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Outline

 Introduction

Λ𝑏
0 → 𝐽/𝜓𝑝𝐾− & peak structure in 𝐽/𝜓𝑝

 Full amplitude analysis

• Observation of two 𝐽/𝜓𝑝 resonances

 Summary & prospects
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Multiquark states have been discussed since the 1st page of the quark model

3



4

http://cds.cern.ch/record/352337/files/CERN-TH-401.pdf

Multiquark states have been discussed since the quark model was proposed
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Where are they?

 There is no reason that they should not exist

• Predicted by M. Gell-Mann(1964), G. Zweig(1964), and 
other later in context of specific QCD models: Jaffe (1976), 
Strottman (1979)

 These multi-quark states would be short-lived 
~10−23 s “resonances”, whose presences are 
detected by mass peaks & angular distributions 
showing the unique 𝐽𝑃𝐶 quantum numbers

 Pentaquarks are states of matter beyond simple 
quark picture

• Could teach us a lot about QCD
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Prejudices
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No convincing states 50 years after Gell-Mann 
paper proposing 𝑞𝑞𝑞𝑞 𝑞 states

Previous “observations” of several pentaquark
states have been refuted

• Θ+ → 𝐾0𝑝, 𝐾+𝑛, 𝑚 = 1.54 GeV, Γ~10 MeV

• Resonance in 𝐷∗−𝑝 at 3.10 GeV, Γ = 12 MeV

• −− → Ξ−𝜋−, 𝑚 = 1.862 GeV, Γ < 18 MeV

Generally they were found/debunked by 
looking for “bumps” in mass spectra circa 2004

See summary by [K. H. Hicks, Eur. Phys. J. H37 (2012) 1]
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LHCb detector
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Impact parameter:
Proper time:
Momentum:
Mass :
RICH 𝐾 − 𝜋 separation:
Muon ID:
ECAL:

𝜎𝐼𝑃 = 20 μm
𝜎𝜏 = 45 fs for 𝐵𝑠

0 → 𝐽/𝜓𝜙 or 𝐷𝑠
+𝜋−

Δ𝑝/𝑝 = 0.4 ∼ 0.6% (5 – 100 GeV/𝑐)
𝜎𝑚 = 8 MeV/𝑐2 for 𝐵 → 𝐽/𝜓𝑋 (constrainted m𝐽/𝜓 )

𝜖 𝐾 → 𝐾 ∼ 95% mis-ID 𝜖 𝜋 → 𝐾 ∼ 5%
𝜖 𝜇 → 𝜇 ∼ 97% mis-ID 𝜖 𝜋 → 𝜇 ∼ 1 − 3%

Δ𝐸/𝐸 = 1⊕ 10%/ 𝐸(GeV)



LHCb data taking
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Stable and efficient ( > 90% ) data taking

This analysis based on 2011 + 2012 data

8 TeV
2.1 𝐟𝐛−𝟏

7 TeV
1.1 𝐟𝐛−𝟏



Λ𝑏
0 → 𝐽/𝜓𝑝𝐾− and event selection

 First observed by LHCb as a 
potential background for 

𝐵0 → 𝐽/𝜓𝐾+𝐾−

 Large signal yield found, used for 
Λ𝑏
0 lifetime measurement

Event selection:
 Standard preselection

 Followed by selection with BDTG

 Veto 𝐵𝑠
0 → 𝐽/𝜓𝐾+𝐾−and 

𝐵0 → 𝐽/𝜓𝐾+𝜋−

reflections, where 𝐾−and 𝜋− are 
misidentified as proton 
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L m
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Primary vertex

0
b

5.4% background in ±2s

𝑁sig =26,000



Unusual feature in “Dalitz plot”
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𝚲(𝟏𝟓𝟐𝟎) → 𝒑𝑲−

Clear,
but what?



Projections
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Does this diagram exist?



Total Efficiency

Is the peak “artifacts”?
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Many checks done

• Reflections of 𝐵0 and 𝐵𝑠
0

are vetoed

• Efficiency doesn’t make narrow peak

• Clones & ghost tracks eliminated

• Ξ𝑏 decays checked as a source

Can interference between Λ∗ resonances 
generate a peak in the 𝐽/𝜓𝑝 mass spectrum?

• A full amplitude analysis is performed using all 
known Λ∗ resonances



Amplitude analysis

Allows for Λ∗ → 𝑝𝐾− resonances to interfere 
with pentaquark states 𝑃𝑐

+ →  𝐽 𝜓 𝑝
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Λ𝑏
0 → 𝐽/𝜓Λ∗, 

Λ∗ → 𝑝𝐾−

Λ𝑏
0 → 𝑃𝑐

+𝐾−, 
𝑃𝑐
+ → 𝐽/𝜓𝑝

 Independent variables:
𝑚(𝑝𝐾−) and 5 angles  6D fit



Λ∗ resonances
 Each Λ∗ resonance: 𝐽 =

1

2
(>

1

2
) has 4 (6) complex couplings 

 Masses and widths fixed to PDG values
• Uncertainties are considered as systematics

 Two models: “reduced” and “extended” to test dependence 
of the Λ∗ model
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Extended Λ∗ model

 The extended model allows all 𝐿𝑆 couplings of each 
resonance, and includes poorly motivated states 

 First try extended model to describe the data
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Total # of free parameters for Λ∗ 64           146  



Extended model without 𝑃𝑐
+

 𝑚(𝑝𝐾−) looks fine,  but not 𝑚(𝐽/𝜓𝑝)

 Other possibilities:
• All Σ∗0 (𝐼 = 1), isospin violating decay

• two new Λ∗ with free 𝑚&Γ

• 4 non-resonant Λ∗ with 𝐽𝑃 =
1

2

±
and 

3

2

±

 Still fail to describe the data
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Extended model with one 𝑃𝑐
+

 Try all 𝐽𝑃 up to 
7

2

±
. Neither gives good fit

• 8 (10) free parameters for a 𝑃𝑐
+ of 𝐽 =

1

2
>

1

2

• Best fit has 𝐽𝑃 =
5

2

±
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Extended model with two 𝑃𝑐
+’s

 Leads to a good fit

 The 2nd broad 𝑃𝑐
+ visible in other projections (shown later)

 It also modifies the narrow 𝑃𝑐
+’s decay angular distribution 

via interference to match the data
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Reduced Λ∗ model

 Too many free parameters in extended model

• Some high mass states with high 𝐿 not likely present in data

 Use only well motivated contributions for final results

21
Total # of free parameters for L* 64           146  



Reduced model with two 𝑃𝑐
+’s

 Fits are good in all 6 dimensions (see next slide)!
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Data          
Fit



Angular distributions
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𝑀(  𝐽 𝜓 𝑝) in 𝑀(𝐾𝑝) Slices
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2nd Pc now 
obvious!

 𝑃𝑐
+’s cannot appear 

in first interval as 
they would be 
outside of the Dalitz
plot boundary

< 𝟏. 𝟓𝟓 GeV 1.55-1.7 GeV

1.7-𝟐. 𝟎 𝐆𝐞𝐕 > 2.0 GeV



Quantum numbers

 Tested all 𝐽𝑃 combinations up to spin 
7

2

 Best fit has 𝑱𝑷 =
𝟑

𝟐

−
𝐥𝐨𝐰 ,

𝟓

𝟐

+
𝐡𝐢𝐠𝐡

• Plots shown correspond to this combination


3

2

+
low ,

5

2

−
high & 

5

2

+
low ,

3

2

−
high

are also possible: Δ −2 ln ℒ < 32

All others are ruled out: Δ −2 lnℒ > 5.92

25



Fit results
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Resonance Mass
(MeV)

Width 
(MeV)

Fit fraction
(%)

Pc(4380)+ 4380±8±29 205±18±86 8.4±0.7±4.2

Pc(4450)+ 4449.8±1.7±2.5 39±5±19 4.1±0.5±1.1

L(1405) 15±1±6

L(1520) 19±1±4

Systematic uncertainty 
discussed in next slide



Significances

 Fit improves greatly, for 1 𝑃𝑐
+ Δ(-2lnL)=14.72

adding the 2nd 𝑃𝑐
+ additionally improves by 11.62

 Adding both 𝑃𝑐
+’s improves 18.72

 Toy MCs are used to obtain significances based on Δ(-2lnL)

 To include systematic uncertainty, the extended model fits are 
used:
• 1st Pc (4450)+ :      12𝜎

• 2st Pc (4380)+ :      9 𝜎
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Systematic Uncertainties
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L* modelling contributes the largest 



Systematic uncertainties
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Alternate JP fits give sizeable uncertainty 



Systematic uncertainties
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Varying choices in mass depend function also give sizeable uncertainty 



Systematic uncertainties

31

sFit/cFit give consistent results 



𝐽/𝜓𝐾− system
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  𝐽 𝜓𝐾 system is well 
described by the Λ∗ and 
𝑃𝑐 reflections

𝑃𝑐
+



Cross-checks

Two independently coded fitters using 
different background subtractions (sFit & cFit)

Split data show consistency：
• 2011/2012 

• magnet up/down 

• Λ𝑏
0/ Λ𝑏

0

• Λ𝑏
0 (low 𝑝T)/Λ𝑏

0 (high 𝑝T)

Selection varied
• BDTG>0.5 instead of 0.9 (default)

• 𝐵0 and 𝐵𝑠
0 reflections modelled in the fit instead of veto
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Argand diagram
 Replace the Breit-Wigner amplitude for either one 𝑃𝑐

+ by 6 
independent amplitudes in range of ±Γ0 around 𝑀0

 𝑃𝑐(4450)
+

shows resonance behavior: a rapid contour-
clockwise change of phase when cross pole mass

 Pc(4380)+ does show large phase change, but is not conclusive

34

Breit-
Wigner

Breit-
Wigner



Why the 2nd state is needed?

 It is demanded by the data

 Interference between opposite parity states is needed
to explain the 𝑃𝑐

+ decay angle distribution
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Large 𝑚(𝐾𝑝)
region: 
negative 
interference

small 𝑚(𝐾𝑝)
region: 
positive 
interference



Intepretation
 Different binding mechanisms are possible

• Tightly-bound

 Two colored diquarks + one anti-quark [PRD20 (1979) 748; arXiv:1507.04980]

 Colored diquark + colored triquark [arXiv:1507.05867]

 Bag model [NPB123 (1977) 507]

• Weakly bound “molecules” of baryon-meson

 All models must explain 𝐽𝑃 of two states not just one

 They should also predict other properties: mass, width
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Molecular models & rescattering

Molecular models, generally with meson exchange 
for binding

𝜋-exchange models usually predict only one state, 
mainly 𝐽𝑃 = 1/2+, but could also include 𝜌
exchange…

 Σ𝑐𝐷
(∗) components?

𝜒𝑐1𝑝 rescattering?
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Summary

 Full amplitude analysis performed for Λ𝑏
0 →  𝐽 𝜓𝑝𝐾−

 Two Breit-Wigner shaped resonances in 𝐽/𝜓𝑝 mass 
observed, with minimal quark content of 𝑐  𝑐𝑢𝑢𝑑, 
therefore called pentaquark-charmonium states: 
𝑃𝑐 4380 +, 𝑃𝑐 4450 +

• The preferred 𝐽𝑃 are of opposite parity, with one state 

having 𝐽 =
3

2
and the other 𝐽 =

5

2

Determination their internal binding mechanism will 
require more study

A lattice QCD calculation will be most welcome

We look forward to establishing the structure of many 
other states or other decay modes
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Outlook

Determination their internal binding mechanism will 
require more study

We look forward to establishing the structure of 
many other states or other decay modes

 Run II data provides good opportunities
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Thank you!
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Backup slides
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Breit-Wigner amplitude

• Often a relativistic Breig-

Wigner function is used to 

model resonance 

• q is daughter momentum 

in the resonance rest 

frame
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𝐵𝑊 𝑚 𝑀0, Γ0 =
1

𝑀0
2 −𝑚2 − 𝑖𝑀0Γ(𝑚)

Γ 𝑚 = Γ0
𝑞

𝑞0

2𝐿+1
𝑀0

𝑚
𝐵𝐿
′ 𝑞, 𝑞0, 𝑑

2

Blatt-Weisskopf function for 

orbital angular momentum (L) 

barrier factors

𝑀0



sFit

• Signal PDF

• sFit minimizes

𝜔 ：fitting parameters

 ：phase-space = pq

𝜖： efficiency

Wi is sWeighs from m(J/yKp) fits

sW = iWi / iWi
2 constant factor to 

correct uncertainty 

Constant (invariant of 𝜔), is dropped

No need to know Φ𝜀 paramerizaiton

• Normalization calculated using 

simulated PHSP MC (Φ𝜖 included)

• wMC discuss later
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cFit

• cFit uses events in ±2s window (s=7.52MeV)

• Total PDF

• Background is described by sidebands 5s-13.5s

• cFit minimizes Background fraction b=5.4%

Signal efficiency parameterization

becomes part of background 

parameterization, 

effects only a tiny part of total PDF 

because of small b
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cFit efficiency and background parameterizations

• Both use similar ways

signal
background
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Amplitude Analysis Formalism II
46

• The matrix element for the Λ∗ decay is:

• And for the 𝑃𝑐:



Amplitude Analysis Formalism II
47

• The matrix element for the Λ∗ decay is:

• And for the 𝑃𝑐:

• R(m) are resonance parametrizations, generally are 
described by Breit-Wigner amplitude



Amplitude Analysis Formalism II
48

• The matrix element for the Λ∗ decay is:

• And for the 𝑃𝑐:

•ℋ are complex helicity couplings determined from the 
fit



Amplitude Analysis Formalism II
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• The matrix element for the Λ∗ decay is:

• And for the 𝑃𝑐:

• Wigner D-matrix arguments are Euler angles 
corresponding to the fitted angles. 



Amplitude Analysis Formalism III

• Helicity couplings ℋ  LS amplitudes B via:
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– Convenient way to enforce parity conservation in the 

strong decays via: 𝑃𝐴 = 𝑃𝐵𝑃𝐶(−1)
𝐿

• They are added together as:

•𝛼𝜇 and 𝜃𝑝 are 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.



See summary by [K. H. Hicks, Eur. Phys. J. H37 (2012) 1]

Curious history of pentaquark Θ+search 

• Prediction: Θ+(𝑢𝑢𝑑𝑑  𝑠) could exist with m1530 

MeV, G 10 MeV

• In 2003-2004,10 experiments 

reported seeing narrow peaks 

of 𝐾0𝑝 or 𝐾+𝑛, mass from

1522 to 1555 MeV, all >4 σ

• Couldn’t be confirmed by 

high-statistics experiments 

• High statistics repeats from 

JLab showed the original 

claims were fluctuation
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JLab CLAS-2006 PRL 96, 212001

CLAS-2003 “observation”

30x stat.

𝛾𝑑 → 𝑝𝐾−𝐾+𝑛

PRL 91, 252001


