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(Semi)leptonic charm-hadron 

decays at BESIII

马海龙 (高能所)

第三届重味物理和量子色动力学研讨会
2021年5月1-3日，天津
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◼ 物理意义

◼ BESIII

◼ 衰变常数、形状因子、|Vcs(d)|

◼ 轻子普适性检验

◼ 其他半轻衰变

◼ 总结

主要内容
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◼ 衰变常数、形状因子

◼ |Vcs|、|Vcd|

◼ 分支比之比Bm/e、Bt/m

◼ 稀有含轻衰变

夸克和轻子相互作用的理想桥梁，检验标准模型的理想探针之一

→刻度格点QCD等计算

→检验CKM矩阵的幺正性

→轻子普适性检验

→寻找新物理效应

物理意义
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BESIII 
探测器

直线段

2004: 开始 BEPCII 升级,
BESIII 建造

2009 – 现在: BESIII 物理取数

北京谱仪实验III (BESIII) @ 北京正负电子对撞机 (BEPCII)

质心系能量: 2.0 – 4.6 GeV (→4.9 GeV)

e+

e-

• 2015: 完成BESIII TOF端盖升级，时间分辨 120 ps → 60 ps

• 2016: 达到设计亮度， 1.00×1033    cm-2s-1

• 2019: 完成BEPCII全能量注入升级，取数效率提高30%-40%

• 2020: 完成BEPCII 能量升级，质心系能量 →4.95 GeV

• 新升级计划：亮度提升3-4倍，质心系能量 →5.6 GeV

t-粲能区
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China (45)
Beijing Institute of Petro-chemical Technology, Beihang University,

China Center of Advanced Science and Technology, Fudan University,

Guangxi Normal University, Guangxi University, 

Hangzhou Normal University, Henan Normal University, 

Henan University of Science and Technology,

Huazhong Normal University, Huangshan College, Hunan University,

Hunan Normal University, Institute of High Energy Physics, 

Institute of Modern Physics, Jilin University, Lanzhou University, Liaoning 

Normal University, Liaoning University, Nanjing Normal University, Nanjing 

University, Nankai University, North China Electric Power University,

Peking University, Qufu Normal University, Shanxi University, 

Shanxi Normal University, Sichuan University, Shandong Normal University, 

Shandong University, Shanghai Jiao Tong University, Soochow University,

South China Normal University, Southeast University, Sun Yat-sen University, 

Tsinghua University, University of Chinese Academy of Sciences, University of 

Jinan, University of Science and Technology of China, 

University of Science and Technology Liaoning, 

University of South China, Wuhan University, Xinyang Normal University, 

Zhejiang University, Zhengzhou University

USA(4)
Carnegie Mellon University

Indiana University

University of Hawaii

University of Minnesota
Japan(1)

Tokyo University

Korea(1)
Seoul National University

Thailand(1) 
Suranaree University of Technology

India(1)
Indian Institute of Technology madras

Mongolia(1)
Institute of Physics and Technology

Pakistan(3)
COMSATS Institute of Information Technology

University of the Punjab,

University of Lahore

Europe (16)
Germany(6): Bochum University, 

GSI Darmstadt, Helmholtz Institute Mainz, Johannes Gutenberg 

University of Mainz, Universitaet Giessen,University of Münster 

Italy(3): Ferrara University, INFN, University of Turin,

Netherlands(1 ):KVI/University of Groningen

Russia(2): Budker Institute of Nuclear Physics, Dubna JINR

Sweden(1):Uppsala University

Turkey (1):Turkish Accelerator Center Particle Factory Group

UK(2): University of Manchester, University of Oxford 

~500 成员

来自15个国家的74个单位

依托BESIII/BEPCII

国际合作组
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• Y(2175)

• Zs 态 ?

• QCD 检验

J/, ’粲偶素衰变

• 轻强子谱

• 寻找胶球、混杂态

和多夸克态

• XYZ
• 粲介子

(检验QCD, CKM,  中性
D介子混合, CP破坏)

• 粲重子

▪ 丰富的共振态: 粲偶素粒子、粲介子、粲重子、XYZ……

▪ 阈上产生(t, D, Ds, …成对产生) – 低本底、高截面

▪ 在微扰QCD和非微扰QCD的过渡区域，累计采集了约30 fb-1

2 GeV 3 GeV 4 GeV 5 GeV

t - 粲能区丰富的物理
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π-

e-e+

K+

D+

D-

π-

m+

v

’’
对产生→双标记方法

背景低→系统误差小

中性D介子量子关联

世界上最大的近阈数据

质心能量

(GeV)

采集

年份

亮度

(fb-1)

𝐷0

产额

𝐷+

产额

𝐷𝑠
+

产额

L𝑐
+

产额

3.773 2010-2011 2.93 2.5M 1.7M

4.009 2011 0.5 13K

4.18-4.23 2016, 2017, 2014 6.3 1.4M

4.6(4.6-4.7) 2014(2020) 0.6(4.4) 15K

与Belle和LHCb优势互补

BESIII粲强子样本
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衰变常数、形状因子、|Vcs(d)|
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PRD89(2014)051104

40921

2.93 fb-1 data@ 3.773 GeV

B[𝐷+ → 𝜇+𝑣] = (3.71 ± 0.19 ± 0.06) × 10−4

vD ++ → m

f𝐷+|Vcd| = 46.7 ± 1.2 ± 0.4 MeV

𝑫+ → 𝒍+𝝂𝒍 研究

13727

vD ++ →t

f𝐷+|Vcd| = 50.4 ± 5.0 ± 2.5 MeV

B[𝐷+ → 𝜏+𝑣] = (1.20 ± 0.24 ± 0.12) × 10−3

PRL123(2019)211802

首次观测

Editor suggested
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3.19 fb-1@4.18 GeV

PRL122(2019)071802

310)15.016.049.5(]B[ −++ =→ vDs m

f𝐷𝑠+|Vcs| = 242.5 ± 3.5 ± 3.7 MeV

𝑫𝒔
+ → 𝒍+𝝂𝒍 研究

6.3 fb-1@4.18-4.23GeV

arXiv:2102.11734

B[𝐷𝑠
+ → 𝜇+𝑣] = (5.35 ± 0.13 ± 0.16) × 10−3

m计数器

B 𝐷𝑠
+ → 𝜏+𝑣 = 5.22 ± 0.25 ± 0.17 %

m−like

p−like

f𝐷𝑠+|Vcs| = 243.1 ± 3.0 ± 3.7 MeV[𝜇]

f𝐷𝑠+|Vcs| = 243.0 ± 5.8 ± 4.0 MeV[𝜏]
ACP[𝜇𝑣] =

B𝐷𝑠+→𝜇+𝑣 − B𝐷𝑠−→𝜇−𝑣

B𝐷𝑠+→𝜇+𝑣 + B𝐷𝑠−→𝜇−𝑣
= (2.0 ± 3.0 ± 1.2)% ACP[𝜇𝑣] = (−1.2 ± 2.7)%

ACP[𝜏𝑣] = (2.9 ± 4.9)%
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形状因子参数化形式

− Single pole form

− Modified pole

− ISGW2

− Series expansion

𝑫 → 𝑷𝒆+𝝂𝒆动力学研究

𝐟+
𝑫→𝑷(𝟎)|𝑽𝒄𝒔(𝒅)|

动力学研究
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PRD92(2015)072012 PRD96(2017)012002 PRD92(2015)112008

f+
𝐷→𝐾(0)|Vcs| = 0.717(03)(04)

PRL122(2019)011804

f+
𝐷→𝐾(0)|Vcs| = 0.7148(38)(29)

𝒄 → 𝒔𝒍+𝝂𝒍型半轻衰变

f+
𝐷𝑠→𝜂(0)|Vcs| = 0.446(05)(04)

f+
𝐷𝑠→𝜂

′
(0)|Vc𝑠| = 0.477(49)(11)

PRL123(2019)121801

PRD88, 034023

𝑫𝒔
+ → h(′)𝒆+𝝂𝒆

𝑫𝟎 → 𝑲−𝝁+𝝂𝝁

𝑫𝟎 → 𝑲−𝒆+𝝂𝒆 𝑫+ → ഥ𝑲𝟎𝒆+𝝂𝒆
𝑫+ → 𝑲𝑳

𝟎𝒆+𝝂𝒆

f+
𝐷→𝐾(0)|Vcs| = 0.705(04)(11) f+

𝐷→𝐾(0)|Vcs| = 0.728(06)(11)

f−
𝐷→𝐾/f+

𝐷→𝐾 = 0.6(8)(2)

首次
提取
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PRD92(2015)072012 PRD96(2017)012002

f+
𝐷→𝜋(0)|Vcd| = 0.144(02)(01)

𝒄 → 𝒅𝒍+𝝂𝒍型半轻衰变
PRL122(2019)061801

𝑓+
𝐷𝑠→𝐾(0)|Vcd| = 0.162(19)( 03)

PRL124(2020)231801

𝑓+
𝐷→h

0 |Vcd| = 0.087(08)(02)

PRD97(2018)092009

𝑫0 → p−𝒆+𝝂𝒆

𝑫+ → h𝝁+𝝂𝝁

𝑫𝒔
+ →→ K𝟎𝒆+𝝂𝒆

𝑫+ → h𝒆+𝝂𝒆

𝑓+
𝐷→h

0 |Vcd| = 0.079(06)(02)

𝑫+ → p0𝒆+𝝂𝒆

f+
𝐷→𝜋(0)|Vcd| = 0.140(03)(01)

首次提取

首次提取
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𝒇𝑫+ 和𝒇𝑫𝒔+及其比值的比较

+1.5s difference

-1.4s difference

2s difference
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形状因子比较
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形状因子比较
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|Vcs(d)|比较

2s difference

EPJC81(2021)226



𝑫 → 𝑽𝒆+𝝂𝒆形状因子测量

18
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𝑫𝟎(+) → pp𝒆+𝝂𝒆衰变研究

PRL122(2019)062001

veD +−++ → pp

veD +−→ 00 pp

051.0083.0695.1 =Vr 039.0056.0845.02 =r

veaDvefDvefD
BBBR ++++++ →→→

+= 0
0

0
0

0
0 )980()500()980(

/][

>2.7，支持标量介子四夸克态成分假定

首次观测到𝑫+ → 𝒇𝟎(𝟓𝟎𝟎)𝒆
+𝝂𝒆
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其他𝑫 → 𝑽𝒆+𝝂𝒆衰变研究
PRD94(2016)032001

PRD92(2015)071101

PRD99(2018)011103

007.0058.0411.1 =Vr 008.0042.0788.02 =r 02.007.046.1 =Vr 01.006.067.02 =r

06.009.024.1 =Vr 05.015.006.12 =r

𝑫+ → 𝜔𝒆+𝝂𝒆

𝑫𝟎 → 𝑲∗−𝒆+𝝂𝒆𝑫+ → ഥ𝑲∗𝟎𝒆+𝝂𝒆

16.034.067.1 =Vr 07.028.077.02 =r

𝑫𝒔
+ → 𝑲∗𝟎𝒆+𝝂𝒆 PRL122(2019)061801

首次
提取

首次
提取

首次
提取
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轻子普适性检验
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)DB(

)DB(
)D(

(*)

(*)
(*)



t

lB

B
R

→

→
=

deviates from LFU 

prediction by 3.9s

tension in B physics

ΓPDG18[𝐷0 → 𝜋−𝜇+𝑣]

ΓPDG18[𝐷0 → 𝜋−𝑒+𝑣]
= 0.82 ± 0.08 (2.1s)

BPDG18[𝐷0 → 𝜋−𝜇+𝑣] = (0.237 ± 0.024)%

轻子普适性检验

SM prediction: 0.985

HFLAV17

tension in D physics

https://indico.ihep.ac.cn/event/13976/session/3/contribution/8

Recent progress can be found in Jibo’s talk
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BESIII之前粲强子遍举m半轻衰变

𝑫𝟎 𝑫+ 𝑫𝒔
+

𝒄 → 𝒔𝒍+𝝂

𝑲− 4%Belle ഥ𝑲𝟎 7%FOCUS h NA

𝑲∗− 13%FOCUS ഥ𝑲∗𝟎 3%CLEOc h’ NA

𝜙 NA

f0 NA

𝒄 → 𝒅𝒍+𝝂

π− 10%Belle π𝟎 NA 𝑲𝟎 NA

− NA  𝟎 17%FOCUS 𝑲∗𝟎 NA

𝜔 NA

h NA

h’ NA

◼ L𝒄
+重子：

◼𝑫介子：

仅CLEO2和ARGUS对B[L𝝁+𝝂𝝁]/B[pKp]的测量，误差35%
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SM prediction: 2.67

Combined results:

SM prediction: 9.75

BPDG[𝐷+ → 𝜇+𝑣] = (3.74 ± 0.17) × 10−4

B[𝐷+ → 𝜏+𝑣]
= (1.20 ± 0.24 ± 0.12) × 10−3

R𝑫 =
B[𝐷+ → 𝜏+𝑣]

B[𝐷+ → 𝜇+𝑣]
= 3.21 ± 0.64 ± 0.43 R𝑫s =

B[𝐷𝑠
+→𝜏+𝑣]

B[𝐷𝑠
+→𝜇+𝑣]

= 9.94 ± 0.52

𝑫(𝒔)
+ → 𝒍+𝝂𝒍衰变的LFU检验

PRL123(2019)211802

首次观测

B[𝐷𝑠
+ → 𝜇+𝑣] = (5.43 ± 0.15) × 10−3

B 𝐷𝑠
+ → 𝜏+𝑣 = 5.40 ± 0.19 %

6.3 fb-1@4.18-4.23GeV

arXiv:2102.11734
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PRL121(2018)171803

R𝑫𝜋 =
Γ[𝐷+ → 𝜋0𝜇+𝑣]

Γ[𝐷+ → 𝜋0𝑒+𝑣]
= 0.964 ± 0.037 ± 0.026

R𝑫𝜋 =
Γ[𝐷0 → 𝜋−𝜇+𝑣]

Γ[𝐷0 → 𝜋−𝑒+𝑣]
= 0.922 ± 0.030 ± 0.022

)%010.0011.0350.0(][B 0 =→ ++ vD mp

)%006.0008.0272.0(][B 0 =→ +− vD mp

vD +−→ mp0

vD ++ → mp 0

(1.7s)

(0.5s)

SM prediction: 0.985

𝑫𝟎(+) → 𝝅𝒍+𝝂𝒍衰变的LFU检验

首次观测
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PRD91, 094009

SM prediction

SM prediction: 0.97
EPJC76(2016)369

R𝑫𝑲 =
Γ[𝐷+ → 𝐾

0
𝜇+𝑣]

Γ[𝐷+ → 𝐾
0
𝑒+𝑣]

= 1.00 ± 0.03

PRL122(2019)011804

SM prediction

R𝑫𝑲 =
Γ[𝐷0 → 𝐾−𝜇+𝑣]

Γ[𝐷0 → 𝐾−𝑒+𝑣]
= 0.978 ± 0.007 ± 0.012

B[𝐷+ → 𝐾
0
𝜇+𝑣] = (8.72 ± 0.07 ± 0.18)%

B[𝐷0 → 𝐾−𝜇+𝑣] = (3.413 ± 0.019 ± 0.035)%

𝑫𝟎(+) → ഥ𝑲𝒍+𝝂𝒍衰变中的LFU检验

Gray: new physics
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𝑫+ → (𝝎, 𝜼)𝒍+𝝂𝒍的首次观测及LFU检验

PRL124(2020)231801PRD101(2020)072005

R𝑫𝜔 =
Γ[𝐷+ → 𝜔𝜇+𝑣]

Γ[𝐷+ → 𝜔𝑒+𝑣]
= 1.05 ± 0.14

B[𝐷+ → η𝜇+𝑣] = (0.104 ± 0.010 ± 0.005)%B[𝐷+ → 𝜔𝜇+𝑣] = (0.177 ± 0.018 ± 0.011)%

R𝑫η =
Γ[𝐷+ → η𝜇+𝑣]

Γ[𝐷+ → η𝑒+𝑣]
= 0.91 ± 0.13

首次观测

首次观测

SM prediction: 0.93-0.96



PRD97(2018)012006 0.48 fb-1 @4.009 GeV

B[𝐷𝑠
+ → 𝜂𝜇+𝑣] = (2.42 ± 0.46 ± 0.11)%

B[𝐷𝑠
+ → 𝜂′𝜇+𝑣] = (1.06 ± 0.54 ± 0.07)%

B[𝐷𝑠
+ → f𝜇+𝑣] = (1.94 ± 0.53 ± 0.09)%

R𝑫𝑠η =
Γ[𝐷𝑠

+ → 𝜂𝜇+𝑣]

Γ[𝐷𝑠
+ → 𝜂𝑒+𝑣]

= 1.05 ± 0.24

R𝑫𝑠f =
Γ[𝐷𝑠

+ → f𝜇+𝑣]

Γ[𝐷𝑠
+ → f𝑒+𝑣]

= 0.86 ± 0.29

R𝑫𝒔η′ =
Γ[𝐷𝑠

+ → 𝜂′𝜇+𝑣]

Γ[𝐷𝑠
+ → 𝜂′𝑒+𝑣]

= 1.14 ± 0.68

𝑫𝒔
+ → (f, 𝜼, 𝜼′)𝒍+𝝂𝒍衰变的LFU检验

𝐷𝑠
+ → f𝑒+𝑣 𝐷𝑠

+ → f𝜇+𝑣

𝐷𝑠
+ → 𝜂𝜇+𝑣 𝐷𝑠

+ → 𝜂′𝜇+𝑣

首次测量：
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Calibrate theoretical 

calculations: (1.4-9.2)%

PLB767 (2017) 42

PRL115 (2015) 221805

Stimulate LQCD calculation

0.567 fb-1 @4.6 GeV

RΛ𝑐+Λ =
Γ[Λ𝑐

+ → Λ𝜇+𝑣]

Γ[Λ𝑐
+ → Λ𝑒+𝑣]

= 0.96 ± 0.16 ± 0.04

)%20.038.063.3(]B[ =L→L ++ vec

)%26.046.049.3(]B[ =L→L ++ vc mvec

++ L→L

vc

++ L→L m

L𝒄
+ → L𝒍+𝝂𝒍衰变的LFU检验
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BESIII粲强子遍举m半轻衰变小结

𝑫𝟎 𝑫+ 𝑫𝒔
+

𝒄 → 𝒔𝒍+𝝂

𝑲− 4%→1.3% ഥ𝑲𝟎 7%→2.2% h 19%1st.obs

𝑲∗− 13%FOCUS ഥ𝑲∗𝟎 3%CLEOc h’ 50%1stmsr

𝜙 27%1st.obs

f0 Ongoing

𝒄 → 𝒅𝒍+𝝂

π− 10%→3.7% π𝟎 4.3%1st.obs 𝑲𝟎 Ongoing

− 10%1st.obs  𝟎 17%FOCUS 𝑲∗𝟎 NA

𝜔 12%1st.obs

h 11%1st.obs

h’ NA

◼ L𝒄
+重子：L𝑐

+ → L𝝁+𝝂𝝁精度35→15%

◼𝑫介子：



31

其他半轻衰变
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L𝒄
+和𝑫𝒔

+单举电子衰变

𝐵Λ𝑐+→𝑣𝑒𝑒𝑋 = (3.95 ± 0.34 ± 0.09)%

𝐵Λ𝑐+→Λ𝑒𝑣/𝐵Λ𝑐+→𝑣𝑒𝑒𝑋 = (91.9 ± 12.5 ± 5.4)%

𝐵𝑫𝒔
+→𝑣𝑒𝑒𝑋

= (6.30 ± 0.13 ± 0.10)%

PRL121(2018)251801

arXiv:2104.07311

𝑫𝒔
+→𝑣𝑒𝑒𝑋

/𝑫𝟎 →𝑣𝑒𝑒𝑋
= 0.790 ± 0.016 ± 0.020

0.567 fb-1@4.6 GeV

6.3 fb-1@4.18-4.23 GeV

Λ𝑐
+ → 𝑣𝑒𝑒𝑋

𝑫𝒔
+ → 𝑣𝑒𝑒𝑋

与理论预期0.813PRD83, 034025很好一致
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]5.6[)980(0

0 sveaD +−→]0.3[)980( 0

0 sveaD ++ →

481.0

66.0)980()980(
10)11.066.1(00

0
0

0

−+

−→→
=++ hpaveaD

BB

433.0

29.0)980()980(
10)09.033.1(

00
0

−+

−→→
=−−+− hpaveaD

BB

06.095.005.2
0

0

0
0

)980(

)980(
=





++

+−

→

→

veaD

veaD

PRL121(2018)081802

𝑫 → 𝑺𝒆+𝝂𝒆型半轻衰变

首次观测



CLEOc, PRL99(2007)91801

4s
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41.4

0.3)1270(
10)7.06.06.7(

1
0

−+

−→
=+− veKD

B

JPG46,105006

𝐵𝐷+→ഥ𝐾1
0(1270)𝑒+𝑣 = (2.30 ± 0.26 ± 0.18 ± 0.25) × 10−3

𝐵𝐷0→𝐾1(1270)−𝑒+𝑣 = (1.09 ± 0.13 ± 0.13 ± 0.12) × 10−3

PRL123(2019)231801

arXiv:2102.10850

𝑫 → 𝑨𝒆+𝝂𝒆型半轻衰变

首次观测

首次观测

Γ𝐷0→𝐾1(1270)−𝑒+𝑣

Γ𝐷+→ഥ𝐾1
0(1270)𝑒+𝑣

= 1.20 ± 0.20 ± 0.15

PRL125,051802

Combined analysis of 𝐷 → ത𝐾1 𝑒+𝑣
and B→gK1 helps better access 

photon polarization in b→sg
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𝑩𝑫𝟎→𝒃𝟏(𝟏𝟐𝟑𝟓)
−𝒆+𝒗𝑩𝒃𝟏(𝟏𝟐𝟑𝟓)

−→𝝎𝝅−

< 𝟏. 𝟏𝟐 × 𝟏𝟎−𝟒
𝑩𝑫+→𝒃𝟏(𝟏𝟐𝟑𝟓)

𝟎𝒆+𝒗𝑩𝒃𝟏(𝟏𝟐𝟑𝟓)
𝟎→𝝎𝝅𝟎

< 𝟏. 𝟕𝟓 × 𝟏𝟎−𝟒

稀有含轻衰变的寻找

𝑩𝑫+→𝜸𝒆+𝝂𝒆
< 𝟑. 𝟎 × 𝟏𝟎−𝟓 𝑩𝑫𝒔

+→𝜸𝒆+𝝂𝒆
< 𝟏. 𝟑 × 𝟏𝟎−𝟒

PRD99(2019)072002PRD95(2017)071102

𝑬𝜸 > 𝟏𝟎𝐌𝐞𝐕

PRD101(2020)112005

90% CL.



36

稀有含轻衰变的寻找
arXiv:2103.11855

𝑩𝑫𝒔
+→𝒂𝟎(𝟗𝟖𝟎)

𝟎𝒆+𝒗𝑩𝒂𝟎(𝟗𝟖𝟎)
𝟎→𝜼𝝅𝟎

< 𝟏. 𝟐 × 𝟏𝟎−𝟒

𝑩𝑫+→𝑫𝟎𝒆+𝝂𝒆
< 𝟏. 𝟎 × 𝟏𝟎−𝟒

PRD96(2016)092002

𝑩𝑫𝒔
+→𝒑ഥ𝒑𝒆+𝝂𝒆

< 𝟐. 𝟎 × 𝟏𝟎−𝟒

PRD100(2019)112008

Accepted by PRD

90% CL.
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𝑫 → ഥ𝑲𝒆+𝝂𝒆分支比测量

PRD92(2015)072012

PRD96(2017)012002

强子道标记方法 双半轻标记方法

arXiv:2104.08081

联合BESIII结果
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◼ BESIII取得世界最高精度的衰变常数、形状因子和|Vcs(d)|，
发现或精密测量了多个含轻衰变，开展了轻子普适性检验

◼ 未来2年：计划在3.773 GeV积累到20 fb-1的D0(+)样本；另外
希望采集更多Ds数据: fD+、fDs、|Vcs(d)|、fc→s(d)

+(0)→1%

总结

◼ 基于4.6-4.7 GeV约4.4 fb-1大样本，粲重子衰变研究正积极
开展

CPC44(2020)040001
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谢谢!



Beam energy: 1.0-2.3 GeV

Optimum energy: 1.89 GeV

Designed luminosity: 1.00×1033     cm-2s-1

Data taken from: 2009

Achieved luminosity:    1.00×1033    cm-2s-1

40

BEPCII
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60 ps for ETOF after 

upgraded in 2015

BESIII
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◼ 𝑫+ → ഥ𝑲𝟎𝒆+𝝂𝒆 via ഥ𝑲𝟎 → p+p−

◼ 𝑫𝒔
+ → 𝒍+𝝂𝒍 @ 4.009 GeV

◼ 𝑫𝒔
+ → h(′)𝒆+𝝂𝒆 @ 4.009 GeV

CPC40, 113001

PRD94(2016)072004

PRD94(2016)112003

其他半轻衰变


