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The LHCb detector 

VELO 
σIP ~ 20µm for 
high 𝑝T tracks 

Tracker 
𝛿𝛿/𝑝 = 0.4%~ 

0.6% 

RICH  
𝜖 𝐾 → 𝐾 ~95% 
𝜋 → 𝐾 misID: ~5% 

ECAL 
𝜎𝐸
𝐸

~
10%

√𝐸(GeV)
⊕ 1% 

HCAL 
𝜎𝐸
𝐸

~
70%

√𝐸(GeV)
⊕ 9% 

Muon System 
𝜖 𝜇 → 𝜇 ~97% 
𝜋 → 𝜇  misID: 

1 − 3% 
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Single arm forward detector, optimized for heavy flavour physics  

JINST 3 S08005 (2008) 

Pseudorapidity coverage 
2 < 𝜂 < 5 
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• Charmed meson 𝐷𝐽 spectroscopy 
[JHEP 09 (2013) 145, LHCb-PAPER-2013-026] 

Liang Zhong 



Introduction 
• 𝐷𝐽 meson spectroscopy provides tests of the quark model 

– Only few states observed 
• BaBar experiment found four new states which need to be confirmed 

Liang Zhong DIS2014, Warsaw 4 

Observed in B 
decays by Belle 

and BaBar Well 
established 

Observed by BaBar, 
need confirmation 

PR D32 (1985) 189 

• LHCb study the 𝐷𝐽 mesons in 𝐷+𝜋−, 𝐷0𝜋+ and 𝐷∗+𝜋− final states 
using  1fb−1 pp collision data 

[PR D82 (2010) 111101] 



𝐷∗+𝜋− mass spectra 

• Clear signal of 𝐷1 2420 0 and 𝐷2∗ 2460 0 
• Complex  structures  in the mass range 2600 – 2800 MeV 
• No significant structure in the wrong sign (𝐷∗+𝜋+) sample 
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𝐷∗+𝜋− angular distributions 
• Extract spin-parity of 𝐷𝐽 in the angular 

distribution of 𝐷∗+𝜋− using the helicity angle 𝜃𝐻 
– Natural Parity: 𝐽𝑃 = 0+, 1−, 2+. . 

• Angular distribution: ∝ sin2𝜃𝐻  
– Unnatural Parity: 𝐽𝑃 = 0−, 1+, 2−. . 

• Angular distribution: ∝ 1 + ℎ cos2𝜃𝐻 
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𝐷0 

𝜋+ 

𝜋− 

𝜃𝐻 

Enhanced Unnatural Parity Sample: 
cos𝜃𝐻 > 0.75 

Natural Parity Sample: cos𝜃𝐻 < 0.5 



Enhanced Unnatural Parity Sample  
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• Contributions from Natural Parity states highly suppressed 
─ 𝐷2∗ 2460 0 contribution consistent with zero 
─ Clear 𝐷1 2420 0 signal 

• Three new structures observed:  𝐷𝐽 2580 0, 𝐷𝐽 2740 0 and 
𝐷𝐽 3000 0 

𝐷𝐽 2580 0(18.8𝜎) 

𝐷𝐽 2740 0(7.2𝜎) 

𝐷𝐽 3000 0(9.0𝜎) 

Background subtracted distribution 

JHEP 09 (2013) 145 



Natural Parity Sample  
• Expect contribution from Natural Parity states and Unnatural Parity 

states 
– Clear 𝐷1 2420 0 and 𝐷2∗ 2460 0 signal 

• Two new structures observed: 𝐷𝐽∗ 2650 0 and 𝐷𝐽∗ 2760 0 
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𝐷𝐽∗ 2650 0(24.5𝜎) 

𝐷𝐽∗ 2760 0(10.2𝜎) 

Background subtracted distribution 

JHEP 09 (2013) 145 



Angular distribution(I) 
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Unnatural Parity hypothesis 

Natural Parity hypothesis 

JHEP 09 (2013) 145 

• 𝐷𝐽∗ 2650 0 and 𝐷𝐽∗ 2760 0 found to have natural parity 



Angular distribution(II) 

• 𝐷𝐽 2580 0,𝐷𝐽 2740 0 and 𝐷𝐽 3000 0 found to have  unnatural 
parity 
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Unnatural Parity hypothesis 

Natural Parity hypothesis 

JHEP 09 (2013) 145 



𝐷+/0𝜋−/+ mass spectra 
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• Only natural parity resonances could contribute due to parity 
conservation: 𝐷2∗ 2460 0/+,𝐷𝐽∗ 2650 0/+, 𝐷𝐽∗ 2760 0/+ 

• Cross-feed from higher excited states 𝐷𝐽 → 𝜋+𝐷∗+/0(→ 𝐷+/0𝜋0/𝛾) 

Cross feed 

• 𝐷𝐽∗ 2760 0/+ → 𝐷+/0𝜋−/+ observed 
• Require a broad structure around 3000 MeV to fit the spectra 

𝐷𝐽∗ 2760 0/+ 

𝐷𝐽 3000 0/+ 

JHEP 09 (2013) 145 



Discussion 
• We observe four new states: 𝐷𝐽∗ 2650 0 , 𝐷𝐽∗ 2760 0/+, 
𝐷𝐽 2580 0 and  𝐷𝐽 2740 0 
– Partially agree with BaBar results [PR D82 (2010) 111101] 
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𝐷𝐽 2580 0? 

𝐷𝐽∗ 2650 0? 

𝐷𝐽∗ 2760 0? 

𝐷𝐽 2740 0? 

𝐷𝐽 2550 0? 

𝐷𝐽∗ 2600 0? 

𝐷𝐽∗ 2760 0? 

𝐷𝐽 2750 0? 

LHCb results BaBar results 

• Broad structure around 3000 MeV in the 𝐷∗+𝜋− and 𝐷𝐷 mass 
spectra could be superposition of several states 

JHEP 09 (2013) 145 
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Search for the doubly charmed baryon Ξ𝑐𝑐+  
[JHEP 1312 (2013) 090, LHCb-PAPER-2013-049] 

Liang Zhong 



Doubly charmed baryon Ξ𝑐𝑐+  

• Ξ𝑐𝑐+  predicted by quark model and expected to decay weakly.  
• Various theoretical predictions 

– 𝑚 Ξ𝑐𝑐+ ~[3500, 3700]MeV/𝑐2 
– 𝜏 Ξ𝑐𝑐+ ~ 100, 250  fs 
– Cross section at LHC : 𝒪 102  nb 
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• SELEX claimed the observation of Ξ𝑐𝑐+  
in Λ𝑐+𝐾−𝜋+  and 𝑝𝐷+𝐾−  [PRL 89 (2002) 
112001, PLB 628 (2005) 18] 
‒ 𝑚 Ξcc+ = 3519 MeV/𝑐2 
‒ 𝜏 Ξcc+ < 33 fs @ 90%𝐶. 𝐿. 

• Not confirmed by FOCUS, BaBar or 
Belle 

PRL 89 (2002) 112001 



Ξ𝑐𝑐+  search at LHCb (I) 

• Search for Ξ𝑐𝑐+  through Ξ𝑐𝑐+ → Λ𝑐+𝐾−𝜋+,Λ𝑐+ → 𝑝𝐾−𝜋+ 
‒ Dataset: 0.65 fb−1 of 2011 data at 𝑠 = 7 TeV 
‒ Relevant triggers only online for half the year 

• Measure the cross section ratio relative to the control Λ𝑐+ 

𝑅 =
𝜎 Ξ𝑐𝑐+  ℬ Ξcc+ → Λ𝑐+𝐾−𝜋+

𝜎 Λ𝑐+
 

• Assuming ℬ Ξcc+ → Λ𝑐+𝐾−𝜋+ ≈ ℬ Λ𝑐+ → 𝑝𝐾−𝜋+ ≈ 5%, 
the expected value of R at LHCb is of order 10−5 − 10−4. 

• Analysis performed in a blind approach 
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Ξ𝑐𝑐+  search at LHCb (II) 

• Construct 𝛿𝛿 quantity for better resolution 
‒ 𝛿𝛿 = 𝑚 Λ𝑐+𝐾−𝜋+ −𝑚 Λ𝑐+ − 𝑚 𝐾− −𝑚(𝜋+) 

• Signal yield fit using two methods 
• No significant signal observed 
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SELEX peak 

JHEP 1312 (2013) 090 



Upper limits for 𝑅 

• Upper limits depends on efficiency, which varies with Ξ𝑐𝑐+  mass 
and lifetime 
– The efficiency given as a function of 𝛿𝛿, for 5 different lifetime 

hypotheses 
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Summary 

• LHCb has made important progress on charm spectroscopy 
• In the sector of the 𝐷𝐽 spectroscopy  four new states 

observed. 
• No significant signal observed in Ξcc+  search 
• Results will be updated with larger dataset 
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backup 
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𝐷+𝜋− mass spectra 
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• Clear signal of 𝐷2∗(2460) 
• Cross-feed from 𝐷1 2420 0 or 𝐷2∗ 2460 → 𝜋−𝐷∗+(→ 𝐷+𝜋0/𝛾) 

─ Could also cross-fed by higher unknown resonances 
• Weak structures around 2600 and 2750 MeV 
• No significant structure in wrong sign 𝐷+𝜋+ mass spectra  



𝐷0𝜋+ mass spectra 
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• Clear signal of 𝐷2∗(2460) 
• Cross-feed from  
                   𝐷1 2420 + or 𝐷2∗ 2460 + → 𝜋+𝐷∗0(→ 𝐷0𝜋0/𝛾) 

─ Could also cross-fed by higher unknown resonances Weak 
structures around 2600 and 2750 MeV 

• The wrong sign 𝐷0𝜋− mass spectra shows cross-feeds from: 
                  𝐷1 2420 0 or 𝐷2∗ 2460 0 → 𝜋−𝐷∗+(→ 𝐷0𝜋+) 
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Unnatural Parity Sample and Total Sample 

• Unnatural Parity Sample: fix all resonances parameters 
except for 𝐷1 2420 0 

• Total Sample: all resonances parameters fixed 



Fit result 
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𝐷𝐽 spectroscopy at LHCb 

• Search for  𝐷𝐽 in  𝐷(∗)𝜋 mass spectrum based on 1fb−1 
data at 𝑠 = 7 TeV 
– 𝑝𝑝 → 𝑋 + 𝜋−𝐷∗+,𝐷∗+ → 𝜋+𝐷0,𝐷0 → 𝐾−𝜋+ 
– 𝑝𝑝 → 𝑋 + 𝜋−𝐷+,𝐷+ → 𝐾−𝜋+𝜋+ 
– 𝑝𝑝 → 𝑋 + 𝜋+𝐷0,𝐷0 → 𝐾−𝜋+ 

• Very clean signals of 𝐷∗+,𝐷+ and 𝐷0 
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𝐷∗+ → 𝜋+𝐷0 𝐷0 → 𝐾−𝜋+ 𝐷+ → 𝐾−𝜋+𝜋+ 



𝐷∗+𝜋− angular distributions  

• 𝐷∗+ is a vector meson 
⇒ Angular distribution of 𝐷∗+𝜋− contains information about spin-parity 

of 𝐷𝐽 
– 𝜃𝐻: the angle between the primary pion 𝜋− and the slow pion 𝜋+ 

from 𝐷∗+ in the rest frame of 𝐷∗+𝜋− 

• Angular distribution: ∝ sin2 𝜃𝐻 
–  Natural parity: 𝐽𝑃 = 0+, 1−, 2+, … 

• Angular distribution:∝ 1 + ℎ cos2 𝜃𝐻 
‒  Unnatural parity: 𝐽𝑃 = 0−, 1+, 2−, … 
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𝐷0 

𝜋+ 

𝜋− 

𝜃𝐻 



Angular distribution(I) 
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𝐷1 2420 0 : 𝐽𝑃 = 1+, expect 𝜃𝐻 
∝ 1 + ℎ cos2 𝜃𝐻  

𝐷2∗ 2460 0 : 𝐽𝑃 = 2+, expect 
𝜃𝐻 ∝ sin2 𝜃𝐻 

Divide the cos𝜃𝐻 into 10 bins and fit the yield of each 
resonance in each bin JHEP 09 (2013) 145 
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