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A Long History
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The Θ(1540)+ Case

 Observed by a Japanese collaboration in 
2002
– In γd -> K+ K- p(n), in the invariant mass of Kp

and Kn

 Several other claims
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The Θ(1540)+ Case

 Observed by a Japanese collaboration in 
2002
– In γd -> K+ K- p(n), in the invariant mass of Kp

and Kn

 Several other claims

With higher luminosities, signal disappeared

arXiv =1412.7317
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The Θ(1540)+ Case

 Observed by Japanese collaboration in 
2002
– In γd -> K+ K- p(n), in the invariant mass of Kp

and Kn

 Several other claims

From PDG review of 2006 (http://pdg.lbl.gov/2006/reviews/theta_b152.pdf)
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The LHC Era
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LHCb Observation in Λb -> J/ψpK-

Based on 3 fb-1 data
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LHCb Detector

Vertex locator

RICH (Ring Imaging
Cherenkov Counter)

Muon counter

Pseudorapidity acceptance -2 <  η < 5

Visualization of a pentaquark event
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Event Selection

 J/ψ -> μ+μ-

– pt > 550 MeV/c

– -48 MeV/c2 < Mμ+μ- – MJ/ψ < 43 MeV/c2

– Separated vertex from primary vertex (PV)

 K/p selection
– Vertex fit compatible with J/ψ

– pt > 250 MeV/c

– Proton does not point to PV

 Λb

– Flight distance > 1.5 mm

– Direction between PV and decay vertex matches
the Λb momentumRef: Nathan Jurik PhD dissertation

(U-Syracuse) 

B0/BS
0 veto and Boosted Decision Tree to reject the background10



Results

Dalitz plot
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Results

Dalitz plot

Expected signal from Λ(1520)11 You want to vote for this presentation! ;)



Results

Dalitz plot

Expected signal from Λ(1520)

Unexpected signal in 
J/ψp invariant mass
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Results

Dalitz plot: projections

Can they both be described as Λb -> Λ*J/ψ?12 You want to vote for this presentation! ;)



Helicity Amplitude Model

 Multi-body final states have complex decay dynamics

 Partial wave analysis is a powerful tool to describe the data 

General description of a rotation
from state J,m to J’,m’

For A -> BC (helicity formalism)

Ref: J.D. Richman, CALT-68-1148 (for experimentalist)

13 You want to vote for this presentation! ;)



Helicity Amplitude Model

 Multi-body final states have complex decay dynamics

 Partial wave analysis is a powerful tool to describe the data 

General description of a rotation
from state J,m to J’,m’

For A -> BC (helicity formalism)

Complex Helicity
amplitude matrix

Term of helicity
axis rotation

Proportional to natural
width of state A

Ref: J.D. Richman, CALT-68-1148 (for experimentalist)
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Helicity Amplitude Model

Λb -> Λ*J/ψ amplitude

Λb -> Λ*J/ψ

Λ* -> K-p

J/ψ -> μ+μ-

146 free-parameter fit considering all the known Λ* states
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Results of the Extended Fit

Fit does not match the data -> Add new components to the fit

Considering 14 possible Λ* resonances
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Pc Helicity Decay Amplitude

Λb -> PcK- amplitude

J/ψ -> μ+μ-

Pc -> J/ψp

Λb -> PcK-

Reduced fit for Λ* (64 free parameters) + Pc components
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Results of the Reduced Fit

Higher mass Λ* states excluded from the fit

Two more new states are necessary to fit the data! 17



Best Fit Results

 Two states:

Pc(4380) +:

Mass = 4380 ± 8  MeV

Width = 205 ± 18 MeV

Fit fraction = (4.1 ± 0.5)%

Jp = 3/2-

Pc (4450)+:

Mass = 4449.8 ± 1.7  MeV

Width = 205 ± 18 MeV

Fit fraction = (8.4 ± 0.7)%

Jp = 5/2+

But also Jp = (3/2+, 5/2-) and Jp = (5/2+, 3/2-) are possible
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Argand Plot

 Test of the resonant nature of the Pc candidates

/ Expected Breit-Wigner
+ data

Argand diagrams of two pentaquark states. 
𝑃𝑐 4450 (5/2+) is good, 𝑃𝑐 4380 (3/2-) has 2 sigma difference for one bin.   

Relativistic Breit-
Wigner divided
into 6 complex

amplitudes

12 parameters
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Systematic Uncertainties

Λ* ModelingResonance Parameterization Quantum Number Assignment
20 You want to vote for this presentation! ;)



Final Remarks

 LHCb found two resonance states decaying into J/ψp compatible with 
pentaquark structures
– Higher mass state: Pc(4450)+ with mass = (4449.8 ± 1.7 ± 2.5) MeV and                            

width = (39 ± 5 ± 19) MeV with a significance of 12 standard deviations

– Lower mass state: Pc(4380)- with mass = (4380 ± 8 ± 29) MeV and                                   
width = (205 ± 18 ± 86) MeV with a significance of 9 standard deviations

 Helicity amplitude analysis points towards a (3/2, 5/2) spin assignment, 
with opposite parity

 Several models are proposed to explain the structure (hadro-
charmonium, molecular state, meson-baryon bound state)
– Data are not yet conclusive and more studies are needed
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Additional contents



Why no light multiquarks state? A 
possible explanation

 In heavy quarkonium region, several multiquark, i.e. XYZ states, were
observed
– No counterpart with low quark masses (u,d,s)

 Some theorist argue that heavy quark plays important role in binding
the structure together

 For a reference:



Detector details



Event selection – further details



BTDG (Gradient Boosted decision tree)



BTDG (Gradient Boosted decision tree)



Θ(1540)+ searches



Helicity amplitudes – more info



Helicity amplitudes – more info



Helicity amplitude – more info – Λ* angles



Helicity amplitude – more info – Pc angles



Λ* parametrization

Masses, widths were
taken from PDG and 
fixed in the fit

Each Λ*: J = 1/2 (> 1/2) 
has 4(6) coupling



Λ* parametrization

In light blue the parameters for the reduced fit

In order to reduce the 
number of free 
parameter, it was
considered that
Higher mass state 
with high L are most
likely not in the data



1 Pc state fit result

Higher number (>=3) of Pc states does not improve the quality of fit



Other lineshape from the fit



Efficiency and acceptance



Dalitz plot



Argand plot

Expected phase motion of a resonance which follows a Breit-
Wigner line shape with 𝑀0=4449.8MeV and Γ0=39MeV. 

• Breit-Wigner represents the expected behavior of a true resonance.

• Circle can be rotated by arbitrary phase.



Argand plot – theoretical approach

The non-relativistic Breit-Wigner

Real and imaginary part

Equation of a circle
with center (0, Γe/2Γt)
and radius Γe/2Γt

Get rid of E (energy)


