb: arXiv:2304.01981 (2023) 

Constrained 
from data!

https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2022-029.html
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%20hep-ph/0112235
https://inspirehep.net/literature/1408879
https://inspirehep.net/literature/2649222
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D0 → π0νν̄

64

BESIII: PRD 105 (2022) 7, L071102

No long-distance effects in  system!νν̄

Address: No.5 Yiheyuan Road, Haidian District, Beijing 100871, P.R.China
Email: Yunxuan.Song@cern.ch

Search for rare decays at BESIII

BESIII DataSets & Advantages

BEijing Spectrometers III and Beijing Electron Positron Collider II

p Main drift chamber (MDC): ⁄∆# # = %. '%
p Time-of-Flight system (TOF): )! = *% ~*, -.
p Electromagnetic Calorimeter (EMC): ⁄∆/ / = 0. '%

p Muon chamber (MUC): )",$ = 0 12
p Superconductor (SC): 3. % 45.67

BEPCII and BESIII
The BESIII detector at the BEPCII collider is a large solid-angle magnetic 
spectrometer running in τ-charm energy region with a geometrical 
acceptance of 93% of 4π solid angle. 

!! → #!$%$

&/( → )"*#$
Summary and Prospect

References
[1] BESIII Collaboration, Phys. Rev. D 105 L071102 (2022). 
[2] BESIII Collaboration, Phys. Rev. D 104 072007 (2021).
[3] BESIII Collaboration, J. of High energy Phys. 06 157 (2021).
[4] BESIII Collaboration, Chinese Phys. C 44  040001 (2020). 

Yunxuan Song (PKU & UCAS)
On behalf of the BESIII collaboration

Ø ℬ ⁄# $ → &!'"(# + *. *. < -. .×.0!$
Ø ⁄# $ → &!'"(#, &! → 2"3!3!
Ø Puts a stringent constraint on the parameter spaces for different new 

physics models predicting BFs of the order of .0!%

+" → +!,"%$

Ø BESIII has performed wide range of searches of BSM new physics with 
unique datasets and analysis techniques.

Ø BESIII will collect 20 !"!&@3.773 GeV data sample. Along with 10 
Billion #/% data and 3 Billion % &'(' data, more searches for rare 
decays will bring more exciting results in the future.

Ø The results of ⁄# % → +'
(∗)!,"-#, ++,",!, /++0+, /++1+, /++2,+!0",

+!1"using full ⁄# % data are coming soon.

Ø BESIII is an integrated part of BEPCII, a double ring ,",! collider 
operating at 2.0−4.9 GeV c.m. energies with a design luminosity of 
3×35,,67!-8!& at c.m. energy of 3.773 GeV. 

Ø The world largest 9/:, :(3686), :(3770) data samples.
Ø Clean high statics data samples from B"B! production.

Ø 4 &+ → 3+(5( < 6. .×.0!.
Ø FCNC is forbidden in SM at tree level but allowed in loop/box diagrams.
Ø Discriminator: EMC energy not associated with signal and tag decays.
Ø Provide a clean probe to search for New Physics in charm sector.

Ø C D! → D+E!F- < H. JK×35!..
Ø 35/D!events are produced via #/% → D!/D" within 35&+ #/% data.
Ø Provides an important experimental constraint for the theoretical 

study of the SU(3) symmetry-breaking mechanism. 

BR (D0 → π0νν̄) < 2.1 × 10−4

Dominik Suelmann 
Dr Shulei Zhang

https://inspirehep.net/literature/1997878
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SMEFT also relates flavour and high pT

Svjetlana Fajfer 
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e [�0.52, 0.86] 0.67 (0.42) 0.72 (0.46) 1.5 (0.96) 4.3 (2.7) 3.4 (2.2)

µ [�0.85, 1.2] 1.0 (0.38) 1.1 (0.42) 2.3 (0.86) 6.6 (2.4) 5.2 (1.9)

⌧ [�1.4, 1.8] 1.6 (0.68) 1.5 (0.55) 3.1 (1.1) 8.7 (3.1) 6.9 (2.5)

s

e [�0.28, 0.59] 0.42 (0.26) 0.43 (0.28) 0.91 (0.57) 2.8 (1.5) 2.2 (1.2)

µ [�0.46, 0.78] 0.63 (0.23) 0.68 (0.25) 1.4 (0.52) 4.0 (1.4) 3.1 (1.1)

⌧ [�0.65, 1.2] 0.93 (0.40) 0.87 (0.31) 1.8 (0.65) 5.2 (1.8) 4.1 (1.5)

Table 4. 95% CL limits on the value of the WCs of the charged-current operators obtained from high-pT
data (� = e, µ, ⌧ ). We also show in parenthesis the naive projections for the HL-LHC (3 ab�1) on the
expected limits, assuming that the error will be statistically dominated.

scale for renormalization and factorization scales, µR/F = mT . We use the ATLAS and CMS
Delphes cards, respectively, when making the simulations for each experiment. ROOT [94] is used
to apply the selection criteria of each analysis to the corresponding Delphes output, and to obtain
the expected yields for our signals in each bin of the reported transverse mass distributions.

We validated our setup by producing MC samples for W ! e
↵
⌫ + jets in the SM, and

comparing the yields with those reported by ATLAS and CMS. We reproduce their results within
10% to 20% accuracy. As we only use limited MC simulation capabilities, detector emulation
via Delphes, and no experimental corrections from data, as done in the experimental analyses, we
consider this level of agreement as an accurate reproduction of the experimental results from the
phenomenological perspective. The same techniques have been used and reported in [45]. Thus,
the relative error on the limits derived here from the high-pT data is expected to be below 10%

(�✏X/✏X ⇡ 0.5��/�).
The limits on the WCs are obtained by comparing our simulated signal events for the trans-

verse mass distributions to the background events in the corresponding collaboration analyses. For
the statistical analysis, we use the modified frequentist CLs method [95]. We compute the CLs
using the ROOT package Tlimit [96], and exclude WC values with CLs < 0.05. In our statisti-
cal analysis, we include the SM background systematic and statistical errors (added in quadrature)
provided by the collaborations for all bins. We ignore any possible correlation in the bin errors
when combining the bins, since these are not provided. For the vector operator, both NP-squared
and NP-SM interference contributions are computed. We do not include systematic errors for the
signal simulation in our analysis, as they are expected to be subdominant compared to the over-
all signal normalization uncertainty stemming from the theoretical prediction of the cross section
discussed in Section 4.1.

Our results are reported in Table 4 in terms of the WCs at two different scales µ = 1 TeV
and µ = 2 GeV, respectively.6 The resulting limits qualitatively agree with the naive ratios in the

6See Eq. (2.9) for the RGE solutions. The difference between SL and SR is O(1%) so we use a single column.
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5 Interplay between low and high energy

Once we have clarified possible caveats concerning high-pT limits on effective operators we are
ready to compare low and high-energy results and discuss their complementarity. The comparison
for scalar and tensor operators is quite direct because they receive contributions only from four-
fermion operators in the SMEFT, cf. Eqs. (2.8). Vector and axial operators, on the other hand,
receive two types of SMEFT contributions from: (i) four-fermion operators, and (ii) W vertex cor-
rections. As discussed in detail in Section 4, only (i) experience the energy enhancement exploited
by our analysis of the high-pT tails. In the following, we discuss the interplay between low-energy
and high pT bounds in four-fermion operators and then we obtain limits on W vertex corrections.

– 14 –

Exclusion limits at 95% CL on c → d(s)e ̄ ν transibons in (εVL , εVL ) plane 
pink region                       excluded by D(s) meson decays
blue region                      excluded by  high-pT LHC 

Figure 2. Exclusion limits at 95% CL on c ! d(s)ē↵⌫↵ transitions in (✏↵↵dVL
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Geljo et al arXiv:2002.12421

Arman Korajac 
Faijer, Korajac et al JHEP 07 (2023) 029 
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Summary of the summary

• Spectacular experimental progress - CPV, 
mixing, rare, decays, a new world of 
spectroscopy, …


• QCD remains our foe (interpretation of mixing, 
CPV, rare decays) and friend (it’s the reason our 
field is as rich as it is).


• Hadronic charm calculations are hard. Lots of 
open questions. But our tools to are getting 
better! 
Good enough to predict ?


• Lots of high quality data coming our way: LHCb 
UG I, BELLE II, BES III (+ possible upgrade), 
LHCb UG II, STCF, CEPC, FCC-ee/hh)

|q/p | , ϕD
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Figure 1: Invariant-mass distribution of the ⌦c(X)
0
candidates in (a) data set 1 and (b) data

set 2, with the fit results overlaid. A bin width of 5MeV is used for plotting. The previously

observed excited ⌦0
c states are shown in blue dashed lines. The ⌦c(3185)

0
state is shown in the

brown area, and the ⌦c(3327)
0
state is shown in the red area. Three feed-down components are

shown as the yellow areas, while the green long-dashed line corresponds to the combinatorial

background.

The enhancement around the ⌅+
c K

� mass threshold is described by the partially
reconstructed decays of ⌦c(X)0 ! ⌅ 0+

c (! ⌅+
c �)K

�, as was done in the previous analy-
sis [2]. In the exclusive analysis using the ⌦�

b ! ⌦c(X)0(! ⌅+
c K

�)⇡� decay [4], these
feed-down components are excluded by requiring an appropriate signal mass window of
the ⌦�

b baryon, while the threshold enhancement is still present. In the ⌦�
b analysis

this structure was modeled as an S-wave Breit–Wigner distribution, but the available
data in Ref. [4] are not su�cient to determine this structure. To check if this structure

Table 1: Fit results of the mass, width, and yield for each state, and for each data set.

Uncertainties are statistical only.

Resonance m (MeV) � (MeV) Yield (data set 1) Yield (data set 2)
⌦c(3000)0 3000.44± 0.07 3.83± 0.23 1225± 83 7533± 263
⌦c(3050)0 3050.18± 0.04 0.67± 0.17 1139± 65 7379± 215
⌦c(3065)0 3065.63± 0.06 3.79± 0.20 2180± 99 13046± 316
⌦c(3090)0 3090.16± 0.11 8.48± 0.44 2234± 136 14434± 486
⌦c(3119)0 3118.98± 0.12 0.60± 0.63 470± 66 3279± 234
⌦c(3185)0 3185.1± 1.7 50± 7 1642± 367 10278± 1565
⌦c(3327)0 3327.1± 1.2 20± 5 489± 173 3649± 723

3
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D-meson Semileptonic Decays 
Second-row unitarity tests

W.I. Jay — MIT

Fermilab-MILC [WJ] 
PRD 107 (2023) 9, 094516


arXiv:2212.12648 

|Vcd |2 + |Vcs |2 + |Vcb |2 − 1 = − 0.0286(44)EXP(78)QCD[194]QED(28)EW

|Vcd |

|Vcs ||Vcs |

|Vcd |

ETMC 
PRD 96 (2017) 5, 054514


arXiv:1706.03017

• Consistent with unitarity at ≈1σ
• Uncertainty still dominated by theory
• QCD uncertainty subdominant to QED
• |Vcd|/|Vcs|: qualitatively similar arrangement to what was seen by ETMC 2017

Without QED 
With QED

SINGLY CHARMED HADRON LIFETIMES - CONCLUSIONS
King, Lenz, Piscopo, Rauh, Rusov, 2109.13219
Gratrex, Melic, Nisandzic 2204.11935

satisfactory agreement
with the experiment!

inclusion of newly calculated NLO 

corrections to (Mannel, 

Moreno, Pivovarov 2304.08964)

would probably significantly 

reduce uncertainty
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The enhancement around the ⌅+
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� mass threshold is described by the partially
reconstructed decays of ⌦c(X)0 ! ⌅ 0+

c (! ⌅+
c �)K

�, as was done in the previous analy-
sis [2]. In the exclusive analysis using the ⌦�

b ! ⌦c(X)0(! ⌅+
c K

�)⇡� decay [4], these
feed-down components are excluded by requiring an appropriate signal mass window of
the ⌦�

b baryon, while the threshold enhancement is still present. In the ⌦�
b analysis

this structure was modeled as an S-wave Breit–Wigner distribution, but the available
data in Ref. [4] are not su�cient to determine this structure. To check if this structure

Table 1: Fit results of the mass, width, and yield for each state, and for each data set.

Uncertainties are statistical only.

Resonance m (MeV) � (MeV) Yield (data set 1) Yield (data set 2)
⌦c(3000)0 3000.44± 0.07 3.83± 0.23 1225± 83 7533± 263
⌦c(3050)0 3050.18± 0.04 0.67± 0.17 1139± 65 7379± 215
⌦c(3065)0 3065.63± 0.06 3.79± 0.20 2180± 99 13046± 316
⌦c(3090)0 3090.16± 0.11 8.48± 0.44 2234± 136 14434± 486
⌦c(3119)0 3118.98± 0.12 0.60± 0.63 470± 66 3279± 234
⌦c(3185)0 3185.1± 1.7 50± 7 1642± 367 10278± 1565
⌦c(3327)0 3327.1± 1.2 20± 5 489± 173 3649± 723

3
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Figure 13: Comparison of ⇡+⇡�
S-wave amplitude from the D+

s ! ⇡�⇡+⇡+
decay with previous

results from BaBar [6] and BESIII [7].

Table 10: Resonant structures of the D+
s ! ⇡�⇡+⇡+

and D+! ⇡�⇡+⇡+
[4] decays, expressed

fit fractions (%). Uncertainties are only statistical.

mode D+
s ! ⇡�⇡+⇡+ D+! ⇡�⇡+⇡+

S-wave 84.97± 0.14 61.82± 0.5
P-wave 8.55± 0.44 32.31± 0.64
D-wave 13.12± 0.02 13.8± 0.2

hadron formation mechanisms in charm meson decays.
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Figure 12: (Left) Comparison of the ⇡+⇡�
S-wave phase from D+

s ! ⇡�⇡+⇡+
decays and the

phase from ⇡+⇡� ! ⇡+⇡�
scattering. Data on ⇡+⇡� ! ⇡+⇡�

scattering above 0.6GeV are

from a re-analysis [5] of original data from [33], and below 0.4GeV are from Ke4 decays [34].

(Right) The S-wave phase from the D+
s ! ⇡�⇡+⇡+

decay is shifted by 210
�
.

outgoing ⇡+⇡� pair recoils against the nucleon. In the D+
s ! ⇡�⇡+⇡+ decay, the ⇡+⇡�

pair is produced in a quite di↵erent environment. The ⇡+⇡� pair is part of a three-body
system, and may be produced from processes such as D+

s ! K+K�⇡+ ! ⇡�⇡+⇡+. In the
scenario where the scalar resonances arise from interactions of two pseudoscalar particles,
the phase of the S-wave amplitude obtained from D+

s ! ⇡�⇡+⇡+ decays results from a set
of coupled channels, ab ! ⇡+⇡� (a, b = ⇡, K or ⌘), in contrast with the �00 phase, which
is obtained from a single reaction.

10 The P- and D-waves

A distinct feature of the ⇡+⇡� P-wave amplitude in the D+
s ! ⇡�⇡+⇡+ decay is the small

contribution of the ⇢(770)0⇡+ channel, with a fit fraction of (1.038 ± 0.050)%, compared
to (26.0 ± 0.3)% measured in the D+! ⇡�⇡+⇡+ decay. The small ⇢(770)0 component in
the D+

s ! ⇡�⇡+⇡+ decay occurs because resonances with no strange quarks in the wave
function can only be formed through the suppressed W -annihilation amplitude.

In the P-wave amplitude, there is also a small contribution of (0.360 ± 0.016)% from
the D+

s ! !(782)⇡+ channel. The !(782) ! ⇡+⇡� decay is isospin violating, with a
branching fraction of (1.53+0.11

�0.13)% [2]. Due to the small di↵erence between the masses
of the u and d quarks, isospin symmetry is only approximate. The physical ⇢(770)0 and
!(782) resonances are linear combinations of the pure isovector and isoscalar SU(3) states
|⇢Ii and |!Ii [36],

|⇢(770)0i = |⇢Ii � ✏⇢!|!Ii, |!(782)i = ✏⇢!|⇢Ii + |!Ii , (22)

where ✏⇢! is a complex parameter associated with the mixing between the physical states.
The !(782) ! ⇡+⇡� decay has been observed in di↵erent reactions [4, 28, 37–40],

always in conjunction with a prominent ⇢(770)0 signal. In the D+ ! ⇡�⇡+⇡+ and
D+

s ! ⇡�⇡+⇡+ decays, the !(782) signal may arise either through the ⇢-! mixing or
from the direct transition. In this work, the latter mechanism is assumed in the default
model, and is represented by a coherent sum of individual ⇢(770)0⇡+ and !(782)⇡+

17

Comparing  S-wave in  with that obtained from scattering data.π+π− Ds, D+ → π+π−π+
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(4-body analyses are not 
more important than 3-
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both. But they are hard, 
and it's interesting to see 

this level of activity.)
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and also for sparing us this

Siegerländer Krüstchen
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The end
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, 
,
  

BELLE: arXiv:2305.12806 (2023)

D+
(s) → K+K−π+π0

D+
(s) → K+π−π+π0

D+ → K−π+π+π0

9

TABLE IV. Systematic uncertainties for aT -odd
CP in % for seven subregions of phase space as defined in Table II. These subregions

correspond to various two-body intermediate processes.

Source (1) (2) (3) (4) (5) (6) (7)

CT -dependent e�ciency 0.24 0.13 0.13 0.29 1.17 0.43 0.37

CT resolution 0.07 0.00 0.00 0.06 0.16 0.05 0.02

PDF parameters 0.01 0.02 0.00 0.09 0.55 0.00 0.01

Mass resolution 0.01 0.02 ... 0.26 0.80 0.01 0.01

Fit bias 0.03 0.01 0.01 0.03 0.09 0.00 0.03

Total syst. 0.25 0.13 0.13 0.41 1.53 0.43 0.37

aT -odd
CP (D+

s ! K�K+⇡+⇡0) = (+2.2± 3.3± 4.3)⇥ 10�3 ,

where the first uncertainties are statistical and the second
uncertainties are systematic. These values are all consis-
tent with zero and show no evidence of CP violation. We
plot these values in Fig. 4 along with other measurements
of aT -odd

CP in charm meson decays [16, 30, 31]. Our results
are the first such measurements for these decay modes
and are among the world’s most precise measurements
for charm decays.

0.06- 0.04- 0.02- 0 0.02 0.04 0.06

-oddT

CP
a

 (SCS)0π+π-π+KÆ+
sD 0.1)%±2.2±(-1.1

[Belle]

 (CF)-π+π+
K

S
KÆ+

sD -310×5.2)±(-8.2
[FOCUS/ BaBar/ Belle]

 (CF)0π+π-K+KÆ+
sD -310×4.3)±3.3±(2.2

[Belle]

 (DCS)0π+π-π+
KÆ+

D 0.1)%±4.2±(-1.3
[Belle]

 (CF)+π
-

K
+

KSKÆ+
D 2.68)%±(-3.34

[Belle]

 (SCS)-π+π+
KSKÆ+

D -310×7.1)±(-2.7
[FOCUS/ BaBar/ Belle]

 (SCS)0π+π+
K

-
KÆ+

D -310×1.3)±6.6±(2.6
[Belle]

 (CF)0π+π+π
-

KÆ+
D -310×0.8)±1.5±(0.2

[Belle]

 (SCS)-π+πSK
S

KÆ0
D )%-0.12

+0.141.42±(-1.95
[Belle]

 (SCS)-π+π
-

K
+

KÆ0
D

-310×2.1)±(3.5
[FOCUS/ BaBar/ LHCb/ Belle]

 (CF)0π-π+π
S

KÆ0
D -310×)

-0.76

+0.231.38±(-0.28
[Belle]

FIG. 4. Our results for aT -odd
CP (in red) along with other

measurements of aT -odd
CP for D0 and D+

(s) decays [16, 30, 31].
For decays in which more than one measurement has been
made, the world average value is plotted.

We also measure aT -odd
CP in subregions of phase space

corresponding to intermediate processes D+ ! �⇢+,
K⇤0K⇤+, and K⇤0⇢+; and D+

s ! K⇤+⇢0, K⇤0⇢+, �⇢+,
and K⇤0K⇤+. These results, as listed in Tab. II, are also
consistent with zero and show no evidence of CP viola-
tion.
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Note that recent analyses usually improve sensitivity by applying a phase-
spaced-resolved approach - either in bins, unbinned (as in PLB769 (2017) 
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CONCLUSIONS

• D-mixing �C = 2 bag parameters with fully relativistic c-quark action
• data for full 5-operator basis available
• 15 ensembles, 6 lattice spacings from 2 collaborations, including two

ensembles at Mphys
⇡

• programme extends to B(s)-mixing and K -mixing:
• simple renormalisation for chiral Domain-Wall Fermions
• fully relativistic treatment of heavy-quark
• very fine lattice spacings
• large variety of ensembles to control relevant limits

• Long-distance contribution D - D̄ mixing very relevant
• formalism to compute them conceptually clear but very challenging
• Max Hansen: Fri 21/7 14:00 Future Theory

This project has received funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation programme under grant agreement
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A(D0 → K+π−)
A(D0 → K+π−)

= rD exp(iδKπ
D )
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& JHEP 12 (2021) 141
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Figure 105.2: Projections of the amplitude fits with Pc(4380)+ and Pc(4450)+

states to the Λ0
b → JψpK− data onto the invariant mass distributions of mKp (top)

and mJψp (bottom).
June 5, 2018 20:08

2 105. Pentaquarks

Figure 105.1: Dalitz plot distributions for Λ0
b → JψpK− decays as observed by

LHCb.

mass state, Pc(4450)+, has a fitted mass of 4449.8 ± 1.7 ± 2.5 MeV, narrower width of
39 ± 5 ± 19 MeV, a fit fraction of 4.1 ± 0.5 ± 1.1 % and significance of 12σ. The need for
a second P+

c state becomes visually apparent in the mJψp distribution for events with
high values of mKp, where Λ∗ contributions are the smallest (in the inset of Fig. 105.2).
Even though contributions from the two P+

c states are most visible in this region, they
interfere destructively in this part of the Dalitz plane. The constructive P+

c interference
makes their combined contribution the largest at the other end of their band on the
Dalitz plane, corresponding to the opposite end of the cos θ

P+
c

distribution (see Fig. 8b

in Ref. 8). This pattern requires them to be of opposite parity. A similar interference
pattern is observed in the cos θΛ∗ distribution (Fig. 7 in Ref. 8), which is a consequence
of parity-doublets in the Λ∗ spectrum. Unfortunately, spins of the two P+

c states were
not uniquely determined. Within the statistical and systematic ambiguities, (3/2, 5/2)
and (5/2, 3/2) combinations with either (−, +) or (+,−) parities, were not well resolved.
The other combinations were disfavored. The Argand diagrams for the two P+

c states
are shown in Fig. 105.3. They were obtained by replacing the Breit-Wigner amplitude
for one of the P+

c states at a time by a combination of independent complex amplitudes
at six equidistant points in the ±Γ0 range (interpolated in mass for continuity) which
were fit to the data simultaneously with the other parameters of the full matrix element

June 5, 2018 20:08
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analyses are completed on the enlarged data sets.
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Figure 85.2: Fit to the J/Â p mass distribution, in which events were weighted to suppress »ú æ pK≠

backgrounds, of three Breit-Wigner functions and a sixth-order polynomial background. This fit
was used to determine the central values of the masses and widths of the P +

c states reported by
LHCb. The mass thresholds for the À+

c D0 and À+
c Dú0 final states are superimposed.

While ÀcD̄(ú) states had been predicted [12–15] before the first LHCb results [8], after these
results became known, many theoretical groups interpreted the Pc(4450)+ and Pc(4380)+ states
in terms of diquarks and triquarks as building blocks of a compact pentaquark [16–22], or even of
states below the lowest threshold for spontaneous dissociation [23]. In the first implementation of
this approach [16], the pentaquark mass splitting was generated mostly by the change of angular
momentum between the sub-components (L) from zero to one, which would also make the heavier
state narrower and of opposite parity. Explicit modeling of multiquark systems [24] questions
if centrifugal barrier factor provides enough width suppression via spatial separation of c and c̄
quarks at these masses, as the phase space for J/Âp decay is very large (more than 400 MeV).
Also, the observed mass splitting was too small to be only due to the mechanism proposed in
Ref. [16] and required fine-tuning of such models. A variation of this model, in which the heavy
(cu) diquark couples with heavy c̄ to form colored triquark attracting the light diquark (ud), has
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Table 85.1: Summary of the narrow P +
c properties, interpreted as Breit-

Wigner resonances. The central values are based on the fit displayed in
Fig. 85.2.

State M [ MeV ] ≈ [ MeV ] (95% CL) R [%]
Pc(4312)+ 4311.9 ± 0.7+6.8

≠0.6 9.8 ± 2.7+ 3.7
≠ 4.5 (< 27) 0.30 ± 0.07+0.34

≠0.09
Pc(4440)+ 4440.3 ± 1.3+4.1

≠4.7 20.6 ± 4.9+ 8.7
≠10.1 (< 49) 1.11 ± 0.33+0.22

≠0.10
Pc(4457)+ 4457.3 ± 0.6+4.1

≠1.7 6.4 ± 2.0+ 5.7
≠ 1.9 (< 20) 0.53 ± 0.16+0.15

≠0.13

7.6‡. The Pc(4457)+ state peaks right below the À+
c Dú0 threshold, while the Pc(4440)+ state

peaks about 20 MeV below it. The significance of the two-peak versus one-peak hypothesis for
the 4450 MeV structure is over 5.4‡, rendering the single peak interpretation of this region obso-
lete. The six-dimensional amplitude analysis reported in Ref. [8], which provided evidence for the
Pc(4380)+ state, is obsolete since it used the single Pc(4450)+ state and it lacked the Pc(4312)+

state. Therefore, the previously reported evidence for the Pc(4380)+ state is weakened, but not
contradicted, since the new one-dimensional analysis by LHCb is not sensitive to wide P +

c states.
Even if this state exists, any preferences for its quantum numbers [8], which were reported without
statistical or systematic significances, are even more uncertain now. An in-depth discussion of
the relevant issues is provided in Supplemental Material of Ref. [10]. The LHCb results from the
six-dimensional amplitude analysis of the Cabibbo suppressed channel »0

b æ J/Â pfi≠ [11], which
contain a statistically marginal evidence for the sum of the P +

c and the Zc(4200)≠ contributions,
took extensive input from Ref. [8], and should be treated with caution until the both amplitude
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Table 85.1: Summary of the narrow P +
c properties, interpreted as Breit-

Wigner resonances. The central values are based on the fit displayed in
Fig. 85.2.

State M [ MeV ] ≈ [ MeV ] (95% CL) R [%]
Pc(4312)+ 4311.9 ± 0.7+6.8

≠0.6 9.8 ± 2.7+ 3.7
≠ 4.5 (< 27) 0.30 ± 0.07+0.34

≠0.09
Pc(4440)+ 4440.3 ± 1.3+4.1

≠4.7 20.6 ± 4.9+ 8.7
≠10.1 (< 49) 1.11 ± 0.33+0.22

≠0.10
Pc(4457)+ 4457.3 ± 0.6+4.1

≠1.7 6.4 ± 2.0+ 5.7
≠ 1.9 (< 20) 0.53 ± 0.16+0.15

≠0.13

7.6‡. The Pc(4457)+ state peaks right below the À+
c Dú0 threshold, while the Pc(4440)+ state

peaks about 20 MeV below it. The significance of the two-peak versus one-peak hypothesis for
the 4450 MeV structure is over 5.4‡, rendering the single peak interpretation of this region obso-
lete. The six-dimensional amplitude analysis reported in Ref. [8], which provided evidence for the
Pc(4380)+ state, is obsolete since it used the single Pc(4450)+ state and it lacked the Pc(4312)+

state. Therefore, the previously reported evidence for the Pc(4380)+ state is weakened, but not
contradicted, since the new one-dimensional analysis by LHCb is not sensitive to wide P +

c states.
Even if this state exists, any preferences for its quantum numbers [8], which were reported without
statistical or systematic significances, are even more uncertain now. An in-depth discussion of
the relevant issues is provided in Supplemental Material of Ref. [10]. The LHCb results from the
six-dimensional amplitude analysis of the Cabibbo suppressed channel »0

b æ J/Â pfi≠ [11], which
contain a statistically marginal evidence for the sum of the P +

c and the Zc(4200)≠ contributions,
took extensive input from Ref. [8], and should be treated with caution until the both amplitude
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FIG. 2. Projections of the fits to the D0 ! K�⇡+e+e� data
distributions onto (a) m(e+e�) and (b) m(K�⇡+) for can-
didates with 0.675 < m(e+e�) < 0.875GeV/c2. The back-
ground has been subtracted using the sPlot technique [37].
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FIG. 3. Projection of the fits to the D0 ! K�⇡+e+e� data
distributions onto m(e+e�) for candidates with m(e+e�) >
0.2GeV/c2. The background has been subtracted using the
sPlot technique [37]. The shaded bands indicate the m(e+e�)
regions excluded from the “continuum” region.

In the mass range 0.675 < m(e+e�) < 0.875GeV/c2,
we replace the signal phase-space simulation model with
a model assuming D0

! K⇤(892)0⇢0 with K⇤(892)0 !

K�⇡+ and ⇢0 ! e+e� and assign half the di↵erence
with the default reconstruction e�ciency as a systematic
uncertainty, equivalent to a relative change of 1.8%. We
also use this number as an estimate of the relative change
in other regions of m(e+e�) and m(K�⇡+) where no
suitable alternative simulation model exists.
The systematic uncertainty in the fit bias for the signal

yield is taken from the ensemble of fits to the MC pseudo-
data samples and we attribute a value of half the largest
fit bias found, ±0.2. To account for imperfect knowl-
edge of the tracking e�ciency, we assign an uncertainty
of 0.8% per track for the leptons and 0.7% for the kaon
and pion [39]. For the PID, we estimate an uncertainty of
0.7% per electron, 0.2% per pion, and 1.1% per kaon [26].
A systematic uncertainty of 0.8% is associated with the
knowledge of the luminosity ratio, Lnorm/Lsig [25].
The overall systematic uncertainty in the yields is 5.3%

for the signal and 3.6% for the normalization mode. As
the PID and tracking systematic uncertainties of the
kaons and pions are correlated and cancel, the com-
bined systematic uncertainty in the D0

! K�⇡+e+e�

branching fraction is 3.8%, where the uncertainty in the
D0

! K�⇡+⇡+⇡� branching fraction is excluded [34].
The branching fraction B(D0

! K�⇡+e+e�) in the
mass range 0.675 < m(e+e�) < 0.875GeV/c2 is de-
termined to be (4.0 ± 0.5 ± 0.2 ± 0.1) ⇥ 10�6, where
the first uncertainty is statistical, the second system-
atic, and the third comes from the uncertainty in B

(D0
! K�⇡+⇡+⇡�) [34]. This result is compatible

within the uncertainties with B(D0
! K�⇡+µ+µ�) re-

ported in Ref. [21].
In the region 0.1 < m(e+e�) < 0.2GeV/c2, the fitted

signal yield is 175± 14, with the distribution dominated
by the decay D0

! K�⇡+⇡0, ⇡0
! e+e��, where the

photon has not been reconstructed.
Figure 3 shows the projection of the signal yield

as a function of m(e+e�) for the fit to �m and
m(K�⇡+e+e�) in the mass range m(e+e�) > 0.2GeV/c2

above the ⇡0
! e+e�� decay region, where the back-

ground has been subtracted using the sPlot technique.
We determine the signal yield in the region of the �me-

son by repeating the fit to �m and m(K�⇡+e+e�) with
the m(e+e�) distribution restricted to the mass range
1.005 < m(e+e�) < 1.035GeV/c2. This range corre-
sponds to ±3 times the � mass width, based on simula-
tion and taking into account the detector resolution. The
fitted yield is 3.8+2.7

�1.9, where the uncertainty is statistical
only; the statistical significance S is 1.8�. The branching
fraction is determined to be (2.2+1.5

�1.1±0.6)⇥10�7, where
the second uncertainty is systematic and is dominated by
the uncertainty on the model parameterization. We use
the frequentist approach of Feldman and Cousins [40] to
determine a 90% CL branching fraction upper limit of

5

in the 0.675 < m(e+e�) < 0.875GeV/c2 range.
The fitted yield for the D0

! K�⇡+⇡+⇡� normal-
ization data sample is 260 870 ± 520. For the D0

!

K�⇡+e+e� signal mode, the fitted yield, after the sub-
traction of the e+e�� background, is 68± 9 in the range
0.675 < m(e+e�) < 0.875GeV/c2. The significance
S =

p
�2� lnL of the signal yield in this mass range,

including statistical and systematic uncertainties, is 9.7
standard deviations (�), where � lnL is the change in
the log-likelihood from the maximum value to the value
when the number of D0

! K�⇡+e+e� signal decays is
set to Nsig = 0.

Figure 1 shows the results of the fit to the
m(K�⇡+e+e�) and �m distributions of the D0

!

K�⇡+e+e� signal mode in the mass range 0.675 <
m(e+e�) < 0.875GeV/c2. Figure 2 shows the projection
of the fit to the D0

! K�⇡+e+e� signal mode as a func-
tion of m(e+e�) and m(K�⇡+), where the background
has been subtracted using the sPlot technique [37]. A
peaking structure is visible in m(e+e�) centered near the
⇢0 mass. A broader structure is seen in m(K�⇡+) near
the known mass of the K⇤(892)0 meson. Both distribu-
tions are similar to the distributions shown in Ref. [21]
for the decay D0

! K�⇡+µ+µ�.
We test the performance of the maximum likelihood fit

by generating ensembles of MC simulation pseudodata
samples from both the PDF distributions and the fully
simulated MC events. The mean number of signal, nor-
malization, and background yields used in the ensembles
is taken from the fits to the data sample. The yields are
allowed to fluctuate according to a Poisson distribution
and all fit parameters are allowed to vary. No significant
bias is observed in the normalization mode. The largest
fit bias observed in the signal mode is 0.4± 0.1. The bi-
ases are much smaller than the statistical uncertainties in
the yields. The fit biases are subtracted from the fitted
yields before calculating the signal branching fractions.

To cross-check the normalization procedure, the signal
mode D0

! K�⇡+e+e� in Eq. (1) is replaced with the
decay D0

! K�⇡+, which has a well-known branching
fraction [34]. The D0

! K�⇡+ decay is selected us-
ing the same criteria as used for the D0

! K�⇡+⇡+⇡�

mode, which is used as the normalization mode. The
D0

! K�⇡+ yield is determined using an unbinned
maximum likelihood fit to �m and the two-body invari-
ant mass m(K�⇡+). Three Crystal Ball functions [38]
with shared means are used for the D0

! K�⇡+ sig-
nal �m and m(K�⇡+) distributions. The backgrounds
are represented by an ARGUS function for �m and a
second-order Chebyshev polynomial for m(K�⇡+). The
D0

! K�⇡+ signal yield is 1 881 950± 1380 with an av-
erage reconstruction e�ciency of ✏̂sig = (27.4 ± 0.2)%.
We determine B(D0

! K�⇡+) = (3.98 ± 0.08 ± 0.10)%
using Eq. (1), where the uncertainties are statistical
and systematic, respectively; the current world-average
is (3.89 ± 0.04)% [34]. Similar compatibility with the
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FIG. 1. Fits to D0 ! K�⇡+e+e� data distributions for
(a) m(K�⇡+e+e�) and (b) �m mass for candidates with
0.675 < m(e+e�) < 0.875GeV/c2.

B(D0
! K�⇡+) world-average, but with larger uncer-

tainties, is achieved when the normalization mode D0
!

K�⇡+⇡+⇡� in Eq. (1) is replaced with the four-body
decay modes D0

! K�K+⇡+⇡� or D0
! ⇡�⇡+⇡+⇡�.

The main sources of systematic uncertainty are as-
sociated with the model parameterizations used in the
fits and the normalization procedure, signal MC model,
fit bias, tracking and PID e�ciencies, luminosity, back-
grounds from intermediate decays to e+e��, and the nor-
malization mode branching fraction. Some of the track-
ing and PID systematic e↵ects cancel in the branching
fraction determination since they a↵ect both the signal
and normalization modes.

Systematic uncertainties associated with the model pa-
rameterization are estimated by repeating the fit with
the D0

! K�⇡+e+e� signal parameters for the �m
and four-body distributions fixed to values taken from
simulation. Alternative fits are also performed with the
default peaking and background functions for the signal
and normalization modes replaced with alternative func-
tions. The resulting uncertainties are 1.9% and 1.0% for
the signal and normalization yields, respectively.

ℬtotal = (4.0 ± 0.55) × 10−6

… all from  D → K−π+ hadron, hadron → e+e−

 FCNC, analogous to  but more suppressed (GIM works 
better in charm). Long distance contribution enhance BF   

c → uℓ+ℓ− b → sℓ+ℓ−

𝒪(10−9) → 𝒪(10−6)

ℬnon−res = < 3.1 × 10−6

https://inspirehep.net/literature/1691954
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Figure 1: Mass distribution of (top) D0
! ⇡+⇡�µ+µ� and (bottom) D0

! K+K�µ+µ� candi-
dates with fit projections overlaid.

proxies, respectively. To have an unbiased estimate of the BDT performance, a cross
validation is performed. The training samples are randomly split into two halves and
the BDT classifier is applied to the subsample that has not been used in the training.
Separate classifiers are trained for D0

! ⇡+⇡�µ+µ� and D0
! K+K�µ+µ� decays and

for run 1 and run 2 data samples to account for di↵erences in decay kinematics and
data-taking conditions, respectively. The variables used in the training are momentum
and pT of the soft pion, the largest distance of closest approach of the D0 decay-product
trajectories, the angle between the D0 momentum and the vector connecting the PV and
the SV, the fit quality of the SV and its spatial separation from the PV. Purely hadronic
decays of the form D0

! h+h�⇡+⇡� with two pions wrongly identified as muons are
further reduced by requirements on muon identification [39, 40]. The optimal working
points of the BDT output selection and muon-identification thresholds are determined
simultaneously by maximizing the quantity S/

p
S + B, where S and B are the signal and

background yields, respectively, determined from the data in the signal region defined
as 1840 < m(h+h�µ+µ�) < 1890MeV/c2. In the approximately 0.5% of events where
multiple D0

! ⇡+⇡�µ+µ� candidates are reconstructed after the full selection, only one
is kept at random. No multiple-candidate events are found for D0

! K+K�µ+µ� decays.
The m(h+h�µ+µ�) distributions for selected candidates are shown in Fig. 1. Un-

binned maximum-likelihood fits to these distributions yield 3579± 71 D0
! ⇡+⇡�µ+µ�

and 318± 19 D0
! K+K�µ+µ� signal decays. The signal probability density func-

tion (PDF) is described by a Hypatia distribution [41] with parameters fixed from
simulation, apart from two factors scaling the width and mean of the distribution to
account for data-simulation di↵erences. Misidentified hadronic decays are described
by a Johnson SU distribution [42] with parameters fixed from a fit to high-yield data
samples of D0

! h+h�⇡+⇡� decays with muon-mass hypothesis assigned to two pi-
ons and muon-identification criteria applied only to one of them. The combinato-
rial background is described by an exponential function with shape fixed from a fit

4

Full angular analysis. 
Here, for illustration, show only 

 as fct of  ACP m(μμ)

Supplementary material for LHCb-PAPER-2021-035

The measurement of ACP is shown in Fig. 1. The measurement of the full set of CP -
averaged angular observables hSii can be found in Fig. 2 and Fig. 4 for D0 ! ⇡+⇡�µ+µ�

and D0 ! K+K�µ+µ� decays, respectively. The measured CP asymmetries hAii are
shown in Fig. 3 and Fig. 5. Background-subtracted m(µ+µ�) and m(h+h�) distributions
can be found in Fig. 6, where the data is corrected for phase-space dependent e�ciency
variations. Since Fig. 6 does not include systematic uncertainties, it cannot be considered
as a measurement of the di↵erential branching fraction.
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Figure 1: Measurement of ACP in regions of dimuon mass for (left) D0 ! ⇡+⇡�µ+µ� and (right)
D0 ! K+K�µ+µ�. No measurement is performed in the regions indicated by the vertical
gray bands. The horizontal bands correspond to the measurements integrated in the dimuon
mass, including candidates from all m(µ+µ�) ranges. The uncertainties are the statistical and
systematic uncertainties summed in quadrature.
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D0 ! K+K�µ+µ�. No measurement is performed in the regions indicated by the vertical
gray bands. The horizontal bands correspond to the measurements integrated in the dimuon
mass, including candidates from all m(µ+µ�) ranges. The uncertainties are the statistical and
systematic uncertainties summed in quadrature.

1

https://inspirehep.net/literature/1961265
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D-meson Semileptonic Decays 
Lepton Flavor Universality Ratios

W.I. Jay — MIT

Fermilab-MILC [WJ] 
PRD 107 (2023) 9, 094516


arXiv:2212.12648 

• CKM factors cancel in the ratio
→ pure theoretical SM predictions are available

• Theoretical uncertainties cancel in the ratio 
→ lattice QCD gives very precise results

RH→L
μ/e ≡ ℬ(H → Lμν)

ℬ(H → Leν)

D → π D → K

LQCD

Experiment

LQCD

agreement

at ≈ 0.01%

Rπ
eμ :=

BF(D0 → π−μ+νμ)
BF(D0 → π−e+νe)

=
BF(D+ → π0μ+νμ)
BF(D+ → π0e+νe)

Experiment dominated by BES III: 
Rπ

μe = 0.964 ± 0.037 ± 0.026
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90

Semileptonic decays:  
Theoretical preliminaries 

D → πμν

D !
q

38W.I. Jay — MIT

: kinematic factors

: perturbative corrections

: (non-perturbative) hadronic form factors

: measured decay rate

At O(1%) precision, all 
sectors of SM become 

important: QCD, QED, EW 

William Jay
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• (Nf=2+1+1) MILC HISQ ensembles
• Lattice spacings: [0.045 - 0.12] fm
• Valence: heavy HISQ 
• Percent-level determinations of |Vcd|, |Vcs|

• Consistent with |Vcs| from HPQCD 2021
• First-ever |Vcd| from  when combined 

with recent first measurements from BESIII
• First time that LQCD and experimental errors are 

commensurate for 
• All results from a blinded analysis

Ds → Kℓν

D → πℓν

D-meson Semileptonic Decays 
 and |Vcd|, |Vcs|D(s) → K/π ℓν

W.I. Jay — MIT

|Vcd |D→π = 0.2338(11)Expt(15)LQCD[22]EW/QED/SIB

|Vcs |D→K = 0.9589(23)Expt(40)LQCD[96]EW/QED/SIB Calculate: LQCD

Measure: Expt.

Fermilab-MILC [WJ] 
PRD 107 (2023) 9, 094516


arXiv:2212.12648 

Mπ ≃ MPDG
π

Blind analysis.
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https://www.youtube.com/watch?v=vVUM5VWEd-c
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correct for this effect. The values of Ki and K0
i that are used

to evaluate Nexp
i are determined from the flavor-tagged DT

yields, where corrections from doubly Cabibbo-suppressed
decays, efficiency and migration effects have been applied,
which are explained in detail in Ref. [16].
The values of cð0Þi and sð0Þi are obtained by minimizing the

negative log-likelihood function constructed as

−2 logL ¼ −2
X

i

X

j

lnPðNobs
ij ; hNexp

ij iÞK0
Sπ

þπ−;K0
SðLÞπ

þπ−

− 2
X

i

lnPðNobs
i ; hNexp

i iÞCP;K0
SðLÞπ

þπ− þ χ2;

where PðNobs; hNexpiÞ is the Poisson probability to observe
Nobs events given the expected number hNexpi. Here the
sums are over the bins of theD0 → K0

SðLÞπ
þπ− Dalitz plots.

The χ2 term is used to constrain the difference c0i − ci
(s0i − si) to the predicted quantity Δci (Δsi). The values of
Δci andΔsi are estimated based on the decay amplitudes of
D0 → K0

Sπ
þπ− [30] and D0 → K0

Lπ
þπ−, where the latter is

constructed by adjusting the D0 → K0
Sπ

þπ− model taking
the K0

S and K
0
L mesons to have opposite CP, as is discussed

in Refs. [13,14]. The details of assigning Δci (Δsi) and
their uncertainties δΔci (δΔsi) are presented in Table VI
of Ref. [16].
The measured strong-phase parameters cð0Þi and sð0Þi are

presented in Fig. 3 and Table II. The estimation of
systematic uncertainties is described in detail in Ref. [16].
In addition to our results, Fig. 3 includes the predictions of
Ref. [30] and the results from Ref. [14], which show
reasonable agreement.
In summary, measurements of the strong-phase para-

meters between D0 and D̄0 → K0
S;Lπ

þπ− in bins of phase
space have been performed using 2.93 fb−1 of data
collected at

ffiffiffi
s

p
¼ 3.773 GeV with the BESIII detector.

Compared to the previous CLEO measurement [14], two
main improvements have been incorporated. First, addi-
tional tag decay modes are used. In particular the inclusion
of the πþπ−π0 tag improves the sensitivity to ci and the
addition of theK0

Sðπ0π0missÞπþπ− improves the sensitivity to
si. Second, corrections for bin migration have been
included, as their neglect would lead to uncertainties
comparable to the statistical uncertainty. The results
presented in this Letter are on average a factor of
2.5 (1.9) more precise for ci (si) and a factor of
2.8 (2.2) more precise for c0i (s

0
i) than has been achieved

previously. The strong-phase parameters provide an impor-
tant input for a wide range ofCP violation measurements in
the beauty and charm sectors, and also for measurements
of strong-phase parameters in other D decays where
D → K0

Sπ
þπ− is used as a tag [31,31–34].

To assess the impact of our ci and si results on a
measurement of γ, we use a large simulated data set of
B− → DK−, D → K0

Sπ
þπ− events. Based on the MC

simulation, the uncertainty in γ associated with our uncer-
tainties for ci and si is found to be 0.7°, 1.2°, and 0.8° for
the equal ΔδD, optimal and modified optimal binning
schemes, respectively. For comparison, the corresponding
results from CLEO are 2.0°, 3.9°, and 2.1° [14]. Therefore,
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FIG. 2. Dalitz plots of K0
Sπ

þπ− events in data. The effect of the
quantum correlation is clearly visible. The approximate locations
of events from K0

Sρð770Þ0 are indicated by arrows for clarity.
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FIG. 3. The ci and si measured in this work (red dots with error bars), the predictions of Ref. [30] (black open circles) and the results of
Ref. [14] (green open squares with error bars). The left, middle and right plots are from the equal ΔδD, optimal and modified optimal
binnings, respectively. The circle indicates the boundary of the physical region c2i þ s2i ¼ 1.
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fD K−

measures CKM angle γ

measures charm interference, especially strong phases

D0

D0
fD

measures charm mixing and CPV
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correct for this effect. The values of Ki and K0
i that are used

to evaluate Nexp
i are determined from the flavor-tagged DT

yields, where corrections from doubly Cabibbo-suppressed
decays, efficiency and migration effects have been applied,
which are explained in detail in Ref. [16].
The values of cð0Þi and sð0Þi are obtained by minimizing the

negative log-likelihood function constructed as

−2 logL ¼ −2
X

i

X

j

lnPðNobs
ij ; hNexp

ij iÞK0
Sπ

þπ−;K0
SðLÞπ

þπ−

− 2
X

i

lnPðNobs
i ; hNexp

i iÞCP;K0
SðLÞπ

þπ− þ χ2;

where PðNobs; hNexpiÞ is the Poisson probability to observe
Nobs events given the expected number hNexpi. Here the
sums are over the bins of theD0 → K0

SðLÞπ
þπ− Dalitz plots.

The χ2 term is used to constrain the difference c0i − ci
(s0i − si) to the predicted quantity Δci (Δsi). The values of
Δci andΔsi are estimated based on the decay amplitudes of
D0 → K0

Sπ
þπ− [30] and D0 → K0

Lπ
þπ−, where the latter is

constructed by adjusting the D0 → K0
Sπ

þπ− model taking
the K0

S and K
0
L mesons to have opposite CP, as is discussed

in Refs. [13,14]. The details of assigning Δci (Δsi) and
their uncertainties δΔci (δΔsi) are presented in Table VI
of Ref. [16].
The measured strong-phase parameters cð0Þi and sð0Þi are

presented in Fig. 3 and Table II. The estimation of
systematic uncertainties is described in detail in Ref. [16].
In addition to our results, Fig. 3 includes the predictions of
Ref. [30] and the results from Ref. [14], which show
reasonable agreement.
In summary, measurements of the strong-phase para-

meters between D0 and D̄0 → K0
S;Lπ

þπ− in bins of phase
space have been performed using 2.93 fb−1 of data
collected at

ffiffiffi
s

p
¼ 3.773 GeV with the BESIII detector.

Compared to the previous CLEO measurement [14], two
main improvements have been incorporated. First, addi-
tional tag decay modes are used. In particular the inclusion
of the πþπ−π0 tag improves the sensitivity to ci and the
addition of theK0

Sðπ0π0missÞπþπ− improves the sensitivity to
si. Second, corrections for bin migration have been
included, as their neglect would lead to uncertainties
comparable to the statistical uncertainty. The results
presented in this Letter are on average a factor of
2.5 (1.9) more precise for ci (si) and a factor of
2.8 (2.2) more precise for c0i (s

0
i) than has been achieved

previously. The strong-phase parameters provide an impor-
tant input for a wide range ofCP violation measurements in
the beauty and charm sectors, and also for measurements
of strong-phase parameters in other D decays where
D → K0

Sπ
þπ− is used as a tag [31,31–34].

To assess the impact of our ci and si results on a
measurement of γ, we use a large simulated data set of
B− → DK−, D → K0

Sπ
þπ− events. Based on the MC

simulation, the uncertainty in γ associated with our uncer-
tainties for ci and si is found to be 0.7°, 1.2°, and 0.8° for
the equal ΔδD, optimal and modified optimal binning
schemes, respectively. For comparison, the corresponding
results from CLEO are 2.0°, 3.9°, and 2.1° [14]. Therefore,

)4c/2 (GeV+πS
0K

2M
1 2 3

)4 c/2
 (G

eV
- π

S0
K2

M 1

2

3

0(770)ρ0
SK

0
(7

70
)

ρ0 S
K

-π+π0
S vs. K-evenCP

)4c/2 (GeV+πS
0K

2M
1 2 3

)4 c/2
 (G

eV
- π

S0
K2

M 1

2

3
-π+π0

S vs. K-oddCP

FIG. 2. Dalitz plots of K0
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þπ− events in data. The effect of the
quantum correlation is clearly visible. The approximate locations
of events from K0

Sρð770Þ0 are indicated by arrows for clarity.
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FIG. 3. The ci and si measured in this work (red dots with error bars), the predictions of Ref. [30] (black open circles) and the results of
Ref. [14] (green open squares with error bars). The left, middle and right plots are from the equal ΔδD, optimal and modified optimal
binnings, respectively. The circle indicates the boundary of the physical region c2i þ s2i ¼ 1.
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Lattice QCD with Heavy Quarks 
A challenging multi-scale problem

18W.I. Jay — MIT

10 MeV 100 MeV 1 GeV 10 GeV

1/L ≈ 30 MeV
M! = 140 MeV mb = 4.2 GeV

mc = 1 GeV

Heavy quarks are hard: lattice artifacts grow like 
powers (amh)n — especially tricky for masses near 
or above the cutoff

1/a ≳ 4.7 GeV
a ≲ 0.04 fm

William Jay
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Discovery of CP violation in Charm in 2019

97

ΔACP = ACP(KK) − ACP(ππ)

= (−15.4 ± 2.9) × 10−4

Eva Gersabeck

LHCb: PRL 122 (2019) 211803

Bigger than generally 
expected. Still unclear 

if/how this can be 
accommodated SM.

Luiz Vale Silva

https://inspirehep.net/record/1726338
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Discovery of CP violation in Charm in 2019
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ΔACP = ACP(KK) − ACP(ππ)

= (−15.4 ± 2.9) × 10−4

Eva Gersabeck

LHCb: PRL 122 (2019) 211803

Bigger than generally 
expected. Still unclear 

if/how this can be 
accommodated SM.

Luiz Vale Silva

https://inspirehep.net/record/1726338
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Ds → π+π−π+

100

LHCb: arXiv:2209.09840 (2022)

https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2022-030.html
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