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Baryons 

• (Typically) Composed of three quarks of 
different color 

• Fermions, baryon number B=1 

 

Courtesy of http://hyperphysics.phy-astr.gsu.edu/hbase/Particles/haddia.html#c4 2 



Classification Scheme 

• Six types: N (nucleon: p and n), Δ, Λ, Σ, Ξ, Ω 

http://pdg.lbl.gov/2014/reviews/rpp2014-rev-naming-scheme-hadrons.pdf 3 



Quark Model 

• Baryons of the ground states are all known 
and well-predicted 

• Excited states are not well understood 

4 http://pdg.lbl.gov/2011/reviews/rpp2011-rev-quark-model.pdf 



5 
http://pdg.lbl.gov/2014/tables/rpp2014-qtab-baryons.pdf 



Research Goals 

• Obtain resonance structure for light quark 
flavors 

– Understand strong QCD in light quark sector 

• Probe heavy quark baryon sector 

• Discover exotic baryon states 

• In particular, this is important for 
understanding hadronization of the early 
universe 
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How do we looks for new baryon 
states? 

• CLAS 

– Electron beam-> Fixed Target 

• BELLE and BaBar 

– 𝑒+𝑒− 

• CMS and LHCb 

– pp 
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CLAS (CEBAF Large Acceptance 
Spectrometer) 

• Currently electron beam reaches 12 GeV 

8 
http://www2.ph.ed.ac.uk/~dwatts1/WattsHSQCD12.pdf 



CLAS12 

• Currently undergoing testing 

9 
https://www.jlab.org/Hall-B/calcom/cwb-kpp.pdf 



Example Discovery: 𝑁′ 1720
3

2

+
 

• Parameters 
– Invariant CM energy (𝑊) 

– Invariant momentum transfer (𝑄2) 

– Multipole form factors (𝐺𝐸 , 𝐺𝑀, 𝐺𝐶) 

– Helicity couplings or photocouplings (𝐴1/2, 𝐴3/2, 𝑆1/2) 

• Study 𝛾𝑝 → 𝜋+𝜋−𝑝 electroproduction cross section 
and compare to model 

• Only existence of both 𝑁′ 1720
3

2

+
 and conventional 

𝑁 1720
3

2

+
 states allows good model match to data 
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CLAS Results 

Photo- and electrocouplings of the 𝑁′ 1720
3

2

+
(blue)  and conventional 𝑁 1720

3

2

+
 (black) states as determined from 

𝛾𝑝 → 𝜋+𝜋−𝑝 and comparison to current models. 
“their hadronic decay widths of the π∆, ρN final states and Q 2 -evolution of their electrocouplings are distinctively different” 
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CLAS N* Spectrum and Structure 

• CLAS has provided the majority of current 

information on the properties of 𝑁 1440
1
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+
, 

𝑁 1520
3

2

−
, Δ 1232
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+
, 𝑁 1535

1

2

−
 nucleon 

resonances, which are the most well understood 

• They have also studied electrocouplings for 

𝑁 1675
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−
, 𝑁 1680

5

2

+
, and 𝑁 1710

1

2

+
 

• Data comes from 𝛾𝑝 → 𝜋+𝜋−𝑝  and 𝛾𝑝 → 𝑁𝜋 
channels 
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CLAS Results 

Electrocouplings of 𝑁 1440
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+
(left), 

𝑁 1520
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−
(center), 𝑁 1675
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−
 (right) resonances 
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BELLE and BaBar 

The Belle Detector from at Kek and the BaBar 
detector at SLAC. 
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BELLE and BaBar 

• Designed to study CP violation in the B meson 
system 

• ~10 GeV electron-positron collisions 

• B mesons can decay baryonically 

– 𝐵 𝑜 → Λ𝑐
+𝑝  

– 𝐵− → Λ𝑐
+𝑝 𝜋− 
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BELLE and BaBar Baryon Resonances 

• 𝐵− → Λ𝑐
+𝑝 𝜋− system has resonances 

– 𝐵− → Σ𝑐 2455 𝑜𝑝  

• Branching ratio of ~.12 

– 𝐵− → Σ𝑐 2800 𝑜𝑝  

• Branching ratio of ~.12 

– Expected resonance 𝐵− → Σ𝑐 2520 𝑜𝑝  not observed 

• First measurement of Σ𝑐 2455 𝑜 spin is ½ as 
predicted by quark model, but Σ𝑐 2800 𝑜 mass 
disagrees with PDG? 
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CMS 
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CMS Observations 

• High energy pp collisions 𝑠 = 7 𝑇𝑒𝑉 

• A resonance beauty-valence Ξ baryon with 

𝐽𝑃 =
3

2

+
 and L=0 was observed 

• Decay chain 

– Ξ𝑏
∗𝑜 → Ξ𝑏

−𝜋+, Ξ𝑏
− → 𝐽/ΨΞ−, 𝐽/Ψ → 𝜇+𝜇−, 

Ξ− → Λ𝑜𝜋−, Λ0 → 𝑝𝜋− 
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CMS Results 

A baryon of mass 5945 MeV is observed with significance around 7𝜎.  
Given its decay modes, it is identified as the Ξ𝑏

∗𝑜. 

19 



LHCb 
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LHCb 

• Actually a specialized b-physics experiment 
designed to measure CP violation in b-hadrons 

• Also based on the LHC, studying high energy 
pp collisions 

• LHCb detector is a single-arm forward 
spectrometer 
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LHCb Example Discovery: 
Λ𝑏
∗𝑜 5912 , Λ𝑏

∗𝑜 5920  

• Decay chain: 

– Λ𝑏
∗𝑜 → Λ𝑏

𝑜𝜋+𝜋−, Λ𝑏
𝑜 → Λ𝑐

+𝜋−, Λ𝑐
+ → 𝑝𝐾−𝜋+ 

22 Invariant mass spectrum of Λ𝑏
𝑜𝜋+𝜋− 



What about Pentaquarks? 

• Pentaquarks have three quarks and a quark-
antiquark pairs, thus they are fermions with 
B=1 and can be considered baryons 

• LHCb found a pentaquark in their data 

– An “accidental  discovery” 
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The Analysis 

• Decay under study: Λ𝑏
𝑜 → 𝐽/ΨK−p 

• Data could not be explained without two 
resonances in the 𝐽/Ψ𝑝 mass distribution 

• Two particles 𝑃𝑐 4380 + (9𝜎) and 𝑃𝑐 4450 + 
(12𝜎) 

– Quark content: 𝑐𝑐 𝑢𝑢𝑑 

– Opposite parities and spins of 3/2 and 5/2 

24 



LHCb results 
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Sources 
• Particle Data Group 

– http://pdg.lbl.gov/2014/tables/contents_tables_baryons.html 
– http://pdg.lbl.gov/2011/reviews/rpp2011-rev-quark-model.pdf 
– http://pdg.lbl.gov/2014/reviews/rpp2014-rev-naming-scheme-hadrons.pdf 

• https://www.jlab.org/Hall-B/clas-web/ 
• Spectrum and Structure of Excited Baryons with CLAS, CLAS Collaboration 

(https://arxiv.org/pdf/1610.00400.pdf) 
• Recent results on the nucleon resonance spectrum and structure from the 

CLAS detector, CLAS Collaboration (https://arxiv.org/pdf/1508.04088.pdf) 
• BARYONIC B MESON DECAYS AT BELLE AND BABAR, Y. W. Chang 

(https://arxiv.org/pdf/0906.0173.pdf) 
• Observation of a new Ξ𝑏 baryon, CMS Collaboration 

(https://arxiv.org/pdf/1204.5955.pdf) 
• Observation of excited Λ𝑏

𝑜  baryons, LHCb Collaboration 
(https://arxiv.org/pdf/1205.3452.pdf) 

• Observation of 𝐽/Ψ 𝑝 resonances consistent with pentaquark states in 
Λ𝑏
𝑜 → 𝐽/Ψ 𝐾− 𝑝 decays, LHCb Collaboration 

(https://arxiv.org/pdf/1507.03414.pdf) 
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