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Outline 
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 Introduction 

 Observations of 𝑩𝒄
+ new decays 

• 𝑩𝒄
+ → 𝝍 𝟐𝑺 𝝅+ 

• 𝑩𝒄
+ → 𝑱/𝝍𝑫𝒔

(∗)+
 

 Mass measurements of 𝑩𝒄
+ meson and 𝒃 baryons 

 Polarization measurement of 𝚲𝒃
𝟎  baryon 

 Summary and prospects 
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S. Godfrey [PRD 70 (2004) 054017] 

𝑩𝒄
+ meson 

2013/4/23 

𝐵𝑐
+ meson: 

 Unique meson in SM with two open heavy flavors 

 A wide range of decay modes 

• 𝑐 → 𝑠 transition: 𝐵𝑐
+ → 𝐵𝑠

0𝜋+… 

• 𝑏 → 𝑐  transition: 𝐵𝑐
+ → 𝐽/𝜓𝜋+… 

• 𝑐𝑏 → 𝑊+ annihilation:  

𝐵𝑐
+ → 𝜏+𝜈𝜏… 

 Rich spectroscopy 

Experimental studies of 𝐵𝑐
+  

before 2012: 

 Few decay channels observed: 

• 𝐵𝑐
+ → 𝐽/𝜓𝑙+𝜈 

• 𝐵𝑐
+ → 𝐽/𝜓𝜋+ 

• 𝐵𝑐
+ → 𝐽/𝜓𝜋+𝜋−𝜋+ 

 Ground state mass measured: 

𝑚 𝐵𝑐
+ = 6273.7 ± 1.3 stat. ± 1.6 syst.  𝑀𝑒𝑉/𝑐2 [PRL109 (2012) 232001]  

[PRL 81 (1998) 2432]  

[PRL 96 (2006) 082002] 

[PRL108 (2012) 251802] 
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𝒃 baryons 

2013/4/23 

𝑏 baryons: 

 SM predicts 16 ground states (𝐽 = 1/2 and 3/2) 

 to be tested by experiments 

 Weakly decaying states:  

𝛬𝑏
0 → 𝐽/𝜓Λ, 

𝛯𝑏
− → 𝐽/𝜓Ξ, 

𝛺𝑏
− → 𝐽/𝜓Ω,    

 Strongly decaying states:  

Σ𝑏
+ → Λ𝑏

0𝜋+, 

 Excited states: 𝛬𝑏
∗0 observed at LHCb 

Λ𝑏
∗0 5912 → Λ𝑏

0𝜋+𝜋−, Λ𝑏
∗0(5920) → Λ𝑏

0𝜋+𝜋− 

[PLB 273 (1991) 540] 

[PRL 101 (2008) 232002,  

PRD 80 (2009) 072003] 

[PRL 99 (2007) 052002] 

[PRL 99 (2007) 202001] 

PRL 109 (2012) 172003  
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LHCb detector 

2013/4/23 

 A single-arm forward region spectrometer covering 2 < 𝜂 < 5 

 Data taking: stable & efficient 

• 2012: ~ 2 fb−1@ 8TeV 

• 2011: ∼ 1 fb−1  @ 7TeV 

• 2010: ∼ 37 pb−1@ 7TeV 
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 𝜓(2𝑆) reconstructed in 𝜇+𝜇− channel 

 Event selection with  

Boost Decision Tree (BDT) 

 Control channel 

𝐵𝑐
+ → 𝐽/𝜓(→ 𝜇+𝜇−)𝜋+ 

First observation of 𝑩𝒄
+ → 𝝍(𝟐𝑺)𝝅+ 

2013/4/23 

[arxiv:1303.1737, submitted to PRD] 

 Based on 1 fb−1 data collected in 2011 

The third observed hadronic decay mode of 𝐵𝑐
+ meson 

𝑩𝒄
+ 

IPS (𝑩𝒄
+) 

IPS (𝝅+ ) 

𝝅+ 

𝝁+ 

𝝁− 
𝝌𝐟𝐢𝐭
𝟐  

𝝌𝐯𝐭𝐱
𝟐  

𝝌𝐯𝐭𝐱 𝐬𝐞𝐩
𝟐  

𝒑𝐓 (𝑩𝒄
+) 

PV 
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Fitting to 𝑩𝒄
+ → 𝝍(𝟐𝑺)𝝅+ 

2013/4/23 

LHCb 

1 fb−1 

LHCb 

1 fb−1 

𝑁 𝐵𝑐
+ → 𝐽/𝜓𝜋+ = 595 ± 29;  

𝑵 𝑩𝒄
+ → 𝝍(𝟐𝑺)𝝅+ = 𝟐𝟎 ± 𝟓 with 𝟓. 𝟐𝝈 

Signal: Crystal Ball 

Combinatorial bkg: exponential Partial reconstruction bkg: ARGUS  Gauss 

𝐵𝑐
+ → 𝐽/𝜓𝐾+: Crystal Ball 
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Results of 𝑩𝒄
+ → 𝝍(𝟐𝑺)𝝅+ 

2013/4/23 

 Theoretical predictions 

• Relativistic quark model (RQM): 

0.017/0.061 = 0.279 

[PRD 68 (2003) 094020] 

Ratio of branching fraction: 

dominated by BDT selection 
𝓑 𝑩+ → 𝝍 𝟐𝑺 𝑲+ /𝓑(𝑩+ → 𝑱/𝝍𝑲+) 

𝓑 𝑩𝟎 → 𝝍 𝟐𝑺 𝑲∗𝟎 /𝓑(𝑩𝟎 → 𝑱/𝝍𝑲∗𝟎) 

𝓑 𝑩𝒔
𝟎 → 𝝍 𝟐𝑺 𝝓 /𝓑(𝑩𝒔

𝟎 → 𝑱/𝝍𝝓) 

𝓑 𝑩+ → 𝝍 𝟐𝑺 𝝅+ /𝓑(𝑩+ → 𝑱/𝝍𝝅+) 

LHCb 

D0 2009 
CDF 1998 

LHCb 

PDG 
CDF 1998 

LHCb 

D0 2009 
CDF 2006 

LHCb 

PDG 

𝓑 𝑩 → 𝝍 𝟐𝑺 𝑿 /𝓑(𝑩 → 𝑱/𝝍𝑿) 

 Comparison with similar ratios 

for B-decays [EPJC 72 (2012) 2118] 

= 0.250 ± 0.068 stat. ± 0.014 syst. ± 0.006(ℬ) 

ℬ 𝐵𝑐
+ → 𝜓 2𝑆 𝜋+

ℬ 𝐵𝑐
+ → 𝐽/𝜓𝜋+

= 𝜖𝑟𝑒𝑙 ×
𝑁 𝐵𝑐
+ → 𝜓 2𝑆 𝜋+

𝑁 𝐵𝑐
+ → 𝐽/𝜓𝜋+
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𝒄 spectator color suppressed 

𝒄 spectator 
annihilation 

First observation of 𝑩𝒄
+ → 𝑱/𝝍𝑫𝒔

∗ +
 

2013/4/23 

 𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

∗ +
searched with 3 fb−1 data collected in 2011 & 2012 

 Event reconstructed in the decays: 

[arXiv:1304.4530] 

 𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

(∗)+
 expected to 

proceed through: 

• 𝐽/𝜓 → 𝜇+𝜇−, 𝐷𝑠
+ → 𝐾+𝐾− 𝜙𝜋

+ • 𝐷𝑠
∗+ partially reconstructed 

 followed by 𝐷𝑠
∗+ → 𝐷𝑠

+𝛾 or 𝐷𝑠
+𝜋0 

 three helicity amplitudes: 

𝒜++, 𝒜00 and 𝒜−− 
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𝒎 𝑱/𝝍𝑫𝒔
+ [𝐆𝐞𝐕/𝒄𝟐] 

𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

+ 

Gaussian 

𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

∗+ : 

helicity components 𝐴00 & 

𝐴±±  shapes from simulation; 

Fraction 𝑓±± free for fitting 

LHCb 

3 fb−1 

𝐽/𝜓𝐷𝑠
+ invariant mass distribution 

Fitting to 𝑩𝒄
+ → 𝑱/𝝍𝑫𝒔

(∗)+
 

2013/4/23 

 First observations of these 

channels with > 9 𝜎 

𝑁 𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

+ = 28.9 ± 5.6 
𝑁 𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

∗+

𝑁 𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

+ = 2.37 ± 0.56 
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𝑩𝒄
+ → 𝑱/𝝍𝑫𝒔

∗ +
 branching fraction 

2013/4/23 

 Branching fraction: 

dominated by ℬ(𝐷𝑠
+ → 𝜙(𝐾+𝐾−)𝜋+) 

ℬ 𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

+

ℬ 𝐵𝑐
+ → 𝐽/𝜓𝜋+

=
𝜖rel
ℬ𝐷𝑠+
×
𝑁 𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

+

𝑁 𝐵𝑐
+ → 𝐽/𝜓𝜋+

= 2.96 ± 0.67 stat. ± 0.25 syst.  

ℬ(𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

∗+)

ℬ(𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

+)
= 2.36 ± 0.56 stat. ± 0.10 syst.  

 Theoretical prediction 

ℬ 𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

+

ℬ 𝐵𝑐
+ → 𝐽/𝜓𝜋+

 
ℬ(𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

∗+)

ℬ(𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

+)
 

𝟐. 𝟔 𝟏. 𝟕 RQM     [PRD 61 (2000) 034012] 

𝟏. 𝟑 𝟑. 𝟗 QCDSR [arXiv:hep-ph/0308214] 

𝟐. 𝟗𝟎 ± 𝟎. 𝟒𝟐 𝟐. 𝟐𝟎 ± 𝟎. 𝟑𝟓 ± 𝟎. 𝟔𝟐 Naive factorization with 𝐵0 

𝟏. 𝟓𝟖 ± 𝟎. 𝟑𝟒 𝟐. 𝟎𝟕 ± 𝟎. 𝟓𝟐 ± 𝟎. 𝟓𝟐 Naive factorization with 𝐵+ 

𝛤 𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

+

𝛤 𝐵𝑐
+ → 𝐽/𝜓𝜋+

≈
𝛤 𝐵 → 𝐷 ∗𝐷𝑠

+

𝛤 𝐵 → 𝐷 ∗𝜋+
;  
𝛤 𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

∗+

𝛤 𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

+ ≈
𝛤 𝐵 → 𝐷 ∗𝐷𝑠

∗+

𝛤 𝐵 → 𝐷 ∗𝐷𝑠
+  

[PRL 100 (2008) 161804] 

dominated by selections 

Yuan XH, Tsinghua University 11 



Results of fraction 𝒇±± 
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 Fraction 𝑓±± : 

𝑓±± =
𝑁±± 𝐵𝑐

+ → 𝐽/𝜓𝐷𝑠
∗+

𝑁tot 𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

∗+ = 52 ± 20 % 

 Theoretical prediction 

Simple estimation 𝑓±± =
2

3
 

Measurement of  

𝐵0 → 𝐷𝑠
(∗)+
𝐷 ∗ − 

𝑓±± = 49.4 ± 13.9 ± 3.6  % 

𝑓±± = 48.1 ± 5.0 ± 2.8  % 

Factorization 

prediction for 

𝐵0 → 𝐷∗−𝐷𝑠
∗+ 

𝑓±± = 46.5 ± 3.3 % 

RQM prediction in 

𝐵𝑐
+ → 𝐽/𝜓𝑙+𝜈𝑙 

decays 

𝑓±± ≈ 56% 

CLEO [PRD 62 (2000) 112003] 

BaBar [PRD 67 (2003) 092003] 

[“Probing the standard Model 

of particle interactions”] 

[PRD 68 (2003) 094020] 
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arXiv:1302.1072 [hep-ex] 

𝑩𝒄
+ mass determination 

2013/4/23 

 Fitted 𝐵𝑐
+ mass need to be calibrated: 

• Scale on the track momentum 

• The scale 𝛼 makes 𝐵+ → 𝐽/𝜓 𝜇+𝜇− 𝐾+ mass to PDG 2012 

• Variation of scales studied with a variety of decays 

 3 × 10−4 
 Propagated to uncertainty of 𝐵𝑐

+ mass: ±0.030 MeV/𝑐2 
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Most precise single 

measurement 

Mass of 𝑩𝒄
+ meson 

2013/4/23 

𝑚 𝐵𝑐
+ = 6276.28 ± 1.44 stat. ± 0.36 syst.  MeV/𝑐2 

𝑚 𝐵𝑐
+ −𝑚 𝐷𝑠

+ = 4307.97 ± 1.44 stat. ± 0.20 syst.  MeV/𝑐2 

The low 𝑄-value for the 𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

+ decay mode allows the 𝐵𝑐
+ 

mass to be precisely measured 
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Mass measurement of 𝒃 baryons 

2013/4/23 

[arXiv: 1302.1072] 

𝚲𝒃
𝟎 → 
𝑱/𝝍(𝝁+𝝁−)𝚲(𝐩𝝅−) 

LHCb 
1 fb−1 

𝚵𝐛
− → 
𝑱/𝝍 𝝁+𝝁− 𝚵−(𝚲𝝅−) 

LHCb 
1 fb−1 

𝛀𝒃
− → 
𝑱/𝝍(𝝁+𝝁−)𝛀−(𝚲𝑲−) 

LHCb 
1 fb−1 𝑚 Λ𝑏

0 = 5619.53 ± 0.13 ± 0.45 MeV/𝑐2 

𝑚 Ξ𝑏
− = 5795.8 ± 0.9 ± 0.4 MeV/𝑐2 

𝑚 Ω𝑏
− = 6046.0 ± 2.2 ± 0.5 MeV/𝑐2 

After calibration 

Combined with LHCb 2010 result 

𝑚 Λ𝑏
0 = 5619.44 ± 0.13 ± 0.38 MeV/𝑐2 
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𝚲𝒃
𝟎  mass 

[𝐌𝐞𝐕/𝒄𝟐] 

𝚵𝒃
− mass 

[𝐌𝐞𝐕/𝒄𝟐] 

𝛀𝒃
− mass 

[𝐌𝐞𝐕/𝒄𝟐] 

Comparing with previous results 

2013/4/23 

World’s best measurements 
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𝚲𝒃 polarization 

2013/4/23 

arXiv: 1302.5578 

 Longitudinal polarization vanishes, but transverse polarization predicted 

large (∼ 20 %) [PLB 614 (2005) 165] 

 Sufficient transverse polarization allows to measure the photon helicity in 

Λ𝑏
0 → Λ𝛾  search for new physics 

[J. Phys. G 24 (1998) 979, PLB 645 (2007) 204] 

𝚲
 p

o
la

ri
z
a

ti
o

n
 

𝒙𝑭 =
𝟐𝒑𝑳

𝒔
 

o  HERA-B 

+  NA48 

x  E799  

 Hints from fixed target experiments 

• baryons polarization strongly 

depends on 𝑥𝐹 

• Vanishes at 𝑥𝐹 → 0 

 Small Λ𝑏 polarization (< 10 %) 

excepted at LHC (𝑥𝐹 ≈ 0.02) 

 No polarization measurement for 

Λ𝑏
0  at hadron colliders before 
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Angular analysis 

2013/4/23 

 5 angles to describe the angular distribution 

• 𝜃 : polar angle of 𝑝 Λ wrt 𝑛 = 𝑝 Λ𝑏
0 × 𝑝 beam in Λ𝑏

0  rest frame 

• 𝜃1, 𝜙1: polar & azimuthal angle of 𝑝 𝑝 wrt 𝑝 Λ𝑏
0  in Λ rest frame 

• 𝜃2, 𝜙2: polar & azimuthal angle of 𝑝 𝜇+ wrt 𝑝 Λ𝑏
0  in 𝐽/𝜓 rest frame 

 Decay chain: Λ𝑏
0 → 𝐽/𝜓 𝜇+𝜇− Λ(𝑝𝜋−) 
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Λ decay asymmetry parameter:  

𝛼Λ = 0.642 ± 0.013 (PDG2012)  

Angular distribution 

2013/4/23 

Integrated over azimuthal, cross section parameterized as 

𝑑Γ

𝑑Ω3
cos𝜃, cos𝜃1, cos𝜃2 =

1

16𝜋
 𝑓𝑖 𝛼𝑏, 𝑟0, 𝑟1

7

𝑖=0

𝑔𝑖 𝑃𝑏, 𝛼Λ ℎ𝑖(cos𝜃, cos𝜃1, cos𝜃2) 

Four parameters (𝑃𝑏, 𝛼𝑏, 𝑟0, 𝑟1) have to be measured simultaneously 
from the angular distribution  

𝑟0 ≡ ℳ+1/2,0
2
+ ℳ−1/2,0

2
  

𝑟1 ≡ ℳ+1/2,0
2
− ℳ−1/2,0

2
  

𝛼𝑏 ≡ 𝑟1 + ℳ−1/2,−1
2
− ℳ+1/2,+1

2
  

P-violation asymmetry 

Helicity amplitude 

Transverse polarization 

parameter 

PRD 86 (2012) 010001 

Yuan XH, Tsinghua University 19 



𝜦𝒃
𝟎 → 𝑱/𝝍𝜦 signal 

2013/4/23 

 Dataset: 1.0 fb−1 data in 2011 

 𝛬 can decay outside (OUT) or inside (IN) of the vertex detector 

 Event selection: BDT 

Signal: double Crystal Ball   Background: first order polynomial 

Nsig = 5346 ± 96  

𝜎 = 8.0 MeV/𝑐2  

Nsig = 1861 ± 49  

𝜎 = 6.4 MeV/𝑐2  

IN OUT 

1.0 fb−1 1.0 fb−1 
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Fit of data 

2013/4/23 

 Unbinned maximum likelihood fit to angular distribution (OUT + IN) 

• Background subtracted and acceptance corrected  

OUT 

Similar for IN 

Since distribution of cos𝜃 is nearly flat, small polarization expected  

Prediction 
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Results of 𝚲𝒃
𝟎 → 𝑱/𝝍𝚲 

2013/4/23 

 First measurements of Λ𝑏 polarization 

𝑃𝑏 = 0.05 ± 0.07(stat. ) ± 0.02(syst. ) 
𝛼𝑏 = −0.04 ± 0.17(stat. ) ± 0.07(syst. ) 
𝑟0 = 0.57 ± 0.02(stat. ) ± 0.01(syst. ) 
𝑟1 = −0.59 ± 0.10(stat. ) ± 0.05(syst. ) 

 Comparison with theory 

• Polarization parameter 𝑃𝑏: 

 Dose not exclude QCD perturbative theory prediction of 𝑃𝑏 to be 

𝒪 10%  

• P-violation asymmetry parameters 𝛼𝑏: 

 Compatible with the predictions ranging from −21 % to −10 % 

[PLB 649 (2007) 152] 

 Disagrees with HQET prediction of 77.7% at 6.1 𝜎 [PLB 614 (2005) 165] 

[PRD 56 (1997) 2799, PRD 58 (1998) 014016, PTP 101 (1989) 959,PRD 65 (2002) 074030, 

PRD 80 (2009) 094016] 
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Summary 

2013/4/23 

With 𝟑 𝐟𝐛−𝟏 data , LHCb provide good opportunities for 𝑩𝒄
+ meson 

and 𝒃 baryon studies 

𝑩𝒄
+ studies at LHCb 

 First observation of three decay modes 

• 𝐵𝑐
+ → 𝜓 2𝑆 𝜋+      (5.2 𝜎) 

• 𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

+          (> 9 𝜎) 
• 𝐵𝑐
+ → 𝐽/𝜓𝐷𝑠

∗+         (> 9 𝜎) 

 World best determinations of 𝐵𝑐
+ mass 

𝒃 baryons studies at LHCb 

 World best determinations of Λ𝑏
0 , Ξ𝑏
− and Ω𝑏

− masses 

 First measurement of Λ𝑏
0  polarization in 𝑝𝑝 collisions with 1 fb−1 data 
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Prospects 

2013/4/23 

𝑩𝒄
+ meson 

 More precise measurement of 𝐵𝑐
+ production with few thousands 

reconstructed 𝐵𝑐
+ → 𝐽/𝜓𝜋+ 

 New decay channels and excited states 

𝒃 baryon 

 New 𝑏 baryons and excited states 

 new decay modes 

THANK YOU 
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