PHYSICAL REVIEW D 113, 112012 (2026)

Study of B* — u*v, decays at Belle and Belle 1T

M. Abumusabh®, I. Adachi®, K. Adamczyk®, A. Aggarwal®, L. Aggarwal®, H. Ahmed®, Y. Ahn®, H. Aihara®,
N. Akopov®, S. Alghamdi®, M. Alhakami®, A. Aloisio®, N. Althubiti®, K. Amos®, N. Anh Ky®, C. Antonioli®,
D. M. Asner®, H. Atmacan®, T. Aushev®, R. Ayad®, V. Babu®, H. Bae®, N. K. Baghel®, S. Bahinipati®, P. Bambade®,
Sw. Banerjee®, M. Barrett®, M. Bartl®, J. Baudot®, A. Beaubien®, F. Becherer®, J. Becker®, J. V. Bennett®,
F. U. Bernlochner®, V. Bertacchi®, M. Bertemes®, E. Bertholet®, M. Bessner®, S. Bettarini®, F. Bianchi®, T. Bilka®,
D. Biswas®, A. Bobrov®, D. Bodrov®, A. Bondar®, G. Bonvicini®, J. Borah®, A. Boschetti®, A. Bozek®, M. Bracko®,
P. Branchini®, R. A. Briere®, T. E. Browder®, A. Budano®, S. Bussino®, Q. Campagna®, M. Campajola®, L. Cao®,
G. Casarosa®, C. Cecchi®, P. Chang®, P. Cheema®, L.. Chen®, B. G. Cheon®, C. Cheshta®, H. Chetri®, K. Chilikin®,
K. Chirapatpimol®, H.-E. Cho®, K. Cho®, S.-J. Cho®, S.-K. Choi®, S. Choudhury®, S. Chutia®, J. Cochran®,
J. A. Colorado-Caicedo®, I. Consigny®, L. Corona®, J. X. Cui®, E. De La Cruz-Burelo®, S. A. De La Motte®,
G. de Marino®, G. De Nardo®, G. De Pietro®, R. de Sangro®, M. Destefanis®, S. Dey®, R. Dhayal®, A. Di Canto®,
J. Dingfelder®, Z. Dolezal®, I. Dominguez Jiménez®, T. V. Dong®, X. Dong®, M. Dorigo®, G. Dujany®, P. Ecker®,
D. Epifanov®, J. Eppelt®, R. Farkas®, P. Feichtinger®, T. Ferber®, T. Fillinger®, C. Finck®, G. Finocchiaro®, F. Forti®,
A. Frey®, B. G. Fulsom®, A. Gabrielli®, E. Ganiev®, M. Garcia-Hernandez®, R. Garg®, L. Girtner®, G. Gaudino®,
V. Gaur®, V. Gautam®, A. Gaz®, A. Gellrich®, G. Ghevondyan®, R. Giordano®, A. Giri®, P. Gironella Gironell®,
A. Glazov®, B. Gobbo®, R. Godang®, O. Gogota®, P. Goldenzweig®, W. Gradl®, E. Graziani®, D. Greenwald®,
K. Gudkova®, I. Haide®, Y. Han®, H. Hayashii®, S. Hazra®, C. Hearty®, M. T. Hedges®, A. Heidelbach®, G. Heine®,
I. Heredia de la Cruz®, T. Higuchi®, M. Hoek®, M. Hohmann®, R. Hoppe®, P. Horak®, X. T. Hou®, C.-L. Hsu®,
A. Huang®, T. Humair®, T. [ijima®, K. Inami®, G. Inguglia®, N. Ipsita®, A. Ishikawa®, R. Itoh®, M. Iwasaki®,
P. Jackson®, D. Jacobi®, W. W. Jacobs®, E.-J. Jang®, Q. P. Ji®, S. Jia®, Y. Jin®, A. Johnson®, J. Kandra®, K. H. Kang®,
S. Kang®, G. Karyan®, F. Keil®, C. Ketter®, M. Khan®, C. Kiesling®, D. Y. Kim®, H. Kim®, J.-Y. Kim®, K.-H. Kim®,
H. Kindo®, K. Kinoshita®, P. KodyS®, T. Koga®, S. Kohani®, A. Korobov®, S. Korpar®, E. Kovalenko®,
R. Kowalewski®, P. Krizan®, P. Krokovny®, T. Kuhr®, D. Kumar®, J. Kumar®, R. Kumar®, K. Kumara®, T. Kunigo®,
A. Kuzmin®, Y.-J. Kwon®, S. Lacaprara®, T. Lam®, L. Lanceri®, J. S. Lange®, T. S. Lau®, M. Laurenza®,

R. Leboucher®, F.R. Le Diberder®, H. Lee®, M. J. Lee®, C. Lemettais®, P. Leo®, P. M. Lewis®, C. Li®, H.-J. Li®,
L.K.Li®, Q.M. Li®, W. Z. Li®, Y. Li®, Y. P. Liao®, J. Libby®, J. Lin®, S. Lin®, V. Lisovskyi®, M. H. Liu®, Q. Y. Liu®,
Z.Q. Liu®, D. Liventsev®, S. Longo®, A. Lozar®, T. Lueck®, C. Lyu®, J.L. Ma®, Y. Ma®, M. Maggiora®,
S.P. Maharana®, R. Maiti®, G. Mancinelli®, R. Manfredi®, E. Manoni®, M. Mantovano®, D. Marcantonio®,
M. Marfoli®, C. Marinas®, C. Martellini®, A. Martens®, T. Martinov®, L. Massaccesi®, M. Masuda®, D. Matvienko®,
S. K. Maurya®, M. Maushart®, J. A. McKenna®, Z. Mediankin Gruberova®, R. Mehta®, F. Meier®, D. Meleshko®,
M. Merola®, C. Miller®, M. Mirra®, K. Miyabayashi®, H. Miyake®, R. Mizuk®, G. B. Mohanty®, S. Moneta®,
H.-G. Moser®, R. Mussa®, I. Nakamura®, M. Nakao®, Y. Nakazawa®, M. Naruki®, Z. Natkaniec®, A. Natochii®,
M. Nayak®, M. Neu®, M. Niiyama®, S. Nishida®, R. Nomaru®, A. Novosel®, S. Ogawa®, R. Okubo®, H. Ono®,
F. Otani®, P. Pakhlov®, G. Pakhlova®, A. Panta®, S. Pardi®, K. Parham®, J. Park®, K. Park®, S.-H. Park®, A. Passeri®,
S. Patra®, S. Paul®, T. K. Pedlar®, R. Pestotnik®, M. Piccolo®, L. E. Piilonen®, P. L. M. Podesta-Lerma®, T. Podobnik®,
C. Praz®, S. Prell®, M. T. Prim®, S. Privalov®, 1. Prudiiev®, H. Purwar®, P. Rados®, S. Raiz®, K. Ravindran®,
J. U. Rehman®, M. Reif®, S. Reiter®, L. Reuter®, D. Ricalde Herrmann®, 1. Ripp-Baudot®, G. Rizzo®,

S. H. Robertson®, J. M. Roney®, A. Rostomyan®, N. Rout®, S. Saha®, L. Salutari®, D. A. Sanders®, S. Sandilya®,
L. Santelj®, C. Santos®, V. Savinov®, B. Scavino®, C. Schmitt®, S. Schneider®, G. Schnell®, K. Schoenning®,
C. Schwanda®, A. J. Schwartz®, Y. Seino®, K. Senyo®, J. Serrano®, M. E. Sevior®, C. Sfienti®, W. Shan®, G. Sharma®,
X.D. Shi®, T. Shillington®, T. Shimasaki®, J.-G. Shiu®, D. Shtol®, B. Shwartz®, A. Sibidanov®, F. Simon®,

J. Skorupa®, R. J. Sobie®, M. Sobotzik®, A. Soffer®, E. Solovieva®, S. Spataro®, K. gpenko , B. Spruck®, M. Stari¢®,
P. Stavroulakis®, S. Stefkova®, R. Stroili®, M. Sumihama®, N. Suwonjandee®, M. Takahashi®, M. Takizawa®,
U. Tamponi®, K. Tanida®, F. Tenchini®, F. Testa®, A. Thaller®, T. Tien Manh®, O. Tittel®, R. Tiwary®, E. Torassa®,
K. Trabelsi®, F. F. Trantou®, 1. Tsaklidis®, I. Ueda®, K. Unger®, Y. Unno®, K. Uno®, S. Uno®, P. Urquijo®,
Y. Ushiroda®, S. E. Vahsen®, R. van Tonder®, K. E. Varvell®, M. Veronesi®, V. S. Vismaya®, L. Vitale®,

V. Vobbilisetti®, R. Volpe®, M. Wakai®, S. Wallner®, M.-Z. Wang®, A. Warburton®, M. Watanabe®, S. Watanuki®,
C. Wessel®, E. Won®, X. P. Xu®, B.D. Yabsley®, W. Yan®, W. Yan®, J. Yelton®, K. Yi®, J. H. Yin®, K. Yoshihara®,

2470-0010/2026/113(11)/112012(26) 112012-1 Published by the American Physical Society


https://orcid.org/0009-0004-1031-5425
https://orcid.org/0000-0003-2287-0173
https://orcid.org/0000-0001-6208-0876
https://orcid.org/0000-0002-5623-3896
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://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/0009-0003-9088-3811
https://orcid.org/0000-0002-1586-5790
https://orcid.org/0000-0003-2435-501X
https://orcid.org/0000-0002-6347-7055
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://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://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/0000-0002-1524-6236
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/0000-0002-5089-5338
https://orcid.org/0000-0003-4861-7918
https://orcid.org/0000-0003-2990-1913
https://orcid.org/0000-0001-6030-3087
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://orcid.org/0000-0002-3109-2046
https://orcid.org/0000-0003-2518-7134
https://orcid.org/0000-0001-8332-5668
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://orcid.org/0009-0004-1205-5700
https://orcid.org/0009-0001-1983-8693
https://orcid.org/0000-0001-7620-2053
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://orcid.org/0000-0003-2747-8277
https://orcid.org/0000-0001-9841-0216
https://orcid.org/0009-0006-2183-4364
https://orcid.org/0000-0002-1492-914X
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/0000-0002-7469-6974
https://orcid.org/0000-0003-3905-6805
https://orcid.org/0000-0002-6509-7793
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://orcid.org/0000-0003-2997-3829
https://orcid.org/0000-0002-5035-1410
https://orcid.org/0000-0003-1233-3876
https://orcid.org/0000-0001-5767-2121
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://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://orcid.org/0000-0002-3936-2151
https://orcid.org/0000-0001-6535-7965
https://orcid.org/0000-0001-7470-3874
https://orcid.org/0000-0002-5862-9739
https://orcid.org/0000-0001-7695-0537
https://orcid.org/0000-0001-8346-8597
https://orcid.org/0000-0003-2393-3367
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://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://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/0000-0002-5858-3187
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/0000-0001-6568-0252
https://orcid.org/0000-0001-6504-1872
https://orcid.org/0000-0002-6663-5469
https://orcid.org/0009-0009-1827-2008
https://orcid.org/0000-0002-8133-6467
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://orcid.org/0000-0001-9979-6501
https://orcid.org/0009-0008-0470-2102
https://orcid.org/0000-0002-1641-430X
https://orcid.org/0000-0003-1748-7348
https://orcid.org/0000-0002-2922-9779
https://orcid.org/0000-0002-4271-711X
https://orcid.org/0000-0003-2765-7072
https://orcid.org/0000-0003-0331-8279
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://orcid.org/0000-0002-0847-402X
https://orcid.org/0000-0003-2399-9796
https://orcid.org/0000-0002-9996-6336
https://orcid.org/0000-0002-1935-9887
https://orcid.org/0000-0003-2963-2565
https://orcid.org/0000-0001-8176-8545
https://orcid.org/0000-0002-7323-0830
https://orcid.org/0000-0002-8366-1749
https://orcid.org/0000-0001-5635-1000
https://orcid.org/0000-0002-6816-0751
https://orcid.org/0000-0002-5320-7043
https://orcid.org/0000-0001-5365-3716
https://orcid.org/0000-0002-7278-2860
https://orcid.org/0000-0002-5161-9722
https://orcid.org/0000-0002-2168-0872
https://orcid.org/0000-0002-2209-535X
https://orcid.org/0000-0001-8125-9070
https://orcid.org/0009-0001-4312-7242
https://orcid.org/0000-0001-7593-843X
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/0000-0001-5959-8172
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/0000-0001-6585-7767
https://orcid.org/0000-0002-8465-433X
https://orcid.org/0000-0002-6277-2626
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://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://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/0009-0000-1981-0044
https://orcid.org/0000-0002-1219-3247
https://orcid.org/0000-0002-3653-2899
https://orcid.org/0000-0001-5922-9561
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://orcid.org/0000-0002-0569-6882
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://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/0009-0008-5596-5818
https://orcid.org/0000-0003-1903-3251
https://orcid.org/0000-0002-7189-8343
https://orcid.org/0000-0003-1544-4053
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://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://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/0000-0003-3579-9951
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://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/0000-0003-1746-586X
https://orcid.org/0000-0001-6373-2346
https://orcid.org/0009-0005-7445-5993
https://orcid.org/0000-0002-7308-8950
https://orcid.org/0000-0002-7310-5079
https://orcid.org/0009-0009-0912-0678
https://orcid.org/0000-0003-4486-0064
https://orcid.org/0000-0001-6016-219X
https://orcid.org/0000-0001-7426-4824
https://orcid.org/0000-0001-7518-3022
https://orcid.org/0000-0001-6385-7712
https://orcid.org/0000-0001-7994-0537
https://orcid.org/0000-0001-9556-2433
https://orcid.org/0000-0001-6520-0028
https://orcid.org/0000-0003-0567-3493
https://orcid.org/0000-0001-6019-6218
https://orcid.org/0000-0003-4864-3411
https://orcid.org/0000-0002-4114-1091
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://orcid.org/0000-0002-6154-885X
https://orcid.org/0000-0002-0195-8005
https://orcid.org/0000-0002-1407-7450
https://orcid.org/0009-0004-1681-3919
https://orcid.org/0000-0002-0819-284X
https://orcid.org/0000-0002-3876-7069
https://orcid.org/0000-0003-0690-8100
https://orcid.org/0000-0001-7010-8066
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://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://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://orcid.org/0000-0002-7336-3246
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/0000-0003-2489-7812
https://orcid.org/0000-0002-4824-101X
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://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/0000-0001-7430-7599
https://orcid.org/0000-0002-1773-5455
https://orcid.org/0000-0002-0749-2146
https://orcid.org/0000-0002-5735-4059
https://orcid.org/0000-0001-9601-405X
https://orcid.org/0000-0001-5348-6794
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/0000-0002-3453-142X
https://orcid.org/0000-0002-8954-0585
https://orcid.org/0009-0000-2819-5020
https://orcid.org/0000-0003-1171-5960
https://orcid.org/0000-0001-8225-3973
https://orcid.org/0000-0001-6651-0706
https://orcid.org/0000-0002-8255-3746
https://orcid.org/0000-0003-3469-9377
https://orcid.org/0009-0004-5075-8247
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://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://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://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/0000-0001-6917-6694
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://orcid.org/0000-0002-2680-0474
https://orcid.org/0009-0003-0397-3326
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

M. ABUMUSABH et al.

PHYS. REV. D 113, 112012 (2026)

J. Yuan®, L. Zani®, F. Zeng®, M. Zeyrek®, B. Zhang®, V. Zhilich®, J. S. Zhou®, Q. D. Zhou®,

L. Zhu®, and R. Zleb&ik

(Belle and Belle IT Collaborations)
® (Received 11 February 2026; accepted 17 April 2026; published 22 June 2026)

We report a measurement of the branching fraction for the leptonic decay B* — u*v,. This work
presents the first B — yu*v, result using Belle II data, an updated Belle measurement that supersedes the
previous result, and their combination, which yields the most precise search to date. The analysis is based
on 1076 tb~! of eTe™ collision data collected at a center-of-mass energy of 10.58 GeV with the Belle and
Belle II detectors at the KEKB and SuperKEKB colliders, respectively. We measure B(B* — u*v,) =
(4.4 £1.9 4 1.0) x 1077, where the first uncertainty is statistical and the second systematic. The observed
significance relative to the background-only hypothesis is 2.4 standard deviations. We set a 90% confidence
level upper limit of B(B* — u*v,) < 6.7 x 107" using a frequentist approach and a 90% credibility level
upper limit of B(B™ — u*v,) < 7.2 x 107" using a Bayesian approach. These are the most stringent limits
to date. The result is interpreted as an exclusion region in the parameter space of type II and type III two-
Higgs-doublet models. We search for stable sterile neutrinos with masses my € [0, 1.5] GeV. No signal is
observed, and the resulting exclusion on the squared mixing parameter |U MN|2 provides improvement over
previous limits. We report a measurement of the partial branching fraction of semileptonic B — X, Zv,
decays with p? > 22 GeV, obtaining AB(B — X,£v,) = (2.72 £0.05 +0.29) x 10~*. We present a
model-dependent study of weak annihilation decays using the muon momentum spectrum. We observe a
signal of 2.4 standard deviations above the background-only hypothesis in regions where the distribution

resembles that of B — X, /v, decays.

DOI: 10.1103/zxyy-3znn

I. INTRODUCTION

Precision measurements of leptonic decays of B mesons,
such as B* — u*y,, offer a unique way to test the validity
of the standard model (SM) of particle physics. In the SM
the B" — u"v, decay proceeds via the annihilation of the
constituent b and u quarks into a virtual W+ boson, which
subsequently decays into an antilepton and the correspond-
ing neutrino,’ as illustrated by the tree-level Feynman
diagram in Fig. 1(a).

The SM branching fraction is given by

GZmBmZ m2 2
[)’(BJr - /lJrI/M) = % <] _I’Ylg> f%|vub|2rB+’ (1)
B

where G is the Fermi constant, m,, is the muon mass, mp =
(5279.42 +0.08) MeV [1], fz = (190.0 &+ 1.3) MeV [2],
and 73 = (1.638 + 0.004) ps [3] are the B meson mass,
decay constant, and lifetime, and V,, is the relevant

lCharge conjugation and natural units ¢ = 7 = 1 are implied
throughout.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

Cabibbo-Kobayashi-Maskawa (CKM) matrix element. The
decay is helicity suppressed and further suppressed by the
small magnitude of |V, |. In the SM, the branching fraction
of BY — u'*v, is predicted to be

B(B* - u'y,) = (418 £044) x 107, (2)

using |V,,| = (3.82 £ 0.20) x 1073, obtained from the
average of the world averages of inclusive and exclusive
determinations [1].

In the presence of new interactions or particles beyond
those in the SM, the CKM and helicity suppression may be
lifted, as illustrated by Figs. 1(b)-1(d). The existence of a
charged Higgs boson, as predicted in many supersymmetric
extensions of the SM, could significantly modify the
branching fraction [4-6]. Similar effects may also arise
from leptoquarks [7]. Sterile neutrinos, as gauge singlets,
could be produced in B" — pu™N decays via a non-SM
mediator, provided the sterile neutrino mass is smaller
than mg —m, [8].

Experimentally, the study of the B* — u*v, decay is
challenging due to its signature of a single muon and the
presence of missing energy due to the neutrino. The most
recent measurement of the leptonic B™ — u*v, decay by
Belle [9] reports a branching fraction of B(B* — u*v,) =
(5.34+2.04+0.9) x 1077, where the errors denote the
statistical and systematic uncertainties, respectively, with
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FIG. 1. Tree-level Feynman diagrams for the B — u*v, decay
in the SM (a), and for potential beyond SM contributions
mediated by a charged Higgs boson H* [(b),(c)] or a leptoquark
LQ (d). Note the final-state sterile neutrino N in cases (c) and (d).

areported significance of 2.8 standard deviations above the
background-only hypothesis.

In this paper, we improve the precision of the measure-
ment by combining Belle and Belle II datasets, collected at
the KEKB and SuperKEKB e™ e~ colliders [10-12] from
collisions at and near the Y (4S) resonance. The Belle and
Belle II samples correspond to integrated luminosities of
711 fb=! and 365 fb~!, respectively. The T(4S) decays
almost exclusively to BB pairs. The corresponding num-
bers of Y(4S) events are (772 +10)x 10° and
(387 4 6) x 10%, respectively, from which the numbers
of B meson pairs are determined as Ny(45) X (foo + fio)s
where fo, and f, _ are the fractions of neutral and charged
B pairs produced. Assuming the branching fraction in
Eq. (2), about 500 B* — u*wv, decays are expected in the
combined dataset. To maximize efficiency, we employ an
inclusive tagging approach. While hadronic and semilep-
tonic tagging methods are, in principle, applicable, they are
not yet competitive given the low number of expected
decays. For the Belle measurement, input parameters
relevant to background modeling, such as inclusive and
exclusive branching fractions and form factors, have been
updated to improve the overall description of the data.

The signal B™ — u*v, decay is reconstructed by iden-
tifying a high-momentum muon. The remaining particles in
the collision event, which include all reconstructed charged
particles and photons, define the rest of the event (ROE)
and are used to reconstruct the tag-side B meson.
Exploiting the back-to-back kinematics of Y(4S) — BB
decays in the e"e~ center-of-mass (c.m.) frame, the four-
momentum of the signal-side B is determined from the tag-
side reconstruction. This allows the analysis of the muon in
the approximate signal-B rest frame, where its momentum
shows a peak around the expected monochromatic value of
pf = 2.64 GeV from the two-body decay.

The remainder of this paper is organized as follows:
Sec. II introduces the datasets, simulations, and applied
corrections. Updates to the Belle samples from the
previously published analysis are detailed in Sec. IIC.
The overall analysis strategy, calibration of the ROE, and
methods used to suppress the background from continuum
processes are outlined in Sec. III. The various analysis
steps are validated using the control BT — D%z decay, as
discussed in Sec. IV. The statistical methods used to
determine the branching fraction of the B* — u*v, decay
are presented in Sec. V, followed by a discussion of
systematic uncertainties in Sec. VI. The results are
presented in Sec. VII. Additionally, the analysis allows
for a precise measurement of the partial branching fraction
of semileptonic B — X, u"v, decays at the kinematic end
point (ps > 2.2 GeV) and provides sensitivity to weak
annihilation (WA) processes. This is discussed in
Secs. VIII and IX, respectively. We conclude with Sec. X.

II. DETECTOR, SIMULATED SAMPLES,
AND CORRECTIONS

A. Belle II detector

The Belle and Belle II detectors are general-purpose
spectrometers. A detailed description of the Belle detector
can be found in Refs. [9,13]. In the following, a brief
overview of the Belle II detector is provided, with further
details available in Ref. [14].

The Belle II detector consists of several subdetectors
arranged cylindrically around the e*e™ interaction point
[15]. Charged-particle trajectories (tracks) are reconstructed
using the vertex detector, comprising a two-layer silicon-
pixel detector (PXD) and a four-layer double-sided silicon-
strip detector [16], together with a 56-layer central drift
chamber (CDC), which also provides dE/dx measurements.
For the analyzed data, only one-sixth of the second PXD
layer was installed. Particle identification is achieved with a
time-of-propagation counter in the barrel region [17] and an
aerogel ring-imaging Cherenkov detector in the forward end
cap. Outside these, an electromagnetic calorimeter (ECL)
based on CsI(TI) crystals measures the energy and timing of
electrons and photons. A superconducting solenoid sur-
rounds these components, providing a 1.5 T magnetic field
parallel to the electron beam, essential for momentum and
charge measurements. The outermost subsystem, the instru-
mented flux return, detects K% mesons, muons, and neutrons
using resistive-plate chambers and plastic scintillator mod-
ules. The detector is described in a right-handed Cartesian
coordinate system with the origin at the interaction point (IP).
The z-axis is defined as the Belle II solenoid axis, the x-axis
points outward, and the y-axis upward.

B. Belle II simulation

Monte Carlo (MC) simulations are utilized to determine
reconstruction efficiencies, to account for acceptance
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effects, to assess background contamination, and to provide
training samples for multivariate classifiers. The simulation
of B meson decays is performed using EvtGen [18] inter-
faced to PYTHIAS [19] and electromagnetic final-state
radiation is simulated using the PHOTOS package [20]
for all charged final-state particles. Interactions of particles
with the detector are simulated using GEANT4 [21]. All
recorded ee” collision data and simulated events are
reconstructed and analyzed with the open-source BASF2
framework [22,23]. Templates in the form of binned histo-
grams are constructed from these simulations to model the
distributions of signal and background events. Unless stated
otherwise, the template for B — x* v, decays is normalized
to the expected number of events, assuming the branching
fraction given by Eq. (2). The backgrounds considered are
B* — p"v,y decays, semileptonic b — u and b — c tran-
sitions, other rare B decays, continuum processes ete™ —
qq where g = {u,d, s, c},ete” = £ (y) processes with
¢ ={e,u,t}, as well as ete™ — yy(y), and four-fermion
processes ete™ — ete"eTe  and ete™ — eTe uTu~. The
simulation of the e"e™ — gg processes is performed with
KKMC [24], using PYTHIAS for quark fragmentation. The
processes e"e” — utu~(y) and ete” — 777 (y) are also
generated with KkMC, with 7 decays handled by TAUOLA
[25]. Quantum electrodynamics (QED) processes such as
ete” > ete (y) and ete” — yy(y) are simulated using
BABAYAGA.NLO [26-30], while four-fermion processes,
ete” > ete eTe” and ete” — eTe uTu~, are modeled
with AAFH [31-33].

At next-to-leading order in QED, the BT — u™ v, decay
can be accompanied by photon emission, either from the
final-state lepton or from the initial-state quarks. The soft
radiation from the final-state lepton is included in the signal
simulation using the PHOTOS package [20]. If the photon is
instead emitted from the initial quarks, the helicity sup-
pression of the decay is lifted, however, the rate is reduced
by the fine structure constant, @, ~ 1/137. This contri-
bution is denoted as B™ — u"v,y and is treated as a
separate background process. The most precise measure-
ment of this branching fraction is

AB(B* = ptu,y) = (1.00 + 1.08) x 1076, (3)

for photons with energy EZ > 1.0 GeV in the B meson rest
frame [34]. This result is extrapolated to the kinematic
region Ef > 300 MeV, using the model of Ref. [35] and
assuming negligible contributions below this threshold,
yielding

B(B = utu,y) = (141 £1.51) x 1076, (4)

Semileptonic b — u transitions are simulated using
several exclusive channels and nonresonant contributions.
The exclusive decays B — n¢ " vy, B = pf*v,, and Bt —
w? v, are modeled with the Bourrely-Caprini-Lellouch

parametrization [36], as implemented in the eFFORT pack-
age [37], using input parameters from Ref. [38]. The
BT - nttv, and BT — y'¢Tv, channels are described
with light cone sum rules from Ref. [39]. A hybrid
approach [40] is adopted to combine the resonant channels
with the nonresonant B — X,Z"v, contribution while
maintaining reliable modeling in the signal region. The
nonresonant contribution is described by the De Fazio—
Neubert (DFN) model [41], which incorporates the triple-
differential decay rate into its shape function formalism to
reproduce inclusive predictions. The model has two free
parameters: the b-quark mass in the Kagan-Neubert scheme
[42], mEN = 4.65870)53, and the nonperturbative param-
eter a¥N = 1.328105,7. Their values were determined in
Ref. [43] from a fit to the spectral moments of B — X .£v,
and B — X,y decays. Hadronization of the parton-level
B — X,¢v, DFN simulation is performed with PYTHIAS
[19], producing final states containing two or more mesons.
The hybrid model is constructed in three kinematic vari-
ables: the hadronic invariant mass My, the squared momen-
tum transfer > = (p, + p,)?, and the lepton energy in the
B meson rest frame EZ. The binning scheme is

My =1[0,14,1.6,1.8,2,2.5,3,3.5] GeV,
EB =10,0.5.1,1.25,1.5,1.75,2,3] GeV,
¢* =1[0.2.5.5,7.5,10,12.5,15,25] GeV2.

Within this framework, the number of events in each bin
(i,j, k) in My, E,, and ¢* is defined as

Hije = Rijx +wiji - Liji,

where R;j; and /;;; denote the resonant and nonresonant
contributions, respectively. The weight factor w;; is chosen
such that the partial rate in each hybrid bin H;j; is equal to
the partial rate in each fully inclusive bin /;;, ensuring that
the hybrid model is consistent with the inclusive prediction.

In WA processes, initial-state gluon radiation produces a
bound state X, while the b and u quarks annihilate into a
virtual W boson that subsequently decays into a lepton and
aneutrino. The tree-level Feynman diagram for this process
is shown in Fig. 2. Such decays can closely resemble
B* — u"v, events, and both their kinematic distributions
and their relative contribution to the semileptonic b — u
rate are poorly understood. Experimentally the relative
contribution with respect to the full B — X, /v, rate is
constrained to be below 7.4-13% at 90% CL [44-46],
whereas theoretical limits from D and D, decays estimate a
relative contribution of the order of 1-3% [47-50]. We
model the WA decays as a sequence of two-body decays,
Bt - X,W followed by W — #*v,. The muon momen-
tum spectrum pf in the B meson rest frame is determined
by the masses and widths of the hadronic system X, and the
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(d)
(d)

FIG. 2. Leading-order Feynman diagram for the WA processes

BﬂiéXuerz/f. The hadronic system X, is formed through
initial-state gluon radiation, while the charged lepton and
neutrino originate from the decay of the virtual W* boson.

virtual W boson. An admixture of two scenarios is
considered: a flat distribution in pf, which arises from a
broad spectrum of events at low g% and a peaking
distribution, originating from a narrow resonancelike
structure at high g?>. We implement a continuous interpo-
lation between the two models, controlled by a parameter
that scales their relative contributions. Figure 3 shows the
resulting pf spectra of this model for flat (« = 0), peaking
(a =1), and intermediate cases. The distribution from
B* — p*u, decays is also shown for comparison. To
convert the WA yields into a branching fraction, the overall
efficiency is expressed as

€ = €flar (] _a) +€peak'av

where €p, and €,y denote the efficiencies of the flat and
peaking components, respectively.

The b — ¢ transitions are dominated by the exclusive
decays B - D¢ v, and B — D*¢*tv,, which are modeled
with the Boyd-Grinstein-Lebed parametrization [51-53],

Belle II Simulation
 — WAI Flat ModelI
d WA Peaking Model
o a=0.2
a=0.6
B* —u*v, Shape

i _—
4.00 -

3.00 f
200F .0

1.00 f

Normalized Entries / 0.02 GeV

0.00 L 1 1 1 1 1 1 1 1 1 1 1 1 1
2.2 . . 2.8 3.0 3.2

pp [GeV]

FIG. 3. Distribution of the muon momentum pf in the B meson

. . . WA
rest frame for the flat, peaking, and intermediate Bt - X,/ Vv,
models, with the transition between shapes controlled by the
parameter o, compared to that of B* — v, decays.

TABLE I. Branching fractions for various decays used in the
analysis [1,3]. The WA branching fraction is taken as the average
of the model-independent limits reported in Refs. [44,45],

corresponding to (1 £ 7)% of the total B — X,¢" v, rate.

Decay Process

BO

B+

B — DerI/f
B - D¢,
Bt — D0ﬂ+
B - D xt

Bt - KOzt
BO — K3+ﬂ_

BT — ’quI/”},

B — nttv,
B — ptfTu,
BT = wf v,
BT - nttu,
BT = y'tty,

(2.12 £0.06) x 1072
(4.90 £0.12) x 1072

(248 £0.11) x 1073

(3.3£0.7) x 1075

(1.50 £ 0.06) x 10~
(2.94 +£0.21) x 107

(221 £0.06) x 1072
(5.53 £0.22) x 1072
(4.66 £0.14) x 1073

(2.39 4+ 0.06) x 107
1.41 +1.51) x 107

1.58 £0.11) x 107#
1.19 +0.09) x 10~
(3.5+£0.4) x 107
(27+£0.7) x 1073

)
7.80 £0.27) x 1073
)

—~

B—X,/Tv,  (1.854+020)x 107 (1.99 +0.22) x 107
B x. oy, (1.99 + 13.9) x 1075
BY = yty, (4.18 £ 0.44) x 1077

using input parameters provided by the Heavy Flavor
Averaging Group (HFLAV) [3]. Decays to orbitally excited
states, B —» D**¢*v, with D** = {D§, D\, D,,D}}, are
described using heavy quark symmetry-based Bernlochner-
Ligeti-Robinson (BLR) form factors [54,55]. The masses
and widths of the D** states are taken from Ref. [1], while
the branching fractions are fixed to the HFLAV values [3],
ensuring consistency with isospin-conjugated and other
hadronic B decays, following the prescription of Ref. [54].

To account for the difference between the inclusive B —
X v, rate and the sum of measured exclusive channels,
we include “gap processes” modeled as intermediate broad
resonances within the BLR framework. These serve only to
ensure completeness and have negligible impact in the
signal region. Finally, we also account for hadronic back-
grounds from b — c¢ transitions in this contribution.

In addition to the dominant b — ¢ and b — u transitions,
we include rare hadronic processes, which are mainly given
by B¥ — K%z* and B® — K "7~ decays.

The branching fractions for all decays are summarized
in Table I.

C. Updates to the Belle simulation

Since the publication of the Belle result [9], several
branching fractions and external parameters have been
measured with improved precision [1,3]. The simulated
Belle samples are therefore reweighted according to the
updated inputs and models, which have been aligned with
the Belle II analysis to ensure a consistent treatment of
common systematic uncertainties. The branching fraction
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of the B™ — u*v,y decay has been updated to the value
quoted in Eq. (4). For semileptonic b — ¢ transitions, in
particular B — Df*v, and B — D*¢*v,, the form factor
parameters and corresponding branching fractions have
been updated. Similarly, the branching fractions and form
factor inputs for the dominant semileptonic b — u tran-
sitions have been updated. In addition, the modeling of
inclusive B — X, v, decays has been updated to use
consistent input parameters.

III. EVENT SELECTION

A. Signal and tag-side reconstruction

The selection criteria for the Belle data remain unchanged
and are summarized in Ref. [9]. The Belle II analysis con-
ceptually follows the same strategy and is outlined below.

The signal-B meson is reconstructed by selecting a muon
with a momentum in the c.m. frame of the e*e™ collision
within the range of 2.1 GeV < p; < 3.4 GeV. Here, and
throughout the paper, quantities in the e e~ center-of-mass
frame are indicated by an asterisk. Muons are identified
using the likelihood ratio P, =L,/(L,+ L, + L, +
Ly +L,+L,), where the likelihood L; for each
charged-particle hypothesis (i = e, u,#, K, p,d) combines
particle identification information from all detectors except
the silicon trackers. By construction, P, ranges from zero to
one. A requirement of P, > 0.99 is applied to ensure high-
purity muon identification. Within the specified momentum
range, this requirement selects 85% of muons and removes
98.5% of particles that are not muons. Additionally, the
candidate must originate from the IP, enforced through a
constraint on the point of closest approach along the beam
axis |dz| < 2 cm, and the transverse distance dr < 0.5 cm.
Only events with more than one charged track in the ROE
are considered. Each charged particle in the ROE is assigned
its most likely mass hypothesis by selecting the particle
species that maximizes the respective particle identification
likelihood ratio. The resulting multiplicities of each particle
type are then constrained to match the expected distributions
obtained from simulated Y'(4S) decays, ensuring that the
overall composition of particle species in the ROE reflects
the physical expectations. Charged particles must satisfy the
constraints |dz| <3 cm and dr < 0.5 cm, the trans-
verse momentum requirement pr > 100 MeV, and their
energy E must not exceed 5.5 GeV. Furthermore, their
trajectories must fall within the acceptance of the CDC,
17° < 6 < 150°, where 6 is the polar angle. Photons,
reconstructed as neutral clusters in the ECL (energy deposits
in the calorimeter not associated with any charged particle
track), are considered if they meet the energy requirement
0.075 GeV < E < 5.5 GeV, and are within the CDC accep-
tance. To ensure reliable reconstruction, only clusters from
multiple crystals are retained. Additionally, clusters are
required to satisfy the timing constraints |f.uger| < 200 ns
and |t gier/ 64, | < 2.0, Where £y, denotes the difference

between the photon timing and the event time, and 6, is the
estimated timing resolution, defined to contain approximately
99% of true photons. To correct for discrepancies in photon
reconstruction efficiency between data and MC, photons are
removed from the reconstruction with a probability of 1 — w,
where w is the ratio of the efficiency in data to that in MC,
as determined with control sample studies [56,57].

The three-momentum of the tag-side B meson in the
laboratory frame is reconstructed as

ST P S (5)

i € charged jE€y

Zlab __
Prag =

where pi*® and i are the three-momenta of the charged
particles and photons in the ROE, respectively. The tag-side
energy is then obtained from

ERS = \/|PES? + mi, (6)

using the reconstructed mass of the tag-side B meson .
The normalized beam-constrained mass 7. and energy
difference AE are defined as

_3x |2
e s/4 |Ptag| (7)

T2

. Ej,— 2
af = Fos = VSI2 : (8)
Vs/2
where /s is the collision energy. Events must satisfy

g > 0.964,-0.5 < AE < 0.1, (9)

translating to an

mes =\ /s/4—| Pugl* greater than 5.10 GeV and
AE = Ej,, —/s/2 between —2.64 GeV and 0.53 GeV
in the Y(4S) rest frame. These requirements retain 62%
of reconstructed signal events while effectively suppressing

99.99% of continuum processes.

on-resonance requirement of

B. Tag-side momentum calibration

Exploiting the two-body kinematics of the T(4S) — BB
decay, the tag-side four-momentum is reconstructed as

2k

D3l

(p:ag,constr)i = (prag)i Tk 0 (10)
|ptag
Erag,constr =V ‘[—)'§|2 + m%, (11)

where | p3| denotes the momentum of a charged B meson in
the c.m. frame, with an expected value of 332 MeV, and
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FIG. 4. Relation between the mean generated and reconstructed
values of the momentum component p, in each bin. The difference
between the Belle and Belle II distributions stems from the
different mass constraint enforced on the tag-side B meson.

with i € {x, y, z}. The incomplete coverage of the 4z solid
angle and the presence of unreconstructed particles, such as
neutrinos and Kg mesons, limit the ROE reconstruction,
which in turn affect the resolution of the muon momentum
in the rest frame of the signal-B meson. To correct for these
detector-level effects, a calibration function f is derived
from simulated signal events. This function maps the
reconstructed p, component to the mean of the correspond-
ing simulated distribution, as illustrated in Fig. 4.

The corrected p, component is then used to determine
the transverse momentum. An overall scaling factor { is
applied to minimize the difference between the cor-
rected and generated three-momentum D = |{péor — Peenls
resulting in

(p:ag,opt)z = C : f[(p:ﬁag,constr)z]’ (12)

(prag.opt>T = C \/((p:ag.constr))z - (f[(pfag.constr)z])zv (13)

with ( Pfag,opt)r denoting the transverse-momentum com-
ponent. The optimal scaling factor is found to be { = 0.58
for the Belle data and ¢ = 0.52 for the Belle II data. The
optimized momentum components are combined with
the energy component given by Eq. (11), allowing for
the reconstruction of the signal-B meson kinematics,

ps]g (Etdg constr» ﬁrag.opt) . ( 14)

The signal muon momentum is boosted into the rest frame
of the signal-B meson, leading to a resolution improvement
of about 7% and 6.4% for Belle and Belle II, respectively,
relative to the muon momentum in the c.m. frame. The
corresponding distributions are shown in Fig. 5.
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FIG. 5. Muon momenta p,’f and pj, in the estimated signal-B

meson rest frame and in the c.m. frame, respectively, from the
Belle (top) and Belle II (bottom) data.

C. Background suppression

Background contributions from continuum processes are
suppressed using a multivariate classifier based on a boosted
decision tree (BDT) trained with the FastBDT algorithm
[58], using event-shape observables as input variables (see,
e.g., Ref. [14]). These include the cosine of the angle
between the signal muon momentum and thrust axis of the
ROE, as well as harmonic moments of order zero to five
with respect to the thrust axis of the event. The thrust axis is
constructed from all tracks and neutral clusters in the object
and is defined as the direction that maximizes the sum of the
absolute values of the longitudinal momenta of the particles
in the object. Additional input variables are the cosine of
the polar angle of the missing momentum, m;g, AE, nine
CLEO cones [59], and sixteen modified Fox-Wolfram
moments [60], which are constructed either exclusively
from the ROE, denoted as type oo, or from a combination of
the ROE and the signal-B meson, denoted as type so. The
training process proceeds in three stages.

First, a BDT is trained on the full set of 47 continuum-
suppression variables using the off-resonance data and the
signal MC. From this training, only the most important
variables are retained, with the off-resonance data providing
an unbiased representation of the continuum background.
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The off-resonance samples correspond to 79 fb~! and
42 fb=! of collision data collected 60 MeV below the
Y (4S) resonance peak by the Belle and Belle II detectors,
respectively.

In the second stage, the selected suppression variables,
together with pf , are used to train a BDT with the off-
resonance data against the continuum MC to correct for
data-simulation differences. This BDT accounts for mis-
modeling in the continuum sample generated at the Y (4.5)
c.m. energy relative to the below-resonance data, taking
into account the different collision energies. Its output,
Crw, is converted into an event weight [61]

_ CGrw
W=

1 — Crw
which corrects both the shape and normalization of the
simulated continuum events. Figure 18 in Appendix B
shows the effect of this correction on a set of variables.

Before the final step, all selected variables are checked
for agreement between off-resonance data and simulation.
Variables that are highly discriminating but poorly modeled
are removed, and, if necessary, strongly correlated alter-
natives are included to maintain the separation power.
Further, any variables that show a correlation of more than
10% to pf are removed. This ensures that the final BDT
uses only variables that both maximize signal-background
discrimination and are reliably modeled, while avoiding
any sculpting of p¥.

In the last stage, sixteen well-modeled and discriminat-
ing variables are selected to train the continuum-
suppression BDT. The used variables are listed in
Appendix A. The resulting classifier output score C and
pp for on-resonance data and simulation are shown in Fig. 6.

The B* — p*v, branching fraction is extracted from a
binned maximum-likelihood fit to p,lf. The fit is performed
in predefined bins of the classifier output, chosen to
maximize the sensitivity by separating the signal-enriched
from the background-enriched categories.

The Belle analysis defined four mutually exclusive
categories (labeled as Categories I-1V), consisting of
two signal-enriched and two background-enriched regions
used to constrain the b — u transitions and the continuum
processes. These categories are retained in the combined
Belle and Belle II analysis.

For Belle 11, a similar strategy is implemented to define
categories. A multidimensional grid search on the classi-
fier output C is used to define one signal-enriched region
and three background-enriched regions. Unlike the Belle
analysis, no further separation based on cos ,, where 05,
is an anglelike variable defined by the calibrated signal-B
meson momentum in the c.m. frame and the muon
momentum in the B rest frame, is implemented due to
the lower integrated luminosity. The selected categories
for Belle II are defined as
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FIG. 6. Distribution of the continuum suppression classifier
output C (top) and the muon momentum p,’f in the signal-B
meson rest frame (bottom) from data and simulation. The colored
stacked histograms represent the different components: the signal
process BY — utv, in light green (not visible in this plot), with
the same distribution scaled by a factor of 3000 in black, the
b — u transitions in tan, the B¥ — u*v,y processes in golden
brown, the rare B processes in rose, the b — ¢ transitions in
medium purple, and the corrected continuum events in dark blue.

Category V: 1.000 > C > 0.994,
Category VI: 0.994 > C > 0.986,
Category VII: 0.986 > C > 0.968,
Category VIII: 0.968 > C > 0.900.

Category V corresponds to the signal-enriched region,
while the remaining categories are used to constrain
background contributions. Requiring C > 0.900 yields
selection efficiencies of 35.4% for B — u*v,, 0.8% for
B - X, vy, and 0.00011% for continuum processes.
The efficiency numbers here are defined as the fraction
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of selected events relative to the total number of
generated events.

All eight categories, four for each experiment, are
analyzed simultaneously in a combined likelihood fit with
shared common systematic uncertainties, ensuring a con-
sistent treatment of the two datasets.

IV. VALIDATION USING B* — D’z* DECAYS

To validate the modeling of the input variables used in
the multivariate selection, we study the decay B — D%z
with D° — K*z~. The reconstruction procedure and selec-
tion criteria for the control channel in the Belle data remain
as described in Ref. [9]. The following outlines the strategy
adopted for the Belle II analysis.

The charged particles from B* — D%z are required to
satisfy the same impact parameter criteria as the muon in
B — utw,. The kaon and pion used to reconstruct the D°
meson must each have a momentum greater than 0.3 GeV
in the c.m. frame. We require Lg/(Lx + £,) > 0.6 and
L./(Lx+ L,) > 0.6 for the kaon and pion, respectively.
Only D° candidates with reconstructed masses within
50 MeV of the expected value [1] are retained. The
BT — D%zt candidates are then reconstructed by
combining the D° candidates with a pion having mo-
mentum greater than 2.1 GeV in the c.m. frame and
L,/ (Lx+L,;)>006. We require the reconstructed
B meson mass to be within 50 MeV of the expected
value [1], a beam-constrained mass my,, above 5.2 GeV, and
an absolute energy difference |AE| below 0.2 GeV. The ROE
reconstruction and selection for the control channel is
identical to the signal channel described in the previous
section. To further suppress continuum background, only
events with cos Oy, < 0.8 are retained, where Oy 1S
defined as the angle between the thrust axis of the ROE and the
thrust axis of the reconstructed B meson, in the c.m. frame.

The momentum of the pion originating from the B decay
is boosted into the B rest frame using the reconstructed and
calibrated ROE, and is then compared to the pion momen-
tum in the same frame obtained using the fully recon-
structed B meson. This comparison serves to identify
potential biases and assess resolution differences between
the data and simulation. The mean and standard deviation
of the momentum bias, defined as

ApE = plroe _ plhie, (15)

are determined and listed in Table II. The Ap? distributions
from the Belle and Belle II data are shown in Fig. 7. The
systematic uncertainties on the simulation arise from the
uncertainty in the measured B* — D°[— K*z~]z" branch-
ing fraction and limited MC sample size. We observe good
agreement between simulation and the control sample data.

To validate the modeling of the continuum-suppression
classifier in Belle II, an additional study is performed

TABLE II. Mean values and standard deviations for
BT — D%z, each with their respective uncertainties, for the
momentum bias of the data and simulation from the Belle and
Belle II experiments.

Belle u o

ApE [GeV] MC 0.0119 £ 0.0004 0.1108 £ 0.0003
Ap8 [GeV] Data 0.0123 £ 0.0004 0.1113 £ 0.0003

Belle II u c
ApE [GeV] MC 0.0074 £ 0.0004 0.0942 £ 0.0003
Ap8 [GeV] Data 0.0073 £ 0.0007 0.0932 £ 0.0005

in which the reconstructed D° is omitted from the
reconstruction to mimic a neutrino in the final state.
Further, the momentum of the pion from the B decay is
scaled to match the momentum of the muon in B* — u*v,.
After these corrections, the sixteen event shape variables
are recomputed and the classifier output C is determined
using the respective weights derived in the signal
channel. The classifier is then used to study the selection
efficiency in data and simulation for the Belle and
Belle II categories. The distributions of the classifier
output of the control channel for the Belle and Belle II
datasets are shown in Fig. 8.

The dataset is separated into the eight categories used in
the B* — u"v, analysis. The selection efficiency for the
categories is summarized in Table III for both data and
simulation. The efficiency is defined as the fraction of
reconstructed B — Dz events in a given region relative
to the total number of reconstructed B* — Dz" events.
The yield of BY — D%z events in data is determined by a
two-dimensional binned fit to the energy difference AE and
the signal-side beam-constrained mass my,..

We perform y? tests of the efficiency ratios between data
and simulation for the four Belle and Belle II categories
separately and observe good agreement. For Belle, the
ratios are compatible with unity within at most 1.3 standard
deviations, with a combined y? = 3.26 corresponding to a
p-value of 51%. For Belle II, the ratios agree with unity
within at most 2.3 standard deviations, and the combined
x> = 8.16 yields a p-value of 9%. Hence, no correction to
the B* — u*v, efficiencies is applied. The efficiency ratios
of data-to-simulation, together with the combined factors,
are summarized in Table IV.

V. STATISTICAL ANALYSIS AND LIMIT
SETTING PROCEDURE

To avoid experimenter bias, all selection criteria,
reconstruction procedures, and fit models are defined
and validated using simulation and control samples before
inspecting the data in the signal region. The templates for
signal and background momentum distributions are derived
from simulation and use 22 uniform bins with a width of
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FIG. 7. Upper panels: distributions of the pion momentum bias in
the B meson rest frame for the Bt — D%z control channel, shown
for Belle (top) and Belle II (bottom) datasets and simulations. The
colored stacked histograms show the different components: B* —
DP[— K*z7|z* in light green, other BB decays in rose, and
continuum events in dark blue. Data points are shown as black
markers, while systematic uncertainties are indicated by black
hatched bands. Lower panels: ratios of data-to-simulation are
shown, with error bars representing the combined statistical
uncertainty of the data and systematic uncertainty of the simulation.

50 MeV, covering the range p €[2.2,3.3] GeV. A binned
maximume-likelihood fit to the muon momentum pf is
performed to extract the branching fraction B(B* — u*v).
Systematic uncertainties are incorporated with multiplica-
tive or additive event-count modifiers in the likelihood.
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FIG. 8. Distribution of the classifier output derived for B — p*w,
and applied to the control B¥ — Dz channel for the Belle (top) and
Belle II (bottom) datasets and simulation. For the Belle II data the
distribution is shown for the case where the D meson is removed from
the reconstruction and the pion momentum is scaled up. The color
scheme for the individual components is the same as in Fig. 7.

The likelihood L is constructed as the product of the
likelihoods L. for each category ¢ and the Gaussian
constraints G, for each process k,

L= HEC X Hgk (16)
c k

The likelihood of each category is the product of Poisson
probability density functions P over bins i of the muon
momentum spectrum,
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TABLE III.  Selection efficiencies of B* — D%z" and their
uncertainties in eight categories for data and simulation from the
Belle and Belle II experiments.

Belle €Data EMC

Category 1 (0.37 £0.04)% (0.43 £0.04)%
Category II (0.35 £ 0.04)% (0.37+0.03)%
Category III (1.80 £ 0.07)% (1.92 £ 0.09)%
Category IV (1.97 £ 0.08)% (2.04 £ 0.10)%
Belle 11 €Data EMC

Category V (7.25+£0.26)% (6.63 £ 0.24)%
Category VI (11.99 £ 0.33)% (10.82 £0.38)%
Category VII (16.99 + 0.40)% (16.69 + 0.57)%

Category VIII (29.51 + 0.56)% (30.23 + 1.02)%

TABLE IV. Ratios of data-to-simulation efficiencies for BT —
DOz and the combined factors in the eight categories for the
Belle and Belle II experiments.

Belle €Data/ EMC 7 p-value
Category 1 0.846 +0.120
Category II 0.950 £ 0.135
Category III 0.937 +0.059 3.26 0.51
Category IV 0.967 £ 0.059
Belle IT €Data/ EMC 7 p-value
Category V 1.093 £ 0.056
Category VI 1.109 £+ 0.049
Category VII 1.017 £ 0.042 8.16 0.09
Category VIII 0.976 + 0.038
bins
L= Hp(ni|7/i)v (17)
i

with n; and v; denoting the number of observed and
expected events. The expected number of events in each
bin, v;, is determined from simulation and is given by

processes
Vi = Z Skt (18)
k
where 77;, represents the total number of events from process
k, and f;; denotes the fraction of these events reconstructed
in bin i.

Systematic uncertainties are incorporated into the like-
lihood through a vector of nuisance parameters (NPs), 6,
which parametrize both normalization and shape variations.
For normalization uncertainties, each independent source s
is modeled by a Gaussian-constrained parameter. Its effect
is incorporated by modifying the total yield of process k as

e = Mi(1 4 Oyy), (19)

where 6, denotes the NP parametrizing the corresponding
uncertainty.

For the shape uncertainties, each element of the nuisance
parameter vector @, corresponds to a bin in the fitted pf
spectrum across the eight event categories of a given
template. The NPs are constrained in the likelihood
function through multivariate Gaussian distributions,

Gr = gk((); 0y, Zk)7 (20)

where X, represents the systematic covariance matrix
associated with template k. This matrix contains all
sources of systematic uncertainty that affect template k
and is given by

error sources
Zk = Z zks s (2 1 )

A

where X, is the contribution of a specific uncertainty
source s. The construction of X;, is based on the
uncertainty vector o6y,, whose elements correspond to
the absolute uncertainties in the p? bins for template k.

Systematic uncertainties originating from the same
source are treated either as fully correlated,

st = 05 Q Oy, (22)

or as uncorrelated, i.e., as in the case of the statistical
uncertainties of the simulation,

st = Diag<6ks2)‘ (23)

The NPs are incorporated into Eq. (18) by modifying the
fractions f;; for all templates. Specifically, to account for
shape uncertainties, this leads to

M nie(1 + Oy)
fik = - .
Yo 2o mik(l+05)

Here, 1;, denotes the expected yield of process k in bin i.

The fit contains several templates, five of which have
their normalizations treated as free parameters: the
B* — p*v, signal, semileptonic b — u and b — c tran-
sitions, and the continuum backgrounds for the Belle and
Belle II datasets. The continuum background contributions
are corrected using data-driven methods specific to each
experiment. Although the underlying processes are the
same, the observed distributions differ between Belle and
Belle I owing to detector responses, selection efficiencies,
and acceptances. Therefore, the continuum backgrounds
are modeled separately and not combined in the fit. The
yields of the background contributions from B* — u*v,y
and b — s transitions are constrained to the expected
branching fractions within the corresponding uncertainties,
since they resemble the signal distribution.

The likelihood in Eq. (16) is maximized using the iMinuit
package [62] to determine the yields 7, of the fit components.

(24)
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The numbers of signal and semileptonic b — u events are
translated into partial or full branching fractions using the
corresponding efficiencies and the numbers of recorded B
meson pairs in the Belle and Belle II datasets. The fit accounts
for 8 x 154 shape uncertainties and 73 additional NPs
associated with normalization uncertainties. The fit procedure
is validated using ensembles of pseudodatasets for different
input B* — u*v, branching fractions. No biases in the
extracted central value and uncertainty coverage are observed.

We also investigate sterile neutrino and WA contribu-
tions by introducing additional free parameters into the fit.
When setting limits on sterile neutrinos, the B* — u*v,
yield is constrained to its SM expectation. This is discussed
in more detail in Secs. VII and IX.

We construct confidence intervals for the processes using
the profile likelihood ratio method. For a given process #;,
the likelihood ratio test statistic is defined as

A

’C(nk’ ﬁr]k’ 01]k)
‘C(f]k’ ﬁ’ 0)
where 7, #, and @ correspond to the values of the process of
interest, the remaining processes, and a vector of NPs that
maximize the likelihood function unconditionally. In con-
trast, 7, and @, denote the values of the remaining
processes and NPs that maximize the likelihood under
the constraint that the process of interest is fixed at a given
value 7. In the asymptotic limit, the test statistic in Eq. (25)

can be used to construct approximate confidence intervals
at confidence level a¢y, according to

Alg) = ~21n , (25)

l—ae = [ fo(xl)dx, (26)
A(me)
where f 2 (x; 1) represents the y* distribution with a single
degree of freedom.

In the absence of a significant signal, we determine both
frequentist and Bayesian limits. For the frequentist one-
sided (positive) limit, we modify our test statistic following
the prescription of Refs. [63,64] to

Alme)  if e 20,

610(’7k) = { —A(ﬂk) if g, <0, (27)

which enhances the sensitivity of our analysis. This test
statistic is asymptotically distributed as

1 1
f(q0) :Ef;ﬁ(—%;l) +§f;(2(%§1)- (28)

Given an observed test statistic value ngs, the (local)
probability of observing a signal, p,, is computed as

Po = _ 1(q0)dqo. (29)
ngs

VI. SYSTEMATIC UNCERTAINTIES

Two types of systematic uncertainties are included,
additive and multiplicative.

Additive uncertainties affect the shape of the distribu-
tions. Several sources of systematic uncertainty affect the
measurement of BT — u*v,, the largest arising from the
modeling of the b — u background. Since the overall
normalization of these decays is determined from data,
only shape uncertainties need to be considered. These
originate from uncertainties in the form factor parameters
of the B-aftv,, B-pltv,, BT —>wltu,,
BT - nftv,, and BT - 5'¢"v, decays, from the mea-
sured branching fractions of these modes, and from the
modeling of the nonresonant component of the b — u
background. The DFN model used to describe the non-
resonant transitions is parametrized by the b-quark mass
and a nonperturbative parameter, whose uncertainties
propagate to the template shape. An alternative description
using the Bosch-Lange-Neubert-Paz (BLNP) model [65]
is also considered, and the difference between the DFN
and BLNP predictions is taken as an additional systematic
uncertainty.

The second largest systematic uncertainty arises from the
modeling of the continuum background. The off-resonance
data used to correct the continuum contribution are subject
to statistical uncertainties from the finite sample size, which
are evaluated using a bootstrapping procedure that gen-
erates multiple replicas by resampling the dataset.

Uncertainties in b — ¢ transitions, dominated by
B — D¢%v, and B —» D*¢"v, decays, also affect the
measurement. These arise from the form factor parameters
and their branching fractions, which are propagated into the
model. In addition, an uncertainty is included to account for
the branching fraction of hadronic B — Dz decays, which
contribute near the kinematic end point.

The rare background contribution is dominated by
BT — K" and B® - K"z~ decays, for which uncer-
tainties in the measured branching fractions are included
as systematic uncertainties. The uncertainty on the
B* — p*v,y background is evaluated using both exper-
imental and theoretical inputs. The experimental compo-
nent reflects the precision of the measured branching
fraction, while the theoretical component accounts for
variations in model parameters. These include the ratio
of the inverse moment to the zeroth moment of the light
cone wave function, which describes the longitudinal
momentum distribution of the light quark inside the B
meson, the b-quark mass m,, and the assumption of
whether the vector and axial form factors are taken to be
equal [35]. The model is varied by adjusting these
parameters, and the largest deviation from the nominal
prediction is assigned as a systematic uncertainty.

The B" — u*v, signal shape is affected by uncertainties
in the particle identification efficiencies between data and
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simulation, and the finite size of the simulated sample,
which are included as additive uncertainties.

Multiplicative uncertainties scale the overall normaliza-
tion and shift the extracted branching fraction.

The efficiency ratios between data and simulation,
obtained from the validation study in Sec. IV, are used
to evaluate the systematic uncertainty on the efficiency. For
Belle and Belle II, the averaged ratios are 0.941 £+ 0.038
and 1.034 £ 0.022, respectively. The quoted uncertainties
on these averages are used as the systematic uncertainties
on the efficiency.

For the B" — y*v, signal, additional systematic uncer-
tainties originate from tracking, differences in particle iden-
tification efficiencies between data and simulation, and the
uncertainty in the total number of BB pairs. These uncer-
tainties are treated as normalization uncertainties.

Finally, for all distributions considered, the impact of the
finite simulation sample size is included.

Table V provides a summary of the systematic uncer-
tainties affecting the B* — u*v, branching fraction
measurement.

Covariance matrices for all categories and pf bin are
generated independently for each eigendirection of the
Belle and Belle II datasets. Systematic uncertainties
common to both experiments, such as branching fractions,
are treated as fully correlated, whereas uncertainties intrin-
sic to each experiment, such as the number of BB pairs, are
treated as uncorrelated.

Assuming a branching fraction of B(B* — u'v,) =
(4.18 £0.44) x 1077, and including both statistical and
systematic uncertainties, the expected one-sided signal
significance is 2.3704 standard deviations, as estimated
with an Asimov dataset [66].

VII. RESULTS

A. Search for B* — pu*y,

Figure 9 presents the combined muon-momentum dis-
tribution in the B meson rest frame, where events from
the signal-enriched Categories I and V are weighted by
log (1 +S./B.) [67], with S, and B, denoting the numbers
of signal and background events, respectively, within a
68% containment window centered on the B* — uty,
peak. This weighting enhances the sensitivity to regions
with a higher signal-to-background ratio, and distributions
for the eight classifier categories can be found in Fig. 19
in Appendix C. We assume no contributions from WA
processes and set these contributions to zero. The overall fit
quality is good, with a postfit p-value of 90% obtained
from a y? test.

The branching fraction is measured to be

B(B* — u*y,) = (44£19£10)x 107, (30)

TABLE V. The uncertainties on the measured B — u*v,
branching fraction are shown. For definitions of additive and
multiplicative errors see the text. FF denotes form factor, and BF
denotes branching fraction.

Source Fractional uncertainty

Additive uncertainties

b — u modeling 17.4%
B — nftv, FF 8.2%
B — pl*tv, FF 8.9%
BT - wf*tv, FF 4.5%
BT - nt*uv, FF 0.2%
BT - n'¢tv, FF 1.0%
B - nf*v, BF 4.8%
B — pt*v, BF 1.0%
BT —» wf*v, BF 0.2%
BT - nf*tuv, BF 0.2%
BT - '¢tv, BF 0.1%
B - X,/"v, BF 3.3%
DEFN parameters 5.7%
Hybrid model 6.0%
MC sample size 5.6%
Continuum modeling 14.0%
Shape correction 4.1%
MC sample size 13.3%
B* — u*v,y modeling 4.8%
b — ¢ modeling 2.4%
Rare decay modeling 1.5%
Bt — u*v, modeling 1.5%
Multiplicative uncertainties

PID efficiency Belle 1.6%
Tracking efficiency Belle 0.3%
Npjp Belle 1.1%
PID efficiency Belle II 1.0%
Tracking efficiency Belle II 0.1%
Npp Belle I 0.3%

S0 2.1%

Control channel efficiency ratios 3.2%
Total systematic uncertainty 23.6%
Total statistical uncertainty 42.9%

where the first uncertainty is statistical and the second
systematic. This corresponds to an observed signal yield of
VB =M = 150 £ 73 events. This represents the most
precise determination of the B¥ — v, branching fraction
to date, benefiting from improved modeling of the back-
ground shapes and a larger data sample by adding the
Belle II data. The systematic uncertainty is marginally
larger than in the previous Belle result in Ref. [9], owing to
updated modeling of the b - u and b — ¢ backgrounds
and the inclusion of an additional efficiency uncertainty
from the control mode. The observed significance relative
to the background-only hypothesis is 2.4 standard devia-
tions, consistent with the expectation of 2.3704.
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FIG. 9. The upper panel: weighted distribution of the fitted
muon momentum pf in the B rest frame, where events from
the signal-enriched Categories I and V are weighted by
w =log (1 + S./B.). The stacked histograms represent the fitted
signal and background processes with the color scheme intro-
duced in Fig. 6, and the data points show the combined Belle and
Belle II sample. The hatched band indicates the systematic
uncertainty. The lower panel: difference between data and the
background prediction, with uncertainties from statistical and
systematic sources. The red hatched area shows the fitted signal
process.

In addition to the nominal fit combining signal and
background across Belle and Belle II, we perform the fit
with the background combined but the signal treated
independently, which yields a consistent result. We also
carry out fully stand-alone fits for Belle and Belle II with
neither signal nor background combined. This is shown in
Fig. 10 in addition to the combined Belle and Belle II result.
The stand-alone fits yield

BB = i) — (4721 £ 11) x 107, (31)
B(B* = pt v )penen = (3.9 £3.8 +£2.5) x 1077, (32)

respectively. The shift in the Belle central value compared
to the published result in Ref. [9] arises from updated
central values and systematic uncertainties in the b — u
and b — ¢ backgrounds. The updated Belle result super-
sedes the previous measurement. Although the overall
uncertainty has increased slightly, the modeling of the
b — u contribution employs a more advanced description
compared to the previous iteration of this analysis. While
the DFN model is retained, the underlying scheme for its
input parameters has been updated from the 1S to the
Kagan-Neubert scheme [42,43]. In addition, the branching
fractions and form factors have been updated to the latest
values in Refs. [1,3], which are constrained by new
auxiliary measurements, resulting in a more up-to-date
representation of this contribution. The Belle result is
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FIG. 10. Two-dimensional likelihood contours for the BT —
u'v, branching fraction measured from combined Belle and
Belle II data. The inner light green and outer golden brown
ellipses correspond to the joint 38.3% (Ay* = 1.0) and 68.3%
(Ay* = 2.3) confidence regions, respectively. The dashed dark
blue vertical line with its shaded band shows the Belle stand-
alone result [Eq. (31)], while the dashed rose horizontal line with
its shaded band shows the Belle II stand-alone result [Eq. (32)].
The black star marks the best-fit point when Belle and Belle II
branching fractions are fitted independently, and the black circle
indicates the combined fit with the single branching fraction
extracted across both datasets, as shown in Eq. (30).

consistent within 1.1 standard deviations with the previous
one, where the comparison accounts for correlations by
treating the statistical and most systematic uncertainties as
correlated, while updated uncertainties from new theoreti-
cal inputs are treated as uncorrelated.

The magnitude of the CKM matrix element |V ;| is
extracted from the branching fraction in Eq. (30) using the
B meson decay constant fz = (190 & 1.3) MeV [2] and
the B lifetime 73 = (1.638 - 0.004) ps [3]. The result is

\Viup| = (3.9271007 (stat) 1045 (sys) £ 0.03(theo)) x 1073,
(33)

which, while less precise, is consistent with recent inclusive
and exclusive determinations of |V ;| [1].

Due to the low significance of the observed B* — u*w,
branching fraction, both Bayesian and Frequentist upper
limits are determined. The likelihood function is converted
into a Bayesian posterior probability density function
(PDF) by assuming a flat prior, z(i;), on the partial
branching fraction, resulting in

_ L(nlne)z(ne)
fd) = T e nonmoan Y

where n denotes the vector of the observed yields in the
bins of all categories. The Bayesian upper limit at 90%
credibility level (CrL) is determined to be
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FIG. 11. The observed Bayesian (golden brown dash-dotted
line) upper limit at 90% CrL and frequentist (medium purple solid
line) upper limit at 90% CL, along with the corresponding
Bayesian (dark blue curve) and frequentist (medium purple
dotted curve) PDFs. The SM expectation for the B" — u'*uy,
branching fraction is indicated by the light green dashed line.

B(Bt - uty,) <72x1077, (35)

Performing the fit to ensembles of Asimov datasets with
the NPs shifted to their best-fit values, we determined the
frequentist upper limit

B(Bt - uty,) <6.7x 107 (36)

at 90% CL. Both upper limits are shown in Fig. 11 in
addition to the SM expectation.

B. 2HDM interpretation

Extending the study of the B* — u*v, decay to physics
beyond the SM, the measured branching fraction is used to
constrain the parameter space of two-Higgs-doublet models
(2ZHDMs) of type II [4] and type III [5,6], using the process
shown in Figs. 1(b) and 1(c). In type II models, the
presence of a charged Higgs boson modifies the branching
fraction to

2
My

2 2
B(B* — p*v,) = Bey x (1 -W) (37)

Here, Bgy is the SM branching fraction, tan f is the ratio of
the vacuum expectation values of the two Higgs fields, and
mpy+ is the mass of the charged Higgs boson. In type III
models, the branching fraction is modified as

L. (c;s ) c*g)
mym, Csm  Csm

2

B(B+ - ,U+l/ﬂ) == BSM X

9’

(38)

where m;, is the mass of the b quark, Cgy is the SM
coupling, and Cj j1, are the Wilson coefficients that encode

Belle and Belle IT Combined [ £dt =1076fb~!
— T T T T T T

mm 68% CL
95% CL
O...I...I...I...I...
0 200 400 600 800 1000
my+ [GeV]
0.10 Belle and Belle IT Combined [ £dt = 1076 fb~!
0.08
0.05
Z 0.02
@)
Z_ 0.00
:(‘_J‘ﬁ -0.02
-0.05
[ 68% CL
-0.08 95% CL
-0.10F
-0.10 -0.08 -0.05 -0.02 0.00 0.02 0.05 0.08 0.10

CL/Csu

FIG. 12. Excluded regions in the parameter space of the 2HDM
of type II (top) and type III (bottom). The filled blue regions show
the values excluded at the 68% (dark blue) and 95% CL (dark

purple).

the beyond SM physics contribution. The excluded param-
eter regions for the 2HDM of type II and type III at 68%
and 95% confidence levels are shown in Fig. 12. These
exclusion limits are obtained by constructing a y? statistic
from the observed and predicted branching fractions,
as defined in Eqgs. (30) and (1), respectively. The limits
presented here supersede those obtained in the previous
Belle analysis [9].

A search for stable sterile neutrinos N, shown in
Figs. 1(c) and 1(d), is performed by fitting the muon
momentum in the B meson rest frame, with the BY — u*v,
contribution fixed to its SM expectation. An additional
template corresponding to Bt — u™N processes is
included, assuming the same momentum distribution as
for BY — pu*v,. The fit is performed for selected neutrino
mass my hypotheses in the range 0.0 GeV <my <
1.5 GeV with the momentum distribution of BT — u™N
shifted for each value to reflect the kinematic changes. The
largest shift expected is 0.2 GeV at my = 1.5 GeV.

We assume the sterile neutrino to be stable and to not
decay inside the detector. Based on simulations, this
assumption is valid for lifetimes 7y > 0.5 x 107®s, where
fewer than 5% of sterile neutrinos decay before exiting the
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FIG. 13. Local p, value determined from the fit using an

additional template for Bt — y*N and assuming the back-
ground-only hypothesis (top), and the Bayesian upper limit on
the branching fraction of BT — u*N at 90% CrL (bottom).

detector. If a sterile neutrino would decay inside the
detector, its decay products would appear in the ROE.
This would change the reconstructed boost to the B rest
frame, causing events with and without neutrino decays to
have different muon momentum distributions. Instead of a
single peak in the boosted muon momentum pf, two
distinct peaks would appear. To account for the small
fraction of potentially decaying neutrinos at the threshold
lifetime, an additional systematic uncertainty is assigned
based on the percentage of sterile neutrinos that could
decay within the detector [68].

The significance over the background-only hypothesis is
determined as described in Eq. (27) and shown in Fig. 13.
There is no significant excess observed with the largest
local significance over the background-only hypothesis of
1.6 standard deviations at a mass of around my = 1.2 GeV.
The global significance, accounting for the look-elsewhere
effect and estimated using toy MC datasets, is found to be
0.6 standard deviations at this mass.

The extracted number of sterile neutrino events is
converted into a branching fraction of BT — u* N assum-
ing the same selection efficiency as for B* — u*u,.
This branching fraction is then used to estimate the

|U,n|* as a function of the sterile neutrino mass my, obtained
from this analysis and compared to previous searches of sterile
neutrinos. The shaded regions above the curves indicate the
excluded parameter space at 90% CL.

Bayesian upper limit for B(B™ — u™N), as shown in
Fig. 13. The resulting upper limit is subsequently used
to exclude regions in |U,y|* — my parameter space by
calculating [9,69]

B(B+ —)M+N) _ |UN|2m12v+ml24 A(rNB,rﬂB)
B(B+ - lquUﬂ) g mﬁ /1(07 rﬂB)
1- (rIZVB - ’”,243)2/(’"12\13 + r,le) (39)
1- rﬁB ’

where |U,y|* is the coupling between the muon and the
sterile neutrino, A(x,y) = (1 — (x —y)?)(1 = (x +y)?) is
the Killén function, and ryy = my/my are mass ratios.
The combined Belle and Belle II result as well as the
results from previous searches by Refs. [9,70-77] are
shown in Fig. 14.

VIIL. B — X, ¢*v, PARTIAL BRANCHING
FRACTION MEASUREMENT

The B — ;ﬁuﬂ decay overlaps with the kinematic end
point of b — u transitions. This allows for a determination
of the partial branching fraction AB(B — X,¢*v,) for
p% > 22 GeV, which can be extracted simultaneously
with the B — p*v, branching fraction. Systematic uncer-
tainties from tracking, particle identification, BB counting,
and the control channel efficiency are included in the fit.
The selection efficiencies for pf > 2.2 GeV are (13.69 +
0.57)% for Belle and (13.88 + 0.58)% for Belle II, with
uncertainties arising from the systematic variations outlined
in Sec. VL

The resulting partial branching fraction for pg >
2.2 GeV is
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AB(B = X,£v,) = (272 +£0.05 +0.29) x 107*,  (40)

where the first uncertainty is statistical and the
second systematic. Table VI in Appendix C summarizes
the systematic uncertainties affecting the measurement.
This result agrees within 2 standard deviations with
the measurement in Ref. [78], AB(B — X,/"v,) =
(0.33 £0.04) x 1073, but achieves improved precision.
Extrapolating to the full phase space using the weighted
mean of the Belle and Belle II efficiencies yields

B(B - X, v,) = (197 £0.07£0.22) x 107, (41)

which is consistent and has similar precision to the HFLAV
average [3], B(B — X,¢"v,) = (1.92 £ 0.21) x 1073,

IX. INVESTIGATION OF WEAK ANNIHILATION
PROCESS

A model-dependent search for the WA process is
performed using the fitting strategy and templates
described in Sec. V. For this, the yields B" — u*y,,
B - X,/"v,, and weak annihilation, as well as the
parameter «, are unconstrained. Figure 15 shows the
combined muon-momentum distribution, obtained by
weighting the signal-enriched categories to enhance sensi-
tivity to a potential WA contribution. The corresponding fit
results for all eight classifier categories are presented in
Appendix C in Fig. 20.

The extracted WA branching fraction is determined to be

BB+ 2 X, ttv,) = (576 £3.92) x 1075, (42)

where the error is the sum of statistical and systematic
uncertainties. This translates to vW4 = 3600 + 2473 WA
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FIG. 15. Weighted distribution of the fitted muon momentum in

the B rest frame, with an additional template for weak annihi-
lation events included using the same weights derived for Fig. 9.

events, which can substitute a large fraction of
B — X,"v, events, leading to a strong anticorrelation
between the two processes. Including WA in the fit alters
the extracted partial and full branching fractions,

AB(B = Xl v,) = (206 £ 0.44) x 1074, (43)
B(B* = uty,) = (3.4 £2.2) x 1077, (44)

with the uncertainties indicating the sum of statistical and
systematic uncertainties.
Figure 16 shows the two-dimensional likelihood con-

tours in the parameter space of B(B*VEXM*W) versus
the branching fractions of B* — u*v, and B = X,/ v,.
When allowing the model parameter « to float, a one-sided
significance of 2.4 standard deviations relative to the
background-only hypothesis is obtained. If the parameter
is instead fixed to scan across different model assumptions,
a substantially smaller WA branching fraction is found in
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FIG. 16. Two-dimensional likelihood contours showing the
correlation between the WA contribution and the extracted
B" — u*y, branching fraction (top), and the partial branching
fraction for B — X,£"v, (bottom). The contours correspond to
regions of constant Ay?> = 1.0 and Ay?> = 2.3, approximately
representing 38.3% and 68.3% confidence levels. The rose points
with error bars correspond to the measured B* — u*v, and
partial B — X,¢"v, branching fraction, as reported in Egs. (30)
and (40), respectively, if there is no WA contribution included.

112012-17



M. ABUMUSABH et al.

PHYS. REV. D 113, 112012 (2026)

Belle and Belle IT Combined [ £dt = 1076 fb~!

12 , : -
C -4~ Scan Points
o 10F ¢ BestFit
2 N ]
S [ ]
X g r -
Q -
A [
! [ ]
S 6Ch E
B | ]
=L H | ]
oA 7
a R ]
B oo { ]
0 ELo } .}”im*"i'"f"'i“i"'!"l--1---!--'---.---|--¢..f
0.0 0.2 0.4 0.6 0.8 1.0

08

FIG. 17. Weak annihilation branching fraction as a function of
the parameter @, which determines the shape of the muon
momentum distribution in the B rest frame. For each value of
a, the fit is performed with the parameter fixed at that value
extracting the number of WA events. The black points show the
scan results, while the rose point indicates the best-fit value.

most models. The corresponding branching fractions are
summarized in Fig. 17. We refrain from drawing stronger
conclusions due to the strong anticorrelation with
B — X, v, decays, as the WA contribution becomes
significant only in scenarios with a flat p? distribution that
closely resembles the kinematics of B — X, v, decays.
To gain further insight, a more precise theoretical under-
standing of the kinematic shape of the weak annihilation
contribution is required.

X. SUMMARY AND CONCLUSION

In this paper, we report the result of a search for
B" — yty, decays using 1076 fb~! of data collected
with the Belle and Belle II detectors at the KEKB and
SuperKEKB e"e™ colliders at a center-of-mass energy of
10.58 GeV. This search includes a reanalysis of the Belle
data, which supersedes the previous measurement [9],
and provides the first Belle II result on the B* — u*v,
branching fraction. An inclusive tagging approach is
employed to reconstruct and calibrate the kinematics of
the tag-side B meson, enabling measurement of the muon
momentum pf in the signal-side B meson rest frame with
improved resolution relative to the center-of-mass frame.
The B — u"v, branching fraction is extracted from a
binned maximum-likelihood fit to pf and no contributions
from weak annihilation processes are included. The
result is

BB - pty,) = (44£19+10)x 107, (45)

with a significance of 2.4 standard deviations relative to
the background-only hypothesis and in agreement with the
expected sensitivity. The systematic uncertainties due to
the finite size of the MC samples, including those from the

limited size of the generated sample used to model the
continuum contribution, will decrease with the simulation
of larger samples. Auxiliary measurements using additional
data can further constrain the input parameters of the form
factor models, branching fractions, and the inclusive model
describing the b — u contribution, thereby reducing the
associated systematic uncertainties. Additional data will
also reduce the uncertainties associated with particle
identification and tracking efficiencies, as well as the total
number of BB pairs.

As no significant signal is observed, upper limits at 90%
credibility and confidence level, respectively, are set using
Bayesian and frequentist methods,

B(B* — i) <72 % 1077, (46)
B(Bt - uty,) <6.7x107, (47)

respectively. The result constitutes the most sensitive search
for the decay B* — u*w, to date.

The measured branching fraction is interpreted to con-
strain the parameter space of type I and type III two-Higgs-
doublet models, excluding significant regions of their
parameter space. A search is carried out for massive
sterile neutrinos in the range 0.0 GeV < my < 1.5 GeV.
No significant excess is observed, with the largest deviation
from the background-only hypothesis being 0.6 standard
deviations, taking into account the look-elsewhere effect.
The observed yields are translated into limits on the
squared mixing parameter |U,y|* as a function of the
sterile neutrino mass my and cover a wider parameter
space.

The partial branching fraction of semileptonic
B — X, v, decays with p8 > 2.2 GeV is measured to be

AB(B = X,£v,) = (272 +£0.05 +0.29) x 107*,  (48)

where uncertainties from the theoretical model and selec-
tion efficiency are included. When extrapolated to the full
phase space, this result and its experimental uncertainty are
consistent with, and of comparable precision to, the world
average reported in Ref. [3].

A model-dependent search for weak annihilation
decays is carried out. Because the branching fraction
and spectral shape of such decays are poorly known,
the WA component is modeled as a combination of flat
and peaking contributions with a single floating fraction.
We find

BB+ 2 X, t%v,) = (576 £3.92) x 1075, (49)

with a significance of 2.4 standard deviations above the
background-only hypothesis. The resulting WA template
closely resembles the kinematic shape of B — X,/v,
decays, leading to a strong anticorrelation between the

112012-18



STUDY OF B* — u*v, DECAYS AT ...

PHYS. REV. D 113, 112012 (2026)

two contributions. When alternative values of the model
fraction are chosen, the fitted WA branching fractions
become much smaller and less significant. Including the
WA template reduces the observed B* — u*v, branching
fraction by about 23%. To gain further insights, a more
precise theoretical understanding of the kinematic shape
of the weak annihilation contribution is required.
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APPENDIX A: CONTINUUM-SUPPRESSION
BDT INPUT VARIABLES

The continuum-suppression BDT input variables are listed
below in descending order of their discriminating power:
(i) Cosine of the angle between the signal muon
momentum and thrust axis of the ROE.

(i) Fourth-order harmonic moment with respect to the
thrust axis.

(ii1)) Fourth-order normalized modified Fox-Wolfram
moment of type so for missing momentum. When
particle i and particle j both are from the ROE,
type oo is used, while type so is used if particle i is
related to the signal-B meson [60].

(iv) Magnitude of the thrust axis of the ROE.

(v) Normalized beam-constrained mass 7.

(vi) Second-order normalized modified Fox-Wolfram
moment of type so for neutral particles.

(vii) Cosine of the polar angle of the missing momentum
calculated in the lab frame.

(viii) Normalized energy difference AE.

(ix) Second-order normalized modified Fox-Wolfram
moment of type so for charged particles.

(x) Transverse energy.

(xi) Cosine of the polar angle of the thrust axis.

(xii) First-order harmonic moment with respect to the
thrust axis.

(xiii) Second CLEO cone [59].
(xiv) Fourth-order normalized modified Fox-Wolfram
moment of type so for neutral particles.

(xv) Zeroth-order normalized modified Fox-Wolfram
moment of type so for neutral particles.

(xvi) Fourth-order normalized modified Fox-Wolfram
moment of type o0o.
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APPENDIX B: CONTINUUM CORRECTION USING OFF-RESONANCE DATA

Belle II [ £dt =365fb~! Belle I [ £dt =365fb~!
——T T T T T T o L B e e e e e e o e A
Corrected - Corrected |
104 L == Continuum 6000 == Continuum |
o g:] Continuum g [ Continuum -
a { Data o I { Data
o o 4000
g 109} £
= : = 2000
g o L
102 0
52.5_ T T T T T - mé 25F T 7 T T T T T T T T T T T T T T
8|z F o - . ea o T L w28 1
<= I sTovvTTRTTe SE i SN
Q_EO-O.— R = 0'0!'.‘|...|...|...|...|...|!'.'_-
A 0.2 0.4 0.6 0.8 @ -0.2 0.0 0.2 0.4 0.6 0.8
cos Ot Hj
Belle I [ £dt =365fb! Belle II [ £dt =365fb~!
L e e L s e e s e — T T T T T
4000 = Corrected - = Corrected
> Continuum Continuum
8 3000 [ Continuum ] o 10* [ Continuum §
q t Data g { Data
o =)
S 2000 -
g 10
=
£ 1000 &
o3|
0 102
o
. g 2'5 F LA R L L I R L L LB LI B NN B B I 3 5 2.5 - T T T T T —
SE oof el RE seseesetssseee sasenasnaseend
A El SMEL ey A E 0.0F | | | | -
B = L L L L L
pE [GeV] C

FIG. 18. Corrected continuum distributions of the two leading BDT input variables, the muon momentum in the signal-B meson rest
frame, and the BDT output classifier, compared to off-resonance data. The uncorrected continuum distribution is shown in dark blue.

APPENDIX C: FITTED DISTRIBUTIONS

The postfit distributions of the nominal and WA fits are shown in Figs. 19 and 20. The residuals, defined as the data yield
minus the prediction from all templates excluding B — u*v,, include statistical uncertainties of the data only.
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FIG. 19. Distribution of the fitted muon momentum in the B rest frame for the eight categories. The stacked histograms show the fitted
signal and background processes, the data points the combined Belle and Belle II sample, and the hatched band the systematic uncertainty.
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TABLE VI.  The uncertainties on the measured AB(B — X, £ v, ) partial branching fraction are shown. The multiplicative systematic
uncertainties arising from tracking, particle identification, BB counting, control channel efficiencies, and efficiency variations due to
systematic effects are combined. The dominant contribution to the multiplicative systematic uncertainty comes from the control channel
efficiencies.

Source Fractional uncertainty

Additive uncertainties

b — u modeling 8.5%
B — n¢*v, FF 1.1%
B — p¢*uv, FF 5.9%
B" — wf"v, FF 2.8%
BT - nt*v, FF 0.1%
BT - y¢*v, FF 0.6%
B - nt*v, BF 0.6%
B - pf*tv, BF 0.2%
BT - w¢"v, BF 0.2%
B* - nt"v, BF <0.1%
BT —»y/¢*v, BF <0.1%
B - X, /v, BF 1.6%
DEFN parameters 3.4%
Hybrid model 3.7%
MC sample size 0.3%
Continuum modeling 0.5%
Shape correction 0.2%
MC sample size 0.5%
Rare decay modeling <0.1%
B* — u*v,y modeling 0.4%
b — ¢ modeling 0.3%
B* — u*v, modeling <0.1%
Multiplicative uncertainties 6.1%
Total systematic uncertainty 10.8%
Total statistical uncertainty 1.7%
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FIG. 20. Distribution of the fitted muon momentum in the B rest frame for the eight categories, with an additional template for weak

annihilation events included.
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