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Z. Mediankin Gruberová , R. Mehta , F. Meier , D. Meleshko , M. Merola , C. Miller , M. Mirra ,33

K. Miyabayashi , H. Miyake , R. Mizuk , G. B. Mohanty , S. Moneta , A. L. Moreira de Carvalho ,34

H.-G. Moser , M. Mrvar , H. Murakami , R. Mussa , I. Nakamura , M. Nakao , Y. Nakazawa , M. Naruki ,35

Z. Natkaniec , A. Natochii , M. Nayak , M. Neu , S. Nishida , R. Nomaru , S. Ogawa , R. Okubo ,36

H. Ono , E. R. Oxford , G. Pakhlova , A. Panta , S. Pardi , J. Park , S.-H. Park , A. Passeri , S. Patra ,37

S. Paul , T. K. Pedlar , R. Pestotnik , M. Piccolo , L. E. Piilonen , P. L. M. Podesta-Lerma , T. Podobnik ,38

C. Praz , S. Prell , E. Prencipe , M. T. Prim , S. Privalov , H. Purwar , P. Rados , S. Raiz ,39

K. Ravindran , J. U. Rehman , M. Reif , S. Reiter , L. Reuter , D. Ricalde Herrmann , I. Ripp-Baudot ,40

G. Rizzo , S. H. Robertson , J. M. Roney , A. Rostomyan , N. Rout , S. Saha , L. Salutari ,41

D. A. Sanders , S. Sandilya , L. Santelj , C. Santos , V. Savinov , B. Scavino , C. Schmitt , S. Schneider ,42

M. Schnepf , K. Schoenning , C. Schwanda , A. J. Schwartz , Y. Seino , K. Senyo , M. E. Sevior ,43

C. Sfienti , W. Shan , G. Sharma , X. D. Shi , T. Shillington , T. Shimasaki , J.-G. Shiu , D. Shtol ,44

B. Shwartz , A. Sibidanov , F. Simon , J. Skorupa , M. Sobotzik , A. Soffer , A. Sokolov , E. Solovieva ,45
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https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.1
https://orcid.org/0009-0004-1031-5425
https://orcid.org/0000-0003-2287-0173
https://orcid.org/0000-0002-0909-7537
https://orcid.org/0000-0003-3976-7498
https://orcid.org/0000-0001-6820-0576
https://orcid.org/0000-0002-1907-5964
https://orcid.org/0000-0002-4425-2096
https://orcid.org/0000-0001-7609-112X
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.2
https://orcid.org/0000-0002-2234-8628
https://orcid.org/0000-0002-3883-6693
https://orcid.org/0000-0003-1513-0409
https://orcid.org/0000-0003-1757-5620
https://orcid.org/0000-0003-0471-197X
https://orcid.org/0000-0002-1586-5790
https://orcid.org/0000-0003-2435-501X
https://orcid.org/0000-0002-6347-7055
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.3
https://orcid.org/0000-0003-3466-9290
https://orcid.org/0000-0003-0419-6912
https://orcid.org/0000-0003-1393-8631
https://orcid.org/0009-0008-7806-4422
https://orcid.org/0000-0002-3744-5332
https://orcid.org/0000-0001-7378-4852
https://orcid.org/0000-0001-8852-2409
https://orcid.org/0000-0002-2095-603X
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.4
https://orcid.org/0009-0002-7835-0855
https://orcid.org/0000-0001-5585-0991
https://orcid.org/0000-0001-9438-089X
https://orcid.org/0000-0003-0562-4616
https://orcid.org/0000-0002-5082-5487
https://orcid.org/0000-0002-5440-2668
https://orcid.org/0000-0001-8153-2719
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.5
https://orcid.org/0000-0001-9971-1176
https://orcid.org/0000-0001-5038-360X
https://orcid.org/0000-0002-3792-2450
https://orcid.org/0000-0003-1776-0439
https://orcid.org/0000-0001-7742-2998
https://orcid.org/0000-0001-8857-8621
https://orcid.org/0000-0001-6254-3594
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.6
https://orcid.org/0000-0002-1524-6236
https://orcid.org/0000-0003-1449-6986
https://orcid.org/0000-0002-7543-3471
https://orcid.org/0000-0001-5735-8386
https://orcid.org/0000-0001-5279-4787
https://orcid.org/0000-0003-4861-7918
https://orcid.org/0000-0003-2990-1913
https://orcid.org/0000-0001-6030-3087
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.7
https://orcid.org/0000-0002-5915-1319
https://orcid.org/0000-0002-2495-0524
https://orcid.org/0000-0002-2270-9673
https://orcid.org/0000-0001-5229-1039
https://orcid.org/0000-0001-7357-9007
https://orcid.org/0000-0002-0856-1131
https://orcid.org/0000-0002-3829-9592
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.8
https://orcid.org/0000-0002-3109-2046
https://orcid.org/0000-0003-2518-7134
https://orcid.org/0000-0003-4137-938X
https://orcid.org/0000-0002-2192-8233
https://orcid.org/0000-0003-4064-388X
https://orcid.org/0000-0001-8472-5727
https://orcid.org/0009-0003-6318-2008
https://orcid.org/0000-0002-8803-4429
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.9
https://orcid.org/0009-0004-1205-5700
https://orcid.org/0009-0001-1983-8693
https://orcid.org/0000-0001-7620-2053
https://orcid.org/0009-0005-9210-8872
https://orcid.org/0000-0003-2099-7760
https://orcid.org/0000-0002-7008-3759
https://orcid.org/0000-0003-1705-7399
https://orcid.org/0000-0002-1673-5664
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.10
https://orcid.org/0000-0003-2747-8277
https://orcid.org/0000-0001-9841-0216
https://orcid.org/0000-0001-9251-4030
https://orcid.org/0009-0009-8755-6290
https://orcid.org/0000-0002-2577-9909
https://orcid.org/0000-0002-2398-3754
https://orcid.org/0000-0001-6857-966X
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.11
https://orcid.org/0000-0002-7469-6974
https://orcid.org/0000-0003-3905-6805
https://orcid.org/0000-0002-2047-9675
https://orcid.org/0000-0001-8442-107X
https://orcid.org/0000-0002-3808-5455
https://orcid.org/0000-0003-1997-6751
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.12
https://orcid.org/0000-0003-1233-3876
https://orcid.org/0000-0002-5662-3675
https://orcid.org/0000-0001-6831-3159
https://orcid.org/0000-0003-3043-1939
https://orcid.org/0000-0001-8574-9624
https://orcid.org/0000-0002-0681-6946
https://orcid.org/0000-0002-1345-8163
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.13
https://orcid.org/0000-0002-6817-6868
https://orcid.org/0000-0001-8656-2693
https://orcid.org/0000-0001-8368-3721
https://orcid.org/0000-0002-7647-1429
https://orcid.org/0000-0003-3966-7497
https://orcid.org/0000-0002-6849-0427
https://orcid.org/0000-0001-9795-7412
https://orcid.org/0000-0002-5068-5453
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.14
https://orcid.org/0000-0002-3936-2151
https://orcid.org/0000-0001-6535-7965
https://orcid.org/0000-0002-5862-9739
https://orcid.org/0000-0001-7695-0537
https://orcid.org/0009-0005-2634-7189
https://orcid.org/0000-0001-8346-8597
https://orcid.org/0000-0003-2393-3367
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.15
https://orcid.org/0000-0002-7406-4707
https://orcid.org/0000-0002-3643-4543
https://orcid.org/0000-0001-5983-1552
https://orcid.org/0000-0002-8880-6134
https://orcid.org/0009-0001-9817-8637
https://orcid.org/0000-0001-6754-3315
https://orcid.org/0000-0003-0974-6231
https://orcid.org/0000-0003-0096-3555
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.16
https://orcid.org/0000-0002-3458-9824
https://orcid.org/0000-0001-6775-8893
https://orcid.org/0000-0001-5982-1784
https://orcid.org/0000-0002-5496-7247
https://orcid.org/0000-0002-8895-0128
https://orcid.org/0000-0001-5603-4750
https://orcid.org/0000-0002-8553-7338
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.17
https://orcid.org/0000-0002-3147-4562
https://orcid.org/0000-0002-8317-0579
https://orcid.org/0000-0003-4108-7256
https://orcid.org/0000-0001-8785-847X
https://orcid.org/0000-0002-9974-8320
https://orcid.org/0000-0001-8602-5652
https://orcid.org/0000-0001-6964-8399
https://orcid.org/0000-0002-5541-2278
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.18
https://orcid.org/0000-0002-5858-3187
https://orcid.org/0000-0003-0962-6344
https://orcid.org/0000-0001-6775-5932
https://orcid.org/0000-0002-5138-5903
https://orcid.org/0000-0001-6954-9593
https://orcid.org/0000-0001-6504-1872
https://orcid.org/0000-0002-6663-5469
https://orcid.org/0009-0009-1827-2008
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.19
https://orcid.org/0000-0002-8133-6467
https://orcid.org/0000-0002-6322-5587
https://orcid.org/0000-0002-7761-3505
https://orcid.org/0000-0002-1893-8764
https://orcid.org/0000-0001-5147-4781
https://orcid.org/0009-0005-8881-8935
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.20
https://orcid.org/0000-0001-9979-6501
https://orcid.org/0009-0008-0470-2102
https://orcid.org/0000-0002-1641-430X
https://orcid.org/0000-0002-2922-9779
https://orcid.org/0000-0002-4271-711X
https://orcid.org/0000-0002-2927-3366
https://orcid.org/0000-0002-3561-5633
https://orcid.org/0000-0003-1590-0266
https://orcid.org/0000-0002-9402-7559
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.21
https://orcid.org/0000-0002-0847-402X
https://orcid.org/0000-0002-9996-6336
https://orcid.org/0000-0003-3122-4384
https://orcid.org/0000-0002-1935-9887
https://orcid.org/0000-0001-8176-8545
https://orcid.org/0000-0002-7323-0830
https://orcid.org/0000-0002-8366-1749
https://orcid.org/0000-0002-2211-619X
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.22
https://orcid.org/0000-0001-5635-1000
https://orcid.org/0000-0002-6816-0751
https://orcid.org/0000-0001-5365-3716
https://orcid.org/0000-0002-7278-2860
https://orcid.org/0000-0002-5161-9722
https://orcid.org/0000-0002-2209-535X
https://orcid.org/0000-0001-8125-9070
https://orcid.org/0000-0001-7593-843X
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.23
https://orcid.org/0000-0002-4659-1112
https://orcid.org/0000-0002-6756-3591
https://orcid.org/0000-0001-7175-4182
https://orcid.org/0000-0002-8644-2349
https://orcid.org/0000-0002-1644-2001
https://orcid.org/0000-0003-3869-6552
https://orcid.org/0000-0002-3638-0266
https://orcid.org/0000-0001-5959-8172
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.24
https://orcid.org/0000-0003-0971-0968
https://orcid.org/0000-0001-8084-1931
https://orcid.org/0000-0002-7314-0990
https://orcid.org/0000-0002-4967-7675
https://orcid.org/0000-0002-1236-4667
https://orcid.org/0000-0001-6251-8049
https://orcid.org/0000-0001-6217-5162
https://orcid.org/0000-0001-6585-7767
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.25
https://orcid.org/0000-0003-1572-5365
https://orcid.org/0000-0001-9613-2849
https://orcid.org/0000-0002-7011-5044
https://orcid.org/0000-0001-9448-5691
https://orcid.org/0000-0002-0551-7696
https://orcid.org/0000-0001-9128-6806
https://orcid.org/0000-0001-8220-3095
https://orcid.org/0000-0003-0234-0474
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.26
https://orcid.org/0000-0001-7110-7823
https://orcid.org/0000-0002-7400-6013
https://orcid.org/0000-0003-3097-6613
https://orcid.org/0000-0002-9073-5689
https://orcid.org/0009-0001-8778-8747
https://orcid.org/0000-0003-4528-4601
https://orcid.org/0009-0008-5394-5100
https://orcid.org/0000-0003-3833-2900
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.27
https://orcid.org/0000-0002-5991-622X
https://orcid.org/0000-0002-3240-4523
https://orcid.org/0000-0001-9275-4739
https://orcid.org/0000-0002-7366-1307
https://orcid.org/0009-0004-9425-2678
https://orcid.org/0009-0002-8040-2546
https://orcid.org/0000-0002-4413-6247
https://orcid.org/0000-0002-9909-2851
https://orcid.org/0009-0000-1981-0044
https://orcid.org/0000-0002-1219-3247
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.28
https://orcid.org/0000-0002-3653-2899
https://orcid.org/0000-0001-5922-9561
https://orcid.org/0000-0002-6491-8131
https://orcid.org/0000-0003-4451-214X
https://orcid.org/0000-0002-9376-1487
https://orcid.org/0000-0002-7684-0415
https://orcid.org/0000-0002-0290-3022
https://orcid.org/0000-0003-3416-0056
https://orcid.org/0000-0002-8124-8969
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.29
https://orcid.org/0000-0003-3915-2506
https://orcid.org/0000-0002-2275-0473
https://orcid.org/0009-0005-1351-3571
https://orcid.org/0000-0001-8412-8308
https://orcid.org/0000-0003-4143-9127
https://orcid.org/0000-0002-1746-4683
https://orcid.org/0000-0001-5534-7149
https://orcid.org/0000-0003-1144-3678
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.30
https://orcid.org/0000-0002-8552-6276
https://orcid.org/0000-0002-9826-7947
https://orcid.org/0000-0002-5979-5050
https://orcid.org/0000-0002-1315-8646
https://orcid.org/0000-0003-1903-3251
https://orcid.org/0000-0002-7189-8343
https://orcid.org/0000-0003-1544-4053
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.31
https://orcid.org/0000-0001-7846-1913
https://orcid.org/0000-0003-1762-4699
https://orcid.org/0000-0002-7109-5583
https://orcid.org/0000-0002-2698-5448
https://orcid.org/0000-0002-7764-5777
https://orcid.org/0009-0004-1020-7299
https://orcid.org/0000-0001-9871-9002
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.32
https://orcid.org/0000-0002-5691-1044
https://orcid.org/0000-0001-8670-3409
https://orcid.org/0000-0002-6088-0412
https://orcid.org/0000-0002-0872-4623
https://orcid.org/0000-0002-7082-8108
https://orcid.org/0000-0003-2631-1790
https://orcid.org/0000-0002-1190-2961
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.33
https://orcid.org/0000-0003-4352-734X
https://orcid.org/0000-0002-7079-8236
https://orcid.org/0000-0002-2209-6969
https://orcid.org/0000-0001-6850-7666
https://orcid.org/0000-0003-2184-7510
https://orcid.org/0000-0002-1986-5720
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.34
https://orcid.org/0000-0003-3579-9951
https://orcid.org/0000-0001-6388-3005
https://orcid.org/0000-0001-6548-6775
https://orcid.org/0000-0002-0294-9071
https://orcid.org/0000-0002-7640-5456
https://orcid.org/0000-0001-8424-7075
https://orcid.org/0000-0002-6271-5808
https://orcid.org/0000-0003-1773-2999
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.35
https://orcid.org/0000-0003-0486-9291
https://orcid.org/0000-0002-1076-814X
https://orcid.org/0000-0002-2572-4692
https://orcid.org/0000-0002-4564-8009
https://orcid.org/0000-0001-6373-2346
https://orcid.org/0009-0005-7445-5993
https://orcid.org/0000-0002-7310-5079
https://orcid.org/0009-0009-0912-0678
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.36
https://orcid.org/0000-0003-4486-0064
https://orcid.org/0000-0002-0813-4578
https://orcid.org/0000-0001-7518-3022
https://orcid.org/0000-0001-6385-7712
https://orcid.org/0000-0001-7994-0537
https://orcid.org/0000-0001-6520-0028
https://orcid.org/0000-0001-6019-6218
https://orcid.org/0000-0003-4864-3411
https://orcid.org/0000-0002-4114-1091
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.37
https://orcid.org/0000-0002-8813-0437
https://orcid.org/0000-0001-9839-7373
https://orcid.org/0000-0003-1804-9470
https://orcid.org/0000-0001-9750-0551
https://orcid.org/0000-0001-6836-0748
https://orcid.org/0000-0002-8152-9605
https://orcid.org/0000-0002-6131-819X
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.38
https://orcid.org/0000-0002-6154-885X
https://orcid.org/0000-0002-0195-8005
https://orcid.org/0000-0002-9465-2493
https://orcid.org/0000-0002-1407-7450
https://orcid.org/0009-0004-1681-3919
https://orcid.org/0000-0002-3876-7069
https://orcid.org/0000-0003-0690-8100
https://orcid.org/0000-0001-7010-8066
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.39
https://orcid.org/0000-0002-5584-2614
https://orcid.org/0000-0002-2673-1982
https://orcid.org/0000-0002-0706-0247
https://orcid.org/0000-0002-6542-9954
https://orcid.org/0000-0002-5930-6237
https://orcid.org/0000-0001-9772-9989
https://orcid.org/0000-0002-1897-8272
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.40
https://orcid.org/0000-0003-1788-2866
https://orcid.org/0000-0003-4096-8393
https://orcid.org/0000-0001-7802-4617
https://orcid.org/0000-0003-1839-8152
https://orcid.org/0000-0002-4310-3638
https://orcid.org/0009-0004-8148-260X
https://orcid.org/0009-0001-2822-6939
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.41
https://orcid.org/0000-0002-4902-966X
https://orcid.org/0000-0002-4199-4369
https://orcid.org/0000-0003-3904-2956
https://orcid.org/0009-0005-2430-1670
https://orcid.org/0000-0002-9184-2830
https://orcid.org/0000-0003-1771-9161
https://orcid.org/0000-0002-3787-687X
https://orcid.org/0009-0002-5899-0353
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.42
https://orcid.org/0000-0003-0623-0184
https://orcid.org/0000-0002-3490-9584
https://orcid.org/0000-0003-4844-5028
https://orcid.org/0000-0002-7310-1983
https://orcid.org/0000-0002-8378-4255
https://orcid.org/0000-0002-1615-9118
https://orcid.org/0000-0002-4824-101X
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.43
https://orcid.org/0000-0002-5921-8819
https://orcid.org/0000-0003-2811-2218
https://orcid.org/0000-0002-5620-5334
https://orcid.org/0000-0002-7006-6107
https://orcid.org/0000-0003-3862-4380
https://orcid.org/0000-0003-3291-9532
https://orcid.org/0000-0002-8478-5639
https://orcid.org/0000-0002-0622-6065
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.44
https://orcid.org/0000-0002-1456-1496
https://orcid.org/0000-0001-8805-4895
https://orcid.org/0000-0002-5978-0289
https://orcid.org/0000-0002-8566-621X
https://orcid.org/0000-0002-1773-5455
https://orcid.org/0000-0002-0749-2146
https://orcid.org/0000-0002-9420-0091
https://orcid.org/0000-0002-5735-4059
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.45
https://orcid.org/0000-0001-9601-405X
https://orcid.org/0000-0002-3060-2729
https://orcid.org/0000-0001-8751-5944
https://orcid.org/0000-0001-9914-7261
https://orcid.org/0000-0003-2628-530X
https://orcid.org/0009-0003-2245-1603
https://orcid.org/0000-0002-3453-142X
https://orcid.org/0000-0002-8954-0585
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.46
https://orcid.org/0000-0001-7003-7210
https://orcid.org/0000-0003-4198-2517
https://orcid.org/0000-0003-1171-5960
https://orcid.org/0000-0001-8225-3973
https://orcid.org/0000-0001-6651-0706
https://orcid.org/0000-0002-6029-6216
https://orcid.org/0000-0002-8255-3746
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.47
https://orcid.org/0000-0003-3469-9377
https://orcid.org/0000-0003-4171-6219
https://orcid.org/0009-0002-6463-4902
https://orcid.org/0000-0001-9128-6240
https://orcid.org/0000-0002-5887-1883
https://orcid.org/0000-0003-2321-0599
https://orcid.org/0000-0001-6567-3036
https://orcid.org/0000-0003-0517-9129
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.48
https://orcid.org/0000-0003-3584-4484
https://orcid.org/0000-0002-6833-4344
https://orcid.org/0000-0001-7378-6671
https://orcid.org/0000-0003-3355-765X
https://orcid.org/0000-0002-2209-8198
https://orcid.org/0000-0002-3401-0480
https://orcid.org/0000-0002-0887-7953
https://orcid.org/0000-0003-3174-403X
https://orcid.org/0000-0003-1685-9824
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.49
https://orcid.org/0000-0002-7448-4816
https://orcid.org/0000-0003-1017-1295
https://orcid.org/0000-0002-1916-3884
https://orcid.org/0000-0002-1606-5349
https://orcid.org/0000-0003-3354-2300
https://orcid.org/0000-0002-4399-5082
https://orcid.org/0000-0003-1782-2978
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.50
https://orcid.org/0000-0003-2818-3155
https://orcid.org/0000-0002-9105-1625
https://orcid.org/0000-0002-0979-8341
https://orcid.org/0000-0002-2298-7315
https://orcid.org/0000-0002-5241-6628
https://orcid.org/0000-0003-0959-4784
https://orcid.org/0000-0002-4245-7442
https://orcid.org/0000-0001-5096-1182
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.51
https://orcid.org/0000-0002-2680-0474
https://orcid.org/0000-0003-0713-0871
https://orcid.org/0000-0001-8840-3346
https://orcid.org/0000-0002-2459-1824
https://orcid.org/0000-0002-1479-9349
https://orcid.org/0000-0002-3656-2326
https://orcid.org/0000-0002-1652-6686
https://orcid.org/0009-0005-0799-1630
https://orcid.org/0000-0002-4001-9748
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.52
https://orcid.org/0000-0003-4957-805X
https://orcid.org/0009-0003-6474-3508
https://orcid.org/0000-0002-9270-7403
https://orcid.org/0000-0002-5065-8762
https://orcid.org/0000-0002-0907-5565
https://orcid.org/0000-0002-6413-4687
https://orcid.org/0000-0001-5968-6359
https://orcid.org/0009-0007-1127-5818
https://orcid.org/0000-0003-1644-8523
https://docs.belle2.org/pub_data/analyses/96/reviewtool/#comment=line.53


2

(The Belle II Collaboration)54

We measure the time- and phase-space-integrated CP asymmetry ACP in D0 → π+π−π0 de-55

cays reconstructed in e+e− → cc events collected by the Belle II experiment from 2019 to 2022.56

This sample corresponds to an integrated luminosity of 428 fb−1. We require D0 mesons to be57

produced in D∗+ → D0π+ decays to determine their flavor at production. Control samples of58

D0 → K−π+ decays are used to correct for reconstruction-induced asymmetries. The result,59

ACP (D
0 → π+π−π0) = (0.29 ± 0.27 ± 0.13)%, where the first uncertainty is statistical and the60

second systematic, is the most precise result to date and is consistent with CP conservation.61

I. INTRODUCTION62

Searches for charge-parity (CP ) violation in the charm63

sector provide a unique opportunity to explore possible64

physics beyond the standard model (SM) and are com-65

plementary to measurements in the strange and beauty66

sectors, especially for models of new physics where up-67

type quarks have a special role. CP violation is predicted68

to be very small in charm transitions because the con-69

tribution from the third generation of quarks is highly70

suppressed [1]. The largest SM asymmetries, which are71

expected to occur in singly-Cabibbo-suppressed channels,72

are predicted to be of order 10−4–10−3 [2, 3].73

Experimental sensitivity has reached the level of these74

predictions only in recent years: the first and only obser-75

vation of CP violation in the charm sector was performed76

in 2019 by the LHCb collaboration [4, 5]. Its origin is not77

yet understood, with both new physics and unaccounted-78

for non-perturbative QCD contributions being possible79

explanations [6–8]. In this context, searching for CP vio-80

lation in additional channels and improving the precision81

of previous measurements are essential.82

In this paper, we report a measurement of the time-83

and phase-space-integrated CP asymmetry in D0 →84

π+π−π0 decays using e+e− → cc events collected by85

Belle II between 2019 and 2022. This dataset corre-86

sponds to an integrated luminosity of 428 fb−1. The time-87

integrated CP asymmetry is defined as88

ACP (D
0 → π+π−π0) =89

Γ(D0 → π+π−π0)− Γ(D0 → π+π−π0)

Γ(D0 → π+π−π0) + Γ(D0 → π+π−π0)
, (1)90

where Γ indicates the decay-time-integrated decay rates,91

which include D0–D0 mixing effects. The most precise92

measurement of this observable to date, (0.31 ± 0.41 ±93

0.17)% where the first uncertainty is statistical and the94

second systematic, was performed by the BABAR collab-95

oration using about 82 × 103 signal candidates recon-96

structed in a 385 fb−1 dataset [9]. Other measurements97

for this channel include an ACP measurement by Belle98

[10], an unbinned statistical test of the Dalitz plot distri-99

bution symmetry by LHCb [11], and a time-dependent100

CP violation search by LHCb [12]. All are compatible101

with CP symmetry.102

The flavor of the neutral D meson is identified (or103

“tagged”) by requiring that the meson originates from104

a D∗+ → D0π+ decay. (Throughout this paper, CP -105

conjugate decays are implied unless stated otherwise.)106

In this case, the charge of the π+ identifies the flavor of107

the D0 at production. We refer to this low-momentum108

charged pion as the “tag pion”, πtag.109

To determine ACP , we measure the raw asymmetry110

between the number of reconstructed decays of the two111

flavors:112

Aπππ0

raw =
N(D0 → π+π−π0)−N(D0 → π+π−π0)

N(D0 → π+π−π0) +N(D0 → π+π−π0)
. (2)113

This asymmetry has contributions from several sources.114

Given the small magnitude of the contributions (a few115

percent at most) we can approximate it as a sum:116

Aπππ0

raw ≃ ACP +Aprod +Aπππ0

ε +Aπtag
ε . (3)117

The CP asymmetry ACP is the observable of interest;118

the production asymmetryAprod arises from the forward-119

backward asymmetricD∗+ production in e+e− → cc pro-120

cesses; and the terms Aπππ0

ε and Aπtag
ε result from asym-121

metric efficiencies in the reconstruction of the D0 meson122

and tag pion, respectively.123

To measure Aπtag
ε , we use two control samples of124

D0 → K−π+ decays with and without reconstruction of125

the D∗+ → D0π+ decay: we refer to these as the tagged126

and untagged samples, respectively. Being dominated by127

a Cabibbo-favored c → s transition, this decay mode is128

both abundant and self-tagging. In addition, it can be129

reconstructed with high purity and efficiency due to the130

presence of two charged particles and no neutral particle131

in the final state. The raw asymmetries of these samples132

are133

Atagged
raw ≃ Aprod +AKπ

ε +Aπtag
ε (4a)134

Auntagged
raw ≃ Aprod +AKπ

ε , (4b)135

where we have neglected a possible CP asymmetry, which136

is expected to be negligible for a Cabibbo-favored decay137

at our current level of sensitivity [2, 3]. From these we138

compute139

Aπtag
ε = Atagged

raw −Auntagged
raw (5)140

which we then subtract from Aπππ0

raw .141

Given that the D0 final state is self-conjugate, and142

that final-state particles have relatively high momenta143

on average, we expect the D0 reconstruction asymmetry144

Aπππ0

ε to be negligible. We confirm this in simulation145
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and assign a systematic uncertainty for this choice (see146

Section VI).147

The production asymmetry is caused by γ–Z0 inter-148

ference and higher-order QED effects in the e+e− → cc149

process [13]. It is an odd function of the cosine of the150

polar angle cos θCM of the charm quark momentum in151

the collision center-of-mass (c.m.) frame and reaches a152

maximum of O(1%). Since the strong interaction respon-153

sible for hadronization and D∗+ → D0π+ decays is CP -154

conserving, Aprod is also an odd function of the cos θCM155

of the D∗+ and D0 mesons, cos θD
∗+

CM and cos θD
0

CM, which156

we measure. Because the reconstruction efficiency is not157

symmetric in cos θCM, the production asymmetry does158

not cancel when integrated over all reconstructed D∗
159

mesons. To cancel Aprod, we divide our samples into160

eight bins of cos θD
0

CM of the D0 meson. The bins are161

chosen to be symmetric around cos θD
0

CM = 0 and small162

enough such that the efficiency is approximately constant163

within each bin. We measure the D0 → π+π−π0 raw164

asymmetries separately in each oppositely-signed cos θD
0

CM165

bin ±i (with i = 1, . . . , 4), correct them for the tag pion166

asymmetries computed in the same bin, and determine167

ACP from the arithmetic average of positive and negative168

bins to cancel the odd contribution from Aprod:169

Ai
CP =

A+i +A−i

2
, (6)170

where A±i = Aπππ0

raw,±i − Aπtag

ε,±i. We then obtain ACP as171

the average of the Ai
CP values.172

We ensure that the detection and production asym-173

metries of signal and control samples are the same by174

employing the same selection criteria for variables that175

the asymmetries may depend on, and by using per-176

candidate weights to equalize the distributions of kine-177

matic variables that the asymmetries are sensitive to.178

To avoid potential bias, the measured values of the raw179

D0 → π+π−π0 asymmetries in each cos θD
0

CM bin were180

shifted by an undisclosed offset until the entire measure-181

ment procedure was finalized, and all systematic uncer-182

tainties were computed.183

The remainder of this paper is organized as follows.184

Section II briefly describes the Belle II detector and the185

simulation samples used. Section III describes the recon-186

struction process and the selection criteria used for the187

signal and the two control samples. Section IV describes188

the weighting procedure that ensures the correct estima-189

tion of reconstruction asymmetries. Section V describes190

the fit procedures used to measure the raw signal asym-191

metries. Section VI discusses the sources of systematic192

uncertainty. Finally, Section VII presents our results.193

II. THE BELLE II DETECTOR AND SAMPLES194

The Belle II detector [14, 15], located at the beam195

interaction region (IR) of the SuperKEKB asymmetric-196

energy e+e− collider [16], is a large-solid-angle spectrom-197

eter. It has a cylindrical geometry and consists of (from198

inner to outer radius): a silicon vertex detector made of199

two layers of pixel sensors, plus four layers of double-sided200

strip sensors [17]; a 56-layer drift chamber; a barrel time-201

of-propagation detector [18], and a forward-endcap aero-202

gel ring-imaging Čerenkov detector; and an electromag-203

netic calorimeter made of CsI(Tl) crystals. These sub-204

detectors operate within a 1.5T magnetic field produced205

by a superconducting solenoid. An iron flux-return yoke206

outside the solenoid is instrumented with resistive plate207

chambers and plastic scintillator tiles to detect muons208

and K0
L mesons. For the dataset used in this analysis,209

only part of the second layer of pixel detector was in-210

stalled, corresponding to one sixth of the azimuthal an-211

gle. The longitudinal z axis of the laboratory frame is212

defined as the central axis of the solenoid, with the posi-213

tive direction given by the direction of the electron beam.214

In this work we use the data sample collected from the215

beginning of data-taking in 2019 until 2022, which cor-216

responds to an integrated luminosity of 428 fb−1. This217

sample includes collisions with energy on the Υ (4S) res-218

onance (about 365 fb−1), below the BB pair production219

threshold (about 44 fb−1), and at various values around220

the Υ (5S) resonance (about 19 fb−1). The variation in221

e+e− → cc cross section over this range of collision ener-222

gies is less than 5%.223

We use simulated Monte Carlo (MC) samples to iden-224

tify sources of background, optimize selection criteria,225

develop the kinematic weighting procedure, determine fit226

models, validate the analysis procedure, and determine227

some of the systematic uncertainties. These samples cor-228

respond to four times the data integrated luminosity. We229

use EvtGen [19] interfaced to Pythia8 [20] andKKMC230

[21] to generate e+e− → Υ (4S) and e+e− → qq events231

(where q is a u, d, c, or s quark), and to simulate par-232

ticle decays; TAUOLA [22] to generate e+e− → τ+τ−233

events; Photos [23, 24] to simulate final-state radiation;234

and Geant4 [25] to simulate the interaction of particles235

with the detector material. We take beam-induced back-236

grounds from delayed Bhabha trigger data, and overlay237

them on simulated events.238

To simulate D0 → π+π−π0 decays, we employ a Dalitz239

distribution model based on an amplitude analysis per-240

formed by the BABAR collaboration [26]. Additionally,241

we scale signal and background components to better242

match the data distributions. Data–MC differences for243

signal and charm backgrounds are of order 10% and244

arise mainly from incorrect fragmentation modeling in245

the event generator. For backgrounds due to random246

combinations of final-state particles, discrepancies are of247

order 1%. The rescaling effectively reduces the largest248

differences to a few percent. After the rescaling, the249

simulated distributions of the invariant masses and the250

Dalitz plot variables agree with those found on data. We251

use the Belle II analysis software framework [27, 28] to252

process the data and MC samples.253
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III. CANDIDATE RECONSTRUCTION AND254

SELECTION CRITERIA255

We consider only events with at least three tracks256

(trajectories of charged particles as reconstructed in the257

drift chamber and vertex detector) that originate from258

the IR and have transverse momentum pT greater than259

200MeV/c. These events must also be inconsistent with260

Bhabha scattering. Section IIIA describes the recon-261

struction of the signal sample, while Section III B de-262

scribes the reconstruction of the control samples.263

A. D0 → π+π−π0 signal sample264

We reconstruct photon candidates from localized en-265

ergy deposits (clusters) in the calorimeter that are not ge-266

ometrically matched to a track. These clusters must have267

a polar angle within the acceptance of the drift chamber268

(17◦ < θ < 150◦) to ensure they are not produced by an269

undetected charged particle.270

To suppress beam background clusters, we require that271

the clusters include energy deposits from at least two272

crystals, have energies greater than 100MeV, and have273

crystal hit times within 200 ns of the measured e+e− col-274

lision time; the difference between the hit times and the275

collision time must also be less than twice its uncertainty.276

Since the signal distribution is non-Gaussian, the latter277

criterion selects 99% of the correctly-reconstructed pho-278

tons on simulation.279

Furthermore, to suppress hadronic clusters, we use se-280

lections based on the distribution of the cluster energy in281

the plane orthogonal to the photon momentum. We use282

the ratios E1/E9 and E9/E21, where E1, is the energy283

deposit in the central crystal of the cluster (the one with284

the highest energy), E9 is the energy deposit in the 3× 3285

array of crystals around the cluster center, and E21 is286

the energy deposit in the 5 × 5 array of crystals around287

the cluster center with the four corners removed. We288

also use a boosted decision tree classifier that exploits289

the Zernike moments of the energy deposit distribution290

among the crystals [29, 30].291

We combine pairs of photon candidates to form π0 →292

γγ candidates. We require that the invariant mass of the293

two photons be between 116MeV/c2 and 150MeV/c2, and294

that the π0 momentum be greater than 0.5GeV/c. This295

results in a mass resolution of about 6.5MeV/c2.296

We require that charged particle tracks originate from297

within the IR: the point-of-closest-approach of a track to298

the z axis must be less than 1 cm away from the beam in-299

teraction point along the z axis and less than 0.5 cm away300

in the plane transverse to the z axis. Furthermore, we re-301

quire the polar angles of the track momenta to be within302

the acceptance of the drift chamber for consistency.303

We combine pairs of opposite-charge pion candidates304

with π0 candidates to form D0 candidates. To sup-305

press background with charged kaons misidentified as pi-306

ons (e.g., from D0 → K−π+π0 decays), we require the307

charged particles’ neural-network-based particle identi-308

fication (NNPID) output to be greater than 0.2. The309

NNPID is performed using information from all subde-310

tectors except the pixel detector [31]. This selection is311

over 95% efficient and has a kaon-to-pion misidentifica-312

tion rate below 15%.313

To reject random combinations of pions, we require314

that the D0 candidate invariant mass M be between315

1.785GeV/c2 and 1.95GeV/c2. The mass resolution is316

about 20MeV/c2. Additionally, to reject D0 → K0
Sπ

0
317

decays, the invariant mass of the charged pion pair must318

not be between 470MeV/c2 and 530MeV/c2.319

We combine D0 candidates with charged pion candi-320

dates to form D∗+ → D0π+ candidates. These charged321

pions are required to have an NNPID output greater than322

0.1; this selection is more than 97% efficient, with a kaon-323

to-pion misidentification rate below 20%. To suppress324

random combinations of particles, we require that the325

difference between the invariant masses of the D∗+ and326

D0 candidates, ∆M , be between 140 and 150MeV/c2.327

We perform a vertex fit that exploits kinematic and328

geometric information from the whole decay chain, with329

the constraint that the D∗+ vertex must be in the IR330

[32]. We keep only candidates for which the fit converges.331

In events with multiple candidates (about 10% of the332

total), we only retain the candidate with the lowest χ2
333

value (highest fit probability) resulting from the vertex334

fit. When a correctly-reconstructed signal candidate is335

present in a multi-candidate event, this criterion selects336

it with 61% efficiency.337

To suppress D∗+ candidates produced in the decay of338

a B meson, which are subject to different production339

asymmetries, we require the c.m. momentum of the D∗+
340

candidate to be greater than 1.06 times the maximum341

kinematically allowed value for a D∗+ meson arising from342

a B decay. This factor accounts for the smearing of the343

c.m. momentum distribution due to the finite detector344

resolution, and is determined from simulation. The max-345

imum momentum depends on the collision energy and346

corresponds to about 2.45GeV/c for the majority of the347

dataset. This selection rejects about 15% of the recon-348

structed signal D∗+ in e+e− → cc events, over 99% of349

the D∗+ produced in the decay of a B meson, and about350

57% of the combinatorial background.351

Finally, we removeD0 candidates with |cos θD0

CM| larger352

than 0.7 due to the presence of large backgrounds that353

are difficult to model. The very forward and backward re-354

gions of the detector are affected by a much larger combi-355

natorial background, mainly due to beam-induced show-356

ers reaching the calorimeter endcaps. Also, the resolution357

on track parameters is worse at extreme polar angles, and358

this makes it more difficult to model the background from359

D0 → K−π+π0 (see Section VA).360

The signal selection efficiency calculated from MC361

samples is 9.0%. Based on this, the expected signal362

yield in the data sample, about 270 × 103 candidates,363

is more than three times that of the BABAR measurement364

[9], thanks to the relaxed selection criteria and better365
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detector performance.366

B. D0 → K−π+ control samples367

We select charged pion and kaon candidates with the368

same polar angle and impact parameter criteria as those369

used to select pions in the signal sample.370

We form D0 candidates by combining one kaon candi-371

date with one opposite-charge pion candidate. For these372

kaons and pions, we require an NNPID output greater373

than 0.8 to suppress D0 candidates with the K and π374

each misidentified as the other, to which we assign the in-375

correct flavor. This selection is over 80% efficient and has376

a misidentification rate below 2%. Additionally, we re-377

quire theK and π transverse momenta to be greater than378

150MeV/c, the cos θ of the π to be greater than −0.6, and379

the cos θ of the K to be greater than −0.75. These cri-380

teria exclude regions of the phase space where the kine-381

matic weighting procedure (described in Section IV) has382

poor performance. The lower performance arises from383

lower average track momentum due to the forward boost384

of the collision c.m., and the lack of particle identification385

detectors for θ > 120◦.386

We require the D0 candidate invariant mass to be be-387

tween 1.8GeV/c2 and 1.92GeV/c2, and the D0 c.m. mo-388

mentum to be greater than 1.06 times the maximum kine-389

matically allowed value for a D0 meson produced in the390

decay of a B meson.391

We use the same selection criteria for D0 candidates392

for both the tagged and untagged control samples. This393

ensures we have the same reconstruction-induced asym-394

metries in both samples.395

To select the untagged sample, we perform a vertex-396

and-kinematic fit [32] on theD0 candidates and keep only397

candidates with a fit probability greater than 10−3. In398

events with multiple candidates (about 10%), we select399

one candidate randomly.400

To form the tagged sample, we begin with the untagged401

D0 candidates obtained before applying the vertex fit402

selection. We combine these D0 candidates with pion403

candidates that have the expected charge sign to form404

D∗+ → D0π+ candidates. The tag pion selection is the405

same as that used for the signal sample. This is essential406

in order to have the same reconstruction asymmetry. We407

then perform a vertex-and-kinematic fit as for the un-408

tagged sample and keep only candidates with a fit prob-409

ability greater than 10−3. In events with multiple candi-410

dates (about 8%), we select one candidate randomly.411

IV. KINEMATIC WEIGHTING OF THE412

CONTROL SAMPLES413

Using the same selection criteria is not sufficient to414

ensure that the detection and production asymmetries415

are the same for the different samples. The reconstruc-416

tion asymmetries also depend mainly on the momenta417

and polar angles of the particles. Also, the production418

asymmetry depends on the distribution of the cosine of419

the D0 polar angle in the collision c.m. frame. Even420

with the same selection criteria applied to the individual421

final-state particles, these distributions differ due to the422

correlations among the kinematic variables of different423

particles in the decay chain.424

To remove these differences, we apply per-candidate425

weights to the tagged and untagged samples in two steps.426

First, we apply weights to the tagged sample so that427

its tag pion (pT, cos θ) distribution matches that of the428

signal sample. This is done to match Aπtag
ε of the two429

samples. Then, we apply weights to the untagged sample430

so that its distribution of the kaon and pion (pT, cos θ),431

and cos θD
0

CM, matches that of the weighted tagged control432

sample. This is done to match AKπ
ε and Aprod of the two433

samples.434

The weights are computed using background-435

subtracted signal and control sample distributions. The436

background subtraction is performed using the SP lot437

technique [33] and exploiting the signal and background438

fit models described in Section V. The first weighting is439

performed directly in two dimensions: the weights are440

determined from the bin-by-bin ratio of two-dimensional441

(p
πtag

T , cos θπtag) histograms, with Gaussian smoothing442

used to reduce fluctuations. The second weighting is443

performed by iteratively updating the weights using444

one-dimensional histogram ratios of one variable at a445

time. These five one-dimensional updates of the weights446

are iterated several times, until the change in weights447

is smaller than the associated statistical uncertainty.448

This is done because the sample size is insufficient449

for five-dimensional (pπT, cos θ
π, pKT , cos θK , cos θD

0

CM)450

histogram weighting.451

All these steps are performed independently for each452

cos θD
0

CM bin. The effect of the weighting is shown in Fig-453

ure 1 for one cos θD
0

CM bin.454

V. FIT MODEL AND ASYMMETRY455

DETERMINATION456

Asymmetries are extracted through unbinned ex-457

tended maximum-likelihood fits to the D0 candidate in-458

variant mass M , and the mass difference between D∗+
459

and D0 candidates ∆M . Asymmetries are obtained460

separately in eight bins of cos θD
0

CM to correct for the461

production asymmetry, as described in Section I. The462

eight bins of cos θCM are ±[0, 0.208), ±[0.208, 0.411),463

±[0.411, 0.599), and ±[0.599, 0.7).464

A. D0 → π+π−π0 signal sample465

For the signal sample, we use the two-dimensional466

distributions of M and ∆M to discriminate four com-467

ponents: correctly tagged D0 → π+π−π0 decays; cor-468

rectly reconstructed D0 → π+π−π0 decays paired with469
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Figure 1. Background-subtracted distributions of the variables used for the kinematic weighting for cos θD
0

CM ∈ [−0.208, 0). Top
row: pT and cos θ of the tag pion in the signal and tagged samples. Middle row: pT and cos θ of the kaon in the untagged and
tagged samples. Bottom row: pT and cos θ of the pion, and cos θD

0

CM of the D0 meson, in the untagged and tagged samples. The
black lines show the distribution for the sample that we aim to match, i.e., the signal sample in the top row and the tagged
sample in the middle and bottom rows. The circles show the distribution for the other sample before (red empty circles) and
after (blue filled circles) applying the weights. The bottom plots of each panel show the ratios between circles and black line.

an unrelated tag pion; D0 → K−π+π0 decays with the470

kaon misidentified as a pion; and candidates made from471

random combinations of final-state particles (referred to472

as combinatorial background). The probability density473

function (PDF) of each component is taken to factorize474

into the product of two one-dimensional PDFs:475

pj = pj(M,∆M) = pj,M (M) · pj,∆M (∆M) (7)476

where j runs over the four components. This assumption477

neglects small correlations between M and ∆M for some478

backgrounds, and we assign a systematic uncertainty (see479

Section VI) to account for this.480

Correctly-tagged signal peaks in both variables. There481

are two subcomponents: one where the D0 → π+π−π0
482

decay is correctly reconstructed, and another where one483

of the final-state particles in a D0 → π+π−π0 decay is484

misreconstructed (e.g., one of the charged pions decayed485

in the detector volume and was partially reconstructed486

from its decay products). In both cases, since the correct487

tag pion is used, the correct flavor is assigned. For the488
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first subcomponent, the M and ∆M distributions are489

each described by a Johnson’s SU PDF [34],490

p(x|µ, λ, γ, δ) ∝
exp

(
− 1

2

(
γ + δ sinh−1

(
x−µ
λ

))2)√
1 +

(
x−µ
λ

)2 , (8)491

where µ is a location parameter, λ is a width parameter,492

and γ and δ are shape parameters. For the second, we493

use the same ∆M PDF as the signal but with a different494

width parameter λ to account for its worse resolution,495

and a second-order Chebyshev polynomial for M .496

The random-tag-pion component shares the correctly-497

reconstructed signal M PDF but uses a threshold-like498

function for ∆M :499

prand(∆M) ∝
√
∆M − x0 + p0 + p1(∆M − x0), (9)500

where x0 is fixed to the nominal charged pion mass [35].501

The D0 → K−π+π0 background is modeled by a double-502

sided asymmetric Crystal Ball PDF [36, 37] for ∆M , and503

a power law for M . The combinatorial component shares504

the same ∆M PDF as the random-tag-pion component,505

and M is modeled by a second-order Chebyshev polyno-506

mial.507

The total extended fit function is given by508

pD0,D0(M,∆M) = nsig
1±Araw,sig

2
[(1− fMsig)pCsig + fMsig · pMsig]509

+ nsig · frand
1±Araw,rand

2
prand + nKππ0

1±Araw,Kππ0

2
pKππ0 + ncomb

1±Araw,comb

2
pcomb , (10)510

where the plus sign is for D0 mesons and the minus511

for D0 mesons. We use nj for the yield of the com-512

ponent j (including both D0 and D0 mesons), while513

fj indicates the fraction of (sub)component j with re-514

spect to the correctly-tagged signal. The subscript “sig”515

refers to the signal component, “Csig” to the correctly-516

reconstructed signal subcomponent, “Msig” to the sub-517

component where a signal decay is reconstructed with an518

incorrect D0 pion, “rand” to the random-tag-pion com-519

ponent, “Kππ0” to the D0 → K−π+π0 background com-520

ponent, and “comb” to the combinatorial component.521

The asymmetry fit is performed simultaneously in all522

cos θD
0

CM bins and for both flavors. Some parameters are523

shared among cos θD
0

CM bins to improve the accuracy of524

their determination. The values of most shape parame-525

ters are fixed to the values found when fitting the MC526

sample. The width in each cos θCM bin is fixed to the527

value obtained from MC simulation, but a global scale528

factor is floated in the fit to account for data–simulation529

differences. Location parameters are also floated. Fi-530

nally, the fractions of random-tag-pion and misrecon-531

structed signal components are fixed to their MC values,532

as they are too small to determine in data: frand ≃ 2%533

and fMsig ≃ 5%. The same applies to the asymmetry of534

the random-tag-pion component.535

Figure 2 shows the M and ∆M distributions, for one536

cos θD
0

CM bin, with fit projections overlaid. Some residual537

mismodeling is evident from the data–fit pulls; while this538

may seem a large effect at first, the sample asymmetry as539

a function of the fit variables is well-reproduced by the540

fit function, and the impact on the measurement is very541

small, as discussed in more detail in Section VI. The542

signal yield integrated over all cos θD
0

CM bins is (271.4 ±543

0.7)×103. Figure 3 shows the resulting raw asymmetries544

as a function of cos θD
0

CM.545

B. Tagged D0 → K−π+ sample546

We use the ∆M distribution to measure the tagged547

sample asymmetries. We consider only two components:548

correctly reconstructed and tagged D0 → K−π+ decays,549

and a background consisting of both correctly recon-550

structed D0 → K−π+ decays associated to a random551

tag pion and random combinations of final-state parti-552

cles. Background due to misreconstructed charm decays,553

e.g., D0 → K−µ+νµ where the muon is misidentified as a554

pion and the neutrino is not reconstructed, is negligible.555

The D0 → K−π+ decay distribution is modeled by the556

sum of one Johnson’s SU and two Gaussian distributions,557

with one shared location parameter. Width parameters558

are different for D0 and D0 candidates to account for559

differing momentum scales and resolutions for positive560

and negative final-state particles. This happens because,561

due to the detector geometry, positive and negative par-562

ticle trajectories intersect different detector regions and563

amounts of material. The background is modeled with a564

threshold-like function, as in Equation 9.565

Each cos θD
0

CM bin is fitted independently. Figure 4566

shows the ∆M distribution of the data, for one cos θD
0

CM567

bin, with fit projections overlaid. The structure in the568

asymmetry plot is produced by the aforementioned dif-569

ferent ∆M resolution for D0 and D0 mesons. The570

D0 → K−π+ yield integrated over all cos θD
0

CM bins is571

(744.4± 1.1)× 103.572

C. Untagged D0 → K−π+ sample573

We use the M distribution to measure the untagged574

sample asymmetry. We consider only two components:575
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Figure 2. D0 → π+π−π0 sample: distributions of the D0 candidate invariant mass (left) and ∆M (right) for cos θD
0

CM ∈
[−0.208, 0), with fit functions overlaid. The middle plots of each panel show the pull (difference between data and fit result
divided by the data uncertainty). The bottom plots show the D0–D0 asymmetry of the data (black points) and of the total
PDF (blue line), computed for each bin using Equation 2.

correctly reconstructed D0 → K−π+ decays, and back-576

ground from all other sources that do not produce a577

peak in M . Peaking background from “wrong-sign”578

D0 → K+π− decays, which arise from doubly Cabibbo-579

suppressed D0 → K+π− decays and Cabibbo-favored580

0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8
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6

4

2
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6

8

sig ra
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Belle II Ldt = 428 fb 1

Figure 3. D0 → π+π−π0 raw asymmetries from the fit in the
eight cos θD

0

CM bins. The error bars show statistical uncertain-
ties.

D0 → K+π− decays preceded by D0–D0 mixing, are ne-581

glected. They amount to ∼ 0.4% of the D0 → K−π+
582

yield and dilute the measured asymmetry, since they pro-583

vide the incorrect flavor tag. A systematic uncertainty is584

assigned for this in Section VI.585

The D0 → K−π+ decay distribution is modeled by586

the sum of a Johnson and a Gaussian distribution, with587

one shared location parameter. Width parameters are588

different for the two flavors as for the tagged sample. The589

background is modeled with a first-order polynomial.590

Each cos θD
0

CM bin is fitted independently. Figure 5591

shows the M distribution, for one cos θD
0

CM bin, with fit592

projections overlaid. The D0 → K−π+ yield integrated593

over all cos θD
0

CM bins is (3232± 4)× 103.594

Figure 6 shows the tag pion reconstruction asymmetry595

computed using Equation 5. As the tagged decays are596

a subset of the untagged decays, we take into account597

the correlation between the two control samples when598

computing the uncertainty on Aπtag
ε .599

D. ACP (D
0 → π+π−π0) determination600

Figure 7 shows the Ai
CP determinations in the four601

cos θD
0

CM bin pairs, computed using Equation 6. Averag-602
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Figure 4. D0 → K−π+ tagged sample: ∆M distribution with
fit functions overlaid, for cos θD

0

CM ∈ [−0.208, 0). The middle
plot shows the pull, while the bottom plot shows the D0–D0

asymmetry of the data (black points) and the total PDF (blue
line), computed for each bin using Equation 2.

ing these measurements, we obtain603

ACP (D
0 → π+π−π0) = (0.29± 0.27)% , (11)604

where the uncertainty is statistical and includes the un-605

certainty from Aπtag
ε (0.12%).606

VI. SYSTEMATIC UNCERTAINTIES607

We consider six sources of systematic uncertainty: the608

D0 reconstruction asymmetry; the fact that some D0 →609

π+π−π0 fit parameters are fixed to the values determined610

from simulation; the biases of the fits; the residual mis-611

modeling of the PDFs; the uncertainty arising from the612

control sample weighting procedure; and the presence of613

wrong-sign D0 → K+π− decays in the D0 → K−π+
614

control samples. Table I summarizes their impact.615

We estimate the D0 reconstruction asymmetry using616

the MC simulation to be (8 ± 6) × 10−4, which is con-617

sistent with zero as expected. Since the D0 → π+π−π0
618

Dalitz distribution model is based on the decay ampli-619

tude model measured by the BABAR collaboration [26],620

we expect the MC to accurately reproduce the kinematic621

distributions of the D0 pions. The simulation shows that622
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Figure 5. D0 → K−π+ untagged sample: M distribution
with fit functions overlaid, for cos θD

0

CM ∈ [−0.208, 0). The
middle plot shows the pull, while the bottom plot shows the
D0–D0 asymmetry of the data (black points) and the total
PDF (blue line), computed for each bin using Equation 2.

the D0 pions typically have large transverse momenta.623

Dedicated studies determined the data–simulation agree-624

ment for charge asymmetries to be good in this region of625

phase space, therefore we can rely on the value obtained626

from MC. We assign the statistical uncertainty of this627

determination as the associated systematic uncertainty.628

The uncertainty due to fixed PDF parameters for the629

signal channel fit is evaluated by varying these param-630

eters by their uncertainties and repeating the fit. We631

sample all parameters simultaneously from Gaussian dis-632

tributions having widths equal to their uncertainties, and633

repeat this sampling and subsequent fitting 2000 times.634

During this sampling, we account for correlations among635

the parameters. We record the 2000 fitted values of ACP ,636

and assign the standard deviation of their distribution as637

the related systematic uncertainty. The impact of fix-638

ing the random-tag-pion fraction, misreconstructed sig-639

nal fraction, and random-tag-pion asymmetry is evalu-640

ated separately using the same procedure and repeating641

the fit 100 times. To account for possible differences be-642

tween data and simulation, we conservatively use 25% of643

the fractions’ nominal values as the standard deviations.644

This corresponds to shifts of ∼ 0.5% for the random-tag-645

pion fraction and ∼ 1.3% for the fraction of misrecon-646
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Figure 6. Aπtag
ε computed from the D0 → K−π+ tagged

and untagged raw asymmetries using Equation 5, in the eight
cos θD

0

CM bins. The error bars show statistical uncertainties.
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Figure 7. Ai
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CM bin pairs, and the average
ACP value. The uncertainties are statistical and include con-
tributions from both the signal and control channels.

Table I. Summary of the systematic uncertainties affecting the
ACP measurement. The total systematic uncertainty is the
quadrature sum of the individual components. The statistical
uncertainty is reported for reference.

Source Uncertainty
Signal channel
D0 reconstruction asymmetry 0.06%
Fit parameters fixed from MC 0.02%
Fit bias 0.06%
PDF mismodeling 0.03%

Control channel
Fit bias 0.04%
PDF mismodeling 0.07%
Weighting 0.03%
Wrong-sign D0 → K+π− decays 0.01%

Total systematic 0.13%
Total statistical 0.27%

structed signal. The sum in quadrature of the standard647

deviations of the ACP values, (1.89 ± 0.06) × 10−4, is648

assigned as the systematic uncertainty. The dominant649

contributions to this uncertainty are those from the mis-650

reconstructed signal fraction and from the fixed PDF pa-651

rameters.652

We evaluate possible fit biases using linearity tests653

based on pseudoexperiments, which are generated from654

the PDFs fitted to data with different input values of655

the signal raw asymmetry. We then compare the fitted656

asymmetry to the input value, and obtain average dif-657

ferences of (−6.2 ± 0.6) × 10−4 for the signal sample,658

(2.2 ± 0.4) × 10−4 for the tagged D0 → K−π+ sample,659

and (−3.2 ± 0.2) × 10−4 for the untagged D0 → K−π+
660

sample. We assign the absolute values of these biases as661

systematic uncertainties, which are added in quadrature.662

We evaluate the impact of the residual mismodeling663

of the PDFs as follows. Most of the mismodeling is664

due to the assumption that M and ∆M PDFs factorize665

into one-dimensional PDFs, which neglects some exist-666

ing correlations for some of the components (especially667

D0 → K−π+π0). The mismodeling seen in data is well-668

reproduced by the simulation. We evaluate a systematic669

uncertainty using bootstrap subsamples [38], i.e., sub-670

samples obtained by randomly drawing candidates from671

the MC sample, with replacement. The bootstrap sub-672

samples have the same size as the data. We repeat the673

fit on 1000 bootstrap subsamples, compute the difference674

between the fitted asymmetry and its true value, and use675

the mean of the distribution of differences as the bias676

estimate. For the signal sample we repeat this proce-677

dure five times using: the unmodified MC sample, where678

ACP is zero; a weighted MC sample where the signal raw679

asymmetry is increased by a factor of two; a weighted680

MC sample where the signal raw asymmetry is reduced681

by a factor of two; a weighted MC sample where the true682

ACP is increased to +1%; and a weighted MC sample683

where the true ACP is reduced to −1%. The maximum684

bias we obtain is (2.7 ± 0.7) × 10−4. For the control685

samples, we bootstrap tagged and untagged samples to-686

gether in order to preserve their correlation, and obtain687

(−7.1 ± 0.4) × 10−4. We assign the absolute values of688

these biases as systematic uncertainties.689

We evaluate the impact of the kinematic weighting of690

the control samples by repeating the Aπtag
ε measurement691

without weights. The difference in ACP is (−5.8± 1.0)×692

10−4. We conservatively assign half of the magnitude693

of this difference as the systematic uncertainty, covering694

effects both from SP lot weights and final sample weights.695

We evaluate the impact of the wrong-signD0 → K+π−
696

decays by computing the dilution of the untagged sample697

asymmetry due to their fraction, assuming a 100% flavor698

mistag rate. We obtain (7.56± 0.03)× 10−5.699

We perform several consistency checks. We repeat the700

measurement on data with five different cos θD
0

CM binnings701

and find that the ACP measurements are all compati-702

ble within the statistical uncertainty (taking into account703

that the samples are fully correlated). We test alterna-704
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tive fit models for the signal channel (different parame-705

ter splitting among cos θD
0

CM bins, parameter splitting by706

flavor, alternative PDFs), and find no statistically sig-707

nificant impact on the ACP measurement. Finally, we708

repeat the measurement after dividing the data sample709

into four bins of D0 azimuthal angle and five data-taking710

periods. We find all results to be compatible with each711

other and with the nominal result.712

VII. RESULTS AND CONCLUSIONS713

Using D∗+-tagged D0 → π+π−π0 decays recon-714

structed in the Belle II dataset collected between 2019715

and 2022, which corresponds to an integrated luminosity716

of 428 fb−1, we measure the time-integrated CP asymme-717

try in D0 → π+π−π0 decays to be718

ACP = (0.29± 0.27± 0.13)% , (12)719

where the first uncertainty is statistical and includes the720

contribution from the D0 → K−π+ control samples used721

to correct experimentally-induced asymmetries, and the722

second uncertainty is systematic. The result is consis-723

tent with CP symmetry and with existing measurements724

[9, 10]. The result is 34% more precise than the cur-725

rent world’s best measurement from BABAR [9], despite726

an increase of only about 10% in integrated luminosity.727

The increase in precision per unit luminosity can be at-728

tributed to the novel candidate selection and analysis729

strategy employed.730
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