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Λ𝑐  spin 

20-plet baryon with SU(3)-octet 20-plet baryon with SU(3)-decuplet 
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Λ𝑐  spin 
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Λ𝑐  spin 

 NA2 experiment at CERN-SPS: Phys.Lett., B286, 175 (1992) 

  𝜋 Cu → Λ𝑐
+ 𝐷  𝑋 

 160 events for Λ𝑐 → 𝑝𝐾−𝜋+   

  Angular distribution of three –
body decay 

𝑝𝑏 

𝑝Λ𝑐 

𝑝𝑝 

𝑝𝜋 

𝑝𝐾 

𝑛𝑑 

Simplified as: 
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𝜃 



Λ𝑐  spin 

Line: fitted result with 
         𝑑1 = −0.65−0.18

+0.22 They concluded: 
•  Results consistent with 

assumption  𝐽 = 1/2  
•  Unable to established 
𝐽 = 1/2  due to low statistics 

Remarks: 
 decay parameter  should be modeled  momentum dependent 
 resonance structure in 3-body decay should be considered. 
 only Λ𝑐   longitudinal polarization is used (see 𝜌𝑀,𝑀), and 

transverse component is missed  
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Λ𝑐
+(↑) = 𝑢𝑑 𝑐(↑) 

𝑐 → 𝑠𝑢𝑑   



BELLE: Λ𝑐 → 𝑝𝐾−𝜋+ 

PWA results desired.    BELLE, BESIII, or LHCb  ??  

PRL 117, 011801 (2016)  
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New 

𝚲∗ 𝟏𝟔𝟕𝟎
𝟑

𝟐

−
? 

Signal evts: 
1.45 million 



Λ𝑐
+ decay asymmetry parameters 

• Λ analogue of Lee-Yang parameters  

             Λ𝑐
+(

1

2

+
) → 𝐵

1

2

+
𝑃(0−) 

       Partial waves:  𝑆 (parity violation), P(parity conservation) 

    𝛼 =
2Re 𝑆∗𝑃

𝑆 2+ 𝑃2
,    𝛽 =

2Im 𝑆∗𝑃

𝑆 2+ 𝑃2
,   𝛾 =

𝑆 2− 𝑃2

𝑆 2+ 𝑃2
. 

 
𝛼2 + 𝛽2 + 𝛾2 = 1. 

        Two independent parameters in PDG: 

                                 𝛼  and 𝜙 = tan−1(𝛽/𝛾) 

                                 

 PDG2018 
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• In helicity amplitudes, asymmetry parameters 
defined as 

          𝑆 =
1

2
𝐹1

2

+ 𝐹
−
1

2

,  𝑃 =
1

2
(𝐹1

2

− 𝐹
−
1

2

),  

   so 

      𝛼 =
𝐹1/2 

2
− 𝐹−1/2

2

𝐹1/2 
2
+ 𝐹−1/2

2 , 𝛽 = 1 − 𝛼2 sin Δ,   𝛾 = 1 − 𝛼2 cosΔ  

Δ: phase angle difference between two helicity 
amplitudes. 

Λ𝑐
+ decay asymmetry parameters 
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• 𝛼 associated with parity violation, measure the Λ𝑐
+ 

decay asymmetry of polar angle distribution. 

         
𝑑𝑁

dcos𝜃
∝ 1 + 𝛼 cos 𝜃  

 

                  

 

• 𝛽  measures physics associated with the time 
transform invariant 

Λ𝑐
+ decay asymmetry parameters 
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𝜃 𝚲𝒄
+ 

𝚲  

𝝅+ 
e.g.  Λ𝑐

+ → Λ𝜋+ 



C- and P-transformation 

Λ𝑐
+ → Λ𝜋+

 
 Λ 𝑐

− → Λ𝜋− 

Λ𝑐
+ Λ 𝑐

− 

Λ𝑐
+ Λ 𝑐

− 

𝐏Λ𝑐+  

𝐏Λ𝑐+  

𝐏Λ  

𝐏Λ  𝐏Λ 

𝐏Λ 

𝐏Λ 𝑐−  

𝐏Λ 𝑐−  

𝐩𝜋+ 

𝐩𝜋+ 𝐩𝜋− 

𝐩𝜋− 

If CP  conserved: 
𝑭 −𝝀𝚲 = 𝜼𝚲𝒄𝜼𝚲𝜼𝝅 −𝟏 (𝒔𝚲𝒄

 −𝒔𝚲
 −𝒔𝝅)𝑭𝝀𝚲 

              = −𝑭𝝀𝚲 

𝜶 =
𝑭 𝟏/𝟐 

𝟐
− 𝑭 −𝟏/𝟐 

𝟐

𝑭 𝟏/𝟐 
𝟐
+ 𝑭 −𝟏/𝟐 

𝟐 = −𝜶 

 
𝜷 = −𝜷  

 
𝜸 = 𝜸  

 
𝚪 = 𝚪  
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CP odd-observables 

Δ =
Γ − Γ 

Γ + Γ 
  ,  𝐴 =

𝛼 + 𝛼 

𝛼 − 𝛼 
 ,  

 

𝐵 =
𝛽+𝛽 

𝛽−𝛽 
,               𝐵′ =

𝛽+𝛽 

𝛼−𝛼 
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Predictions on Λ𝑐 asymmetry parameters  

Λ𝑐 Λ𝑐 Λ𝑐 

Λ𝑐 Λ𝑐 Λ𝑐 

•  Quark diagrams for hadronic weak decays Λ𝑐 → 𝐵 𝑀 

Contrary to the heavy meson decays, 𝑊-exchange diagrams 
make significant contribution to the Λ𝑐 hadronic weak decays. 
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• 𝑊-exchange decay: Λ𝑐
+ → Ξ0𝐾+ 

Predictions on Λ𝑐 asymmetry parameters  

Compared to  
ℬ Λ𝑐

+ → Λ𝜋+ = 1.29 ± 0.07 %  

Ξ∗0 Ξ0 

BESIII:PLB783,200 (2018) 
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Predictions on Λ𝑐 asymmetry parameters  
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Previous measurements of Λ𝑐
+ asymmetry 

parameters 
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•  𝜶 for 𝚲𝒄
+ → 𝚲𝝅+ 

𝓟Λ =
𝛼+𝓟Λ𝑐⋅𝒏 𝒏 +𝛽 𝓟Λ𝑐×𝒏 +𝛾𝒏 × 𝓟Λ𝑐×𝒏 

1+𝛼𝓟Λ𝑐⋅𝒏 
    

𝓟𝚲, 𝓟𝚲𝒄:  polarization vector for 𝚲 and 𝚲𝒄 

𝒏       :  unit vector along 𝚲 momentum defined in the 𝚲𝒄 rest frame 

𝑧 
𝓟Λ𝑐 

𝒏  

𝑥 

𝑦 

𝜃 

𝜙 

•  decompose 𝒫Λ into longitudinal 
and two transverse polarizations 

•  If Λ𝑐 is unpolarized, then Λ with 
degree of polarization 𝛼 
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  FOCUS,    𝛾∗ 𝑏𝑒𝑎𝑚 + BeO 𝑡𝑎𝑟𝑔𝑒𝑡 → Λ𝑐
+ + 𝑋 

  Assume  unpolarized Λ𝑐
+,  Λ is polarized longitudinally with 𝛼Λ𝑐  

degree 
  Polarimetry:    Λ → 𝑝𝜋− 
 

                  
𝑑𝑊

𝑑 cos 𝜃
=

1

2
(1 + 𝛼Λ𝑐𝛼Λ cos 𝜃) ,  𝜃: proton helicity angle   

Previous measurements of Λ𝑐
+ asymmetry 

parameters (cont.) 

•  FOCUS experiment:  Phys.Lett.B634, 165 (2006) 

𝑀Λ 𝜋−  distribution 𝑀Λ𝜋+  distribution 

Λ 𝑐
− 

Λ𝑐
+ 

FOCUS: 

Phys.Lett.B634, 165  
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Previous measurements of Λ𝑐
+ asymmetry 

parameters (cont.) 
𝛼Λ𝑐   : for Λ𝑐

+ → Λ𝜋+ 𝛼Λ 𝑐   : for Λ 𝑐
− → Λ 𝜋− 

1 + 𝛼Λ𝑐𝛼Λ cos 𝜃 1 + 𝛼Λ 𝑐𝛼Λ cos 𝜃 

Fix 𝛼Λ = −𝛼Λ = 0.642, 
Yield: 𝛼Λ𝑐 = −0.73 ± 0.21  

Fix 𝛼Λ = −𝛼Λ = 0.642, 
Yield: 𝛼Λ 𝑐 = 0.84 ± 0.22  

After bias correction:  𝛼Λ𝑐 = −0.78 ± 0.16 ± 0.19, 𝒜 =
𝛼Λ𝑐−𝛼Λ 𝑐
𝛼Λ𝑐+𝛼Λ 𝑐

= −0.07 ±

0.16 ± 0.19 

776 ± 55 events 637 ±34 events 
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Previous measurements of Λ𝑐
+ asymmetry 

parameters (cont.) 

•  CLEO experiment: PLB, 350, 256(1995) 

  1.9/fb,  𝑒+𝑒− → 𝑐𝑐 , 𝑠 ≤ Υ(4𝑆) 

1 + 𝛼Λ𝑐𝛼Λ cos 𝜃 

Efficiency corrected yield ratio 

Fix 𝜶𝚲 = −𝜶𝚲 = 𝟎. 𝟔𝟒𝟐, 

Yield: 𝜶𝚲𝒄 = −𝟎. 𝟗𝟒−𝟎.𝟎𝟔−𝟎.𝟎𝟔
+𝟎.𝟐𝟏+𝟎.𝟏𝟐  

 Λ𝑐
+ → Λ𝜋+ 
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Previous measurements of Λ𝑐
+ asymmetry 

parameters (cont.) 

•  CLEO experiment: PLB, 350, 256(1995) 

1 + 𝛼Λ𝑐𝛼Λ cos 𝜃 

Efficiency corrected yield ratio 

Fix 𝜶𝚺 = −𝟎.98, 
Yield: 𝜶𝚲𝒄 = −𝟎. 𝟒𝟓 ± 𝟎. 𝟑𝟏 ± 𝟎. 𝟎𝟔  

 Λ𝑐
+ → Σ +𝜋0, Σ+ → 𝑝𝜋0 
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Previous measurements of Λ𝑐
+ asymmetry 

parameters (cont.) 

•  CLEO experiment: PLB, 350, 256(1995) 



Transverse polarization of baryons in 𝑒+𝑒− collisions 
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Time likespin ½  baryon FFs:  
Dubnickova, Dubnicka, Rekalo 
Nuovo Cim. A109 (1996) 241 
Gakh, Tomasi-Gustafsson Nucl.Phys. A771 
(2006) 169 
Czyz, Grzelinska, Kuhn PRD75 (2007) 074026 
FäldtEPJ A51 (2015) 74; EPJ A52 (2016)141  
W. Lu, et.al., Phys.Lett., B368, 281 (1996) 

FFs in continuum   
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 𝚲  𝚲  

𝒑 
𝒑 

𝝅− 
𝝅− 

Unpolarized 𝑒+𝑒− beam  transverse polarization 
baryon 

𝒫𝑇   along 𝒌𝑒+ × 𝒑B  

Transverse polarization of baryons in 𝑒+𝑒− collisions 

𝒫𝑇 =
1 − 𝛼2 sin 𝜃 cos 𝜃 sin Δ

1 + 𝛼 cos2 𝜃  
 𝜶 = 𝟎. 𝟒𝟔𝟗 



• Same formula applicable to  𝑒+𝑒− → 𝐽/𝜓 → 𝐵𝐵    

23 

Transverse polarization of baryons in 𝑒+𝑒− collisions 

BESIII,  arXiv: 1808.08917,  Nature Physics (2009) 

Polarimetry : Λ → 𝑝𝜋−,   Λ → 𝑝 𝜋+   

Spin observables:  𝜇 = 〈sin 𝜃1 sin𝜙1〉 ∝ 𝒫𝑇 



Transverse polarization: a probe to 
study Λ𝑐 asymmetry parameters 

•  Prefer single tag to reconstruct  Λ𝑐 events  

24 

PRL 116, 052001 (2016) 

MBC (GeV) MBC (GeV) 

ST 
DT 

BESIII: PRL 116, 052001 (2016) 

Single Tag  
Double Tag 



Transverse polarization: a probe to 
study Λ𝑐 asymmetry parameters 

•  Prefer single tag to reconstruct  Λ𝑐 events  
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PRL 116, 052001 (2016) 

MBC (GeV) MBC (GeV) 

ST 
DT 

BESIII: PRL 116, 052001 (2016) 

Single Tag  
Double Tag 



• Transverse polarization play the same role as 
longitudinal polarization to do spin analysis 

26 

Transverse polarization: a probe to 
study Λ𝑐 asymmetry parameters 

𝐄𝐱𝐚𝐦𝐩𝐥𝐞: 𝒆+𝒆− → 𝜸∗ → 𝚲𝒄
+𝚲 𝒄

−,   𝚲𝒄
+ → 𝚲𝝅+ 

𝒲 𝜃, 𝜃1, 𝜙1 ∝ 1 + 𝛼 cos2 𝜃 

+( 1 − 𝛼2 sin 𝜃 cos 𝜃 sin Δ) sin 𝜃1 sin𝜙1𝛼Λ𝑐 

Λ𝑐   plays the role of polarimetry: 

If take Λ → 𝑝𝜋− as polarimetry: 

𝒲 𝜃2 ∝ 1 + 𝛼Λ𝑐𝛼Λ cos
 𝜃2 

(𝜃, 𝜙) 

(𝜃1, 𝜙2) 

(𝜃2, 𝜙2) 

𝑒+ 

𝑒− 
Λ 𝑐 

Λ𝑐 

Λ  

𝑝 

𝜋− 



Strategy to measure Λ𝑐 asymmetry 
parameters 

•  Prefer single tag method,  e.g.  𝑒+𝑒− → Λ𝑐
+Λ 𝑐

−, 

Λ𝑐
+ → 𝐵

1

2

+
𝑃 0− , Λ 𝑐

− →anything,  and its conjugate 

mode 

•  Simultaneous fit to multiple Λ𝑐  decay modes, e.g. 
Λ𝑐
+ → Λ𝜋+, Σ+𝜋0, Σ0𝜋+, 𝑝𝐾𝑆

0    

•  Formula involved Λ𝑐 transverse polarization, and 
assume CP conservation, and spin-1/2 for Λ𝑐. 

•  Physics outcome:  𝛼, Δ, 𝛼Λ𝑐(Λ𝑐
+ →  Λ𝜋+), 𝛼Λ𝑐(Λ𝑐

+ →

Σ0 𝜋+), 𝛼Λ𝑐(Λ𝑐
+ → Σ+𝜋0), 𝛼Λ𝑐(Λ𝑐

+ → 𝑝𝐾𝑆
0) 
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Decay asymmetry parameters @BESIII 
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•  𝓛 = 𝟓𝟔𝟕 𝐩𝐛−𝟏  at 𝒔 = 𝟒. 𝟔 𝐆𝐞𝐕 
•  Simultaneously fit to 4 decay modes, with 𝚲 𝒄

− decays incorporated.  
•  𝟐. 𝟏𝝈 𝚲𝒄

+ transverse polarization. 
BESIII, arXiv:1905.04707 

1189 
evts 

671 
evts 

249 
evts 422 

evts 



Issues to distinguish between spin 
𝐽 = 1/2  and 𝐽 = 3/2 for Λ𝑐 

• For simplicity, we use decays Λ𝑐 → 𝐵
1

2

+
𝑀 0−  to 

study Λ𝑐-spin 

•  Equivalent to measure spin density matrix of Λ𝑐, 
spin-3/2 case introduces more parameters. It’s 
difficult to distinguish these two case in angular 
distribution if 𝐽 = 1/2. 

• Likelihood test applicable to do significance test. 

•  Intend to do simultaneous fit to Λ𝑐 Λ 𝑐  decays to 
the baryon and meson. 
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Likelihood test for spin 
𝐽 = 1/2 and 𝐽 = 3/2 for Λ𝑐 
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• Example of ToyMC study 

𝑡 = −2𝐿𝑛[ℒ 𝐽=3/2/ℒ 𝐽=1/2 ] 

𝐽 = 3/2  𝐽 = 1/2  



Summary and outlook 

• Transverse polarization offers us a unique tool 
to study the Λ𝑐 asymmetry parameters. 

• With the accumulated 567/pb data at 4.6 GeV 
at BESIII, analysis result of Λ𝑐 spin will come 
soon. 

• BESIII will taken a large date set for study Λ𝑐 
properties.   
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Thanks for your attention! 


