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A. Kupsc49,83 , W. Kühn41 , Q. Lan80 , W. N. Lan20 , T. T. Lei78,65 , M. Lellmann39 , T. Lenz39 ,

C. Li52 , C. H. Li46 , C. K. Li48 , Chunkai Li21 , Cong Li48 , D. M. Li89 , F. Li1,65 , G. Li1 ,

H. B. Li1,71 , H. J. Li20 , H. L. Li89 , H. N. Li62,j , H. P. Li48 , Hui Li48 , J. N. Li32 , J. S. Li66 ,

J. W. Li55 , K. Li1 , K. L. Li42,k,l , L. J. Li1,71 , L. K. Li26 , Lei Li53 , M. H. Li48 , M. R. Li1,71 ,

M. T. Li55 , P. L. Li71 , P. R. Li42,k,l , Q. M. Li1,71 , Q. X. Li55 , R. Li18,34 , S. Li89 , S. X. Li89 ,

S. Y. Li89 , Shanshan Li27,i , T. Li55 , T. Y. Li48 , W. D. Li1,71 , W. G. Li1,† , X. Li1,71 ,

X. H. Li78,65 , X. K. Li51,h , X. L. Li55 , X. Y. Li78,65 , X. Z. Li66 , Y. Li20 , Y. H. Li48 , Y. B. Li85 ,

Y. C. Li66 , Y. G. Li71 , Y. P. Li38 , Z. H. Li42 , Z. J. Li66 , Z. L. Li89 , Z. X. Li48 , Z. Y. Li87 ,

C. Liang47 , H. Liang78,65 , Y. F. Liang60 , Y. T. Liang34,71 , Z. Z. Liang66 , G. R. Liao14 ,

L. B. Liao66 , M. H. Liao66 , Y. P. Liao1,71 , J. Libby28 , A. Limphirat67 , C. C. Lin61 , C. X. Lin34 ,

D. X. Lin34,71 , T. Lin1 , B. J. Liu1 , B. X. Liu84 , C. Liu38 , C. X. Liu1 , F. Liu1 , F. H. Liu59 ,

Feng Liu6 , G. M. Liu62,j , H. Liu42,k,l , H. B. Liu15 , H. M. Liu1,71 , Huihui Liu22 , J. B. Liu78,65 ,

J. J. Liu21 , K. Liu42,k,l , K. Y. Liu44 , Ke Liu23 , Kun Liu80 , L. Liu42 , L. C. Liu48 , Lu Liu48 ,

M. H. Liu38 , P. L. Liu55 , Q. Liu71 , S. B. Liu78,65 , T. Liu1 , W. M. Liu78,65 , W. T. Liu43 ,

X. Liu42,k,l , X. K. Liu42,k,l , X. L. Liu12,g , X. P. Liu12,g , X. T. Liu21 , X. Y. Liu84 , Y. Liu42,k,l ,

Y. B. Liu48 , Yi Liu89 , Z. A. Liu1,65,71 , Z. D. Liu85 , Z. L. Liu80 , Z. Q. Liu55 , Z. X. Liu1 ,

ar
X

iv
:2

60
7.

23
94

9v
1 

 [
he

p-
ex

] 
 2

7 
Ju

l 2
02

6

https://orcid.org/0000-0002-3935-619X
https://orcid.org/0000-0002-9400-8622
https://orcid.org/0000-0001-6280-3851
https://orcid.org/0000-0003-3856-2415
https://orcid.org/0000-0001-6303-5217
https://orcid.org/0000-0003-3500-4012
https://orcid.org/0000-0002-3095-8610
https://orcid.org/0009-0008-3419-0849
https://orcid.org/0009-0008-1550-2632
https://orcid.org/0000-0001-6593-5665
https://orcid.org/0009-0005-0719-7461
https://orcid.org/0009-0002-7027-021X
https://orcid.org/0009-0000-3355-8359
https://orcid.org/0009-0009-5356-3169
https://orcid.org/0000-0003-1089-9200
https://orcid.org/0000-0002-9659-8507
https://orcid.org/0000-0002-0080-6157
https://orcid.org/0000-0002-1836-502X
https://orcid.org/0000-0003-1042-8791
https://orcid.org/0000-0002-1524-6236
https://orcid.org/0000-0003-1577-5004
https://orcid.org/0000-0002-3355-4662
https://orcid.org/0000-0001-5229-1039
https://orcid.org/0009-0006-5224-894X
https://orcid.org/0009-0004-3608-7969
https://orcid.org/0000-0003-0898-3673
https://orcid.org/0009-0004-2953-8629
https://orcid.org/0000-0003-2244-0392
https://orcid.org/0000-0003-2670-4826
https://orcid.org/0000-0003-3714-3665
https://orcid.org/0000-0002-6540-217X
https://orcid.org/0000-0001-5050-8441
https://orcid.org/0000-0003-1919-360X
https://orcid.org/0000-0003-3328-3214
https://orcid.org/0009-0000-8361-147X
https://orcid.org/0000-0003-0158-2746
https://orcid.org/0009-0008-4382-8736
https://orcid.org/0009-0008-8029-3240
https://orcid.org/0009-0000-3090-4148
https://orcid.org/0000-0003-3058-0547
https://orcid.org/0000-0001-8672-8227
https://orcid.org/0009-0009-2165-7910
https://orcid.org/0000-0002-2725-6036
https://orcid.org/0000-0003-0447-5348
https://orcid.org/0000-0002-2376-8413
https://orcid.org/0009-0001-9273-6140
https://orcid.org/0009-0002-6999-080X
https://orcid.org/0000-0001-8288-3983
https://orcid.org/0009-0003-3359-110X
https://orcid.org/0009-0000-6210-1825
https://orcid.org/0000-0001-9135-7723
https://orcid.org/0009-0008-0048-4849
https://orcid.org/0009-0001-9690-0673
https://orcid.org/0000-0001-8250-770X
https://orcid.org/0009-0003-1019-5294
https://orcid.org/0000-0003-2747-8277
https://orcid.org/0009-0003-3025-1150
https://orcid.org/0000-0002-3491-6231
https://orcid.org/0000-0003-0454-3144
https://orcid.org/0009-0009-3900-6905
https://orcid.org/0000-0003-1770-3848
https://orcid.org/0000-0003-4802-4485
https://orcid.org/0000-0003-3395-7151
https://orcid.org/0000-0001-5846-2206
https://orcid.org/0009-0009-1517-6504
https://orcid.org/0009-0004-6810-2836
https://orcid.org/0000-0003-0440-3870
https://orcid.org/0000-0001-7974-5854
https://orcid.org/0000-0002-4408-1565
https://orcid.org/0000-0003-1997-6751
https://orcid.org/0000-0002-3951-272X
https://orcid.org/0009-0003-1978-9072
https://orcid.org/0009-0007-2024-4087
https://orcid.org/0009-0004-6383-6929
https://orcid.org/0009-0000-9984-266X
https://orcid.org/0000-0001-5761-0158
https://orcid.org/0000-0002-4773-5050
https://orcid.org/0000-0002-4359-3091
https://orcid.org/0009-0004-3851-2674
https://orcid.org/0009-0005-0928-1341
https://orcid.org/0000-0001-6975-2428
https://orcid.org/0009-0002-4693-5429
https://orcid.org/0009-0002-5682-0414
https://orcid.org/0009-0004-4202-2539
https://orcid.org/0009-0001-2521-6700
https://orcid.org/0009-0004-2164-7089
https://orcid.org/0009-0002-2501-9851
https://orcid.org/0009-0002-4804-3811
https://orcid.org/0009-0009-1445-4832
https://orcid.org/0009-0008-5248-9748
https://orcid.org/0009-0003-2095-0871
https://orcid.org/0009-0009-4437-3742
https://orcid.org/0000-0002-9906-296X
https://orcid.org/0009-0007-1724-4764
https://orcid.org/0000-0001-5731-4113
https://orcid.org/0000-0002-5247-3833
https://orcid.org/0000-0001-8630-6585
https://orcid.org/0000-0002-3650-5778
https://orcid.org/0009-0002-4244-0541
https://orcid.org/0000-0001-8783-6115
https://orcid.org/0000-0001-7859-7896
https://orcid.org/0009-0002-0732-4166
https://orcid.org/0009-0000-9769-0711
https://orcid.org/0009-0003-6207-7804
https://orcid.org/0000-0002-6463-8295
https://orcid.org/0000-0002-1155-6819
https://orcid.org/0000-0003-3177-2700
https://orcid.org/0009-0004-4626-2505
https://orcid.org/0000-0002-6025-6193
https://orcid.org/0009-0005-2271-6987
https://orcid.org/0000-0002-5047-4162
https://orcid.org/0000-0003-1484-0943
https://orcid.org/0009-0003-5977-9274
https://orcid.org/0009-0004-7033-0889
https://orcid.org/0009-0008-0493-0666
https://orcid.org/0000-0001-5604-1395
https://orcid.org/0000-0002-0412-4161
https://orcid.org/0009-0001-6992-7328
https://orcid.org/0000-0001-7803-6351
https://orcid.org/0009-0008-9170-0091
https://orcid.org/0000-0001-6014-8419
https://orcid.org/0000-0001-5934-7541
https://orcid.org/0000-0002-0782-3806
https://orcid.org/0009-0005-8569-0016
https://orcid.org/0009-0001-9232-5456
https://orcid.org/0009-0003-1463-168X
https://orcid.org/0000-0002-7265-3831
https://orcid.org/0000-0002-1557-4379
https://orcid.org/0000-0002-9974-8320
https://orcid.org/0000-0002-7299-7829
https://orcid.org/0009-0007-8773-366X
https://orcid.org/0000-0002-1823-9496
https://orcid.org/0000-0002-7179-1298
https://orcid.org/0000-0002-2430-7512
https://orcid.org/0009-0006-8891-7252
https://orcid.org/0009-0007-4905-2126
https://orcid.org/0000-0002-1282-5136
https://orcid.org/0009-0000-3374-1217
https://orcid.org/0000-0003-3785-2859
https://orcid.org/0009-0002-2363-6880
https://orcid.org/0000-0003-2185-9714
https://orcid.org/0009-0006-4663-5230
https://orcid.org/0000-0001-8532-1900
https://orcid.org/0009-0007-6774-6949
https://orcid.org/0000-0002-1008-0943
https://orcid.org/0000-0001-6487-0281
https://orcid.org/0009-0007-2373-7784
https://orcid.org/0009-0002-3770-1655
https://orcid.org/0009-0007-1855-9725
https://orcid.org/0000-0003-1736-1235
https://orcid.org/0000-0002-0661-9301
https://orcid.org/0009-0002-1500-3629
https://orcid.org/0000-0003-2824-988X
https://orcid.org/0000-0001-8930-4825
https://orcid.org/0000-0002-9545-5117
https://orcid.org/0009-0008-2654-3034
https://orcid.org/0000-0002-8483-690X
https://orcid.org/0000-0002-0315-6823
https://orcid.org/0000-0003-4827-0301
https://orcid.org/0009-0005-0413-3825
https://orcid.org/0009-0008-0470-2102
https://orcid.org/0000-0001-6454-278X
https://orcid.org/0000-0001-7144-2234
https://orcid.org/0000-0002-9958-379X
https://orcid.org/0000-0002-8227-4544
https://orcid.org/0000-0002-9705-7518
https://orcid.org/0009-0009-4340-077X
https://orcid.org/0000-0003-1620-983X
https://orcid.org/0000-0002-2033-381X
https://orcid.org/0009-0002-9349-0813
https://orcid.org/0009-0008-4432-4492
https://orcid.org/0000-0002-7510-3181
https://orcid.org/0000-0003-4459-3234
https://orcid.org/0000-0001-7517-6084
https://orcid.org/0009-0004-5394-2541
https://orcid.org/0000-0002-9455-1967
https://orcid.org/0000-0002-5972-2855
https://orcid.org/0000-0001-5188-6719
https://orcid.org/0000-0002-5641-1787
https://orcid.org/0000-0001-8971-9836
https://orcid.org/0009-0007-2605-820X
https://orcid.org/0009-0009-0959-3045
https://orcid.org/0000-0003-4391-4390
https://orcid.org/0000-0003-2963-2565
https://orcid.org/0009-0004-5704-4431
https://orcid.org/0000-0002-6337-5040
https://orcid.org/0000-0002-1913-1997
https://orcid.org/0000-0002-9782-1504
https://orcid.org/0009-0002-4671-4239
https://orcid.org/0009-0003-3348-2894
https://orcid.org/0009-0009-1865-6650
https://orcid.org/0009-0000-8448-1531
https://orcid.org/0000-0001-5685-4249
https://orcid.org/0000-0002-8964-5109
https://orcid.org/0000-0002-1940-7316
https://orcid.org/0009-0003-3115-0837
https://orcid.org/0009-0009-6288-7042
https://orcid.org/0009-0003-4413-3729
https://orcid.org/0000-0002-5076-7803
https://orcid.org/0000-0002-7067-8752
https://orcid.org/0000-0003-3769-0431
https://orcid.org/0009-0000-2778-9978
https://orcid.org/0000-0002-6945-716X
https://orcid.org/0000-0003-0568-5750
https://orcid.org/0000-0001-7809-6389
https://orcid.org/0000-0001-7293-7116
https://orcid.org/0000-0003-0397-1315
https://orcid.org/0000-0003-2567-2930
https://orcid.org/0000-0001-7108-895X
https://orcid.org/0000-0002-9177-1286
https://orcid.org/0000-0002-3103-2609
https://orcid.org/0009-0001-1656-4877
https://orcid.org/0009-0000-6659-1788
https://orcid.org/0009-0005-4654-2088
https://orcid.org/0009-0004-7845-2768
https://orcid.org/0000-0003-4937-2270
https://orcid.org/0000-0001-6018-9878
https://orcid.org/0009-0007-3215-4652
https://orcid.org/0000-0001-6607-772X
https://orcid.org/0009-0009-9880-7454
https://orcid.org/0000-0002-2154-9292
https://orcid.org/0000-0001-9751-1971
https://orcid.org/0000-0002-5827-5774
https://orcid.org/0000-0002-3240-4523
https://orcid.org/0009-0002-8974-8340
https://orcid.org/0009-0006-8904-6014
https://orcid.org/0009-0005-8620-6118
https://orcid.org/0000-0001-7632-3402
https://orcid.org/0000-0001-7427-0730
https://orcid.org/0000-0002-2207-8832
https://orcid.org/0000-0002-6940-8093
https://orcid.org/0000-0001-9275-4739
https://orcid.org/0009-0005-3866-283X
https://orcid.org/0000-0002-2366-9554
https://orcid.org/0009-0000-5604-8247
https://orcid.org/0009-0006-4455-2562
https://orcid.org/0009-0007-8610-1599
https://orcid.org/0000-0003-1781-4863
https://orcid.org/0000-0002-6158-6573
https://orcid.org/0000-0002-2545-0329
https://orcid.org/0009-0007-2120-4845
https://orcid.org/0009-0003-4636-9487
https://orcid.org/0000-0002-7366-1307
https://orcid.org/0000-0001-8282-932X
https://orcid.org/0009-0005-3701-8874
https://orcid.org/0009-0001-6378-5410
https://orcid.org/0009-0002-9555-3099
https://orcid.org/0000-0003-2740-9765
https://orcid.org/0000-0002-1603-3646
https://orcid.org/0009-0004-9425-2678
https://orcid.org/0000-0002-8520-279X
https://orcid.org/0009-0000-2684-0751
https://orcid.org/0009-0003-4518-1490
https://orcid.org/0000-0003-4669-1495
https://orcid.org/0009-0001-2358-8498
https://orcid.org/0009-0008-1459-1282
https://orcid.org/0000-0002-4208-5167
https://orcid.org/0009-0004-2481-1163
https://orcid.org/0000-0003-0633-4346
https://orcid.org/0000-0003-4836-712X
https://orcid.org/0009-0008-7455-3130
https://orcid.org/0000-0002-1569-1495
https://orcid.org/0009-0008-8476-3932
https://orcid.org/0000-0002-5597-7375
https://orcid.org/0000-0003-2280-1119
https://orcid.org/0009-0008-4569-0857
https://orcid.org/0009-0003-6785-3665
https://orcid.org/0009-0005-6858-4000
https://orcid.org/0000-0002-9909-2851
https://orcid.org/0009-0001-7662-7251
https://orcid.org/0000-0001-7922-256X
https://orcid.org/0009-0002-2401-9630
https://orcid.org/0009-0003-7638-4434
https://orcid.org/0000-0001-8377-8632
https://orcid.org/0009-0007-2014-5409
https://orcid.org/0009-0009-9684-362X
https://orcid.org/0009-0003-6948-1762
https://orcid.org/0009-0005-2251-7603
https://orcid.org/0009-0004-9489-550X
https://orcid.org/0009-0004-4540-8330
https://orcid.org/0000-0003-3442-4701
https://orcid.org/0009-0009-3207-7313
https://orcid.org/0000-0003-1356-3614
https://orcid.org/0009-0006-4900-0695
https://orcid.org/0009-0007-2478-0768
https://orcid.org/0009-0000-1981-0044
https://orcid.org/0000-0002-1219-3247
https://orcid.org/0000-0001-8915-0061
https://orcid.org/0009-0004-5837-7254
https://orcid.org/0000-0001-7587-3365
https://orcid.org/0000-0003-2943-9343
https://orcid.org/0000-0002-6450-9629
https://orcid.org/0000-0001-9664-5230
https://orcid.org/0009-0001-2423-1028
https://orcid.org/0009-0008-4691-9828
https://orcid.org/0000-0001-6781-148X
https://orcid.org/0000-0002-8072-0926
https://orcid.org/0000-0002-2261-6899
https://orcid.org/0009-0000-0891-7495
https://orcid.org/0000-0001-5961-6588
https://orcid.org/0000-0003-0271-2311
https://orcid.org/0000-0003-1695-3263
https://orcid.org/0000-0002-9975-2602
https://orcid.org/0009-0006-4263-0803
https://orcid.org/0000-0003-3259-8775
https://orcid.org/0009-0007-4347-5347
https://orcid.org/0000-0003-4529-3356
https://orcid.org/0000-0003-2126-3355
https://orcid.org/0000-0001-9812-4172
https://orcid.org/0009-0002-5071-5437
https://orcid.org/0009-0004-0089-1410
https://orcid.org/0000-0003-1285-1534
https://orcid.org/0000-0002-6942-1095
https://orcid.org/0000-0002-9376-1487
https://orcid.org/0000-0002-9815-8898
https://orcid.org/0000-0003-4658-6361
https://orcid.org/0000-0002-4969-9508
https://orcid.org/0000-0001-7696-1252
https://orcid.org/0000-0002-1492-6037
https://orcid.org/0009-0006-0947-7667
https://orcid.org/0000-0001-7481-4662
https://orcid.org/0009-0001-9001-5585
https://orcid.org/0000-0003-3946-9968
https://orcid.org/0009-0004-0128-1657
https://orcid.org/0009-0003-6210-5190
https://orcid.org/0009-0009-8546-9935
https://orcid.org/0009-0002-0885-5145
https://orcid.org/0009-0005-5206-3358
https://orcid.org/0000-0002-3576-7004
https://orcid.org/0000-0002-2896-1386
https://orcid.org/0009-0004-8155-4853
https://orcid.org/0009-0003-4972-574X
https://orcid.org/0000-0002-0290-3022
https://orcid.org/0009-0000-8525-3725
https://arxiv.org/abs/2607.23949v1


2

Z. Y. Liu42 , X. C. Lou1,65,71 , H. J. Lu25 , J. G. Lu1,65 , X. L. Lu16 , Y. Lu7 , Y. H. Lu1,71 ,

Y. P. Lu1,65 , Z. H. Lu1,71 , C. L. Luo46 , J. R. Luo66 , J. S. Luo1,71 , M. X. Luo88, T. Luo12,g ,

X. L. Luo1,65 , Z. Y. Lv23 , X. R. Lyu71,o , Y. F. Lyu48 , Y. H. Lyu89 , F. C. Ma44 , H. L. Ma1 ,

Heng Ma27,i , J. L. Ma1,71 , L. L. Ma55 , L. R. Ma73 , Q. M. Ma1 , R. Q. Ma1,71 , R. Y. Ma20 ,

T. Ma78,65 , X. T. Ma1,71 , X. Y. Ma1,65 , F. E. Maas19 , I. MacKay76 , M. Maggiora82A,82C ,

S. Maity34 , S. Malde76 , L. M. Mansur39 , Y. J. Mao51,h , Z. P. Mao1 , S. Marcello82A,82C ,

A. Marshall70 , F. M. Melendi31A,31B , Y. H. Meng71 , Z. X. Meng73 , G. Mezzadri31A , H. Miao1,71 ,

T. J. Min47 , R. E. Mitchell29 , X. H. Mo1,65,71 , A. F. Mohammad47 , B. Moses29 , N. Yu. Muchnoi4,c ,

J. Muskalla39 , Y. Nefedov40 , F. Nerling19,e , H. Neuwirth75 , Z. Ning1,65 , S. Nisar33 , Q. L. Niu42,k,l ,

W. D. Niu12,g , Y. Niu55 , C. Normand70 , S. L. Olsen11,71 , Q. Ouyang1,65,71 , I. V. Ovtin4 ,

S. Pacetti30B,30C , Y. Pan63 , C. Y. Pang14 , A. Pathak11 , Y. P. Pei78,65 , M. Pelizaeus3 ,

G. L. Peng78,65 , H. P. Peng78,65 , X. J. Peng42,k,l , Y. Y. Peng42,k,l , K. Peters13,e , K. Petridis70 ,

J. L. Ping46 , R. G. Ping1,71 , S. Plura39 , V. Prasad38 , L. Pöpping3 , F. Z. Qi1 , H. R. Qi68 ,
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The branching fractions of D0 → π−e+νe, D
0 → π−µ+νµ, D

+ → π0e+νe, and D+ → π0µ+νµ are
precisely measured, using 20.3 fb−1 of e+e− collision data collected at the center-of-mass energy of
3.773 GeV with the BESIII detector. The ratios of the decay widths between muon and positron
channels are examined in full, across several four-momentum transfer ranges of ℓ+νℓ. No lepton flavor
universality violation is found in the current data. From a simultaneous fit to the precisely measured
partial decay rates and the first measured forward-backward asymmetries of these four decays, the
product of the hadronic transition form factor, fD→π

+ (0), and the modulus of the c → d quark mixing
element, |Vcd|, is measured with unprecedented precision to be fD→π

+ (0)|Vcd| = 0.1425±0.0005stat.±
0.0003syst.. Taking the value of |Vcd| from the standard model global fit and fD→π

+ (0) derived by the
lattice quantum chromodynamics calculation as input, we obtain fD→π

+ (0) = 0.1425± 0.0005stat. ±
0.0003syst. and |Vcd| = 0.2262±0.0008stat.±0.0005syst.±0.0018LQCD., respectively. The precision of
each result is a factor of 2-3 better than the previous best measurements. Additionally, the real and
imaginary parts of the scalar current contribution in the c → dℓ+νℓ transition are measured for the
first time to be Re (Cµ

S ) = 0.022±0.023stat.±0.003syst. and |Im(Cµ
S )| = 0.000±0.038stat.±0.012syst..

Experimental studies of semileptonic (SL) decays of
heavy mesons are critical for testing the Standard Model
(SM), and probing potential new physics (NP) effects

beyond the SM. In the SM, the couplings of differ-
ent families of leptons to gauge bosons are expected to
be equal. Recent experiments from BaBar, Belle, and
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LHCb [1–5] reported anomalies in SL B decays mediated
by b → cℓ+ν̄ℓ that deviate from the SM predictions up
to 3 σ [6, 7], indicating a hint of the violation of lepton
flavor universality (LFU). Precision measurements of the
branching fraction (BF) ratios and decay dynamics of SL
D decays would offer important complementary informa-
tion to understand these tensions.

Various NP models, including two-Higgs-doublet mod-
els [8, 9], leptoquark scenarios [10, 11], and model-
independent investigations [12], suggest that the viola-
tion of LFU may arise from a scalar current (SC) con-
tribution in weak interaction. Investigating the c →
s(d)ℓ+νℓ transitions in SL D decays is crucial for un-
derstanding these discrepancies [13–15]. In the Wℓ+νℓ

rest frame, θW denotes the angle between the lepton mo-
mentum and the direction opposite to the D meson. The
partial decay rates (PDRs) dΓ

dq2 , the forward (cos θW > 0)

and backward (cos θW < 0) asymmetries AFB(q
2) of

D → πℓ+νℓ are dependent on a SC contribution in the
c → dℓ+νℓ transition, making these studies essential for
constraining the SC parameter space and potentially re-
vealing unknown scalar bosons beyond the SM.

Accurate measurements of the decay dynamics of D →
πℓ+νℓ also allow for precise extraction of the product
|Vcd|fD→π

+ (0), where |Vcd| is the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element and fD→π

+ (0) is the
hadronic transition form factor (FF) at zero-momentum
transfer. The hadronic FF can be calculated using var-
ious theoretical approaches, such as the quark model,
QCD sum rules, and lattice quantum chromodynam-
ics (LQCD) [16–27]. The precisely measured values of
fD→π
+ (0) and |Vcd| are important for testing different
theoretical predictions and verifying the unitarity of the
CKM matrix with higher precision.

Previously, several BF measurements and decay dy-
namics analyses of D0 → π−ℓ+νℓ and D+ → π0ℓ+νℓ
were reported by BaBar [28], CLEO-c [29–32], Belle [33]
and BESIII [34–36]. However, no experimental studies
of the SC and the forward-backward asymmetry were
reported. This Letter reports the first experimental con-
straints on the SC in the D → πℓ+νℓ decays and the
precisely determined PDRs. The BFs, the hadronic FF
fD→π
+ (0), and the modulus of the CKM matrix element
|Vcd|, as well as tests of LFU in full and several q2

(= (Eℓ+ + Eνℓ
)2 − (p⃗ℓ+ + p⃗νℓ

)2) intervals, are reported
based on analysis of 20.3 fb−1 [37] of e+e− collision data
collected by the BESIII detector at the center-of-mass
energy

√
s = 3.773 GeV. These results supersede the pre-

vious BESIII measurements [34–36] that used a portion
of the dataset presented here. Throughout this Letter,
charge conjugated modes are implied unless stated oth-
erwise.

The BESIII detector [38, 39] consists of a helium-based
multilayer drift chamber (MDC), a plastic scintillator
time-of-flight system (TOF), and a CsI(Tl) electromag-
netic calorimeter (EMC), all enclosed in a superconduct-

ing solenoidal magnet providing a 1.0 T magnetic field.
The inclusive Monte Carlo (MC) sample described in
Refs. [40–46] has been validated for background simula-
tion. The signal MC events of D → πℓ+νℓ are generated
using the two-parameter series expansion [46], with the
parameters obtained in this Letter.
The ψ(3770) resonance decays mainly into a DD̄ pair.

Throughout this Letter, D refers to D0(D+) and D̄
refers to D̄0(D−) unless stated explicitly. If a single-
tag (ST) D̄ meson is correctly reconstructed, the pres-
ence of another D meson is guaranteed. Thus, in the
system recoiling against an ST D̄ meson, the double-
tag (DT) candidates for D0(+) → π−(0)ℓ+νℓ are selected.
The ST D̄ mesons are reconstructed using decay modes:
D̄0 → K+π−, K+π−π0, K+π−π−π+, K+π−π0π0 and
K+π−π−π+π0; D− → K+π−π−, K0

Sπ
−, K+π−π−π0,

K0
Sπ

−π0, K0
Sπ

+π−π− and K+K−π−. The BF of the
D → πℓ+νℓ decay is determined by

B =
NDT

N tot
ST ε̄sig

, (1)

whereN tot
ST =

∑
iN

i
ST andNDT are the ST and DT yields

in data, ε̄sig =
∑

i[(ε
i
DTN

i
ST)/(ε

i
STN

tot
ST )] represents the

efficiency of finding the D0(+) → π−(0)ℓ+νℓ decay in the
presence of an ST D̄ meson.
The selection criteria of K±, π±, K0

S , π
0 meson can-

didates and photon candidates on both tag and signal
sides are the same as those in Ref. [47]. The ST D̄
mesons are selected based on two kinematic variables de-
fined in the e+e− center-of-mass frame: the energy dif-
ference ∆E ≡ ED̄ − Ebeam and the beam-constrained
mass MBC ≡

√
E2

beam/c
4 − |p⃗D̄|2/c2. Here, Ebeam is the

beam energy, and ED̄ and p⃗D̄ are the total energy and
momentum of the D̄ candidate, respectively. If there are
multiple combinations for a given ST mode, the one giv-
ing the minimum |∆E| is retained.
For each tag mode, the ST yield and efficiency are

extracted by an unbinned maximum likelihood fit to the
MBC distribution of the reconstructed D̄ candidates from
data and inclusive MC sample, respectively. The fit
method is the same as those in Ref. [47]. The ∆E re-
quirements, the ST yields in data, and the ST efficien-
cies are provided in Ref. [50]. Summing over all tag
modes, the total yields of ST D− and D̄0 mesons are
(19, 057.6± 5.4stat.)× 103 and (10, 646.9± 3.8stat.)× 103,
respectively.
The D → πℓ+νℓ candidates are reconstructed from the

remaining tracks and showers that are not used in the
tag side. Candidates for π− and π0 mesons are selected
using the same criteria as those employed in the ST se-
lection. To ensure data-MC consistency and minimize
systematic uncertainties, lepton candidates are required
to satisfy | cos θ| < 0.80. They are identified by using the
ionization energy loss measured by the MDC, along with
information from the TOF and EMC, based on which the
likelihoods for positron, muon, kaon and pion hypotheses
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Le,µ,π,K are calculated. Positron candidates must satisfy
Le/(Le + Lπ + LK) > 0.8, and Le > 0.001. In addi-
tion, their deposited energies in the EMC are required to
be greater than 0.8 times their momenta reconstructed
by the MDC. The four-momenta of nearby photons are
aligned with the positron momentum to partially account
for energy loss due to final-state radiation (FSR). Muon
candidates must satisfy Lµ > Le, and Lµ > 0.001, with
energies deposited in the EMC being less than 0.3 GeV.
The muons with momentum greater than 0.5 GeV/c are
required to satisfy the criterion of momentum-dependent
hit depth in the muon counter as used in Ref. [36]. To
suppress the backgrounds from the hadronic D decays
involving π0 meson in final states, there must be no ad-
ditional good charged tracks in the signal side (N char

extra)
and the maximum energies of extra photons (Emax

extra γ)
not used in the event selection have to be less than 0.25
GeV.

To suppress the backgrounds associated with the
misidentification between π+ and ℓ+ particles, the invari-
ant masses of the π−(0)ℓ+ combinations are required to
be less than 1.80 (1.70) GeV/c2 for the positron (muon)
channels. To further reject the peaking backgrounds from
D0 → K0

S(π
+π−)π0 and D+ → K̄0π+ decays for the

signal modes D0 → π−µ+νµ and D+ → π0µ+νµ, we re-
quireMπ−µ+ andM rec

D−µ+ (D−µ+ recoil mass) to be out-

side the ranges (0.455, 0.497) GeV/c2 and (0.437, 0.580)
GeV/c2, respectively. These ranges correspond to the
regions within ±3σ around each fitted peak.

The undetected neutrino is inferred from the kinematic
variable M2

miss ≡ E2
miss/c

2 − |p⃗miss|2/c2, which peaks
around zero for signal events. The Emiss and p⃗miss, given
by Emiss ≡ Ebeam−Eπ −Eℓ+ and p⃗miss ≡ p⃗D − p⃗π − p⃗ℓ+ ,
are the missing energy and momentum of the DT event
in the e+e− center-of-mass frame, respectively. Here,
Eπ(ℓ+) and p⃗π(ℓ+) are the measured energy and momen-
tum of the π(ℓ+) candidates, respectively, and p⃗D ≡
−p̂D̄

√
E2

beam/c
2 −m2

D̄
c2, where p̂D̄ is the unit vector in

the momentum direction of the ST D̄ meson and mD̄ is
the nominal D̄ mass [49].

After imposing all selection criteria, the M2
miss distri-

butions are shown in Fig. 1. Fits to these distributions
are performed to extract the signal yields. The signal and
background shapes are derived from MC simulation, with
their yields floated. The signal shape is convolved with
a Gaussian function with free parameters to account for
resolution difference between data and MC simulation.
The peaking background D0 → π−π+π0 for the chan-
nel D0 → π−µ+νµ is described by its simulated shape
convolved with a different Gaussian function.

The BF of each signal decay is determined using the
signal yields in data (NDT), the weighted signal efficien-
cies (ε̄sig) corrected by the data-MC discrepancies, and
ST D̄ yields in data (N tot

ST ). The results are summarized
in Table 1.

Data Fit result
Peaking background Combinatorial background

eν+e-π→0D

10

20
µν+µ-π→0D

5

10

15

20

eν+e0π→+D

2

4

6

0.1− 0.0 0.1 0.2

µν+µ0π→+D

2

4

0.1− 0.0 0.1 0.2
)4c/2(GeVmiss

2M

)2
10×(4 c/2

E
ve

nt
s 

/ 2
.5

 M
eV

)4c/2(GeVmiss
2M

Fig. 1. Fits to the M2
miss distributions for different signal

decays.

Table 1. Signal yields in data (NDT), averaged signal efficien-
cies (ε̄sig), and obtained BF for each signal decay (Bsig), where
the first uncertainties are statistical and the second system-
atic.

Decay ε̄sig(%) NDT Bsig(×10−3)
D0 → π−e+νe 61.97 34834± 202 2.950± 0.017± 0.017
D0 → π−µ+νµ 46.84 25140± 330 2.817± 0.037± 0.019
D+ → π0e+νe 39.76 15330± 145 3.622± 0.034± 0.018
D+ → π0µ+νµ 29.52 10890± 135 3.507± 0.043± 0.026

The systematic uncertainties in BF measurements are
discussed below. The uncertainties of ST D̄0 and D−

yields in data, N tot
ST , are both assigned as 0.30% by

varying the signal and background shapes in the MBC

fits. The uncertainties for tracking and particle iden-
tification (PID) of e+ (0.20%), µ+(0.20%), π−(0.20%),
and π0 reconstruction (0.17% for e+ channels, 0.19% for
µ+ channels) are investigated using control samples of
e+e− → γe+e−, e+e− → γµ+µ−, and hadronic DT DD̄
events, respectively. The systematic uncertainties from
Emax

extraγ and N extra
char requirements (0.10%) are investigated

using the control sample of hadronic DT DD̄ events. The
uncertainties of signal MC model (0.03%∼0.13%) are es-
timated by comparing DT efficiencies obtained by vary-
ing the input parameters by ±1σ. The uncertainty of
the K0

S veto (0.06% and 0.02%) is estimated by changing
the fitted resolution based on MC simulation. The sys-
tematic uncertainty for the M2

miss fit is estimated to be
(0.06%∼0.54%) by varying the relative fractions of the
backgrounds from e+e− → qq̄ and the dominant D back-
ground channels. The uncertainties of limited MC statis-
tics (0.02%∼0.03%), FSR effect of the positron channels
(0.26% and 0.10%), and the BF of π0 → γγ (0.03%) are
also included. The difference in measured BFs between
the simultaneous and nominal fit methods (using single
yield-weighted efficiencies) is taken as a systematic un-
certainty (0.10% and 0.10%). Adding all systematic un-
certainties in quadrature gives the total systematic un-
certainty for each signal decay. They are 0.58%, 0.66%,
0.50%, and 0.73% for the D0 → π−e+νe, D

0 → π−µ+νµ,
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D+ → π0e+νe, and D+ → π0µ+νµ channels, respec-
tively.

With the measured BFs, we determine the BF ra-
tios between muon and positron channels to be R0

LFU =
0.947 ± 0.014stat. ± 0.005syst. and R+

LFU = 0.973 ±
0.015stat. ± 0.006syst. for the D0 and D+ meson decay
separately. Here, the systematic uncertainties in ST
yields, π−/ℓ+ tracking and PID, and π0 reconstruction
cancel. The results are consistent with the SM predic-
tion of 0.985 ± 0.002 [48] within 2.5σ and 0.8σ, respec-
tively. When combining the D meson lifetimes τD0 =
(410.3 ± 1.0) fs and τD+ = (1033 ± 5) fs [49], we deter-
mine the BF ratios between D0 and D+ channels, (Rℓ

IS ≡
Γ(D0→πℓ+νℓ)
2Γ(D+→πℓ+νℓ)

), to be Re
IS = 1.025±0.013stat.±0.007syst.

and Rµ
IS = 1.011± 0.019stat. ± 0.010syst.. The systematic

uncertainties cancel similarly to the RLFU calculation,
while those from the lifetimes are added. These ratios
support isospin conservation in these decays.

To study the decay dynamics of D → πℓ+νℓ, candi-
date events are divided into different q2 intervals with a
step size of 0.3 GeV2/c4. The q2-binned PDRs ∆Γmsr

i

are determined as ∆Γmsr
i =

Ni
pro

τD·Ntot
ST

, where τD is the D

meson lifetime [49] and N i
pro =

∑Nbins

j

(
ε−1

)
ij
N j

DT is

the corresponding produced signal SL yield. Here, the
observed SL yield (N j

DT) is obtained by fitting the corre-
sponding M2

miss distribution in the j-th reconstructed q2

interval. The ε−1 is the inverse matrix of the signal effi-
ciency matrix ε, which includes the migrations between
the generated and reconstructed q2 intervals choice. In
addition to the systematic uncertainties in the BF mea-
surement, two additional uncertainties arise from τD [49]
and the different q2 interval choice. Detailed information
of correlated and uncorrelated systematic uncertainties
are given in Ref. [50].

The q2-binned forward-backward asymmetry in the ith
q2 interval is defined as

AFB,i =

∫ q2max(i)

q2
min(i)

AFB(q
2)

dΓ

dq2
dq2

/∫ q2max(i)

q2
min(i)

dΓ

dq2
dq2. (2)

They are measured with

Amsr
FB,i =

Npro(cos θW > 0, q2i )−Npro(cos θW < 0, q2i )

Npro(cos θW > 0, q2i ) +Npro(cos θW < 0, q2i )
, (3)

similarly to the PDRs. Except those from π− tracking
and PID (π0 reconstruction), ℓ+ tracking and PID,M2

miss

fit, and MC statistics, other systematic uncertainties of
Npro cancel in the calculation of AFB,i. They are esti-
mated similarly to the PDRs.

The measured PDRs of D → πℓ+νℓ and the calculated
RLFU in each q2 interval are shown in Figs. 2(a-h, m, n).
The determined AFB(q

2) for D → πℓ+νℓ are shown in
Figs. 2 (i-l).

The theoretical decay rates ∆Γth
i =

∫ q2max,(i)

q2
min,(i)

dΓ
dq2 dq

2

and forward-backward asymmetries Ath
FB(q

2) are ex-
pressed as [20]

dΓ

dq2
= XN (q

2
)

(
1 −

m2
ℓ

q2

)2 [
(1 +

m2
ℓ

2q2
)
∣∣∣H0(q

2
)
∣∣∣2 +

3m2
ℓ

2q2

∣∣∣Ht(q
2
)
∣∣∣2] ,

(4)

and

Ath
FB(q

2
) =

3N (q2)

2

1

dΓ/dq2

(
1 −

m2
ℓ

q2

)2
m2

ℓ

q2
Re
(
H0(q

2
)Ht(q

2
)
)
.

(5)

The term N (q2) =
G2

F |Vcd|2|q|q2
96π3m2

D
is the overall normal-

ization factor, incorporating the Fermi coupling constant
GF , the CKM matrix element |Vcd|, and the D meson
mass mD [49]. Here, q denotes the four-momentum of
the ℓ+νℓ system in theD meson rest frame, andm+

ℓ is the
lepton mass. In Eq. 4, X is a multiplicative isospin factor,
which is 1 for D0 → π−ℓ+νℓ and 1/2 for D+ → π0ℓ+νℓ.
The hadronic helicity amplitudes H0(t)(q

2) are ex-
pressed as

H0(q
2) =

2mD|q|√
q2

fD→π
+ (q2),Ht(q

2) =
m2

D −m2
π√

q2
fπ
0 (q2), (6)

and with SC contributions, Ht(q
2) is modified as

Ht(q
2) =

(
1 + Cℓ

S
q2

mℓ(md −mc)

)
m2

D −m2
π√

q2
fD→π
0 (q2). (7)

Here, fD→π
+ (q2) and fD→π

0 (q2) are the vector and scalar
FFs, respectively. The Cℓ

S = Cℓ
R + Cℓ

L represents the
scalar combination of Wilson coefficients for the right and
left-handed SCs [13–15]. The values mc = 1.273 GeV/c2

and md = 4.67 MeV/c2 [49] are the MS masses at the
energy scale µ = ms and 2 GeV, respectively; mπ is the
pion mass. The Wilson coefficient Cℓ

S can be complex in
both positron and muon channels. For the muon chan-
nels, angular observables allow Re(Cµ

S ) and Im(Cµ
S ) to be

treated separately. For the positron channels, the PDRs
are only sensitive to |Ce

S |, and forward-backward asym-
metry is not affected by the scalar contribution; thus only
|Ce

S | is considered.
The hadronic FFs fD→π

+ (q2) are parameterized using a
two-parameter series expansion [51], which is a function
of the product fD→π

+ (0)|Vcd| and the shape parameter r1.
For fD→π

0 (0), a one-parameter expansion is used due to
its much smaller contribution.
We perform a simultaneous fit to the differential de-

cay rates and the forward-backward asymmetries of D →
πℓ+νℓ by minimizing

χ2 = χ2
∆Γ +

∑
χ2
AFB

. (8)

Here, the χ2
∆Γ sums over all four signal decays while ac-

counting for correlations between different q2 intervals
and signal decays using the total covariance matrix. For
the

∑
χ2
AFB

, correlations between different signal decays
are ignored since the only correlated uncertainty arises
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from correction factors of ℓ+, which is limited. The χ2
Ω

is expressed as

χ2
Ω =

∑
i,j

(
Ωmsr

i − Ωth
i

)
× C−1

Ω,ij

(
Ωmsr

j − Ωth
j

)
, (9)

where Ω denotes ∆Γ or AFB and Cij is the sum of the
statistical and systematic covariance matrices. Two sep-
arate fits are conducted under the hypotheses with and
without a SC contribution. The results of the fit to the
PDRs and the projections on fD→π

+ (q2) are shown in the
Figs. 2(a-h); and the obtained fit results are summarized
in Table 2. Since LFU may not apply to the SC, depend-
ing on lepton mass, its muon coupling could exceed its
positron coupling. Through a fit where Cµ

S is allowed to
vary and |Ce

S | is fixed to zero, the significance of non-zero
Cµ

S is evaluated to be 1.6 σ relative to the null hypothesis
(without SC).

Table 2. Parameters obtained from the fit with and without
the SC, where the first uncertainties are statistical and the
second systematic. The ndf denotes the number of degrees of
freedom.

Variable With SC Without SC

fD→π
+ (0)|Vcd| 0.1430(06)(04) 0.1425(05)(03)
r1 -1.97(03)(01) -1.99(03)(01)
|Ce

S | 0.059(13)(09) ...
Re(Cµ

S ) 0.022(23)(03) ...
Im(Cµ

S ) 0.00(38)(12) ...
χ2/ndf 75.5/75 81.0/78

In summary, this Letter reports the precise BF mea-
surements and decay dynamics analyses of D → πℓ+νℓ
decays. Based on the precisely measured full and PDRs,

we examine R0(+)
LFU in full and separate q2 intervals, and

no evidence of LFU violation is found within the current
data. By analyzing theD → πℓ+νℓ decay dynamics with-
out a SC, we obtain fD→π

+ (0)|Vcd|. Taking the |Vcd| given
by the PDG [49] as input, we obtain the hadronic FF
fD→π
+ (0) = 0.6339±0.0024stat.±0.0014syst.. The compar-
ison of the fD→π

+ (0) obtained in this work with the previ-
ous measurements and theoretical calculations is shown
in Fig. 3. Conversely, using the fD→π

+ (0) calculated
in the LQCD [27], we obtain the CKM matrix element
|Vcd| = 0.2262 ± 0.0008stat. ± 0.0005syst. ± 0.0018LQCD..
These results improve upon the previous best measure-
ments [34, 52] by a factor of 2-3 in precision. In addi-
tion, the q2-binned angular observable forward-backward
asymmetries AFB and the constraints on the complex
Wilson coefficients (Re(Cµ

S ) and Im(Cµ
S )) in D → πℓ+νℓ

are presented for the first time, which benefit searches
for new scalar bosons beyond the SM.
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