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Exotic Hadrons 

ÅSince the inception of 

the quark model in the 

60ôs with Gell-Mann (64) 

and Zweig (64), hadrons 

beyond the ήή mesons 

and qqq baryons have 

been hypothesized. 

ÅThese could be 

molecular bound states 

with mesons, 

tetraquarks, 

pentaquarks, or hybrids. 
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Outline 

ÅIn recent years strong candidates for these exotic 

hadrons been observed with contributions from 

multiple experiments. 

ÅIn this talk I will cover new results from LHCb for: 

ɀὖττυπȟ ὖτσψπ: Recently observed pentaquark 

candidates LHCb-PAPER-2015-029, arXiv:1507.03414 

ïX(3872): mesonic molecule, conventional charmonium, 

or a mixture. Phys Rev D 92, 011102 (2015) 

ɀὤττσπȡ tetraquark candidate LHCb-PAPER-2015-

038, in preparation. Confirmed by LHCb in Phys. Rev. 

Lett. 112, 222002 (2014), 
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Pentaquarks In ɤ ᴼὐ‪ϳ ὴὑ 
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ÅIn studying this decay, the 

expected ὑὴ resonances were 

found. But also a surprising 

feature was found in the ὐ‪ϳ ὴ 
system. 

 



Total Efficiency 

Is the peak ñan artifactò? 

ÅMany checks done that show this is not the case:  

ïReflections of B0 and Bs  

are vetoed 

ïɂb decays checked 

ïEfficiency is smooth, canôt  

   create a peak 

ɀɤ  sideband background  

doesnôt peak 

ïClones & ghost tracks eliminated 

ÅCan interferences between L* resonances  generate 

a peak in the J/yp mass spectrum? If not can the 

data be described in all relevant kinematic variables 

with the addiction of J/yp resonances? 

ï To answer these a full amplitude analysis is performed. 

5 



Amplitude Analysis Formalism 

ÅThe matrix element for ɤ ᴼὐ‪ϳ ὴὑȟ ὐ‪ϳ  O ‘‘was 

written down in the helicity formalism. Allows for the 

conventional ɤᶻᴼὴὑ resonances to interfere with 

pentaquark states ὖᴼὐ‪ϳ ὴ. 

ÅDynamics of the ɤᶻ decay chain depend on 1 mass and 5 

angles. For the ὖ chain, they depend on 1 mass and 6 

angles, which are not independent from the ɤz variables. 

ÅWe perform a 6-dimensional unbinned maximum 

likelihood fit to maximize sensitivity to underlying decay 

dynamics. 

 

 

ɤᶻ Decay Chain ὖ Decay Chain 
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Amplitude Analysis Formalism II 

ÅThe matrix element for the ɤᶻ decay chain is: 

ÅAnd for the ὖ chain: 
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Amplitude Analysis Formalism II 

ÅThe matrix element for the ɤᶻ decay chain is: 

ÅAnd for the ὖ chain: 

ÅR(m) are resonance parametrizations, which are 
generally described by a Breit-Wigner amplitude. 
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Amplitude Analysis Formalism II 

ÅThe matrix element for the ɤᶻ decay chain is: 

ÅAnd for the ὖ chain: 

Ɇ꞊  are complex helicity couplings determined from the 
fit to the data. 
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Amplitude Analysis Formalism II 

ÅThe matrix element for the ɤᶻ decay chain is: 

ÅAnd for the ὖ chain: 

ÅWigner D-matrix arguments are Euler angles 
corresponding to the fitted angles.  
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Amplitude Analysis Formalism III 

ÅHelicity couplings ꞊ Ý LS amplitudes B via: 

ïConvenient way to enforce parity conservation in the 

strong decays via: ὖ ὖὖ ρ  

ÅThey are added together as: 

Ɇ‌  and — are further rotation angles to align the 
final state helicity axes of the m and p, as helicity 
frames used are different for the two decay chains. 
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Fits With All Known ɤᶻ Resonances 

ÅFitting with all known ɤᶻ does not reproduce the 

ὓὐ‪ϳ ὴ peaking structures! 

ÅAlso added the following, without  being able to 

describe the peaks. 
ɀɫᶻ contributions (ɝὍ ρ in ɤ  decays; expected to be small) 

ïAdditional ɤᶻ states with free mass and width 

ï4 non resonant ɤᶻstates with ὐ ρςϳ ȟσςϳ  
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Fits With Two ὖ Resonances 
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ÅWith two ὖ resonances, a good description of the data in 

all 6 dimensions is obtained (see next slide). 

ÅDefault model uses only well motivated ɤᶻ resonances. 

ÅWe fit all ὐ combinations up to spin ϳ. 

ÅBest fit is with ὐ σςϳ , υςϳ ), but (σςϳ , υςϳ ) and 

(υςϳ , σςϳ ) not ruled out. 



Angular Projections 
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