
第六届重味物理与量子色动力学研讨会

2023年8月

Yubo Li （李郁博）

Experimental review of weak 
decays of heavy hadrons

(recent updated results)



XXXXXXXXXXXXXXXXX

Why weak decay？

How do quarks participate in weak decays？-> CKM matrix

𝛼 = 𝜙! 𝛽 = 𝜙" 𝛾 = 𝜙#

v d → u: Nuclear physics (superallowed β decays)
v s → u: Kaon physics (KLOE, KTeV, NA62)
v c → d, s: Charm physics (CLEO-c, Babar, Belle, BESIII)
v b → u, c and t → d, s: B physics (Babar, Belle, CDF, DØ, LHCb)
v t → b: Top physics (CDF/DØ, ATLAS, CMS)
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Why weak decay？
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Leptonic decay 
𝐵 𝑀 → lν& SM

=
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Semi-leptonic decay 

hadronic decay 

v Extract CKM Matrix parameters:  |𝑉((|, 𝜙3 (test unitarity)
v CPV 
v Decay constants and hadronic Form factor (LQCD)
v Decay parameters, Branching fraction, PWA (QCD, 

other hadrons)
v ……

v FCNC v LFU (new physics)
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Charm Decays
leptonic decay of 𝑫(𝒔)

Γ 𝐷 4
5 → 𝑙5𝑣6 =

𝐺1+𝑓7 -
+

8π 𝑉8! 4
+𝑚6

+𝑚7 - 1 −
𝑚6
+

𝑚7 -
+

+

𝑓7 - : extracted with 𝑉8! 4 	taken from the CKM global fit -> Calibration of LQCD
       
𝑉8! 4 : determined with 𝑓7 - taken from the LQCD -> test CKM unitary
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Charm Decays
leptonic decay of 𝑫$ → 𝒍$𝒗𝒍

R9. =
" 9.→:.;/
" 9.→<.;0

= 3.21 ± 0.64 ± 0.43
SM : 2.67

PRD 89, 051104 (2014) PRL.123.211802 (2019)

5.1𝜎

2.93 fb-1 data 
@ 3.773 GeV 

Consistent

𝑁 𝜇𝜈 =
409	 ± 	21 𝑁 𝜏𝜈 =

137	 ± 	27
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Charm Decays
leptonic decay of 𝑫𝒔$ → ℓ𝝂

R!() = 9.72 ± 	0.37

v 6.32 𝑓𝑏−1 @ 4.18-4.23 GeV:
𝜏5 → 𝜋5𝜋=𝜈2 	𝜈̅>[PRD 104, 052009 (2021)]

v 7.33 𝑓𝑏−1 @ 4.13-4.23 GeV :
𝜏5 → 𝜇5𝜈? 	𝜈̅>[arXiv:2303.12468]

𝜏5 → 𝑒5𝜈2 	𝜈̅>	[PRL 127, 171801 (2019)]

R*!" = 9.72 ± 	0.7

SM: R91. =
" 91.→:.;/
" 91.→<.;0

=9.75

𝑵𝒔𝒊𝒈 = 𝟒𝟗𝟒𝟎 ± 𝟗𝟕

𝜏% → 𝜋%	𝜈̅& [arXiv:2303.12600]

R!() = 9.79 ± 	0.33

𝑵𝒔𝒊𝒈 = 𝟐𝟕𝟑𝟏 ± 𝟕𝟒

R!() = 9.83 ± 	0.43

𝑵𝒔𝒊𝒈 = 𝟐𝟕𝟏𝟒 ± 𝟔𝟒

𝑫𝒔% → 𝝁𝝂 Updated in 
        2307.14585
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Charm Decays
leptonic decay of 𝑫𝒔$ → ℓ𝝂

𝟎. 𝟏𝟒𝝈

𝟎. 𝟖𝝈 7



Charm Decays
leptonic decay of 𝑫𝒔∗$ → ℓ𝝂

The first hint of leptonic decays of the excited 𝑫𝒔∗5

v 7.33 𝑓𝑏−1 @ 4.13-4.23 GeV :

Arxiv:2307.14585

Theoretical prediction:
EPJC 82, 1037 (2022); PRL 112, 212002 (2022)
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Charm Decays
Semi-leptonic decay of 𝑫𝒔5 → 𝒇𝟎 𝟗𝟖𝟎 𝒆5𝝂𝒆

v 7.33 𝑓𝑏−1 @ 4.13-4.23 GeV :

arXiv:2303.12927𝒇𝟎 𝟗𝟖𝟎 → 𝝅5𝝅.

PRD. 105, L031101 (2022)

𝒇𝟎 → 𝝅𝟎𝝅𝟎/𝑲𝑺
𝟎𝑲𝑺

𝟎
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Charm Decays
Semi-leptonic decay of 𝑫(𝒔)5 → 𝜼(G)𝒆5𝝂𝒆

v 7.33 𝑓𝑏−1 @ 4.13-4.23 GeV :

arXiv: 2306.05194
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Charm Decays
PWA of Semi-leptonic decay

arXiv:2307.03024𝑫𝒔5 → 𝑲5𝑲.𝝁5𝜈

BaBar 214 fb-1: 
PRD 78 (2008) 051101

v 7.33 𝑓𝑏−1 @ 4.13-4.23 GeV :
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From Shulei Zhang
More can be seen in:
Charm 2023
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https://indico.physik.uni-siegen.de/event/1/contributions/83/attachments/73/182/SLDdecay@BESIII_zhangshulei_2023July20v2.pdf


Charm Decays
Semi-leptonic decay of charmed baryons

Previous: 2.4 ± 1.2

𝛀𝒄𝟎 → 𝛀.ℓ5𝝂 :

𝓑(𝜴𝒄𝟎→𝜴4𝒆.𝝂)
𝓑(𝜴𝒄𝟎→𝜴4𝝅.)

= 𝟏. 𝟗𝟖 ± 𝟎. 𝟏𝟓

𝓑(𝜴𝒄𝟎→𝜴4𝝁.𝝂)
𝓑(𝜴𝒄𝟎→𝜴4𝝅.)

= 𝟏. 𝟗𝟒 ± 𝟎. 𝟐𝟏

𝓑 𝜩𝒄𝟎 → 𝜩. 𝒆5𝝂𝒆 = 𝟏. 𝟑𝟏 ± 𝟎. 𝟑𝟗 %
𝓑 𝜩𝒄𝟎 → 𝜩. 𝝁5𝝂𝝁 = 𝟏. 𝟐𝟕 ± 𝟎. 𝟑𝟗 %

Previous: 2.34 ± 1.59 %

PRL 127 (2021) 27, 272001

PRD 105 (2022) 9, L091101

Belle: PRL 127 (2021) 12, 121803

𝓑 𝜩𝒄𝟎 → 𝜩. 𝒆5𝝂𝒆 = 𝟐. 𝟓 ± 𝟎. 𝟕 %

ΛN Semi-leptonic decay  will be reported by 张圣奇 in the next talk.
𝜩𝒄𝟎 → 𝜩. ℓ5𝝂 :

It is unlike for us to extract BF vs q2 for 𝛯8= and Ω8=. 
𝜩𝒄5 → 𝜩𝟎 ℓ5𝝂 : bkg/signal mixed due to contamination of gamma 13



Charm Decays

Hadronic decay of 𝑫𝒔5 → 𝑲𝑺
𝟎𝑲𝑺

𝟎𝝅5 PRD 105,L051103 (2022)

𝑫𝒔5 → 𝑲𝑺
𝟎𝑲5𝝅𝟎 PRL 129 18 (2022) 

𝑓= 1710 not seen in
𝐷45 → 𝐾5𝐾.𝜋5 decay
-> 𝐾∗ r𝐾∗ molecule
-> isospin one partner 

𝑎= 1710 =

Observation of 𝒂𝟎5 𝟏𝟕𝟏𝟎

PRD 104, 012016
(2021)
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Charm Decays
Decay mode Paper comment
𝐷45 → 𝐾5𝐾.𝜋5𝜋= PRD104,032011(2021)
𝐷45 → 𝐾4=𝐾.π5π5 PRD103,092006 (2021) Mainly 𝐾∗ 892 %𝐾∗ 892 (

𝐷45 → 𝜋5𝜋.𝜋5𝜂 PRD104,𝐿071101(2021)  W-annihilation → 𝑎( 980 𝜌

𝐷45 → 𝐾4=𝜋5𝜋= JHEP 06,181(2021) 
𝐷45 → 𝐾4=𝐾5𝜋= 𝑃𝑅𝐿129,182001(2022) a(% 1710  

𝐷45 → 𝐾O=𝐾4=π5 PRD105,𝐿051103(2022) 
𝐷45 → 𝜋5𝜋=𝜂G JHEP04,058(2022) 𝜌%𝜂′ dominant

𝐷45 → 𝜋5𝜋.𝜋5 BESIII: PRD 106,112006(2022) 
LHCb: JHEP 06 (2023) 044 

𝜋%𝜋) S-wave dominant

𝐷45 → 𝜋5𝜋=𝜋= JHEP 01,052 (2022)
𝐷45 → 𝐾5𝜋5𝜋. JHEP 08,196 (2022)
𝐷O5 → 𝐾5𝐾.𝜋5𝜋5𝜋. JHEP 07,051(2022) 𝑎1 1260 %𝜙 dominant

𝐷45 → 𝐾5𝜋5𝜋.𝜋= JHEP 09 242 (2022)
𝐷45 → 𝜔𝜋5𝜂 arXiv: 2302.04670 First observation
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Charm Decays

Decay mode Paper comment
𝐷= → 𝜔𝜙 BESIII: PRL 128 011803 (2022) 𝜔𝜙 transversely polarized 

𝐷= → 𝐾P𝜋𝜋 BESIII: arXiv:2212.09048
𝐷= → 𝐾4𝐾5𝐾. BESIII: arXiv:2006.02800
𝐷= → 𝐾5𝜋.𝜋=,

→ 𝐾5𝜋.𝜋=𝜋= BESIII: PRD 105,112001 (2022) No signal for𝐾%𝜋)𝜋(𝜋(

𝐷5 → 𝜋5𝜋.𝜋5𝑋 BESIII: PRD 167, 032802 (2023)
Important for 𝑅*(∗)𝐷45 → 𝜋5𝜋.𝜋5𝑋 BESIII: PRD 108, 032001 (2023)

𝐷5 → 𝐾5𝐾.𝜋5𝜋=
𝐷(4)5 → 𝐾5𝜋.𝜋5𝜋=, Belle: PRD 107,033003 (2023)
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Charm Decays
𝜦𝒄 → 	𝜦𝝅}𝝅𝟎
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Decay mode Paper comment

Λ!" → Λ𝜋"𝜋#𝜋" Belle: PRL 130, 151903 (2023) Peaks at 1434 MeV M$%±

Λ!" → Λ𝜂(') Belle: PRD 107, 032003 (2023)
BESIII: PRD 106,072002(2022)

Λ!" → Λh, Σ)ℎ Belle: 科学通报 68 583 (2023) 
BESIII: PRD 106,L111101(2022)

PRD106,052003(2022)

CPV measurement for Belle

Λ!" → pK*𝐾* , pK+𝜂 Belle: PRD 107, 032004 (2023)

Λ!" → Σ"𝛾, Ξ!) → Ξ)𝛾 Belle: PRD 107, 032001 (2023)
BESIII: arXiv 2212.07214 no evident signal

Λ!" → pK"𝜋# Belle: PRD 108 3 (2023)
LHCb: PRD 108 012023 (2023)  

Amplitude analysis from LHCb, observe 
Λ 2000  

Λ!" → Σ"𝐾"𝐾# , Σ"𝜙
     → Σ"𝐾"𝜋#(𝜋)) BESIII: arXiv 2304.09405 no evidence Σ"𝐾"𝜋#𝜋) 

Λ!" → 𝑛 + 𝑋 BESIII: PRD 108 L031101(2023) 

Λ!" → 𝑛𝜋" BESIII: PRL 128,142001(2022) Less Non-factorization contributions

Λ!" → 𝑛𝜋"𝜋) ,
𝑛𝜋"𝜋# 𝜋" , 𝑛𝐾"𝜋# 𝜋" BESIII: CPC 47 023001 (2023) 

Λ!" → 𝑝𝜂, 𝑝𝜔 

Λ!" → 𝑝𝜋) 

BESIII: arXiv 2307.09266 
Belle: PRD 104, 072008 (2021)
Belle: PRD 103, 072004 (2021)

Λ!" → 𝑝𝜂' Belle: JHEP 03 2022, 090 (2022)

Ξ!" → Λ𝐾, , Σ)𝐾, , Σ"𝐾# Belle: PRD 105, L011102 (2022)

Ω!) → Ξ#𝜋" , Ξ𝐾" , Ω#𝐾" Belle: JHEP 01 055 (2023)
LHCb: arXiv 2308.08512

No evidence of CS decay from Belle
CS decay observed by LHCb
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Charm Decays
CP violation effects are small at charm sector ≤ 𝑶(𝟏𝟎.𝟑)

-- Only bound HF system made of up−type quarks, high sensitivity to NP effect wrt 𝐾 and 𝐵4
−− difficult for the observation

The only observationof CPV of D is 𝐷 → KK, 𝜋𝜋 PRL 122 211803 (2019) 

See M. Piscopo`s talk 
@ BEAUTY 2023 for theory review.

Run 2 (5.6fb-1) data

to cancel Detection and production asymmetry
 Δ𝐴h% = 𝐴 𝐷	 → 	𝐾5𝐾. − 𝐴 𝐷 → 𝜋5𝜋.
         = −15.4 ± 2.9 ×10.,	

19



Charm Decays
observationof CPV of 𝐷 → hh： arXiv:2209.03179

First evidence (𝟑. 𝟖 𝝈 ) of CPV in 𝑫 → 𝝅$𝝅'

Run 2 (5.6fb-1) only：

Run1+Run2：

𝑎i! = 𝐴h% 𝑓 −
𝜏i
𝜏7

Δ𝑌i Indirect term, 
asymmetries in effective 
width, lifetimes
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Charm Decays
Other recent search for CPV in Charm sector: not see CPV in all cases

Decay mode Paper 

𝐷(4)5 → 𝐾5𝐾.𝐾5 LHCb: JHEP 07 067 (2023)

𝐷= → 𝜋5𝜋.𝜋5 LHCb: arXiv:2306.12746

𝐷(4)5 → 𝜂(G)𝜋5 LHCb: JHEP 04 081 (2023)

𝐷(4)5 → 𝐾5𝐾.𝜋5𝜋=,
→ 𝐾5𝜋.𝜋5𝜋=

𝐷5 → 𝐾.𝜋5 𝜋5𝜋= 
Belle: arXiv 2305.12806 

𝐷= → 𝐾4=𝐾4=𝜋5 𝜋. Belle: PRD 107, 052001 (2023) 

𝐷(4)5 → 𝐾5𝐾4=ℎ5ℎ. 
𝐷45 → 𝐾5𝐾.𝐾4=𝜋5 

Belle: arXiv 2305.11405 

𝐷= → ℎ5ℎ.𝜇5𝜇. LHCb: PRL 128, 221801 (2022)

Angular analysis
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Charm Decays
Rare decays:

•PRL 131 041804 (2023)

Eur.Phys.J.C 83 (2023) 7, 666
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Beauty Decays
Semileptonic B Decays
v determine the CKM elements |Vcb| and |Vub| 
v Tests of lepton universality, 𝑅 𝐷 ∗ , 𝑅(𝐾(∗))

The current experimental focus is 
on understanding the origin of this 
discrepancy. 
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Beauty Decays
Semileptonic B Decays

|𝑉()| from B → 𝐷∗𝑙𝜈(𝑙 = 𝑒, 𝜇): |𝑉*)| from B → 𝜋𝑙𝜈(𝑙 = 𝑒, 𝜇):
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Beauty Decays
First Simultaneous Determination of Inclusive and Exclusive |V+,|

arXiv:2303.17309

Form factor from LQCD Form factor from LQCD and exp
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Beauty Decays
v Tests of lepton universality, 𝑅 𝐷 ∗ , 𝑅(𝐾(∗))

•LHCb: PRD 108 012018 (2023)
=>reduce tension 2.49𝜎 → 2.15𝜎

•Belle II: PRD 108 012018 (2023)
=> 40% improvement in statistical precision  

over Belle at the same sample size
LHCb: arXiv 2302.02886

=> simultaneous measurement of 𝑅 𝐷
and 𝑅 𝐷∗ , 1.9𝜎 tension
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Beauty Decays
v Other recent checks:

LHCb: PRL 131 051803 (2023), Phys. Rev. D 108, 032002 (2023)

BelleII: Phys. Rev. Lett. 131, 051804 (2023)

Nature Physics 18, 277 (2022)

LHCb: Phys. Rev. Lett. 128, 191803 (2022)

𝑅 𝑋2/? = ℬ(𝐵 → 𝑋𝑒𝜈)/ℬ(𝐵 → 𝑋𝜇𝜈)
= 1.007 ± 0.009 ± 0.019
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Beauty Decays
Hadronic decay(Measurement of CKM angle 𝜙+ = arg[,/0,/1

∗

,20,21
∗ ])

⚆ CPV in the interference 𝒃 → 𝒄@𝒖𝒔 and 𝒃 → 𝒖C𝒄𝒔 :

⚆ Theoretical uncertainty on measurement is  𝜹𝝓𝟑
𝝓𝟑

~ 𝟏𝟎)𝟕

⚆ Test physics beyond SM

𝜙4 = 78.4 ± 11.4 ± 0.5 ± 1.0 ∘JHEP02(2022)063

-- 𝑩𝟎 →𝑫 →𝑲𝑺𝒉%𝒉7 𝑲∗𝟎

𝜙4 = (49789%"4)∘• Limited statistics, 
• CPV still observed 

in some bins

-- 𝑩7 →𝑫∗(→ 𝑫 → 𝑲𝑺𝒉%𝒉7 𝝅𝟎/𝜸)𝒉7

LHCb-PAPER-2023-009 

𝜙4 = (69± 14)∘

-- 𝑩7 →𝑫 →𝑲%𝑲7𝝅%𝝅7 )𝒉7

𝜙4 = (11678:%8")∘

LHCb-PAPER-2023-012 

Eur. Phys. J. C83 (2023) 547 

Data limited！
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Beauty Decays
Hadronic decay (exotic, light hadron states)

PRL 131 031901 (2023)

𝐵' → 𝐽/𝜓Λ𝑝̅	 Ξ�� → 𝐽/𝜓ΛK�
Science Bulletin 66 (2021) 1278

𝑃84 4338 ∶ Ξ85	𝐷. threshold 𝑃84 4459 :~ < Ξ8=r𝐷∗= threshold 29



Beauty Decays
Hadronic decay (exotic, light hadron states)

PRL 131, 071901 (2023)𝐵$ → 𝐷-$𝐷-'𝐾$

Hrongrong Qi, https://indico.itp.ac.cn/event/161/attachments/293/660/2023HAPOF_X3960.pdf30



Beauty Decays
Hadronic decay (exotic, light hadron states) arXiv 2301.04899

𝑇k4lm 4000 =: 𝟒. 𝟎 𝝈
Change to 5.4 𝜎 when isospin symmetry imposed on 𝑇k4lm 4000 =,±

𝐵. → 𝐽/𝜓𝜙𝐾-.

𝐵' → 𝐽/𝜓𝜙𝐾'
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Beauty Decays
Hadronic decay (exotic, light hadron states)

PRD PRD 108 (2023) 012017 

𝐵. → J𝐷.𝐷-$𝜋'

𝐵$ → 𝐷'𝐷-$𝜋$

4.8𝜎
6.6 𝜎
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Beauty Decays

LHCb： PRD 108, 012020 (2023)

𝐵$ → Λ($JΛ('𝐾$
Hadronic decay (heavy hadrons)

Belle: EPJC 78 252 (2018)

rB= → Σ8 2455 𝜋𝑝̅

Possible 𝐽o = l
+

.
, agrees with ΛN

l
+

.
, 2𝑃 ,

named: Λ8(2910)

Belle： PRL 130, 031901 (2023) 
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Future

34

The more we know, the more we do not know!
路漫漫其修远兮，吾将上下而求索



谢谢大家



https://indico.cern.ch/event/684284/contributions/2952455/attach
ments/1719296/2774804/Vale_Silva_3.pdf 36
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Charm Decays
leptonic decay of 𝑫𝒔

SM :R9! = m:
+ 1 −

p"!
#

p$%!
#

+

/m<
+ 1 − p&

#

p$%!
#

+
= 2.67
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Charm Decays
Semi-leptonic decay of 𝑫(𝒔)
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Charm Decays
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Charm Decays

41



Charm Decays
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Measurement of CKM angle 𝜙�

49

⚆ CPV in the interference 𝒃 → 𝒄@𝒖𝒔 and 𝒃 → 𝒖C𝒄𝒔 :

q'())*. r,→7-s,

q./01*. r,→7-s,
= 𝑟r𝑒3(t2.u3)

⚆ Theoretical uncertainty on measurement is  
𝜹𝝓𝟑
𝝓𝟑

~ 𝟏𝟎6𝟕

⚆ Test physics beyond SM arxiv:1308.5663 

⚆ Foreseen precision of 𝝓𝟑 is expected (current 
world-average 𝜹𝝓~𝟒°) with the future Belle II dataset
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Belle II Measurements of CKM angle 𝜙�

50

⚆ GGSZ method with 𝑩7 →𝑫 →𝑲𝑺𝒉%𝒉7 𝒉7 decays 

⚆ GLW method

⚆ GLS method with 𝑩7 →𝑫 →𝑲𝑺𝑲±𝝅∓ 𝒉7 decays 

⚆ (𝚫𝐄, C’) 2D simultaneous fit for all methods 

-- The CP observables of interests

𝜙4 = 78.4 ± 11.4 ± 0.5 ± 1.0 ∘

𝐴./± = ±2𝑟=𝑠𝑖𝑛𝛿=𝑠𝑖𝑛𝜙4/𝑅>$± 𝑅./± = 1 + 𝑟12 ± 2𝑟1𝑐𝑜𝑠𝛿1𝑐𝑜𝑠𝜙3

𝐴./" = +12.5 ± 5.8 𝑠𝑡𝑎𝑡. ± 1.4 𝑠𝑦𝑠𝑡. %
𝐴./# = −16.7 ± 5.7 𝑠𝑡𝑎𝑡. ± 0.6 𝑠𝑦𝑠𝑡. %

𝑅./" = 1.164 ± 0.081 𝑠𝑡𝑎𝑡. ± 0.036 (𝑠𝑦𝑠𝑡. )
𝑅./# = 1.151 ± 0.074 𝑠𝑡𝑎𝑡. ± 0.019 (𝑠𝑦𝑠𝑡. )

𝑥7 = + 9.24 ± 3.27 ± 0.17 ± 0.23 ×107"
𝑥% = − 11.28 ± 3.15 ± 0.18 ± 0.22 ×107"
𝑦7 = + 10.00 ± 4.20 ± 0.23 ± 0.67 ×107"
𝑦% = − 4.55 ± 4.20 ± 0.11 ± 0.55 ×107"

• 7 CP observables: 4 asymmetries, 3 BRs ratios
• Measurement performed in full D phase space and in the enhanced-interference 

𝑫 → 𝑲∗𝑲 region
• These results can provide constraint on 𝜙3
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⚆ GGSZ method

-- 𝑩𝟎 →𝑫 →𝑲𝑺𝒉%𝒉7 𝑲∗𝟎

𝜙4 = (49789%"4)∘

• Limited statistics, 
• CPV still observed 

in some bins

-- 𝑩7 →𝑫∗(→ 𝑫 → 𝑲𝑺𝒉%𝒉7 𝝅𝟎/𝜸)𝒉7

LHCb-PAPER-2023-009 

𝜙4 = (69± 14)∘

• Opposite CPV  between 
𝐷∗) → 𝐷𝜋 and 𝐷∗) → 𝐷𝛾

• Irreducible bkg
• 2D invariant mass fit

-- 𝑩7 →𝑫 →𝑲%𝑲7𝝅%𝝅7 )𝒉7

𝜙4 = (11678:%8")∘

LHCb-PAPER-2023-012 Eur. Phys. J. C83 (2023) 547 

• Measured firstly 
• Complicated 

binning scheme


