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Web Version

Android App

CHARM 2018 CHARM 2021

http://pdg.lbl.gov/booklet/2020/
https://play.google.com/store/apps/details?id=gov.lbl.pdg.booklet
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What’s new?
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Web Version

Android App

CHARM 2018 CHARM 2021

Virtual PDG Mini Collaboration Meeting, November 5, 2020 Juerg Beringer (LBNL), Page 21

Web / App vs Printed Booklet

• 65% of those who use the Booklet still prefer the printed one

– Note: no native iOS version, electronic versions became only 
available a few weeks before survey

• Even barebones and very limited Booklet app very useful

Virtual PDG Mini Collaboration Meeting, November 5, 2020 Juerg Beringer (LBNL), Page 21

Web / App vs Printed Booklet

• 65% of those who use the Booklet still prefer the printed one

– Note: no native iOS version, electronic versions became only 
available a few weeks before survey

• Even barebones and very limited Booklet app very useful

Which version of the booklet 
do you prefer to use primarily 

in the future?

http://pdg.lbl.gov/booklet/2020/
https://play.google.com/store/apps/details?id=gov.lbl.pdg.booklet
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What’s new?

3Virtual PDG Mini Collaboration Meeting, November 5, 2020 Juerg Beringer (LBNL), Page 1

PDG Collaboration News

Juerg Beringer
Physics Division

Lawrence Berkeley National Laboratory

Outline

• Overview and some 
highlights

• Results from the PDG 
Booklet survey

Fat book slim

updated 1 June 2021
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The future

• With only 64 years of age, the PDG 
feels younger than ever.


• Managing the ever increasing data 
and presenting them in an accessible 
way has become increasingly difficult.


• Clearly, online/app will be increasingly 
important (but books still very 
popular).


• Currently working on making all PDG 
data available in machine readable 
form.
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Virtual PDG Mini Collaboration Meeting, November 5, 2020 Juerg Beringer (LBNL), Page 21

Web / App vs Printed Booklet

• 65% of those who use the Booklet still prefer the printed one

– Note: no native iOS version, electronic versions became only 
available a few weeks before survey

• Even barebones and very limited Booklet app very useful

Virtual PDG Mini Collaboration Meeting, November 5, 2020 Juerg Beringer (LBNL), Page 21

Web / App vs Printed Booklet

• 65% of those who use the Booklet still prefer the printed one

– Note: no native iOS version, electronic versions became only 
available a few weeks before survey

• Even barebones and very limited Booklet app very useful

Masses and mean lifetimes of elementary particles, as shown in Table I of the first 
wallet card issued in 1957.  Image credit: Barkas and Rosenfeld, UCRL-8030. 

https://cerncourier.com/wp-content/uploads/2017/10/CCpdg2_09_17.jpg
https://cerncourier.com/wp-content/uploads/2017/10/CCpdg2_09_17.jpg
https://cerncourier.com/wp-content/uploads/2017/10/CCpdg2_09_17.jpg
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Public Reusable Research (PuRe) Data Resources 

6

PDG has been been designated by the DOE as a PuRe resource.
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Browsing through the  listingsD0
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2021
Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

D0 I (JP ) = 1
2 (0−)

D0 MASSD0 MASSD0 MASSD0 MASS

The fit includes D±, D0, D±
s

, D∗±, D∗0, D∗±
s

, D1(2420)0, D∗
2(2460)0,

and Ds1(2536)± mass and mass difference measurements.

Given the recent addition of much more precise measurements, we have
omitted all those masses published up through 1990. See any Review
before 2015 for those earlier results.

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

1864.83 ±0.05 OUR FIT1864.83 ±0.05 OUR FIT1864.83 ±0.05 OUR FIT1864.83 ±0.05 OUR FIT

1864.84 ±0.05 OUR AVERAGE1864.84 ±0.05 OUR AVERAGE1864.84 ±0.05 OUR AVERAGE1864.84 ±0.05 OUR AVERAGE

1864.845±0.025±0.057 63k 1 TOMARADZE 14 D0 → K− 2π+π−

1864.75 ±0.15 ±0.11 AAIJ 13V LHCB D0 → K+2K−π+

1864.841±0.048±0.063 4.3k 2 LEES 13S BABR e+ e− at Υ(4S)

1865.30 ±0.33 ±0.23 0.1k ANASHIN 10A KEDR e+ e−at ψ(3770)

1864.847±0.150±0.095 0.3k CAWLFIELD 07 CLEO D0 → K0
S

φ

1Obtained by analyzing CLEO-c data but not authored by the CLEO Collaboration. The
largest source of error in the TOMARADZE 14 value is from the uncertainties in the

K− and K0
S

masses. The systematic error given above is the addition in quadrature of
±0.022 ± 0.053 MeV, where the second error is from those mass uncertainties.

2The largest source of error in the LEES 13S value is from the uncertainty of the K+

mass. The quoted systematic error is in fact ±0.043 + 3 (m
K+ − 493.677), in MeV.

mD± − mD0mD± − mD0mD± − mD0mD± − mD0

The fit includes D±, D0, D±
s

, D∗±, D∗0, D∗±
s

, D1(2420)0, D∗
2(2460)0,

and Ds1(2536)± mass and mass difference measurements.

VALUE (MeV) DOCUMENT ID TECN COMMENT

4.822±0.015 OUR FIT4.822±0.015 OUR FIT4.822±0.015 OUR FIT4.822±0.015 OUR FIT

4.76 ±0.12 ±0.074.76 ±0.12 ±0.074.76 ±0.12 ±0.074.76 ±0.12 ±0.07 AAIJ 13V LHCB D+ → K+K−π+

D0 MEAN LIFED0 MEAN LIFED0 MEAN LIFED0 MEAN LIFE

Measurements with an error > 10 × 10−15 s have been omitted from the
average.

VALUE (10−15 s) EVTS DOCUMENT ID TECN COMMENT

410.1± 1.5 OUR AVERAGE410.1± 1.5 OUR AVERAGE410.1± 1.5 OUR AVERAGE410.1± 1.5 OUR AVERAGE

409.6± 1.1± 1.5 210k LINK 02F FOCS γ nucleus, ≈ 180 GeV

407.9± 6.0± 4.3 10k KUSHNIR... 01 SELX K−π+, K−π+π+π−

413 ± 3 ± 4 35k AITALA 99E E791 K−π+

408.5± 4.1+ 3.5
− 3.4 25k BONVICINI 99 CLE2 e+ e− ≈ Υ(4S)

413 ± 4 ± 3 16k FRABETTI 94D E687 K−π+, K−π+π+π−

HTTP://PDG.LBL.GOV Page 1 Created: 6/5/2018 19:00

2018
Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update

D0 I (JP ) = 1
2 (0

−)

D0 MASSD0 MASSD0 MASSD0 MASS

The fit includes D±, D0, D±
s
, D∗±, D∗0, D∗±

s
, D1(2420)

0, D∗
2(2460)

0,

and Ds1(2536)
± mass and mass difference measurements.

Given the recent addition of much more precise measurements, we have
omitted all those masses published up through 1990. See any Review
before 2015 for those earlier results.

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

1864.84 ±0.05 OUR FIT1864.84 ±0.05 OUR FIT1864.84 ±0.05 OUR FIT1864.84 ±0.05 OUR FIT

1864.84 ±0.05 OUR AVERAGE1864.84 ±0.05 OUR AVERAGE1864.84 ±0.05 OUR AVERAGE1864.84 ±0.05 OUR AVERAGE

1864.845±0.025±0.057 63k 1 TOMARADZE 14 D0 → K− 2π+π−

1864.75 ±0.15 ±0.11 AAIJ 13V LHCB D0 → K+2K−π+

1864.841±0.048±0.063 4.3k 2 LEES 13S BABR e+ e− at Υ(4S)

1865.30 ±0.33 ±0.23 0.1k ANASHIN 10A KEDR e+ e−at ψ(3770)

1864.847±0.150±0.095 0.3k CAWLFIELD 07 CLEO D0 → K0
S
φ

1Obtained by analyzing CLEO-c data but not authored by the CLEO Collaboration. The
largest source of error in the TOMARADZE 14 value is from the uncertainties in the

K− and K0
S

masses. The systematic error given above is the addition in quadrature of
±0.022 ± 0.053 MeV, where the second error is from those mass uncertainties.

2The largest source of error in the LEES 13S value is from the uncertainty of the K+

mass. The quoted systematic error is in fact ±0.043 + 3 (m
K+ − 493.677), in MeV.

mD± − mD0mD± − mD0mD± − mD0mD± − mD0

The fit includes D±, D0, D±
s
, D∗±, D∗0, D∗±

s
, D1(2420)

0, D∗
2(2460)

0,

and Ds1(2536)
± mass and mass difference measurements.

VALUE (MeV) DOCUMENT ID TECN COMMENT

4.822±0.015 OUR FIT4.822±0.015 OUR FIT4.822±0.015 OUR FIT4.822±0.015 OUR FIT

4.76 ±0.12 ±0.074.76 ±0.12 ±0.074.76 ±0.12 ±0.074.76 ±0.12 ±0.07 AAIJ 13V LHCB D+ → K+K−π+

D0 MEAN LIFED0 MEAN LIFED0 MEAN LIFED0 MEAN LIFE

Measurements with an error > 10× 10−15 s have been omitted from the
average.

VALUE (10−15 s) EVTS DOCUMENT ID TECN COMMENT

410.1± 1.5 OUR AVERAGE410.1± 1.5 OUR AVERAGE410.1± 1.5 OUR AVERAGE410.1± 1.5 OUR AVERAGE

409.6± 1.1± 1.5 210k LINK 02F FOCS γ nucleus, ≈ 180 GeV

407.9± 6.0± 4.3 10k KUSHNIR... 01 SELX K−π+, K−π+π+π−

413 ± 3 ± 4 35k AITALA 99E E791 K−π+

408.5± 4.1+ 3.5
− 3.4 25k BONVICINI 99 CLE2 e+ e− ≈ Υ(4S)

413 ± 4 ± 3 16k FRABETTI 94D E687 K−π+, K−π+π+π−

https://pdg.lbl.gov Page 1 Created: 6/1/2021 08:32
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Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update

• • • We do not use the following data for averages, fits, limits, etc. • • •

424 ±11 ± 7 5118 FRABETTI 91 E687 K−π+, K−π+π+π−

417 ±18 ±15 890 ALVAREZ 90 NA14 K−π+, K−π+π+π−

388 +23
−21 641 1 BARLAG 90C ACCM π−Cu 230 GeV

480 ±40 ±30 776 ALBRECHT 88I ARG e+ e− 10 GeV
422 ± 8 ±10 4212 RAAB 88 E691 Photoproduction

420 ±50 90 BARLAG 87B ACCM K− and π− 200 GeV

1BARLAG 90C estimate systematic error to be negligible.

See the related review(s):

D0 — D0 Mixing

∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ
∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ
∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ
∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ

The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”

VALUE (1010 h̄ s−1) CL% DOCUMENT ID TECN COMMENT

0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION

0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram
below.

0.66+0.41
−0.37

1 AAIJ 19X LHCB D0 → K0
S
π+π−

2 AAIJ 18K LHCB pp at 7, 8, 13 TeV
− 2.10±1.29±0.41 3 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 4 LEES 16D BABR e+ e−, 10.6 GeV
5 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

6 PENG 14 BELL e+ e− → Υ(nS)

7 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 8 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
9 AAIJ 17AO LHCB Repl. by AAIJ 18K

10 AAIJ 13CE LHCB Repl. by AAIJ 17AO
11 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 12 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

13 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
−0.41

14 ZHANG 07B BELL Repl. by PENG 14

< 7 95 15 ZHANG 06 BELL e+ e−

−11 to +22 14 ASNER 05 CLEO e+ e− ≈ 10 GeV
< 11 90 BITENC 05 BELL

https://pdg.lbl.gov Page 2 Created: 6/1/2021 08:32
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Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

• • • We do not use the following data for averages, fits, limits, etc. • • •

424 ±11 ± 7 5118 FRABETTI 91 E687 K−π+, K−π+π+π−

417 ±18 ±15 890 ALVAREZ 90 NA14 K−π+, K−π+π+π−

388 +23
−21 641 1 BARLAG 90C ACCM π−Cu 230 GeV

480 ±40 ±30 776 ALBRECHT 88I ARG e+ e− 10 GeV
422 ± 8 ±10 4212 RAAB 88 E691 Photoproduction

420 ±50 90 BARLAG 87B ACCM K− and π− 200 GeV

1BARLAG 90C estimate systematic error to be negligible.

See the related review(s):

D0 — D0 Mixing

∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ
∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ
∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ
∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ

The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”

VALUE (1010 h̄ s−1) CL% DOCUMENT ID TECN COMMENT

0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION

0.8 ±0.7 OUR AVERAGE0.8 ±0.7 OUR AVERAGE0.8 ±0.7 OUR AVERAGE0.8 ±0.7 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram
below.

1 AAIJ 17AO LHCB pp at 7, 8 TeV
− 2.10±1.29±0.41 2 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 3 LEES 16D BABR e+ e−, 10.6 GeV
4 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

5 PENG 14 BELL e+ e− → Υ(nS)

6 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 7 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
8 AAIJ 13CE LHCB Repl. by AAIJ 17AO
9 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 10 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

11 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
−0.41

12 ZHANG 07B BELL Repl. by PENG 14

< 7 95 13 ZHANG 06 BELL e+ e−

−11 to +22 12 ASNER 05 CLEO e+ e− ≈ 10 GeV
< 11 90 BITENC 05 BELL
< 30 90 CAWLFIELD 05 CLEO

HTTP://PDG.LBL.GOV Page 2 Created: 6/5/2018 19:00
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Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update

• • • We do not use the following data for averages, fits, limits, etc. • • •

424 ±11 ± 7 5118 FRABETTI 91 E687 K−π+, K−π+π+π−

417 ±18 ±15 890 ALVAREZ 90 NA14 K−π+, K−π+π+π−

388 +23
−21 641 1 BARLAG 90C ACCM π−Cu 230 GeV

480 ±40 ±30 776 ALBRECHT 88I ARG e+ e− 10 GeV
422 ± 8 ±10 4212 RAAB 88 E691 Photoproduction

420 ±50 90 BARLAG 87B ACCM K− and π− 200 GeV

1BARLAG 90C estimate systematic error to be negligible.

See the related review(s):

D0 — D0 Mixing

∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ
∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ
∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ
∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ

The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”

VALUE (1010 h̄ s−1) CL% DOCUMENT ID TECN COMMENT

0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION

0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram
below.

0.66+0.41
−0.37

1 AAIJ 19X LHCB D0 → K0
S
π+π−

2 AAIJ 18K LHCB pp at 7, 8, 13 TeV
− 2.10±1.29±0.41 3 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 4 LEES 16D BABR e+ e−, 10.6 GeV
5 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

6 PENG 14 BELL e+ e− → Υ(nS)

7 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 8 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
9 AAIJ 17AO LHCB Repl. by AAIJ 18K

10 AAIJ 13CE LHCB Repl. by AAIJ 17AO
11 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 12 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

13 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
−0.41

14 ZHANG 07B BELL Repl. by PENG 14

< 7 95 15 ZHANG 06 BELL e+ e−

−11 to +22 14 ASNER 05 CLEO e+ e− ≈ 10 GeV
< 11 90 BITENC 05 BELL

https://pdg.lbl.gov Page 2 Created: 6/1/2021 08:32
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Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

• • • We do not use the following data for averages, fits, limits, etc. • • •

424 ±11 ± 7 5118 FRABETTI 91 E687 K−π+, K−π+π+π−

417 ±18 ±15 890 ALVAREZ 90 NA14 K−π+, K−π+π+π−

388 +23
−21 641 1 BARLAG 90C ACCM π−Cu 230 GeV

480 ±40 ±30 776 ALBRECHT 88I ARG e+ e− 10 GeV
422 ± 8 ±10 4212 RAAB 88 E691 Photoproduction

420 ±50 90 BARLAG 87B ACCM K− and π− 200 GeV

1BARLAG 90C estimate systematic error to be negligible.

See the related review(s):

D0 — D0 Mixing

∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ
∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ
∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ
∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ

The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”

VALUE (1010 h̄ s−1) CL% DOCUMENT ID TECN COMMENT

0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION

0.8 ±0.7 OUR AVERAGE0.8 ±0.7 OUR AVERAGE0.8 ±0.7 OUR AVERAGE0.8 ±0.7 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram
below.

1 AAIJ 17AO LHCB pp at 7, 8 TeV
− 2.10±1.29±0.41 2 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 3 LEES 16D BABR e+ e−, 10.6 GeV
4 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

5 PENG 14 BELL e+ e− → Υ(nS)

6 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 7 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
8 AAIJ 13CE LHCB Repl. by AAIJ 17AO
9 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 10 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

11 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
−0.41

12 ZHANG 07B BELL Repl. by PENG 14

< 7 95 13 ZHANG 06 BELL e+ e−

−11 to +22 12 ASNER 05 CLEO e+ e− ≈ 10 GeV
< 11 90 BITENC 05 BELL
< 30 90 CAWLFIELD 05 CLEO

HTTP://PDG.LBL.GOV Page 2 Created: 6/5/2018 19:00

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

• • • We do not use the following data for averages, fits, limits, etc. • • •

424 ±11 ± 7 5118 FRABETTI 91 E687 K−π+, K−π+π+π−

417 ±18 ±15 890 ALVAREZ 90 NA14 K−π+, K−π+π+π−

388 +23
−21 641 1 BARLAG 90C ACCM π−Cu 230 GeV

480 ±40 ±30 776 ALBRECHT 88I ARG e+ e− 10 GeV
422 ± 8 ±10 4212 RAAB 88 E691 Photoproduction

420 ±50 90 BARLAG 87B ACCM K− and π− 200 GeV

1BARLAG 90C estimate systematic error to be negligible.

See the related review(s):
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The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”

VALUE (1010 h̄ s−1) CL% DOCUMENT ID TECN COMMENT

0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION

0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram
below.

0.66+0.41
−0.37

1 AAIJ 19X LHCB D0 → K0
S
π+π−

2 AAIJ 18K LHCB pp at 7, 8, 13 TeV
− 2.10±1.29±0.41 3 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 4 LEES 16D BABR e+ e−, 10.6 GeV
5 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

6 PENG 14 BELL e+ e− → Υ(nS)

7 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 8 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
9 AAIJ 17AO LHCB Repl. by AAIJ 18K

10 AAIJ 13CE LHCB Repl. by AAIJ 17AO
11 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 12 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

13 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
−0.41

14 ZHANG 07B BELL Repl. by PENG 14

< 7 95 15 ZHANG 06 BELL e+ e−

−11 to +22 14 ASNER 05 CLEO e+ e− ≈ 10 GeV
< 11 90 BITENC 05 BELL
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• • • We do not use the following data for averages, fits, limits, etc. • • •

424 ±11 ± 7 5118 FRABETTI 91 E687 K−π+, K−π+π+π−

417 ±18 ±15 890 ALVAREZ 90 NA14 K−π+, K−π+π+π−

388 +23
−21 641 1 BARLAG 90C ACCM π−Cu 230 GeV

480 ±40 ±30 776 ALBRECHT 88I ARG e+ e− 10 GeV
422 ± 8 ±10 4212 RAAB 88 E691 Photoproduction

420 ±50 90 BARLAG 87B ACCM K− and π− 200 GeV

1BARLAG 90C estimate systematic error to be negligible.

See the related review(s):

D0 — D0 Mixing
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The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”

VALUE (1010 h̄ s−1) CL% DOCUMENT ID TECN COMMENT

0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION

0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram
below.

0.66+0.41
−0.37

1 AAIJ 19X LHCB D0 → K0
S
π+π−

2 AAIJ 18K LHCB pp at 7, 8, 13 TeV
− 2.10±1.29±0.41 3 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 4 LEES 16D BABR e+ e−, 10.6 GeV
5 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

6 PENG 14 BELL e+ e− → Υ(nS)

7 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 8 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
9 AAIJ 17AO LHCB Repl. by AAIJ 18K

10 AAIJ 13CE LHCB Repl. by AAIJ 17AO
11 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 12 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

13 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
−0.41

14 ZHANG 07B BELL Repl. by PENG 14

< 7 95 15 ZHANG 06 BELL e+ e−

−11 to +22 14 ASNER 05 CLEO e+ e− ≈ 10 GeV
< 11 90 BITENC 05 BELL
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• • • We do not use the following data for averages, fits, limits, etc. • • •

424 ±11 ± 7 5118 FRABETTI 91 E687 K−π+, K−π+π+π−

417 ±18 ±15 890 ALVAREZ 90 NA14 K−π+, K−π+π+π−

388 +23
−21 641 1 BARLAG 90C ACCM π−Cu 230 GeV

480 ±40 ±30 776 ALBRECHT 88I ARG e+ e− 10 GeV
422 ± 8 ±10 4212 RAAB 88 E691 Photoproduction

420 ±50 90 BARLAG 87B ACCM K− and π− 200 GeV

1BARLAG 90C estimate systematic error to be negligible.

See the related review(s):

D0 — D0 Mixing
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The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”

VALUE (1010 h̄ s−1) CL% DOCUMENT ID TECN COMMENT

0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION

0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram
below.

0.66+0.41
−0.37

1 AAIJ 19X LHCB D0 → K0
S
π+π−

2 AAIJ 18K LHCB pp at 7, 8, 13 TeV
− 2.10±1.29±0.41 3 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 4 LEES 16D BABR e+ e−, 10.6 GeV
5 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

6 PENG 14 BELL e+ e− → Υ(nS)

7 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 8 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
9 AAIJ 17AO LHCB Repl. by AAIJ 18K

10 AAIJ 13CE LHCB Repl. by AAIJ 17AO
11 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 12 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

13 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
−0.41

14 ZHANG 07B BELL Repl. by PENG 14

< 7 95 15 ZHANG 06 BELL e+ e−

−11 to +22 14 ASNER 05 CLEO e+ e− ≈ 10 GeV
< 11 90 BITENC 05 BELL
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• • • We do not use the following data for averages, fits, limits, etc. • • •

424 ±11 ± 7 5118 FRABETTI 91 E687 K−π+, K−π+π+π−

417 ±18 ±15 890 ALVAREZ 90 NA14 K−π+, K−π+π+π−

388 +23
−21 641 1 BARLAG 90C ACCM π−Cu 230 GeV

480 ±40 ±30 776 ALBRECHT 88I ARG e+ e− 10 GeV
422 ± 8 ±10 4212 RAAB 88 E691 Photoproduction

420 ±50 90 BARLAG 87B ACCM K− and π− 200 GeV

1BARLAG 90C estimate systematic error to be negligible.

See the related review(s):

D0 — D0 Mixing
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The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”

VALUE (1010 h̄ s−1) CL% DOCUMENT ID TECN COMMENT

0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION

0.8 ±0.7 OUR AVERAGE0.8 ±0.7 OUR AVERAGE0.8 ±0.7 OUR AVERAGE0.8 ±0.7 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram
below.

1 AAIJ 17AO LHCB pp at 7, 8 TeV
− 2.10±1.29±0.41 2 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 3 LEES 16D BABR e+ e−, 10.6 GeV
4 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

5 PENG 14 BELL e+ e− → Υ(nS)

6 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 7 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
8 AAIJ 13CE LHCB Repl. by AAIJ 17AO
9 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 10 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

11 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
−0.41

12 ZHANG 07B BELL Repl. by PENG 14

< 7 95 13 ZHANG 06 BELL e+ e−

−11 to +22 12 ASNER 05 CLEO e+ e− ≈ 10 GeV
< 11 90 BITENC 05 BELL
< 30 90 CAWLFIELD 05 CLEO

HTTP://PDG.LBL.GOV Page 2 Created: 6/5/2018 19:00

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

• • • We do not use the following data for averages, fits, limits, etc. • • •

424 ±11 ± 7 5118 FRABETTI 91 E687 K−π+, K−π+π+π−

417 ±18 ±15 890 ALVAREZ 90 NA14 K−π+, K−π+π+π−

388 +23
−21 641 1 BARLAG 90C ACCM π−Cu 230 GeV

480 ±40 ±30 776 ALBRECHT 88I ARG e+ e− 10 GeV
422 ± 8 ±10 4212 RAAB 88 E691 Photoproduction

420 ±50 90 BARLAG 87B ACCM K− and π− 200 GeV

1BARLAG 90C estimate systematic error to be negligible.

See the related review(s):

D0 — D0 Mixing
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The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”

VALUE (1010 h̄ s−1) CL% DOCUMENT ID TECN COMMENT

0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION

0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram
below.

0.66+0.41
−0.37

1 AAIJ 19X LHCB D0 → K0
S
π+π−

2 AAIJ 18K LHCB pp at 7, 8, 13 TeV
− 2.10±1.29±0.41 3 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 4 LEES 16D BABR e+ e−, 10.6 GeV
5 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

6 PENG 14 BELL e+ e− → Υ(nS)

7 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 8 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
9 AAIJ 17AO LHCB Repl. by AAIJ 18K

10 AAIJ 13CE LHCB Repl. by AAIJ 17AO
11 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 12 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

13 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
−0.41

14 ZHANG 07B BELL Repl. by PENG 14

< 7 95 15 ZHANG 06 BELL e+ e−

−11 to +22 14 ASNER 05 CLEO e+ e− ≈ 10 GeV
< 11 90 BITENC 05 BELL
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• • • We do not use the following data for averages, fits, limits, etc. • • •

424 ±11 ± 7 5118 FRABETTI 91 E687 K−π+, K−π+π+π−

417 ±18 ±15 890 ALVAREZ 90 NA14 K−π+, K−π+π+π−

388 +23
−21 641 1 BARLAG 90C ACCM π−Cu 230 GeV

480 ±40 ±30 776 ALBRECHT 88I ARG e+ e− 10 GeV
422 ± 8 ±10 4212 RAAB 88 E691 Photoproduction

420 ±50 90 BARLAG 87B ACCM K− and π− 200 GeV

1BARLAG 90C estimate systematic error to be negligible.

See the related review(s):

D0 — D0 Mixing
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The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”

VALUE (1010 h̄ s−1) CL% DOCUMENT ID TECN COMMENT

0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION

0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram
below.

0.66+0.41
−0.37

1 AAIJ 19X LHCB D0 → K0
S
π+π−

2 AAIJ 18K LHCB pp at 7, 8, 13 TeV
− 2.10±1.29±0.41 3 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 4 LEES 16D BABR e+ e−, 10.6 GeV
5 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

6 PENG 14 BELL e+ e− → Υ(nS)

7 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 8 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
9 AAIJ 17AO LHCB Repl. by AAIJ 18K

10 AAIJ 13CE LHCB Repl. by AAIJ 17AO
11 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 12 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

13 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
−0.41

14 ZHANG 07B BELL Repl. by PENG 14

< 7 95 15 ZHANG 06 BELL e+ e−

−11 to +22 14 ASNER 05 CLEO e+ e− ≈ 10 GeV
< 11 90 BITENC 05 BELL
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• • • We do not use the following data for averages, fits, limits, etc. • • •

424 ±11 ± 7 5118 FRABETTI 91 E687 K−π+, K−π+π+π−

417 ±18 ±15 890 ALVAREZ 90 NA14 K−π+, K−π+π+π−

388 +23
−21 641 1 BARLAG 90C ACCM π−Cu 230 GeV

480 ±40 ±30 776 ALBRECHT 88I ARG e+ e− 10 GeV
422 ± 8 ±10 4212 RAAB 88 E691 Photoproduction

420 ±50 90 BARLAG 87B ACCM K− and π− 200 GeV

1BARLAG 90C estimate systematic error to be negligible.

See the related review(s):

D0 — D0 Mixing
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The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”

VALUE (1010 h̄ s−1) CL% DOCUMENT ID TECN COMMENT

0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION

0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram
below.

0.66+0.41
−0.37

1 AAIJ 19X LHCB D0 → K0
S
π+π−

2 AAIJ 18K LHCB pp at 7, 8, 13 TeV
− 2.10±1.29±0.41 3 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 4 LEES 16D BABR e+ e−, 10.6 GeV
5 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

6 PENG 14 BELL e+ e− → Υ(nS)

7 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 8 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
9 AAIJ 17AO LHCB Repl. by AAIJ 18K

10 AAIJ 13CE LHCB Repl. by AAIJ 17AO
11 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 12 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

13 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
−0.41

14 ZHANG 07B BELL Repl. by PENG 14

< 7 95 15 ZHANG 06 BELL e+ e−

−11 to +22 14 ASNER 05 CLEO e+ e− ≈ 10 GeV
< 11 90 BITENC 05 BELL
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• • • We do not use the following data for averages, fits, limits, etc. • • •

424 ±11 ± 7 5118 FRABETTI 91 E687 K−π+, K−π+π+π−

417 ±18 ±15 890 ALVAREZ 90 NA14 K−π+, K−π+π+π−

388 +23
−21 641 1 BARLAG 90C ACCM π−Cu 230 GeV

480 ±40 ±30 776 ALBRECHT 88I ARG e+ e− 10 GeV
422 ± 8 ±10 4212 RAAB 88 E691 Photoproduction

420 ±50 90 BARLAG 87B ACCM K− and π− 200 GeV

1BARLAG 90C estimate systematic error to be negligible.

See the related review(s):
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The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”

VALUE (1010 h̄ s−1) CL% DOCUMENT ID TECN COMMENT

0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION

0.8 ±0.7 OUR AVERAGE0.8 ±0.7 OUR AVERAGE0.8 ±0.7 OUR AVERAGE0.8 ±0.7 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram
below.

1 AAIJ 17AO LHCB pp at 7, 8 TeV
− 2.10±1.29±0.41 2 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 3 LEES 16D BABR e+ e−, 10.6 GeV
4 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

5 PENG 14 BELL e+ e− → Υ(nS)

6 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 7 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
8 AAIJ 13CE LHCB Repl. by AAIJ 17AO
9 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 10 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

11 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
−0.41

12 ZHANG 07B BELL Repl. by PENG 14

< 7 95 13 ZHANG 06 BELL e+ e−

−11 to +22 12 ASNER 05 CLEO e+ e− ≈ 10 GeV
< 11 90 BITENC 05 BELL
< 30 90 CAWLFIELD 05 CLEO
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The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”

VALUE (1010 h̄ s−1) CL% DOCUMENT ID TECN COMMENT

0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION

0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram
below.

0.66+0.41
−0.37

1 AAIJ 19X LHCB D0 → K0
S
π+π−

2 AAIJ 18K LHCB pp at 7, 8, 13 TeV
− 2.10±1.29±0.41 3 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 4 LEES 16D BABR e+ e−, 10.6 GeV
5 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

6 PENG 14 BELL e+ e− → Υ(nS)

7 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 8 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
9 AAIJ 17AO LHCB Repl. by AAIJ 18K

10 AAIJ 13CE LHCB Repl. by AAIJ 17AO
11 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 12 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

13 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
−0.41

14 ZHANG 07B BELL Repl. by PENG 14

< 7 95 15 ZHANG 06 BELL e+ e−

−11 to +22 14 ASNER 05 CLEO e+ e− ≈ 10 GeV
< 11 90 BITENC 05 BELL
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69. D0
-D0 Mixing

Revised August 2019 by D.M. Asner (BNL) and A.J. Schwartz (Cincinnati U.).

The formalism for D
0-D0 mixing is closely related to that for CP violation, which is also

presented in the note “CP Violation in the Quark Sector” in this Review. The time evolution of

the D
0–D

0 system is described by the Schrödinger equation

i
ˆ

ˆt

A
D

0(t)
D0(t)

B
=

3
M ≠

i

2
�

4 A
D

0(t)
D0(t)

B
,

(69.1)

where the M and � matrices are Hermitian, and CPT invariance requires that M11 = M22 © M

and ≈11 = ≈22 © ≈ . The o�-diagonal elements of M and � are referred to as the dispersive and

absorptive parts, respectively, of the mixing. The mass eigenstates D1 and D2 of the Hamiltonian

M - i�/2 are defined as
|D1,2Í © p|D0Í ± q|D0Í ,

(69.2)

where normalization imposes |p|2 + |q|2 = 1. If p = q, then the mass eigenstates are CP eigenstates

and CP is conserved. Our phase convention is CP |D0Í = ≠|D0Í, which implies that, in the absence

of CP violation, D2 is CP -even and D1 is CP -odd.

The eigenvalues of M - i�/2 are

Ê1,2 =
3

M ≠
i

2
≈

4
±

q

p

3
M12 ≠

i

2
≈12

4
© m1,2 ≠

i

2
≈1,2 , (69.3)

where m1,2 and ≈1,2 are real and correspond to the masses and decay widths, respectively, of the D1,2

mass eigenstates. As the trace ≈11 + ≈22 = 2≈ is unchanged by diagonalizing �, ≈ = (≈1 + ≈2)/2,

i.e., the mean decay width. Solving for the eigenstates of the eigenvalues yields

3
q

p

42
=

M
ú
12 ≠ i

2≈
ú
12

M12 ≠ i
2≈12

.
(69.4)

If CP is conserved, (q/p) = 1 and thus M12 and ≈12 must be real. In this case the di�erence in

eigenvalues is ∆m © m2 ≠ m1 = 2M12 and ∆≈ © ≈2 ≠ ≈1 = 2≈12. The signs of ∆m and ∆≈ are

di�cult to predict from theory and thus must be determined experimentally.

We define dimensionless mixing parameters x and y as

x ©
∆m

≈

(69.5)

y ©
∆≈

2≈
.

(69.6)

These parameters are measured in several ways. The most precise values are obtained using the

time dependence of D
0 decays. For all methods, the initial flavor of the D

0 or D
0 (at the production

point) must be determined. The most common method used for this is to reconstruct D
ú+ æD

0
fi

+

or D
ú≠ æ D

0
fi

≠ decays; the charge of the accompanying pion (which has low momentum in the

lab frame and is often referred to as the “soft” pion) determines the flavor of the neutral D.

BaBar and LHCb have also identified the flavor of the neutral D by reconstructing semileptonic

B
+ æ D

0
¸
+‹, B

0 æ D
ú≠¸

+‹, B
≠ æ D

0
¸
≠‹, and B

0 æ D
ú+¸

≠‹ decays; in this case the charge

of the accompanying lepton determines the D flavor. At e
+e

≠ collider experiments such as Belle,

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

8th September, 2020 1:28pm
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• Amazing progress reported by Angelo this morning!

9

CHARM 2020, 31 May – 4 June 30Angelo Carbone

LHCb impact on world averages
The combination procedure follows closely HFLAV methods
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D mixing

• PDG takes charm mixing results ( ) from HFLAV, who kindly re-
calculate it for us according to PDG rules (only published results, no preprints).


• So, while an exciting topic with impressive progress, you have learnt all about 
this in Jolanta’s talk.


• More about HFLAV and its connection to the PDG  can be found in the PDG 
review on HFLAV: 

x, y, ϕ, |q/p |

10

Y. Amhis et al. (Heavy Flavor Averaging Group) (2018), [arXiv:1909.12524], 
updated results and plots available at https://hflav.web.cern.ch/
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Heavy Flavor Averaging Group 1
Heavy Flavor Averaging GroupRevised August 2019 by U. Egede (Monash University) and A. Soffer (Tel Aviv University)

The Heavy Flavor Averaging Group (HFLAV)∗ is an international collaboration of

physicists from experiments measuring properties of heavy flavored particles, i.e., hadrons

containing b and c quarks, and τ leptons. HFLAV calculates and publishes [1] world

average values of quantities such as lifetimes, branching fractions, form factors, mixing

parameters, and CP -violating asymmetries. Most parameters concern decays of B and D

mesons, and many are related to elements of the Cabibbo-Kobayashi-Maskawa (CKM)

quark mixing matrix [2], [3].HFLAV was originally formed in 2002 to continue the activities of the LEP Heavy

Flavor Steering group. Since its inception, a wide range of results have become available

from increasingly larger data sets. Consequently, HFLAV has expanded to include seven

subgroups:
• b-hadron lifetimes and oscillations, including parameters of CP violation in b mixing;

• decay-time-dependent CP violation in B decays, and angles of the CKM Unitarity

Triangle;
• semileptonic decays of b-hadrons (B → X"ν, " = e, µ, τ), including determinations of

the CKM matrix elements |Vcb| and |Vub|;• b-hadron decays to hadronic final states containing c-quarks (open charm and

charmonium);
• (rarer) b-hadron decays to final states not containing c-quarks, including fully

hadronic, semileptonic (B → X"", Xνν̄), leptonic, and radiative decays;

• c-hadron physics including branching fractions, CP - and T -violating asymmetries,

D0–D̄0 mixing, semileptonic decays, and properties of excited D states and charm

baryons;
• τ -lepton physics including branching fractions, tests of lepton universality,

determination of the CKM matrix element |Vus|, and searches for lepton flavor

violation.
Each subgroup has one or two conveners and typically a half-dozen members

representing experiments that conduct measurements in that area. Most groups contain

representatives from the BABAR, Belle, Belle II and LHCb experiments, and some

groups have representatives from the ATLAS, BESIII, CLEO(c), CDF, CMS and

D0 experiments. Members of HFLAV are appointed by their respective experimental

collaborations. HFLAV has two co-leaders, who are appointed by the managements of

Belle II and LHCb.
The averaging procedures used by HFLAV are similar to those of the PDG [4]. When

calculating world averages, common parameters used for different input measurements

are adjusted (rescaled) to common values. The confidence level of the fit is provided to

indicate the consistency of the measurements included in the average. However, unlike

the PDG, when obtaining a world average with a small confidence level (i.e., a large χ2

∗ The group was originally referred to as “HFAG.” This acronym was changed to

“HFLAV” in 2017.

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

Y. Amhis et al. (Heavy Flavor Averaging Group) (2018), [arXiv:1909.12524], 
updated results and plots available at https://hflav.web.cern.ch/
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D0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCES

∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)
CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.154±0.029−0.154±0.029−0.154±0.029−0.154±0.029 53M,17M AAIJ 19D LHCB Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

−0.10 ±0.08 ±0.03 6.5M,2.2M AAIJ 16D LHCB See AAIJ 19D
0.14 ±0.16 ±0.08 2.2M,0.8M AAIJ 14AK LHCB See AAIJ 19D
0.49 ±0.30 ±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82 ±0.21 ±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D
−0.46 ±0.31 ±0.12 AALTONEN 12B CDF See AALTONEN 12O
−0.62 ±0.21 ±0.10 AALTONEN 12O CDF Time-integrated
0.24 ±0.62 ±0.26 1 AUBERT 08M BABR Time-integrated

−0.86 ±0.60 ±0.07 120k STARIC 08 BELL Time-integrated

1Calculated from the AUBERT 08M values of ACP (K+K−) and ACP (π+π−). The
systematic error here combines the systematic errors in quadrature, and therefore some-
what over-estimates it.

D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )

We list model-independent searches for local CP violation in phase-space
distributions of multi-body decays.

Most of these searches divide phase space (Dalitz plot for 3-body decays,

five-dimensional equivalent for 4-body decays) into bins, and perform a χ2

test comparing normalised yields Ni , Ni in CP-conjugate bin pairs i : χ2 =
Σi (Ni − α Ni )/σ(Ni −α Ni ). The factor α = (Σi Ni )/(Σi Ni ) removes
the dependence on phase-space-integrated rate asymmetries. The result is
used to obtain the probability (p-value) to obtain the measured χ2 or larger
under the assumption of CP conservation [AUBERT 08AO, BEDIAGA 09].
Alternative methods obtain p-values from other test variables based on
unbinned analyses [WILLIAMS 11, AAIJ 14C]. Results can be combined
using Fisher’s method [MOSTELLER 48].

Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0

p-value (%) EVTS DOCUMENT ID TECN COMMENT

4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION
2.6 566k 1 AAIJ 15A LHCB unbinned method

32.8 82k AUBERT 08AO BABR χ2

1Unusually, AAIJ 15A assigns an uncertainty on the p value of ±0.5%. This results from
limited test statistics.

Local CPV in D0, D0
→ π+π−π+π−Local CPV in D0, D0 → π+π−π+π−Local CPV in D0, D0
→ π+π−π+π−Local CPV in D0, D0 → π+π−π+π−

p-value (%) EVTS DOCUMENT ID TECN COMMENT

0.6±0.20.6±0.20.6±0.20.6±0.2 1.0M 1 AAIJ 17AE LHCB unbinned, P-odd

https://pdg.lbl.gov Page 105 Created: 6/1/2021 08:32

… a gem around 100 pages further down:
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Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

CP-even fraction in D0
→ K+K−π+π− decaysCP-even fraction in D0 → K+K−π+π− decaysCP-even fraction in D0
→ K+K−π+π− decaysCP-even fraction in D0 → K+K−π+π− decays

VALUE (%) DOCUMENT ID COMMENT

75.3±1.8±3.975.3±1.8±3.975.3±1.8±3.975.3±1.8±3.9 1 DARGENT 17 from amplitude model

1Obtained by analyzing CLEO data but not authored by the CLEO Collaboration.

D0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCES

∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)
CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+ K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

−0.10±0.08±0.03 6.5M,2.2M AAIJ 16D LHCB Time-integrated
0.14±0.16±0.08 2.2M,0.8M AAIJ 14AK LHCB Time-integrated

−0.62±0.21±0.10 AALTONEN 12O CDF Time-integrated
0.24±0.62±0.26 1 AUBERT 08M BABR Time-integrated

−0.86±0.60±0.07 120k STARIC 08 BELL Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

0.49±0.30±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82±0.21±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D

−0.46±0.31±0.12 AALTONEN 12B CDF See AALTONEN 12O

WEIGHTED AVERAGE
-0.12±0.13 (Error scaled by 1.8)

STARIC 08 BELL
AUBERT 08M BABR
AALTONEN 12O CDF 4.7
AAIJ 14AK LHCB 2.1
AAIJ 16D LHCB 0.0

χ2

       6.8
(Confidence Level = 0.034)

-2 -1.5 -1 -0.5 0 0.5 1 1.5

∆ACP = ACP (K+K−) − ACP (π+π−) (%)
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+K−) − ACP (π

+π−)
CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.154±0.029−0.154±0.029−0.154±0.029−0.154±0.029 53M,17M AAIJ 19D LHCB Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

−0.10 ±0.08 ±0.03 6.5M,2.2M AAIJ 16D LHCB See AAIJ 19D
0.14 ±0.16 ±0.08 2.2M,0.8M AAIJ 14AK LHCB See AAIJ 19D
0.49 ±0.30 ±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82 ±0.21 ±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D
−0.46 ±0.31 ±0.12 AALTONEN 12B CDF See AALTONEN 12O
−0.62 ±0.21 ±0.10 AALTONEN 12O CDF Time-integrated
0.24 ±0.62 ±0.26 1 AUBERT 08M BABR Time-integrated

−0.86 ±0.60 ±0.07 120k STARIC 08 BELL Time-integrated

1Calculated from the AUBERT 08M values of ACP (K+K−) and ACP (π+π−). The
systematic error here combines the systematic errors in quadrature, and therefore some-
what over-estimates it.

D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )

We list model-independent searches for local CP violation in phase-space
distributions of multi-body decays.

Most of these searches divide phase space (Dalitz plot for 3-body decays,

five-dimensional equivalent for 4-body decays) into bins, and perform a χ2

test comparing normalised yields Ni , Ni in CP-conjugate bin pairs i : χ2 =
Σi (Ni − α Ni )/σ(Ni −α Ni ). The factor α = (Σi Ni )/(Σi Ni ) removes
the dependence on phase-space-integrated rate asymmetries. The result is
used to obtain the probability (p-value) to obtain the measured χ2 or larger
under the assumption of CP conservation [AUBERT 08AO, BEDIAGA 09].
Alternative methods obtain p-values from other test variables based on
unbinned analyses [WILLIAMS 11, AAIJ 14C]. Results can be combined
using Fisher’s method [MOSTELLER 48].

Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0

p-value (%) EVTS DOCUMENT ID TECN COMMENT

4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION
2.6 566k 1 AAIJ 15A LHCB unbinned method

32.8 82k AUBERT 08AO BABR χ2

1Unusually, AAIJ 15A assigns an uncertainty on the p value of ±0.5%. This results from
limited test statistics.

Local CPV in D0, D0
→ π+π−π+π−Local CPV in D0, D0 → π+π−π+π−Local CPV in D0, D0
→ π+π−π+π−Local CPV in D0, D0 → π+π−π+π−

p-value (%) EVTS DOCUMENT ID TECN COMMENT

0.6±0.20.6±0.20.6±0.20.6±0.2 1.0M 1 AAIJ 17AE LHCB unbinned, P-odd
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CP-even fraction in D0
→ K+K−π+π− decaysCP-even fraction in D0 → K+K−π+π− decaysCP-even fraction in D0
→ K+K−π+π− decaysCP-even fraction in D0 → K+K−π+π− decays

VALUE (%) DOCUMENT ID COMMENT

75.3±1.8±3.975.3±1.8±3.975.3±1.8±3.975.3±1.8±3.9 1 DARGENT 17 from amplitude model

1Obtained by analyzing CLEO data but not authored by the CLEO Collaboration.

D0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCES

∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)
CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+ K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

−0.10±0.08±0.03 6.5M,2.2M AAIJ 16D LHCB Time-integrated
0.14±0.16±0.08 2.2M,0.8M AAIJ 14AK LHCB Time-integrated

−0.62±0.21±0.10 AALTONEN 12O CDF Time-integrated
0.24±0.62±0.26 1 AUBERT 08M BABR Time-integrated

−0.86±0.60±0.07 120k STARIC 08 BELL Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

0.49±0.30±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82±0.21±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D

−0.46±0.31±0.12 AALTONEN 12B CDF See AALTONEN 12O

WEIGHTED AVERAGE
-0.12±0.13 (Error scaled by 1.8)

STARIC 08 BELL
AUBERT 08M BABR
AALTONEN 12O CDF 4.7
AAIJ 14AK LHCB 2.1
AAIJ 16D LHCB 0.0

χ2

       6.8
(Confidence Level = 0.034)
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∆ACP = ACP (K+K−) − ACP (π+π−) (%)
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VALUE (%) DOCUMENT ID COMMENT

75.3±1.8±3.975.3±1.8±3.975.3±1.8±3.975.3±1.8±3.9 1 DARGENT 17 from amplitude model

1Obtained by analyzing CLEO data but not authored by the CLEO Collaboration.
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CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+ K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

−0.10±0.08±0.03 6.5M,2.2M AAIJ 16D LHCB Time-integrated
0.14±0.16±0.08 2.2M,0.8M AAIJ 14AK LHCB Time-integrated

−0.62±0.21±0.10 AALTONEN 12O CDF Time-integrated
0.24±0.62±0.26 1 AUBERT 08M BABR Time-integrated

−0.86±0.60±0.07 120k STARIC 08 BELL Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

0.49±0.30±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82±0.21±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D

−0.46±0.31±0.12 AALTONEN 12B CDF See AALTONEN 12O

WEIGHTED AVERAGE
-0.12±0.13 (Error scaled by 1.8)

STARIC 08 BELL
AUBERT 08M BABR
AALTONEN 12O CDF 4.7
AAIJ 14AK LHCB 2.1
AAIJ 16D LHCB 0.0

χ2
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(Confidence Level = 0.034)
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VALUE (%) DOCUMENT ID COMMENT

75.3±1.8±3.975.3±1.8±3.975.3±1.8±3.975.3±1.8±3.9 1 DARGENT 17 from amplitude model

1Obtained by analyzing CLEO data but not authored by the CLEO Collaboration.
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CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+ K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.
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−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.
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0.14±0.16±0.08 2.2M,0.8M AAIJ 14AK LHCB Time-integrated

−0.62±0.21±0.10 AALTONEN 12O CDF Time-integrated
0.24±0.62±0.26 1 AUBERT 08M BABR Time-integrated

−0.86±0.60±0.07 120k STARIC 08 BELL Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

0.49±0.30±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82±0.21±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D

−0.46±0.31±0.12 AALTONEN 12B CDF See AALTONEN 12O

WEIGHTED AVERAGE
-0.12±0.13 (Error scaled by 1.8)

STARIC 08 BELL
AUBERT 08M BABR
AALTONEN 12O CDF 4.7
AAIJ 14AK LHCB 2.1
AAIJ 16D LHCB 0.0
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(Confidence Level = 0.034)
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D0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCES

∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)
CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.154±0.029−0.154±0.029−0.154±0.029−0.154±0.029 53M,17M AAIJ 19D LHCB Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

−0.10 ±0.08 ±0.03 6.5M,2.2M AAIJ 16D LHCB See AAIJ 19D
0.14 ±0.16 ±0.08 2.2M,0.8M AAIJ 14AK LHCB See AAIJ 19D
0.49 ±0.30 ±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82 ±0.21 ±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D
−0.46 ±0.31 ±0.12 AALTONEN 12B CDF See AALTONEN 12O
−0.62 ±0.21 ±0.10 AALTONEN 12O CDF Time-integrated
0.24 ±0.62 ±0.26 1 AUBERT 08M BABR Time-integrated

−0.86 ±0.60 ±0.07 120k STARIC 08 BELL Time-integrated

1Calculated from the AUBERT 08M values of ACP (K+K−) and ACP (π+π−). The
systematic error here combines the systematic errors in quadrature, and therefore some-
what over-estimates it.

D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )

We list model-independent searches for local CP violation in phase-space
distributions of multi-body decays.

Most of these searches divide phase space (Dalitz plot for 3-body decays,

five-dimensional equivalent for 4-body decays) into bins, and perform a χ2

test comparing normalised yields Ni , Ni in CP-conjugate bin pairs i : χ2 =
Σi (Ni − α Ni )/σ(Ni −α Ni ). The factor α = (Σi Ni )/(Σi Ni ) removes
the dependence on phase-space-integrated rate asymmetries. The result is
used to obtain the probability (p-value) to obtain the measured χ2 or larger
under the assumption of CP conservation [AUBERT 08AO, BEDIAGA 09].
Alternative methods obtain p-values from other test variables based on
unbinned analyses [WILLIAMS 11, AAIJ 14C]. Results can be combined
using Fisher’s method [MOSTELLER 48].

Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0

p-value (%) EVTS DOCUMENT ID TECN COMMENT

4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION
2.6 566k 1 AAIJ 15A LHCB unbinned method

32.8 82k AUBERT 08AO BABR χ2

1Unusually, AAIJ 15A assigns an uncertainty on the p value of ±0.5%. This results from
limited test statistics.

Local CPV in D0, D0
→ π+π−π+π−Local CPV in D0, D0 → π+π−π+π−Local CPV in D0, D0
→ π+π−π+π−Local CPV in D0, D0 → π+π−π+π−

p-value (%) EVTS DOCUMENT ID TECN COMMENT

0.6±0.20.6±0.20.6±0.20.6±0.2 1.0M 1 AAIJ 17AE LHCB unbinned, P-odd
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→ K+K−π+π− decaysCP-even fraction in D0 → K+K−π+π− decaysCP-even fraction in D0
→ K+K−π+π− decaysCP-even fraction in D0 → K+K−π+π− decays

VALUE (%) DOCUMENT ID COMMENT

75.3±1.8±3.975.3±1.8±3.975.3±1.8±3.975.3±1.8±3.9 1 DARGENT 17 from amplitude model

1Obtained by analyzing CLEO data but not authored by the CLEO Collaboration.

D0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCES

∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)
CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+ K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

−0.10±0.08±0.03 6.5M,2.2M AAIJ 16D LHCB Time-integrated
0.14±0.16±0.08 2.2M,0.8M AAIJ 14AK LHCB Time-integrated

−0.62±0.21±0.10 AALTONEN 12O CDF Time-integrated
0.24±0.62±0.26 1 AUBERT 08M BABR Time-integrated

−0.86±0.60±0.07 120k STARIC 08 BELL Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

0.49±0.30±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82±0.21±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D

−0.46±0.31±0.12 AALTONEN 12B CDF See AALTONEN 12O

WEIGHTED AVERAGE
-0.12±0.13 (Error scaled by 1.8)

STARIC 08 BELL
AUBERT 08M BABR
AALTONEN 12O CDF 4.7
AAIJ 14AK LHCB 2.1
AAIJ 16D LHCB 0.0

χ2

       6.8
(Confidence Level = 0.034)
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∆ACP = ACP (K+K−) − ACP (π+π−) (%)
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VALUE (%) DOCUMENT ID COMMENT

75.3±1.8±3.975.3±1.8±3.975.3±1.8±3.975.3±1.8±3.9 1 DARGENT 17 from amplitude model

1Obtained by analyzing CLEO data but not authored by the CLEO Collaboration.
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CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+ K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

−0.10±0.08±0.03 6.5M,2.2M AAIJ 16D LHCB Time-integrated
0.14±0.16±0.08 2.2M,0.8M AAIJ 14AK LHCB Time-integrated

−0.62±0.21±0.10 AALTONEN 12O CDF Time-integrated
0.24±0.62±0.26 1 AUBERT 08M BABR Time-integrated

−0.86±0.60±0.07 120k STARIC 08 BELL Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

0.49±0.30±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82±0.21±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D

−0.46±0.31±0.12 AALTONEN 12B CDF See AALTONEN 12O

WEIGHTED AVERAGE
-0.12±0.13 (Error scaled by 1.8)

STARIC 08 BELL
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AAIJ 16D LHCB 0.0
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VALUE (%) DOCUMENT ID COMMENT

75.3±1.8±3.975.3±1.8±3.975.3±1.8±3.975.3±1.8±3.9 1 DARGENT 17 from amplitude model

1Obtained by analyzing CLEO data but not authored by the CLEO Collaboration.
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CP violation in these modes can come from the decay amplitudes (direct) and/or from
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indirect component can be neglected.
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−0.46±0.31±0.12 AALTONEN 12B CDF See AALTONEN 12O

WEIGHTED AVERAGE
-0.12±0.13 (Error scaled by 1.8)

STARIC 08 BELL
AUBERT 08M BABR
AALTONEN 12O CDF 4.7
AAIJ 14AK LHCB 2.1
AAIJ 16D LHCB 0.0

χ2

       6.8
(Confidence Level = 0.034)

-2 -1.5 -1 -0.5 0 0.5 1 1.5

∆ACP = ACP (K+K−) − ACP (π+π−) (%)
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D0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCES

∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)
CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.154±0.029−0.154±0.029−0.154±0.029−0.154±0.029 53M,17M AAIJ 19D LHCB Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

−0.10 ±0.08 ±0.03 6.5M,2.2M AAIJ 16D LHCB See AAIJ 19D
0.14 ±0.16 ±0.08 2.2M,0.8M AAIJ 14AK LHCB See AAIJ 19D
0.49 ±0.30 ±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82 ±0.21 ±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D
−0.46 ±0.31 ±0.12 AALTONEN 12B CDF See AALTONEN 12O
−0.62 ±0.21 ±0.10 AALTONEN 12O CDF Time-integrated
0.24 ±0.62 ±0.26 1 AUBERT 08M BABR Time-integrated

−0.86 ±0.60 ±0.07 120k STARIC 08 BELL Time-integrated

1Calculated from the AUBERT 08M values of ACP (K+K−) and ACP (π+π−). The
systematic error here combines the systematic errors in quadrature, and therefore some-
what over-estimates it.

D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )

We list model-independent searches for local CP violation in phase-space
distributions of multi-body decays.

Most of these searches divide phase space (Dalitz plot for 3-body decays,

five-dimensional equivalent for 4-body decays) into bins, and perform a χ2

test comparing normalised yields Ni , Ni in CP-conjugate bin pairs i : χ2 =
Σi (Ni − α Ni )/σ(Ni −α Ni ). The factor α = (Σi Ni )/(Σi Ni ) removes
the dependence on phase-space-integrated rate asymmetries. The result is
used to obtain the probability (p-value) to obtain the measured χ2 or larger
under the assumption of CP conservation [AUBERT 08AO, BEDIAGA 09].
Alternative methods obtain p-values from other test variables based on
unbinned analyses [WILLIAMS 11, AAIJ 14C]. Results can be combined
using Fisher’s method [MOSTELLER 48].

Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0

p-value (%) EVTS DOCUMENT ID TECN COMMENT

4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION
2.6 566k 1 AAIJ 15A LHCB unbinned method

32.8 82k AUBERT 08AO BABR χ2

1Unusually, AAIJ 15A assigns an uncertainty on the p value of ±0.5%. This results from
limited test statistics.
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D0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCES

∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)
CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.154±0.029−0.154±0.029−0.154±0.029−0.154±0.029 53M,17M AAIJ 19D LHCB Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

−0.10 ±0.08 ±0.03 6.5M,2.2M AAIJ 16D LHCB See AAIJ 19D
0.14 ±0.16 ±0.08 2.2M,0.8M AAIJ 14AK LHCB See AAIJ 19D
0.49 ±0.30 ±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82 ±0.21 ±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D
−0.46 ±0.31 ±0.12 AALTONEN 12B CDF See AALTONEN 12O
−0.62 ±0.21 ±0.10 AALTONEN 12O CDF Time-integrated
0.24 ±0.62 ±0.26 1 AUBERT 08M BABR Time-integrated

−0.86 ±0.60 ±0.07 120k STARIC 08 BELL Time-integrated

1Calculated from the AUBERT 08M values of ACP (K+K−) and ACP (π+π−). The
systematic error here combines the systematic errors in quadrature, and therefore some-
what over-estimates it.

D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )

We list model-independent searches for local CP violation in phase-space
distributions of multi-body decays.

Most of these searches divide phase space (Dalitz plot for 3-body decays,

five-dimensional equivalent for 4-body decays) into bins, and perform a χ2

test comparing normalised yields Ni , Ni in CP-conjugate bin pairs i : χ2 =
Σi (Ni − α Ni )/σ(Ni −α Ni ). The factor α = (Σi Ni )/(Σi Ni ) removes
the dependence on phase-space-integrated rate asymmetries. The result is
used to obtain the probability (p-value) to obtain the measured χ2 or larger
under the assumption of CP conservation [AUBERT 08AO, BEDIAGA 09].
Alternative methods obtain p-values from other test variables based on
unbinned analyses [WILLIAMS 11, AAIJ 14C]. Results can be combined
using Fisher’s method [MOSTELLER 48].

Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0

p-value (%) EVTS DOCUMENT ID TECN COMMENT

4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION
2.6 566k 1 AAIJ 15A LHCB unbinned method

32.8 82k AUBERT 08AO BABR χ2

1Unusually, AAIJ 15A assigns an uncertainty on the p value of ±0.5%. This results from
limited test statistics.

Local CPV in D0, D0
→ π+π−π+π−Local CPV in D0, D0 → π+π−π+π−Local CPV in D0, D0
→ π+π−π+π−Local CPV in D0, D0 → π+π−π+π−

p-value (%) EVTS DOCUMENT ID TECN COMMENT

0.6±0.20.6±0.20.6±0.20.6±0.2 1.0M 1 AAIJ 17AE LHCB unbinned, P-odd
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CP-even fraction in D0
→ K+K−π+π− decaysCP-even fraction in D0 → K+K−π+π− decaysCP-even fraction in D0
→ K+K−π+π− decaysCP-even fraction in D0 → K+K−π+π− decays

VALUE (%) DOCUMENT ID COMMENT

75.3±1.8±3.975.3±1.8±3.975.3±1.8±3.975.3±1.8±3.9 1 DARGENT 17 from amplitude model

1Obtained by analyzing CLEO data but not authored by the CLEO Collaboration.

D0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCES

∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)
CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+ K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

−0.10±0.08±0.03 6.5M,2.2M AAIJ 16D LHCB Time-integrated
0.14±0.16±0.08 2.2M,0.8M AAIJ 14AK LHCB Time-integrated

−0.62±0.21±0.10 AALTONEN 12O CDF Time-integrated
0.24±0.62±0.26 1 AUBERT 08M BABR Time-integrated

−0.86±0.60±0.07 120k STARIC 08 BELL Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

0.49±0.30±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82±0.21±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D

−0.46±0.31±0.12 AALTONEN 12B CDF See AALTONEN 12O

WEIGHTED AVERAGE
-0.12±0.13 (Error scaled by 1.8)

STARIC 08 BELL
AUBERT 08M BABR
AALTONEN 12O CDF 4.7
AAIJ 14AK LHCB 2.1
AAIJ 16D LHCB 0.0

χ2

       6.8
(Confidence Level = 0.034)

-2 -1.5 -1 -0.5 0 0.5 1 1.5

∆ACP = ACP (K+K−) − ACP (π+π−) (%)
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CP-even fraction in D0
→ K+K−π+π− decaysCP-even fraction in D0 → K+K−π+π− decaysCP-even fraction in D0
→ K+K−π+π− decaysCP-even fraction in D0 → K+K−π+π− decays

VALUE (%) DOCUMENT ID COMMENT

75.3±1.8±3.975.3±1.8±3.975.3±1.8±3.975.3±1.8±3.9 1 DARGENT 17 from amplitude model

1Obtained by analyzing CLEO data but not authored by the CLEO Collaboration.

D0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCES

∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)
CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+ K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

−0.10±0.08±0.03 6.5M,2.2M AAIJ 16D LHCB Time-integrated
0.14±0.16±0.08 2.2M,0.8M AAIJ 14AK LHCB Time-integrated

−0.62±0.21±0.10 AALTONEN 12O CDF Time-integrated
0.24±0.62±0.26 1 AUBERT 08M BABR Time-integrated

−0.86±0.60±0.07 120k STARIC 08 BELL Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

0.49±0.30±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82±0.21±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D

−0.46±0.31±0.12 AALTONEN 12B CDF See AALTONEN 12O

WEIGHTED AVERAGE
-0.12±0.13 (Error scaled by 1.8)

STARIC 08 BELL
AUBERT 08M BABR
AALTONEN 12O CDF 4.7
AAIJ 14AK LHCB 2.1
AAIJ 16D LHCB 0.0

χ2

       6.8
(Confidence Level = 0.034)

-2 -1.5 -1 -0.5 0 0.5 1 1.5

∆ACP = ACP (K+K−) − ACP (π+π−) (%)
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Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

CP-even fraction in D0
→ K+K−π+π− decaysCP-even fraction in D0 → K+K−π+π− decaysCP-even fraction in D0
→ K+K−π+π− decaysCP-even fraction in D0 → K+K−π+π− decays

VALUE (%) DOCUMENT ID COMMENT

75.3±1.8±3.975.3±1.8±3.975.3±1.8±3.975.3±1.8±3.9 1 DARGENT 17 from amplitude model

1Obtained by analyzing CLEO data but not authored by the CLEO Collaboration.

D0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCES

∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)∆ACP = ACP (K+K−) − ACP (π+π−)
CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+ K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE−0.12±0.13 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

−0.10±0.08±0.03 6.5M,2.2M AAIJ 16D LHCB Time-integrated
0.14±0.16±0.08 2.2M,0.8M AAIJ 14AK LHCB Time-integrated

−0.62±0.21±0.10 AALTONEN 12O CDF Time-integrated
0.24±0.62±0.26 1 AUBERT 08M BABR Time-integrated

−0.86±0.60±0.07 120k STARIC 08 BELL Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

0.49±0.30±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82±0.21±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D

−0.46±0.31±0.12 AALTONEN 12B CDF See AALTONEN 12O

WEIGHTED AVERAGE
-0.12±0.13 (Error scaled by 1.8)

STARIC 08 BELL
AUBERT 08M BABR
AALTONEN 12O CDF 4.7
AAIJ 14AK LHCB 2.1
AAIJ 16D LHCB 0.0

χ2

       6.8
(Confidence Level = 0.034)
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∆ACP = ACP (K+K−) − ACP (π+π−) (%)
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Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

D0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCES

∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)
CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.154±0.029−0.154±0.029−0.154±0.029−0.154±0.029 53M,17M AAIJ 19D LHCB Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

−0.10 ±0.08 ±0.03 6.5M,2.2M AAIJ 16D LHCB See AAIJ 19D
0.14 ±0.16 ±0.08 2.2M,0.8M AAIJ 14AK LHCB See AAIJ 19D
0.49 ±0.30 ±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82 ±0.21 ±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D
−0.46 ±0.31 ±0.12 AALTONEN 12B CDF See AALTONEN 12O
−0.62 ±0.21 ±0.10 AALTONEN 12O CDF Time-integrated
0.24 ±0.62 ±0.26 1 AUBERT 08M BABR Time-integrated

−0.86 ±0.60 ±0.07 120k STARIC 08 BELL Time-integrated

1Calculated from the AUBERT 08M values of ACP (K+K−) and ACP (π+π−). The
systematic error here combines the systematic errors in quadrature, and therefore some-
what over-estimates it.

D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )

We list model-independent searches for local CP violation in phase-space
distributions of multi-body decays.

Most of these searches divide phase space (Dalitz plot for 3-body decays,

five-dimensional equivalent for 4-body decays) into bins, and perform a χ2

test comparing normalised yields Ni , Ni in CP-conjugate bin pairs i : χ2 =
Σi (Ni − α Ni )/σ(Ni −α Ni ). The factor α = (Σi Ni )/(Σi Ni ) removes
the dependence on phase-space-integrated rate asymmetries. The result is
used to obtain the probability (p-value) to obtain the measured χ2 or larger
under the assumption of CP conservation [AUBERT 08AO, BEDIAGA 09].
Alternative methods obtain p-values from other test variables based on
unbinned analyses [WILLIAMS 11, AAIJ 14C]. Results can be combined
using Fisher’s method [MOSTELLER 48].

Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0

p-value (%) EVTS DOCUMENT ID TECN COMMENT

4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION
2.6 566k 1 AAIJ 15A LHCB unbinned method

32.8 82k AUBERT 08AO BABR χ2

1Unusually, AAIJ 15A assigns an uncertainty on the p value of ±0.5%. This results from
limited test statistics.
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13. CP Violation in the Quark Sector

Revised August 2019 by T. Gershon (Warwick U.) and Y. Nir (Weizmann Inst.).

The CP transformation combines charge conjugation C with parity P . Under C, particles

and antiparticles are interchanged, by conjugating all internal quantum numbers, e.g., Q æ ≠Q for

electromagnetic charge. Under P , the handedness of space is reversed, x̨ æ ≠x̨. Thus, for example,

a left-handed electron e≠
L

is transformed under CP into a right-handed positron, e+
R

.

If CP were an exact symmetry, the laws of Nature would be the same for matter and for

antimatter. We observe that most phenomena are C- and P -symmetric, and therefore, also CP -

symmetric. In particular, these symmetries are respected by the gravitational, electromagnetic, and

strong interactions. The weak interactions, on the other hand, violate C and P in the strongest

possible way. For example, the charged W bosons couple to left-handed electrons, e≠
L

, and to their

CP -conjugate right-handed positrons, e+
R

, but to neither their C-conjugate left-handed positrons,

e+
L

, nor their P -conjugate right-handed electrons, e≠
R

. While weak interactions violate C and

P separately, CP is still preserved in most weak interaction processes. The CP symmetry is,

however, violated in certain rare processes, as discovered in neutral K decays in 1964 [1], and

established later in B (2001) and D (2019) decays. A KL meson decays more often to fi≠e+‹e

than to fi+e≠‹e, thus allowing electrons and positrons to be unambiguously distinguished, but the

decay-rate asymmetry is only at the 0.003 level. The CP -violating e�ects observed in the B system

are larger: the parameter describing the CP asymmetry in the decay time distribution of B0/B0

meson transitions to CP eigenstates like J/ÂKS is about 0.7 [2, 3]. These e�ects are related to

K0–K0 and B0–B0 mixing, but CP violation arising solely from decay amplitudes has also been

observed, first in K æ fifi decays [4–6], subsequently in B0 [7,8], B+ [9–11], and B0
s

[12] decays, and

most recently in charm decays [13]. Similar e�ects could also occur in decays of baryons, but have

not yet been observed. Moreover, CP violation has not yet been observed in processes involving

the top quark, nor in flavor-conserving processes such as electric dipole moments, nor in the lepton

sector; for all of these any significant observation would be a clear indication of physics beyond the

Standard Model.

In addition to parity and to continuous Lorentz transformations, there is one other spacetime

operation that could be a symmetry of the interactions: time reversal T , t æ ≠t. Violations

of T symmetry have been observed in neutral K decays [14]. More recently, exploiting the fact

that for neutral B mesons both flavor tagging and CP tagging can be used [15], T violation has

been observed between states that are not CP -conjugate [16]. Moreover, T violation is expected

as a corollary of CP violation if the combined CPT transformation is a fundamental symmetry of

Nature [17]. All observations indicate that CPT is indeed a symmetry of Nature. Furthermore, one

cannot build a locally Lorentz-invariant quantum field theory with a Hermitian Hamiltonian that

violates CPT . (At several points in our discussion, we avoid assumptions about CPT , in order to

identify cases where evidence for CP violation relies on assumptions about CPT .)

Within the Standard Model, CP symmetry is broken by complex phases in the Yukawa couplings

(that is, the couplings of the Higgs scalar to quarks). When all manipulations to remove unphysical

phases in this model are exhausted, one finds that there is a single CP -violating parameter [18].

In the basis of mass eigenstates, this single phase appears in the 3 ◊ 3 unitary matrix that gives

the W -boson couplings to an up-type antiquark and a down-type quark. (If the Standard Model

is supplemented with Majorana mass terms for the neutrinos, the analogous mixing matrix for

leptons has three CP -violating phases.) The beautifully consistent and economical Standard-Model

description of CP violation in terms of Yukawa couplings, known as the Kobayashi-Maskawa (KM)

mechanism [18], agrees with all measurements to date. (Some measurements are in tension with

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
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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
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D0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCES

∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)
CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.154±0.029−0.154±0.029−0.154±0.029−0.154±0.029 53M,17M AAIJ 19D LHCB Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

−0.10 ±0.08 ±0.03 6.5M,2.2M AAIJ 16D LHCB See AAIJ 19D
0.14 ±0.16 ±0.08 2.2M,0.8M AAIJ 14AK LHCB See AAIJ 19D
0.49 ±0.30 ±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82 ±0.21 ±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D
−0.46 ±0.31 ±0.12 AALTONEN 12B CDF See AALTONEN 12O
−0.62 ±0.21 ±0.10 AALTONEN 12O CDF Time-integrated
0.24 ±0.62 ±0.26 1 AUBERT 08M BABR Time-integrated

−0.86 ±0.60 ±0.07 120k STARIC 08 BELL Time-integrated

1Calculated from the AUBERT 08M values of ACP (K+K−) and ACP (π+π−). The
systematic error here combines the systematic errors in quadrature, and therefore some-
what over-estimates it.

D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )

We list model-independent searches for local CP violation in phase-space
distributions of multi-body decays.

Most of these searches divide phase space (Dalitz plot for 3-body decays,

five-dimensional equivalent for 4-body decays) into bins, and perform a χ2

test comparing normalised yields Ni , Ni in CP-conjugate bin pairs i : χ2 =
Σi (Ni − α Ni )/σ(Ni −α Ni ). The factor α = (Σi Ni )/(Σi Ni ) removes
the dependence on phase-space-integrated rate asymmetries. The result is
used to obtain the probability (p-value) to obtain the measured χ2 or larger
under the assumption of CP conservation [AUBERT 08AO, BEDIAGA 09].
Alternative methods obtain p-values from other test variables based on
unbinned analyses [WILLIAMS 11, AAIJ 14C]. Results can be combined
using Fisher’s method [MOSTELLER 48].

Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0

p-value (%) EVTS DOCUMENT ID TECN COMMENT

4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION
2.6 566k 1 AAIJ 15A LHCB unbinned method

32.8 82k AUBERT 08AO BABR χ2

1Unusually, AAIJ 15A assigns an uncertainty on the p value of ±0.5%. This results from
limited test statistics.
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changing sign from left to right. This sign change means
the CPV causes only a 0.1% difference in the total decay
rate between Dþ and D". This illustrates the strength of
our method, as the asymmetry would be much more diffi-
cult to detect in a measurement that was integrated over the
Dalitz plot. Even with no systematic uncertainties, to see a
0.1% asymmetry at the 3! level would require 2:25# 106

events. With the method and much smaller data set used
here we would observe this signal at the 3! level with 76%
probability, as shown in Table IV below.

The sensitivity to a particular manifestation of CPV
depends on the choice of binning. The fact that the
CP-violating region in most of the pseudo-experiments
covers a broad area of the Dalitz plot suggests that the
optimal number of bins for this type of asymmetry is low.
Each bin adds a degree of freedom without changing the "2

value for consistency with no CPV. However, if CP asym-
metries change sign within a bin, they will not be seen.
Similarly, the sensitivity is reduced if only a small part
of a large bin has any CPV in it. To avoid effects due
to excessive fluctuations, bins that contain fewer than
50 candidates are not used anywhere in the analysis.
Such bins are very rare.

The binnings are chosen to reflect the highly nonuniform
structure of the Dalitz plot. A simple adaptive binning
algorithm was devised to define binnings of approximately
equal population without separating Dþ and D". Two bin-
nings that are found to have good sensitivity to the simu-
lated asymmetries contain 25 bins (‘‘Adaptive I’’) arranged
as shown in Fig. 4(a), and 106 bins (‘‘Adaptive II’’) arranged
as shown in Fig. 4(b). For Adaptive I, a simulation of the
relative value of the strong phase across the Dalitz plot in
the CLEO-c amplitude model is used to refine the results
of the algorithm: if the strong phase varies significantly
across a bin, CP asymmetries are more likely to change
sign. Therefore the bin boundaries are adjusted to minimize
changes in the strong phase within bins. The model-
dependence of this simulation could, in principle, influence
the binning and therefore the sensitivity to CPV, but it
cannot introduce model-dependence into the final results
as no artificial signal could result purely from the choice of
binning. Two further binning schemes, ‘‘Uniform I’’ and
‘‘Uniform II,’’ are defined. These use regular arrays of
rectangular bins of equal size.
The adaptive binnings are used to determine the sensi-

tivity to several manifestations of CPV. With 200 test
experiments of approximately the same size as the signal
sample in data, including no asymmetries, no CP-violating
signals are observed at the 3! level with Adaptive I or
Adaptive II. The expectation is 0.3.
With the chosen binnings, a number of sets of 100

pseudo-experiments with different CP-violating asymme-
tries are produced. The probability of observing a given
signal in either the #ð1020Þ or $ð800Þ resonances with 3!
significance is calculated in samples of the same size as the
data set. The results are given in Table IV. The CPV shows
up both in the "2=ndf and in the width of the fitted SCP

distribution.
For comparison, the asymmetries in the # phase and

$ magnitude measured by the CLEO Collaboration
using the same amplitude model were ð6& 6þ0þ6

"2"2Þ' and
ð"12& 12þ6þ2

"1"10Þ%, [15] where the uncertainties are sta-
tistical, systematic and model-dependent, respectively.

TABLE IV. Results from sets of 100 pseudo-experiments with
different CP asymmetries and Adaptive I and II binnings. pð3!Þ
is the probability of a 3! observation of CPV. hSi is the mean
significance with which CPV is observed.

CPV Adaptive I Adaptive II
pð3!Þ hSi pð3!Þ hSi

No CPV 0 0:84! 1% 0:84!
6' in #ð1020Þ phase 99% 7:0! 98% 5:2!
5' in #ð1020Þ phase 97% 5:5! 79% 3:8!
4' in #ð1020Þ phase 76% 3:8! 41% 2:7!
3' in #ð1020Þ phase 38% 2:8! 12% 1:9!
2' in #ð1020Þ phase 5% 1:6! 2% 1:2!
6.3% in $ð800Þ magnitude 16% 1:9! 24% 2:2!
11% in $ð800Þ magnitude 83% 4:2! 95% 5:6!
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FIG. 4 (color online). Layout of the (a) ‘‘Adaptive I’’ and (b) ‘‘Adaptive II’’ binnings on the Dalitz plot of data.
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1 Introduction

In the Standard Model (SM), CP violation in processes involving charm hadrons is small.
However, physics beyond the SM can significantly enhance the rate of CP violation [1]
making the charm sector a promising area to search for increased CP violation.

The LHCb collaboration has recently found first evidence for CP violation (CPV) in
the charm sector in D0

! ⇡+⇡�, D0
! K+K� decays [2], at the level of 0.8%. Several

potential explanations for such a level of CP violation in charm have been put forward,
including physics beyond the SM as well as SM sources of CP violation [3,4]. This note
describes a complementary search for CPV in D0

! ⇡�⇡+⇡+⇡� decays. D0
! ⇡�⇡+⇡+⇡�

occurs through a variety of intermediate resonances (predominantly D0
! ⇢0⇢0 and D0

! a1(1260)+⇡�) resulting in a rich structure of interfering amplitudes. These can be
studied in a four-body generalisation of the Dalitz plot, which now has five instead of two
dimensions.

In this study, we perform a model-independent search for CP violating variations in the
shape of this five-dimensional phase space distribution, in a similar manner as suggested
for Dalitz plots in [5]. Our study is therefore sensitive to local CP violation e↵ects across
phase space. On the other hand, we do not compare the total decay rates, making us
insensitive to global CP asymmetries, but also to global production and detection e↵ects.

Our study uses the decay D⇤+
! D0(⇡�⇡+⇡+⇡�)⇡+

s , where the charge of the slow
pion (⇡+

s ) tags the flavour of the D0.
The five-dimensional phase space for the D0

! ⇡�⇡+⇡+⇡� decay is divided into bins,
and the D0 and D0 decay rates to CP -conjugate bins are compared. The following CP
asymmetry variable is defined [5–7] for each pair of CP -conjugate bins:

Si
CP =

N i(D0)� ↵N i(D0)q
N i(D0) + ↵2N i(D0)

, ↵ =

P
i N

i(D0)
P

i N
i(D0)

, (1)

where N i(D0) is the number of D0 candidates in the ith bin and N i(D0) is the number of
candidates in the CP -conjugate bin, and ↵ is a normalisation constant. This normalisation
makes the method insensitive to global asymmetries.

In the absence of CPV, the Si
CP values for all bins in phase space result in a Gaussian

distribution, with mean 0 and width 1. Any significant deviation from this distribution is
evidence for local asymmetries.

The degree of asymmetry is quantified by calculating the �2 and its probability value
under the hypothesis of no CPV,

�2 =
X

i

(Si
CP )

2, (2)

Ndof = Nbins � 1. (3)

The number of degrees of freedom is equal to the number of bins subtracting one for
the normalisation constraint.

1

respectively. The samples are separated according to
the magnet polarity and the same studies are repeated. In
all cases the p-values are consistent with no CPV, with
values ranging from 4% to 99%. We conclude that there is
no evidence for CPV in our data sample of Dþ !
K"Kþ!þ.

VI. CONCLUSION

Because of the rich structure of their Dalitz plots, three-
body charm decays are sensitive to CP violating phases
within and beyond the standard model. Here, a model-
independent search for direct CP violation is performed
in the Cabibbo-suppressed decay Dþ ! K"Kþ!þ with
35 pb"1 of data collected by the LHCb experiment, and no
evidence for CPV is found. Several binnings are used to
compare normalized Dþ and D" Dalitz plot distributions.
This technique is validated with large numbers of simu-
lated pseudo-experiments and with Cabibbo favored con-
trol channels from the data: no false positive signals are
seen. To our knowledge this is the first time a search for
CPV is performed using adaptive bins which reflect the
structure of the Dalitz plot.

Monte Carlo simulations illustrate that large localized
asymmetries can occur without causing detectable

differences in integrated decay rates. The technique used
here is shown to be sensitive to such asymmetries.
Assuming the decay model, efficiency parameterization
and background model described in Sec. III we would be
90% confident of seeing a CP violating difference of either
5# in the phase of the "!þ or 11% in the magnitude of the
#ð800ÞKþ with 3$ significance. Since we find no evidence
of CPV, effects of this size are unlikely to exist.
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FIG. 8. Distribution of Si
CP fitted to Gaussian functions, for (a) ‘‘Adaptive I,’’ (b) ‘‘Adaptive II,’’ (c) ‘‘Uniform I’’ and (d) ‘‘Uniform

II.’’ The fit results are given in Table IX.
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330k D+→K–K+π+ in 35/pb
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Ni � ↵N i

�(Ni � ↵N i)

Introduced by BaBar: PRD78, 051102 (2008). Developed further 
in PRD 80, 096006 (2009), PRD86, 036005 (2012) 
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changing sign from left to right. This sign change means
the CPV causes only a 0.1% difference in the total decay
rate between Dþ and D". This illustrates the strength of
our method, as the asymmetry would be much more diffi-
cult to detect in a measurement that was integrated over the
Dalitz plot. Even with no systematic uncertainties, to see a
0.1% asymmetry at the 3! level would require 2:25# 106

events. With the method and much smaller data set used
here we would observe this signal at the 3! level with 76%
probability, as shown in Table IV below.

The sensitivity to a particular manifestation of CPV
depends on the choice of binning. The fact that the
CP-violating region in most of the pseudo-experiments
covers a broad area of the Dalitz plot suggests that the
optimal number of bins for this type of asymmetry is low.
Each bin adds a degree of freedom without changing the "2

value for consistency with no CPV. However, if CP asym-
metries change sign within a bin, they will not be seen.
Similarly, the sensitivity is reduced if only a small part
of a large bin has any CPV in it. To avoid effects due
to excessive fluctuations, bins that contain fewer than
50 candidates are not used anywhere in the analysis.
Such bins are very rare.

The binnings are chosen to reflect the highly nonuniform
structure of the Dalitz plot. A simple adaptive binning
algorithm was devised to define binnings of approximately
equal population without separating Dþ and D". Two bin-
nings that are found to have good sensitivity to the simu-
lated asymmetries contain 25 bins (‘‘Adaptive I’’) arranged
as shown in Fig. 4(a), and 106 bins (‘‘Adaptive II’’) arranged
as shown in Fig. 4(b). For Adaptive I, a simulation of the
relative value of the strong phase across the Dalitz plot in
the CLEO-c amplitude model is used to refine the results
of the algorithm: if the strong phase varies significantly
across a bin, CP asymmetries are more likely to change
sign. Therefore the bin boundaries are adjusted to minimize
changes in the strong phase within bins. The model-
dependence of this simulation could, in principle, influence
the binning and therefore the sensitivity to CPV, but it
cannot introduce model-dependence into the final results
as no artificial signal could result purely from the choice of
binning. Two further binning schemes, ‘‘Uniform I’’ and
‘‘Uniform II,’’ are defined. These use regular arrays of
rectangular bins of equal size.
The adaptive binnings are used to determine the sensi-

tivity to several manifestations of CPV. With 200 test
experiments of approximately the same size as the signal
sample in data, including no asymmetries, no CP-violating
signals are observed at the 3! level with Adaptive I or
Adaptive II. The expectation is 0.3.
With the chosen binnings, a number of sets of 100

pseudo-experiments with different CP-violating asymme-
tries are produced. The probability of observing a given
signal in either the #ð1020Þ or $ð800Þ resonances with 3!
significance is calculated in samples of the same size as the
data set. The results are given in Table IV. The CPV shows
up both in the "2=ndf and in the width of the fitted SCP

distribution.
For comparison, the asymmetries in the # phase and

$ magnitude measured by the CLEO Collaboration
using the same amplitude model were ð6& 6þ0þ6

"2"2Þ' and
ð"12& 12þ6þ2

"1"10Þ%, [15] where the uncertainties are sta-
tistical, systematic and model-dependent, respectively.

TABLE IV. Results from sets of 100 pseudo-experiments with
different CP asymmetries and Adaptive I and II binnings. pð3!Þ
is the probability of a 3! observation of CPV. hSi is the mean
significance with which CPV is observed.

CPV Adaptive I Adaptive II
pð3!Þ hSi pð3!Þ hSi

No CPV 0 0:84! 1% 0:84!
6' in #ð1020Þ phase 99% 7:0! 98% 5:2!
5' in #ð1020Þ phase 97% 5:5! 79% 3:8!
4' in #ð1020Þ phase 76% 3:8! 41% 2:7!
3' in #ð1020Þ phase 38% 2:8! 12% 1:9!
2' in #ð1020Þ phase 5% 1:6! 2% 1:2!
6.3% in $ð800Þ magnitude 16% 1:9! 24% 2:2!
11% in $ð800Þ magnitude 83% 4:2! 95% 5:6!
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FIG. 4 (color online). Layout of the (a) ‘‘Adaptive I’’ and (b) ‘‘Adaptive II’’ binnings on the Dalitz plot of data.
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1 Introduction

In the Standard Model (SM), CP violation in processes involving charm hadrons is small.
However, physics beyond the SM can significantly enhance the rate of CP violation [1]
making the charm sector a promising area to search for increased CP violation.

The LHCb collaboration has recently found first evidence for CP violation (CPV) in
the charm sector in D0

! ⇡+⇡�, D0
! K+K� decays [2], at the level of 0.8%. Several

potential explanations for such a level of CP violation in charm have been put forward,
including physics beyond the SM as well as SM sources of CP violation [3,4]. This note
describes a complementary search for CPV in D0

! ⇡�⇡+⇡+⇡� decays. D0
! ⇡�⇡+⇡+⇡�

occurs through a variety of intermediate resonances (predominantly D0
! ⇢0⇢0 and D0

! a1(1260)+⇡�) resulting in a rich structure of interfering amplitudes. These can be
studied in a four-body generalisation of the Dalitz plot, which now has five instead of two
dimensions.

In this study, we perform a model-independent search for CP violating variations in the
shape of this five-dimensional phase space distribution, in a similar manner as suggested
for Dalitz plots in [5]. Our study is therefore sensitive to local CP violation e↵ects across
phase space. On the other hand, we do not compare the total decay rates, making us
insensitive to global CP asymmetries, but also to global production and detection e↵ects.

Our study uses the decay D⇤+
! D0(⇡�⇡+⇡+⇡�)⇡+

s , where the charge of the slow
pion (⇡+

s ) tags the flavour of the D0.
The five-dimensional phase space for the D0

! ⇡�⇡+⇡+⇡� decay is divided into bins,
and the D0 and D0 decay rates to CP -conjugate bins are compared. The following CP
asymmetry variable is defined [5–7] for each pair of CP -conjugate bins:

Si
CP =

N i(D0)� ↵N i(D0)q
N i(D0) + ↵2N i(D0)

, ↵ =

P
i N

i(D0)
P

i N
i(D0)

, (1)

where N i(D0) is the number of D0 candidates in the ith bin and N i(D0) is the number of
candidates in the CP -conjugate bin, and ↵ is a normalisation constant. This normalisation
makes the method insensitive to global asymmetries.

In the absence of CPV, the Si
CP values for all bins in phase space result in a Gaussian

distribution, with mean 0 and width 1. Any significant deviation from this distribution is
evidence for local asymmetries.

The degree of asymmetry is quantified by calculating the �2 and its probability value
under the hypothesis of no CPV,

�2 =
X

i

(Si
CP )

2, (2)

Ndof = Nbins � 1. (3)

The number of degrees of freedom is equal to the number of bins subtracting one for
the normalisation constraint.

1

respectively. The samples are separated according to
the magnet polarity and the same studies are repeated. In
all cases the p-values are consistent with no CPV, with
values ranging from 4% to 99%. We conclude that there is
no evidence for CPV in our data sample of Dþ !
K"Kþ!þ.

VI. CONCLUSION

Because of the rich structure of their Dalitz plots, three-
body charm decays are sensitive to CP violating phases
within and beyond the standard model. Here, a model-
independent search for direct CP violation is performed
in the Cabibbo-suppressed decay Dþ ! K"Kþ!þ with
35 pb"1 of data collected by the LHCb experiment, and no
evidence for CPV is found. Several binnings are used to
compare normalized Dþ and D" Dalitz plot distributions.
This technique is validated with large numbers of simu-
lated pseudo-experiments and with Cabibbo favored con-
trol channels from the data: no false positive signals are
seen. To our knowledge this is the first time a search for
CPV is performed using adaptive bins which reflect the
structure of the Dalitz plot.

Monte Carlo simulations illustrate that large localized
asymmetries can occur without causing detectable

differences in integrated decay rates. The technique used
here is shown to be sensitive to such asymmetries.
Assuming the decay model, efficiency parameterization
and background model described in Sec. III we would be
90% confident of seeing a CP violating difference of either
5# in the phase of the "!þ or 11% in the magnitude of the
#ð800ÞKþ with 3$ significance. Since we find no evidence
of CPV, effects of this size are unlikely to exist.
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FIG. 8. Distribution of Si
CP fitted to Gaussian functions, for (a) ‘‘Adaptive I,’’ (b) ‘‘Adaptive II,’’ (c) ‘‘Uniform I’’ and (d) ‘‘Uniform

II.’’ The fit results are given in Table IX.

R. AAIJ et al. PHYSICAL REVIEW D 84, 112008 (2011)

112008-12

p=11%

330k D+→K–K+π+ in 35/pb

SCP =
Ni � ↵N i

�(Ni � ↵N i)

Introduced by BaBar: PRD78, 051102 (2008). Developed further 
in PRD 80, 096006 (2009), PRD86, 036005 (2012) 

There are many others, e.g. 
LHCb D->KKπ PRD 84.112008 (2011)

LHCb D->3π PLB 728 (2014) 585-595

CDF D->KSππ PRD 86, 032007 (2012)

LHCb D->φπ, D->KSπ JHEP 1306 (2013) 112

BaBar D->KKπ: PRD 87 (2013) 052010 (check)

LHCb Dº->πππº PLB 740, 158 (2015).


Generalises to 4-body decays (with 5-
dimensional bins)

LHCb D->KKππ, D->4π PLB 726 (2013) 
623-633


… or without bins altogether…

LHCb D->4π PLB769 (2017) 345-356


http://link.aps.org/doi/10.1103/PhysRevD.84.112008
http://link.aps.org/doi/10.1103/PhysRevD.84.112008
http://inspirehep.net/record/1262699?ln=en
http://prd.aps.org/pdf/PRD/v86/i3/e032007
http://inspirehep.net/record/1224542?ln=en
http://inspirehep.net/record/1206605?ln=en
https://inspirehep.net/record/1322386?ln=en
http://inspirehep.net/record/1247810?ln=en
http://inspirehep.net/record/1247810?ln=en
http://inspirehep.net/record/1502914?ln=en
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D0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCESD0 CP-VIOLATING ASYMMETRY DIFFERENCES

∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)∆ACP = ACP (K
+K−) − ACP (π

+π−)
CP violation in these modes can come from the decay amplitudes (direct) and/or from
mixing or interference of mixing and decay (indirect). The difference ∆ACP is primar-
ily sensitive to the direct component, and only retains a second-order dependence on
the indirect component for measurements where the mean decay time of the K+K−

and π+π− samples are not identical. The results below are averaged assuming the
indirect component can be neglected.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

−0.154±0.029−0.154±0.029−0.154±0.029−0.154±0.029 53M,17M AAIJ 19D LHCB Time-integrated

• • • We do not use the following data for averages, fits, limits, etc. • • •

−0.10 ±0.08 ±0.03 6.5M,2.2M AAIJ 16D LHCB See AAIJ 19D
0.14 ±0.16 ±0.08 2.2M,0.8M AAIJ 14AK LHCB See AAIJ 19D
0.49 ±0.30 ±0.14 0.56M,0.22M AAIJ 13AD LHCB See AAIJ 14AK

−0.82 ±0.21 ±0.11 1.4M,0.4M AAIJ 12G LHCB See AAIJ 16D
−0.46 ±0.31 ±0.12 AALTONEN 12B CDF See AALTONEN 12O
−0.62 ±0.21 ±0.10 AALTONEN 12O CDF Time-integrated
0.24 ±0.62 ±0.26 1 AUBERT 08M BABR Time-integrated

−0.86 ±0.60 ±0.07 120k STARIC 08 BELL Time-integrated

1Calculated from the AUBERT 08M values of ACP (K+K−) and ACP (π+π−). The
systematic error here combines the systematic errors in quadrature, and therefore some-
what over-estimates it.

D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )D0 TESTS OF LOCAL CP-VIOLATION (CPV )

We list model-independent searches for local CP violation in phase-space
distributions of multi-body decays.

Most of these searches divide phase space (Dalitz plot for 3-body decays,

five-dimensional equivalent for 4-body decays) into bins, and perform a χ2

test comparing normalised yields Ni , Ni in CP-conjugate bin pairs i : χ2 =
Σi (Ni − α Ni )/σ(Ni −α Ni ). The factor α = (Σi Ni )/(Σi Ni ) removes
the dependence on phase-space-integrated rate asymmetries. The result is
used to obtain the probability (p-value) to obtain the measured χ2 or larger
under the assumption of CP conservation [AUBERT 08AO, BEDIAGA 09].
Alternative methods obtain p-values from other test variables based on
unbinned analyses [WILLIAMS 11, AAIJ 14C]. Results can be combined
using Fisher’s method [MOSTELLER 48].

Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0Local CPV in D0, D0 → π+π−π0

p-value (%) EVTS DOCUMENT ID TECN COMMENT

4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION4.9 OUR EVALUATION
2.6 566k 1 AAIJ 15A LHCB unbinned method

32.8 82k AUBERT 08AO BABR χ2

1Unusually, AAIJ 15A assigns an uncertainty on the p value of ±0.5%. This results from
limited test statistics.

HTTP://PDG.LBL.GOV Page 106 Created: 6/1/2020 08:33

Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

Local CPV in D± → π+π−π±Local CPV in D± → π+π−π±Local CPV in D± → π+π−π±Local CPV in D± → π+π−π±
p-value (%) EVTS DOCUMENT ID TECN COMMENT

78.178.178.178.1 3.1M 1 AAIJ 14C LHCB χ2

1AAIJ 14C uses binned and unbinned methods, and finds slightly better sensitivity with
the former. We took the first value in the table of results for the binned method.

Local CPV in D± → K+K−π±Local CPV in D± → K+K−π±Local CPV in D± → K+K−π±Local CPV in D± → K+K−π±
p-value (%) EVTS DOCUMENT ID TECN COMMENT

31 OUR EVALUATION31 OUR EVALUATION31 OUR EVALUATION31 OUR EVALUATION

72 224k LEES 13F BABR χ2

12.7 370k 1 AAIJ 11G LHCB χ2

1AAIJ 11G publishes results for several binning schemes. We picked the first value in their
table of results.

CP VIOLATING ASYMMETRIES OF P-ODD (T-ODD) MOMENTSCP VIOLATING ASYMMETRIES OF P-ODD (T-ODD) MOMENTSCP VIOLATING ASYMMETRIES OF P-ODD (T-ODD) MOMENTSCP VIOLATING ASYMMETRIES OF P-ODD (T-ODD) MOMENTS

ATviol (K
0
S K±π+π−) in D± → K0

S K±π+π−ATviol (K
0
S K±π+π−) in D± → K0

S K±π+π−ATviol (K
0
S K±π+π−) in D± → K0

S K±π+π−ATviol (K
0
S K±π+π−) in D± → K0

S K±π+π−

CT ≡ "p
K+ · ("p

π+ × "p
π−) is a parity-odd correlation of the K+, π+, and π−

momenta for the D+. CT ≡ "p
K− · ("p

π− ×"p
π+) is the corresponding quantity for

the D−. Then
AT ≡ [Γ(CT > 0)− Γ(CT < 0)] / [Γ(CT > 0)+ Γ(CT < 0)], and
AT ≡ [Γ(−CT > 0)− Γ(−CT < 0)] / [Γ(−CT > 0)+ Γ(−CT < 0)], and

ATviol ≡ 1
2 (AT − AT ). CT and CT are commonly referred to as T-odd mo-

ments, because they are odd under T reversal. However, the T-conjugate process
K0

S
K±π+π− → D± is not accessible, while the P-conjugate process is.

VALUE (units 10−3) EVTS DOCUMENT ID TECN COMMENT

−12.0±10.0± 4.6−12.0±10.0± 4.6−12.0±10.0± 4.6−12.0±10.0± 4.6 21.2±0.4k LEES 11E BABR e+ e− ≈ Υ(4S)

• • • We do not use the following data for averages, fits, limits, etc. • • •

23 ±62 ±22 523 ± 32 LINK 05E FOCS γ A, Eγ≈ 180 GeV

D+ → (K0/π0/η/ω/ρ0/K∗0 )%+ν% FORM FACTORSD+ → (K0/π0/η/ω/ρ0/K∗0 )%+ν% FORM FACTORSD+ → (K0 /π0/η/ω/ρ0/K∗0 )%+ν% FORM FACTORSD+ → (K0 /π0/η/ω/ρ0/K∗0 )%+ν% FORM FACTORS

f+(0)
∣

∣Vcs

∣

∣ in D+ → K 0 %+ν%f+(0)
∣

∣Vcs

∣

∣ in D+ → K 0 %+ν%f+(0)
∣

∣Vcs

∣

∣ in D+ → K0 %+ν%f+(0)
∣

∣Vcs

∣

∣ in D+ → K0 %+ν%
VALUE DOCUMENT ID TECN COMMENT

0.719 ±0.011 OUR AVERAGE0.719 ±0.011 OUR AVERAGE0.719 ±0.011 OUR AVERAGE0.719 ±0.011 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram
below.
0.7053±0.0040±0.0112 ABLIKIM 17S BES3 K0

S
e+ νe 2-parameter fit

0.737 ±0.006 ±0.009 1 ABLIKIM 15AF BES3 KL e+νe 3-parameter fit

0.707 ±0.010 ±0.009 2 BESSON 09 CLEO KS e+νe 3-parameter fit

1ABLIKIM 15AF finds 0.728 ± 0.006 ± 0.011 for a 2-parameter fit.
2BESSON 09 finds 0.716 ± 0.007 ± 0.009 for a 2-parameter fit.

HTTP://PDG.LBL.GOV Page 42 Created: 6/5/2018 19:00

Fisher’s method allows the combination of p-values - it translates 
p-values to χ2, adds them, then calculates a new p-value).  
(Many thanks go to Mike Williams for pointing us to this method.)

https://en.wikipedia.org/wiki/Fisher's_method
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Biggest change for charm inputs to CPV in B since 
2018: BES III
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FIG. 9. The c(0)i and s(0)i measured in this work (red dots with error bars), the expected values from Ref. [42] (blue open circles) as well
as CLEO results (green open squares with error bars) in Ref. [23]. The top plots are from the equal ��D binning, the middle plots from the
optimal binning and plots from the modified optimal binning scheme are on the bottom. The circle indicates the boundary of the physical
region c(0)2i + s(0)2i = 1.
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FIG. 1. The (left) equal ��D , (middle) optimal and (right) modified optimal binnings of the D ! K0
S,L⇡

+⇡� Dalitz plot from Ref. [23].
The color scale represents the absolute value of the bin number |i|.

to include decays where the tag D meson decays to a self-
conjugate final state rather than a CP eigenstate, assuming
that the CP -even fraction, FCP , is known. The number of
events observed in the ith bin, Mi, where the tag D meson
decays to a self-conjugate final state is then given by

Mi = hCP (Ki � (2FCP � 1)2ci
p
KiK�i +K�i), (7)

where hCP is a normalization factor. The value of FCP is 1
for CP -even tags and 0 for CP -odd tags. This parameteriza-
tion is valuable since it allows for final states with very high or
very low CP -even fractions to be used to provide sensitivity
to the ci parameters. A good example of such a decay is the
mode D ! ⇡+⇡�⇡0 where the fractional CP -even content
is measured to be F⇡⇡⇡0

CP = 0.973± 0.017 [26].
However, from Eq. (4), the sign of ��D is undetermined if

only the values of ci are known from the CP -tagged D !
K0

S⇡
+⇡� decay. Important additional information can be

gained to determine the si parameters by studying the Dalitz
plot distributions where both D mesons decay to K0

S⇡
+⇡�.

The amplitude of the  (3770) decay is in this case given by

f(m2
+,m

2
�,m

2†
+ ,m2†

� )

=
fD(m2

+,m
2
�)fD(m2†

� ,m2†
+ )� fD(m2†

+ ,m2†
� )fD(m2

�,m
2
+)p

2
,

(8)

where the use of the 0†0 symbol differentiates the Dalitz plot
coordinates of the two D ! K0

S⇡
+⇡� decays. The variable

Mij is defined as the event yield observed in the ith bin of the
first and the jth bin of the second D ! K0

S⇡
+⇡� Dalitz plot,

and is given by

Mij =hcorr[KiK�j +K�iKj

�2
p
KiK�jK�iKj(cicj + sisj)], (9)

where hcorr is a normalization factor. Equation (9) is not sen-
sitive to the sign of si, however, this ambiguity can be resolved
using a weak model assumption.

In order to improve the precision of the ci and si parame-
ters it is useful to increase the possible tags to include D !
K0

L⇡
+⇡� which is closely related to the D ! K0

S⇡
+⇡�

decay. The convention A(D0 ! K0
S⇡

+⇡�) = A(D̄0 !
K0

S⇡
�⇡+) is used, making the good approximation that the

K0
S meson is CP -even. Similarly, it follows that A(D0 !

K0
L⇡

+⇡�) = �A(D̄0 ! K0
L⇡

�⇡+). Hence, where the
D ! K0

L⇡
+⇡� is used as the signal decay, and the tag is a

self-conjugate final state, the observed event yield M 0
i is given

by

M 0
i = h0

CP (K
0
i + (2FCP � 1)2ci

q
K 0

iK
0
�i +K 0

�i), (10)

where K 0
i and c0i are associated to the D ! K0

L⇡
+⇡� de-

cay. The event yield M 0
ij , corresponding to the yield of events

where the D ! K0
S⇡

+⇡� decay is observed in the ith bin and
the D ! K0

L⇡
+⇡� decay is observed in the jth bin, is given

by

M 0
ij =h0

corr[KiK
0
�j +K�iK

0
j

+2
q
KiK 0

�jK�iK 0
j(cic

0
j + sis

0
j)], (11)

where s0i is the amplitude-weighted average sine of the strong-
phase difference for the D ! K0

L⇡
+⇡� decay.

In Eqs. (7), (9), (10) and (11), the normalization factors
h(0)
CP and h(0)

corr can be related to the yields of reconstruct-
ed signal and tag final states, the reconstruction efficiencies,
and the number of neutral D-meson pairs NDD̄ produced
in the data set, with h(0)

CP = SCP /2SFT(0) ⇥ ✏K
0
S(L)⇡

+⇡�
,

hcorr = NDD̄/(2S2
FT) ⇥ ✏K

0
S⇡+⇡�vs.K0

S⇡+⇡�
and h0

corr =

NDD̄/(SFTS0
FT) ⇥ ✏K

0
S⇡+⇡�vs.K0

L⇡+⇡�
. Here SCP is the

yield of events in which one charm meson is reconstruct-
ed as the CP -tag where no requirement is placed on the
decay of the other charm meson, and SFT(0) refers to the
analogous quantity summed over flavor-tagged decays that
are used in the determination of K(0)

i . The effective effi-
ciency for detecting the D ! K0

S(L)⇡
+⇡� decay recoiling

against the particular CP -tag under consideration, is defined
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FIG. 9. The c(0)i and s(0)i measured in this work (red dots with error bars), the expected values from Ref. [42] (blue open circles) as well
as CLEO results (green open squares with error bars) in Ref. [23]. The top plots are from the equal ��D binning, the middle plots from the
optimal binning and plots from the modified optimal binning scheme are on the bottom. The circle indicates the boundary of the physical
region c(0)2i + s(0)2i = 1.

BES III

CLEO-c
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Figure 5: Scans of ��2 for the combined fit to the updated CLEO-c and LHCb ob-
servables in the (clockwise from top left) (RK3⇡, �K3⇡

D ), (RK3⇡, rK3⇡
D ), (�K3⇡

D , rK3⇡
D ) and

(RK⇡⇡0 , �K⇡⇡0

D ) parameter space.
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Table 8: Results from the ‘unconstrained’ time-dependent D0
! K�⇡+⇡+⇡� analysis of

LHCb [12].

Parameter Result

r
K3⇡
D (5.67± 0.12)⇥ 10�2

a (0.3± 1.8)⇥ 10�3

b (4.8± 1.8)⇥ 10�5

the CLEO-c observables, therefore motivating a combined fit of both sets of
measurements.

4. Combined fit

The fit described in Sect. 2.3 is repeated with the LHCb D
0
D̄

0-mixing
results (reported in Table 8) included as additional input measurements.
The best fit values for the hadronic parameters, and the associated corre-
lations, are presented in Tables 9 and 10, respectively. The reduced �

2 of
the fit is 33.5/36. Figure 5 shows the three possible sets of two-dimensional
scans in the D ! K

�
⇡
+
⇡
+
⇡
� hadronic-parameter space; also shown is a

scan of (RK⇡⇡0 , �
K⇡⇡0

D ). The inclusion of the LHCb observables improves the
precision of the D ! K

�
⇡
+
⇡
+
⇡
� coherence factor, but lowers the central
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D ) parameter space, showing
the ��

2=2.30, 6.18, 11.83 intervals, which correspond to 68.3%, 95.4% and 99.7% confidence levels
in the two-dimensional parameter space. Also shown are the equivalent contours determined from
the CLEO-c data [8].

associated with the varying input. The results are presented in Table 12. The most im-
portant contributions are seen to come from the finite size of the CP -tagged D ! K

�
⇡
+

samples, the uncertainty on the D ! K
0
SK

�
⇡
+ background, and on the knowledge of the

D ! K
0
S⇡

+
⇡
� strong-phase and Ki parameters. The statistical uncertainty is dominant

for all four measurements.

5.2 Binned D ! K
�
⇡
+
⇡
+
⇡
� analysis

The binned analysis proceeds in an identical manner to the global case. In this case there
are 170 observables and 15 free fit parameters. Because the binning scheme is constructed to
exclude D ! K

0
SK

�
⇡
+ background there is no uncertainty from this source. In Monte Carlo

simulation it is found that around 90% of decays are assigned to the correct bin. A migration
matrix, determined from simulation, is used to correct for incorrect assignments. Fits to
ensembles of simulated experiments confirm that the results are unbiased and assigned
reliable uncertainties. The measured values of the observables are presented in Table 13.
The accompanying correlation matrix may be found in Appendix B.

The results for the fit to hadronic parameters are given in Table 11 (with the correlation
matrix in Appendix B), and ��

2 scans in (RK3⇡, �
K3⇡
D ) space are shown in Fig. 10. The fit

quality, with �
2
/n.d.f. = 180/155, is satisfactory. In Appendix C may be found the results

for a combined fit to the BESIII and CLEO-c data.
The amplitude models may be used to calculate predictions for the coherence factor in

each bin, and the variation in strong-phase between bins [19]. By making use of the mea-
sured value of �K3⇡

D from the global analysis it is then possible to obtain an effective predic-
tion of the average strong-phase difference bin-by-bin, and correlated uncertainty. Following
this procedure the predicted values of the coherence factors and strong-phase differences
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associated with the varying input. The results are presented in Table 12. The most im-
portant contributions are seen to come from the finite size of the CP -tagged D ! K
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samples, the uncertainty on the D ! K
0
SK
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⇡
+ background, and on the knowledge of the
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for all four measurements.

5.2 Binned D ! K
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� analysis

The binned analysis proceeds in an identical manner to the global case. In this case there
are 170 observables and 15 free fit parameters. Because the binning scheme is constructed to
exclude D ! K

0
SK

�
⇡
+ background there is no uncertainty from this source. In Monte Carlo

simulation it is found that around 90% of decays are assigned to the correct bin. A migration
matrix, determined from simulation, is used to correct for incorrect assignments. Fits to
ensembles of simulated experiments confirm that the results are unbiased and assigned
reliable uncertainties. The measured values of the observables are presented in Table 13.
The accompanying correlation matrix may be found in Appendix B.

The results for the fit to hadronic parameters are given in Table 11 (with the correlation
matrix in Appendix B), and ��

2 scans in (RK3⇡, �
K3⇡
D ) space are shown in Fig. 10. The fit

quality, with �
2
/n.d.f. = 180/155, is satisfactory. In Appendix C may be found the results

for a combined fit to the BESIII and CLEO-c data.
The amplitude models may be used to calculate predictions for the coherence factor in

each bin, and the variation in strong-phase between bins [19]. By making use of the mea-
sured value of �K3⇡

D from the global analysis it is then possible to obtain an effective predic-
tion of the average strong-phase difference bin-by-bin, and correlated uncertainty. Following
this procedure the predicted values of the coherence factors and strong-phase differences
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Table 20. Correlation matrix for the hadronic parameters from the global fit to the BESIII,
CLEO-c and LHCb data.

�
K3⇡
D r

K3⇡
D RK⇡⇡0 �

K⇡⇡0

D r
K⇡⇡0

D

RK3⇡ �0.75 0.52 0.00 �0.07 �0.06
�
K3⇡
D 1.00 �0.42 0.03 0.17 0.01
r
K3⇡
D 1.00 �0.01 �0.02 �0.12

RK⇡⇡0 1.00 0.19 �0.01
�
K⇡⇡0

D 1.00 0.25
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associated with the varying input. The results are presented in Table 12. The most im-
portant contributions are seen to come from the finite size of the CP -tagged D ! K

�
⇡
+

samples, the uncertainty on the D ! K
0
SK

�
⇡
+ background, and on the knowledge of the

D ! K
0
S⇡

+
⇡
� strong-phase and Ki parameters. The statistical uncertainty is dominant

for all four measurements.

5.2 Binned D ! K
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⇡
+
⇡
+
⇡
� analysis

The binned analysis proceeds in an identical manner to the global case. In this case there
are 170 observables and 15 free fit parameters. Because the binning scheme is constructed to
exclude D ! K

0
SK

�
⇡
+ background there is no uncertainty from this source. In Monte Carlo

simulation it is found that around 90% of decays are assigned to the correct bin. A migration
matrix, determined from simulation, is used to correct for incorrect assignments. Fits to
ensembles of simulated experiments confirm that the results are unbiased and assigned
reliable uncertainties. The measured values of the observables are presented in Table 13.
The accompanying correlation matrix may be found in Appendix B.

The results for the fit to hadronic parameters are given in Table 11 (with the correlation
matrix in Appendix B), and ��

2 scans in (RK3⇡, �
K3⇡
D ) space are shown in Fig. 10. The fit

quality, with �
2
/n.d.f. = 180/155, is satisfactory. In Appendix C may be found the results

for a combined fit to the BESIII and CLEO-c data.
The amplitude models may be used to calculate predictions for the coherence factor in

each bin, and the variation in strong-phase between bins [19]. By making use of the mea-
sured value of �K3⇡

D from the global analysis it is then possible to obtain an effective predic-
tion of the average strong-phase difference bin-by-bin, and correlated uncertainty. Following
this procedure the predicted values of the coherence factors and strong-phase differences
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Table 20. Correlation matrix for the hadronic parameters from the global fit to the BESIII,
CLEO-c and LHCb data.
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Table 21. Results for the binned fit to the BESIII and CLEO-c data.

Parameter Bin 1 Bin 2 Bin 3 Bin 4

RK3⇡ 0.66+0.18
�0.21 0.85+0.14

�0.21 0.78+0.12
�0.12 0.25+0.16

�0.25

�
K3⇡
D

�
117+14

�9

�� �
145+23

�14

�� �
160+19

�20

�� �
288+15

�29

��

r
K3⇡
D (⇥10�2) 5.43±0.10 5.78±0.11 5.76±0.10 5.06±0.12

RK⇡⇡0 0.80±0.04

�
K⇡⇡0

D (203± 11)�

r
K⇡⇡0

D (⇥10�2) 4.49±0.11
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77. Spectroscopy of Mesons Containing Two Heavy Quarks
Revised March 2020 by S. Eidelman (Budker Inst., Novosibirsk; Novosibirsk U.), C. Hanhart
(Jülich), J. J. Hernández-Rey (IFIC, Valencia), R.E. Mitchell (Indiana U.), S. Navas (Dp.de Fisica.
U. de Granada) and C. Patrignani (Bologna U.).A golden age for heavy quarkonium physics dawned at the turn of this century, initiated by the
confluence of exciting advances in quantum chromodynamics (QCD) and an explosion of related
experimental activity. The subsequent broad spectrum of breakthroughs, surprises, and continuing
puzzles had not been anticipated. Since that time CLEO-c, BESIII and the B-factories, recently
joined by ATLAS, CMS and LHCb, have continued to make groundbreaking observations. For an
extensive presentation of the status of heavy quarkonium physics, the reader is referred to several
reviews [1–6]. This note focuses on experimental developments in heavy quarkonium spectroscopy
with very few theoretical comments. Possible theoretical interpretations of the states not predicted
by the quark model are presented in the minireview on non-qq̄ states. Note that in this review we
follow the new naming scheme for hadrons (see the review “Naming scheme for hadrons” in the
current edition).

This minireview covers the newly discovered states, where “newly” refers to the period since
2002. In earlier versions of this write-up the particles were sorted according to an assumed
conventional or unconventional nature with respect to the quark model. However, since this
classification is not always unambiguous, we here follow Ref. [8] and sort the states into three
groups, namely states below (cf. Table 77.1), near (cf. Table 77.2) and above (cf. Table 77.3) the
lowest open-flavor thresholds.Table 77.1 lists properties of newly observed heavy quarkonium states located below the lowest
open-flavor thresholds. Those are expected to be (at least prominently) conventional quarkonia.
The hc(1P ) is the 1P1 state of charmonium, singlet partner of the long-known ‰cJ triplet 3PJ . The
÷c(2S) is the first excited state of the pseudoscalar ground state ÷c(1S), lying just below the mass
of its vector counterpart, Â(2S).Although ÷c(2S) measurements began to converge towards a mass and a width some time ago,
refinements are still in progress. In particular, Belle [9] has revisited its analysis of B æ K÷c(2S),
÷c(2S) æ KKfi decays with more data and methods that account for interference between the above
decay chain, an equivalent one with the ÷c(1S) instead, and one with no intermediate resonance.
The net e�ect of this interference is far from trivial; it shifts the apparent mass by ≥+10 MeV
and inflates the apparent width by a factor of six. The updated ÷c(2S) mass and width are in
better accordance with other measurements than the previous treatment [10], which did not include
interference. Complementing this measurement in B-decay, BaBar [11] updated their previous [12]
÷c(2S) mass and width measurements in two-photon production, where interference e�ects, judging
from studies of ÷c(1S), appear to be small. In combination, precision on the ÷c(2S) mass has
improved dramatically. The currently most accurate individual mass measurement is from LHCb
using B+ æ K+p̄p [13].

Belle reported an observation of the Â2(1D) decaying to “‰c1 with JP C presumed to be 2≠≠ [14].
This state is listed in Table 77.1 as Â2(3823). Its existence was confirmed with high significance
by BESIII [15]. While the negative C-parity is indeed established by its observed decay channel,
the assignment of J = 2 was done by matching to the closest quark model state. This assignment
therefore requires experimental confirmation.The 11D2 state, or the ÷c2(1D), with a mass expected near 3820 MeV, has not been observed
yet. Recently Belle performed its search in B æ ÷c2(1D)K(fi) decays in the mass range 3795-
3845 MeV and found no signal [16]. Thus, the ÷c2(1D) remains the only unobserved conventional

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)1st June, 2020 8:31am
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Revised August 2018 by V. Burkert (Je�erson Lab), S. Eidelman (Budker Inst., Novosibirsk; Novosi-
birsk U.), C. Hanhart (Jülich), E. Klempt (Bonn U.), R.E. Mitchell (Indiana U.), U. Thoma (Bonn
U.), L. Tiator (KPH, JGU Mainz) and R.L. Workman (George Washington U.).

In the 1986 edition [1], the Particle Data Group extended and systematized the naming scheme
for mesons and baryons. The extensions were necessary in order to name the new particles con-
taining c or b quarks that were rapidly being discovered. With the discoveries of particles that are
candidates for states with more complicated structures than just qq or qqq, it is necessary to extend
the naming scheme again.

8.1 “Neutral-flavor” mesons
The naming of mesons is based on their quantum numbers. Although we use names established

within the naive quark model, the name does not necessarily designate a (predominantly) qq state.
In other words, the name provides information on the quantum numbers of a given state and not
about its dominant component, which might well be qq (if allowed) or tetraquark, molecule, etc.
In many cases, exotic states will be di�cult to distinguish from qq states and will likely mix with
them, and we make no attempt to, e.g., distinguish those that are “mostly gluonium” from those
that are “mostly qq.”

Table 8.1: Symbols for mesons with strangeness and heavy-flavor quan-
tum numbers equal to zero. States that do not yet appear in the RPP are
listed in parentheses.

JP C =
I 0≠+ 1+≠ 1≠≠ 0++

2≠+ 3+≠ 2≠≠ 1++

...
...

...
...

Minimal quark content
ud̄, uū ≠ dd̄, dū (I = 1) fi b fl a
dd̄ + uū and/or ss̄ (I = 0) ÷,÷Õ h,hÕ Ê,„ f ,f Õ

cc̄ ÷c hc Âú ‰c

bb̄ ÷b hb Ã ‰b

I = 1 with cc̄ ( c) Zc Rc (Wc)
I = 1 with bb̄ ( b) Zb (Rb) (Wb)

úThe J/Â remains the J/Â.

Table 8.1 shows the names for mesons having strangeness and all heavy-flavor quantum numbers
equal to zero. The rows of Table 8.1 give the minimal qq content. The columns give the possible
parity/charge-conjugation states,

PC = ≠+, +≠, ≠≠, and ++ .
Within the naive quark model, these combinations correspond one-to-one to the angular-momentum
state 2S+1LJ of the qq system being

1(L even)J , 1(L odd)J , 3(L even)J , or 3(L odd)J ,

respectively. Here S, L, and J are the spin, orbital, and total angular momenta of the qq system.
Within the naive quark model, the quantum numbers are related by P = (≠1)L+1, C = (≠1)L+S ,

M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update
6th December, 2019 11:49am

Approach: name implies quantum numbers, not quark content. 
X reserved for states with unknown quantum numbers.
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Table 8.2: A comparison of current PDG names to former names com-
monly used in the literature.

Mesons with complete IGJP C assignment
PDG Name Former Common Name(s)
Â2(3823)ú X(3823)
‰c1(3872) X(3872)
Zc(3900) Zc(3900)
‰c2(3930)† ‰c2(2P ), Z(3930)
‰c1(4140) Y (4140)
Zc(4200) Zc(4200)
Â(4230) Y (4230)
Rc0(4240) Zc(4240)
Â(4260) Y (4260)
‰c1(4274) Y (4274)
Â(4360) Y (4360)
Zc(4430) Zc(4430)
‰c0(4500) X(4500)
Â(4660) X(4630), Y (4660)
‰c0(4700) X(4700)
Zb(10610) Zb(10610)
Zb(10650) Z(Õ)

b (10650)
Mesons with incomplete IGJP C assignment

PDG Name Former Common Name(s)
X(3915)‡ ‰c0(3915), X(3915), Y (3940)
X(3940) X(3940)
X(4020) Z(Õ)

c (4020)
X(4050)± Z1(4050)
X(4055)± Zc(4055)
X(4160) X(4160)
X(4250)± Z2(4250)
X(4350) X(4350)

úThe 2016 edition used Â(3823).
†The 2016 edition used ‰c2(2P ). The mass is now used in the name following the current prescription.
‡The 2016 edition used ‰c0(3915). The JP C have since been questioned.
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χc1(3872) IG (JPC ) = 0+(1 + +)

also known as X (3872)
This state shows properties different from a conventional qq state.
A candidate for an exotic structure. See the review on non-qq states.

First observed by CHOI 03 in B → K π+π− J/ψ(1S) decays as a

narrow peak in the invariant mass distribution of the π+π− J/ψ(1S)
final state. Isovector hypothesis excluded by AUBERT 05B and
CHOI 11.

AAIJ 13Q perform a full five-dimensional amplitude analysis of

the angular correlations between the decay products in B+
→

χc1(3872)K
+ decays, where χc1(3872) → J/ψπ+π− and J/ψ →

µ+µ−, which unambiguously gives the JPC = 1 ++ assignment

under the assumption that the π+π− and J/ψ are in an S-wave.
AAIJ 15AO extend this analysis with more data to limit D-wave
contributions to < 4% at 95% CL.

See the review on “Spectroscopy of Mesons Containing Two Heavy
Quarks.”

χc1(3872) MASS FROM J/ψX MODEχc1(3872) MASS FROM J/ψX MODEχc1(3872) MASS FROM J/ψX MODEχc1(3872) MASS FROM J/ψX MODE

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

3871.69± 0.17 OUR AVERAGE3871.69± 0.17 OUR AVERAGE3871.69± 0.17 OUR AVERAGE3871.69± 0.17 OUR AVERAGE

3871.9 ± 0.7 ±0.2 20 ± 5 ABLIKIM 14 BES3 e+ e− → J/ψπ+π− γ

3871.95± 0.48±0.12 0.6k AAIJ 12H LHCB pp → J/ψπ+π−X

3871.85± 0.27±0.19 ∼ 170 1 CHOI 11 BELL B → K π+π− J/ψ

3873 + 1.8
− 1.6 ±1.3 27 ± 8 2 DEL-AMO-SA...10B BABR B → ωJ/ψK

3871.61± 0.16±0.19 6k 2,3 AALTONEN 09AU CDF2 pp → J/ψπ+π−X

3871.4 ± 0.6 ±0.1 93.4 AUBERT 08Y BABR B+ → K+ J/ψπ+π−

3868.7 ± 1.5 ±0.4 9.4 AUBERT 08Y BABR B0 → K0
S
J/ψπ+ π−

3871.8 ± 3.1 ±3.0 522 2,4 ABAZOV 04F D0 pp → J/ψπ+π−X

• • • We do not use the following data for averages, fits, limits, etc. • • •

3873.3 ± 1.1 ±1.0 45 5 ABLIKIM 19V BES e+ e− → γωJ/ψ

3860.0 ±10.4 13.6 2,6 AGHASYAN 18A COMP γ∗N → X π±N′

3868.6 ± 1.2 ±0.2 8 7 AUBERT 06 BABR B0 → K0
S
J/ψπ+ π−

3871.3 ± 0.6 ±0.1 61 7 AUBERT 06 BABR B− → K− J/ψπ+π−

3873.4 ± 1.4 25 8 AUBERT 05R BABR B+ → K+ J/ψπ+π−

3871.3 ± 0.7 ±0.4 730 2,9 ACOSTA 04 CDF2 pp → J/ψπ+π−X

3872.0 ± 0.6 ±0.5 36 10 CHOI 03 BELL B → K π+π− J/ψ

3836 ±13 58 2,11 ANTONIAZZI 94 E705 300 π±Li →
J/ψπ+π−X

1The mass difference for the χc1(3872) produced in B+ and B0 decays is (−0.71 ±

0.96 ± 0.19) MeV.
2Width consistent with detector resolution.
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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.
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|Mrec(γISRD+
s )−mDs1(2536)− | < 8 MeV/c2 (∼ 2.5σ), and

sideband regions as shown by blue dashed lines, which
are three times as wide as the signal region. To esti-
mate the signal significance of the Ds1(2536)−, we com-
pute

√

−2 ln(L0/Lmax) [31], where L0 and Lmax are the
maximized likelihoods without and with the Ds1(2536)−

signal, respectively. The statistical significance of the
Ds1(2536)− signal is 8σ.
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FIG. 1: (a) The recoil mass spectrum against the
γISRD

+
s K−/K0

S system before applying the D̄∗0/D∗− mass
constraint. The yellow histogram shows the normalized
Ds1(2536)

− mass sidebands (see below). The red dashed lines
show the required D̄∗0/D∗− signal region. (b) The recoil mass
spectrum against the γISRD

+
s system in data. The yellow his-

togram shows the normalized D+
s mass sidebands. The red

dashed lines show the required Ds1(2536)
− signal region, and

the blue dashed lines show the Ds1(2536)
− mass sidebands.

The D+
s Ds1(2536)− invariant mass distribution is

shown in Fig. 2(a). There is a significant peak around
4626 MeV/c2, while no structure is seen in the normal-
ized Ds1(2536)− mass sidebands shown as the yellow his-
togram. In addition, no peaking background is found in
the D+

s Ds1(2536)− mass distribution from generic MC
samples. We therefore interpret the peak in the data
as evidence for an exotic charmoniumlike state decaying
into D+

s Ds1(2536)−, called Y (4626) hereafter.

One possible background, which is not included in the
Ds1(2536)− mass sidebands is from e+e− → D∗+

s (→
D+

s γ)Ds1(2536)−, where the photon from the D∗+
s re-

mains undetected. To estimate such a background con-
tribution, we measure this process with the data follow-
ing the same procedure as used for the signal process.
We require an extra photon with Eγ > 50 MeV in the
barrel or Eγ > 100 MeV in the endcaps to combine with
the D+

s to form the D∗+
s candidate. The mass and vertex

fits are applied to the D∗+
s candidates to improve their

momentum resolution. In events with multiple candi-
dates, the best candidate is chosen using the lowest χ2

value from the mass-constrained fit. The same D̄∗0/D∗−

signal region requirement on Mrec(γISRD∗+
s K−/K0

S) and
the D̄∗0/D∗− mass constraint are applied as before in
e+e− → D+

s Ds1(2536)−. In the recoil mass spectrum
of the γISRD∗+

s an excess of events is observed in the
Ds1(2536)− signal region.

After requiring the D+
s K

−/K0
S mass to be within

the Ds1(2536)− signal region, the D∗+
s Ds1(2536)−

invariant mass distribution is shown in Fig. 2(b).
Note that the e+e− → D+

s Ds1(2536)− is a source of
backgrounds for the e+e− → D∗+

s Ds1(2536)− when
the D+

s candidates are combined with soft photons
to form D∗+

s candidates. From Fig. 2(b), no obvious
structure is observed. The normalized contribution from
e+e− → D∗+

s Ds1(2536)− to e+e− → D+
s Ds1(2536)−

is the cyan shaded histogram which is shown in
Fig. 2(a), and which is normalized to correspond
to Nobs

D∗+
s Ds1(2536)−

εD+
s Ds1(2536)−

/εD∗+
s Ds1(2536)−

events. Here, Nobs
D∗+

s Ds1(2536)−
is the yield of

e+e− → D∗+
s Ds1(2536)− signal events in each

M(D∗+
s Ds1(2536)−) bin in data after subtract-

ing the normalized Ds1(2536)− sidebands and the
e+e− → D+

s Ds1(2536)− background contribution,
and εD+

s Ds1(2536)−
and εD∗+

s Ds1(2536)−
are the recon-

struction efficiencies for e+e− → D+
s Ds1(2536)− and

e+e− → D∗+
s Ds1(2536)−, respectively, and the ratio of

efficiencies is (1.00± 0.02). The yield of D∗+
s Ds1(2536)−

after the background subtraction for the whole region
in Fig. 2(b) is (11.6 ± 3.6). A similar method is
applied to estimate the background contribution from
e+e− → D+

s Ds1(2536)− to e+e− → D∗+
s Ds1(2536)−.
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FIG. 2: (a) The D+
s Ds1(2536)

− invariant mass spectrum
for e+e− → D+

s Ds1(2536)
−. (b) The D∗+

s Ds1(2536)
−

invariant mass spectrum for e+e− → D∗+
s Ds1(2536)−.

All the components including those from the fit to the
D+

s Ds1(2536)
− invariant mass spectrum are indicated in

the labels and described in the text. Note that the
cyan shaded histograms in the top/bottom show the
D+

s Ds1(2536)
−/D∗+

s Ds1(2536)
− invariant mass spectrum

from D∗+
s Ds1(2536)−/D+

s Ds1(2536)− background contribu-
tion after applying the requirements to reconstruct e+e− →
D+

s Ds1(2536)
−/e+e− → D∗+

s Ds1(2536)
−.
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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.
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Figure 3: Mass spectra of (top) D0D0 and (bottom) D+D� candidates in the narrow
3.80 < mDD < 3.88GeV/c2 region. The result of the simultaneous fit described in the text
is superimposed.

Table 1: Yields, mass and width of the X(3842) state from the fit to DD mass spectra in
the narrow 3.80 < mDD < 3.88GeV/c2 region. Uncertainties are statistical only.

NX(3842) mX(3842) [MeV/c2] �X(3842) [MeV]

D0D0 930± 170
3842.71± 0.16 2.79± 0.51

D+D� 2070± 190

4.2 Mass region 3.80 < mDD < 4.20GeV/c2

Two signal components are used to describe the 3.80 < mDD < 4.20GeV/c2 region:
the X(3842) component, described earlier, and a component for the �c2(3930) decay, mod-
elled by the convolution of a relativistic D-wave Breit–Wigner function with the resolution
model described above. The background in this mass region is modelled by an exponen-
tial function multiplied by a second-order polynomial function. The total fit consists
of the sum of the background and the X(3842) and �c2(3930) signals. A simultaneous
extended binned maximum-likelihood fit to the D0D0 and D+D� mass spectra is per-
formed with the mass and natural width of the X(3842) state fixed to the results of the

5

LHCb: JHEP 07 (2019) 035
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|Mrec(γISRD+
s )−mDs1(2536)− | < 8 MeV/c2 (∼ 2.5σ), and

sideband regions as shown by blue dashed lines, which
are three times as wide as the signal region. To esti-
mate the signal significance of the Ds1(2536)−, we com-
pute

√

−2 ln(L0/Lmax) [31], where L0 and Lmax are the
maximized likelihoods without and with the Ds1(2536)−

signal, respectively. The statistical significance of the
Ds1(2536)− signal is 8σ.
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FIG. 1: (a) The recoil mass spectrum against the
γISRD

+
s K−/K0

S system before applying the D̄∗0/D∗− mass
constraint. The yellow histogram shows the normalized
Ds1(2536)

− mass sidebands (see below). The red dashed lines
show the required D̄∗0/D∗− signal region. (b) The recoil mass
spectrum against the γISRD

+
s system in data. The yellow his-

togram shows the normalized D+
s mass sidebands. The red

dashed lines show the required Ds1(2536)
− signal region, and

the blue dashed lines show the Ds1(2536)
− mass sidebands.

The D+
s Ds1(2536)− invariant mass distribution is

shown in Fig. 2(a). There is a significant peak around
4626 MeV/c2, while no structure is seen in the normal-
ized Ds1(2536)− mass sidebands shown as the yellow his-
togram. In addition, no peaking background is found in
the D+

s Ds1(2536)− mass distribution from generic MC
samples. We therefore interpret the peak in the data
as evidence for an exotic charmoniumlike state decaying
into D+

s Ds1(2536)−, called Y (4626) hereafter.

One possible background, which is not included in the
Ds1(2536)− mass sidebands is from e+e− → D∗+

s (→
D+

s γ)Ds1(2536)−, where the photon from the D∗+
s re-

mains undetected. To estimate such a background con-
tribution, we measure this process with the data follow-
ing the same procedure as used for the signal process.
We require an extra photon with Eγ > 50 MeV in the
barrel or Eγ > 100 MeV in the endcaps to combine with
the D+

s to form the D∗+
s candidate. The mass and vertex

fits are applied to the D∗+
s candidates to improve their

momentum resolution. In events with multiple candi-
dates, the best candidate is chosen using the lowest χ2

value from the mass-constrained fit. The same D̄∗0/D∗−

signal region requirement on Mrec(γISRD∗+
s K−/K0

S) and
the D̄∗0/D∗− mass constraint are applied as before in
e+e− → D+

s Ds1(2536)−. In the recoil mass spectrum
of the γISRD∗+

s an excess of events is observed in the
Ds1(2536)− signal region.

After requiring the D+
s K

−/K0
S mass to be within

the Ds1(2536)− signal region, the D∗+
s Ds1(2536)−

invariant mass distribution is shown in Fig. 2(b).
Note that the e+e− → D+

s Ds1(2536)− is a source of
backgrounds for the e+e− → D∗+

s Ds1(2536)− when
the D+

s candidates are combined with soft photons
to form D∗+

s candidates. From Fig. 2(b), no obvious
structure is observed. The normalized contribution from
e+e− → D∗+

s Ds1(2536)− to e+e− → D+
s Ds1(2536)−

is the cyan shaded histogram which is shown in
Fig. 2(a), and which is normalized to correspond
to Nobs

D∗+
s Ds1(2536)−

εD+
s Ds1(2536)−

/εD∗+
s Ds1(2536)−

events. Here, Nobs
D∗+

s Ds1(2536)−
is the yield of

e+e− → D∗+
s Ds1(2536)− signal events in each

M(D∗+
s Ds1(2536)−) bin in data after subtract-

ing the normalized Ds1(2536)− sidebands and the
e+e− → D+

s Ds1(2536)− background contribution,
and εD+

s Ds1(2536)−
and εD∗+

s Ds1(2536)−
are the recon-

struction efficiencies for e+e− → D+
s Ds1(2536)− and

e+e− → D∗+
s Ds1(2536)−, respectively, and the ratio of

efficiencies is (1.00± 0.02). The yield of D∗+
s Ds1(2536)−

after the background subtraction for the whole region
in Fig. 2(b) is (11.6 ± 3.6). A similar method is
applied to estimate the background contribution from
e+e− → D+

s Ds1(2536)− to e+e− → D∗+
s Ds1(2536)−.
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FIG. 2: (a) The D+
s Ds1(2536)

− invariant mass spectrum
for e+e− → D+

s Ds1(2536)
−. (b) The D∗+

s Ds1(2536)
−

invariant mass spectrum for e+e− → D∗+
s Ds1(2536)−.

All the components including those from the fit to the
D+

s Ds1(2536)
− invariant mass spectrum are indicated in

the labels and described in the text. Note that the
cyan shaded histograms in the top/bottom show the
D+

s Ds1(2536)
−/D∗+

s Ds1(2536)
− invariant mass spectrum

from D∗+
s Ds1(2536)−/D+

s Ds1(2536)− background contribu-
tion after applying the requirements to reconstruct e+e− →
D+

s Ds1(2536)
−/e+e− → D∗+

s Ds1(2536)
−.
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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.
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Figure 3: Mass spectra of (top) D0D0 and (bottom) D+D� candidates in the narrow
3.80 < mDD < 3.88GeV/c2 region. The result of the simultaneous fit described in the text
is superimposed.

Table 1: Yields, mass and width of the X(3842) state from the fit to DD mass spectra in
the narrow 3.80 < mDD < 3.88GeV/c2 region. Uncertainties are statistical only.

NX(3842) mX(3842) [MeV/c2] �X(3842) [MeV]

D0D0 930± 170
3842.71± 0.16 2.79± 0.51

D+D� 2070± 190

4.2 Mass region 3.80 < mDD < 4.20GeV/c2

Two signal components are used to describe the 3.80 < mDD < 4.20GeV/c2 region:
the X(3842) component, described earlier, and a component for the �c2(3930) decay, mod-
elled by the convolution of a relativistic D-wave Breit–Wigner function with the resolution
model described above. The background in this mass region is modelled by an exponen-
tial function multiplied by a second-order polynomial function. The total fit consists
of the sum of the background and the X(3842) and �c2(3930) signals. A simultaneous
extended binned maximum-likelihood fit to the D0D0 and D+D� mass spectra is per-
formed with the mass and natural width of the X(3842) state fixed to the results of the
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|Mrec(γISRD+
s )−mDs1(2536)− | < 8 MeV/c2 (∼ 2.5σ), and

sideband regions as shown by blue dashed lines, which
are three times as wide as the signal region. To esti-
mate the signal significance of the Ds1(2536)−, we com-
pute

√

−2 ln(L0/Lmax) [31], where L0 and Lmax are the
maximized likelihoods without and with the Ds1(2536)−

signal, respectively. The statistical significance of the
Ds1(2536)− signal is 8σ.
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FIG. 1: (a) The recoil mass spectrum against the
γISRD

+
s K−/K0

S system before applying the D̄∗0/D∗− mass
constraint. The yellow histogram shows the normalized
Ds1(2536)

− mass sidebands (see below). The red dashed lines
show the required D̄∗0/D∗− signal region. (b) The recoil mass
spectrum against the γISRD

+
s system in data. The yellow his-

togram shows the normalized D+
s mass sidebands. The red

dashed lines show the required Ds1(2536)
− signal region, and

the blue dashed lines show the Ds1(2536)
− mass sidebands.

The D+
s Ds1(2536)− invariant mass distribution is

shown in Fig. 2(a). There is a significant peak around
4626 MeV/c2, while no structure is seen in the normal-
ized Ds1(2536)− mass sidebands shown as the yellow his-
togram. In addition, no peaking background is found in
the D+

s Ds1(2536)− mass distribution from generic MC
samples. We therefore interpret the peak in the data
as evidence for an exotic charmoniumlike state decaying
into D+

s Ds1(2536)−, called Y (4626) hereafter.

One possible background, which is not included in the
Ds1(2536)− mass sidebands is from e+e− → D∗+

s (→
D+

s γ)Ds1(2536)−, where the photon from the D∗+
s re-

mains undetected. To estimate such a background con-
tribution, we measure this process with the data follow-
ing the same procedure as used for the signal process.
We require an extra photon with Eγ > 50 MeV in the
barrel or Eγ > 100 MeV in the endcaps to combine with
the D+

s to form the D∗+
s candidate. The mass and vertex

fits are applied to the D∗+
s candidates to improve their

momentum resolution. In events with multiple candi-
dates, the best candidate is chosen using the lowest χ2

value from the mass-constrained fit. The same D̄∗0/D∗−

signal region requirement on Mrec(γISRD∗+
s K−/K0

S) and
the D̄∗0/D∗− mass constraint are applied as before in
e+e− → D+

s Ds1(2536)−. In the recoil mass spectrum
of the γISRD∗+

s an excess of events is observed in the
Ds1(2536)− signal region.

After requiring the D+
s K

−/K0
S mass to be within

the Ds1(2536)− signal region, the D∗+
s Ds1(2536)−

invariant mass distribution is shown in Fig. 2(b).
Note that the e+e− → D+

s Ds1(2536)− is a source of
backgrounds for the e+e− → D∗+

s Ds1(2536)− when
the D+

s candidates are combined with soft photons
to form D∗+

s candidates. From Fig. 2(b), no obvious
structure is observed. The normalized contribution from
e+e− → D∗+

s Ds1(2536)− to e+e− → D+
s Ds1(2536)−

is the cyan shaded histogram which is shown in
Fig. 2(a), and which is normalized to correspond
to Nobs

D∗+
s Ds1(2536)−

εD+
s Ds1(2536)−

/εD∗+
s Ds1(2536)−

events. Here, Nobs
D∗+

s Ds1(2536)−
is the yield of

e+e− → D∗+
s Ds1(2536)− signal events in each

M(D∗+
s Ds1(2536)−) bin in data after subtract-

ing the normalized Ds1(2536)− sidebands and the
e+e− → D+

s Ds1(2536)− background contribution,
and εD+

s Ds1(2536)−
and εD∗+

s Ds1(2536)−
are the recon-

struction efficiencies for e+e− → D+
s Ds1(2536)− and

e+e− → D∗+
s Ds1(2536)−, respectively, and the ratio of

efficiencies is (1.00± 0.02). The yield of D∗+
s Ds1(2536)−

after the background subtraction for the whole region
in Fig. 2(b) is (11.6 ± 3.6). A similar method is
applied to estimate the background contribution from
e+e− → D+

s Ds1(2536)− to e+e− → D∗+
s Ds1(2536)−.
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FIG. 2: (a) The D+
s Ds1(2536)

− invariant mass spectrum
for e+e− → D+

s Ds1(2536)
−. (b) The D∗+

s Ds1(2536)
−

invariant mass spectrum for e+e− → D∗+
s Ds1(2536)−.

All the components including those from the fit to the
D+

s Ds1(2536)
− invariant mass spectrum are indicated in

the labels and described in the text. Note that the
cyan shaded histograms in the top/bottom show the
D+

s Ds1(2536)
−/D∗+

s Ds1(2536)
− invariant mass spectrum

from D∗+
s Ds1(2536)−/D+

s Ds1(2536)− background contribu-
tion after applying the requirements to reconstruct e+e− →
D+

s Ds1(2536)
−/e+e− → D∗+

s Ds1(2536)
−.
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Figure 10: Comparisons of the invariant-mass distributions of B+ ! D
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�
K

+ candidates in
data to the fit projection of the baseline model. The total fit function and contributions from
individual components are shown as detailed in the legend.

Table 4: Magnitude and phase of the complex coe�cients in the amplitude model, together
with fit fractions for each component. The quantities are reported after correction for fit biases
(see Sec. 9). The first uncertainty is statistical and the second is the sum in quadrature of all
systematic uncertainties.

Resonance Magnitude Phase (rad) Fit fraction (%)

D
+
D

� resonances

 (3770) 1 (fixed) 0 (fixed) 14.5 ± 1.2 ± 0.8

�c0(3930) 0.51 ± 0.06 ± 0.02 2.16 ± 0.18 ± 0.03 3.7 ± 0.9 ± 0.2

�c2(3930) 0.70 ± 0.06 ± 0.01 0.83 ± 0.17 ± 0.13 7.2 ± 1.2 ± 0.3

 (4040) 0.59 ± 0.08 ± 0.04 1.42 ± 0.18 ± 0.08 5.0 ± 1.3 ± 0.4

 (4160) 0.67 ± 0.08 ± 0.05 0.90 ± 0.23 ± 0.09 6.6 ± 1.5 ± 1.2

 (4415) 0.80 ± 0.08 ± 0.06 �1.46 ± 0.20 ± 0.09 9.2 ± 1.4 ± 1.5

D
�
K

+ resonances

X0(2900) 0.62 ± 0.08 ± 0.03 1.09 ± 0.19 ± 0.10 5.6 ± 1.4 ± 0.5

X1(2900) 1.45 ± 0.09 ± 0.03 0.37 ± 0.10 ± 0.05 30.6 ± 2.4 ± 2.1

Nonresonant 1.29 ± 0.09 ± 0.04 �2.41 ± 0.12 ± 0.51 24.2 ± 2.2 ± 0.5

As described in Sec. 7.1, DD resonant structure has previously been observed in
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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.
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Figure 3: Mass spectra of (top) D0D0 and (bottom) D+D� candidates in the narrow
3.80 < mDD < 3.88GeV/c2 region. The result of the simultaneous fit described in the text
is superimposed.

Table 1: Yields, mass and width of the X(3842) state from the fit to DD mass spectra in
the narrow 3.80 < mDD < 3.88GeV/c2 region. Uncertainties are statistical only.

NX(3842) mX(3842) [MeV/c2] �X(3842) [MeV]

D0D0 930± 170
3842.71± 0.16 2.79± 0.51

D+D� 2070± 190

4.2 Mass region 3.80 < mDD < 4.20GeV/c2

Two signal components are used to describe the 3.80 < mDD < 4.20GeV/c2 region:
the X(3842) component, described earlier, and a component for the �c2(3930) decay, mod-
elled by the convolution of a relativistic D-wave Breit–Wigner function with the resolution
model described above. The background in this mass region is modelled by an exponen-
tial function multiplied by a second-order polynomial function. The total fit consists
of the sum of the background and the X(3842) and �c2(3930) signals. A simultaneous
extended binned maximum-likelihood fit to the D0D0 and D+D� mass spectra is per-
formed with the mass and natural width of the X(3842) state fixed to the results of the
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Figure 3: Invariant mass spectra of weighted di-J/ candidates with pdi-J/ T > 5.2GeV/c and

overlaid projections of the pdi-J/ T -threshold fit using (a) the NRSPS plus DPS model, (b) model
I, and (c) model II.

around 6.75GeV/c2, where the data shows a dip. In an attempt to describe the dip, model
II allows for interference between the NRSPS component and a resonance for the threshold
enhancement. The coherent sum of the two components is defined as

���Aei�
q
fnr(Mdi-J/ ) + BW(Mdi-J/ )

���
2

, (1)

where A and � are the magnitude and phase of the nonresonant component, relative to the
BW lineshape for the resonance, assumed to be independent of Mdi-J/ , and fnr(Mdi-J/ ) is
an exponential function. The interference term in Eq. (1) is then added incoherently to
the BW function describing the X(6900) structure and the DPS description. The fit to the

pdi-J/ T -threshold sample with this model has a probability of 15.5% (�2/ndf = 104.7/91),
and its projections are illustrated in Fig. 3(c). In this case, the mass, natural width and
yield are determined to be m[X(6900)] = 6886± 11MeV/c2, �[X(6900)] = 168± 33MeV
and Nsig = 784± 148. A larger X(6900) width and yield are preferred in comparison
to model I. Here it is assumed that the whole NRSPS production is involved in the
interference with the lower-mass resonance despite that there may be several components
with di↵erent quantum numbers in the NRSPS and more than one resonance in the
threshold enhancement.
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|Mrec(γISRD+
s )−mDs1(2536)− | < 8 MeV/c2 (∼ 2.5σ), and

sideband regions as shown by blue dashed lines, which
are three times as wide as the signal region. To esti-
mate the signal significance of the Ds1(2536)−, we com-
pute

√

−2 ln(L0/Lmax) [31], where L0 and Lmax are the
maximized likelihoods without and with the Ds1(2536)−

signal, respectively. The statistical significance of the
Ds1(2536)− signal is 8σ.
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FIG. 1: (a) The recoil mass spectrum against the
γISRD

+
s K−/K0

S system before applying the D̄∗0/D∗− mass
constraint. The yellow histogram shows the normalized
Ds1(2536)

− mass sidebands (see below). The red dashed lines
show the required D̄∗0/D∗− signal region. (b) The recoil mass
spectrum against the γISRD

+
s system in data. The yellow his-

togram shows the normalized D+
s mass sidebands. The red

dashed lines show the required Ds1(2536)
− signal region, and

the blue dashed lines show the Ds1(2536)
− mass sidebands.

The D+
s Ds1(2536)− invariant mass distribution is

shown in Fig. 2(a). There is a significant peak around
4626 MeV/c2, while no structure is seen in the normal-
ized Ds1(2536)− mass sidebands shown as the yellow his-
togram. In addition, no peaking background is found in
the D+

s Ds1(2536)− mass distribution from generic MC
samples. We therefore interpret the peak in the data
as evidence for an exotic charmoniumlike state decaying
into D+

s Ds1(2536)−, called Y (4626) hereafter.

One possible background, which is not included in the
Ds1(2536)− mass sidebands is from e+e− → D∗+

s (→
D+

s γ)Ds1(2536)−, where the photon from the D∗+
s re-

mains undetected. To estimate such a background con-
tribution, we measure this process with the data follow-
ing the same procedure as used for the signal process.
We require an extra photon with Eγ > 50 MeV in the
barrel or Eγ > 100 MeV in the endcaps to combine with
the D+

s to form the D∗+
s candidate. The mass and vertex

fits are applied to the D∗+
s candidates to improve their

momentum resolution. In events with multiple candi-
dates, the best candidate is chosen using the lowest χ2

value from the mass-constrained fit. The same D̄∗0/D∗−

signal region requirement on Mrec(γISRD∗+
s K−/K0

S) and
the D̄∗0/D∗− mass constraint are applied as before in
e+e− → D+

s Ds1(2536)−. In the recoil mass spectrum
of the γISRD∗+

s an excess of events is observed in the
Ds1(2536)− signal region.

After requiring the D+
s K

−/K0
S mass to be within

the Ds1(2536)− signal region, the D∗+
s Ds1(2536)−

invariant mass distribution is shown in Fig. 2(b).
Note that the e+e− → D+

s Ds1(2536)− is a source of
backgrounds for the e+e− → D∗+

s Ds1(2536)− when
the D+

s candidates are combined with soft photons
to form D∗+

s candidates. From Fig. 2(b), no obvious
structure is observed. The normalized contribution from
e+e− → D∗+

s Ds1(2536)− to e+e− → D+
s Ds1(2536)−

is the cyan shaded histogram which is shown in
Fig. 2(a), and which is normalized to correspond
to Nobs

D∗+
s Ds1(2536)−

εD+
s Ds1(2536)−

/εD∗+
s Ds1(2536)−

events. Here, Nobs
D∗+

s Ds1(2536)−
is the yield of

e+e− → D∗+
s Ds1(2536)− signal events in each

M(D∗+
s Ds1(2536)−) bin in data after subtract-

ing the normalized Ds1(2536)− sidebands and the
e+e− → D+

s Ds1(2536)− background contribution,
and εD+

s Ds1(2536)−
and εD∗+

s Ds1(2536)−
are the recon-

struction efficiencies for e+e− → D+
s Ds1(2536)− and

e+e− → D∗+
s Ds1(2536)−, respectively, and the ratio of

efficiencies is (1.00± 0.02). The yield of D∗+
s Ds1(2536)−

after the background subtraction for the whole region
in Fig. 2(b) is (11.6 ± 3.6). A similar method is
applied to estimate the background contribution from
e+e− → D+

s Ds1(2536)− to e+e− → D∗+
s Ds1(2536)−.
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FIG. 2: (a) The D+
s Ds1(2536)

− invariant mass spectrum
for e+e− → D+

s Ds1(2536)
−. (b) The D∗+

s Ds1(2536)
−

invariant mass spectrum for e+e− → D∗+
s Ds1(2536)−.

All the components including those from the fit to the
D+

s Ds1(2536)
− invariant mass spectrum are indicated in

the labels and described in the text. Note that the
cyan shaded histograms in the top/bottom show the
D+

s Ds1(2536)
−/D∗+

s Ds1(2536)
− invariant mass spectrum

from D∗+
s Ds1(2536)−/D+

s Ds1(2536)− background contribu-
tion after applying the requirements to reconstruct e+e− →
D+

s Ds1(2536)
−/e+e− → D∗+

s Ds1(2536)
−.
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Figure 10: Comparisons of the invariant-mass distributions of B+ ! D
+
D

�
K

+ candidates in
data to the fit projection of the baseline model. The total fit function and contributions from
individual components are shown as detailed in the legend.

Table 4: Magnitude and phase of the complex coe�cients in the amplitude model, together
with fit fractions for each component. The quantities are reported after correction for fit biases
(see Sec. 9). The first uncertainty is statistical and the second is the sum in quadrature of all
systematic uncertainties.

Resonance Magnitude Phase (rad) Fit fraction (%)

D
+
D

� resonances

 (3770) 1 (fixed) 0 (fixed) 14.5 ± 1.2 ± 0.8

�c0(3930) 0.51 ± 0.06 ± 0.02 2.16 ± 0.18 ± 0.03 3.7 ± 0.9 ± 0.2

�c2(3930) 0.70 ± 0.06 ± 0.01 0.83 ± 0.17 ± 0.13 7.2 ± 1.2 ± 0.3

 (4040) 0.59 ± 0.08 ± 0.04 1.42 ± 0.18 ± 0.08 5.0 ± 1.3 ± 0.4

 (4160) 0.67 ± 0.08 ± 0.05 0.90 ± 0.23 ± 0.09 6.6 ± 1.5 ± 1.2

 (4415) 0.80 ± 0.08 ± 0.06 �1.46 ± 0.20 ± 0.09 9.2 ± 1.4 ± 1.5

D
�
K

+ resonances

X0(2900) 0.62 ± 0.08 ± 0.03 1.09 ± 0.19 ± 0.10 5.6 ± 1.4 ± 0.5

X1(2900) 1.45 ± 0.09 ± 0.03 0.37 ± 0.10 ± 0.05 30.6 ± 2.4 ± 2.1

Nonresonant 1.29 ± 0.09 ± 0.04 �2.41 ± 0.12 ± 0.51 24.2 ± 2.2 ± 0.5

As described in Sec. 7.1, DD resonant structure has previously been observed in
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Figure 3: Mass spectra of (top) D0D0 and (bottom) D+D� candidates in the narrow
3.80 < mDD < 3.88GeV/c2 region. The result of the simultaneous fit described in the text
is superimposed.

Table 1: Yields, mass and width of the X(3842) state from the fit to DD mass spectra in
the narrow 3.80 < mDD < 3.88GeV/c2 region. Uncertainties are statistical only.

NX(3842) mX(3842) [MeV/c2] �X(3842) [MeV]

D0D0 930± 170
3842.71± 0.16 2.79± 0.51

D+D� 2070± 190

4.2 Mass region 3.80 < mDD < 4.20GeV/c2

Two signal components are used to describe the 3.80 < mDD < 4.20GeV/c2 region:
the X(3842) component, described earlier, and a component for the �c2(3930) decay, mod-
elled by the convolution of a relativistic D-wave Breit–Wigner function with the resolution
model described above. The background in this mass region is modelled by an exponen-
tial function multiplied by a second-order polynomial function. The total fit consists
of the sum of the background and the X(3842) and �c2(3930) signals. A simultaneous
extended binned maximum-likelihood fit to the D0D0 and D+D� mass spectra is per-
formed with the mass and natural width of the X(3842) state fixed to the results of the
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Figure 3: Invariant mass spectra of weighted di-J/ candidates with pdi-J/ T > 5.2GeV/c and

overlaid projections of the pdi-J/ T -threshold fit using (a) the NRSPS plus DPS model, (b) model
I, and (c) model II.

around 6.75GeV/c2, where the data shows a dip. In an attempt to describe the dip, model
II allows for interference between the NRSPS component and a resonance for the threshold
enhancement. The coherent sum of the two components is defined as

���Aei�
q
fnr(Mdi-J/ ) + BW(Mdi-J/ )

���
2

, (1)

where A and � are the magnitude and phase of the nonresonant component, relative to the
BW lineshape for the resonance, assumed to be independent of Mdi-J/ , and fnr(Mdi-J/ ) is
an exponential function. The interference term in Eq. (1) is then added incoherently to
the BW function describing the X(6900) structure and the DPS description. The fit to the

pdi-J/ T -threshold sample with this model has a probability of 15.5% (�2/ndf = 104.7/91),
and its projections are illustrated in Fig. 3(c). In this case, the mass, natural width and
yield are determined to be m[X(6900)] = 6886± 11MeV/c2, �[X(6900)] = 168± 33MeV
and Nsig = 784± 148. A larger X(6900) width and yield are preferred in comparison
to model I. Here it is assumed that the whole NRSPS production is involved in the
interference with the lower-mass resonance despite that there may be several components
with di↵erent quantum numbers in the NRSPS and more than one resonance in the
threshold enhancement.
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|Mrec(γISRD+
s )−mDs1(2536)− | < 8 MeV/c2 (∼ 2.5σ), and

sideband regions as shown by blue dashed lines, which
are three times as wide as the signal region. To esti-
mate the signal significance of the Ds1(2536)−, we com-
pute

√

−2 ln(L0/Lmax) [31], where L0 and Lmax are the
maximized likelihoods without and with the Ds1(2536)−

signal, respectively. The statistical significance of the
Ds1(2536)− signal is 8σ.
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FIG. 1: (a) The recoil mass spectrum against the
γISRD

+
s K−/K0

S system before applying the D̄∗0/D∗− mass
constraint. The yellow histogram shows the normalized
Ds1(2536)

− mass sidebands (see below). The red dashed lines
show the required D̄∗0/D∗− signal region. (b) The recoil mass
spectrum against the γISRD

+
s system in data. The yellow his-

togram shows the normalized D+
s mass sidebands. The red

dashed lines show the required Ds1(2536)
− signal region, and

the blue dashed lines show the Ds1(2536)
− mass sidebands.

The D+
s Ds1(2536)− invariant mass distribution is

shown in Fig. 2(a). There is a significant peak around
4626 MeV/c2, while no structure is seen in the normal-
ized Ds1(2536)− mass sidebands shown as the yellow his-
togram. In addition, no peaking background is found in
the D+

s Ds1(2536)− mass distribution from generic MC
samples. We therefore interpret the peak in the data
as evidence for an exotic charmoniumlike state decaying
into D+

s Ds1(2536)−, called Y (4626) hereafter.

One possible background, which is not included in the
Ds1(2536)− mass sidebands is from e+e− → D∗+

s (→
D+

s γ)Ds1(2536)−, where the photon from the D∗+
s re-

mains undetected. To estimate such a background con-
tribution, we measure this process with the data follow-
ing the same procedure as used for the signal process.
We require an extra photon with Eγ > 50 MeV in the
barrel or Eγ > 100 MeV in the endcaps to combine with
the D+

s to form the D∗+
s candidate. The mass and vertex

fits are applied to the D∗+
s candidates to improve their

momentum resolution. In events with multiple candi-
dates, the best candidate is chosen using the lowest χ2

value from the mass-constrained fit. The same D̄∗0/D∗−

signal region requirement on Mrec(γISRD∗+
s K−/K0

S) and
the D̄∗0/D∗− mass constraint are applied as before in
e+e− → D+

s Ds1(2536)−. In the recoil mass spectrum
of the γISRD∗+

s an excess of events is observed in the
Ds1(2536)− signal region.

After requiring the D+
s K

−/K0
S mass to be within

the Ds1(2536)− signal region, the D∗+
s Ds1(2536)−

invariant mass distribution is shown in Fig. 2(b).
Note that the e+e− → D+

s Ds1(2536)− is a source of
backgrounds for the e+e− → D∗+

s Ds1(2536)− when
the D+

s candidates are combined with soft photons
to form D∗+

s candidates. From Fig. 2(b), no obvious
structure is observed. The normalized contribution from
e+e− → D∗+

s Ds1(2536)− to e+e− → D+
s Ds1(2536)−

is the cyan shaded histogram which is shown in
Fig. 2(a), and which is normalized to correspond
to Nobs

D∗+
s Ds1(2536)−

εD+
s Ds1(2536)−

/εD∗+
s Ds1(2536)−

events. Here, Nobs
D∗+

s Ds1(2536)−
is the yield of

e+e− → D∗+
s Ds1(2536)− signal events in each

M(D∗+
s Ds1(2536)−) bin in data after subtract-

ing the normalized Ds1(2536)− sidebands and the
e+e− → D+

s Ds1(2536)− background contribution,
and εD+

s Ds1(2536)−
and εD∗+

s Ds1(2536)−
are the recon-

struction efficiencies for e+e− → D+
s Ds1(2536)− and

e+e− → D∗+
s Ds1(2536)−, respectively, and the ratio of

efficiencies is (1.00± 0.02). The yield of D∗+
s Ds1(2536)−

after the background subtraction for the whole region
in Fig. 2(b) is (11.6 ± 3.6). A similar method is
applied to estimate the background contribution from
e+e− → D+

s Ds1(2536)− to e+e− → D∗+
s Ds1(2536)−.
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FIG. 2: (a) The D+
s Ds1(2536)

− invariant mass spectrum
for e+e− → D+

s Ds1(2536)
−. (b) The D∗+

s Ds1(2536)
−

invariant mass spectrum for e+e− → D∗+
s Ds1(2536)−.

All the components including those from the fit to the
D+

s Ds1(2536)
− invariant mass spectrum are indicated in

the labels and described in the text. Note that the
cyan shaded histograms in the top/bottom show the
D+

s Ds1(2536)
−/D∗+

s Ds1(2536)
− invariant mass spectrum

from D∗+
s Ds1(2536)−/D+

s Ds1(2536)− background contribu-
tion after applying the requirements to reconstruct e+e− →
D+

s Ds1(2536)
−/e+e− → D∗+

s Ds1(2536)
−.
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Figure 10: Comparisons of the invariant-mass distributions of B+ ! D
+
D

�
K

+ candidates in
data to the fit projection of the baseline model. The total fit function and contributions from
individual components are shown as detailed in the legend.

Table 4: Magnitude and phase of the complex coe�cients in the amplitude model, together
with fit fractions for each component. The quantities are reported after correction for fit biases
(see Sec. 9). The first uncertainty is statistical and the second is the sum in quadrature of all
systematic uncertainties.

Resonance Magnitude Phase (rad) Fit fraction (%)

D
+
D

� resonances

 (3770) 1 (fixed) 0 (fixed) 14.5 ± 1.2 ± 0.8

�c0(3930) 0.51 ± 0.06 ± 0.02 2.16 ± 0.18 ± 0.03 3.7 ± 0.9 ± 0.2

�c2(3930) 0.70 ± 0.06 ± 0.01 0.83 ± 0.17 ± 0.13 7.2 ± 1.2 ± 0.3

 (4040) 0.59 ± 0.08 ± 0.04 1.42 ± 0.18 ± 0.08 5.0 ± 1.3 ± 0.4

 (4160) 0.67 ± 0.08 ± 0.05 0.90 ± 0.23 ± 0.09 6.6 ± 1.5 ± 1.2

 (4415) 0.80 ± 0.08 ± 0.06 �1.46 ± 0.20 ± 0.09 9.2 ± 1.4 ± 1.5

D
�
K

+ resonances

X0(2900) 0.62 ± 0.08 ± 0.03 1.09 ± 0.19 ± 0.10 5.6 ± 1.4 ± 0.5

X1(2900) 1.45 ± 0.09 ± 0.03 0.37 ± 0.10 ± 0.05 30.6 ± 2.4 ± 2.1

Nonresonant 1.29 ± 0.09 ± 0.04 �2.41 ± 0.12 ± 0.51 24.2 ± 2.2 ± 0.5

As described in Sec. 7.1, DD resonant structure has previously been observed in
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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
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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.
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Figure 3: Mass spectra of (top) D0D0 and (bottom) D+D� candidates in the narrow
3.80 < mDD < 3.88GeV/c2 region. The result of the simultaneous fit described in the text
is superimposed.

Table 1: Yields, mass and width of the X(3842) state from the fit to DD mass spectra in
the narrow 3.80 < mDD < 3.88GeV/c2 region. Uncertainties are statistical only.

NX(3842) mX(3842) [MeV/c2] �X(3842) [MeV]

D0D0 930± 170
3842.71± 0.16 2.79± 0.51

D+D� 2070± 190

4.2 Mass region 3.80 < mDD < 4.20GeV/c2

Two signal components are used to describe the 3.80 < mDD < 4.20GeV/c2 region:
the X(3842) component, described earlier, and a component for the �c2(3930) decay, mod-
elled by the convolution of a relativistic D-wave Breit–Wigner function with the resolution
model described above. The background in this mass region is modelled by an exponen-
tial function multiplied by a second-order polynomial function. The total fit consists
of the sum of the background and the X(3842) and �c2(3930) signals. A simultaneous
extended binned maximum-likelihood fit to the D0D0 and D+D� mass spectra is per-
formed with the mass and natural width of the X(3842) state fixed to the results of the
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Figure 3: Invariant mass spectra of weighted di-J/ candidates with pdi-J/ T > 5.2GeV/c and

overlaid projections of the pdi-J/ T -threshold fit using (a) the NRSPS plus DPS model, (b) model
I, and (c) model II.

around 6.75GeV/c2, where the data shows a dip. In an attempt to describe the dip, model
II allows for interference between the NRSPS component and a resonance for the threshold
enhancement. The coherent sum of the two components is defined as

���Aei�
q
fnr(Mdi-J/ ) + BW(Mdi-J/ )

���
2

, (1)

where A and � are the magnitude and phase of the nonresonant component, relative to the
BW lineshape for the resonance, assumed to be independent of Mdi-J/ , and fnr(Mdi-J/ ) is
an exponential function. The interference term in Eq. (1) is then added incoherently to
the BW function describing the X(6900) structure and the DPS description. The fit to the

pdi-J/ T -threshold sample with this model has a probability of 15.5% (�2/ndf = 104.7/91),
and its projections are illustrated in Fig. 3(c). In this case, the mass, natural width and
yield are determined to be m[X(6900)] = 6886± 11MeV/c2, �[X(6900)] = 168± 33MeV
and Nsig = 784± 148. A larger X(6900) width and yield are preferred in comparison
to model I. Here it is assumed that the whole NRSPS production is involved in the
interference with the lower-mass resonance despite that there may be several components
with di↵erent quantum numbers in the NRSPS and more than one resonance in the
threshold enhancement.
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|Mrec(γISRD+
s )−mDs1(2536)− | < 8 MeV/c2 (∼ 2.5σ), and

sideband regions as shown by blue dashed lines, which
are three times as wide as the signal region. To esti-
mate the signal significance of the Ds1(2536)−, we com-
pute

√

−2 ln(L0/Lmax) [31], where L0 and Lmax are the
maximized likelihoods without and with the Ds1(2536)−

signal, respectively. The statistical significance of the
Ds1(2536)− signal is 8σ.
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FIG. 1: (a) The recoil mass spectrum against the
γISRD

+
s K−/K0

S system before applying the D̄∗0/D∗− mass
constraint. The yellow histogram shows the normalized
Ds1(2536)

− mass sidebands (see below). The red dashed lines
show the required D̄∗0/D∗− signal region. (b) The recoil mass
spectrum against the γISRD

+
s system in data. The yellow his-

togram shows the normalized D+
s mass sidebands. The red

dashed lines show the required Ds1(2536)
− signal region, and

the blue dashed lines show the Ds1(2536)
− mass sidebands.

The D+
s Ds1(2536)− invariant mass distribution is

shown in Fig. 2(a). There is a significant peak around
4626 MeV/c2, while no structure is seen in the normal-
ized Ds1(2536)− mass sidebands shown as the yellow his-
togram. In addition, no peaking background is found in
the D+

s Ds1(2536)− mass distribution from generic MC
samples. We therefore interpret the peak in the data
as evidence for an exotic charmoniumlike state decaying
into D+

s Ds1(2536)−, called Y (4626) hereafter.

One possible background, which is not included in the
Ds1(2536)− mass sidebands is from e+e− → D∗+

s (→
D+

s γ)Ds1(2536)−, where the photon from the D∗+
s re-

mains undetected. To estimate such a background con-
tribution, we measure this process with the data follow-
ing the same procedure as used for the signal process.
We require an extra photon with Eγ > 50 MeV in the
barrel or Eγ > 100 MeV in the endcaps to combine with
the D+

s to form the D∗+
s candidate. The mass and vertex

fits are applied to the D∗+
s candidates to improve their

momentum resolution. In events with multiple candi-
dates, the best candidate is chosen using the lowest χ2

value from the mass-constrained fit. The same D̄∗0/D∗−

signal region requirement on Mrec(γISRD∗+
s K−/K0

S) and
the D̄∗0/D∗− mass constraint are applied as before in
e+e− → D+

s Ds1(2536)−. In the recoil mass spectrum
of the γISRD∗+

s an excess of events is observed in the
Ds1(2536)− signal region.

After requiring the D+
s K

−/K0
S mass to be within

the Ds1(2536)− signal region, the D∗+
s Ds1(2536)−

invariant mass distribution is shown in Fig. 2(b).
Note that the e+e− → D+

s Ds1(2536)− is a source of
backgrounds for the e+e− → D∗+

s Ds1(2536)− when
the D+

s candidates are combined with soft photons
to form D∗+

s candidates. From Fig. 2(b), no obvious
structure is observed. The normalized contribution from
e+e− → D∗+

s Ds1(2536)− to e+e− → D+
s Ds1(2536)−

is the cyan shaded histogram which is shown in
Fig. 2(a), and which is normalized to correspond
to Nobs

D∗+
s Ds1(2536)−

εD+
s Ds1(2536)−

/εD∗+
s Ds1(2536)−

events. Here, Nobs
D∗+

s Ds1(2536)−
is the yield of

e+e− → D∗+
s Ds1(2536)− signal events in each

M(D∗+
s Ds1(2536)−) bin in data after subtract-

ing the normalized Ds1(2536)− sidebands and the
e+e− → D+

s Ds1(2536)− background contribution,
and εD+

s Ds1(2536)−
and εD∗+

s Ds1(2536)−
are the recon-

struction efficiencies for e+e− → D+
s Ds1(2536)− and

e+e− → D∗+
s Ds1(2536)−, respectively, and the ratio of

efficiencies is (1.00± 0.02). The yield of D∗+
s Ds1(2536)−

after the background subtraction for the whole region
in Fig. 2(b) is (11.6 ± 3.6). A similar method is
applied to estimate the background contribution from
e+e− → D+

s Ds1(2536)− to e+e− → D∗+
s Ds1(2536)−.
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FIG. 2: (a) The D+
s Ds1(2536)

− invariant mass spectrum
for e+e− → D+

s Ds1(2536)
−. (b) The D∗+

s Ds1(2536)
−

invariant mass spectrum for e+e− → D∗+
s Ds1(2536)−.

All the components including those from the fit to the
D+

s Ds1(2536)
− invariant mass spectrum are indicated in

the labels and described in the text. Note that the
cyan shaded histograms in the top/bottom show the
D+

s Ds1(2536)
−/D∗+

s Ds1(2536)
− invariant mass spectrum

from D∗+
s Ds1(2536)−/D+

s Ds1(2536)− background contribu-
tion after applying the requirements to reconstruct e+e− →
D+

s Ds1(2536)
−/e+e− → D∗+

s Ds1(2536)
−.
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Figure 10: Comparisons of the invariant-mass distributions of B+ ! D
+
D

�
K

+ candidates in
data to the fit projection of the baseline model. The total fit function and contributions from
individual components are shown as detailed in the legend.

Table 4: Magnitude and phase of the complex coe�cients in the amplitude model, together
with fit fractions for each component. The quantities are reported after correction for fit biases
(see Sec. 9). The first uncertainty is statistical and the second is the sum in quadrature of all
systematic uncertainties.

Resonance Magnitude Phase (rad) Fit fraction (%)

D
+
D

� resonances

 (3770) 1 (fixed) 0 (fixed) 14.5 ± 1.2 ± 0.8

�c0(3930) 0.51 ± 0.06 ± 0.02 2.16 ± 0.18 ± 0.03 3.7 ± 0.9 ± 0.2

�c2(3930) 0.70 ± 0.06 ± 0.01 0.83 ± 0.17 ± 0.13 7.2 ± 1.2 ± 0.3

 (4040) 0.59 ± 0.08 ± 0.04 1.42 ± 0.18 ± 0.08 5.0 ± 1.3 ± 0.4

 (4160) 0.67 ± 0.08 ± 0.05 0.90 ± 0.23 ± 0.09 6.6 ± 1.5 ± 1.2

 (4415) 0.80 ± 0.08 ± 0.06 �1.46 ± 0.20 ± 0.09 9.2 ± 1.4 ± 1.5

D
�
K

+ resonances

X0(2900) 0.62 ± 0.08 ± 0.03 1.09 ± 0.19 ± 0.10 5.6 ± 1.4 ± 0.5

X1(2900) 1.45 ± 0.09 ± 0.03 0.37 ± 0.10 ± 0.05 30.6 ± 2.4 ± 2.1

Nonresonant 1.29 ± 0.09 ± 0.04 �2.41 ± 0.12 ± 0.51 24.2 ± 2.2 ± 0.5

As described in Sec. 7.1, DD resonant structure has previously been observed in

17

LHCb: PRD 102 (2020) 112003

LHCb: arXiv:2103.01803

___ Z+
cs(4000)

___ Z+
cs(4220) 0

2

4

6

8

10

12

14

16

]2 [GeV2
φψJ/m

18 20 22

]2
 [G

eV
2

+
K

φ
m

2.5

3

3.5

4

4.5 LHCb
-19 fb

0
2
4
6
8
10
12
14
16
18
20
22

]2 [GeV2
φψJ/m

18 20 22

]2
 [G

eV
2

+
K

ψJ/
m

13

14

15

16

17

18 LHCb
-19 fb

Figure 2: Dalitz plots for B+ ! J/ �K+ candidates in a region ±15MeV around the B+ mass
peak.

to the previously reported X(4140), X(4274), X(4500) and X(4700) states. There is also
a distinct band near 16GeV2 of the J/ K+ mass squared.

To investigate the resonant structures, a full amplitude fit is performed using an
unbinned maximum-likelihood method. The likelihood definition and the total proba-
bility density function (PDF), which includes a signal and a background component,
are described in the previous publication [15]. The signal B+ decay is described in
the helicity formalism by three decay chains: K⇤+(! �K+)J/ , X(! J/ �)K+ and
Z+

cs(! J/ K+)�. Each chain is fully described by one mass and five angular ob-
servables. For example, the conventional K⇤+ chain has the following six observables
� ⌘ (m�K , ✓K⇤ , ✓J/ , ✓�,�'K⇤,J/ ,�'K⇤,�), where ✓ denotes the helicity angles, and �'
the angles between two decay planes. Due to the non-scalar final-state particles (µ+ and
µ�), an azimuthal angle ↵i

µ is required to align the helicity frames of µ+ and µ� between
the chain i and the reference K⇤+ chain [6, 7, 31].

The model used in the previous study (Run 1 model) is first tested. Due to the
increased sample size, the model requires improvements (see Fig. 3 bottom row). To
improve the K⇤+ model, the tails of the K⇤(1410), K(1460), and K1(1400) resonances
with poles just below the �K+ mass threshold are included. The tail of the K1(1400)
leads to a better description of the data than the JP = 1+ NR component previously
used, as well as the introduction of the 0� K(1460) contribution describes the data better
than the previously used but insignificant state at 1.8GeV. Nine K⇤+ states are included
in the default model as listed in Table 1. Seven more K⇤+ states predicted in the allowed
�K+ mass range by the relativistic potential model by Godfrey-Isgur [32] are tested, but
since these components are not above 5� significance, they are considered only in the
systematic studies. At the next step, X or Z+

cs states of di↵erent J
P hypotheses are tested

in the fit one at a time. The two states (1+ Z+
cs and 1+ X) which produce the largest

likelihood improvements are included first. In the second iteration, several other states
produce large fit improvements, a Z+

cs state (either 1+ or 1�), and two X states with 1�

and 2�, are also included in the default model. In total, nine K⇤+, seven X, two Z+
cs, and

one J/ � NR component, including three new X and two Z+
cs components, are taken as

the default model. All of these components have a statistical significance above 5�, as
evaluated by taking them out of the model one at a time. No further components are
found which satisfy this criterion.

3
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New Charm-Strange
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10th International Workshop On Charm Physics

Observation of a new excited D+
s

meson in B0 ! D�D+K+⇡� decays

Phys. Rev. Lett. 126 (2021) 122002

Motivation

• The study of the charm-strange spectrum is rich in structures ) interesting place
for testing theories.

Some states are already experimentally well established

But some predicted states are still not observed
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LHCb: PRL 126 (2021) 122002

Mellissa Cruz’ talk

10th International Workshop On Charm Physics

Observation of a new excited D+
s

meson in B0 ! D�D+K+⇡� decays

Extraction of the signal and background yields from unbinned maximum likelihood fit
[Phys. Rev. Lett. 126 (2021) 122002], run II data 2016 to 2018.
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• Fit to the B
0 spectrum in the low K

+⇡�

region (m(K⇡) < 0.75 GeV)

• 444 ± 27 B
0 signal candidates

Dalitz plot in the square mass of D+
D

�

vs D
+
K

+⇡�

• For candidates with masses within 20
MeV of the known B

0 mass

• Clear cluster of candidates observed in
the D

+
K

+⇡� mass ⇡ 2.6 GeV
. Excess of data!

• Small peak at the threshold correspond
Ds1(2536)+ state.
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LHCb: PRL 125 (2020) 242001 
LHCb: PRD 102 (2020) 112003
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Figure 6: Run 2 data entering the amplitude fit, shown in the Dalitz plot and its projection
onto the invariant-mass squared for each of the three pairs of the final-state particles.

configurations.

8 Results

8.1 Model excluding D�K+ resonances

The data in Figs. 5 and 6 exhibit a striking excess at m2(D�
K

+) ⇡ 8.25GeV2
/c

4, in both
Run 1 and Run 2, which cannot be accounted for by introducing resonances only in the
D

+
D

� decay channel. To illustrate this, the first model presented excludes any resonant
content from the D

�
K

+ channel. The model includes the  (3770), �c0(3930), �c2(3930),
 (4040),  (4160), and  (4415) resonances, which are necessary to describe structure in
the m(D+

D
�) spectrum. A nonresonant component is included and described by an

exponential S-wave lineshape in the D
�
K

+ spectrum.
The Dalitz-plot projections from this fit are compared to the data in Fig. 7. Contribu-

tions from individual components are superimposed. The goodness of fit is quantified in
Fig. 8, where the largest deviations are seen in the m

2(D�
K

+) ⇡ 8.25GeV2
/c

4 region of
the Dalitz plot. To illustrate this more clearly, a comparison between data and the result
of the fit is made in Fig. 9 after excluding low-mass charmonium resonances through the
requirement m(D+

D
�) > 4GeV/c2.

It is concluded that a satisfactory description of the data cannot be obtained without
including one or more components that model structure in m(D�

K
+) explicitly. The

14
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− D+ D→(3770) ψ
− D+ D→(3930) 

c0
χ

− D+ D→(3930) 
c2

χ
− D+ D→(4040) ψ
− D+ D→(4160) ψ
− D+ D→(4415) ψ
+K− D→(2900) 0X
+K− D→(2900) 1X

Nonresonant

Figure 10: Comparisons of the invariant-mass distributions of B+ ! D
+
D

�
K

+ candidates in
data to the fit projection of the baseline model. The total fit function and contributions from
individual components are shown as detailed in the legend.

Table 4: Magnitude and phase of the complex coe�cients in the amplitude model, together
with fit fractions for each component. The quantities are reported after correction for fit biases
(see Sec. 9). The first uncertainty is statistical and the second is the sum in quadrature of all
systematic uncertainties.

Resonance Magnitude Phase (rad) Fit fraction (%)

D
+
D

� resonances

 (3770) 1 (fixed) 0 (fixed) 14.5 ± 1.2 ± 0.8

�c0(3930) 0.51 ± 0.06 ± 0.02 2.16 ± 0.18 ± 0.03 3.7 ± 0.9 ± 0.2

�c2(3930) 0.70 ± 0.06 ± 0.01 0.83 ± 0.17 ± 0.13 7.2 ± 1.2 ± 0.3

 (4040) 0.59 ± 0.08 ± 0.04 1.42 ± 0.18 ± 0.08 5.0 ± 1.3 ± 0.4

 (4160) 0.67 ± 0.08 ± 0.05 0.90 ± 0.23 ± 0.09 6.6 ± 1.5 ± 1.2

 (4415) 0.80 ± 0.08 ± 0.06 �1.46 ± 0.20 ± 0.09 9.2 ± 1.4 ± 1.5

D
�
K

+ resonances

X0(2900) 0.62 ± 0.08 ± 0.03 1.09 ± 0.19 ± 0.10 5.6 ± 1.4 ± 0.5

X1(2900) 1.45 ± 0.09 ± 0.03 0.37 ± 0.10 ± 0.05 30.6 ± 2.4 ± 2.1

Nonresonant 1.29 ± 0.09 ± 0.04 �2.41 ± 0.12 ± 0.51 24.2 ± 2.2 ± 0.5

As described in Sec. 7.1, DD resonant structure has previously been observed in

17

Best fit with two new resonances, , which have 
minimal quark content . 

D−K+ X0(2900), X1(2900)
c̄ds̄u

https://inspirehep.net/literature/1814318
https://inspirehep.net/literature/1814324
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Fig. 2. (a) Ξ+
cc → pD+K− mass distribution for right-sign mass combinations. Ver-

tical dashed lines indicate the region of smallest fluctuation probability as described
in the text. (b) wrong-sign events with a pD−K+, scaled by 0.6 as described in the
text. The horizontal line shows a maximum likelihood fit to the occupancy.

cal methods used in the original double charm paper [1] and the event-mixing
method used in Ref. [8]. We set out to test the hypothesis that the back-
ground events in Fig. 2 are random combinatoric tracks associated with real
D+ mesons. To mix events we took a D+ meson in the peak region (Fig. 1) and
combined it with proton and K− tracks extracted from other events. Each D+

was reused 25 times. To compare to the combinatoric background in Fig. 2,
we scale the mixed-event background down for the multiple D+ usage.

7

SELEX 2005

SELEX see it twice at 3.5GeV

tracks are assigned the kaon mass and positive tracks the
pion mass. As a background check we also kept wrong-
sign combinations in which the mass assignments are re-
versed. A candidate event from the Λ+

c K−π+ sample is
shown in Fig. 1. Further details of the Λ+

c reanalysis may
be found in Ref. [6].
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FIG. 2. (a) The Λ+
c

K−π+ mass distribution in 5 MeV/c2

bins. The shaded region 3.400-3.640 GeV/c2 contains the
signal peak and is shown in more detail in (c). (b) The
wrong-sign combination Λ+

c
K+π− mass distribution in 5

MeV/c2 bins. (c) The signal (shaded) region (22 events) and
sideband mass regions with 162 total events in 2.5 MeV/c2

bins. The fit is a Gaussian plus linear background.

In Fig. 2(a) we plot the invariant mass of the Λ+
c K−π+

system, fixing the Λ+
c mass at 2284.9 MeV/c2 [1]. The

data, plotted in 5 MeV/c2 bins, show a large, narrow
excess at 3520 MeV/c2. This excess is stable for different
bin widths and bin centers. Fig. 2(b) shows the wrong-
sign invariant mass distribution of the Λ+

c K+π− system
with the same binning as in (a). There is no significant
excess.

In Fig. 2(c) the shaded region from (a) is re-plotted
in 2.5 MeV/c2 bins and fit with a maximum likelihood

technique to a Gaussian plus linear background. The
fit has χ2/dof = 0.45, indicating that the background is
linear in this region.

To determine the combinatoric background under the
signal peak we exploit the linearity of the background jus-
tified by the fit. We define symmetric regions of the mass
plot in Fig. 2(c): (i) the signal region (3520± 5MeV/c2)
with 22 events; and (ii) 115 MeV/c2 sideband regions
above and below the signal region, containing 162−22 =
140 events. We estimate the number of expected back-
ground events in the signal region from the sidebands as
140 ∗ 5/(115) = 6.1± 0.5 events. This determination has
a (Gaussian) statistical uncertainty, solely from counting
statistics. The single-bin significance of this signal is the
excess in the signal region divided by the total uncer-
tainty in the background estimate: 15.9/

√
(6.1 + 0.52) =

6.3σ [7]. The Poisson probability of observing at least
this excess, including the Gaussian uncertainty in the
background, is 1.0 × 10−6.

Our reconstruction mass window is 3.2-4.3 GeV/c2

with 110 bins of width 10 MeV/c2 in this interval. The
overall probability of observing an excess at least as large
as the one we see anywhere in the search interval is
1.1 × 10−4.

This state has a fit mass of 3519 ± 1 MeV/c2. Our
expected mass resolution, from a simulation of the decay
Ξ+

cc → Λ+
c K−π+ is ∼ 5 MeV/c2. We observe a Gaus-

sian width of 3 ± 1 MeV/c2, consistent with our simula-
tion. The confidence level for a fit with a Gaussian width
fixed at our expected resolution is 20%. The width we
observe is consistent with statistical fluctuations in this
small sample.

The wrong-sign mass combination is plotted in
Fig. 2(b). Those events show comparable fluctuations
to the sidebands of the signal channel and give no evi-
dence for a significant narrow structure. We have inves-
tigated all possible permutations of mass assignments for
the non-Λ+

c tracks. The peak at 3520 MeV/c2 disappears
for any other mass choice, and no other significant struc-
tures are observed. Reconstructions with events from the
Λ+

c mass sidebands produce relatively few entries and no
significant structures in the doubly charmed baryon re-
gion.

The dependence of the signal significance, as defined
above, on several of the selection cuts is shown in Fig. 3.
The significance depends strongly only on the K−π+ ver-
tex separation. The dependence is driven by a large in-
crease in background at small separations and the ab-
sence of both signal and background events at large sep-
arations. The dependence on the width of the signal
region is stable, only decreasing when made wider than
the mass resolution. All other cuts have been checked;
no significant dependence on any cut has been seen.

A weakly-decaying Ξ+
cc state has two c quark decay

amplitudes plus a W-exchange amplitude for c + d →
s + u. This suggests that its lifetime will be of the order

3
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1
84. Charmed Baryons

84. Charmed BaryonsRevised in part June 2020 by D.J. Robinson (LBNL).84.1 Spectrum
Similar to the light baryons, the naming convention for charmed baryon base symbols is de-

termined by their isospin, I, and charm-strangeness, C + S, quantum numbers: In particular, »c,

Àc, …c,cc and œc,cc,ccc with I(C + S) = 0(1), 1(1), 1/2(2) and 0(3), respectively. While this re-

view considers only the charmed baryons, approximate heavy quark flavor symmetry implies the

spectroscopy of the bottom baryons is expected to be similar, up to corrections of order »QCD/mc,b.

Figure 84.1(a) shows the spectrum of the singly-charmed baryons: There are now 36 such

established states. In the quark model picture (see the Quark Model review), states consistent with

all singly-charmed ground-state (zero angular momentum, or S-wave, state) baryons have been

discovered, along with many excited states. The »c(2860) and the five heaviest œ0
c ’s are recent,

intriguing discoveries. The spin-parity quantum numbers of the latter are currently unknown, but

one may speculate they correspond to the five ssc excited baryons in a P -wave state, although

other interpretations are also possible and plausible.
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Figure 84.1: (a) The spectrum of established singly-charmed baryons, with their J P assignments

(where known). In accordance with their isospin, the Àc (…c) lines each correspond to three (two)

charged or neutral states that are nearly degenerate, with the exception of the upper two …c lines

for which only the charged state has been found. Unique flavor SU(3) representations are shown

by various filled and open symbols: The three J P = 3/2+ (J P = 1/2+) lines marked with a filled

square (open circle) fill a ground-state 6 of flavor SU(3); the two J P = 1/2+ (1/2≠ and 3/2≠) lines

marked by a filled circle (open triangles) fill a ground-state (excited-state) 3̄. Fig 84.1(b) shows a

similar spectrum for several known bottom baryons.
P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

2nd September, 2020 4:14pm
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Fig. 2. (a) Ξ+
cc → pD+K− mass distribution for right-sign mass combinations. Ver-

tical dashed lines indicate the region of smallest fluctuation probability as described
in the text. (b) wrong-sign events with a pD−K+, scaled by 0.6 as described in the
text. The horizontal line shows a maximum likelihood fit to the occupancy.

cal methods used in the original double charm paper [1] and the event-mixing
method used in Ref. [8]. We set out to test the hypothesis that the back-
ground events in Fig. 2 are random combinatoric tracks associated with real
D+ mesons. To mix events we took a D+ meson in the peak region (Fig. 1) and
combined it with proton and K− tracks extracted from other events. Each D+

was reused 25 times. To compare to the combinatoric background in Fig. 2,
we scale the mixed-event background down for the multiple D+ usage.

7

SELEX 2005

FOCUS, BaBar, 
BELLE, LHCb don’t

5

cay process taking the account the efficiencies of the p∗

requirement.

In conclusion, we report the first observation of two
charged baryons Ξcx(2980)+ and Ξcx(3077)+ decaying
into Λ+

c K−π+. We also search for neutral isospin re-
lated partners in Λ+

c K0
S
π− final state and observe a

signal for the Ξcx(3077)0. The statistical significance
of each of these signals is more than 5σ. The masses
and widths of all the observed states are summarized
in Table I. Taking into account the presence of s and c
quarks in the final state and the observation of an isospin
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FIG. 2: (a) M(Λ+
c K0

Sπ−) distribution together with the over-
laid fitting curve. The fitting function is the same as in the
Λ+

c K+π− case (see the text). (b) The WS combination mass
distribution M(Λ+

c K0
Sπ+).
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FIG. 3: The M(Λ+
c K−π+) distribution near 3520 MeV/c2

(indicated by an arrow), the mass of a possible doubly
charmed baryon candidate [10].

partner near 3077 MeV/c2 in the Λ+
c K0

S
π− final state,

the most natural interpretations of these states are that
they are excited charmed strange baryons, Ξc. In con-
trast to decays of known excited Ξc states the observed
baryons decay into separate charmed (Λ+

c ) and strange
(K) hadrons. Further studies of the properties of the
observed states are ongoing. We have also searched for
the doubly charmed baryon state at 3520 MeV/c2 re-
ported by the SELEX collaboration in the Λ+

c K−π+ final
state [10], and extract an upper limit on its production
cross section relative to the inclusive Λ+

c yield.
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SELEX see it twice at 3.5GeV

tracks are assigned the kaon mass and positive tracks the
pion mass. As a background check we also kept wrong-
sign combinations in which the mass assignments are re-
versed. A candidate event from the Λ+

c K−π+ sample is
shown in Fig. 1. Further details of the Λ+

c reanalysis may
be found in Ref. [6].
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FIG. 2. (a) The Λ+
c

K−π+ mass distribution in 5 MeV/c2

bins. The shaded region 3.400-3.640 GeV/c2 contains the
signal peak and is shown in more detail in (c). (b) The
wrong-sign combination Λ+

c
K+π− mass distribution in 5

MeV/c2 bins. (c) The signal (shaded) region (22 events) and
sideband mass regions with 162 total events in 2.5 MeV/c2

bins. The fit is a Gaussian plus linear background.

In Fig. 2(a) we plot the invariant mass of the Λ+
c K−π+

system, fixing the Λ+
c mass at 2284.9 MeV/c2 [1]. The

data, plotted in 5 MeV/c2 bins, show a large, narrow
excess at 3520 MeV/c2. This excess is stable for different
bin widths and bin centers. Fig. 2(b) shows the wrong-
sign invariant mass distribution of the Λ+

c K+π− system
with the same binning as in (a). There is no significant
excess.

In Fig. 2(c) the shaded region from (a) is re-plotted
in 2.5 MeV/c2 bins and fit with a maximum likelihood

technique to a Gaussian plus linear background. The
fit has χ2/dof = 0.45, indicating that the background is
linear in this region.

To determine the combinatoric background under the
signal peak we exploit the linearity of the background jus-
tified by the fit. We define symmetric regions of the mass
plot in Fig. 2(c): (i) the signal region (3520± 5MeV/c2)
with 22 events; and (ii) 115 MeV/c2 sideband regions
above and below the signal region, containing 162−22 =
140 events. We estimate the number of expected back-
ground events in the signal region from the sidebands as
140 ∗ 5/(115) = 6.1± 0.5 events. This determination has
a (Gaussian) statistical uncertainty, solely from counting
statistics. The single-bin significance of this signal is the
excess in the signal region divided by the total uncer-
tainty in the background estimate: 15.9/

√
(6.1 + 0.52) =

6.3σ [7]. The Poisson probability of observing at least
this excess, including the Gaussian uncertainty in the
background, is 1.0 × 10−6.

Our reconstruction mass window is 3.2-4.3 GeV/c2

with 110 bins of width 10 MeV/c2 in this interval. The
overall probability of observing an excess at least as large
as the one we see anywhere in the search interval is
1.1 × 10−4.

This state has a fit mass of 3519 ± 1 MeV/c2. Our
expected mass resolution, from a simulation of the decay
Ξ+

cc → Λ+
c K−π+ is ∼ 5 MeV/c2. We observe a Gaus-

sian width of 3 ± 1 MeV/c2, consistent with our simula-
tion. The confidence level for a fit with a Gaussian width
fixed at our expected resolution is 20%. The width we
observe is consistent with statistical fluctuations in this
small sample.

The wrong-sign mass combination is plotted in
Fig. 2(b). Those events show comparable fluctuations
to the sidebands of the signal channel and give no evi-
dence for a significant narrow structure. We have inves-
tigated all possible permutations of mass assignments for
the non-Λ+

c tracks. The peak at 3520 MeV/c2 disappears
for any other mass choice, and no other significant struc-
tures are observed. Reconstructions with events from the
Λ+

c mass sidebands produce relatively few entries and no
significant structures in the doubly charmed baryon re-
gion.

The dependence of the signal significance, as defined
above, on several of the selection cuts is shown in Fig. 3.
The significance depends strongly only on the K−π+ ver-
tex separation. The dependence is driven by a large in-
crease in background at small separations and the ab-
sence of both signal and background events at large sep-
arations. The dependence on the width of the signal
region is stable, only decreasing when made wider than
the mass resolution. All other cuts have been checked;
no significant dependence on any cut has been seen.

A weakly-decaying Ξ+
cc state has two c quark decay

amplitudes plus a W-exchange amplitude for c + d →
s + u. This suggests that its lifetime will be of the order
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1
84. Charmed Baryons

84. Charmed BaryonsRevised in part June 2020 by D.J. Robinson (LBNL).84.1 Spectrum
Similar to the light baryons, the naming convention for charmed baryon base symbols is de-

termined by their isospin, I, and charm-strangeness, C + S, quantum numbers: In particular, »c,

Àc, …c,cc and œc,cc,ccc with I(C + S) = 0(1), 1(1), 1/2(2) and 0(3), respectively. While this re-

view considers only the charmed baryons, approximate heavy quark flavor symmetry implies the

spectroscopy of the bottom baryons is expected to be similar, up to corrections of order »QCD/mc,b.

Figure 84.1(a) shows the spectrum of the singly-charmed baryons: There are now 36 such

established states. In the quark model picture (see the Quark Model review), states consistent with

all singly-charmed ground-state (zero angular momentum, or S-wave, state) baryons have been

discovered, along with many excited states. The »c(2860) and the five heaviest œ0
c ’s are recent,

intriguing discoveries. The spin-parity quantum numbers of the latter are currently unknown, but

one may speculate they correspond to the five ssc excited baryons in a P -wave state, although

other interpretations are also possible and plausible.
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Figure 84.1: (a) The spectrum of established singly-charmed baryons, with their J P assignments

(where known). In accordance with their isospin, the Àc (…c) lines each correspond to three (two)

charged or neutral states that are nearly degenerate, with the exception of the upper two …c lines

for which only the charged state has been found. Unique flavor SU(3) representations are shown

by various filled and open symbols: The three J P = 3/2+ (J P = 1/2+) lines marked with a filled

square (open circle) fill a ground-state 6 of flavor SU(3); the two J P = 1/2+ (1/2≠ and 3/2≠) lines

marked by a filled circle (open triangles) fill a ground-state (excited-state) 3̄. Fig 84.1(b) shows a

similar spectrum for several known bottom baryons.
P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
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PAVOL ŠTEFKO - HEAVY FLAVOUR SPECTROSCOPY AND EXOTIC STATES AT LHCB

DOUBLY CHARMED BARYON        AT LHCB
4

[PRL 119, 112001 (2017)]
⌅++
cc

❖ In 2002 SELEX collaboration reported observation of           with unexpected properties 
(short lifetime, large production) 

❖ LHCb saw a significant signal in 2016 data (1.7/fb @ 13 TeV) in the mass spectrum         
of                                             at                                                                                      MeV       

❖ Lifetime consistent with weakly decaying baryon, mass in the middle of the prediction 
band, observation also confirmed in 2012 LHCb data 

❖ Mass discrepancy with the SELEX measurement (                          ), too large to be an 
isospin partner, SELEX remains unconfirmed 

[PRL 89, 112001 (2002)]
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Fig. 2. (a) Ξ+
cc → pD+K− mass distribution for right-sign mass combinations. Ver-

tical dashed lines indicate the region of smallest fluctuation probability as described
in the text. (b) wrong-sign events with a pD−K+, scaled by 0.6 as described in the
text. The horizontal line shows a maximum likelihood fit to the occupancy.

cal methods used in the original double charm paper [1] and the event-mixing
method used in Ref. [8]. We set out to test the hypothesis that the back-
ground events in Fig. 2 are random combinatoric tracks associated with real
D+ mesons. To mix events we took a D+ meson in the peak region (Fig. 1) and
combined it with proton and K− tracks extracted from other events. Each D+

was reused 25 times. To compare to the combinatoric background in Fig. 2,
we scale the mixed-event background down for the multiple D+ usage.
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tracks are assigned the kaon mass and positive tracks the
pion mass. As a background check we also kept wrong-
sign combinations in which the mass assignments are re-
versed. A candidate event from the Λ+

c K−π+ sample is
shown in Fig. 1. Further details of the Λ+

c reanalysis may
be found in Ref. [6].
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FIG. 2. (a) The Λ+
c

K−π+ mass distribution in 5 MeV/c2

bins. The shaded region 3.400-3.640 GeV/c2 contains the
signal peak and is shown in more detail in (c). (b) The
wrong-sign combination Λ+

c
K+π− mass distribution in 5

MeV/c2 bins. (c) The signal (shaded) region (22 events) and
sideband mass regions with 162 total events in 2.5 MeV/c2

bins. The fit is a Gaussian plus linear background.

In Fig. 2(a) we plot the invariant mass of the Λ+
c K−π+

system, fixing the Λ+
c mass at 2284.9 MeV/c2 [1]. The

data, plotted in 5 MeV/c2 bins, show a large, narrow
excess at 3520 MeV/c2. This excess is stable for different
bin widths and bin centers. Fig. 2(b) shows the wrong-
sign invariant mass distribution of the Λ+

c K+π− system
with the same binning as in (a). There is no significant
excess.

In Fig. 2(c) the shaded region from (a) is re-plotted
in 2.5 MeV/c2 bins and fit with a maximum likelihood

technique to a Gaussian plus linear background. The
fit has χ2/dof = 0.45, indicating that the background is
linear in this region.

To determine the combinatoric background under the
signal peak we exploit the linearity of the background jus-
tified by the fit. We define symmetric regions of the mass
plot in Fig. 2(c): (i) the signal region (3520± 5MeV/c2)
with 22 events; and (ii) 115 MeV/c2 sideband regions
above and below the signal region, containing 162−22 =
140 events. We estimate the number of expected back-
ground events in the signal region from the sidebands as
140 ∗ 5/(115) = 6.1± 0.5 events. This determination has
a (Gaussian) statistical uncertainty, solely from counting
statistics. The single-bin significance of this signal is the
excess in the signal region divided by the total uncer-
tainty in the background estimate: 15.9/

√
(6.1 + 0.52) =

6.3σ [7]. The Poisson probability of observing at least
this excess, including the Gaussian uncertainty in the
background, is 1.0 × 10−6.

Our reconstruction mass window is 3.2-4.3 GeV/c2

with 110 bins of width 10 MeV/c2 in this interval. The
overall probability of observing an excess at least as large
as the one we see anywhere in the search interval is
1.1 × 10−4.

This state has a fit mass of 3519 ± 1 MeV/c2. Our
expected mass resolution, from a simulation of the decay
Ξ+

cc → Λ+
c K−π+ is ∼ 5 MeV/c2. We observe a Gaus-

sian width of 3 ± 1 MeV/c2, consistent with our simula-
tion. The confidence level for a fit with a Gaussian width
fixed at our expected resolution is 20%. The width we
observe is consistent with statistical fluctuations in this
small sample.

The wrong-sign mass combination is plotted in
Fig. 2(b). Those events show comparable fluctuations
to the sidebands of the signal channel and give no evi-
dence for a significant narrow structure. We have inves-
tigated all possible permutations of mass assignments for
the non-Λ+

c tracks. The peak at 3520 MeV/c2 disappears
for any other mass choice, and no other significant struc-
tures are observed. Reconstructions with events from the
Λ+

c mass sidebands produce relatively few entries and no
significant structures in the doubly charmed baryon re-
gion.

The dependence of the signal significance, as defined
above, on several of the selection cuts is shown in Fig. 3.
The significance depends strongly only on the K−π+ ver-
tex separation. The dependence is driven by a large in-
crease in background at small separations and the ab-
sence of both signal and background events at large sep-
arations. The dependence on the width of the signal
region is stable, only decreasing when made wider than
the mass resolution. All other cuts have been checked;
no significant dependence on any cut has been seen.

A weakly-decaying Ξ+
cc state has two c quark decay

amplitudes plus a W-exchange amplitude for c + d →
s + u. This suggests that its lifetime will be of the order
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[PRL 119, 112001 (2017)]
⌅++
cc

❖ In 2002 SELEX collaboration reported observation of           with unexpected properties 
(short lifetime, large production) 

❖ LHCb saw a significant signal in 2016 data (1.7/fb @ 13 TeV) in the mass spectrum         
of                                             at                                                                                      MeV       

❖ Lifetime consistent with weakly decaying baryon, mass in the middle of the prediction 
band, observation also confirmed in 2012 LHCb data 

❖ Mass discrepancy with the SELEX measurement (                          ), too large to be an 
isospin partner, SELEX remains unconfirmed 

[PRL 89, 112001 (2002)]
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Fig. 2. (a) Ξ+
cc → pD+K− mass distribution for right-sign mass combinations. Ver-

tical dashed lines indicate the region of smallest fluctuation probability as described
in the text. (b) wrong-sign events with a pD−K+, scaled by 0.6 as described in the
text. The horizontal line shows a maximum likelihood fit to the occupancy.

cal methods used in the original double charm paper [1] and the event-mixing
method used in Ref. [8]. We set out to test the hypothesis that the back-
ground events in Fig. 2 are random combinatoric tracks associated with real
D+ mesons. To mix events we took a D+ meson in the peak region (Fig. 1) and
combined it with proton and K− tracks extracted from other events. Each D+

was reused 25 times. To compare to the combinatoric background in Fig. 2,
we scale the mixed-event background down for the multiple D+ usage.
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tracks are assigned the kaon mass and positive tracks the
pion mass. As a background check we also kept wrong-
sign combinations in which the mass assignments are re-
versed. A candidate event from the Λ+

c K−π+ sample is
shown in Fig. 1. Further details of the Λ+

c reanalysis may
be found in Ref. [6].
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FIG. 2. (a) The Λ+
c

K−π+ mass distribution in 5 MeV/c2

bins. The shaded region 3.400-3.640 GeV/c2 contains the
signal peak and is shown in more detail in (c). (b) The
wrong-sign combination Λ+

c
K+π− mass distribution in 5

MeV/c2 bins. (c) The signal (shaded) region (22 events) and
sideband mass regions with 162 total events in 2.5 MeV/c2

bins. The fit is a Gaussian plus linear background.

In Fig. 2(a) we plot the invariant mass of the Λ+
c K−π+

system, fixing the Λ+
c mass at 2284.9 MeV/c2 [1]. The

data, plotted in 5 MeV/c2 bins, show a large, narrow
excess at 3520 MeV/c2. This excess is stable for different
bin widths and bin centers. Fig. 2(b) shows the wrong-
sign invariant mass distribution of the Λ+

c K+π− system
with the same binning as in (a). There is no significant
excess.

In Fig. 2(c) the shaded region from (a) is re-plotted
in 2.5 MeV/c2 bins and fit with a maximum likelihood

technique to a Gaussian plus linear background. The
fit has χ2/dof = 0.45, indicating that the background is
linear in this region.

To determine the combinatoric background under the
signal peak we exploit the linearity of the background jus-
tified by the fit. We define symmetric regions of the mass
plot in Fig. 2(c): (i) the signal region (3520± 5MeV/c2)
with 22 events; and (ii) 115 MeV/c2 sideband regions
above and below the signal region, containing 162−22 =
140 events. We estimate the number of expected back-
ground events in the signal region from the sidebands as
140 ∗ 5/(115) = 6.1± 0.5 events. This determination has
a (Gaussian) statistical uncertainty, solely from counting
statistics. The single-bin significance of this signal is the
excess in the signal region divided by the total uncer-
tainty in the background estimate: 15.9/

√
(6.1 + 0.52) =

6.3σ [7]. The Poisson probability of observing at least
this excess, including the Gaussian uncertainty in the
background, is 1.0 × 10−6.

Our reconstruction mass window is 3.2-4.3 GeV/c2

with 110 bins of width 10 MeV/c2 in this interval. The
overall probability of observing an excess at least as large
as the one we see anywhere in the search interval is
1.1 × 10−4.

This state has a fit mass of 3519 ± 1 MeV/c2. Our
expected mass resolution, from a simulation of the decay
Ξ+

cc → Λ+
c K−π+ is ∼ 5 MeV/c2. We observe a Gaus-

sian width of 3 ± 1 MeV/c2, consistent with our simula-
tion. The confidence level for a fit with a Gaussian width
fixed at our expected resolution is 20%. The width we
observe is consistent with statistical fluctuations in this
small sample.

The wrong-sign mass combination is plotted in
Fig. 2(b). Those events show comparable fluctuations
to the sidebands of the signal channel and give no evi-
dence for a significant narrow structure. We have inves-
tigated all possible permutations of mass assignments for
the non-Λ+

c tracks. The peak at 3520 MeV/c2 disappears
for any other mass choice, and no other significant struc-
tures are observed. Reconstructions with events from the
Λ+

c mass sidebands produce relatively few entries and no
significant structures in the doubly charmed baryon re-
gion.

The dependence of the signal significance, as defined
above, on several of the selection cuts is shown in Fig. 3.
The significance depends strongly only on the K−π+ ver-
tex separation. The dependence is driven by a large in-
crease in background at small separations and the ab-
sence of both signal and background events at large sep-
arations. The dependence on the width of the signal
region is stable, only decreasing when made wider than
the mass resolution. All other cuts have been checked;
no significant dependence on any cut has been seen.

A weakly-decaying Ξ+
cc state has two c quark decay

amplitudes plus a W-exchange amplitude for c + d →
s + u. This suggests that its lifetime will be of the order
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❖ In 2002 SELEX collaboration reported observation of           with unexpected properties 
(short lifetime, large production) 

❖ LHCb saw a significant signal in 2016 data (1.7/fb @ 13 TeV) in the mass spectrum         
of                                             at                                                                                      MeV       

❖ Lifetime consistent with weakly decaying baryon, mass in the middle of the prediction 
band, observation also confirmed in 2012 LHCb data 

❖ Mass discrepancy with the SELEX measurement (                          ), too large to be an 
isospin partner, SELEX remains unconfirmed 

[PRL 89, 112001 (2002)]
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Fig. 2. (a) Ξ+
cc → pD+K− mass distribution for right-sign mass combinations. Ver-

tical dashed lines indicate the region of smallest fluctuation probability as described
in the text. (b) wrong-sign events with a pD−K+, scaled by 0.6 as described in the
text. The horizontal line shows a maximum likelihood fit to the occupancy.

cal methods used in the original double charm paper [1] and the event-mixing
method used in Ref. [8]. We set out to test the hypothesis that the back-
ground events in Fig. 2 are random combinatoric tracks associated with real
D+ mesons. To mix events we took a D+ meson in the peak region (Fig. 1) and
combined it with proton and K− tracks extracted from other events. Each D+

was reused 25 times. To compare to the combinatoric background in Fig. 2,
we scale the mixed-event background down for the multiple D+ usage.
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tracks are assigned the kaon mass and positive tracks the
pion mass. As a background check we also kept wrong-
sign combinations in which the mass assignments are re-
versed. A candidate event from the Λ+

c K−π+ sample is
shown in Fig. 1. Further details of the Λ+

c reanalysis may
be found in Ref. [6].

Ev
en

ts
 /5

 [M
eV

/c
2 ]

Ev
en

ts
 /2

.5
 [M

eV
/c

2 ]

M ( Λc
+K-π+ )  [GeV/c2]

(a)

(b)

(c)

3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0
0

4

8

12

0

4

8

12
3.42 3.47 3.52 3.57 3.62

4.0

0
1
2
3
4
5
6
7
8

FIG. 2. (a) The Λ+
c

K−π+ mass distribution in 5 MeV/c2

bins. The shaded region 3.400-3.640 GeV/c2 contains the
signal peak and is shown in more detail in (c). (b) The
wrong-sign combination Λ+

c
K+π− mass distribution in 5

MeV/c2 bins. (c) The signal (shaded) region (22 events) and
sideband mass regions with 162 total events in 2.5 MeV/c2

bins. The fit is a Gaussian plus linear background.

In Fig. 2(a) we plot the invariant mass of the Λ+
c K−π+

system, fixing the Λ+
c mass at 2284.9 MeV/c2 [1]. The

data, plotted in 5 MeV/c2 bins, show a large, narrow
excess at 3520 MeV/c2. This excess is stable for different
bin widths and bin centers. Fig. 2(b) shows the wrong-
sign invariant mass distribution of the Λ+

c K+π− system
with the same binning as in (a). There is no significant
excess.

In Fig. 2(c) the shaded region from (a) is re-plotted
in 2.5 MeV/c2 bins and fit with a maximum likelihood

technique to a Gaussian plus linear background. The
fit has χ2/dof = 0.45, indicating that the background is
linear in this region.

To determine the combinatoric background under the
signal peak we exploit the linearity of the background jus-
tified by the fit. We define symmetric regions of the mass
plot in Fig. 2(c): (i) the signal region (3520± 5MeV/c2)
with 22 events; and (ii) 115 MeV/c2 sideband regions
above and below the signal region, containing 162−22 =
140 events. We estimate the number of expected back-
ground events in the signal region from the sidebands as
140 ∗ 5/(115) = 6.1± 0.5 events. This determination has
a (Gaussian) statistical uncertainty, solely from counting
statistics. The single-bin significance of this signal is the
excess in the signal region divided by the total uncer-
tainty in the background estimate: 15.9/

√
(6.1 + 0.52) =

6.3σ [7]. The Poisson probability of observing at least
this excess, including the Gaussian uncertainty in the
background, is 1.0 × 10−6.

Our reconstruction mass window is 3.2-4.3 GeV/c2

with 110 bins of width 10 MeV/c2 in this interval. The
overall probability of observing an excess at least as large
as the one we see anywhere in the search interval is
1.1 × 10−4.

This state has a fit mass of 3519 ± 1 MeV/c2. Our
expected mass resolution, from a simulation of the decay
Ξ+

cc → Λ+
c K−π+ is ∼ 5 MeV/c2. We observe a Gaus-

sian width of 3 ± 1 MeV/c2, consistent with our simula-
tion. The confidence level for a fit with a Gaussian width
fixed at our expected resolution is 20%. The width we
observe is consistent with statistical fluctuations in this
small sample.

The wrong-sign mass combination is plotted in
Fig. 2(b). Those events show comparable fluctuations
to the sidebands of the signal channel and give no evi-
dence for a significant narrow structure. We have inves-
tigated all possible permutations of mass assignments for
the non-Λ+

c tracks. The peak at 3520 MeV/c2 disappears
for any other mass choice, and no other significant struc-
tures are observed. Reconstructions with events from the
Λ+

c mass sidebands produce relatively few entries and no
significant structures in the doubly charmed baryon re-
gion.

The dependence of the signal significance, as defined
above, on several of the selection cuts is shown in Fig. 3.
The significance depends strongly only on the K−π+ ver-
tex separation. The dependence is driven by a large in-
crease in background at small separations and the ab-
sence of both signal and background events at large sep-
arations. The dependence on the width of the signal
region is stable, only decreasing when made wider than
the mass resolution. All other cuts have been checked;
no significant dependence on any cut has been seen.

A weakly-decaying Ξ+
cc state has two c quark decay

amplitudes plus a W-exchange amplitude for c + d →
s + u. This suggests that its lifetime will be of the order
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❖ In 2002 SELEX collaboration reported observation of           with unexpected properties 
(short lifetime, large production) 

❖ LHCb saw a significant signal in 2016 data (1.7/fb @ 13 TeV) in the mass spectrum         
of                                             at                                                                                      MeV       

❖ Lifetime consistent with weakly decaying baryon, mass in the middle of the prediction 
band, observation also confirmed in 2012 LHCb data 

❖ Mass discrepancy with the SELEX measurement (                          ), too large to be an 
isospin partner, SELEX remains unconfirmed 
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Fig. 2. (a) Ξ+
cc → pD+K− mass distribution for right-sign mass combinations. Ver-

tical dashed lines indicate the region of smallest fluctuation probability as described
in the text. (b) wrong-sign events with a pD−K+, scaled by 0.6 as described in the
text. The horizontal line shows a maximum likelihood fit to the occupancy.

cal methods used in the original double charm paper [1] and the event-mixing
method used in Ref. [8]. We set out to test the hypothesis that the back-
ground events in Fig. 2 are random combinatoric tracks associated with real
D+ mesons. To mix events we took a D+ meson in the peak region (Fig. 1) and
combined it with proton and K− tracks extracted from other events. Each D+

was reused 25 times. To compare to the combinatoric background in Fig. 2,
we scale the mixed-event background down for the multiple D+ usage.

7

too big for isospin

SE
LE

X:
 P

LB
 6

28
 (2

00
5)

 1
8-

24

tracks are assigned the kaon mass and positive tracks the
pion mass. As a background check we also kept wrong-
sign combinations in which the mass assignments are re-
versed. A candidate event from the Λ+

c K−π+ sample is
shown in Fig. 1. Further details of the Λ+

c reanalysis may
be found in Ref. [6].
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FIG. 2. (a) The Λ+
c

K−π+ mass distribution in 5 MeV/c2

bins. The shaded region 3.400-3.640 GeV/c2 contains the
signal peak and is shown in more detail in (c). (b) The
wrong-sign combination Λ+

c
K+π− mass distribution in 5

MeV/c2 bins. (c) The signal (shaded) region (22 events) and
sideband mass regions with 162 total events in 2.5 MeV/c2

bins. The fit is a Gaussian plus linear background.

In Fig. 2(a) we plot the invariant mass of the Λ+
c K−π+

system, fixing the Λ+
c mass at 2284.9 MeV/c2 [1]. The

data, plotted in 5 MeV/c2 bins, show a large, narrow
excess at 3520 MeV/c2. This excess is stable for different
bin widths and bin centers. Fig. 2(b) shows the wrong-
sign invariant mass distribution of the Λ+

c K+π− system
with the same binning as in (a). There is no significant
excess.

In Fig. 2(c) the shaded region from (a) is re-plotted
in 2.5 MeV/c2 bins and fit with a maximum likelihood

technique to a Gaussian plus linear background. The
fit has χ2/dof = 0.45, indicating that the background is
linear in this region.

To determine the combinatoric background under the
signal peak we exploit the linearity of the background jus-
tified by the fit. We define symmetric regions of the mass
plot in Fig. 2(c): (i) the signal region (3520± 5MeV/c2)
with 22 events; and (ii) 115 MeV/c2 sideband regions
above and below the signal region, containing 162−22 =
140 events. We estimate the number of expected back-
ground events in the signal region from the sidebands as
140 ∗ 5/(115) = 6.1± 0.5 events. This determination has
a (Gaussian) statistical uncertainty, solely from counting
statistics. The single-bin significance of this signal is the
excess in the signal region divided by the total uncer-
tainty in the background estimate: 15.9/

√
(6.1 + 0.52) =

6.3σ [7]. The Poisson probability of observing at least
this excess, including the Gaussian uncertainty in the
background, is 1.0 × 10−6.

Our reconstruction mass window is 3.2-4.3 GeV/c2

with 110 bins of width 10 MeV/c2 in this interval. The
overall probability of observing an excess at least as large
as the one we see anywhere in the search interval is
1.1 × 10−4.

This state has a fit mass of 3519 ± 1 MeV/c2. Our
expected mass resolution, from a simulation of the decay
Ξ+

cc → Λ+
c K−π+ is ∼ 5 MeV/c2. We observe a Gaus-

sian width of 3 ± 1 MeV/c2, consistent with our simula-
tion. The confidence level for a fit with a Gaussian width
fixed at our expected resolution is 20%. The width we
observe is consistent with statistical fluctuations in this
small sample.

The wrong-sign mass combination is plotted in
Fig. 2(b). Those events show comparable fluctuations
to the sidebands of the signal channel and give no evi-
dence for a significant narrow structure. We have inves-
tigated all possible permutations of mass assignments for
the non-Λ+

c tracks. The peak at 3520 MeV/c2 disappears
for any other mass choice, and no other significant struc-
tures are observed. Reconstructions with events from the
Λ+

c mass sidebands produce relatively few entries and no
significant structures in the doubly charmed baryon re-
gion.

The dependence of the signal significance, as defined
above, on several of the selection cuts is shown in Fig. 3.
The significance depends strongly only on the K−π+ ver-
tex separation. The dependence is driven by a large in-
crease in background at small separations and the ab-
sence of both signal and background events at large sep-
arations. The dependence on the width of the signal
region is stable, only decreasing when made wider than
the mass resolution. All other cuts have been checked;
no significant dependence on any cut has been seen.

A weakly-decaying Ξ+
cc state has two c quark decay

amplitudes plus a W-exchange amplitude for c + d →
s + u. This suggests that its lifetime will be of the order
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Fig. 2. (a) Ξ+
cc → pD+K− mass distribution for right-sign mass combinations. Ver-

tical dashed lines indicate the region of smallest fluctuation probability as described
in the text. (b) wrong-sign events with a pD−K+, scaled by 0.6 as described in the
text. The horizontal line shows a maximum likelihood fit to the occupancy.

cal methods used in the original double charm paper [1] and the event-mixing
method used in Ref. [8]. We set out to test the hypothesis that the back-
ground events in Fig. 2 are random combinatoric tracks associated with real
D+ mesons. To mix events we took a D+ meson in the peak region (Fig. 1) and
combined it with proton and K− tracks extracted from other events. Each D+

was reused 25 times. To compare to the combinatoric background in Fig. 2,
we scale the mixed-event background down for the multiple D+ usage.
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PAVOL ŠTEFKO - HEAVY FLAVOUR SPECTROSCOPY AND EXOTIC STATES AT LHCB

DOUBLY CHARMED BARYON        AT LHCB
4

[PRL 119, 112001 (2017)]
⌅++
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❖ In 2002 SELEX collaboration reported observation of           with unexpected properties 
(short lifetime, large production) 

❖ LHCb saw a significant signal in 2016 data (1.7/fb @ 13 TeV) in the mass spectrum         
of                                             at                                                                                      MeV       

❖ Lifetime consistent with weakly decaying baryon, mass in the middle of the prediction 
band, observation also confirmed in 2012 LHCb data 

❖ Mass discrepancy with the SELEX measurement (                          ), too large to be an 
isospin partner, SELEX remains unconfirmed 

[PRL 89, 112001 (2002)]
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Fig. 2. (a) Ξ+
cc → pD+K− mass distribution for right-sign mass combinations. Ver-

tical dashed lines indicate the region of smallest fluctuation probability as described
in the text. (b) wrong-sign events with a pD−K+, scaled by 0.6 as described in the
text. The horizontal line shows a maximum likelihood fit to the occupancy.

cal methods used in the original double charm paper [1] and the event-mixing
method used in Ref. [8]. We set out to test the hypothesis that the back-
ground events in Fig. 2 are random combinatoric tracks associated with real
D+ mesons. To mix events we took a D+ meson in the peak region (Fig. 1) and
combined it with proton and K− tracks extracted from other events. Each D+

was reused 25 times. To compare to the combinatoric background in Fig. 2,
we scale the mixed-event background down for the multiple D+ usage.
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pion mass. As a background check we also kept wrong-
sign combinations in which the mass assignments are re-
versed. A candidate event from the Λ+
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shown in Fig. 1. Further details of the Λ+

c reanalysis may
be found in Ref. [6].
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FIG. 2. (a) The Λ+
c

K−π+ mass distribution in 5 MeV/c2

bins. The shaded region 3.400-3.640 GeV/c2 contains the
signal peak and is shown in more detail in (c). (b) The
wrong-sign combination Λ+

c
K+π− mass distribution in 5

MeV/c2 bins. (c) The signal (shaded) region (22 events) and
sideband mass regions with 162 total events in 2.5 MeV/c2

bins. The fit is a Gaussian plus linear background.

In Fig. 2(a) we plot the invariant mass of the Λ+
c K−π+

system, fixing the Λ+
c mass at 2284.9 MeV/c2 [1]. The

data, plotted in 5 MeV/c2 bins, show a large, narrow
excess at 3520 MeV/c2. This excess is stable for different
bin widths and bin centers. Fig. 2(b) shows the wrong-
sign invariant mass distribution of the Λ+

c K+π− system
with the same binning as in (a). There is no significant
excess.

In Fig. 2(c) the shaded region from (a) is re-plotted
in 2.5 MeV/c2 bins and fit with a maximum likelihood

technique to a Gaussian plus linear background. The
fit has χ2/dof = 0.45, indicating that the background is
linear in this region.

To determine the combinatoric background under the
signal peak we exploit the linearity of the background jus-
tified by the fit. We define symmetric regions of the mass
plot in Fig. 2(c): (i) the signal region (3520± 5MeV/c2)
with 22 events; and (ii) 115 MeV/c2 sideband regions
above and below the signal region, containing 162−22 =
140 events. We estimate the number of expected back-
ground events in the signal region from the sidebands as
140 ∗ 5/(115) = 6.1± 0.5 events. This determination has
a (Gaussian) statistical uncertainty, solely from counting
statistics. The single-bin significance of this signal is the
excess in the signal region divided by the total uncer-
tainty in the background estimate: 15.9/

√
(6.1 + 0.52) =

6.3σ [7]. The Poisson probability of observing at least
this excess, including the Gaussian uncertainty in the
background, is 1.0 × 10−6.

Our reconstruction mass window is 3.2-4.3 GeV/c2

with 110 bins of width 10 MeV/c2 in this interval. The
overall probability of observing an excess at least as large
as the one we see anywhere in the search interval is
1.1 × 10−4.

This state has a fit mass of 3519 ± 1 MeV/c2. Our
expected mass resolution, from a simulation of the decay
Ξ+

cc → Λ+
c K−π+ is ∼ 5 MeV/c2. We observe a Gaus-

sian width of 3 ± 1 MeV/c2, consistent with our simula-
tion. The confidence level for a fit with a Gaussian width
fixed at our expected resolution is 20%. The width we
observe is consistent with statistical fluctuations in this
small sample.

The wrong-sign mass combination is plotted in
Fig. 2(b). Those events show comparable fluctuations
to the sidebands of the signal channel and give no evi-
dence for a significant narrow structure. We have inves-
tigated all possible permutations of mass assignments for
the non-Λ+

c tracks. The peak at 3520 MeV/c2 disappears
for any other mass choice, and no other significant struc-
tures are observed. Reconstructions with events from the
Λ+

c mass sidebands produce relatively few entries and no
significant structures in the doubly charmed baryon re-
gion.

The dependence of the signal significance, as defined
above, on several of the selection cuts is shown in Fig. 3.
The significance depends strongly only on the K−π+ ver-
tex separation. The dependence is driven by a large in-
crease in background at small separations and the ab-
sence of both signal and background events at large sep-
arations. The dependence on the width of the signal
region is stable, only decreasing when made wider than
the mass resolution. All other cuts have been checked;
no significant dependence on any cut has been seen.

A weakly-decaying Ξ+
cc state has two c quark decay

amplitudes plus a W-exchange amplitude for c + d →
s + u. This suggests that its lifetime will be of the order
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Fig. 2. (a) Ξ+
cc → pD+K− mass distribution for right-sign mass combinations. Ver-

tical dashed lines indicate the region of smallest fluctuation probability as described
in the text. (b) wrong-sign events with a pD−K+, scaled by 0.6 as described in the
text. The horizontal line shows a maximum likelihood fit to the occupancy.

cal methods used in the original double charm paper [1] and the event-mixing
method used in Ref. [8]. We set out to test the hypothesis that the back-
ground events in Fig. 2 are random combinatoric tracks associated with real
D+ mesons. To mix events we took a D+ meson in the peak region (Fig. 1) and
combined it with proton and K− tracks extracted from other events. Each D+

was reused 25 times. To compare to the combinatoric background in Fig. 2,
we scale the mixed-event background down for the multiple D+ usage.
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e↵ect. The global p-value is computed by simulating 40 000 background-only pseudoex-289

periments, and determining what fraction of them had a maximum test statistic larger290

than the one observed in data. The resulting combined global significance is 3.1� without291

accounting for systematic uncertainties.292

Three sources of systematic uncertainties are considered when evaluating the combined293

p-values. The first arises from the uncertainty on the relative mass scale between the294

two mass spectra, which is calculated as the squared sum of the uncorrelated systematic295

uncertainties. They are the uncertainties on the ⇤+
c and ⌅+

c mass and the uncertainties296

due to the ⌅+
cc mass models, resulting in an uncertainty of 0.52MeV/c2. The second source297

of systematic uncertainty is due to the potential di↵erence in mass resolution between298

simulation and data, which is estimated to be 1.37MeV/c2 for the ⌅+
cc! ⌅+

c ⇡
�⇡+ decay299

and 0.70MeV/c2 for the ⌅+
cc! ⇤+

c K
�⇡+ decay. The last source of the uncertainty comes300

from the choice of fit model, which is evaluated by simulating 10 000 pseudoexperiments301

and calculating a di↵erence between the generated yield using an alternative mass model302

and the fitted yield using the default mass model. This results in a relative uncertainty in303

the number of signal candidates of 3.1% for the ⌅+
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�⇡+ decay and 3.3% for the304
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❖ In 2002 SELEX collaboration reported observation of           with unexpected properties 
(short lifetime, large production) 

❖ LHCb saw a significant signal in 2016 data (1.7/fb @ 13 TeV) in the mass spectrum         
of                                             at                                                                                      MeV       

❖ Lifetime consistent with weakly decaying baryon, mass in the middle of the prediction 
band, observation also confirmed in 2012 LHCb data 

❖ Mass discrepancy with the SELEX measurement (                          ), too large to be an 
isospin partner, SELEX remains unconfirmed 

[PRL 89, 112001 (2002)]
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Fig. 2. (a) Ξ+
cc → pD+K− mass distribution for right-sign mass combinations. Ver-

tical dashed lines indicate the region of smallest fluctuation probability as described
in the text. (b) wrong-sign events with a pD−K+, scaled by 0.6 as described in the
text. The horizontal line shows a maximum likelihood fit to the occupancy.

cal methods used in the original double charm paper [1] and the event-mixing
method used in Ref. [8]. We set out to test the hypothesis that the back-
ground events in Fig. 2 are random combinatoric tracks associated with real
D+ mesons. To mix events we took a D+ meson in the peak region (Fig. 1) and
combined it with proton and K− tracks extracted from other events. Each D+

was reused 25 times. To compare to the combinatoric background in Fig. 2,
we scale the mixed-event background down for the multiple D+ usage.
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tracks are assigned the kaon mass and positive tracks the
pion mass. As a background check we also kept wrong-
sign combinations in which the mass assignments are re-
versed. A candidate event from the Λ+

c K−π+ sample is
shown in Fig. 1. Further details of the Λ+

c reanalysis may
be found in Ref. [6].
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FIG. 2. (a) The Λ+
c

K−π+ mass distribution in 5 MeV/c2

bins. The shaded region 3.400-3.640 GeV/c2 contains the
signal peak and is shown in more detail in (c). (b) The
wrong-sign combination Λ+

c
K+π− mass distribution in 5

MeV/c2 bins. (c) The signal (shaded) region (22 events) and
sideband mass regions with 162 total events in 2.5 MeV/c2

bins. The fit is a Gaussian plus linear background.

In Fig. 2(a) we plot the invariant mass of the Λ+
c K−π+

system, fixing the Λ+
c mass at 2284.9 MeV/c2 [1]. The

data, plotted in 5 MeV/c2 bins, show a large, narrow
excess at 3520 MeV/c2. This excess is stable for different
bin widths and bin centers. Fig. 2(b) shows the wrong-
sign invariant mass distribution of the Λ+

c K+π− system
with the same binning as in (a). There is no significant
excess.

In Fig. 2(c) the shaded region from (a) is re-plotted
in 2.5 MeV/c2 bins and fit with a maximum likelihood

technique to a Gaussian plus linear background. The
fit has χ2/dof = 0.45, indicating that the background is
linear in this region.

To determine the combinatoric background under the
signal peak we exploit the linearity of the background jus-
tified by the fit. We define symmetric regions of the mass
plot in Fig. 2(c): (i) the signal region (3520± 5MeV/c2)
with 22 events; and (ii) 115 MeV/c2 sideband regions
above and below the signal region, containing 162−22 =
140 events. We estimate the number of expected back-
ground events in the signal region from the sidebands as
140 ∗ 5/(115) = 6.1± 0.5 events. This determination has
a (Gaussian) statistical uncertainty, solely from counting
statistics. The single-bin significance of this signal is the
excess in the signal region divided by the total uncer-
tainty in the background estimate: 15.9/

√
(6.1 + 0.52) =

6.3σ [7]. The Poisson probability of observing at least
this excess, including the Gaussian uncertainty in the
background, is 1.0 × 10−6.

Our reconstruction mass window is 3.2-4.3 GeV/c2

with 110 bins of width 10 MeV/c2 in this interval. The
overall probability of observing an excess at least as large
as the one we see anywhere in the search interval is
1.1 × 10−4.

This state has a fit mass of 3519 ± 1 MeV/c2. Our
expected mass resolution, from a simulation of the decay
Ξ+

cc → Λ+
c K−π+ is ∼ 5 MeV/c2. We observe a Gaus-

sian width of 3 ± 1 MeV/c2, consistent with our simula-
tion. The confidence level for a fit with a Gaussian width
fixed at our expected resolution is 20%. The width we
observe is consistent with statistical fluctuations in this
small sample.

The wrong-sign mass combination is plotted in
Fig. 2(b). Those events show comparable fluctuations
to the sidebands of the signal channel and give no evi-
dence for a significant narrow structure. We have inves-
tigated all possible permutations of mass assignments for
the non-Λ+

c tracks. The peak at 3520 MeV/c2 disappears
for any other mass choice, and no other significant struc-
tures are observed. Reconstructions with events from the
Λ+

c mass sidebands produce relatively few entries and no
significant structures in the doubly charmed baryon re-
gion.

The dependence of the signal significance, as defined
above, on several of the selection cuts is shown in Fig. 3.
The significance depends strongly only on the K−π+ ver-
tex separation. The dependence is driven by a large in-
crease in background at small separations and the ab-
sence of both signal and background events at large sep-
arations. The dependence on the width of the signal
region is stable, only decreasing when made wider than
the mass resolution. All other cuts have been checked;
no significant dependence on any cut has been seen.

A weakly-decaying Ξ+
cc state has two c quark decay

amplitudes plus a W-exchange amplitude for c + d →
s + u. This suggests that its lifetime will be of the order
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Fig. 2. (a) Ξ+
cc → pD+K− mass distribution for right-sign mass combinations. Ver-

tical dashed lines indicate the region of smallest fluctuation probability as described
in the text. (b) wrong-sign events with a pD−K+, scaled by 0.6 as described in the
text. The horizontal line shows a maximum likelihood fit to the occupancy.

cal methods used in the original double charm paper [1] and the event-mixing
method used in Ref. [8]. We set out to test the hypothesis that the back-
ground events in Fig. 2 are random combinatoric tracks associated with real
D+ mesons. To mix events we took a D+ meson in the peak region (Fig. 1) and
combined it with proton and K− tracks extracted from other events. Each D+

was reused 25 times. To compare to the combinatoric background in Fig. 2,
we scale the mixed-event background down for the multiple D+ usage.
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e↵ect. The global p-value is computed by simulating 40 000 background-only pseudoex-289

periments, and determining what fraction of them had a maximum test statistic larger290

than the one observed in data. The resulting combined global significance is 3.1� without291

accounting for systematic uncertainties.292

Three sources of systematic uncertainties are considered when evaluating the combined293

p-values. The first arises from the uncertainty on the relative mass scale between the294

two mass spectra, which is calculated as the squared sum of the uncorrelated systematic295

uncertainties. They are the uncertainties on the ⇤+
c and ⌅+

c mass and the uncertainties296

due to the ⌅+
cc mass models, resulting in an uncertainty of 0.52MeV/c2. The second source297

of systematic uncertainty is due to the potential di↵erence in mass resolution between298

simulation and data, which is estimated to be 1.37MeV/c2 for the ⌅+
cc! ⌅+

c ⇡
�⇡+ decay299

and 0.70MeV/c2 for the ⌅+
cc! ⇤+

c K
�⇡+ decay. The last source of the uncertainty comes300

from the choice of fit model, which is evaluated by simulating 10 000 pseudoexperiments301

and calculating a di↵erence between the generated yield using an alternative mass model302

and the fitted yield using the default mass model. This results in a relative uncertainty in303

the number of signal candidates of 3.1% for the ⌅+
cc! ⌅+

c ⇡
�⇡+ decay and 3.3% for the304
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DOUBLY CHARMED BARYON        AT LHCB
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[PRL 119, 112001 (2017)]
⌅++
cc

❖ In 2002 SELEX collaboration reported observation of           with unexpected properties 
(short lifetime, large production) 

❖ LHCb saw a significant signal in 2016 data (1.7/fb @ 13 TeV) in the mass spectrum         
of                                             at                                                                                      MeV       

❖ Lifetime consistent with weakly decaying baryon, mass in the middle of the prediction 
band, observation also confirmed in 2012 LHCb data 

❖ Mass discrepancy with the SELEX measurement (                          ), too large to be an 
isospin partner, SELEX remains unconfirmed 

[PRL 89, 112001 (2002)]
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Fig. 2. (a) Ξ+
cc → pD+K− mass distribution for right-sign mass combinations. Ver-

tical dashed lines indicate the region of smallest fluctuation probability as described
in the text. (b) wrong-sign events with a pD−K+, scaled by 0.6 as described in the
text. The horizontal line shows a maximum likelihood fit to the occupancy.

cal methods used in the original double charm paper [1] and the event-mixing
method used in Ref. [8]. We set out to test the hypothesis that the back-
ground events in Fig. 2 are random combinatoric tracks associated with real
D+ mesons. To mix events we took a D+ meson in the peak region (Fig. 1) and
combined it with proton and K− tracks extracted from other events. Each D+

was reused 25 times. To compare to the combinatoric background in Fig. 2,
we scale the mixed-event background down for the multiple D+ usage.

7

SELEX 2005

SE
LE

X:
 P

LB
 6

28
 (2

00
5)

 1
8-

24

tracks are assigned the kaon mass and positive tracks the
pion mass. As a background check we also kept wrong-
sign combinations in which the mass assignments are re-
versed. A candidate event from the Λ+

c K−π+ sample is
shown in Fig. 1. Further details of the Λ+

c reanalysis may
be found in Ref. [6].

Ev
en

ts
 /5

 [M
eV

/c
2 ]

Ev
en

ts
 /2

.5
 [M

eV
/c

2 ]

M ( Λc
+K-π+ )  [GeV/c2]

(a)

(b)

(c)

3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0
0

4

8

12

0

4

8

12
3.42 3.47 3.52 3.57 3.62

4.0

0
1
2
3
4
5
6
7
8

FIG. 2. (a) The Λ+
c

K−π+ mass distribution in 5 MeV/c2

bins. The shaded region 3.400-3.640 GeV/c2 contains the
signal peak and is shown in more detail in (c). (b) The
wrong-sign combination Λ+

c
K+π− mass distribution in 5

MeV/c2 bins. (c) The signal (shaded) region (22 events) and
sideband mass regions with 162 total events in 2.5 MeV/c2

bins. The fit is a Gaussian plus linear background.

In Fig. 2(a) we plot the invariant mass of the Λ+
c K−π+

system, fixing the Λ+
c mass at 2284.9 MeV/c2 [1]. The

data, plotted in 5 MeV/c2 bins, show a large, narrow
excess at 3520 MeV/c2. This excess is stable for different
bin widths and bin centers. Fig. 2(b) shows the wrong-
sign invariant mass distribution of the Λ+

c K+π− system
with the same binning as in (a). There is no significant
excess.

In Fig. 2(c) the shaded region from (a) is re-plotted
in 2.5 MeV/c2 bins and fit with a maximum likelihood

technique to a Gaussian plus linear background. The
fit has χ2/dof = 0.45, indicating that the background is
linear in this region.

To determine the combinatoric background under the
signal peak we exploit the linearity of the background jus-
tified by the fit. We define symmetric regions of the mass
plot in Fig. 2(c): (i) the signal region (3520± 5MeV/c2)
with 22 events; and (ii) 115 MeV/c2 sideband regions
above and below the signal region, containing 162−22 =
140 events. We estimate the number of expected back-
ground events in the signal region from the sidebands as
140 ∗ 5/(115) = 6.1± 0.5 events. This determination has
a (Gaussian) statistical uncertainty, solely from counting
statistics. The single-bin significance of this signal is the
excess in the signal region divided by the total uncer-
tainty in the background estimate: 15.9/

√
(6.1 + 0.52) =

6.3σ [7]. The Poisson probability of observing at least
this excess, including the Gaussian uncertainty in the
background, is 1.0 × 10−6.

Our reconstruction mass window is 3.2-4.3 GeV/c2

with 110 bins of width 10 MeV/c2 in this interval. The
overall probability of observing an excess at least as large
as the one we see anywhere in the search interval is
1.1 × 10−4.

This state has a fit mass of 3519 ± 1 MeV/c2. Our
expected mass resolution, from a simulation of the decay
Ξ+

cc → Λ+
c K−π+ is ∼ 5 MeV/c2. We observe a Gaus-

sian width of 3 ± 1 MeV/c2, consistent with our simula-
tion. The confidence level for a fit with a Gaussian width
fixed at our expected resolution is 20%. The width we
observe is consistent with statistical fluctuations in this
small sample.

The wrong-sign mass combination is plotted in
Fig. 2(b). Those events show comparable fluctuations
to the sidebands of the signal channel and give no evi-
dence for a significant narrow structure. We have inves-
tigated all possible permutations of mass assignments for
the non-Λ+

c tracks. The peak at 3520 MeV/c2 disappears
for any other mass choice, and no other significant struc-
tures are observed. Reconstructions with events from the
Λ+

c mass sidebands produce relatively few entries and no
significant structures in the doubly charmed baryon re-
gion.

The dependence of the signal significance, as defined
above, on several of the selection cuts is shown in Fig. 3.
The significance depends strongly only on the K−π+ ver-
tex separation. The dependence is driven by a large in-
crease in background at small separations and the ab-
sence of both signal and background events at large sep-
arations. The dependence on the width of the signal
region is stable, only decreasing when made wider than
the mass resolution. All other cuts have been checked;
no significant dependence on any cut has been seen.

A weakly-decaying Ξ+
cc state has two c quark decay

amplitudes plus a W-exchange amplitude for c + d →
s + u. This suggests that its lifetime will be of the order
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PENTAQUARK UPDATE

Written February 2006 by G. Trilling (LBNL).

In 2003, the field of baryon spectroscopy was almost revo-

lutionized by experimental evidence for the existence of baryon

states constructed from five quarks (actually four quarks and

an antiquark) rather than the usual three quarks. In a 1997

paper [1], considering only u, d, and s quarks, Diakonov et

al. proposed the existence of a low-mass anti-decuplet of pen-

taquark baryons, with spin 1/2 and even parity, and provided

specific estimates for the masses and widths. In particular, they

predicted an exotic positive-strangeness baryon, Θ+, consisting

of the quark combination uudds, with a mass of about 1530

MeV and a width of 15 MeV or less. In 2003, from an analysis

of γn → nK+K− data taken in 2000–2001 at the LEPS facility

in Japan, Nakano et al. reported the observation of a narrow

nK+ peak at a mass of 1540 MeV, with a quoted significance of

4.6 standard deviations (σ). (See Data Listings and references

for the Θ(1540)+ following this note.)

This remarkable result was followed, over the next year,

by reports from nine other experiments, all different and each

claiming to observe a narrow nK+ or pK0 peak at a mass

between 1522 and 1555 MeV, with a confidence level of 4 σ or

more. Half of these signals came from photoproduction exper-

iments (with incident real or virtual photons), and the others

came from other production processes at a variety of energies.

As remarked below, there were questions about some of these

observations; but, given the weight of positive supporting ev-

idence reported by early 2004, this Review assigned a 3-star

status to the Θ+ in its 2004 edition.

Further evidence in support of pentaquark states seemed to

come from the claimed observations of a doubly-charged ssddu

state at 1862 MeV, and a neutral uuddc state at 3099 MeV.

(See Data Listings and references for the Φ(1860) and Θc(3100)0

following this note.) However, there has been no confirmation

of either of these states, with several subsequently reported

high-statistics searches showing zero signal. There is thus no

credible evidence that either of these positive observations is

CITATION: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.lbl.gov)

July 27, 2006 11:28

– 4–

In all fairness, it should be mentioned that, in a September

2005 preprint [3], the SVD-2 Collaboration claimed to confirm

its earlier positive Θ+ observation at the level of 8 σ. However,

with the very same incident 70 GeV proton beam interacting

with a carbon rather than a silicon target, the SPHINX Collab-

oration [Antipov et al.], with comparable statistics, observes no

Θ+ signal.

To summarize, with the exception described in the previous

paragraph, there has not been a high-statistics confirmation of

any of the original experiments that claimed to see the Θ+;

there have been two high-statistics repeats from Jefferson Lab

that have clearly shown the original positive claims in those

two cases to be wrong; there have been a number of other high-

statistics experiments, none of which have found any evidence

for the Θ+; and all attempts to confirm the two other claimed

pentaquark states have led to negative results. The conclusion

that pentaquarks in general, and the Θ+, in particular, do not

exist, appears compelling.

It is perhaps useful to comment on how it is that so much

apparent statistical strength was claimed for a set of results

that, in retrospect, do not appear to be correct. One obvious

problem was the large variation in the locations of the observed

mass peaks (∼30 MeV) for what had to be a very narrow reso-

nance; thus, the various experiments were not truly confirming

one another. Another concern arises from the uncertainties in

background shapes which perhaps were not adequately reflected

in the large confidence levels claimed. Other technical problems

may have involved resonance reflections and “ghost tracks.”

The main issue, however, concerns the burden of proof required

in the confirmation of a major new discovery. Here, “burden”

applies solely to the work of the confirming authors, indepen-

dently of the existence of a discovery paper. Should the burden

be as high as for the discovery itself? What should be the bur-

den if there have already been several claimed confirmations? It

seems unlikely to us that some of the confirming results for the

Θ+ would have been published had there not been a discovery

claim already on the table. We believe that the burden of proof

for the confirmation of an important new result should be about

July 27, 2006 11:28
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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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Written March 2016 by M. Karliner (Tel Aviv U.), T. Skwarnicki (Syracuse U.)

Experimental searches for pentaquark hadrons comprised of light flavors have a long
and vivid history. No undisputed candidates have been found in 50 years. The first wave
of observations of pentaquark candidates containing a strange antiquark occurred in the
early seventies, see e.g. a review in the 1976 edition of Particle Data Group listings
for Z0(1780), Z0(1865) and Z1(1900) [1]. The last mention of these candidates can be
found in the 1992 edition [2] with the perhaps prophetic comment “the results permit no
definite conclusion - the same story for 20 years. [...] The skepticism about baryons not
made of three quarks, and lack of any experimental activity in this area, make it likely
that another 20 years will pass before the issue is decided.” A decade later, a second
wave of observations occurred, possibly motivated by specific theoretical predictions for
their existence [3–5]. The evidence for pentaquarks was based on observations of peaks
in the invariant mass distributions of their decay products. More data, or more sensitive
experiments did not confirm these claims [6]. In the last mention of the best known
candidate from that period, Θ(1540)+, the 2006 Particle Data Group listing [7] included
a statement: “The conclusion that pentaquarks in general, and that Θ+, in particular, do
not exist, appears compelling.” which well reflected the prevailing mood in the particle
physics community until a study of Λ0

b → JψpK− (Jψ → µ+µ−) decays by LHCb [8](
charge conjugate modes are implied). In addition to many excitations of the Λ baryon
(hereafter denoted as Λ∗ resonances) decaying to K−p, these data contain a narrow peak
in the Jψp mass distribution, which is evident as a horizontal band in the Dalitz plot
(Fig. 105.1).

An amplitude analysis was performed to clarify the nature of this band that followed
in the footsteps of a similar analysis of B̄0 → ψ(2S)π+K− (ψ(2S) → µ+µ−) performed
by the LHCb a year earlier in which the Z(4430)+ tetraquark candidate [9] was
confirmed and the resonant character of its amplitude was demonstrated by an Argand
diagram [10]. The final states are very similar, with π+ being replaced by p. The signal
statistics, 26 000 ± 166, and the background level, 5.4%, are also very comparable. The
quasi-two-body amplitude model was constructed based on an isobar approximation (i.e.
summing up Breit-Wigner amplitudes) and helicity formalism to parameterize dynamics
of contributing decay processes. The amplitude fit spanned a kinematically complete,
six-dimensional space of independent kinematic variables. All six dimensions of Λb decay
kinematics were used in the amplitude fit, including invariant masses of K−p (mKp) and
Jψp, (mJψp) helicity angles (θ) of Λb, Jψ, Λ∗ or pentaquark candidate P+

c → Jψp, and
angles between decay planes of the particles. Fourteen reasonably well established Λ∗

resonances were considered with masses and widths fixed to the values listed in 2014 PDG
edition [11], and varied within their uncertainties when evaluating systematic errors.
Their helicity couplings (1-6 complex numbers per resonance) were determined from the
fit to the data. It was found that the Λ∗ contributions alone failed to describe the data
and it was necessary to add two exotic P+

c → Jψp contributions to the matrix element
(10 free parameters per resonance), before the narrow structure seen in mJψp could be
reasonably well reproduced, as illustrated in Fig. 105.2.

The lower mass state, Pc(4380)+, has a fitted mass of 4380 ± 8 ± 29 MeV, width of
205 ± 18 ± 86 MeV, fit fraction of 8.4 ± 0.7 ± 4.2 % and significance of 9σ. The higher

M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)
June 5, 2018 20:08

LHCb: PRL 115 (2015) 072001Λ0
b → J/ψK−p

https://inspirehep.net/literature/1382595
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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

1st June, 2020 8:31am

2 85. Pentaquarks

1

10

210

)4
0.

04
5 

G
eV

×
C

an
di

da
te

s/
(0

.1
05

2 2.5 3 3.5 4 4.5 5 5.5 6 6.5
]2 [GeV2

Kpm

16

18

20

22

24

26

]2
 [G

eV
2

p
ψ

J/
m

LHCb

Figure 85.1: Dalitz plot distributions for »0
b æ J/Â pK≠ decays as observed by LHCb.

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

1st June, 2020 8:31am
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Figure 85.1: Dalitz plot distributions for »0
b æ J/Â pK≠ decays as observed by LHCb.

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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Written March 2016 by M. Karliner (Tel Aviv U.), T. Skwarnicki (Syracuse U.)

Experimental searches for pentaquark hadrons comprised of light flavors have a long
and vivid history. No undisputed candidates have been found in 50 years. The first wave
of observations of pentaquark candidates containing a strange antiquark occurred in the
early seventies, see e.g. a review in the 1976 edition of Particle Data Group listings
for Z0(1780), Z0(1865) and Z1(1900) [1]. The last mention of these candidates can be
found in the 1992 edition [2] with the perhaps prophetic comment “the results permit no
definite conclusion - the same story for 20 years. [...] The skepticism about baryons not
made of three quarks, and lack of any experimental activity in this area, make it likely
that another 20 years will pass before the issue is decided.” A decade later, a second
wave of observations occurred, possibly motivated by specific theoretical predictions for
their existence [3–5]. The evidence for pentaquarks was based on observations of peaks
in the invariant mass distributions of their decay products. More data, or more sensitive
experiments did not confirm these claims [6]. In the last mention of the best known
candidate from that period, Θ(1540)+, the 2006 Particle Data Group listing [7] included
a statement: “The conclusion that pentaquarks in general, and that Θ+, in particular, do
not exist, appears compelling.” which well reflected the prevailing mood in the particle
physics community until a study of Λ0

b → JψpK− (Jψ → µ+µ−) decays by LHCb [8](
charge conjugate modes are implied). In addition to many excitations of the Λ baryon
(hereafter denoted as Λ∗ resonances) decaying to K−p, these data contain a narrow peak
in the Jψp mass distribution, which is evident as a horizontal band in the Dalitz plot
(Fig. 105.1).

An amplitude analysis was performed to clarify the nature of this band that followed
in the footsteps of a similar analysis of B̄0 → ψ(2S)π+K− (ψ(2S) → µ+µ−) performed
by the LHCb a year earlier in which the Z(4430)+ tetraquark candidate [9] was
confirmed and the resonant character of its amplitude was demonstrated by an Argand
diagram [10]. The final states are very similar, with π+ being replaced by p. The signal
statistics, 26 000 ± 166, and the background level, 5.4%, are also very comparable. The
quasi-two-body amplitude model was constructed based on an isobar approximation (i.e.
summing up Breit-Wigner amplitudes) and helicity formalism to parameterize dynamics
of contributing decay processes. The amplitude fit spanned a kinematically complete,
six-dimensional space of independent kinematic variables. All six dimensions of Λb decay
kinematics were used in the amplitude fit, including invariant masses of K−p (mKp) and
Jψp, (mJψp) helicity angles (θ) of Λb, Jψ, Λ∗ or pentaquark candidate P+

c → Jψp, and
angles between decay planes of the particles. Fourteen reasonably well established Λ∗

resonances were considered with masses and widths fixed to the values listed in 2014 PDG
edition [11], and varied within their uncertainties when evaluating systematic errors.
Their helicity couplings (1-6 complex numbers per resonance) were determined from the
fit to the data. It was found that the Λ∗ contributions alone failed to describe the data
and it was necessary to add two exotic P+

c → Jψp contributions to the matrix element
(10 free parameters per resonance), before the narrow structure seen in mJψp could be
reasonably well reproduced, as illustrated in Fig. 105.2.

The lower mass state, Pc(4380)+, has a fitted mass of 4380 ± 8 ± 29 MeV, width of
205 ± 18 ± 86 MeV, fit fraction of 8.4 ± 0.7 ± 4.2 % and significance of 9σ. The higher

M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)
June 5, 2018 20:08
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Revised September 2019 by M. Karliner (Tel Aviv U.) and T. Skwarnicki (Syracuse U.).
Experimental searches for pentaquark hadrons comprised of light flavors have a long and vivid

history. No undisputed candidates have been found in 50 years. The first wave of observations of
pentaquark candidates containing a strange antiquark occurred in the early seventies, see e.g. a
review in the 1976 edition of Particle Data Group listings for Z0(1780), Z0(1865) and Z1(1900) [1].
The last mention of these candidates can be found in the 1992 edition [2] with the perhaps prophetic
comment “the results permit no definite conclusion - the same story for 20 years. [...] The skepticism
about baryons not made of three quarks, and lack of any experimental activity in this area, make it
likely that another 20 years will pass before the issue is decided.” A decade later, a second wave of
observations occurred, possibly motivated by specific theoretical predictions for their existence [3–5].
The evidence for pentaquarks was based on observations of peaks in the invariant mass distributions
of their decay products. More data, or more sensitive experiments did not confirm these claims [6].
In the last mention of the best known candidate from that period, «(1540)+, the 2006 Particle
Data Group listing [7] included a statement: “The conclusion that pentaquarks in general, and that
«+, in particular, do not exist, appears compelling.” which well reflected the prevailing mood in
the particle physics community until a study of »0

b æ J/Â pK≠ (J/Â æ µ+µ≠) decays by LHCb [8]
(charge conjugate modes are implied). From an analysis of 3 fb≠1 Run 1 data at 7 and 8 TeV at the
LHC, the LHCb collaboration reported a significant J/Â p structure in »0

b æ J/Â pK≠ decays [8].
The exotic character of this structure, with the minimal quark content of uudcc̄, was demonstrated
in a nearly model-independent way in Ref. [9], where it was shown that the J/Â p mass (mJ/Â p) peak
near 4450 MeV was too narrow to be accounted for by »ú æ pK≠ reflections (»ú denotes a generic
» excitation), reinforcing the results from the earlier model-dependent six-dimensional amplitude
analysis of invariant masses and decay angles describing the »0

b decay in the same data [8]. Even
though not apparent from the mJ/Â p distribution, the amplitude analysis also required a second
broad J/Â p state to obtain a good description of the data, which peaked at 4380 ± 8 ± 29 MeV with
a width of 205 ± 18 ± 86 MeV and a fit fraction of (8.4 ± 0.7 ± 4.2)%.

The LHCb 6 fb≠1 Run 2 LHC data at 13 TeV, together with the improvements in the data
selection for both runs, resulted in a nine-fold increase in the number of reconstructed »0

b æ
J/Â pK≠ decays [10]. When fit with the same six-dimensional amplitude model, the enlarged data
sample gives consistent results for the Pc(4450)+ and Pc(4380)+ parameters, corroborating the
compatibility of the data samples. However, the two-state interpretation of the data is contradicted
by the observation of new narrow J/Â p structures which are too faint to have been significant in
the Run 1 data analysis. Second horizontal band is observed in the Dalitz plot (Fig. 85.1) near
4312 MeV in the J/Â p mass. The 4450 MeV structure also appears to consist of two narrower
peaks at 4440 and 4457 MeV. Performing a rigorous six-dimensional amplitude analysis of these
faint J/Â p structures is challenging and has not been accomplished yet. Fortunately, the newly
observed peaks are so narrow that it is not necessary to construct an amplitude model to prove
that these states are not artifacts of interfering »ú resonances, as was previously demonstrated in
Ref. [9]. Their masses and widths have been characterized by the LHCb (see Table 85.1) from
one-dimensional fits to J/Â p mass distributions, with di�erent levels of suppression of the »ú

contributions, which peak at the lower pK≠ masses (Fig. 85.1). Such analysis is not sensitive to
any broad J/Â p contributions like Pc(4380)+. The histograms analyzed by the LHCb are available
in tabular form at https://www.hepdata.net/record/89271.

The fit chosen by the LHCb for the central mass and width values is displayed in Fig. 85.2.
The Pc(4312)+ state peaks right below the À+

c D0 threshold and has statistical significance over

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
1st June, 2020 8:31am

LHCb: PRL 122 (2019) 22, 222001
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10th International Workshop On Charm Physics

Amplitude analysis and model-independent studies of B+ ! D+D�K+ decays

The projection of candidates in Dalitz plot for the signal window (run II data)
Phys. Rev. D102 (2020) 112003
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FIG. 9. The c(0)i and s(0)i measured in this work (red dots with error bars), the expected values from Ref. [42] (blue open circles) as well
as CLEO results (green open squares with error bars) in Ref. [23]. The top plots are from the equal ��D binning, the middle plots from the
optimal binning and plots from the modified optimal binning scheme are on the bottom. The circle indicates the boundary of the physical
region c(0)2i + s(0)2i = 1.
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FIG. 1. The (left) equal ��D , (middle) optimal and (right) modified optimal binnings of the D ! K0
S,L⇡

+⇡� Dalitz plot from Ref. [23].
The color scale represents the absolute value of the bin number |i|.

to include decays where the tag D meson decays to a self-
conjugate final state rather than a CP eigenstate, assuming
that the CP -even fraction, FCP , is known. The number of
events observed in the ith bin, Mi, where the tag D meson
decays to a self-conjugate final state is then given by

Mi = hCP (Ki � (2FCP � 1)2ci
p
KiK�i +K�i), (7)

where hCP is a normalization factor. The value of FCP is 1
for CP -even tags and 0 for CP -odd tags. This parameteriza-
tion is valuable since it allows for final states with very high or
very low CP -even fractions to be used to provide sensitivity
to the ci parameters. A good example of such a decay is the
mode D ! ⇡+⇡�⇡0 where the fractional CP -even content
is measured to be F⇡⇡⇡0

CP = 0.973± 0.017 [26].
However, from Eq. (4), the sign of ��D is undetermined if

only the values of ci are known from the CP -tagged D !
K0

S⇡
+⇡� decay. Important additional information can be

gained to determine the si parameters by studying the Dalitz
plot distributions where both D mesons decay to K0

S⇡
+⇡�.

The amplitude of the  (3770) decay is in this case given by

f(m2
+,m

2
�,m

2†
+ ,m2†

� )

=
fD(m2

+,m
2
�)fD(m2†

� ,m2†
+ )� fD(m2†

+ ,m2†
� )fD(m2

�,m
2
+)p

2
,

(8)

where the use of the 0†0 symbol differentiates the Dalitz plot
coordinates of the two D ! K0

S⇡
+⇡� decays. The variable

Mij is defined as the event yield observed in the ith bin of the
first and the jth bin of the second D ! K0

S⇡
+⇡� Dalitz plot,

and is given by

Mij =hcorr[KiK�j +K�iKj

�2
p
KiK�jK�iKj(cicj + sisj)], (9)

where hcorr is a normalization factor. Equation (9) is not sen-
sitive to the sign of si, however, this ambiguity can be resolved
using a weak model assumption.

In order to improve the precision of the ci and si parame-
ters it is useful to increase the possible tags to include D !
K0

L⇡
+⇡� which is closely related to the D ! K0

S⇡
+⇡�

decay. The convention A(D0 ! K0
S⇡

+⇡�) = A(D̄0 !
K0

S⇡
�⇡+) is used, making the good approximation that the

K0
S meson is CP -even. Similarly, it follows that A(D0 !

K0
L⇡

+⇡�) = �A(D̄0 ! K0
L⇡

�⇡+). Hence, where the
D ! K0

L⇡
+⇡� is used as the signal decay, and the tag is a

self-conjugate final state, the observed event yield M 0
i is given

by

M 0
i = h0

CP (K
0
i + (2FCP � 1)2ci

q
K 0

iK
0
�i +K 0

�i), (10)

where K 0
i and c0i are associated to the D ! K0

L⇡
+⇡� de-

cay. The event yield M 0
ij , corresponding to the yield of events

where the D ! K0
S⇡

+⇡� decay is observed in the ith bin and
the D ! K0

L⇡
+⇡� decay is observed in the jth bin, is given

by

M 0
ij =h0

corr[KiK
0
�j +K�iK

0
j

+2
q
KiK 0

�jK�iK 0
j(cic

0
j + sis

0
j)], (11)

where s0i is the amplitude-weighted average sine of the strong-
phase difference for the D ! K0

L⇡
+⇡� decay.

In Eqs. (7), (9), (10) and (11), the normalization factors
h(0)
CP and h(0)

corr can be related to the yields of reconstruct-
ed signal and tag final states, the reconstruction efficiencies,
and the number of neutral D-meson pairs NDD̄ produced
in the data set, with h(0)

CP = SCP /2SFT(0) ⇥ ✏K
0
S(L)⇡

+⇡�
,

hcorr = NDD̄/(2S2
FT) ⇥ ✏K

0
S⇡+⇡�vs.K0

S⇡+⇡�
and h0

corr =

NDD̄/(SFTS0
FT) ⇥ ✏K

0
S⇡+⇡�vs.K0

L⇡+⇡�
. Here SCP is the

yield of events in which one charm meson is reconstruct-
ed as the CP -tag where no requirement is placed on the
decay of the other charm meson, and SFT(0) refers to the
analogous quantity summed over flavor-tagged decays that
are used in the determination of K(0)

i . The effective effi-
ciency for detecting the D ! K0

S(L)⇡
+⇡� decay recoiling

against the particular CP -tag under consideration, is defined

Input to CPV in  and CPV + mixing in 
charm itself. 

(note that even model-independent methods rely on models - 
the better the model, the higher the statistical precision).
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 track the ingredients we include in our model! 

parameters have physical meaning: resonance masses and coupling constants 

Triple-M

depart from a fundamental theory  ChPT Lagrangian

D+ ! K�K+K+

of SU(3) mesons. ChPT is fully suited for describing these effective processes. The primary

weak decay is then followed by purely hadronic final state interactions (FSIs), in which the

mesons produced initially rescatter in many different ways, before being detected. The decay

D+ → K−K+K+ is doubly-Cabibbo-suppressed and any model describing it should involve

a combination of these two parts, as suggested by Fig.1.
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FIG. 1: Amplitude T for D+ → K−K+K+: (a) primary weak vertex; (b) weak vertex dressed by

final state interactions, the full line is the D, dashed lines are pseudoscalars.

In this work we allow for the coupling of intermediate states and, within the (2 + 1)

approximation, final state interactions are always associated with loops describing two-

meson propagators. This provides a topological criterion for distinguishing the primary

weak vertex from FSIs, namely that the former is represented by tree diagrams and the

latter by a series with any number of loops. Each of these loops is multiplied by a tree-level

scattering amplitude K and, schematically, this allows the decay amplitude T to be written

as

T = (weak tree) ×
[

1 + (loop×K) + (loop×K)2 + (loop×K)3 + · · ·
]

. (2)

The term within square brackets involves strong interactions only and represents a geometric

series for the FSIs, which can be summed. Denoting this sum by S, one has S = 1/[1 −

(loop×K)], which corresponds to the model prediction for the resonance line shape.
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FIG. 2: Competing topologies for the decay D+ → K−K+K+; the pair P aP b is produced either

after (a) or before (b) the weak interaction.
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 hypothesis that annihilation is dominant  

of SU(3) mesons. ChPT is fully suited for describing these effective processes. The primary

weak decay is then followed by purely hadronic final state interactions (FSIs), in which the

mesons produced initially rescatter in many different ways, before being detected. The decay

D+ → K−K+K+ is doubly-Cabibbo-suppressed and any model describing it should involve

a combination of these two parts, as suggested by Fig.1.

K

K

K

+

+

−

3

2

1

K

K

K

+

+

−

3

2

1

K

K

K

+

+

−

3

2

1

(a)

= + b

a

(b)

WWT

FIG. 1: Amplitude T for D+ → K−K+K+: (a) primary weak vertex; (b) weak vertex dressed by

final state interactions, the full line is the D, dashed lines are pseudoscalars.

In this work we allow for the coupling of intermediate states and, within the (2 + 1)

approximation, final state interactions are always associated with loops describing two-

meson propagators. This provides a topological criterion for distinguishing the primary

weak vertex from FSIs, namely that the former is represented by tree diagrams and the

latter by a series with any number of loops. Each of these loops is multiplied by a tree-level

scattering amplitude K and, schematically, this allows the decay amplitude T to be written

as

T = (weak tree) ×
[

1 + (loop×K) + (loop×K)2 + (loop×K)3 + · · ·
]

. (2)

The term within square brackets involves strong interactions only and represents a geometric

series for the FSIs, which can be summed. Denoting this sum by S, one has S = 1/[1 −

(loop×K)], which corresponds to the model prediction for the resonance line shape.
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FIG. 2: Competing topologies for the decay D+ → K−K+K+; the pair P aP b is produced either

after (a) or before (b) the weak interaction.
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quarks c and d̄ in the D+ annihilate into a W+, which subsequently hadronizes. The primary

weak decay is followed by final state interactions, involving the scattering amplitude A. This

yields the decay amplitude T given in Fig.4, which includes the weak vertex and indicates

that the relationship with A is not straightforward, supporting statement a.dynamics, in

sect.II.
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FIG. 4: Decay amplitude forD+ → K−K+K+; the weak vertex proceeds thought the intermediate

steps D+ → W+ and W+ → K−K+K+ and strong final state interactions are encompassed by

the scattering amplitude A.

This decay amplitude is given by

T = −
[

GF√
2
sin2 θC

]

〈K−(p1)K
+(p2)K

+(p3)|Aµ| 0 〉 〈 0 |Aµ|D+(P )〉 , (4)

where GF is the Fermi decay constant, θC is the Cabibbo angle, the Aµ are axial currents

and P = p1 + p2 + p3 . Throughout the paper, the label 1 refers to the K−, the label 3 the

spectator K+ and kinematical relations are given in appendix A.

Denoting the D+ decay constant by FD, we write 〈 0 |Aµ|D+(P )〉 = −i
√
2FD Pµ and

find a decay amplitude proportional to the divergence of the remaining axial current, given

by

T = i

[

GF√
2
sin2 θC

] √
2FD [Pµ 〈Aµ〉] , (5)

with 〈Aµ〉 = 〈K−(p1)K+(p2)K+(p3)|Aµ| 0 〉. This result is important because, if SU(3)

were an exact symmetry, the axial current would be conserved and the amplitude T would

vanish. As the symmetry is broken by the meson masses, one has the partial conservation

of the axial current (PCAC) and T must be proportional to M2
K . In the expressions below,

this becomes a signature of the correct implementation of the symmetry.

The rich dynamics of the decay amplitude T is incorporated in the current 〈Aµ〉 and

displayed in Fig.5. Diagrams are evaluated using the techniques described in Refs.[45, 46]. In
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68.1. Kinematics & ModelsThe differential decay rate to a point s = (s1, . . . , sn) in n dimensional phase space can

be expressed as

dΓ = |M(s)|2
∣

∣

∣

∣

∂nφ
∂(s1 . . . sn)

∣

∣

∣

∣

dns
(68.1)

where |∂nφ/∂(s1 . . . sn)| represents the density of states at s, and M the matrix element

for the decay at that point in phase space, which is 2, 5, 8, . . . dimensional for D decays to

3, 4, 5, . . . spinless particles. Additional parameters are required to fully describe decays

involving particles with non-zero spin in the initial or final state.

For the important case of D decays to 3 pseudoscalars, the decay kinematics can be

represented in a two dimensional Dalitz plot [1]. This is usually parametrized in terms

of s12 ≡ (p1 + p2)2 and s23 ≡ (p2 + p3)2, where p1, p2, p3 are the four-momenta of the

final state particles. In terms of these variables, phase-space density is constant across

the kinematically allowed region, so that any structure seen in the Dalitz plot is a direct

consequence of the dynamics encoded in |M|2. Note that here, because the 3-momenta

of the decay products are confined to a plane, no parity violating kinematic observables

can be constructed (unless they also violate rotational invariance). This is not the case

for decays to four or more particles. These can therefore not be unambiguously described

in terms of analogously-defined variables sij , sijk, which are parity-even. The use of

parity-odd observables in four body decays is discussed below.
In the widely-used isobar approach, the matrix element M is modeled as a sum of

interfering decay amplitudes, each proceeding through resonant two-body decays [2].

See Refs. 2–4 for a review of resonance phenomenology. In most analyses, each

resonance is described by a Breit-Wigner [5] or Flatté [6] lineshape, and the model

includes a non-resonant term with a constant phase and magnitude. This approach has

well-known theoretical limitations, such as the violation of unitarity and analyticity,

which can break the relationship between magnitude and phase across phase space.

This motivates the use of more sophisticated descriptions, especially for broad,

overlapping resonances (frequently found in S-wave components) where these limitations

are particularly problematic. In charm analyses, these approaches have included the

K-matrix approach [5–8] which respects two-body unitarity; the use of LASS scattering

data [9]; dispersive methods [10–13]; methods based on chiral symmetry [14–16],

QCD factorisation (although this seems better suited to B decays) [17–19]; and quasi

model-independent parametrizations which use generic lineshapes, with minimal theory

input and many free parameters, for a subset of resonances [20–23]. An important

example, with a rich resonance structure, is D0 → KSπ+π−, which is a key channel

in Charge-Parity (CP) violation and charm mixing analyses. The first analysis by

CLEO [24] described the Dalitz plot with 5k signal events with 10 resonant components.

This and later analyses by Belle [25] and CDF [26] model the Dalitz plot as a sum of Breit

Wigner and Flatté line shapes, and a non-resonant component. BaBar [27] on the other
P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
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Increasingly sophisticated models beyond the isobar being 
developed and used on data (see e.g. Patricia Magalhães’ talk)
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Figure 3: Distributions of the five CM variables for the selected D0 and CP -transformed D0

candidates (black points with error bars). The results of the five-dimensional amplitude fit is
superimposed with the signal model (dashed blue), the background model (dotted green) and
the total fit function (plain red). The plot on top of each distribution shows the normalised
residuals, where the error is defined as the quadratic sum of the statistical uncertainties of the
data and simulated samples.

split instead of splitting it according to the flavour of the D candidate. The largest
deviation among all the asymmetry parameters exceeds 2.8� in 35% of the fits, confirming
that the deviation observed in the CP -violation fit is not significant.
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Table 2: Modulus and phase of the fit parameters along with the fit fractions of the amplitudes
included in the model. The substructures of the three-body resonances are listed in Table 3.
The first uncertainty is statistical and the second is systematic.

Amplitude |ck| arg(ck) [rad] Fit fraction [%]

D0 ! [�(1020)(⇢� !)0]L=0 1 (fixed) 0 (fixed) 23.82± 0.38± 0.50
D0 ! K1(1400)+K� 0.614± 0.011± 0.031 1.05± 0.02± 0.05 19.08± 0.60± 1.46
D0 ! [K�⇡+]L=0[K+⇡�]L=0 0.282± 0.004± 0.008 �0.60± 0.02± 0.10 18.46± 0.35± 0.94
D0 ! K1(1270)+K� 0.452± 0.011± 0.017 2.02± 0.03± 0.05 18.05± 0.52± 0.98
D0 ! [K⇤(892)0K⇤(892)0]L=0 0.259± 0.004± 0.018 �0.27± 0.02± 0.03 9.18± 0.21± 0.28
D0 ! K⇤(1680)0[K�⇡+]L=0 2.359± 0.036± 0.624 0.44± 0.02± 0.03 6.61± 0.15± 0.37
D0 ! [K⇤(892)0K⇤(892)0]L=1 0.249± 0.005± 0.017 1.22± 0.02± 0.03 4.90± 0.16± 0.18
D0 ! K1(1270)�K+ 0.220± 0.006± 0.011 2.09± 0.03± 0.07 4.29± 0.18± 0.41
D0 ! [K+K�]L=0[⇡+⇡�]L=0 0.120± 0.003± 0.018 �2.49± 0.03± 0.16 3.14± 0.17± 0.72
D0 ! K1(1400)�K+ 0.236± 0.008± 0.018 0.04± 0.04± 0.09 2.82± 0.19± 0.39
D0 ! [K⇤(1680)0K⇤(892)0]L=0 0.823± 0.023± 0.218 2.99± 0.03± 0.05 2.75± 0.15± 0.19
D0 ! [K⇤(1680)0K⇤(892)0]L=1 1.009± 0.022± 0.276 �2.76± 0.02± 0.03 2.70± 0.11± 0.09
D0 ! K⇤(1680)0[K+⇡�]L=0 1.379± 0.029± 0.373 1.06± 0.02± 0.03 2.41± 0.09± 0.27
D0 ! [�(1020)(⇢� !)0]L=2 1.311± 0.031± 0.018 0.54± 0.02± 0.02 2.29± 0.08± 0.08
D0 ! [K⇤(892)0K⇤(892)0]L=2 0.652± 0.018± 0.043 2.85± 0.03± 0.04 1.85± 0.09± 0.10
D0 ! �(1020)[⇡+⇡�]L=0 0.049± 0.001± 0.004 �1.71± 0.04± 0.37 1.49± 0.09± 0.33
D0 ! [K⇤(1680)0K⇤(892)0]L=1 0.747± 0.021± 0.203 0.14± 0.03± 0.04 1.48± 0.08± 0.10
D0 ! [�(1020)⇢(1450)0]L=1 0.762± 0.035± 0.068 1.17± 0.04± 0.04 0.98± 0.09± 0.05
D0 ! a0(980)0f2(1270)0 1.524± 0.058± 0.189 0.21± 0.04± 0.19 0.70± 0.05± 0.08
D0 ! a1(1260)+⇡� 0.189± 0.011± 0.042 �2.84± 0.07± 0.38 0.46± 0.05± 0.22
D0 ! a1(1260)�⇡+ 0.188± 0.014± 0.031 0.18± 0.06± 0.43 0.45± 0.06± 0.16
D0 ! [�(1020)(⇢� !)0]L=1 0.160± 0.011± 0.005 0.28± 0.07± 0.03 0.43± 0.05± 0.03
D0 ! [K⇤(1680)0K⇤(892)0]L=2 1.218± 0.089± 0.354 �2.44± 0.08± 0.15 0.33± 0.05± 0.06
D0 ! [K+K�]L=0(⇢� !)0 0.195± 0.015± 0.035 2.95± 0.08± 0.29 0.27± 0.04± 0.05
D0 ! [�(1020)f2(1270)0]L=1 1.388± 0.095± 0.257 1.71± 0.06± 0.37 0.18± 0.02± 0.07
D0 ! [K⇤(892)0K⇤

2(1430)
0]L=1 1.530± 0.086± 0.131 2.01± 0.07± 0.09 0.18± 0.02± 0.02

Sum of fit fractions 129.32± 1.09± 2.38
�2/ndf 9242/8121 = 1.14

amplitudes. Instead, other amplitudes with small fit fractions are uncovered in this
analysis, as a consequence of the more than 50 times larger dataset.

7 CP -violation results

For the CP -violation fit, the dataset is split into two subsets according to the charge of the
muon to separate the D0 and CP -transformed D0 decays. The CP -violation fit described
in Sec. 4.5 is applied to these two samples. Table 5 shows the resulting CP -violation
parameters. The average moduli and phases are not shown in the table as they are
identical to the moduli and phases from the CP -averaged fit in Table 2.

All the asymmetry parameters are compatible with zero. The most significant devi-
ation, observed for the phase di↵erence for the D0! [�(1020)⇢(1450)0]L=1 component,
corresponds to a 2.8� statistical fluctuation. To check how likely such a deviation would
be in absence of CP violation, the fit is repeated many times, where the data is randomly

12

Fi =
∫ |Ai(p) |2 dp

∫ ∑j Aj(p)
2

dp
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Table 2: Modulus and phase of the fit parameters along with the fit fractions of the amplitudes
included in the model. The substructures of the three-body resonances are listed in Table 3.
The first uncertainty is statistical and the second is systematic.

Amplitude |ck| arg(ck) [rad] Fit fraction [%]

D0 ! [�(1020)(⇢� !)0]L=0 1 (fixed) 0 (fixed) 23.82± 0.38± 0.50
D0 ! K1(1400)+K� 0.614± 0.011± 0.031 1.05± 0.02± 0.05 19.08± 0.60± 1.46
D0 ! [K�⇡+]L=0[K+⇡�]L=0 0.282± 0.004± 0.008 �0.60± 0.02± 0.10 18.46± 0.35± 0.94
D0 ! K1(1270)+K� 0.452± 0.011± 0.017 2.02± 0.03± 0.05 18.05± 0.52± 0.98
D0 ! [K⇤(892)0K⇤(892)0]L=0 0.259± 0.004± 0.018 �0.27± 0.02± 0.03 9.18± 0.21± 0.28
D0 ! K⇤(1680)0[K�⇡+]L=0 2.359± 0.036± 0.624 0.44± 0.02± 0.03 6.61± 0.15± 0.37
D0 ! [K⇤(892)0K⇤(892)0]L=1 0.249± 0.005± 0.017 1.22± 0.02± 0.03 4.90± 0.16± 0.18
D0 ! K1(1270)�K+ 0.220± 0.006± 0.011 2.09± 0.03± 0.07 4.29± 0.18± 0.41
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D0 ! K1(1400)�K+ 0.236± 0.008± 0.018 0.04± 0.04± 0.09 2.82± 0.19± 0.39
D0 ! [K⇤(1680)0K⇤(892)0]L=0 0.823± 0.023± 0.218 2.99± 0.03± 0.05 2.75± 0.15± 0.19
D0 ! [K⇤(1680)0K⇤(892)0]L=1 1.009± 0.022± 0.276 �2.76± 0.02± 0.03 2.70± 0.11± 0.09
D0 ! K⇤(1680)0[K+⇡�]L=0 1.379± 0.029± 0.373 1.06± 0.02± 0.03 2.41± 0.09± 0.27
D0 ! [�(1020)(⇢� !)0]L=2 1.311± 0.031± 0.018 0.54± 0.02± 0.02 2.29± 0.08± 0.08
D0 ! [K⇤(892)0K⇤(892)0]L=2 0.652± 0.018± 0.043 2.85± 0.03± 0.04 1.85± 0.09± 0.10
D0 ! �(1020)[⇡+⇡�]L=0 0.049± 0.001± 0.004 �1.71± 0.04± 0.37 1.49± 0.09± 0.33
D0 ! [K⇤(1680)0K⇤(892)0]L=1 0.747± 0.021± 0.203 0.14± 0.03± 0.04 1.48± 0.08± 0.10
D0 ! [�(1020)⇢(1450)0]L=1 0.762± 0.035± 0.068 1.17± 0.04± 0.04 0.98± 0.09± 0.05
D0 ! a0(980)0f2(1270)0 1.524± 0.058± 0.189 0.21± 0.04± 0.19 0.70± 0.05± 0.08
D0 ! a1(1260)+⇡� 0.189± 0.011± 0.042 �2.84± 0.07± 0.38 0.46± 0.05± 0.22
D0 ! a1(1260)�⇡+ 0.188± 0.014± 0.031 0.18± 0.06± 0.43 0.45± 0.06± 0.16
D0 ! [�(1020)(⇢� !)0]L=1 0.160± 0.011± 0.005 0.28± 0.07± 0.03 0.43± 0.05± 0.03
D0 ! [K⇤(1680)0K⇤(892)0]L=2 1.218± 0.089± 0.354 �2.44± 0.08± 0.15 0.33± 0.05± 0.06
D0 ! [K+K�]L=0(⇢� !)0 0.195± 0.015± 0.035 2.95± 0.08± 0.29 0.27± 0.04± 0.05
D0 ! [�(1020)f2(1270)0]L=1 1.388± 0.095± 0.257 1.71± 0.06± 0.37 0.18± 0.02± 0.07
D0 ! [K⇤(892)0K⇤

2(1430)
0]L=1 1.530± 0.086± 0.131 2.01± 0.07± 0.09 0.18± 0.02± 0.02

Sum of fit fractions 129.32± 1.09± 2.38
�2/ndf 9242/8121 = 1.14

amplitudes. Instead, other amplitudes with small fit fractions are uncovered in this
analysis, as a consequence of the more than 50 times larger dataset.

7 CP -violation results

For the CP -violation fit, the dataset is split into two subsets according to the charge of the
muon to separate the D0 and CP -transformed D0 decays. The CP -violation fit described
in Sec. 4.5 is applied to these two samples. Table 5 shows the resulting CP -violation
parameters. The average moduli and phases are not shown in the table as they are
identical to the moduli and phases from the CP -averaged fit in Table 2.

All the asymmetry parameters are compatible with zero. The most significant devi-
ation, observed for the phase di↵erence for the D0! [�(1020)⇢(1450)0]L=1 component,
corresponds to a 2.8� statistical fluctuation. To check how likely such a deviation would
be in absence of CP violation, the fit is repeated many times, where the data is randomly
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Table 2: Modulus and phase of the fit parameters along with the fit fractions of the amplitudes
included in the model. The substructures of the three-body resonances are listed in Table 3.
The first uncertainty is statistical and the second is systematic.
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amplitudes. Instead, other amplitudes with small fit fractions are uncovered in this
analysis, as a consequence of the more than 50 times larger dataset.

7 CP -violation results

For the CP -violation fit, the dataset is split into two subsets according to the charge of the
muon to separate the D0 and CP -transformed D0 decays. The CP -violation fit described
in Sec. 4.5 is applied to these two samples. Table 5 shows the resulting CP -violation
parameters. The average moduli and phases are not shown in the table as they are
identical to the moduli and phases from the CP -averaged fit in Table 2.

All the asymmetry parameters are compatible with zero. The most significant devi-
ation, observed for the phase di↵erence for the D0! [�(1020)⇢(1450)0]L=1 component,
corresponds to a 2.8� statistical fluctuation. To check how likely such a deviation would
be in absence of CP violation, the fit is repeated many times, where the data is randomly
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Table 7: Modulus and phase of the fit parameters along with the fit fractions of the amplitudes
included in the alternative model using five additional amplitudes.

Amplitude |ck| arg(ck) [rad] Fit fraction [%]

D0 ! [�(1020)(⇢� !)0]L=0 1 (fixed) 0 (fixed) 24.12 ± 0.40
D0 ! K1(1400)+K� 0.65 ± 0.01 0.99 ± 0.02 19.34 ± 0.47
D0 ! K1(1270)+K� 0.45 ± 0.01 2.07 ± 0.02 19.28 ± 0.39
D0 ! [K�⇡+]L=0[K+⇡�]L=0 0.29 ± 0.00 �0.57 ± 0.02 19.20 ± 0.36
D0 ! [K⇤(892)0K⇤(892)0]L=0 0.28 ± 0.00 �0.29 ± 0.02 9.36 ± 0.21
D0 ! K⇤(1680)0[K�⇡+]L=0 2.18 ± 0.03 0.45 ± 0.02 6.22 ± 0.15
D0 ! [K⇤(892)0K⇤(892)0]L=1 0.26 ± 0.00 1.21 ± 0.02 4.81 ± 0.16
D0 ! K1(1270)�K+ 0.22 ± 0.01 2.14 ± 0.03 4.45 ± 0.18
D0 ! [K+K�]L=0[⇡+⇡�]L=0 0.14 ± 0.00 �2.39 ± 0.03 4.18 ± 0.21
D0 ! K1(1400)�K+ 0.25 ± 0.01 0.02 ± 0.04 2.94 ± 0.19
D0 ! [K⇤(1680)0K⇤(892)0]L=0 0.82 ± 0.02 3.00 ± 0.03 2.79 ± 0.15
D0 ! [K⇤(1680)0K⇤(892)0]L=1 0.99 ± 0.02 �2.77 ± 0.02 2.64 ± 0.11
D0 ! K⇤(1680)0[K+⇡�]L=0 1.32 ± 0.03 1.12 ± 0.02 2.44 ± 0.09
D0 ! [�(1020)(⇢� !)0]L=2 1.29 ± 0.03 0.56 ± 0.02 2.25 ± 0.08
D0 ! [K⇤(892)0K⇤(892)0]L=2 0.67 ± 0.02 2.83 ± 0.03 1.73 ± 0.09
D0 ! �(1020)[⇡+⇡�]L=0 0.05 ± 0.00 �1.70 ± 0.04 1.43 ± 0.09
D0 ! [K⇤(1680)0K⇤(892)0]L=1 0.69 ± 0.02 0.15 ± 0.03 1.30 ± 0.08
D0 ! [�(1020)⇢(1450)0]L=1 0.76 ± 0.03 1.21 ± 0.04 0.98 ± 0.09
D0 ! a0(980)0f2(1270)0 1.52 ± 0.06 0.33 ± 0.04 0.70 ± 0.05
D0 ! a1(1260)+⇡� 0.20 ± 0.01 �2.86 ± 0.07 0.50 ± 0.06
D0 ! a1(1260)�⇡+ 0.19 ± 0.01 0.22 ± 0.06 0.45 ± 0.06
D0 ! [K⇤(1680)0K⇤(892)0]L=2 1.41 ± 0.09 �2.45 ± 0.07 0.45 ± 0.06
D0 ! [�(1020)(⇢� !)0]L=1 0.16 ± 0.01 0.25 ± 0.07 0.44 ± 0.05
D0 ! [K+K�]L=0(⇢� !)0 0.21 ± 0.02 3.02 ± 0.08 0.30 ± 0.04
D0 ! [�(1020)f2(1270)0]L=1 1.41 ± 0.09 1.70 ± 0.06 0.19 ± 0.03
D0 ! [K⇤(892)0K⇤

2(1430)
0]L=1 1.44 ± 0.09 2.10 ± 0.07 0.15 ± 0.02

D0 ! [K⇤
2 (1430)

0K⇤
2(1430)

0]L=0 6.27 ± 0.57 1.66 ± 0.10 0.11 ± 0.02
D0 ! [f2(1270)0f2(1270)0]L=0 0.78 ± 0.08 �1.55 ± 0.11 0.08 ± 0.02
D0 ! [K⇤(892)0K⇤

2 (1430)
0]L=2 0.91 ± 0.11 �0.44 ± 0.10 0.05 ± 0.01

D0 ! [�(1020)f2(1270)0]L=2 0.68 ± 0.08 �1.14 ± 0.10 0.04 ± 0.01

Sum of fit fractions 132.92 ± 0.98
�2/ndf 9092/8113 = 1.12

a1(1260)+ ! [�(1020)⇡+]L=0 1 (fixed) 0 (fixed) 100

K1(1270)+ ! [K⇤(892)0⇡+]L=0 0.65 ± 0.02 0.56 ± 0.03 53.37 ± 0.89
K1(1270)+ ! [(⇢� !)0K+]L=0 1 (fixed) 0 (fixed) 45.45 ± 1.88
K1(1270)+ ! [K+⇡�]L=0⇡+ 0.71 ± 0.03 �1.83 ± 0.04 7.60 ± 0.56
K1(1270)+ ! [K⇤(892)0⇡+]L=2 0.97 ± 0.05 �2.65 ± 0.04 2.15 ± 0.17
K1(1270)+ ! [⇢(1450)0K+]L=0 0.47 ± 0.07 �1.79 ± 0.13 1.31 ± 0.42

Sum of fit fractions 109.88 ± 2.19

K1(1400)+ ! [K⇤(892)0⇡+]L=0 1 (fixed) 0 (fixed) 102.92 ± 0.27
K1(1400)+ ! [⇢(1450)0K+]L=2 1.82 ± 0.16 2.76 ± 0.09 0.84 ± 0.15

Sum of fit fractions 103.77 ± 0.40
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Currently, we enter fit-fractions as branching ratios.

Don’t do that. Ever. 
Individual amplitudes and thus fit-fractions 
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How to enter amplitude analysis results in the PDG?

36

Currently, we enter fit-fractions as branching ratios.

Don’t do that. Ever. 
Individual amplitudes and thus fit-fractions 
are meaningful only in the context of the 

amplitude model.
Do you really want to remove 

 from the listings? D0 → K*−π+Maybe only include 
large narrow resonance-

structures? Where’s the cut-off? And in terms of what? 
? 

And what about non-resonant contributions?
M/Γ × significance

 mass spectrum 
in 

K0
S π−

D0 → KSπ+π−

BaBar & BELLE: PRD 98 (2018) 11, 112012

https://inspirehep.net/literature/1668123
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Summary

• Charm is an amazingly active field. A huge number 
of new results keeps the PDG authors on their 
toes.


• Charm is full of surprises.


• Only had time to show a small subset of results 
since CHARM 2018:


• We found CP violation in charm!!


• Lots of new particles.


• Charm for precision B physics


• How should we encode amplitude analyses? 
We welcome suggestions: 
(Jonas.Rademacker@bristol.ac.uk)

37
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D2 KK pi pi
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LHCb: JHEP 02 (2019) 126
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Figure 3: Distributions of the five CM variables for the selected D0 and CP -transformed D0

candidates (black points with error bars). The results of the five-dimensional amplitude fit is
superimposed with the signal model (dashed blue), the background model (dotted green) and
the total fit function (plain red). The plot on top of each distribution shows the normalised
residuals, where the error is defined as the quadratic sum of the statistical uncertainties of the
data and simulated samples.

split instead of splitting it according to the flavour of the D candidate. The largest
deviation among all the asymmetry parameters exceeds 2.8� in 35% of the fits, confirming
that the deviation observed in the CP -violation fit is not significant.
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Table 5: CP -violation parameters fitted simultaneously to the D0 and (CP -transformed) D0

samples. The first uncertainty is statistical and the second is systematic.

Amplitude A|ck| [%] � arg(ck) [%] AFk
[%]

D0 ! [�(1020)(⇢� !)0]L=0 0 (fixed) 0 (fixed) �1.8± 1.5± 0.2
D0 ! K1(1400)+K� �1.4± 1.1± 0.2 1.3± 1.5± 0.3 �4.5± 2.1± 0.3
D0 ! [K�⇡+]L=0[K+⇡�]L=0 1.9± 1.1± 0.3 �1.2± 1.3± 0.3 2.0± 1.8± 0.7
D0 ! K1(1270)+K� �0.4± 1.0± 0.2 �1.1± 1.4± 0.2 �2.6± 1.7± 0.2
D0 ! [K⇤(892)0K⇤(892)0]L=0 �1.3± 1.3± 0.3 �1.7± 1.5± 0.2 �4.3± 2.2± 0.5
D0 ! K⇤(1680)0[K�⇡+]L=0 2.2± 1.3± 0.3 1.4± 1.5± 0.2 2.6± 2.2± 0.4
D0 ! [K⇤(892)0K⇤(892)0]L=1 �0.4± 1.7± 0.2 3.7± 2.0± 0.2 �2.6± 3.2± 0.3
D0 ! K1(1270)�K+ 2.6± 1.7± 0.4 �0.1± 2.1± 0.3 3.3± 3.5± 0.5
D0 ! [K+K�]L=0[⇡+⇡�]L=0 3.5± 2.5± 1.5 �5.5± 2.6± 1.6 5.1± 5.1± 3.1
D0 ! K1(1400)�K+ 0.2± 2.9± 0.7 2.5± 3.5± 1.0 �1.3± 6.0± 1.0
D0 ! [K⇤(1680)0K⇤(892)0]L=0 4.0± 2.7± 0.8 �5.4± 2.8± 0.8 6.2± 5.2± 1.5
D0 ! [K⇤(1680)0K⇤(892)0]L=1 �0.4± 2.1± 0.3 0.4± 2.1± 0.3 �2.5± 3.9± 0.4
D0 ! K⇤(1680)0[K+⇡�]L=0 2.1± 2.0± 0.6 �1.8± 2.2± 0.3 2.4± 3.7± 1.1
D0 ! [�(1020)(⇢� !)0]L=2 0.8± 1.9± 0.3 �1.2± 2.0± 0.5 �0.1± 3.3± 0.5
D0 ! [K⇤(892)0K⇤(892)0]L=2 �0.6± 2.5± 0.4 0.6± 2.6± 0.4 �3.0± 5.0± 0.7
D0 ! �(1020)[⇡+⇡�]L=0 3.8± 3.1± 0.7 �0.5± 3.9± 0.7 5.8± 6.1± 0.8
D0 ! [K⇤(1680)0K⇤(892)0]L=1 1.6± 2.8± 0.5 0.7± 3.0± 0.4 1.3± 5.3± 0.6
D0 ! [�(1020)⇢(1450)0]L=1 4.6± 4.1± 0.6 9.3± 3.3± 0.6 7.5± 8.5± 1.1
D0 ! a0(980)0f2(1270)0 1.6± 3.6± 0.7 �7.3± 3.3± 0.8 1.5± 7.2± 1.3
D0 ! a1(1260)+⇡� �4.4± 5.6± 3.7 9.3± 6.1± 1.3 �10.6± 11.7± 7.0
D0 ! a1(1260)�⇡+ �3.4± 7.0± 1.9 �5.8± 5.6± 4.3 �8.7± 13.7± 2.9
D0 ! [�(1020)(⇢� !)0]L=1 2.1± 5.2± 0.8 �12.2± 5.5± 0.6 2.4± 11.0± 1.4
D0 ! [K⇤(1680)0K⇤(892)0]L=2 5.2± 7.1± 1.9 �5.6± 8.1± 1.3 8.5± 14.3± 3.5
D0 ! [K+K�]L=0(⇢� !)0 11.7± 6.0± 1.9 4.8± 6.2± 1.1 21.3± 12.5± 2.8
D0 ! [�(1020)f2(1270)0]L=1 2.7± 6.7± 1.7 0.9± 6.0± 1.7 3.6± 13.3± 3.0
D0 ! [K⇤(892)0K⇤

2(1430)
0]L=1 3.9± 5.2± 1.0 6.8± 6.4± 1.4 6.1± 10.8± 1.8

8 Conclusion

An amplitude analysis of the Cabibbo-suppressed decay mode D0! K+K�⇡+⇡� is
performed. The resulting amplitude model provides the most precise description of this
decay to date and is used to perform a search for CP violation.

More than 25 decay amplitudes of the D0 meson have been identified. The
most abundant being D0! [�(1020)(⇢� !)0]L=0, followed by D0! K1(1400)+K�,
D0! [K�⇡+]L=0[K+⇡�]L=0, and D0! K1(1270)+K�, all together representing about
80% of the total decay rate (neglecting interference). This model confirms the main
findings of Ref. [8] and provides an improved description of the data. In particular, a
⇢� ! interference is found that does not allow to treat the two resonances separately and
the contribution of the KK, ⇡⇡ and K⇡ S-waves are studied.

For each component of the model, CP asymmetries related to the amplitude modulus,
amplitude phase and fit fraction are measured with a total uncertainty ranging from 1% to
15%, dominated by the statistical uncertainty. At this level of sensitivity, no e↵ect of CP

15
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BaBar & BELLE: Phys.Rev.D 98 
(2018) 11, 112012

https://inspirehep.net/literature/1668123
https://inspirehep.net/literature/1668123
https://inspirehep.net/literature/1668123


Jonas Rademacker (University of Bristol)                                                PDG on Charm                                  Charm 2020-21, I wish I were in Mexico

D2KKK
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LHCb: JHEP 04 (2019) 063

https://inspirehep.net/literature/1720423
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How to encode amplitude analyses

43



Jonas Rademacker (University of Bristol)                                                PDG on Charm                                  Charm 2020-21, I wish I were in Mexico

New website

44



Jonas Rademacker (University of Bristol)                                                PDG on Charm                                  Charm 2020-21, I wish I were in Mexico

2 year schedule
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Virtual PDG Mini Collaboration Meeting, November 5, 2020 Juerg Beringer (LBNL), Page 28

Schedule (Simplified)

Full 2-year update cycle
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Comparison with BESIII

Zehua.XU

Ø BESIII experiment recently reported 5.3V observation of a very narrow 
!!"$ in X"X∗ + XX"∗ mass distributions

[arXiv:2011.07855]

Ø Tests are applied:
• Fix !!" 4000 # to BESIII’s 

result, log-likelihood is much 
worse.

• Adding !!" 3985 $ on the 
default model almost doesn’t 
improve the fit likelihood

Ø No evidence that !!" 4000 # state 
is the same as the !!" 3985 $ seen 
by BESIII.

BESIII results



Jonas Rademacker (University of Bristol)                                                PDG on Charm                                  Charm 2020-21, I wish I were in Mexico 47

üŒȅǩȣǊ ǩȣʉȴ ŒƁƁȴʞȣʉ ʉǞƟ 33⇤ ʉǞɫƟɻǞȴȋƌࡩ `ȋŒʉʉƠ ࢂࠂ߽߽߿ࠆ߽ࢎ߽߿߽߿ࢍ߿߽߾ßæ5ࢁ

�ƌƌǩȣǊ ƟˇʉƟɫȣŒȋ ǩȣǇȴɫȝŒʉǩȴȣ ȴȣ ŷɫŒȣƁǞǩȣǊ
ǇɫŒƁʉǩȴȣɻ Ǉɫȴȝ #ƟȋȋƟ Œȣƌ #Œ#Œɫ ƌǩɻʉȴɫʉɻ ʉǞƟ
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Breit–Wigner Incl. resolution and background

Flatté
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Breit–Wigner Incl. resolution and background

Flatté
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Masses and mean lifetimes of elementary particles, as 
shown in Table I of the first wallet card issued in 1957.  
Image credit: Barkas and Rosenfeld, UCRL-8030. 

https://cerncourier.com/wp-content/uploads/2017/10/CCpdg2_09_17.jpg
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3 85. Pentaquarks

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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Figure 85.1: Dalitz plot distributions for »0
b æ J/Â pK≠ decays as observed by LHCb.

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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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
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≠4.7 20.6 ± 4.9+ 8.7
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≠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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Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

D0 I (JP ) = 1
2 (0

−)

D0 MASSD0 MASSD0 MASSD0 MASS

The fit includes D±, D0, D±
s
, D∗±, D∗0, D∗±

s
, D1(2420)

0, D∗
2(2460)

0,

and Ds1(2536)
± mass and mass difference measurements.

Given the recent addition of much more precise measurements, we have
omitted all those masses published up through 1990. See any Review
before 2015 for those earlier results.

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

1864.83 ±0.05 OUR FIT1864.83 ±0.05 OUR FIT1864.83 ±0.05 OUR FIT1864.83 ±0.05 OUR FIT

1864.84 ±0.05 OUR AVERAGE1864.84 ±0.05 OUR AVERAGE1864.84 ±0.05 OUR AVERAGE1864.84 ±0.05 OUR AVERAGE

1864.845±0.025±0.057 63k 1 TOMARADZE 14 D0 → K− 2π+π−

1864.75 ±0.15 ±0.11 AAIJ 13V LHCB D0 → K+2K−π+

1864.841±0.048±0.063 4.3k 2 LEES 13S BABR e+ e− at Υ(4S)

1865.30 ±0.33 ±0.23 0.1k ANASHIN 10A KEDR e+ e−at ψ(3770)

1864.847±0.150±0.095 0.3k CAWLFIELD 07 CLEO D0 → K0
S
φ

1Obtained by analyzing CLEO-c data but not authored by the CLEO Collaboration. The
largest source of error in the TOMARADZE 14 value is from the uncertainties in the

K− and K0
S

masses. The systematic error given above is the addition in quadrature of
±0.022 ± 0.053 MeV, where the second error is from those mass uncertainties.

2The largest source of error in the LEES 13S value is from the uncertainty of the K+

mass. The quoted systematic error is in fact ±0.043 + 3 (m
K+ − 493.677), in MeV.

mD± − mD0mD± − mD0mD± − mD0mD± − mD0

The fit includes D±, D0, D±
s
, D∗±, D∗0, D∗±

s
, D1(2420)

0, D∗
2(2460)

0,

and Ds1(2536)
± mass and mass difference measurements.

VALUE (MeV) DOCUMENT ID TECN COMMENT

4.822±0.015 OUR FIT4.822±0.015 OUR FIT4.822±0.015 OUR FIT4.822±0.015 OUR FIT

4.76 ±0.12 ±0.074.76 ±0.12 ±0.074.76 ±0.12 ±0.074.76 ±0.12 ±0.07 AAIJ 13V LHCB D+ → K+K−π+

D0 MEAN LIFED0 MEAN LIFED0 MEAN LIFED0 MEAN LIFE

Measurements with an error > 10× 10−15 s have been omitted from the
average.

VALUE (10−15 s) EVTS DOCUMENT ID TECN COMMENT

410.1± 1.5 OUR AVERAGE410.1± 1.5 OUR AVERAGE410.1± 1.5 OUR AVERAGE410.1± 1.5 OUR AVERAGE

409.6± 1.1± 1.5 210k LINK 02F FOCS γ nucleus, ≈ 180 GeV

407.9± 6.0± 4.3 10k KUSHNIR... 01 SELX K−π+, K−π+π+π−

413 ± 3 ± 4 35k AITALA 99E E791 K−π+

408.5± 4.1+ 3.5
− 3.4 25k BONVICINI 99 CLE2 e+ e− ≈ Υ(4S)

413 ± 4 ± 3 16k FRABETTI 94D E687 K−π+, K−π+π+π−

HTTP://PDG.LBL.GOV Page 1 Created: 6/1/2020 08:33

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

• • • We do not use the following data for averages, fits, limits, etc. • • •

424 ±11 ± 7 5118 FRABETTI 91 E687 K−π+, K−π+π+π−

417 ±18 ±15 890 ALVAREZ 90 NA14 K−π+, K−π+π+π−

388 +23
−21 641 1 BARLAG 90C ACCM π−Cu 230 GeV

480 ±40 ±30 776 ALBRECHT 88I ARG e+ e− 10 GeV
422 ± 8 ±10 4212 RAAB 88 E691 Photoproduction

420 ±50 90 BARLAG 87B ACCM K− and π− 200 GeV

1BARLAG 90C estimate systematic error to be negligible.

See the related review(s):

D0 — D0 Mixing

∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ
∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ
∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ
∣

∣m
D0

1
− m

D0
2

∣

∣ = x Γ

The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”

VALUE (1010 h̄ s−1) CL% DOCUMENT ID TECN COMMENT

0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION

0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram
below.

0.66+0.41
−0.37

1 AAIJ 19X LHCB D0 → K0
S
π+π−

2 AAIJ 18K LHCB pp at 7, 8, 13 TeV
− 2.10±1.29±0.41 3 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 4 LEES 16D BABR e+ e−, 10.6 GeV
5 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

6 PENG 14 BELL e+ e− → Υ(nS)

7 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 8 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
9 AAIJ 17AO LHCB Repl. by AAIJ 18K

10 AAIJ 13CE LHCB Repl. by AAIJ 17AO
11 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 12 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

13 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
−0.41

14 ZHANG 07B BELL Repl. by PENG 14

< 7 95 15 ZHANG 06 BELL e+ e−

−11 to +22 14 ASNER 05 CLEO e+ e− ≈ 10 GeV
< 11 90 BITENC 05 BELL

HTTP://PDG.LBL.GOV Page 2 Created: 6/1/2020 08:33
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Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

D0 I (JP ) = 1
2 (0

−)

D0 MASSD0 MASSD0 MASSD0 MASS

The fit includes D±, D0, D±
s
, D∗±, D∗0, D∗±

s
, D1(2420)

0, D∗
2(2460)

0,

and Ds1(2536)
± mass and mass difference measurements.

Given the recent addition of much more precise measurements, we have
omitted all those masses published up through 1990. See any Review
before 2015 for those earlier results.

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

1864.83 ±0.05 OUR FIT1864.83 ±0.05 OUR FIT1864.83 ±0.05 OUR FIT1864.83 ±0.05 OUR FIT

1864.84 ±0.05 OUR AVERAGE1864.84 ±0.05 OUR AVERAGE1864.84 ±0.05 OUR AVERAGE1864.84 ±0.05 OUR AVERAGE

1864.845±0.025±0.057 63k 1 TOMARADZE 14 D0 → K− 2π+π−

1864.75 ±0.15 ±0.11 AAIJ 13V LHCB D0 → K+2K−π+

1864.841±0.048±0.063 4.3k 2 LEES 13S BABR e+ e− at Υ(4S)

1865.30 ±0.33 ±0.23 0.1k ANASHIN 10A KEDR e+ e−at ψ(3770)

1864.847±0.150±0.095 0.3k CAWLFIELD 07 CLEO D0 → K0
S
φ

1Obtained by analyzing CLEO-c data but not authored by the CLEO Collaboration. The
largest source of error in the TOMARADZE 14 value is from the uncertainties in the

K− and K0
S

masses. The systematic error given above is the addition in quadrature of
±0.022 ± 0.053 MeV, where the second error is from those mass uncertainties.

2The largest source of error in the LEES 13S value is from the uncertainty of the K+

mass. The quoted systematic error is in fact ±0.043 + 3 (m
K+ − 493.677), in MeV.

mD± − mD0mD± − mD0mD± − mD0mD± − mD0

The fit includes D±, D0, D±
s
, D∗±, D∗0, D∗±

s
, D1(2420)

0, D∗
2(2460)

0,

and Ds1(2536)
± mass and mass difference measurements.

VALUE (MeV) DOCUMENT ID TECN COMMENT

4.822±0.015 OUR FIT4.822±0.015 OUR FIT4.822±0.015 OUR FIT4.822±0.015 OUR FIT

4.76 ±0.12 ±0.074.76 ±0.12 ±0.074.76 ±0.12 ±0.074.76 ±0.12 ±0.07 AAIJ 13V LHCB D+ → K+K−π+

D0 MEAN LIFED0 MEAN LIFED0 MEAN LIFED0 MEAN LIFE

Measurements with an error > 10× 10−15 s have been omitted from the
average.

VALUE (10−15 s) EVTS DOCUMENT ID TECN COMMENT

410.1± 1.5 OUR AVERAGE410.1± 1.5 OUR AVERAGE410.1± 1.5 OUR AVERAGE410.1± 1.5 OUR AVERAGE

409.6± 1.1± 1.5 210k LINK 02F FOCS γ nucleus, ≈ 180 GeV

407.9± 6.0± 4.3 10k KUSHNIR... 01 SELX K−π+, K−π+π+π−

413 ± 3 ± 4 35k AITALA 99E E791 K−π+

408.5± 4.1+ 3.5
− 3.4 25k BONVICINI 99 CLE2 e+ e− ≈ Υ(4S)

413 ± 4 ± 3 16k FRABETTI 94D E687 K−π+, K−π+π+π−
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Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

• • • We do not use the following data for averages, fits, limits, etc. • • •

424 ±11 ± 7 5118 FRABETTI 91 E687 K−π+, K−π+π+π−

417 ±18 ±15 890 ALVAREZ 90 NA14 K−π+, K−π+π+π−

388 +23
−21 641 1 BARLAG 90C ACCM π−Cu 230 GeV

480 ±40 ±30 776 ALBRECHT 88I ARG e+ e− 10 GeV
422 ± 8 ±10 4212 RAAB 88 E691 Photoproduction

420 ±50 90 BARLAG 87B ACCM K− and π− 200 GeV

1BARLAG 90C estimate systematic error to be negligible.

See the related review(s):
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The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”
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−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION0.95+0.41
−0.44 OUR EVALUATION

0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE0.7 ±0.4 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram
below.

0.66+0.41
−0.37

1 AAIJ 19X LHCB D0 → K0
S
π+π−

2 AAIJ 18K LHCB pp at 7, 8, 13 TeV
− 2.10±1.29±0.41 3 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 4 LEES 16D BABR e+ e−, 10.6 GeV
5 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

6 PENG 14 BELL e+ e− → Υ(nS)

7 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 8 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
9 AAIJ 17AO LHCB Repl. by AAIJ 18K

10 AAIJ 13CE LHCB Repl. by AAIJ 17AO
11 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 12 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

13 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
−0.41

14 ZHANG 07B BELL Repl. by PENG 14

< 7 95 15 ZHANG 06 BELL e+ e−

−11 to +22 14 ASNER 05 CLEO e+ e− ≈ 10 GeV
< 11 90 BITENC 05 BELL
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The D0
1 and D0

2 are the mass eigenstates of the D0 meson, as described

in the note on “D0-D0 Mixing,’ above. The experiments usually present
x ≡ ∆m/Γ. Then ∆m = x Γ = x h̄/τ .

“OUR EVALUATION” comes from CPV allowing averages provided by the
Heavy Flavor Averaging Group, see the note on “D0-D0 Mixing.”
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below.

0.66+0.41
−0.37

1 AAIJ 19X LHCB D0 → K0
S
π+π−

2 AAIJ 18K LHCB pp at 7, 8, 13 TeV
− 2.10±1.29±0.41 3 AAIJ 16V LHCB pp at 7 TeV

3.7 ±2.9 ±1.5 4 LEES 16D BABR e+ e−, 10.6 GeV
5 KO 14 BELL e+ e− → Υ(nS)

1.37±0.46+0.18
−0.28

6 PENG 14 BELL e+ e− → Υ(nS)

7 AALTONEN 13AE CDF pp at 1.96 TeV

0.39±0.56±0.35 8 DEL-AMO-SA...10D BABR e+ e−, 10.6 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
9 AAIJ 17AO LHCB Repl. by AAIJ 18K

10 AAIJ 13CE LHCB Repl. by AAIJ 17AO
11 AAIJ 13N LHCB Repl. by AAIJ 13CE

6.4 +1.4
−1.7 ±1.0 12 AUBERT 09AN BABR e+ e− at 10.58 GeV

− 2 +7
−6

13 LOWREY 09 CLEO e+ e− at ψ(3770)

1.98±0.73+0.32
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14 ZHANG 07B BELL Repl. by PENG 14

< 7 95 15 ZHANG 06 BELL e+ e−
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< 11 90 BITENC 05 BELL
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Doubly Charmed baryons

• New cc stats


• New charmed baryons


• Sometimes you get both: New 
doubly-charmed baryons: 
Ξ++

cc

54

LHCb: PRL 121 (2018) 16, 162002, 
 Chin.Phys.C 44 (2020) 2, 022001, 

 JHEP 02 (2020) 049

https://inspirehep.net/literature/1681011
https://inspirehep.net/literature/1760788
https://inspirehep.net/literature/1766239
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LHCb: PRL 121 (2018) 16, 162002, 
 Chin.Phys.C 44 (2020) 2, 022001, 

 JHEP 02 (2020) 049

PAVOL ŠTEFKO - HEAVY FLAVOUR SPECTROSCOPY AND EXOTIC STATES AT LHCB

DOUBLY CHARMED BARYON        AT LHCB
4

[PRL 119, 112001 (2017)]
⌅++
cc

❖ In 2002 SELEX collaboration reported observation of           with unexpected properties 
(short lifetime, large production) 

❖ LHCb saw a significant signal in 2016 data (1.7/fb @ 13 TeV) in the mass spectrum         
of                                             at                                                                                      MeV       

❖ Lifetime consistent with weakly decaying baryon, mass in the middle of the prediction 
band, observation also confirmed in 2012 LHCb data 

❖ Mass discrepancy with the SELEX measurement (                          ), too large to be an 
isospin partner, SELEX remains unconfirmed 

[PRL 89, 112001 (2002)]

⇤+
c (! pK�⇡+)K�⇡+⇡+ m = 3621.40± 0.72(stat)± 0.27(syst)± 0.14(⇤+
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⌅++
cc yield : 313± 33, 12�
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PDG

56

Virtual PDG Mini Collaboration Meeting, November 5, 2020 Juerg Beringer (LBNL), Page 3

Global PDG Collaboration

237 authors plus 5 technical associates

174 institutions

26 countries
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Booklet survey

57
Virtual PDG Mini Collaboration Meeting, November 5, 2020 Juerg Beringer (LBNL), Page 13

Background

• Goals

– Check if conclusions from discussions at 2018 PDG meetings as 
summarized in Advisory Committee report are still valid:

– Determine whether producing printed PDG Booklet is still useful in 
view of falling demand for printed products (about -12% / edition)

• Survey timeline

– 4/17/2020 Sent to PDG Collaboration, encouraging feedback

– 4/21/2020 Sent to everyone who ordered Book or Booklet
since 2016 and agreed to receiving PDG e-mails

– 4/22/2020 3,900 responses within 24 hours

– 5/6/2020 4,629 responses, closed survey
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Booklet survey

58

Virtual PDG Mini Collaboration Meeting, November 5, 2020 Juerg Beringer (LBNL), Page 14

Responses

• 31% response rate (without sending any reminders!)

– Very strong response – community clearly cares

• 1,373 comments (87 pages in 11pt font)

• Responses come from all kinds of positions and all regions
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Booklet Survey

59

Virtual PDG Mini Collaboration Meeting, November 5, 2020 Juerg Beringer (LBNL), Page 15

Have a Booklet? 

• 96% of survey recipients ordered a Booklet in past 4 years

• Most seem to keep their Booklet for extended periods
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Booklet Survey

60

Virtual PDG Mini Collaboration Meeting, November 5, 2020 Juerg Beringer (LBNL), Page 16

Usage

• Booklets are really used!

– 77% have used a Booklet multiple times in the past 12 months
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Booklet survey

61

Virtual PDG Mini Collaboration Meeting, November 5, 2020 Juerg Beringer (LBNL), Page 19

Importance of Printed Booklet

• 61% view the printed Booklet as very important or important
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 Coherence factor thenD0 → K+π−π+π−

CLEO-c input theory: Atwood, Soni: Phys.Rev. D68 (2003) 033003
CLEO-c input: Phys.Rev.D80:031105,2009, update 
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Figure 3: Scans of ��2 for the fit to the updated CLEO-c observables in the (left)

(RK3⇡, �K3⇡
D ) and (right) (RK⇡⇡0 , �K⇡⇡0

D ) parameter space, showing the ��2 = 1, 4 and 9
intervals.

Table 8: Results from the ‘unconstrained’ time-dependent D0
! K�⇡+⇡+⇡� analysis of

LHCb [12].

Parameter Result

r
K3⇡
D (5.67± 0.12)⇥ 10�2

a (0.3± 1.8)⇥ 10�3

b (4.8± 1.8)⇥ 10�5

the CLEO-c observables, therefore motivating a combined fit of both sets of
measurements.

4. Combined fit

The fit described in Sect. 2.3 is repeated with the LHCb D
0
D̄

0-mixing
results (reported in Table 8) included as additional input measurements.
The best fit values for the hadronic parameters, and the associated corre-
lations, are presented in Tables 9 and 10, respectively. The reduced �

2 of
the fit is 33.5/36. Figure 5 shows the three possible sets of two-dimensional
scans in the D ! K

�
⇡
+
⇡
+
⇡
� hadronic-parameter space; also shown is a

scan of (RK⇡⇡0 , �
K⇡⇡0

D ). The inclusion of the LHCb observables improves the
precision of the D ! K

�
⇡
+
⇡
+
⇡
� coherence factor, but lowers the central

15

Re�i�D = ci + isi

mixing/gamma theory

http://arxiv.org/abs/hep-ph/0304085
http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=arXiv:0903.4853
http://inspirehep.net/record/1252078?ln=en
http://inspirehep.net/record/1335411?ln=en
http://inspirehep.net/record/1423295?ln=en
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Dº Mixing as input to γ from B±→DK±

Measuring � with B±� D0K± events
No tagging required!
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This process is sensitive to the same D-D 
interference effects that affect this 
measurement.

S. Harnew & JR: Phys.Lett. B728 (2014) 296-302

LHCb: Phys.Rev.Lett. 116 (2016) no.24, 241801

http://inspirehep.net/record/1252078?ln=en
http://inspirehep.net/record/1423070?ln=en
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 Coherence factor thenD0 → K+π−π+π−

CLEO-c input theory: Atwood, Soni: Phys.Rev. D68 (2003) 033003
CLEO-c input: Phys.Rev.D80:031105,2009, update 

64

�
�
B� !

�
K+3⇡

�
D
K�� / r2B +

�
rK3⇡
D

�2
+ 2RK3⇡rBr

K3⇡
D · cos

�
�B + �K3⇡

D � �
�

Phys.Lett. B728 (2014) 296-302

Use interference effects in charm as input to γ

–

JHEP 1503 (2015) 169

Re�i�D = ci + isi

mixing/gamma theory
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http://inspirehep.net/record/1252078?ln=en
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Figure 3: Scans of ��2 for the fit to the updated CLEO-c observables in the (left)
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D ) and (right) (RK⇡⇡0 , �K⇡⇡0

D ) parameter space, showing the ��2 = 1, 4 and 9
intervals.

Table 8: Results from the ‘unconstrained’ time-dependent D0
! K�⇡+⇡+⇡� analysis of

LHCb [12].

Parameter Result

r
K3⇡
D (5.67± 0.12)⇥ 10�2

a (0.3± 1.8)⇥ 10�3

b (4.8± 1.8)⇥ 10�5

the CLEO-c observables, therefore motivating a combined fit of both sets of
measurements.

4. Combined fit

The fit described in Sect. 2.3 is repeated with the LHCb D
0
D̄

0-mixing
results (reported in Table 8) included as additional input measurements.
The best fit values for the hadronic parameters, and the associated corre-
lations, are presented in Tables 9 and 10, respectively. The reduced �

2 of
the fit is 33.5/36. Figure 5 shows the three possible sets of two-dimensional
scans in the D ! K

�
⇡
+
⇡
+
⇡
� hadronic-parameter space; also shown is a

scan of (RK⇡⇡0 , �
K⇡⇡0

D ). The inclusion of the LHCb observables improves the
precision of the D ! K

�
⇡
+
⇡
+
⇡
� coherence factor, but lowers the central
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value with respect to that returned by the CLEO-c fit. In this region the
1� bound on �K3⇡

D is weaker, although the results for this parameter become
significantly more Gaussian in behaviour. The reduction in the uncertainty
on r

K3⇡
D is largely driven by the correlation with the mixing parameters x

and y, which are constrained through external measurements in the fit. As
expected there are only minor changes in the D ! K

�
⇡
+
⇡
0 results compared

to those obtained from the fit to the CLEO-c observables alone.

5. Conclusions

A re-analysis of the CLEO-c  (3770) data set has yielded an updated
set of observables sensitive to the hadronic parameters of the decay D !

K
�
⇡
+
⇡
+
⇡
�, some of which are significantly di↵erent to those reported pre-

viously [4, 5]. These observables have been input to a combined fit, together
with measurements from a recent LHCb D

0
D̄

0 mixing analysis [12]. Results
are obtained for RK3⇡ and r

K3⇡
D that are significantly more precise than those

derived from the CLEO-c observables alone. New values and constraints are
also determined for the hadronic parameters of the decay D ! K

�
⇡
+
⇡
0.

These results will be valuable for improving sensitivity to the unitarity tri-
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Figure 109.1: (a) The known charmed baryons, and (b) the lightest “4-star”
strange baryons. Note that there are two JP = 1/2+ Ξc states, and that the lightest
Ωc does not have J = 3/2. The JP = 1/2+ states, all tabbed with a circle, belong
to the SU(4) multiplet that includes the nucleon; states with a circle with the
same fill belong to the same SU(3) multiplet within that SU(4) multiplet. Similar
remarks apply to the other states: same shape of tab, same SU(4) multiplet; same
fill of that shape, same SU(3) multiplet. The JP = 1/2− and 3/2− states tabbed
with triangles complete two SU(4) 4̄ multiplets.

Figure 109.3 shows in more detail the middle level of the 20 ′-plet of Fig. 109.2(b); it
splits apart into two SU(3) multiplets, a 3̄ and a 6. The states of the 3̄ are antisymmetric
under the interchange of the two light quarks (the u, d, and s quarks), whereas the states
of the 6 are symmetric under this interchange. We use a prime to distinguish the Ξc in
the 6 from the one in the 3̄.
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104. Charmed Baryons

Revised March 2018 by C.G. Wohl (LBNL).

Figure 104.1(a) shows the spectrum of the charmed baryons—there are now 24 of
them. The Λc(2860) and the top five Ω0

c ’s are new with this 2018 edition. Figure 104.1(b)
shows the spectrum of the nine known bottom baryons. Since the latter set differs only
by the replacement of a charm quark with a bottom quark, the spectra ought to be very
similar—and they are. We discuss the charmed baryons here; nearly all we say would
apply to the bottom baryons with the replacement of a c with a b.
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Figure 104.1: (a) The 24 known charmed baryons, and (b) the nine know bottom
baryons. We discuss the charmed baryons; similar remarks would apply to the
bottom baryons. The five JP = 1/2+ states, all tabbed with a circle, belong to the
udsc-SU(4) multiplet that includes the nucleon. States with a circle with the same
fill belong to the same SU(3) multiplet within that SU(4) multiplet (see below).
The three JP = 3/2+ states tabbed with a square belong to the SU(4) multiplet
that includes the ∆(1232). The JP = 1/2− and 3/2− states tabbed with triangles
complete two SU(4) 4̄ multiplets.

M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)
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84. Charmed Baryons

Revised in part June 2020 by D.J. Robinson (LBNL).

84.1 Spectrum
Similar to the light baryons, the naming convention for charmed baryon base symbols is de-

termined by their isospin, I, and charm-strangeness, C + S, quantum numbers: In particular, »c,
Àc, …c,cc and œc,cc,ccc with I(C + S) = 0(1), 1(1), 1/2(2) and 0(3), respectively. While this re-
view considers only the charmed baryons, approximate heavy quark flavor symmetry implies the
spectroscopy of the bottom baryons is expected to be similar, up to corrections of order »QCD/mc,b.

Figure 84.1(a) shows the spectrum of the singly-charmed baryons: There are now 36 such
established states. In the quark model picture (see the Quark Model review), states consistent with
all singly-charmed ground-state (zero angular momentum, or S-wave, state) baryons have been
discovered, along with many excited states. The »c(2860) and the five heaviest œ0

c ’s are recent,
intriguing discoveries. The spin-parity quantum numbers of the latter are currently unknown, but
one may speculate they correspond to the five ssc excited baryons in a P -wave state, although
other interpretations are also possible and plausible.
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Figure 84.1: (a) The spectrum of established singly-charmed baryons, with their JP assignments
(where known). In accordance with their isospin, the Àc (…c) lines each correspond to three (two)
charged or neutral states that are nearly degenerate, with the exception of the upper two …c lines
for which only the charged state has been found. Unique flavor SU(3) representations are shown
by various filled and open symbols: The three JP = 3/2+ (JP = 1/2+) lines marked with a filled
square (open circle) fill a ground-state 6 of flavor SU(3); the two JP = 1/2+ (1/2≠ and 3/2≠) lines
marked by a filled circle (open triangles) fill a ground-state (excited-state) 3̄. Fig 84.1(b) shows a
similar spectrum for several known bottom baryons.

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
2nd September, 2020 4:14pm
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termined by their isospin, I, and charm-strangeness, C + S, quantum numbers: In particular, »c,
Àc, …c,cc and œc,cc,ccc with I(C + S) = 0(1), 1(1), 1/2(2) and 0(3), respectively. While this re-
view considers only the charmed baryons, approximate heavy quark flavor symmetry implies the
spectroscopy of the bottom baryons is expected to be similar, up to corrections of order »QCD/mc,b.

Figure 84.1(a) shows the spectrum of the singly-charmed baryons: There are now 36 such
established states. In the quark model picture (see the Quark Model review), states consistent with
all singly-charmed ground-state (zero angular momentum, or S-wave, state) baryons have been
discovered, along with many excited states. The »c(2860) and the five heaviest œ0

c ’s are recent,
intriguing discoveries. The spin-parity quantum numbers of the latter are currently unknown, but
one may speculate they correspond to the five ssc excited baryons in a P -wave state, although
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Figure 84.1: (a) The spectrum of established singly-charmed baryons, with their JP assignments
(where known). In accordance with their isospin, the Àc (…c) lines each correspond to three (two)
charged or neutral states that are nearly degenerate, with the exception of the upper two …c lines
for which only the charged state has been found. Unique flavor SU(3) representations are shown
by various filled and open symbols: The three JP = 3/2+ (JP = 1/2+) lines marked with a filled
square (open circle) fill a ground-state 6 of flavor SU(3); the two JP = 1/2+ (1/2≠ and 3/2≠) lines
marked by a filled circle (open triangles) fill a ground-state (excited-state) 3̄. Fig 84.1(b) shows a
similar spectrum for several known bottom baryons.

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
2nd September, 2020 4:14pm
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4 LOWREY 09 uses quantum correlations in e+ e− → D0D0 at the ψ(3770), where

the decay rates of CP-tagged K−π+π0 final states depend on R
K ππ0

and δK ππ
0
.

A fit that includes external measurements of charm mixing parameters gets δK ππ
0
=

(227+14
−17)

◦.

D0 → K−π−2π+ COHERENCE FACTOR RK 3πD0 → K−π−2π+ COHERENCE FACTOR RK 3πD0 → K−π−2π+ COHERENCE FACTOR RK 3πD0 → K−π−2π+ COHERENCE FACTOR RK 3π
See the note on ‘D0-D0 Mixing’ for the definition. RK 3π can have any value between
0 and 1. A value near 1 indicates the decay is dominated by a few intermediate states
with limited interference.

VALUE EVTS DOCUMENT ID TECN COMMENT

0.53 +0.18
−0.21

0.53 +0.18
−0.210.53 +0.18
−0.21

0.53 +0.18
−0.21

1,2,3 EVANS 16 e+ e− → D0D0 at
ψ(3770), pp at 7,8
TeV

• • • We do not use the following data for averages, fits, limits, etc. • • •

0.458±0.010±0.023 0.9M,3k 4 AAIJ 18AI LHCB amplitude models

0.32 +0.20
−0.28

1,3 LIBBY 14 Repl. by EVANS 16

0.36 +0.24
−0.30

5 LOWREY 09 CLEO Repl. by LIBBY 14

1Uses quantum correlations in e+ e− → D0D0 at the ψ(3770), where the decay rates

of CP-tagged K−π− 2π+ final states depend on RK 3π and δK 3π .
2 A combined fit with a recent LHCB D0D0 mixing results in AAIJ 16F is also reported,

to be 0.43+0.17
−0.13.

3Obtained by analyzing CLEO-c data but not authored by the CLEO Collaboration.
4 Calculated from amplitude models to D0 → K−π− 2π+ and D0 → K+π+2π− and
cc. Reports 0.458 ± 0.010± 0.012± 0.020 value where the 3rd uncertainty is the model
uncertainty. We combined both systematic uncertainties in quadrature. Because of the
importance of model independence in the practical use of the coherence factor, we do
not include model-derived results in the average.

5 LOWREY 09 uses quantum correlations in e+ e− → D0D0 at the ψ(3770), where

the decay rates of CP-tagged K−π− 2π+ final states depend on RK 3π and δK 3π .
A fit that includes external measurements of charm mixing parameters gets RK 3π =

0.33+0.26
−0.23.

D0 → K−π−2π+ AVERAGE RELATIVE STRONG PHASE δK 3πD0 → K−π−2π+ AVERAGE RELATIVE STRONG PHASE δK 3πD0 → K−π−2π+ AVERAGE RELATIVE STRONG PHASE δK 3πD0 → K−π−2π+ AVERAGE RELATIVE STRONG PHASE δK 3π

The quoted value of δ is based on the same sign CP phase of D0 and D0 convention.
VALUE (◦) DOCUMENT ID TECN COMMENT

125+22
−14

125+22
−14125+22
−14

125+22
−14

1,2,3 EVANS 16 e+ e− → D0D0 at ψ(3770)

• • • We do not use the following data for averages, fits, limits, etc. • • •

255+21
−78

1,3 LIBBY 14 Repl. by EVANS 16

118+62
−53

4 LOWREY 09 CLEO Repl. by LIBBY 14

1Uses quantum correlations in e+ e− → D0D0 at the ψ(3770), where the decay rates

of CP-tagged K−π− 2π+ final states depend on RK 3π and δK 3π .
2 A combined fit with a recent LHCb D0D0 mixing results in AAIJ 16F is also reported

to be (128+28
−17)

◦.
3Obtained by analyzing CLEO-c data but not authored by the CLEO Collaboration.
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FIG. 9. The c(0)i and s(0)i measured in this work (red dots with error bars), the expected values from Ref. [42] (blue open circles) as well
as CLEO results (green open squares with error bars) in Ref. [23]. The top plots are from the equal ��D binning, the middle plots from the
optimal binning and plots from the modified optimal binning scheme are on the bottom. The circle indicates the boundary of the physical
region c(0)2i + s(0)2i = 1.
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FIG. 1. The (left) equal ��D , (middle) optimal and (right) modified optimal binnings of the D ! K0
S,L⇡

+⇡� Dalitz plot from Ref. [23].
The color scale represents the absolute value of the bin number |i|.

to include decays where the tag D meson decays to a self-
conjugate final state rather than a CP eigenstate, assuming
that the CP -even fraction, FCP , is known. The number of
events observed in the ith bin, Mi, where the tag D meson
decays to a self-conjugate final state is then given by

Mi = hCP (Ki � (2FCP � 1)2ci
p
KiK�i +K�i), (7)

where hCP is a normalization factor. The value of FCP is 1
for CP -even tags and 0 for CP -odd tags. This parameteriza-
tion is valuable since it allows for final states with very high or
very low CP -even fractions to be used to provide sensitivity
to the ci parameters. A good example of such a decay is the
mode D ! ⇡+⇡�⇡0 where the fractional CP -even content
is measured to be F⇡⇡⇡0

CP = 0.973± 0.017 [26].
However, from Eq. (4), the sign of ��D is undetermined if

only the values of ci are known from the CP -tagged D !
K0

S⇡
+⇡� decay. Important additional information can be

gained to determine the si parameters by studying the Dalitz
plot distributions where both D mesons decay to K0

S⇡
+⇡�.

The amplitude of the  (3770) decay is in this case given by

f(m2
+,m

2
�,m

2†
+ ,m2†

� )

=
fD(m2

+,m
2
�)fD(m2†

� ,m2†
+ )� fD(m2†

+ ,m2†
� )fD(m2

�,m
2
+)p

2
,

(8)

where the use of the 0†0 symbol differentiates the Dalitz plot
coordinates of the two D ! K0

S⇡
+⇡� decays. The variable

Mij is defined as the event yield observed in the ith bin of the
first and the jth bin of the second D ! K0

S⇡
+⇡� Dalitz plot,

and is given by

Mij =hcorr[KiK�j +K�iKj

�2
p
KiK�jK�iKj(cicj + sisj)], (9)

where hcorr is a normalization factor. Equation (9) is not sen-
sitive to the sign of si, however, this ambiguity can be resolved
using a weak model assumption.

In order to improve the precision of the ci and si parame-
ters it is useful to increase the possible tags to include D !
K0

L⇡
+⇡� which is closely related to the D ! K0

S⇡
+⇡�

decay. The convention A(D0 ! K0
S⇡

+⇡�) = A(D̄0 !
K0

S⇡
�⇡+) is used, making the good approximation that the

K0
S meson is CP -even. Similarly, it follows that A(D0 !

K0
L⇡

+⇡�) = �A(D̄0 ! K0
L⇡

�⇡+). Hence, where the
D ! K0

L⇡
+⇡� is used as the signal decay, and the tag is a

self-conjugate final state, the observed event yield M 0
i is given

by

M 0
i = h0

CP (K
0
i + (2FCP � 1)2ci

q
K 0

iK
0
�i +K 0

�i), (10)

where K 0
i and c0i are associated to the D ! K0

L⇡
+⇡� de-

cay. The event yield M 0
ij , corresponding to the yield of events

where the D ! K0
S⇡

+⇡� decay is observed in the ith bin and
the D ! K0

L⇡
+⇡� decay is observed in the jth bin, is given

by

M 0
ij =h0

corr[KiK
0
�j +K�iK

0
j

+2
q
KiK 0

�jK�iK 0
j(cic

0
j + sis

0
j)], (11)

where s0i is the amplitude-weighted average sine of the strong-
phase difference for the D ! K0

L⇡
+⇡� decay.

In Eqs. (7), (9), (10) and (11), the normalization factors
h(0)
CP and h(0)

corr can be related to the yields of reconstruct-
ed signal and tag final states, the reconstruction efficiencies,
and the number of neutral D-meson pairs NDD̄ produced
in the data set, with h(0)

CP = SCP /2SFT(0) ⇥ ✏K
0
S(L)⇡

+⇡�
,

hcorr = NDD̄/(2S2
FT) ⇥ ✏K

0
S⇡+⇡�vs.K0

S⇡+⇡�
and h0

corr =

NDD̄/(SFTS0
FT) ⇥ ✏K

0
S⇡+⇡�vs.K0

L⇡+⇡�
. Here SCP is the

yield of events in which one charm meson is reconstruct-
ed as the CP -tag where no requirement is placed on the
decay of the other charm meson, and SFT(0) refers to the
analogous quantity summed over flavor-tagged decays that
are used in the determination of K(0)

i . The effective effi-
ciency for detecting the D ! K0

S(L)⇡
+⇡� decay recoiling

against the particular CP -tag under consideration, is defined

ci = ⟨cos(δi)⟩
si = ⟨sin(δi)⟩
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FIG. 9. The c(0)i and s(0)i measured in this work (red dots with error bars), the expected values from Ref. [42] (blue open circles) as well
as CLEO results (green open squares with error bars) in Ref. [23]. The top plots are from the equal ��D binning, the middle plots from the
optimal binning and plots from the modified optimal binning scheme are on the bottom. The circle indicates the boundary of the physical
region c(0)2i + s(0)2i = 1.
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FIG. 9. The c(0)i and s(0)i measured in this work (red dots with error bars), the expected values from Ref. [42] (blue open circles) as well
as CLEO results (green open squares with error bars) in Ref. [23]. The top plots are from the equal ��D binning, the middle plots from the
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FIG. 9. The c(0)i and s(0)i measured in this work (red dots with error bars), the expected values from Ref. [42] (blue open circles) as well
as CLEO results (green open squares with error bars) in Ref. [23]. The top plots are from the equal ��D binning, the middle plots from the
optimal binning and plots from the modified optimal binning scheme are on the bottom. The circle indicates the boundary of the physical
region c(0)2i + s(0)2i = 1.

Model


